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[Ca2+], Oscillations in Sympathetic Neurons: An Experimental Test
of a Theoretical Model
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Department of Neurosciences, Case Western Reserve University, Cleveland, Ohio 44106-4975; and Department of Molecular and Cellular
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ABSTRACT [Ca2+]i oscillations have been described in a variety of cells. This study focuses on caffeine-induced [Ca>2]i
oscillations in sympathetic neurons. Previous work has shown that these oscillations require Ca2+ entry from the extracellular
medium and Ca2+-induced Ca2+ release from a caffeine- and ryanodine-sensitive store. The aim of the study was to understand
the mechanism responsible for the oscillations. As a starting point, [Ca2+]i relaxations were examined after membrane depo-
larization and exposure to caffeine. For both stimuli, post-stimulus relaxations could be described by the sum of two decaying
exponential functions, consistent with a one-pool system in which Ca2+ transport between compartments is regulated by linear
Ca2+ pumps and leaks. After modifying the store to include a [Ca2+]1-sensitive leak, the model also exhibits oscillations such
as those observed experimentally. The model was tested by comparing measured and predicted net Ca2+ fluxes during the
oscillatory cycle. Three independent fluxes were measured, describing the rates of 1) Ca2+ entry across the plasma membrane,
2) Ca2+ release by the internal store, and 3) Ca2+ extrusion across the plasma membrane and uptake by the internal store.
Starting with estimates of the model parameters deduced from post-stimulus relaxations and the rapid upstroke, a set of
parameter values was found that provides a good description of [Ca>2+] throughout the oscillatory cycle. With the same parameter
values, there was also good agreement between the measured and simulated net fluxes. Thus, a one-pool model with a single
[Ca2]1i-sensitive Ca2+ permeability is adequate to account for many of the quantitative properties of steady-state [Ca2+]i os-

cillations in sympathetic neurons. Inactivation of the intracellular Ca2+ permeability, cooperative nonlinear Ca2+ uptake and
extrusion mechanisms, and functional links between plasma membrane Ca2+ transport and the internal store are not required.

INTRODUCTION

[Ca>]i oscillations have been described in a variety of cells
(for reviews, see Tsien and Tsien, 1990; Jacob, 1990a;
Tepikin and Petersen, 1992; Fewtrell, 1993; Berridge, 1993;
Hille et al., 1994). There appear to be multiple mechanisms.
In some cells, oscillations reflect periodic depolarization and
increased Ca>2 entry across the plasma membrane. In others,
oscillations are dominated by uptake and release by internal
stores. This study focuses on caffeine-induced [Ca21]i os-
cillations in bullfrog sympathetic neurons, an example where
oscillations reflect both Ca>2 transport across the plasma
membrane and uptake and release by internal stores (Friel
and Tsien, 1992b). These cells respond to caffeine under
mildly depolarizing conditions with oscillatory changes in
[Ca>2]i of period -60 s and amplitude -200-400 nM. The
oscillations are robust, in some cells lasting several hours,
and are slow enough so that spatial gradients of [Ca>2]i within
the cytosol are probably not important to the underlying
mechanism (Hernandez-Cruz et al., 1990; Hua et al., 1993).
The oscillations were first described by Kuba and Nishi
(1976) in terms of periodic membrane hyperpolarizations
that occur when cells are exposed to caffeine. These authors
concluded that the hyperpolarizations reflect periodic eleva-
tions in [Ca2+]i arising from Ca2+-induced Ca>2 release
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(CICR) and the subsequent activation of a Ca2"-sensitive
K+ conductance. Lipscombe et al. (1988) showed that under
certain conditions, caffeine does indeed elicit [Ca]2+
oscillations.

Several general observations provide insight into caffeine-
induced [Ca21]i oscillations (Friel and Tsien, 1992b). 1) They
are not induced by depolarization alone and are seen in only
a small fraction of intact cells (-5%) after exposure to caf-
feine alone, but are almost invariably observed when caffeine
exposure and depolarization are combined. This suggests
that a caffeine-sensitive mechanism is critical for the oscil-
lations, and that membrane depolarization increases the re-
liability with which they occur. 2) Oscillations occur at a
steady membrane potential, indicating that they do not reflect
voltage-dependent changes in ion channel activity within the
plasma membrane. 3) The oscillations are blocked by ry-
anodine (1 ,tM), suggesting that they require CICR via
ryanodine-sensitive Ca>2 release channels. 4) Ca>2 entry
from the extracellular medium influences all phases of the
oscillatory cycle, but the rapid upstroke is dominated by Ca2+
release from an internal store. Based on these observations,
a model has been proposed that describes how the net fluxes
of Ca2+ across the plasma membrane (Jio) and between the
cytosol and store (Ji) change with time during the oscillatory
cycle (Friel and Tsien, 1992b).

This study extends the previous one by examining the net
Ca2+ fluxes that underlie Jio and Jis, and by presenting a
quantitative model that addresses how these fluxes can to-
gether account for a periodic steady state. The model is de-
veloped using the following approach. First, it is asked how
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[Ca2+]i changes in response to small experimental perturba-
tions. It is shown that as long as the perturbations are not too
strong or prolonged, the resulting [Ca2+]i relaxations agree
with a simple one-pool model in which Ca" transport be-
tween compartments is regulated by linear Ca" pumps and
leaks, an approximation that is expected to be increasingly
valid as Ca> levels become low. Because the linear model
cannot explain steady-state [Ca2+]i oscillations, and there is
evidence that the oscillations require CICR, the internal pool
is modified to include a Ca> permeability that is regulated
by [Ca2+]i. With this extension, the model can also account
for steady-state [Ca2"]i oscillations and the way their fre-
quency and amplitude change with the concentrations of ex-
ternal Ca> ([Ca>]0) and caffeine ([caffl]). Using the ex-
tended model, predictions are made regarding the properties
of three independent net Ca> fluxes during the oscillatory
cycle, and these predictions are tested using a perturbation
technique. It is found that with parameter values that provide
a good quantitative description of the time course of [Ca2+]i
during the oscillatory cycle, the model also gives a good
account of the measured Ca> fluxes.

METHODS
All the experimental procedures used in this study have been described
previously (Friel and Tsien, 1992b). For fitting the model to the data, the
differential equations that describe the extended compartmental model were
integrated numerically using the fourth-order Runge-Kutta method (Boyce
and DiPrima, 1969) on a PDP 11/23 computer. Parameter optimization was
carried out using the simplex algorithm (Kowalik and Osbom, 1968). Data
analysis was carried out using programs written by the author in Basic-23
(Indee Systems, Sunnyvale, CA).
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FIGURE 1 Post-stimulus [Ca2+]i relaxations are biexponential with
stimulus-independent time constants. (a) Response to brief exposure to 30
mM K+ (top). The recovery is described by the sum of two decaying ex-
ponential functions (bottom, smooth curve) with fast and slow time con-
stants (fpog-K' T,PO.t-K) 3.5 and 218.2 s. Cell b141. (b) Response to 10 mM
caffeine (top). The post-caffeine undershoot is described by the difference
of two decaying exponential functions (bottom, smooth curve; note different
time scales) with Tfpot-K = 4.1 s and T;,p.t-K = 249.1 s, similar to the cor-
responding values for the post-K+ recovery. The response to caffeine il-
lustrated here was one in a series elicited to test recovery of caffeine re-
sponsiveness after a long conditioning exposure. For this response, the
recovery time was brief (3.6 min) accounting for the difference from re-
sponses typically elicited by 10 mM caffeine from fully responsive cells.
Dotted lines show zero [Ca2+]i. Cell bO9s.

RESULTS

[Ca2+], relaxations after application and removal
of high K+ or caffeine

To understand why [Ca>]i oscillates under conditions of
steady stimulation, it is helpful to consider first how [Ca2+]i
changes in response to small perturbations. Fig. 1 illustrates
[Ca2+]i relaxations that follow application and removal of
two different stimuli, high K+ (30 mM; Fig. 1 a, top) and
caffeine (10 mM; Fig. 1 b, top). These stimuli influence Ca`
transport in different ways: high K+ causes membrane de-
polarization and voltage-dependent Ca2` entry, whereas caf-
feine releases Ca` from an internal store (Friel and Tsien,
1992a). The [Ca2+]i relaxations induced by these stimuli are

correspondingly different: maintained exposure to 30 mM
K+ leads to a steady rise in [Ca2+]i, whereas caffeine only
changes [Ca21]i transiently (the response illustrated in Fig. 1
a was elicited by brief exposure to high K+ during which the
steady state level of [Ca2+]i was not reached).

