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Abstract. There are five major electroenzymes in the
plasmalemma of plant cells: a driving electrogenic pump,
inward and outward rectifying K+ channels, a Cl−-2H+

symporter, and Cl−-channels. It has been demonstrated
previously (Gradmann, Blatt & Thiel 1993,J. Membrane
Biol. 136:327–332) how voltage-gating of these electro-
enzymes causes oscillations of the transmembrane volt-
age (V) at constant substrate concentrations. The pur-
pose of this study is to examine the interaction of the
same transporter ensemble with cytoplasmic concentra-
tions of K+ and Cl−. The former model system has been
extended to account for changing internal concentrations.
Constant-field theory has been applied to describe the
influence of ion concentrations on current-voltage rela-
tionships of the active channels. The extended model is
investigated using a reference set of model parameters.
In this configuration, the system converges to stable slow
oscillations with intrinsic changes in cytoplasmic K+ and
Cl− concentrations. These slow oscillations reflect alter-
nation between a state of salt uptake at steady negative
values ofV and a state of net salt loss at rapidly oscil-
lating V, the latter being analogous to the previously
reported oscillations. By switching off either concentra-
tion changes or gating, it is demonstrated that the fast
oscillations are mostly due to the gating properties of the
Cl− channel, whereas the slow oscillations are controlled
by the effect of the Cl− concentration on the current.
The sensitivity of output resultsy (e.g., frequency of
oscillations) to changes of the model parametersx (e.g.,
maximum Cl− conductance) has been investigated for the
reference system. Further examples are presented where
some larger changes of specific model parameters cause

fundamentally different behavior, e.g., convergence to-
wards a stable state of only the fast oscillations without
intrinsic concentration changes, or to a steady-state with-
out any oscillations. The main and general result of this
study is that the osmotic status of a plant cell is stabilized
by the ensemble of familiar electroenzymes through os-
cillatory interactions with the internal concentrations of
the most abundant ions. This convergent behavior of the
stand-alone system is an important prerequisite for os-
motic regulation by means of other physiological mecha-
nisms, like second messengers and gating modifiers.
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Introduction

Previous studies have treated oscillatory interactions of
ion transporters in the membrane of plant cells during
periods short enough to ignore changes of the internal
concentrations of the major ions K+ and Cl− (Gradmann
et al., 1993; Thiel & Gradmann, 1994; Gradmann &
Buschmann, 1996; Buschmann & Gradmann, 1997). In
those studies, the individual ion transporters could be
assumed to have a constant electromotive force. Another
simplification in those studies was to assume ohmic con-
ductances for the active transporters. This assumption
reflected the frequent ignorance of the shape of the cur-
rent-voltage relationships (IV curves) of the transporters,
where both super- and sublinearities are possible. For
the point of those studies, most physiological issues,
such as metabolism, signal tranduction, or compartmen-
tation, have been ignored.

The success of those studies in explaining observedCorrespondence to:D. Gradmann
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voltage oscillations with a rather minimal model might
lead to the expectation that it is simply a matter of in-
corporating some of the missing physiological processes
mentioned above, in order to arrive at a realistically be-
having model that can subsequently be used to deduce
physiological properties from experimental observations.
Apart from the fact that this inverse modeling is a serious
mathematical challenge even when dealing with far less
complex systems (Tarantola, 1987), we hold the view
that one has to know, or assume, much of these proper-
ties a priori to come up with a process description in the
first place.

We believe that current knowledge about these pro-
cesses is not sufficient to attempt building such a com-
plex model. We could expect such a model to have so
many degrees of freedom, that its sheer complexity
would limit our insight into the regulation and feedbacks
at work in plant cells to what we suspect already. In-
stead, we concentrate on studying manageable sub-
systems, which provides a basic understanding of the
system’s building blocks, and still offers testable predic-
tions to experimentalists.

