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Abstract. Kinetic investigations of stimulus response
coupling in the green alga Chara have revealed that
an intermediate second messenger is formed in the
process of membrane excitation. This second mes-
senger links electrical stimulation to the mobilization
of Ca2+ from internal stores. In the present work, the
experimentally based kinetic model, which describes
the stimulus-dependent production of the second
messenger and Ca2+ mobilization, is combined with a
model for inositol 1,4,5-trisphosphate (IP3)-and
Ca2+-sensitive gating of a Ca2+-release channel in
endomembranes of animal cells. The combination of
models allows a good simulation of experimental
data, including the all-or-none-type dependence of
the Ca2+ response on stimulus duration and complex
phase locking phenomena for the dependence of the
Ca2+ response on stimulation frequency. The model
offers a molecular explanation for the refractory
phenomenon in Chara, assigning it to the life time of
an inactive state of the Ca2+-release channel. The
model furthermore explains the steep dependence of
excitation on strength/duration of electrical stimula-
tion as a consequence of an interplay of the dynam-
ical variables in the model.

Key words: Calcium mobilization — Chara action
potential — Inostitol-1,4,5,-trisphosphate (IP3) me-
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Introduction

The membrane of the giant alga Chara is electrically
excitable. Central to this electrical excitation is that

depolarizing electrical stimuli evoke a transient ele-
vation in the concentration of free Ca2+ in the cyto-
plasm ([Ca2+]cyt). This in turn leads to an activation of
Ca2+-sensitive Cl� channels and hence initiates mem-
brane depolarization (for review, see Tazawa, Shim-
men &Mimura, 1987; Thiel, Homann & Plieth, 1997).

Recently, details of the stimulus response cou-
pling were uncovered by the analysis of the relation
between the electrical stimulation and the Ca2+ re-
sponse. Monitoring cytoplasmic Ca2+ in response to
graded electrical stimulations showed a sharp thresh-
old for the Ca2+ response with respect to the strength/
duration of electrical stimulation (Wacke & Thiel
2001). While small pulses failed to evoke any percei-
vable change in [Ca2+]cyt, the entire Ca

2+ response was
stimulated after passing a narrow threshold. Further
details on the link between the electrical stimulation
and [Ca2+]cyt were derived from experiments in which
the Ca2+ response was evoked by trains of subthres-
hold pulses (Wacke & Thiel 2001). These experiments
showed an additive effect of individual stimulation
pulses with the consequence that small, otherwise in-
effective pulses were able to evoke — when applied in
an appropriate regime — the entire Ca2+ response on
the last pulse. These findings suggested the involve-
ment of a long-lived signaling molecule, which is
produced in a voltage-dependent manner and is able
to mobilize Ca2+ internal stores. This interpretation is
in good agreement with other experiments, which had
already suggested from independent approaches that
electrical excitation in Chara is due to a mobilization
of Ca2+ from internal stores (Plieth et al., 1998, Thiel
&Dityatev, 1998), and may be mediated by the second
messenger inositol 1,4,5-trisphosphate (IP3) (Thiel,
MacRobbie & Henke, 1990; Biskup, Gradmann &
Thiel, 1999; Wacke & Thiel, 2001).

All experimental observations in the context of
Ca2+ responses to graded electrical stimuli could be
successfully simulated by a model based on the
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voltage-dependent production of a second messenger
(Wacke & Thiel 2001). According to this model, Ca2+

is liberated from internal stores in an all-or-none
manner once a critical concentration (threshold) of
the second messenger is exceeded in the cytoplasm. In
the case of a subthreshold pulse, the concentration of
this molecule remains under the critical threshold for
Ca2+ mobilization. Messenger molecules newly
formed in a second stimulation are added to the re-
mains from the first stimulation and in this way, two
sub-threshold pulses can act in an additive manner to
elevate the signaling molecule above a critical value
and stimulate Ca2+ release from internal stores.

While this model provides a good quantitative
description for the dependence of Ca2+ mobilization
on the voltage-sensitive production of a second
messenger, it neither explains the nature of the
threshold nor does it account for phenomena such as
refractory behavior1 (Beilby & Coster, 1979) and
temporal patterns of excitation.