It is useful to distinguish [Ca2+]i relaxations that occur

during exposure to high K+ or caffeine from those that occur
after the stimuli are withdrawn. While the relaxations that
occur during stimulation ("on" relaxations) are often kineti-
cally complex, presumably because they reflect [Ca2+]j- and
time-dependent permeabilities responsible for voltage-

dependent Ca> entry and CICR, the relaxations that follow
stimulus removal ("off' relaxations) can be closely approxi-
mated by the sum of two decaying exponential functions,
with well-resolved fast and slow components (Fig. 1, a and
b, bottom, smooth curves). Interestingly, the post-K+ and
post-caffeine [Ca2+]i relaxations are described by the same
fast and slow time constants, as long as the exposure to high
K+ is brief. For example, in cells that were exposed to 30mM
K+ for 7-12.7 s, the fast and slow time constants describing
the "off' relaxations were TfpS-K = 5.5 ± 0.91 s andTs,p s,-K
= 411.9 ± 147.2 s (N = 5, mean ± SEM). The analogous
quantities describing the post-caffeine [Ca21]i undershoot
were Tf>s,ff = 4.1 ± 0.4 s and Ts,pt-aff = 655.6 ± 131.3
s (N = 14, no significant difference between TfpoSt-K and
Tf,st-aff or between TS,St-K and Ts,post-caW p > 0-1).
The fast and slow relaxation time constants were fairly

consistent for a given cell and method of perturbation, but
there was considerable variability between cells. To deter-
mine whether this variability might have obscured a depen-
dence of the time constants on the method of stimulation,
post-K+ and post-caffeine relaxation time constants were
compared in individual cells. Trial-to-trial variability in the
measured time constants prompted a comparison between
the distributions of TfoSt-K and Tf stcff and of TS,st-K and
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Tspost-caff This was difficult because long and stable record-
ings were required to obtain samples of the T values. In one
cell for which this comparison was successfully made, Tfpost-K

2.7 ± 1.1 s, Tfpost-caff = 2.1 ± 1.1 s, and s,post-K = 572.2
_253.6 s, ,post-caff= 226.7 ± 44.4 s (mean ± SD, N = 2
for each stimulus). It should be noted that after prolonged
depolarizations, the fast time constant describing post-K+
relaxations was somewhat longer than that measured after
brief depolarization (two cells).

These results suggest that as long as the [Ca2+]i elevation
produced by depolarization, or the depolarization itself, is not
too prolonged, the transport processes that restore the resting
distribution of Ca2' have no memory of the way [Ca21]i was
initially perturbed. Evidently, if [Ca2+]i or Vm is elevated for
longer periods of time by more prolonged stimuli, some Ca2+
transport processes undergo changes that take many seconds
to reverse.

The post-stimulus relaxations are consistent with
the simplest realistic model of [Ca2+], regulation
that includes an internal compartment

The characteristics of post-stimulus relaxations described
above follow from the simplest realistic model of [Ca>]i
regulation that can be formulated for bullfrog sympathetic
neurons. This model includes three compartments: the ex-
tracellular medium (compartment o), the cytosol (i), and a
single internal compartment to represent the caffeine-
sensitive store (s) (see Fig. 2, bottom right). Other stores have
not been included in the model because they do not appear
to be important for the oscillations. 1) The store sensitive
to carbonyl cyanide trifluoromethoxy phenylhydrazone
(FCCP) plays a role in [Ca2+]i regulation in sympathetic neu-
rons when [Ca2+]i is high (-500 nM; Friel and Tsien, 1994),
while caffeine-induced [Ca2+]1 oscillations can occur at
lower [Ca2+]1 levels. 2) The inositol 1,4,5-trisphosphate
(IP3)-sensitive store appears to have little effect on
[Ca2+]i regulation in these cells, judging from the magnitude
of [Ca2+]i responses elicited by IP3-generating agonists
(Pfaffinger et al., 1988; DDF, unpublished observations).

In formulating the model, two approximations are made
initially. First, the Ca>2 concentration within each compart-
ment is described by a single quantity (co, c;, and cs respec-
tively; Fig. 2, bottom right). This is reasonable as long as
there is little spatial variation in the Ca>2 concentration
within compartments, and will apply if Ca2+ exchange within
compartments is fast compared with exchange between com-
partments. [Ca2+]i imaging studies in sympathetic neurons
under whole-cell voltage clamp indicate that after a step de-
polarization, spatial nonuniformities in [Ca2+]i dissipate
within several hundred milliseconds (Hernandez-Cruz et al.
1990; Hua et al. 1993), which is fast compared with the
changes in [Ca2+]j that occur during the "off' relaxations
(Fig. 1). Thus, during the post-stimulus relaxations, the cy-
tosolic compartment can be regarded as "well-mixed"; it will
be assumed that Ca>2 is distributed uniformly within the
internal store as well, but this has not been tested. Second,

the external medium is assumed to be large enough so that
Ca" exchange between compartments i and o does not sig-
nificantly influence co. Under these conditions, co can be
treated as a constant; in practice, co is maintained by con-
tinuous superfusion (see Friel and Tsien, 1992b).

In this model, changes in c; and cS result from Ca2 ex-
change between the cytosol and both the external medium
and the internal compartment. Exchange is mediated by pas-
sive leaks and active pumps that generate net Ca>2 fluxes JL1'
JL2' JPl, and JP2 (dimensions: quantity of Ca>2 transported/
time; see Fig. 2). The letter subscripts designate leak or pump
fluxes, and the number subscript identifies the compartmen-
tal boundary across which transport occurs (1 = plasma
membrane; 2 = store membrane). The dynamical equations
describing this system are:

dCildt = -[JLl + JP1 + JL2 + JP2]/Vi

dcs/dt = [JL2 + JP2]IVsI

where v; and vs are the volumes of compartments i and s,
respectively, and a net outward flux from the cytosol is taken
as positive to conform with electrophysiological convention.

Little more can be said about the behavior of this model
until the fluxes are defined. To begin, the simplest realistic
definition for the net fluxes will be assumed in which each
flux is proportional to c; and cS in the following way:

JL1= kL1 (ci - cO)

JP1 = kpl(c )

JL2 = kL2(Ci- Cs)

JP2 = kP2Ci

(Ca> entry)

(Ca> extrusion)

(Ca> release)

(Ca2" uptake),

where kLj, kp1, kL2, and kp2 are constants (dimensions: volume/
time). In the following it will be convenient to use the new
rate constants KL1 = kLl/Vi, Kpl =-kpl/V KL2 kL2/vs, Kp2
kp2/v, (dimensions: time-'). Substituting for the fluxes in the
differential equations above and solving gives ci(t) and c,(t)
each as a sum of two decaying exponential functions and a
steady-state solution (see Appendix). The time constants (X+)
and the steady-state solutions (ci55, cs,,) depend only on the
prevailing rate parameters, v,/vj (= y) and co, whereas the
scaling factors (aj',as), which determine the contributions
of the two exponential components, also depend on initial
conditions.
The behavior of this system can be illustrated in either of

two ways. If c; and cS are displaced from their steady-state
values and then allowed to relax, they will both return with
a biexponential time course. Alternatively, if any rate pa-
rameter is suddenly changed, both c; and cS will relax biex-
ponentially to new steady-state values that reflect the new set
of rate parameters. This provides a useful way to represent
stimulation by high K+ and caffeine. The effects of high
K+-induced depolarization can be modeled by a step increase
in KL1, while the effects of caffeine application can be mod-
eled by a step increase KL2. Representing activation of
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voltage-gated Ca2" channels by a step increase in Ca2" per-
meability is only a crude representation, because it ignores
time-dependence of Ca2" channel activation and inactiva-
tion. However, modeling the effects of membrane repolar-
ization by imposing a rapid reduction in KL1 is realistic, be-
cause repolarization is fast compared with the subsequent
decline in [Ca2+]i (Friel and Tsien, 1992a) and Ca21 channels
close rapidly with repolarization (Jones and Marks, 1989).
Therefore, this should provide a reasonable description of the
plasma membrane Ca21 permeability after [K+]o is lowered
from 30 to 2 mM. Similarly, modeling the effects of caffeine
application by a step increase in Ku almost certainly over-
simplifies the action of caffeine, but a step reduction in Ku
is expected to give a first approximation to the effects of
caffeine removal.