In this sense, the previous work demonstrated that
the minimal ensemble of ion transporters alone could
account for observed voltage oscillations. The question
is now, can this ensemble also account for the regulation
of major ion concentrations? Which is the minimal sys-
tem that leads to a reliable, stable osmotic state?

The aim of this study is therefore to assess the in-
teraction between the ensemble of the electroenzymes in
the membrane and the concentrations of their ionic sub-
strates in the cells. For this purpose, the previous model
has been extended to account for substantial changes of
the internal concentrations of K+ and Cl−. The first at-
tempt revealed that the previous model exhibits unstable
behavior with ion concentrations approaching either zero
or infinity in most cases (data not shown). This diverg-
ing behavior could be ascribed to the assumption of lin-
ear current-voltage relationships for the transporters,
which did not matter for the original system where equi-
librium potentials were fixed anyway, but which is now
clearly inappropriate for the system in question. This
observation led us to assume that the (nonlinear) currents
through open channels follow the constant field theory
for independent electrodiffusion of ions through mem-
branes, known as Goldman-Hodgkin-Katz relationships
(GHK). The other simplifications (such as a minimal set
of substrates, electroenzymes and states of activity) are
the same here as in the previous model (Gradmann et al.,
1993).

For the numerical treatment of this problem we
started with model parameters which have originally
been chosen to describe oscillations of the transmem-
brane voltage,V, in guard cells (Gradmann et al., 1993).
Therefore, the results presented here will reflect the

properties of guard cells relatively well compared with
other cells. Because of the mentioned simplifications,
however, these isolated model calculations cannot yield
reliable predictions about the detailed behavior of a
guard cell. On the other hand, these calculations dem-
onstrate a fundamental mechanism which we expect to
be valid not only for guard cells but for plant cells in
general. This mechanism assures that the intrinsic inter-
action between the most common electroenzymes in the
membrane and cytoplasmic concentrations of their ionic
substrates lead the cell into a stable oscillatory state in
which homeostasis of the internal concentrations is
maintained, regardless of additional stabilizing and regu-
lating influences of other physiological processes.

Theory

Figure 1 illustrates the model we used. The kidney-
shaped contour represents a guard cell. It is assumed to
have a well buffered internal (cytoplasmic,c) pHc 4
constant, and an area/volume ratio of about 106 m−1.
For external (luminal,l) conditions, we assumed a con-
stant pHl of 6.0 and constant concentrations of K+ and
Cl− (cK,l 4 cCI,l 4 1 mM), due to a large volume ratio
between the environmental compartment and the cyto-
plasmic one. Electrophysiologically, the plasmalemma
can be characterized by five major transporters with non-
linear and time-dependent conductancesg as well as
equilibrium voltagesE which depend on the ratios of the
corresponding substrate(s) inside and outside. These
five pathways represent the known major mechanisms
for charge carrying uptake and release of cations and
anions: an electrogenic pump (Pu,usually a H+ ATPase)
which drives the internal voltage (V) negative with re-
spect to outside, outward rectifying K+ channels (Ko),
inward rectifying K+ channels (Ki), a Cl−-2H+ symporter
(Sy) for Cl− uptake (this symporter is still to be identified
in guard cells but known from other plant cells), and Cl−

channels (Cl). The equilibrium voltages of the pathways
are (at 20°C):

EPu = DGATP/F + EH

= DGATP/F + ~−59 mV! ? log~cH,c/cH,l!
≈ −400 mV (1a,b,c)

whereDGATP is the free energy of ATP hydrolysis andF
the Faraday constant,

EKi = EKo = EK = ~159 mV) ? log ~cK,c/cK,l! (2a,b,c)

ESy= ~−59 mV! ? log~cH,c
2 ? cCl,c/~cH,I

2 ? cCl,l!!
= ~−59 mV! ? ~log(cCl,c/cCl,l! + 2DpH) (3a,b)

ECl = ~59 mV) ? log(cCl,c/cCl,l!, (4)
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wherecK,c and cCl,c are free to change, while the other
substrate concentrations,cK,l, cCl,l, cH,c, cH,l, andDGATP

are assumed to be constant either due to large reservoirs
or due to buffering.