In the present work, we present a combination of
our previous model and an established model on the
concerted action of IP3 and Ca2+ for the liberation of
Ca2+ from internal stores in animal cell (Tang, Ste-
phenson & Othmer, 1996; Othmer, 1997). Numerical
simulations with the combined model now reveal that
the experimentally detected threshold results from the
interplay between the dynamical variables and is an
intrinsic threshold in the model. Furthermore, the
model simulations were also used as guidelines for
further experiments on periodic electrical stimulation
of Chara. We found in model simulations as well as
experimentally that the amount of Ca2+ that is lib-
erated in a stimulation, decreases and the frequency
with which the cell responds to stimulations vanishes
with increasing frequency of stimulation. This pro-
vides essentially a molecular understanding for the
phenomenon of refraction periods in membrane ex-
citation of Chara.

Materials and Methods

Cell materials and experimental procedures were the same as those

reported in Wacke &Thiel (2001).

THE MODEL

As a starting point we use a mathematical model of Ca2+ dynamics

developed by Othmer (1997). There, the main aim was to under-

stand, how IP3 influences Ca
2+ dynamics in endothelial cells. Based

upon previous work (Wacke & Thiel, 2001), we could formulate an

addition to this model, leading to a different biological focus. The

additional differential equation, which inserts IP3 as a dynamical

variable rather than as an external parameter, now allows us to

study the mathematical model of Ca2+ dynamics as a function of

external voltage stimuli. This shift in biological focus has two im-

portant effects. First, it enables us to directly compare our exper-

imental findings on Chara with the model simulations. Second, the

new model displays a much richer repertoire of dynamics under

periodic stimulation, including chaotic amplitude modulations.

While we will discuss the first point in detail, we will only hint at the

second point and leave a detailed stability analysis and a com-

parison of the two models with methods from nonlinear dynamics

for future work.
Othmer (1997) described the relation between the cytoplasmic

concentration of IP3 and the ½Ca2þ�cyt by using a four-state model

for an IP3-sensitive Ca2+ channel in the membrane of the endo-

plasmic reticulum. This channel is the assumed pathway for ligand-

activated release of Ca2+ from cytoplasmic stores. The four states

of the receptor are unbound (R), bound to IP3 molecule (RI),

bound to the IP3 molecule and a first, activating Ca2+ ion (RIC+)

and finally a state where the receptor is bound additionally to a

second, deactivating Ca2+ ion (RIC+C�). The channel is only

conductive when the receptor is in the RIC+ state. The binding

order of the ions and molecules to the receptor is not free. For

simplicity of notation we replace ½Ca2þ�cyt by C and [IP3]cyt by I in

the following reaction scheme and equations.
In terms of concentrations, the state transition scheme is that

given by

Rþ I ��! ��k1

k�1
RI

RIþ C ��! ��k2

k�2
RIC

RICþ þ C ��! ��k3

k�3
RCþIC� ð1Þ

in which the ki, (i = ±1, ±2, ±3) are the rate constants of the

state transitions.
The transport of Ca2+ from the cytoplasm back into the sac-

roplasmic reticulum, forced by an endogeneous Ca2+ pump, which

can be described by a Hill function:

�ggðCÞ ¼ �pp1C
4

C4 þ �pp42
ð2Þ

In this equation g(C) is the Ca2+ conductance, �pp1 and �pp2 are the

Hill coefficients. For details, see Othmer (1997).
Let xi (i = 2,...,5) denote the fractions in states R, RI, RIC+,

RIC+C�, respectively. We then define x1 = C/C0 with the volume

average calcium concentration C0. Othmer (1997) defined

C0 ¼
Cþ vrCs

ð1þ vrÞ
ð3Þ

in which Cs is the calcium concentration in the store and vr the ratio

of the ER volume to the volume of the cytoplasm. Defining

k…1 + vr, �kk2 ¼ �kk2 �CC0, k3 ¼ k3CC0, p1 ¼ �pp1=C0 and p2 ¼ �pp2=C0,

Othmer’s model (Othmer, 1997) is given by the five coupled non-

linear differential equations:

dx1
dt
¼ kðc0 þ c1x4Þð1� x1Þ �

p1x1
4

p42 þ x41
;

dx2
dt
¼ �k1Ix2 þ k�1x3;