Fig. 2 illustrates simulated changes in ci and cS that follow
step changes in KL1 and Ku based on the linear model de-
scribed above. A step increase in KL1 (a) leads to a biexpo-
nential rise in both ci and cS toward new elevated steady-state
levels. A step increase in KL2 (b) leads to Ca2" release by the
internal compartment and a transient rise in ci. The "on"
relaxations resemble the observed responses to high K+ and
caffeine, but only qualitatively, as revealed most clearly by
comparing simulated and observed responses to caffeine.
After returning KL1 to its original value (a), ci and cs both
decline monotonically to their resting values (a), whereas
restoring KL2 to its original value (b) leads to a rise in cS as
the internal compartment refills, and a transient ci undershoot
(b). In contrast to the "on" relaxations, the simulated "off'
relaxations closely resemble the experimentally observed
ones: in each case the relaxations are biexponential with the
same fast and slow time constants.

These results demonstrate that the simple linear model
accounts for the qualitative properties of the "on relaxations"
induced by high K+ and caffeine, and quantitatively for the
post-stimulus relaxations. One interpretation is that the ex-
perimentally observed "off' relaxations reflect Ca21 trans-
port systems operating within a linear range where Ca21
fluxes are nearly proportional to Ca2+ concentration.

Both the "on" and "off" [Ca2+], relaxations
induced by caffeine are abolished
by thapsigargin
The model described above provides a simple interpretation
of the [Ca2+]i relaxations shown in Fig. 1. The "off' relax-
ation following a step reduction in KL1 reflects the net loss
of Ca2` from the cytosol caused by Ca2` extrusion across the
plasma membrane, slowed by passive Ca2` release from the
internal compartment as it restores its initial Ca2" load. The
ci undershoot initiated by a step reduction of KL2 is caused by
net Ca2` accumulation by the internal compartment as it re-
fills, which depresses [Ca2+]i below its steady-state level.
This interpretation of the post-caffeine [Ca>+]i undershoot is
supported by the following experimental observations (Friel
and Tsien, 1992a). 1) Recovery from the undershoot after
caffeine removal parallels replenishment of the store as as-

a kL1 (10-6 -1)'

100

I 5

Ci

b kL2(10 1 * 1)1

S. 10
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1 min
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FIGURE 2 Post-stimulus [Ca24]i relaxations can be accounted for by the
simplest realistic model of Ca2" regulation that takes into consideration Ca2"
uptake and release by an intracellular compartment. Diagram depicts the two
inward passive fluxes (JL1' JL2) and the two outward pump fluxes (JP1' Jp2).
(a) Brief exposure to high K+ (as in Fig. 1 a) was modeled by increasing
the Ca2+ permeability of the plasma membrane (KL1), which elicited a rise
in both c; and c,. Lowering KLI to its original value led to a monotonic decline
in both ci and c, to their initial values. (b) Exposure to caffeine (as in Fig.
1 b) was modeled by increasing the Ca2+ permeability of the store membrane
(KL2), which led to a monotonic decline in cS and a transient rise in ci.
Restoring KL2 to its original level led to a monotonic rise in cS and a transient
c; undershoot. In each case, the simulated c; relaxations were biexponential
with identical time constants for the two stimuli. Starting parameter values
were (in sl): KL1 = 5 X 10t6, Kpl = 0.132, KL2 = 0.054, Kp2 = 3.78. The
dimensionless parameter y = 0.24. Dashed lines indicate initial and fmal
steady-state values, ci,,s and c;,,,.

sayed by responsiveness to caffeine. 2) Both the recovery
from the undershoot and replenishment of the store are pre-
vented by removing external Ca2+. 3) After treatment with
ryanodine, caffeine application fails to elevate [Ca2+], and
caffeine removal fails to elicit an undershoot.

If the post-caffeine undershoot reflects Ca2 uptake by the
caffeine-sensitive store, then it should be eliminated by in-
hibiting Ca2 uptake. To test this, thapsigargin (TG) was
used. TG is an irreversible (or slowly reversible) inhibitor of
intracellular Ca2+-ATPases that accumulate Ca2+ into the
endoplasmic reticulum (Thastrup et al., 1990). Fig. 3 a il-
lustrates the protocol that was used to investigate the effects
of TG on responsiveness to caffeine. Caffeine was applied
while [Ca2+]i was steadily elevated by exposure to 30 mM
K+. Under these conditions, caffeine produced a transient
rise in [Ca2+]i that was qualitatively similar to the one il-
lustrated in Fig. 1 b. Also, caffeine removal elicited a biex-
ponential [Ca2`]j undershoot (see Fig. 1,fitted smooth curve
between arrows) which, because it was more pronounced,
was easier to study. A similar enhancement of the post-
caffeine undershoot has been described in cardiac cells by
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K* (30 mM)
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servations summarized above (1-3), they indicate that the
relaxations reflect reversible Ca> release and uptake by a
caffeine-, ryanodine-, and TG-sensitive store. It will be ar-
gued below that the ability of the caffeine-sensitive store
to raise and lower [Ca>]i about its steady-state level is one
of the keys to understanding caffeine-induced [Ca2]i
oscillations.

b

thaopiqarqin (20 nH)

coaff (5 mM)
K0 (30 mM)

FIGURE 3 Effects of TG on responses to caffeine. (a) Post-caffeine

[Ca2+]i undershoot elicited during steady exposure to 30 mM K+. The un-

dershoot was well described by the sum of two decaying exponential func-
tions with Tf = 4.9 s and T. = 50.0 s (superimposed curve between arrows).
Cell bl2w. (b) Effect of TG (20 nM) on responses to caffeine application
and removal during steady exposure to 30 mM KV. TG eliminated both the
caffeine-induced [Ca21]i transient and the post-caffeine undershoot. Note
that after exposure to TG, caffeine lowered [Ca21]i slightly and reversibly,
possibly reflecting inhibition of voltage-sensitive Ca2' entry. Cell bl4d.

Baro et al. (1993). Note that T values for the post-caffeine
undershoot are smaller in the presence of high K+, possibly
reflecting a dependence of Ca>2 transport rates on Vm, [K+]O,
or [Ca>2]j. Note also that maintained exposure to caffeine
during steady depolarization leads to [Ca21]i oscillations
(e.g., Fig. 4 a, top).
TG (20 nM) produced a slow transient rise in [Ca21]i (Fig.

3 b), presumably reflecting inhibition of Ca>2 uptake by in-
ternal stores and an unopposed Ca>2 leak that gradually dis-
charged them. The absence of an elevated steady-state
[Ca21]i level after treatment with TG argues that depletion of
TG-sensitive Ca2+ stores does not raise the Ca2+ permeability
of the plasma membrane in sympathetic neurons (cf. Putney,
1990; Hoth and Penner, 1992; Zweifach and Lewis, 1993).
After treatment with TG, high K+ again elicited a rise in
[Ca]2+], but caffeine responsiveness was lost: caffeine ap-

plication no longer elevated [Ca]2+], and caffeine removal
failed to elicit an undershoot. Evidently, caffeine did not
elevate [Ca]2+] because the store was discharged, and caf-
feine removal failed to depress [Ca2+]i because uptake was

inhibited. Note that the effects of TG on caffeine respon-

siveness resemble those of ryanodine (not shown). One in-
terpretation is that both agents act by depleting the caffeine-
sensitive store: TG, by inhibiting Ca2+ uptake (Lytton et al.,
1991), ryanodine by rendering the store leaky to Ca>2 (Rous-
seau et al., 1987). Inhibition of caffeine-induced Ca2+ release
by TG suggests that the caffeine-sensitive store accumulates
Ca2+ via a sarcoplasmic or endoplasmic reticulum Ca-
ATPase (SERCA) Ca>2 pump (Lytton et al., 1991).