The current density through each transporter en-
semble is

Ii 4 gi (V − Ei) (5)

where the membrane conductancesgi may be voltage-
sensitive. Since the shapes of the steady-state current-
voltage relationships (IV) of the active transporters are
not known in general, two simplifying approaches are
used here, i.e., voltage-insensitiveg (’ohmic’,V) or volt-
age-sensitiveg as predicted by the Goldman-Hodgkin-
Katz constant-field current equation (GHK), which can
be written in the form

IGHK = goV
cc − cl e

1zu

1 − e1zu
(6)

with the voltage-insensitive conductancego for refer-
ence concentrations (1 mM) in the cytoplasm (cc) and in
the lumen (cl), and the reduced membrane voltageu 4
VF/(RT), wherez, R,and T have their usual thermody-
namic meanings.

The GHK-approach has been applied here only to

the channels.IV of the active pump is treated as a battery
with constant electromotive force and voltage-insensitive
conductance because changes inEPu andgPu of the ac-
tive pump cannot be expected within the framework of
this model due to buffering of pHc, constant pHl and the
absence of immediate effects onDGATP. As for the sym-
porter,ESychanges according to Eq.(3), whereasg of the
active symporter is assumed to be linear and constant in
this context, first because the shape of theIV-curve of the
active symporter is not known and secondly because,
under the conditions investigated here, the symporter op-
erates (almost) exclusively in the Cl− uptake direction at
constantcCl,l, and changes incCl,c will have no signifi-
cant effect on the investigated symporter currents.

Voltage-gating of the five pathways is treated here
in the same simplifying way as previously (Gradmann et
al., 1993). Briefly, each of the five transporters (except
Cl) alternates between an active state (a) and an inactive
state (i) with a symmetric energy barrier in between,
where the transition probabilitieska 4 ki→a and k

i
4

ka→i depend on the membrane voltage in the form

ka = ka
0 ? exp~dau!, (7a)

ki = ki
0 ? exp~diu!, (7b)

where the superscript0 markska,i at zero voltage and the

Fig. 1. Simplified analogue circuit of the
plasmalemma of a guard cells; five major ion
transport systems:Pu: H+ ATPase,Ko: outward
rectifying K+ channel,Ki: inward rectifying K+

channel,Sy: Cl−-2H+ symporter,Cl: Cl− channel;
E: equilibrium voltages at 20°C,DpH 4 pHc −
pH1; IVactive (current-voltage characteristics of
active transport system):V: linear (ohmic),GHK:
constant-field approach (Goldman-Hodgkin-Katz);
gmx: membrane conductance of fully active
system, forPu andSy in S z m−2, and for channels
(Ki, Ko, andCl) in S z m−2 at 1 mM substrate
concentration on both sides of the membrane;ka,i:
voltage-sensitive rate constants (transition
probabilities) for transitionka from inactive to
active state and forki from inactive to active state
of transport systems; simplified
voltage-sensitivities: multiplication or division of
listed k’s at V 4 0 mV by f 4 eu/2.
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voltage-sensitivity coefficientsda,i 4 da,izD comprise
the electrical distancesda,i (0 < da < 1, di 4 da −1; we
assumed symmetry whereda 4 0.5 anddi 4 −0.5) of the
peak of the barrier with the electrical width 1 between the
adjacent energy wells (cytoplasmic side: 0), and the
chargez of the gating particle which moves along the
portion D of the entire membrane voltage. Frequently,
the non-integer parameterd 4 da − di is called ‘gating
charge’.