dx3
dt
¼ �ðk�1 þ k2x1Þx3 þ k1Ix2 þ k�2x4;

dx4
dt
¼ k2x1x3 þ k�3x5 � ðk�2 þ k3x1Þx4;

dx5
dt
¼ k3x1x4 � k�3x5: ð4Þ

c0 is the basal permeability of the Ca2+ store membrane in the

absence of IP3 and c1, the density of IP3-sensitive channels, both

per unit volume of the Ca2+ stores.
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In this scaling, all xi range between 0 and 1. Eq. 4 fulfills a

conservation condition
P5

k¼2 Xk ¼ 1, which expresses the fact that

each receptor has to be in one of the four states.
While Othmer (1997) used the IP3 concentration as a parame-

ter, we treated IP3 as a dynamical variable. In Wacke and Thiel

(2001) we presented two coupled linear differential equations to

describe a voltage-dependent IP3 production:

f½Q1�t
ft
¼ kQ1ð½Q1�0 � ½Q1�tÞ � kQ2½Q1�t ð5Þ

f½Q2�t
ft
¼ kQ2ð½Q1�t � kQ3½Q2�t: ð6Þ

Here we identify Q2 with IP3 and consequently Q1 with phospha-

tidylinositol, 4,5-bisphosphate (PIP2), which is the known prede-

cessor of IP3. Furthermore, for simplification we assume in the

present case PIP2 as constant, so we can eliminate Eq. 5 from our

system. This assumption is justified by the experimental observa-

tion that short stimulation pulses can only deplete the PIP2 pool

when multiple pulses are applied with high (‡1 Hz) frequency

(Wacke & Thiel 2001). In all experiments presented here, the pulses

were applied at much lower frequencies. Nevertheless, it should be

kept in mind that for the simulation of all phenomena related to

electrical stimulation with one model, it is necessary to use Q1 as

variable and keep Eq. 5 in the system (see Wacke & Thiel, 2001).
Previously we defined

kQ2 ¼
c2ði� i0Þ

q

for i – i0 > 0 and kQ2
¼ 0 for i £ i0, (Wacke & Thiel 2001). In this

equation, i is the current of the pulse, i0 is the experimental fixed

minimum current that an infinite pulse must have to evoke any

effect on the cytoplasmic IP3, q is the minimum charge to be

transported for effective excitation of the cell, and c2, a di-

mensionless fitting parameter. Here we define k4 ¼ c2 ½Q1 �
q with the

dimension MolÆC�1. k4 is then a measure for the current-dependent

production of IP3, and with

fðiÞ ¼ 1� i0
i

� �
if i
i0
> 1

0 else

(
; ð7Þ

and kQ3
¼ k�4 we can write Eq. 6 as

dI

dt
¼ k4 fðiÞi� k�4I: ð8Þ

This additional equation, which describes IP3 production and de-

pletion, has been added to the model from Othmer (1997). [IP3]cyt is

no longer the input signal or the output signal. Instead, the input

signal is, like in the real experiments, the external current protocol

and the output signal is ½Ca2þ�cyt.
For numerical integration of the six differential equations we

used a 6th order Runge-Kutta algorithm, as described in Press et al.

(1988).

DETERMINATION OF THE PARAMETERS

Because we wanted to preserve the dynamics of the previous model,

we took all parameter values in Eq. 4 from Othmer (1997) except

the value of k�3. For the discussion of the chosen values of k�3, see

Results and Discussion. The size of k�4 was determined by Wacke

and Thiel (2001), as well as the value of i0. Finally, we used k4 to fit

our model to the threshold for evoking a transient rise of Ca2+ we

had found in previous experiments (Wacke & Thiel 2001). All va-

lues are listed in Table 1.

Results and Discussion

THE MODEL IMPLIES A THRESHOLD FOR THE IP3
CONCENTRATION

Figure 1 shows six simulated Ca2+ responses, which
were evoked by pulses with different length but
identical strength. Before onset of each pulse, the
system was allowed to equilibrate for 90 seconds.
Pulses shorter than about 48 msec have no or little
effect on ½Ca2þ�cyt. Pulses with a longer duration re-
sult in Ca2+ responses with a much larger amplitude.
Over a very narrow window of pulse duration (48–50
msec) only small increases in pulse duration result in
drastic increases in the Ca2+-response amplitude,
which saturates at pulse durations of longer than
about 50 msec

The simulation illustrates that in our model, the
pulse duration also affects the kinetics of the Ca2+

response. With increasing pulse duration, the
½Ca2þ�cyt peak shifted towards the onset of the stim-
ulation pulse and the rise in ½Ca2þ�cyt is accelerated.