These results link the "on" and "off' relaxations induced
by caffeine application and removal. Together with the ob-

After extending the linear model to include CICR,
it can account for [Ca2+]J oscillations

The linear model described above provides a qualitative ac-
count of [Ca"]i relaxations after depolarization and exposure
to caffeine, and a quantitative account of post-stimulus re-
laxations. However, it cannot account for steady-state [Ca]2+I
oscillations that are initiated when mildly depolarized cells
are exposed to caffeine (Fig. 4 a). Previous work has shown
that [Ca2+]i oscillations in sympathetic neurons require Ca2+_
induced Ca2+ release (Kuba and Nishi, 1976; Friel and Tsien,
1992b), which was not included in the model. To include
CICR, KL2 was redefined as follows:

KL2 = KL2(0) + K12)/41 + (Kd/Ci)n]
where K (0), K Kd,c, and n are constants. K 0) and K (0)
define the strength of the c -sensitive and c -insensitive Ca2+
permeabilities of the store, Kd,a gives the ci-sensitivity of
CICR, and n influences how rapidly KL2 changes with c1. With
this definition, KL2 increases sigmoidally with c;, a reasonable
representation of the [Ca2+]J dependence of open probability
for neuronal Ca2+ release channels within the physiological
range of [Ca2+]i (Bezprozvany et al., 1991). With this defi-
nition, the system of equations describing c; and cS becomes
nonlinear. Note that the precise definition of KL2 is not im-
portant for the conclusions that follow, only that it increases
sufficiently rapidly with c;. Note also that KL2 adjusts in-
stantaneously to changes in c; and does not inactivate (cf.
Gyorke and Fill, 1993).
With this extension, the scheme can account for many of

the properties of [Ca2+]i oscillations that are observed when
cells are exposed to caffeine under depolarizing conditions
(Fig. 4 a). As before, exposure to high K+ is modeled by a

step increase in KL1, but treatment with caffeine is modeled
by a drop in Kdc.a (Fig. 4 b), since caffeine appears to increase
the [Ca2+]i sensitivity of Ca2+ release channel gating (Rous-
seau et al., 1988; Rousseau and Meissner, 1989). Stepping
KL1 leads to a rise in ci toward a new steady-state level (Fig
4 b, dashed line), while a subsequent reduction in Kd,ca leads
to a transient rise in c; followed by ci oscillations.

In comparing simulation and experiment, a distinction
must be made between the initial and steady-state effects of
stimulation. The model is not expected to account for initial
changes in [Ca2+]i, because it was formulated using assump-

tions that are not valid during this time. For example, it was
assumed that [Ca2+]i remains low enough (<500 nM) that
[Ca2+]i transport by the FCCP-sensitive store can be ignored.
However, this condition is not always satisfied during initial
responses to caffeine, possibly contributing to the broad

a
11 -- ......I
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caffeine-induced [Ca2"]i transient and the slow approach to
the periodic steady-state in Fig. 4 a. Also, according to the
model, the properties of Ca"~transport do not depend ex-

plicitly on time, an approximation that is expected to be es-
pecially poor during initial responses to stimulation. There-
fore, the focus of the following discussion will be steady-
state [Ca2"]i oscillations. Qualitative comparisons between
theory and experiment will be presented first (Figs. 4-6)
using model parameters that insure an unstable steady-state
but are not optimized for any particular data set. After this,
quantitative agreement between model and data will be ad-
dressed (Figs. 9 and 10).

Simulated oscillations resemble those observed experi-
mentally in a number of respects: 1) ci oscillates about c15rs
(Fig. 4 b, dashed line), the steady-state level reached when
KL2does not depend on ci, much as [Ca2"]i oscillates about
[Ca21]i,., the steady level reached after exposure to ryano-
dine. 2) ci and cs oscillate out of phase, with cs rising in two
kinetically distinct phases, consistent with changes in the
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Ca"~content of the caffeine-sensitive store during the os-
cillatory cycle (Friel and Tsien, 1992b). 3) Changes in the
concentration of extracellular Ca21 influence oscillation fre-
quency more than amplitude (Fig. 5). 4) Changes in Kd,c
influence oscillation frequency and amplitude (Fig. 6 b) in
much the same way as changing [caff]0 does (Fig. 6 a). For
example, oscillations occur only at intermediate Kd,Ca and
[caff]0, and, within the range where they occur, raising [caff]0
and lowering Kd,c reversibly increase frequency and lower
spike amplitude.

In terms of the model, the co-dependence of oscillation
frequency and amplitude can be accounted for as follows
(see Fig. 5 b). Cycle period largely reflects the time re-

quired for the store to be replenished. Because this is
limited by ci, raising co, which elevates ci, (Fig. 5 b,
dashed line) shortens the period. Spike amplitude de-
pends on the Ca21 content of the store when CICR is
initiated. Raising co elevates average c1 and KL2 causing
the store to become more leaky. This lowers c5 and the
driving force for net Ca2' release at the time of spike
initiation, depressing the amplitude (Fig. 5 b).
To account for the way frequency and amplitude change

with Kd,c, (Fig. 6 b), it should be noted that oscillations only
occur when small changes in ci produce significant changes

a

[Ca]J0(uM): 1.0 0. 5 0.7

30 sac

b

0.CM 1. 0 0. 5 0. 7

50 riM

30 n

FIGURE 5 Effect of changing the concentration of extemnal Ca"~on simu-
lated and caffeine-induced oscillations. (a) Experimentally observed [Ca2"]i
oscillations at different [Ca2"]0. Cell bl3e (from Friel and Tsien, 1992b). (b)
Simulated c1 oscillations at different c0. Dashed line indicates the steady-
state ci level (ci.M that would prevail in the linear model, which can be
identified with [Ca2"]j,8, the steady-state [Ca21]i level reached after [Ca21]i
oscillations are inhibited by ryanodine. Unless indicated otherwise, all pa-
rameter values are the same as in Fig. 4.
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FIGURE 6 Effects of changing Kd,c and [caff]. on simulated and
caffeine-induced oscillations. (a) [Ca2"]i oscillations in the presence of caf-
feine at different [caff],. Cell bllz (from Friel and Tsien, 1992b). (b) Simu-
lated effect of changing the ci sensitivity of CICR, Kd,c,,. Unless indicated
otherwise, all parameter values are the same as in Fig. 4.

in Ku. If, relative to ci',S Kd,ca is either very high (minimal
activation of CICR -~no caffeine) or very low (maximal
activation of CICR -high caffeine), oscillations do not oc-
cur because KL2is essentially insensitive to changes in ci, and
the model reduces to the linear scheme with Ku = KJ2O) in
the first case (no activation of CICR) and KL2 = KL()+ K 91)
in the second (maximal activation of CICR). When Kd,c is
near ci,, oscillations do occur, with frequency and amplitude
governed by the time required for the store to refill between
spikes and the driving force for net Ca2' release when CICR
is initiated.

Predictions regarding the underlying Ca2+ fluxes

The extended model makes specific predictions about the
elementary fluxes that underlie changes in [Ca2]1]iduring the
oscillatory cycle. In terms of the model, [Ca2+]i oscillates
because the total cytosolic Ca2+ flUX (to,a1) is periodic, being
inward (negative) during the upstroke and outward (positive)
during the recovery. It is convenient to define the total con-
centration flux Sto = Jtotai/vi (Fig. 7, second trace). 3 o

can
be separated into the net Ca>2 flux across the plasma mem-
brane (S3 j

= Ji1Jv1) and the net flux across the store membrane

SLI

3L25.,

JL2 + JP2

FIGURE 7 Predicted temporal properties of the Ca"~fluxes that underlie
[Ca2"]i oscillations. The total net material flux J10,1 can be separated into J,0
and J1. (diagram, top right; arrows indicate direction of positive net flux).
J,o and J,., can be separated into JLl .4pl and JL2, Jp2 (diagram, center right;
arrows indicate direction of each net flux for the parameter values used in
the simulation, which are the same as those used in Fig. 4). Dividing each
material flux by v, gives the corresponding concentration fluxes (top to
bottom): 3tota1' S1, and Z1,(Zi + , 31 and 3 u.