For the two-state transporters, the occupancies of the
active state,pa, and of the inactive state,pi, change due
to first-order processes of activation and inactivation, so
that

dpa/dt 4 kapi − kipa 4 −dpi/dt (8a,b)

Sincepa + pi 4 1, it is sufficient to account forpa only.
If V remains unchanged, the steady-state activity,pa (0 <
pa < 1), is

pa =
ka

ka + ki
=

1

1 + KIexp~du!

=
1

1 + exp~d~u−u1/2!! (9a,b,c)

with the stability constantKI = ki /ka = ki
0/ka

0 for the
inactive state and the reduced ‘gating-V’, u1/2 4
1nKA(KA = 1/KI), for half maximum activity atki = ka.

The Cl− transporter can change from the active state
a into either of two inactive states,i1 or i2. The differ-
ential equations of the corresponding reaction scheme,
i1 − a − i 2, are

dpi1/dt = −ka1pi1 +ki1pa (10a)

dpa/dt = ka1pi1 −(ki1 + ki2)pa +ka2pi2 (10b)

dpi2/dt = ki2pa −ka2pi2 (10c)

From this, the steady-state occupancies

pa~Cl! = ka1 ? ka2/den (11a)

pi1(Cl) = ka2 ? ki1/den (11b)

pi2(Cl) = ka1 ? ki2/den (11c)

can be derived with

den4 ka1 z ka2 + ka2 z kil + ka1 ? ki2. (12)

The effective current densityIi through a pathway
i is

Ii 4 Ia,i z Pa,i, (13)

the product of the current densityIa,i which would flow

if the entire ensemble of typei transporters were active,
and the actual portionpa,i (0 < p < 1), of this ensemble
being active.

The free running voltage will adjust to a value
VI 4 0 where the sum of the current densities,SIi, van-
ishes. For our calculations in the time range >> 1 msec,
the membrane capacitance can be neglected. Test runs
of the model program with and without a membrane
capacitance of 10 mFz m−2 showed only a capacitance-
induced damping of the peaks of theV-tracings by <5%.
To determineVI 4 0 we calculate the momentaryIV re-
lationship of the total system withI 4 SIi which is
monotonic with a positive slope because each momen-
tary Ii rises monotonically withV as well in both models
(V and GHK). So VI 4 0 can easily be determined by
iterative bracketing and bisectioning when the initial
range of current densities comprises both signs.

From the individual current densitiesIi (VI 4 0) at
this voltage, the effluxesJi 4 Ii/(ziF) in mol z m−2 z s−1 of
the substrates can readily be determined as well as the
corresponding changesdci,c/dt 4 Ji z RA:V of the cyto-
plasmic substrate concentrations at a given area/volume
ratio RA:V.

The entire model consists of a set of differential
equations which describe the changes of ion concentra-
tions and of state occupancies for the transporters with
time. So, with a given start configuration of cytoplasmic
concentrations (and the assumption of constant external
concentrations), the temporal changes ofci,c could be
calculated iteratively using small steps inDt. At any
given time and system state, one can calculate the equi-
librium voltagesEi from the momentary ion concentra-
tions, the currentsIi, and the membrane voltageV from
the momentary occupancies. From this the time deriva-
tives,dp/dt (Eqs. 8 and 10), can be determined. For the
numerical integration, fixed-step Euler procedures have
been used, as well as Runge-Kutta methods of second
and fourth order withDt in the order of 1 msec. Only
those results have been accepted which yielded virtually
identical results whenDt was varied by a factor of 2.
The computer programs for this study and related sub-
jects are available on request.

Results and Discussion

The numerical parameters given in Fig. 1 served as a
reference set to discuss the properties of the mod-
el. Establishing this set of parameters started from the
standard parameter set of the preceding model (Grad-
mann et al., 1993) when every active transporter has
been treated as a battery with constant electromotive
force and ohmic inner resistance. The parameters were
modified through trial and error to examine the behavior
of the system. The orders of magnitude have been bal-
anced to avoid completely unrealistic values or time
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scales, but due to the simple nature of the model we did
not attempt to tune parameters to produce experimentally
observed concentrations or time courses.