Figure 2 shows the corresponding Ca2+

responses when the pulse duration is kept constant
but the pulse strength is varied. In essence, the result
is very similar to that presented in Fig. 1 in the sense
that the DCa2+ response reveals a critical window of
pulse strengths, in which small changes in pulse du-
ration result in a large effect on the Ca2+ response
amplitude.

Figure 3A summarizes this result. There, the
difference ½DCa2þ�cyt between the equilibrium
½Ca2þ�cyt and the maximal ½Ca2þ�cyt is plotted versus
the pulse strength. By equilibrium [Ca2+] we under-
stand the Ca2+ concentration approached a long time
(=90 sec) after the pulse. The curve is a linear inter-
polation from 37 simulations such as those shown in
Fig. 2.

The plot illustrates that in order to evoke a sig-
nificant Ca2+ response, current pulses clearly have to

Table 1. Model parameters used for numerical integration of Eqs.

4 and 8.

Parameter Value Parameter Value

vr 0.185 k1 12.0 (lM sec)�1

c0 0.1 sec�1 k2 15.0 (lM sec)�1

c1 20.5 sec�1 k3 1.8 (lM sec)�1

p1 8.5 lM sec�1 k4 21.5 MC�1

p2 0.065 lM k�1 8.0 sec�1

C0 1.56 lM k�2 1.65 sec�1

i0 2.5 lA k�3 0.04...0.086 sec�1

k�4 0.2 sec�1
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be stronger than i0=2.5 lA. This first threshold is
seen as a first deviation from zero of the Ca2+ curve
and is already implied by Eq. 7. However, the system
displays a second threshold i
0 (3.7 lA, Fig. 3A, at the
position of the steep increase in ½Ca2þ�cyt), which
cannot immediately be predicted from the differential
equations themselves. Indeed, this second threshold is
the result of the interplay of several dynamical com-
ponents of the system, as discussed below. The model
evidently implies a quasi all-or-none mechanism for
electrical stimulation of ½Ca2þ�cyt elevation.

In Figure 3B, the model simulations are com-
pared with experimental data. For comparison, the
simulated and measured data were normalized as
described in the figure legend. The plot illustrates that

the all-or-none Ca2+ response predicted by the model
(Fig. 3A) is in agreement with the experimental re-
sults from Wacke & Thiel (2001).

Figure 4A illustrates the fact, that the threshold,
which is generated by Eqs. 4 and 8, is a threshold in
[IP3]. From 37 simulations such as in Fig. 2, the dif-
ference between the equilibrium ½Ca2þ�cyt and the
maximal ½Ca2þ�cyt is plotted versus the simulated
maximum of [IP3].

The relation between [IP3] and the Ca2+-response
amplitude shows a similar sigmoidal behavior. This is
due to the linear nature of Eq. 8, which connects the
IP3 production to the current amplitude of the stim-
ulation pulse. It, however, demonstrates that our
model goes beyond the one discussed in Wacke and

Fig. 1. Effect of pulse duration on the

simulated Ca2+ response. Six simulated Ca2+

transients evoked by pulses with constant

strength (5 lA) and variable durations (indi-

cated on trajectories). All pulses were started

after 90 seconds, during which time the system

equilibrated. The value of k�3 was 0.086 sec�1.

For values of the remaining parameters, see

Table 1.

Fig. 2. Effect of pulse strength on simulated

[Ca2+]cyt transients. Six simulated Ca2+

transients evoked by pulses with constant

duration (100 msec) and variable strength

(indicated on trajectories). All pulses were

started after 90 seconds, during which time the

system equilibrated. The value of k�3 was 0.086

sec�1. For values of the remaining parameters,

see Table 1.
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Thiel (2001). There, such a threshold was one of the
main assumptions. In this way, the model described
here now gives a detailed account of how this
threshold arises dynamically.