( s, = J1/vi) (Fig. 7, middle pair of traces). In terms of these
fluxes, .3oa oscillates because there is a periodic imbalance
between S,. and Sio. .3ot is inward during the rapid upstroke,
because the inward flux .3i exceeds in magnitude the out-
ward flux Sn,. After the ci peak, the relationship between 3S5
and .3i is reversed, with St. becoming an outward flux that
causes ci to decline. The model permits visualization of tran-
sitions between six critical points during the oscillatory cycle
(Fig. 7, arrows; Friel and Tsien, 1992b). At points 1 and 4,
Si = -S is S3toa 0 and ci is at an extreme. At points 3 and
6,c ciSq -i =0 and Stotal = -3s At points 2 and 5, S,is
=0 and .3toa = -

o

From the definitions of JLl and Jpl above, Sio is propor-
tional to (ci - ci,ss) and tends to restore c1 to ci,ss after per-
turbations. c1,55 can be viewed as a "zero net flux concen-
tration" for the plasma membrane, analogous to a reversal
potential for ionic current. In terms of the model, ci oscillates
about c because of cycles of net Ca>2 release and uptake
by the store, accompanied by a plasma membrane flux that
tends to restore c1 to c,s
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[Ca2+]i Oscillations in Sympathetic Neurons

To express 3total so that it can be compared with measured
quantities, it is useful to rewrite dc-Idt as follows (see Fig. 7,
legend):

dCi/dt = -3tot1 = HiL1 + -3L2 + (PP1 + 3P2)]'
the sum of three measurable concentration fluxes Z3L1 Z3L2,
and (Z3p, + Z3p2). Before describing how these fluxes can be
measured, Fig. 7 (bottom) illustrates their predicted behavior
during the oscillatory cycle.
A few points can be made about each flux. SL1 is always

inward and does not change very much over the cycle. This
can be understood by noting that Z3Ll is proportional to (ci -
c.), which is always negative since ci < c.. Moreover, since
co is larger than ci by a factor of >1000, changes in ci do not
influence (ci - co) very much, so that 3L1 is nearly constant.
iL2, which is proportional to (ci - cs), is inward as long as
c; < CS and varies periodically because of ci-dependent
changes in KL2. Finally, since Zp1 and Zp2 are both propor-
tional to ci, so is (Z3p + Z3p2). Note that the total flux Ztota
is the sum of several much larger fluxes of different sign that
largely cancel one another.

a [Ca]O(mM):2 -> 0

50 nM

10 sac

4,

4,

b [Caff] (mM):5 -> 0

Measurement of the fluxes

To determine whether the simulated time courses of Z3L1 SL2,
and (Sp, + Sp) resemble the actual net fluxes, it was nec-
essary to measure them. The following method was em-
ployed (Friel and Tsien, 1992b). If an experimental pertur-
bation rapidly changes the total ilet flux 3tta by Z3x, the
change in d[Ca2+],/dt immediately following the perturba-
tion, Ad[Ca2+]/dtx will provide a measure of SZ. To measure
SL1i the initial change in d[Ca2+]/dt following rapid removal
of external Ca21 was determined (Ad[Ca2+]/dtc), while 3L2
was estimated as the initial change in d[Ca2+]j/dt after rapid
caffeine removal (Ad[Ca2+]J/dtLcaf). Given d[Ca2+]i/dt, 3L1
and 3L2, (Z3p + SP) was calculated as follows:

(3pZ + 3P2) = -dd[Ca2]i/dt -(ZLl + SL2)
Fig. 8 shows the effects of rapid removal of external

Ca2+ (a) and caffeine (b) on [Ca2+]i and d[Ca2+]/dt at
different points in the oscillatory cycle in two different
cells. As shown previously (Friel and Tsien, 1992b), Ca2+
removal leads to a drop in d[Ca2+]/dt that is accompanied
by a fall in [Ca2+]i during all phases of the cycle except
the rapid upstroke. In contrast, caffeine removal leads to
a decline in both d[Ca2+]/dt and [Ca21]i whenever it oc-
curs (Fig. 8 b). Similar effects of caffeine removal during
[Ca21]i oscillations were observed in each of six cells.
Note that the slow second phase of recovery after caffeine
removal is not evident on this time scale.

Comparison between measured and simulated
[Ca2+]i oscillations

Parameter optimization was used to determine whether the
extended model can account for the detailed time courses of
[Ca2+]i and the measured fluxes throughout the oscillatory

4,

.4 50 rnM
... J, 4,

.% 5 Sao

'

\ \ XSw w~~~~~~1

FIGURE 8 Experimental approach to measuring 3L1 and 3L2. (a) Rapid
removal of external Ca2" at different points during the oscillatory cycle
(arrows) permits estimation of SLl in terms of the initial change in d[Ca2e]-
,/dt (Ad[Ca2`]1/dt_c) after Ca2" removal. Cell B12z (from Friel and Tsien,
1992b). (b) Rapid removal of external caffeine at different points during the
oscillatory cycle permits estimation of3L2 as the initial change in d[Ca2+]/dt
(Ad[Ca2+]Idtaff) after caffeine removal. Cell B13u.

cycle. A parameter set was sought that minimizes Yk(ci(tk) -
[Ca21](tk))2, where k is an index of discrete sample times.
Therefore, optimization was influenced only by differences
between ci and [Ca21]i. Initial estimates of the five param-
eters describing the linear model (KL1, Kpl, K (0), Kn, and v)
were obtained from properties of post-stimulus [Ca2+]i re-
laxations such as those illustrated in Fig. 1. The three ad-
ditional parameters of the nonlinear model (KL2(1), Kd,ca, and
n) were estimated from the relationship between d[Ca2+]j/dt
and [Ca2+]i during the rapid upstroke during [Ca21]i oscil-
lations. Net fluxes were measured in the same cell to avoid
complications from cell-to-cell variability.

Fig. 9 a (upperpanel) shows measured [Ca2+]i (points)
and simulated c; (smooth curve) over two cycles. The
close agreement shows that the extended model can ac-
count for the time course of [Ca2+]i during the oscillatory
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cycle in this cell. The lower panel compares the measured
and simulated net Ca2" fluxes (symbols and continuous
curves, respectively) over one cycle, with the noisy trace
showing d[Ca2+]i/dt (= %o,al). It is clear that the simulated
and measured net fluxes are also in reasonable agreement,
even though discrepancies between measured and simu-
lated fluxes did not explicitly influence parameter opti-
mization. As an independent check of the linear rate laws
for (3p1 + 3P2) and SL1, the measured fluxes are plotted
against [Ca2+]i in Fig. 10. Over the range in which [Ca2+]i
oscillates, (3P1 + '3P2) is approximately proportional to
[Ca2+]I, and '3L1 is nearly independent of [Ca2+]j, as ex-
pected based on the linear rate law given that [Ca2+]i <<
[Ca2+]0. Note that Z3L1 did not vary appreciably with
[Ca2+]i in the cell shown in Fig. 9 (cf. Friel and Tsien,
1992b), possibly reflecting the lower range of [Ca2+]i in
this cell (<250 nM) compared with some other cells de-
scribed in the previous study, where [Ca2+]i reached
-400 nM.

Several differences between model and experiment can
also be seen. 1) While the shape of [Ca2+]i transients in
many cells can be accounted for quite well by the model,
in some cells the transients are somewhat more complex,
characterized by a decline with more than two distinct
phases (e.g., Fig. 8 a). 2) The simulated values of ZL1
systematically overestimate in magnitude the measured
ones (Fig. 9, lower panel), while the simulated values of
(PP1 + 3P2) slightly overestimate the measured ones when
[Ca2+]i is low. The basis for these discrepancies is not

250

clear, but one contributing factor could be the restrictive
assumption that each net flux is proportional to Ca2" con-
centration. More detailed information is required con-
cerning the time and [Ca2+]i dependence of the individual
net fluxes in intact cells before these issues can be ad-
dressed in detail.