SLOW AND FAST OSCILLATIONS

The temporal behavior of the model with the reference
parameters as in Fig. 1 is shown by Fig. 2A andB. The
time course of the free runningV (Fig. 2A) shows two
types of oscillations, fast cycles (about 4 sec) by elec-
trocoupling with small concentration changes as de-
scribed by Gradmann et al. (1993), and slower cycles
(about 50 sec) which comprise concentration changes.
With respect to theV oscillations in Fig. 2B, these
changes of cytoplasmic concentrations are reflected by
small but significant oscillations ofECl, EK andESy. The

fast oscillations occur during the period of release of K+

and Cl− within the slow cycle and are missing during the
period of uptake of K+ and Cl− within the slow cycle
whenV stays at the negative plateau.

Figure 2C shows the effect of the area/volume ratio,
RA:V, on the behavior of the model. DoublingRA:V (the
only difference between Fig. 2C andA, B) causes exact
doubling of the frequency of the slow oscillations which
involve changes incK,c and incCl,c as seen by the traces
for ECl, EK andESy. In contrast,RA:V does not affect the
frequency of the fast oscillations which operate at con-
stantECl, EK andESy (Gradmann et al., 1993). There is
only a smaller number of fast cycles (five in 2B instead
of ten under reference conditions 2A andB) during the
(50%) shorter period of ion release in Fig. 2C compared
to 2A andB. One reason for the choice of the reference
parameters was to present the two types of oscillations as

Fig. 2. Temporal characteristic of model with parameters in Fig. 1;
cytoplasmic start concentrations: 37 mM K+, and 42.8 mM Cl−; (A)
Time courses of free running voltage and of equilibrium voltagesEK,
ESy andECl; common voltage scale for comparison; (B) Time courses
of EK, ESyandECl as inA with expanded voltage scale; (C) Same asA,
except doubled area/volume ratio (2z 106 m−1).

Fig. 3. Effects of specific configurations of the rate constantsk in the
model system Fig. 1 on fast oscillations, under conditions when slow
oscillations are absent duecK,c 4 const (420 mM) andcCl,c 4 const
(460 mM); start with parameters forV 4 0 mV; (A) with reference
parameters as in Fig. 1; (B) with doubled values forks of Pu, Ko, Ki,
and Sy compared toA, showing no major change in frequency: (C)
same asB but three times largerks of Cl as in A and B, showing
(almost) three-times increased frequency; (D) same asA but three times
largerks ofCl, showing damped oscillations of about three times higher
frequency.

Fig. 4. Temporal behavior of the model system (Fig. 1) with reference
parameters, except temporal relaxations of voltage-sensitive gating re-
placed by immediate, voltage-sensitive activities, showing persistence
of slow oscillations with intrinsic changes of cytoplasmic ion concen-
trations, and absence of fast oscillations.
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nearly uncoupled phenomena and clearly distinct by the
different frequencies. In fact, the two phenomena would
merge if we were to increase the area/volume ratio fur-
ther.