THE REFRACTION PHENOMENON IN CHARA CAN BE

SIMULATED ASSUMING AN INACTIVATED CHANNEL

STATE WITH A LONG LIFETIME

Figure 5 illustrates a qualitative simulation of Ca2+

responses due to periodic stimulations. Employing a
driver with a long period (30 sec), the response of the
system is very regular (Fig. 5A). Decreasing the pulse
period results in a more irregular ½Ca2þ�cyt signal (Fig.
5C, D). In detail it can be observed that the ½Ca2þ�cyt
responses occur with different, partly very small am-
plitudes. No longer does each stimulus evoke a Ca2+

response. Instead, only every nth pulse evokes a large-
amplitude response. Stimuli in between either cause
small or no responses (Fig. 5C, D). In the simulations

shown in Fig. 5C, in which the cell is stimulated with
a pulse period of 10 sec, only every second pulse
initiates a ½Ca2þ�cyt response. Increasing the pulse
frequency (Fig. 5D) leads to even higher values of n,
including even irregular ½Ca2þ�cyt responses (Fig. 6).

This complex dependence of ½Ca2þ�cyt responses
on stimulation frequency (Fig. 5) is known as phase-
locking. We will briefly describe the theoretical phe-
nomenon and, on this basis, compare model simula-
tions under an external periodic stimulus with
experimental data. Phase-locking phenomena are of
high interest in nonlinear dynamics, as it is known
that nonlinear oscillators produce extremely rich
patterns of synchronization to an external periodic
stimulus, where the main control parameters are the
external frequency and the strength (or amplitude) of
the external signal (see e.g., Tass, 1999; Pikovsky
et al., 2001), for the general formalism and Hütt et al.
(2002), for a biological example. The synchronization
between ½Ca2þ�cyt and the external stimulus observed
here in the amplitude response can be classified in

Fig. 3. The experimentally measured all-or-

none behavior for stimulus-induced Ca2+ re-

sponses is reproduced by the model. (A) From

31 simulations such as in Fig. 2 with pulse

strength between 0 and 25 lA, the maximal

½Ca2þ�cyt response was obtained. The smooth

curve obtained by linear interpolation between

calculated points. (B) Comparison of simulated

(line) and experimentally measured ½Ca2þ�cyt
responses (empty symbols) in response to

stimuli with different strength. For comparison

the experimental and simulated data were

normalized. In the case of the experimental

data, the smallest pulse that evoked a Ca2+

response in 3 cells investigated was taken as

unity for the pulse strength. The mean maximal

Ca2+ response was taken as unity for the re-

sponse amplitude. From simulations of Ca2+

responses, a maximal response amplitude of

1.02 lM Ca2+ was estimated for pulses with

infinite strength. This value was defined as

unity. The pulse strength obtained in simula-

tions such as in Fig. 2 as half asymptote value

was set as the pulse strength unity.
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terms of such phase locking. One basically counts,
how many periods (say, n) of the external driving
force (i.e., the current pulses) pass, before the cycle of
the internal oscillator (seen in the ½Ca2þ�cyt) repeats. If
such a relation between the external and internal
oscillator exists, it is called an n:1 phase locking.

It should be noted that some of these phase-
locking responses will be lost in simulations, when
parameter values are changed by more than 5 percent.
In spite of such limited robustness in parameter space
of some phase-locking effects, we nevertheless could
show that a good agreement between theory and ex-
periment can be obtained with parameter values,
which are reasonable from a physiological point of
view. Further (experimental and theoretical) studies
are necessary to find reliable ranges of parameters, in
particular, as most of the parameter values used here
are obtained from completely different systems,
namely animal cells, rather than plant cells as Chara.

Figure 7 illustrates experimental findings on pe-
riodic stimulations, which were conducted according

to model predictions. The data show that periodic
stimulation of a Chara cell leads to Ca2+ responses
very similar to those predicted by the model. The
responses are regular if the pulse interval is suffi-
ciently long (Fig. 7A). Decreasing the pulse period
(Fig. 7B: 20, C: 10, D: 5 sec) results in an increasingly
complex ½Ca2þ�cyt response: The amplitude of the
½Ca2þ�cyt peaks vary and different types of phase-
locking can be observed, beginning with 2:1 phase-
locking (B, C). In Fig. 7D, three or more driver pe-
riods are necessary for the ½Ca2þ�cyt curve to return to
the beginning of its cycle (3:1 phase-locking).