The FCCP-sensitive store is not required for
caffeine-induced [Ca2+]1 oscillations

Sympathetic neurons contain another Ca2+ store that can be
defined by its sensitivity to the proton ionophore, FCCP. This
store, which is thought to be mitochondrial, influences
[Ca2+]i responses to both membrane depolarization and caf-
feine if [Ca2+]i approaches a high level (-500 nM) (Friel and
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FIGURE 9 Comparison between measured and simulated Ca2" fluxes.
Top panel illustrates measured [Ca2+]i (points) and simulated c; (smooth
curve) over two oscillatory cycles. Bottom panel shows measured 3L1 ()
3L2 (A), and (3p, + Zp) (O), and the simulated values from the model
(smooth curves). Noisy trace in lower panel is d[Ca2`]j(t)/dt (= Zo,,) cal-
culated from [[Ca2+]i(t + At/2) - [Ca2+]i(t - At/2)]/At, where At = 2 s.
Parameter values for the fitted curves are: KLl = 8.7 X 10-6 S-1, Kpl = 0.14
s1KL() = 0.03 s1, K ) = 1.39 s', Kn = 1-06 s, Kdc. = 0.23 uM, n3,12 =2 2 Sa
= 3.8, -y =0.24. Step size for the numerical integration was 150 ins.
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FIGURE 10 [Ca2+]i dependence of SP.1 + Sp (a) and 3L1 (b). Flux data
from Fig. 9 were plotted against [Ca2+]i at different points in the oscillatory
cycle to assess the validity of the linear approximations: (3pZ + Sp2) = (KP1
+ Kn2) [Ca2+]i, L1 = KLl([Ca2+]i - [Ca2+]0) -- KLl[Ca2+]O. Linear regres-
sion analysis gives (Kpl + Kp) = 0.387 s-'.
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[Ca2+]i Oscillations in Sympathetic Neurons

Tsien, 1994). To investigate whether the FCCP-sensitive
store plays a role during caffeine-induced [Ca2+]i oscilla-
tions, FCCP (1 ,uM) was applied to a cell while [Ca>]i was
oscillating in the presence of 30 mM K+ and 5 mM caffeine
(Fig. 11). Under these conditions, oscillations could persist
for some time (at least 11 min in this cell). In contrast, FCCP
has pronounced effects on [Ca2+]i responses to 50 mM K+
after applications lasting only 10-20 seconds (D. D. Friel,
unpublished observations). In the maintained presence of
FCCP, oscillation frequency and amplitude gradually de-
clined, possibly reflecting the uncoupling actions of FCCP
and a decline in cellular ATP levels, with its impact on ATP-
dependent transport systems. Effects of FCCP on intracel-
lular pH cannot be excluded. After removing FCCP, the os-
cillation frequency returned to normal over several minutes.
In another cell, oscillations faded somewhat more quickly
after exposure to FCCP (-6 min). Overall, these results sug-
gest that Ca2+ uptake and release by the FCCP-sensitive store
are not required for caffeine-induced [Ca21i oscillations un-
der depolarizing conditions.

DISCUSSION

Caffeine-induced Ca2+ oscillations provide a good example
of the interplay between Ca2+ transport across the plasma
membrane and uptake and release by internal stores.
Whereas an earlier study presented information about the
relative roles of these transport pathways during [Ca2+]i os-
cillations (Friel and Tsien, 1992b) the present study exam-
ines the underlying Ca2+ fluxes and the way they change with
time during the oscillatory cycle. A one-pool model was pre-
sented that describes the net fluxes of Ca2+ across the plasma
membrane (Jio) and between the cytosol and store (Ji,) in
terms of the imbalance between four net fluxes associated
with different populations of Ca2+ channels and pumps. It
was found that the model provides a reasonable qualitative
description of [Ca2+]i dynamics as long as [Ca2+]i does not
rise too high and Ca2+ transport rates change slowly enough
to prevent development of large [Ca>2]i gradients. The model
also provides a quantitative account of post-stimulus [Ca2+]
relaxations and of the kinetics of [Ca2+]i during steady-state

1 uM FCCP

............I...........................................................................................

JI 100 nM

I min

FIGURE 11 Observed effects of FCCP (1 ,uM) on [Ca2+]i oscillations in
the presence of 5 mM caffeine and 30 mM [K+]0. FCCP was dissolved in
100% ethanol to make a 10 mM solution and stored at -20°C. For each
experiment, the FCCP stock solution was diluted 10,000-fold in frog Ring-
er's solution. Ethanol at this concentration had no detectable effect on
[Ca21]i oscillations. Cell bl3f.

oscillations. Although measurements were not presented for
each of the four net fluxes postulated to underlie changes in
[Ca>]i during the oscillatory cycle, three independent com-
binations of these fluxes were measured and found to agree
with predictions based on the model.

Overview of the proposed mechanism of
[Ca2+]J oscillations

Based on arguments presented in Friel and Tsien (1992b),
there are six critical points during the oscillatory cycle (Fig.
12, arrows). These points partition the cycle into intervals
where 1io, .3i, and St.,a have distinct relationships. Results
of the present study show how passage from one point to the
next can be understood in terms of the underlying net fluxes.
Z3i, is the sum of the inward flux SLl and the outward flux
Zp,, and is proportional to (ci - ci,). .3i, is the sum of the
inward flux 3L2 and the outward flux Zp2. 3P2 is proportional
to ci, while SL2 is proportional to both the driving force for
net Ca> release (c1 - c,) and the Ca> permeability of the
store KL2, which rises sigmoidally with ci.
To step through the oscillatory cycle, it is convenient

to start at critical point 6, where ci = Ci,ss Si.= 0, and ci
rises at a rate determined by the inward net flux 3is. ci rises
above ciss at increasing rate because the inward flux .is
rises more rapidly with ci than the outward flux 3io. In
other words, Ca2+ is released by the store faster than it can
be transported outward across the plasma membrane. The
rapid rise in .is reflects the growing imbalance between
3L21 which rises supralinearly with ci, and the opposing
flux 5P2. which increases linearly with ci. However, as the
store loses Ca2+, the driving force for Ca2+ release de-
clines, causing SL2, and therefore 13is to decline in mag-
nitude. When the inward flux Sis is balanced by the out-
ward flux Z3j5total = 0 and ci is maximal (point 1). It is
the reduced driving force for passive Ca2+ release as the
store becomes depleted that causes the magnitude of the
inward flux Zis to decline. This, along with the parallel
rise in the outward flux .3j, is responsible for terminating
the c1 rise. As Si continues to decline, 0lotal becomes an
outward net flux and ci begins to fall. As it falls, both SL2
and 5P2 decline, but 53L2 falls more rapidly than 3P2 owing
to its strong dependence on ci, causing 13is to decline.
When SL2 and 3P2 are in balance, 1is = 0 and ci declines
at a rate determined exclusively by the outward flux Sio
(point 2). The continued decline in SL2 causes 5is to
become outwardly directed, and the store starts to refill.
Now, ci falls under the influence of two outward
net fluxes, 5Si. and Sis. When ci reaches c5s1, 3io = 0
and ci falls at a rate determined by the outward flux 53is
(point 3).

ci falls below ci,ss because the outward flux 1is continues
to exceed the inward flux M1o, i.e., Ca2+ is taken up by the
store more rapidly than it can leak inward across the plasma
membrane. As the store refills, SL2 rises, causing .3is to de-
cline in magnitude. When the declining outward flux 3i, is
just balanced by the rising inward flux Sio Stota = 0 and c1
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reaches a minimum (point 4). It is the increased driving force
for passive Ca> release as the store refills that causes the
outward flux Si. to decline. This, along with the parallel rise
in the inward flux Sio, terminates the c; undershoot. The con-
tinued decline in Z3i, shifts the balance between S0o and Sis
so that 5total becomes an inward net flux and c; starts to rise.
As ci rises, both 3L2 and Z3p2 rise in magnitude, but SL2 rises
more rapidly than Sp owing to its sigmoidal dependence on
ci. As a result, the outward flux -is declines. When 3L2 and
3p2 are in balance, 3is = 0 and ci rises at a rate determined
exclusively by Sio (point 5). The continued rise in 3L2 causes
Z3is to become inwardly directed and ci rises under the in-
fluence of two inward net fluxes, 3io and Si. Because the
store is now replenished, this leads to an accelerated rise in
ci. When ci reaches ci, Sio = 0 and ci again rises at a rate
determined by the inward flux 3is (point 6) to initiate a new
cycle.
One of the key features of this mechanism of [Ca21]i os-

cillations is that the store can, during certain phases of the
cycle, accumulate or release Ca>2 so rapidly that Ca>2 trans-
port across the plasma membrane cannot keep pace. How-
ever, each excursion from ciss is limited because the store
cannot serve as a continuous Ca>2 source or sink; inactivation
of the ci-sensitive permeability is not involved. Another in-
teresting feature of the model is the dual role of feedback in
raising ci above ci ss during the upstroke, which is required for
the store to discharge, and in lowering c; below ciss during
the downstroke, which is required for it to refill.