If ion concentrations, and thereforeEK, ECl andESy
are forced constant in this model, the slow oscillations
are absent and the fast oscillations may remain. The
voltage courses in Fig. 3 illustrate the behavior of the
model under these conditions. They show that the rate
constants for gating of the transportersPu, Ko, Ki, andSy
have only some minor effect on the shape of the oscil-
lations and very little effect on the frequency, whereasCl
seems essential for the fast oscillations, because the gat-
ing velocity of Cl has an almost proportional effect on
the frequency. At increasing velocity, the proportional-
ity vanishes whenCl reaches a gating velocity compa-
rable to the other transporters. This property can be ex-
plained by the requirement of a time lag for oscillations
in a first-order-differential equation system. In our sys-
tem, the major delay lies in the slow transitioni2→a→i1
in Cl which occurs whenV becomes more negative. In
comparison, the other transitions can be regarded as in-
stantaneous and synchronized to the membrane voltage.
Furthermore, the intermediate position of the active state
of Cl is crucial: during a positive change (rise) ofV from
V << 0, Cl will be transiently activated fromi1 to a and
support further rising ofV, but thenCl will enter i2, so
that the effect of the Cl− conductance decreases again
and reduces the impact ofCl on V, with the result thatV
will become more negative again. With considerable de-
lay, Cl will return now from i2 to a, and the Cl− current
will drive V more positive again. Tracing D in Fig. 3
shows that these fast oscillations take place only if the
timing of the system is correct (within about an order of
magnitude) and if the contribution ofECl to V is within
an appropriate range. For smallcCl,c, the Cl− (outward)
current becomes small and its effect onV is weak. In this
case,V stays rather negative and drives salt uptake
throughKi andSy. WhencCl,c is largeECl will become
more positive andgCl larger and the fastCl-dependent
oscillations take place. Even if these oscillations depend
strongly on the correct timing, and therefore on our
somewhat arbitrary parameter set, it is quite probable
that such a configuration can exist in real cells, because
these fast oscillations are closely related to the previ-
ously reported voltage oscillations (Gradmann et al.,
1993) which have been observed.

The slow oscillations which reflect switching between
states of salt release and salt uptake, can be discussed sepa-
rately, if we allow the system to perform concentration
changes, but assume that the transporters attain their volt-
age-sensitive activities not by gating relaxations but imme-
diately by Eqs. 9 and 11. In this case, the fast oscillations
are absent and the slower ones remain unaffected by abso-
lute values of thek’s, of course. Figure 4 shows this be-
havior for the reference parameters in Fig. 1. The behavior
of this system can be described as follows.

If V is sufficiently negative,Ki andSywill be active,
catalyzing uptake of K+ and (Cl−-2H+)+. The increasing
cK,c and cCl,c result in more negativeEK and ESy, thus

Fig. 5. Changes incK,c andcCl,c of model with parameters as in Fig. 1
with different start concentrations; circles mark beginnings; (A) Devel-
opment during 400 sec for four different start conditions (circles) far
from stable state, showing convergence towards stable oscillations; (B)
Detail showing that the stepwise change in amplitudes (as in the tracing
in Fig. A but starting from 20 mM cK,c and 40 mM cCl,c) of the slow
cycles is due to an integer change of fast cycles (compare Fig. 2); (C)
With start concentrations 37 mM cK,c and 42.8 mM cCl,c, the systems
readily enters stable oscillations; entire trace represents 1,000 sec com-
prising 19 coinciding slow cycles of about 51 sec duration as in Fig. 2.
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causing a positive feedback for increasingly negativeV.
During the increase incCl,c, however, the increasing driv-
ing force for Cl−, V − ECl, and the increasingGHK-
conductance for inward current (efflux) of Cl−, will keep
this diverging behavior in check. These synergistic in-
creases ofV − ECl and ofGCl will drive the system to a
threshold when the hyperpolarization due to positive
feedback throughKi andSy is balanced by the depolar-
ization due toCl (dV/dt 4 0). From this threshold,Cl
will activate in a regenerative mode with a positive step
of V. The following salt loss at positiveV causesECl to
grow more negative again, thus causingV to become
more negative as well. This trend will slow down asCl
entersi1 by the voltage-sensitive ratioki1/ka1 of Cl, and
V comes to a temporal rest again in the negativeV range
until initiation of a new cycle. This description is, of
course, taken to extremes by allowing the transporters to
equilibrate immediately. On the other hand, the events
during a slow oscillation with the reference parameter set
are similar, though more gradual.