The good agreement between experimental
data and model simulations allows to examine now
the mechanisms underlying individual reaction
steps in excitation on a more molecular basis. As an
example we study here the dependence on the
model parameter k�3, i.e., the reaction step respon-
sible for the inactive state of the Ca2+release channel.

Figure 8A illustrates the role of k�3 on the re-
fraction period. In the range of values shown in the

Fig. 4. The threshold is defined by a critical IP3

concentration. (A) From 37 simulations and

such as in Fig. 2 with pulse strength between

0 and 25 lA, the maximal D½Ca2þ�cyt was
obtained and plotted as a function of the

maximal [IP3] calculated in the same

simulations. (B) Plot of the fraction of open

channels (x4) as function of maximal [IP3].
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simulation, k�3 has no appreciable effect on the Ca2+

response to the leading pulse. When k�3 is sufficiently
high, also the trailing pulse applied 10 sec after the
leading pulse is effective to stimulate a large Ca2+

response. However, the amplitude of the response to
the trailing pulse decreases dramatically with a de-
crease in the value of k�3. This means that the rate
constant k�3 determines the length of the refraction

Fig. 5. Simulated Ca2+ responses evoked by pe-

riodic stimulation with decreasing period. Shown

are parts of time courses, which were simulated

with the parameters listed in Table 1 with k�3 =

0.086 sec�1. The stimulation periods were 30 sec

(A), 20 sec (B), 10 sec (C), and 5 sec (D). The pulse

duration was 100 msec and the integration step

size, 0.001 sec. For the first 330 sec of the simu-

lation the system was allowed to equilibrate.

Fig. 6. Simulated Ca2+ responses evoked by

75 periodic stimulations. Model parameters are

the same as in Fig. 5D.
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Fig. 7. Measured Ca2+ transients evoked by periodic stimulation with decreasing period. Shown are parts of time courses recorded with a

single cell. The stimulation periods were 30 sec (A), 20 sec (B), 10 sec (C), and 5 sec (D). The pulse durations were 100 msec and the sample

frequency was 10 Hz. The presentation of the data includes a small time error due to short software interrupts for data logging.
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Fig. 8. Effect of k�3 on simulated Ca2+ responses. The plots show

simulated Ca2+ transients (A) and the dynamics of the five system

parameters (B–F) in response to two pulses (5 lA/100 msec) ap-

plied with 0.1 Hz. The respective values of k�3 are listed with the

corresponding trajectories. The largest value was taken from Oth-

mer (1997) and decreased stepwise. For remaining parameters, see

Table 1. Periodic stimulation was started after a time of 90 sec

during which the system was allowed to equilibrate. Reduction of

k�3 has only minor effects on the leading Ca2+ response but dra-

matically decreases the trailing response, effectively making the cell

refractory.
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Fig. 9. Simulated dynamics of [IP3] (bottom traces), activated state RIC+ (middle traces) and inactivated state RIC+C� (top traces) of the

IP3-gated Ca2+-release channel in response to different stimulation periods. Stimulation with pulses of 5 lA amplitude and 100 msec

duration occurred with periods of 30 sec (A), 10 sec (B), and 5 sec (C), respectively. For the other parameters, see legend of Figure 5.
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period. The effect of k�3 on all five system parameters
can be seen in Fig. 8B–F in which the temporal de-
velopment of the parameters is shown for the two
extreme cases with k�3 = 0.21 sec�1 and k�3 = 0.04
sec�1 respectively. The predominant effect of a small
k�3 is the lengthening of the inactive state of the
channel (RIC+C�) which limits the number of
channels in the active form RIC+.

More details for the role of k�3 on the refrac-
tion period become apparent from the simulation
of periodic stimulations (Fig. 9). The low value of
k�3 (here 0.086 sec�1) leads to a long-lived inactive
state of the channel (RIC+C�). When the period of
the stimulation is sufficiently long, (A) the respec-
tive channels can recover from the inactive state,
before the onset of the next pulse. If the inter-
val between two pulses is shorter (B) only every
second pulse evokes an appreciable Ca2þcyt re-
sponse, because the pulse interval is not long enough
to allow full recovery from the inactive state

RIC+C�. For even shorter pulse intervals, stimula-
tion of the cell is for the same reason even less
effective (C). This occurs even though the mean
[IP3] rises during high-frequency stimulation much
higher than during low-frequency stimulation (A
and B).