Simplications used in formulating the model

One of the surprising results of the present study is that
simple features of [Ca24]i regulation can account for many
features of [Ca24]i dynamics that are observed experimen-
tally. Perhaps most surprising is the adequacy of linear ap-
proximations to the transport rate laws for Ca>2 entry through
voltage-sensitive Ca>2 channels, Ca2+ extrusion by plasma
membrane Ca2+ pumps, and Ca2+ uptake by TG-sensitive
Ca pumps.

Ca2+ extrusion

Based on available information, including the results of Na+
removal experiments (Friel and Tsien, 1994), Ca2+ extrusion
in sympathetic neurons appears to reflect largely Ca2+ trans-
port by plasma membrane Ca2+ pumps. The rate of extrusion
is expected to increase linearly with [Ca24]i as long as [Ca2+]i
is low compared with the concentration giving a half-
maximal transport rate (KO5) and the Hill coefficient does not
differ greatly from one. This is found in snail neurons
(Tepikin et al., 1991) when [Ca2+]i is within the range en-
countered in the present study (<-400 nM). Extrusion rates
measured in the two types ofneurons are in reasonable agree-
ment. For example, in snail neurons, the Ca2+ extrusion rate
is -20 nM/s at [Ca2+]i -400 nM (estimated from Fig. 3 in
Tepikin et al., 1991). Assuming a linear relationship between
steady-state extrusion rate and [Ca21]i, is comparable with
the values of 53L1 obtained in sympathetic neurons, -2-4
nM/s when [Ca2+]i is steady at -100 nM (Friel and Tsien,
1992b).

6 1 2 a 4 5 6

4.4,4. 4. 4. 4.4.

31/

Li2

Ca2+ entry

A linear rate law for Ca>2 entry is expected for the net flux
of Ca2+ through voltage-dependent Ca>2 channels under
steady-state conditions if [Ca2+]o is well below the concen-
tration that gives saturating unitary fluxes. [Ca2+]i oscilla-
tions were studied while cells were exposed to high K+ (30
mM), which steadily depolarizes the membrane potential to
--35 mV. Using constant field theory, if channel open prob-
ability is constant, the rate of Ca2+ entry will be proportional
to [Ca2+]0, close to the proposed linear rate law JL1 a (c1 -

co) if co >> ci. Elevations of 3L1 at higher levels of [Ca21]i
(Friel and Tsien, 1992b) may reflect [Ca2+]j-dependent ac-
tivity of voltage-sensitive Ca> channels like that observed
in other cells (Gurney et al., 1989; McCarron et al., 1992).

3 4 6

FIGURE 12 Relationship between c; (top), the concentration fluxes -j.
and Zis (second set of traces) and the fluxes that underlie them (ZL1, P
312' 3p2, lower traces) during the oscillatory cycle based on the one-pool
model. Diagrams (bottom) illustrate the relative magnitudes of the corre-
sponding material fluxes at six critical points (see Sio and Si, arrows).
Compartmental Ca24 concentrations are represented schematically by shad-
ing. Same parameter values as for the simulations in Fig. 9. Dotted lines
define zero c; and net flux.
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[Ca2+]J Oscillations in Sympathetic Neurons

Ca2I uptake

Studies in cardiac cells have provided estimates of the KO5
for Ca` uptake by the sarcoplasmic reticulum of 0.3-1.0 ,uM
with Hill coefficients of 1-1.6 (Wimsatt et al., 1990; Hove-
Madsen and Bers, 1993; Balke et al. 1994). While it is dif-
ficult to extrapolate directly to the Ca2+ uptake system op-
erating in sympathetic neurons, these parameters are roughly
consistent with the linear approximation used in the present
study. Gross departures from linearity seem unlikely, given
the observed proportionality between 3p, + 3P2 and [Ca2+]i
during the oscillatory cycle (Fig. 10).

[Ca2+]1-sensitive Ca2+ release

The only nonlinear rate law in the kinetic model was used to
describe [Ca2+]j-dependent gating of ryanodine-sensitive
Ca2+ release channels. This was also an approximation, be-
cause the open probability of these channels varies with Ca2+
concentration in a bell-shaped manner (Bezprozvany et al.,
1991). However, because the decline in activity occurs at
very high [Ca2+]i (>100 p,M), the rising limb of the activity
relation should provide a reasonable approximation to the
[Ca2+] dependence of channel activity over the range of
[Ca2+] encountered during [Ca2+]i oscillations. Although
time-dependent channel gating (Gyorke and Fill, 1993) was
not included in the model, a possible role cannot be excluded
based on available information.

Ca2+ buffers

Soluble Ca>2 buffers in either the store or cytosol can be
accounted for in the model if: 1) binding equilibrium is
reached rapidly compared with the rate at which intracom-
partmental free Ca2+ concentrations change during the os-
cillatory cycle, and 2) binding occurs with low affinity, so
that for each buffer, the binding Kd is well above the pre-
vailing free Ca2+ concentration. The overall effect of such
buffers is to increase the effective compartmental volume
(Kovacs et al., 1983). Determining whether soluble Ca2+
buffers in sympathetic neurons behave in this way will re-
quire additional experiments.

Interpretation of the model parameters

In terms of the model, [Ca2+]i regulation in bullfrog sym-
pathetic neurons depends on eight parameters: KL1, Kp1, Kp2,

(1) K (0), KdCa, n, and , and estimates of each parameter
were provided by fitting model to data. Values of Kd,Ca (0.23
jiM) and n (= 3.8) provide information about the [Ca2+]i
sensitivity of CICR in the presence of 5 mM caffeine. Direct
interpretation of the other parameters is complicated because
they depend on effective compartmental volumes. For ex-
ample, KLl and Kp1 are the rate constants for Ca>2 entry and
extrusion across the plasma membrane, divided by the ef-
fective cytosolic volume v;. Similarly Kp, KL2(1), and KL2(°) are

the rate constants for Ca> uptake and ([Ca2"]i-dependent and
-independent) Ca> release by the store, divided by the store
volume vs. For each set of parameters, the effective volume
depends on both the compartmental volume and the prop-
erties of intracompartmental Ca> buffers. Therefore, the
lumped rate parameters do not give direct information about
the transport rate constants kLl, kpl, kL2(°), kL2(1l, and kp2. How-
ever, independent measurements of v; and vS would permit
calculation of the individual rate constants. In any case, the
ratio kpl/kLl (= Kpl/KLl) can be estimated from the value of
resting [Ca>2]i. Thus, kpl/kLl - 6.6 X 103 at 300 nM [Ca21]i
([K+]o = 30 mM) and -2.5 X 104 at 80 nM ([K+]0 = 2 mM).
In terms of the model, depolarization from -70 to -35 mV
raises the steady-state value of kLl/kpl -4-fold. Based on
analysis of post-stimulus [Ca2+]i relaxations, the linear
model provides an estimate of kp2/kL2(0) - 146. While these
estimates are undoubtedly rough, they provide a link to quan-
tities that are, in principle, measurable.