Notably, a further consequence of high frequen-
cy stimulation is that ineffective pulses keep, by
maintaining a high level of [IP3], the fraction of the
inactivated channels high and the fraction in the ac-
tivated state low (Fig. 9C). Under this condition,
channels in the active state are more likely to shift to
the long-lived inactive state (RIC+) than to the in-
termediate (RI) state. The reason for this is that the
concentration of the intermediate state RI is high due
to the permanent high level of [IP3].

Figure 10 shows a typical experimental record of
a cell, which lost excitability under a regular stimu-
lation with a pulse period of 15 sec, while the same
cell exhibited regular Ca2þcyt responses when stimulated

Fig. 10. Chara cells fail to exhibit repetitive

Ca2+ responses if stimulated with too high a

frequency. Shown are the measured Ca2+

responses of a Chara cell stimulated with a

pulse period of 30 sec (A) and 15 sec (B). The

presentation of the data includes a small time

error due to short software interrupts for data

logging. The pulse duration was 100 msec and

the sample frequency, 10 Hz.
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with a pulse period of 30 sec. In a simulation we
could reproduce this effect using a value of 0.04 sec�1

for k�3. The plot in Fig. 11A illustrates that driving
the system with a period of 30 sec (A) leads to a
regular, strong Ca2+ responce. On the other hand,
stimulation with a period of 15 sec (B) produces a
single Ca2+ response at the first pulse and further on
only responses with small peaks. Most likely such
small Ca2+ responses would be unresolved within the
noise of an experimental record such as in Fig. 10.

Altogether, simulations and experimental results
presented in the Figs. 8–10 stress that the refraction
period can in our model be defined by the value of
k�3. On the other hand, variation of k�3 does not
affect the all-or-none kinetics for a single pulse (Fig.
8). When a single pulse meets the system in equilib-
rium, all receptors are in the unbound state (R), and

Ca2+ is liberated from the stores when the receptors
are shifted to the active state (RIC+). Ca2+ liberation
is then terminated as the consequence of the receptor
going into the inactive state (RIC+C�). When within
the refraction period the system is challenged by a
second pulse, most of the channels are still inactive,
because of the longlife time of the (RIC+C�).

In addition to confirming the experimental find-
ings, the model simulations also predict more com-
plex types of phase-locking at even higher frequencies
and, finally, a sequence of peaks with chaotic am-
plitude (Fig. 6). Note that, even though a 2:1 phase-
locking can be found, we did not obtain any of these
more complex dynamics in the original model by
Othmer (1997). The simulation provides excellent
guidelines for further experimental studies focusing
on finding these forms of dynamics, which, as to be

Fig. 11. Simulation of the effect of too short a

stimulation period. A and B simulated with k�3
= 0.04, a pulse duration of 100 msec and an

integration step size of 0.001. (A) With a

stimulation period of 30 sec, each pulse evoked

a Ca2+ response. (B) Decreasing the stimula-

tion period to 15 sec abolished any further

Ca2+ transients.
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expected in higher forms of phase-locking, only exist
in rather small regions in parameter space.

Conclusions

Experimental research on electrical excitation in
plants has over years collected a vast number of
empirical observations, which remained largely un-
explained in terms of the underlying mechanisms.
These observations include a refractory behavior with
variable times (Beilby & Coster, 1979), complete loss
of excitability after frequent stimulation (Homann &
Thiel, 1994) and a threshold for voltage-stimulated
Ca2+ mobilization (Wacke & Thiel, 2001).