Comparison with previous studies of [Ca2+]1
oscillations in sympathetic neurons

In the first study of [Ca21]i oscillations in sympathetic neu-
rons, Kuba and Nishi (1976) described periodic membrane
hyperpolarizations during exposure to caffeine. These au-
thors concluded that the oscillations reflect periodic changes
in [Ca21]i which in turn influence the activity of Ca2+-
activated K+ channels in the plasma membrane. In a sub-
sequent theoretical study, Kuba and Takeshita (1981) pre-
sented a model of [Ca21]i oscillations that emphasized the
importance of Ca>2 transport across the plasma membrane
and CICR from an internal store.
The goal of the present study was to identify which fea-

tures of [Ca2+1] regulation in sympathetic neurons are es-
sential for caffeine-induced [Ca21]i oscillations, and to de-
termine whether they can account quantitatively for the way
[Ca2+]i changes with time during the oscillatory cycle. The
basic machinery was found in a linear three-compartment
system extended to include CICR. As in previous studies,
Ca>2 transport via Ca21 pumps and leaks was included, but
the corresponding transport rate laws were chosen to be as
simple as possible without contradicting the existence of a
stable steady-state in which [Ca21]i < [Ca21]0, [Ca2+Is. Com-
plex transport rate laws were not invoked without experi-
mental support from the preparation under study. For ex-
ample, it was not assumed that Ca2+ uptake obeys a nonlinear
rate law over the range of [Ca2+]i where oscillations occur,
and cooperative regulation of Ca2+ release by intraluminal
Ca>2 was not included. Neither were required to account for
the experimental observations (cf. Kuba and Takeshita,
1981; Goldbeter et al., 1990). The model was tested and
shown to predict successfully the general kinetic properties
of 3L1' ZL29 and (3P1 + 5P2) and to account for the detailed
time course of these fluxes and of [Ca2+]i during the oscil-
latory cycle.
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Do [Ca2+], oscillations such as those
described in the present study occur under
physiological conditions?

Nishimura et al. (1991) described rhythmic membrane hy-
perpolarizations that occur spontaneously in neurons from
intact parasympathetic ganglia. In many respects, they re-
semble caffeine-induced hyperpolarizations in sympathetic
neurons (Kuba and Nishi, 1976): 1) external Ca2" is required;
2) elevations in caffeine concentration increase the fre-
quency; and 3) ryanodine abolishes them, although revers-
ibly. The Vm oscillations appear to reflect periodic elevations
in [Ca2+]i and activation of Ca2+-sensitive K+ and Cl- chan-
nels. Therefore, [Ca2+]i oscillations such as the ones de-
scribed in the present study may occur in other cells even in
the absence of caffeine. While it is possible that [Ca2+]i os-
cillations serve in the control of Ca2+-sensitive processes
within the cell, their role in intracellular signaling remains
unclear.

Alternatively, caffeine-induced [Ca21]i oscillations in
sympathetic neurons may reflect endogenous Ca2+ transport
systems operating outside their normal operating range. Ac-
cording to this view, the oscillations provide insight into the
transport systems that define how [Ca2+]i changes under
physiological conditions. Previous work has shown that both
the onset and recovery of [Ca2+]i responses to depolarization
are slowed by ryanodine (1,uM) acting at an intracellular site
(Friel and Tsien, 1992a). One interpretation is that CICR
normally speeds responses to depolarization (Llano et al.,
1994) and that modulation of Ca2' release channel gating
could tune the kinetics of responses to physiological stimuli.
In this regard, it is interesting that cyclicADP ribose has been
found in a wide variety of cells (Galione, 1993) and modu-
lates one form of the Ca>2 release channel (Meszaros et al.,
1993) much as caffeine does (Rousseau and Meissner, 1989).

Comparison with [Ca2+]J oscillations in other cells

[Ca21]i oscillations can be elicited in a variety of cells by
stimuli that elevate [IP3AJ (Tsien and Tsien, 1990; Berridge,
1993). In many respects, these oscillations resemble
caffeine-induced oscillations in sympathetic neurons: 1)
maintained oscillations require external Ca2, and elevations
in [Ca21I0 raise oscillation frequency (Rooney et al., 1989);
2) oscillations are observed only at intermediate levels of
stimulation, and, within the range where oscillations occur,
stronger stimuli elicit higher frequency oscillations (Woods
et al., 1986; Jacob et al., 1988; Rooney et al., 1989); and 3)
oscillations depend on Ca" release channels whose open
probability depends on [Ca2+]i in a bell-shaped manner.
A number of models have been proposed to account for

IP3-induced [Ca2+]i oscillations (Meyer and Stryer, 1988;
Goldbeter et al., 1990; Cuthbertson and Chay, 1991; Somo-
gyi and Stucki, 1991; DeYoung and Keizer, 1992; Dupont
and Goldbeter, 1993; Atri et al., 1993; Li et al., 1994). Al-
though it seems unlikely that one mechanism can account for
all examples of [Ca2+1] oscillations, it is interesting to ex-

lations. For example, in some cells, [Ca2+]i oscillations ap-
pear to involve two distinct Ca" pools (Wakui et al., 1990).
According to the two-pool model (Dupont et al., 1991; Ber-
ridge, 1991), agonist-induced elevations of [IP3]A discharge
an IP3-sensitive store, which leads to a steady Ca> leak that
produces cycles of CICR from a distinct caffeine-sensitive
store. This mechanism is similar to the one described in the
present study, except that the pathway controlling Ca> entry
differs. While voltage-sensitive Ca> channels provide the
route for Ca> entry in sympathetic neurons, different path-
ways appear in non-excitable cells (Putney, 1990; Jacob,
1990b; Hoth and Penner, 1992; Zweifach and Lewis, 1993;
Luckhoff and Clapham, 1992).

For cells lacking a caffeine- and ryanodine-sensitive store,
various one-pool models have been proposed. Most rely on
the bell-shaped [Ca2]]idependence of IP3-sensitive Ca>2 re-
lease channel activity (Bezprozvany et al., 1991; Finch et al.,
1991), postulating that during each oscillatory cycle, [Ca]2+
rises under the influence of CICR, while the [Ca2+]i rise is
terminated by [Ca2+]j-dependent inactivation of release. This
would require that during the oscillatory cycle, [Ca21], ac-
tually reaches levels that promote inactivation of IP3-
sensitive Ca2+ release. It is possible that this occurs in some
cells but not in others. It is interesting to note that Somogyi
and Stucki (1991) and Dupont and Goldbeter (1993) have
developed models that, while not including [Ca2+]i inacti-
vation of IP3-sensitive Ca2+ release, account for many of the
features of agonist-induced [Ca2+]i oscillations that are ob-
served experimentally. In particular, the model of Somogyi
and Stucki (1991) closely resembles the one described in the
present study. Ultimately, evaluation of the various one-pool
models of IP3-induced [Ca21]i oscillations will require more
information about [Ca2+]j-dependent IP3 receptor channel
gating in situ.

APPENDIX
With the rate laws for net Ca2+ transport given in Results, the system of
dynamical equations becomes:

dci/dt = -(KLI + Kpl + y(KL2 + Kp2))Ci + YKL2CS + KL1 Co

dcsldt = (KL2 + Kp2)Ci -KL2C,

which can be solved by standard methods (Boyce and DiPrima, 1969) to give
cj(t) and c,(t):

cj(t) = aj+e-'/T+ + ac-e-T- + ci,.

cj(t) = cg+e-h/T+ + a-e-r/T- + c

where the rT depend only on the elementary rate constants and 'y:

= [-[KL1 + Kpl + 'Y(KL2 + Kp2) + KL2]

+ [(KL1 + Kpl + 'Y(KL2 + Kp2) + KL2)2 4KL2(KL1 + Kpl)]12]/2
and a, ,aS- depend on both the rate constants and initial conditions. The
steady-state solution for this system is:

ci.= Co/(1 + Kpl/KLl)

cS'S= ci,,, (1 + Kp2/KL2).

amine formal similarities between different classes of oscil-
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Ci,SS is directly proportional to co and inversely proportional to (1 + KP1/KLJ1
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which depends on the ratio of Kpl and KL1. cS,, is proportional to ci,s, and (1
+ Kp2/K12), which depends on the ratio of Kp2 and KL2.
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