A large body of experimental evidence has pre-
cluded that voltage-dependent Ca2+ influx via plasma
membrane channels can be the primary source for the
rise in Ca2+ during excitation in Chara (Homann &
Thiel, 1994; Thiel et al., 1997; Plieth et al. 1998;
Wacke & Thiel, 2001). The experimental data on the
dynamics of ½Ca2þ�cyt as well as on the gating of the
Ca2+-sensitive Cl� channels, which produce the de-
polarization of the action potential, can be best ex-
plained by a model in which a voltage-dependent
production of a second messenger (Homann & Thiel,
1994; Thiel & Dityatev, 1998; Wacke & Thiel, 2001),
most likely IP3 (Thiel et al., 1990; Biskup et al., 1999),
is triggering the release of Ca2+ from internal stores.
The above analysis of a combined model for voltage-
dependent production of such a second messenger
and Ca2+ mobilization from internal stores by IP3

and Ca2+ now allows successful simulation of the
aforementioned body of experimental observations in
the context of electrical excitation in plants. First, the
model simulations show in essence that the experi-
mentally determined threshold for the mobilization of
Ca2+ from internal stores results from the interplay
between some of the dynamical model variables.
Hence it is an intrinsic threshold in the model.

In other plant systems, a cooperative binding of
an activator to a channel protein was proposed in
order to explain the steep dependency of a channel on
an activator (e.g., Bauer et al., 1998). Such a cooper-
ative binding with a higher-order Hill coefficient is also
required in the present model (Eq. 2) to account for the
steep dependency of the Ca2+ response on stimulation.
However, while a cooperative binding site for a Ca2+

channel activator may be sufficient for explaining the
dependency of D½Ca2þ�cyt on the strength/duration of
stimulating pulses, it is not sufficient to account for the
complex dynamic features of membrane excitation
and refractory behavior in Chara.

The analysis of the present model, which includes
the interplay of Ca2+ and IP3, provides a plausible
explanation for the refractory period. Central in this
process could be the lifetime of the inactivated state
RIC+C� of the Ca2+ release channel, in which the

channel has bound Ca2+ and IP3. An appreciable
Ca2+ release is only possible once the channel has
recovered from this long-lived inactive state. So, at
intermediate stimulation frequencies, the refractory
time depends on the relaxation of the channel from
this inactive state back into the ground state. At high
frequency stimulation, the recovery of the channel is
further antagonized by an elevated background con-
centration of IP3 in the cytoplasm, which derives
from IP3 production due to frequent stimulation.
This scenario provides a plausible explanation for the
loss of excitability in response to high-frequency
stimulation.

The present model is to a large extent based on
the assumption that plants posses IP3-gated channels
on endomembranes and that these channels have a
similar gating dependence on IP3 and Ca2+ as their
animal analogs. The first assumption is well founded
on molecular and functional evidences. These reveal
that plants possess the key proteins and mechanisms
for a stimulus-induced and IP3-mediated mobiliza-
tion of Ca2+ from internal stores (Sanders, Brownlee
& Harper, 1999; Reddy, 2001). Also Chara cells most
likely have such a signalling system, because it was
shown that electrophoretic injection of IP3 triggered
membrane excitation (Thiel, MacRobbie & Hanke,
1990), while inhibition of phospholipase C abolished
excitability of these cells (Biskup et al., 1999).

On the other hand, little was so far known about
the gating properties of the postulated IP3-activated
Ca2+ channels in plants. Efflux assays with isolated
microsomes or patch-clamp measurements on isolat-
ed vacuoles have uncovered activation of Ca2+ re-
lease with an affinity to IP3 comparable to that in
animal cells (Muir & Sanders, 1997). On the other
hand, a Ca2+ dependence of this process as in animal
cells was so far not detected (Allen & Sanders, 1994)
although such a dependence had been anticipated
from the observations of Ca2+ oscillations in plant
cells (Sanders et al., 1999).

One of the two main components of our model
has been transferred from the animal to the plant case
without any modification either of structure or pa-
rameter values. Most astonishingly, this construct is
capable of reproducing the wide variety of experi-
mental observations as described above. This
strongly suggests that the underlying mechanisms in
Chara are similar to the animal case discussed by
Tang et al. (1996) and Othmer (1997). In particular, a
central feature in this model simulation is the par-
ticular IP3- and Ca2+-sensitive gating of the respective
Ca2+ channels. This fosters the hypothesis that the
respective Ca2+ channels in Chara have the same
gating properties as their animal analogue.

We are indebted to H. Busch for providing us with a first imple-

mentation of the Othmer model. Support by Deutsche Fors-

chungsgemeinschaft to MTH and GT is gratefully acknowledged.
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