LONG-TERM BEHAVIOR

Due to intrinsic properties the model never diverges to
the V limits of EPu or ECl but V converges either to a

stable resting voltage or to stable oscillations. Figure 5A
shows that from excessively large and small start values
of cK,c and cCl,c the system with reference parameters
converges to stable slow oscillations ofcK,c (between
about 37 and 42 mM) and ofcCl,c (between about 42 and
58 mM). The correspondingV oscillations are not illus-
trated in Fig. 5. It is pointed out that the modified model
with steady-state occupancies (Fig. 4) converges to simi-
lar ion concentrations. This means that long-term con-
ditions are dominated by the slow oscillations and not by
gating.

The slow oscillations ofcKc and ofcCl,c are well in
phase. This feature reflects the fact that K+ uptake
through theKi and Cl− uptake throughSy are driven
simultaneously by the negativeV plateau during the slow
oscillations. In contrast, substantial loss of K+ and Cl−

takes place during the periods of considerably more posi-
tive V which results in net release of K+ and Cl− during
these fast oscillations. It is pointed out that the differ-
ences of the amplitudes incCl,c and incK,c are electrically
neutralized by corresponding fluxes of H+. These H+

fluxes, however, can be expected to have no osmotic
consequences because of cytoplasmic pH buffering.

A small, stepwise decrease in the amplitudes ofcCl,c

andcK,c can be identified in Fig. 5A, i.e., before the last

Table. Relative differential quotients (dydx)/y in ‰ of model in Fig. 1

y Teyel Thyp Tdep Tosc Aosc EK,mx EK,mn ECl,mx ECl,mn ESy,mn ESy,mn Vmx Vmn

x Ref. 52.17 18.27 33.90 3.80 124.75 −91.66 −94.67 103.14 95.47 56.68 49.01 21.33 −181.30

EPu −400 −368 330 −1000 555 −49 −1 1 −21 94 −747 −12
gPu 1.0 317 −168 801 2284 57 6 12 −54 482 7
ka,Pu 1.0 −14 −2 −28 −13 3 1 −1
ki,Pu 10.0 1 9 −127 255 4 −2 −1 2 1 68

g0
Ko 0.1 1 14 −2 −5 −5

ka,Ko 1.0 4 10 −2 13 −2 −35
ki,Ko 1.0 1 −10 5 29 48

g0
Ki 0.2 −26 2 −63 103 −2 −1 −1 1 6 9 −1

ka,Ki 1.0 1 2 3 47 2 1 1 34
ki,Ki 100 16 3 38 187 4 1 −1 −21

gSy 0.65 23 30 62 1871 32 −3 −4 −1 −7 19 32 303 −5
ka,Sy 1.0 18 −2 −1 208 4 1 46
ki,Sy 1.0 −4 2 21 1 39

g0
Cl 0.1 −18 64 −69 63 −8 −1 −1 −3 −3 9 14 34 −9

ka1 25 .27 53 −80 276 −1 −1 −3 −2 6 13 −9 −1
ki1 0.5 59 −73 161 76 10 −1 1 3 −13 27 1
ka2 0.1 −32 −30 67 −8 −3 −1 −1 3 49
ki2 1.0 −4 −16 −4 −47 4 22

Reference parametersx in first two columns; constant external concenatrations:cK,1 4 cCl,l 4 1 mM, pH1 4 6; pHc 4 7.3; cytoplasmic start
concentrations:cK,c 4 cCl,c 4 40 mM; Tcycl: duration of slow cycle;Thyp: time span whenV < (Vmx + Vmn)/2; Tdep 4 Tcyst − Thyp; Tosc: duration
of last fast cycle duringTdep; Aosc: amplitude of last fast cycle duringTdep; V(E)mx andV(E)mm: maximum and minimum (equilibrium) voltages;
g0: conductance at symmetrical 1 mM substrate;ka andki; transition probabilities for activation and inactivation atV 4 0; units:T/s; A, E, V/mV;
g/S?m−2; g0/S?m−2mM−1; k/s−1; |(dy/dx)/y| < 0.5‰: –.
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three cycles in the tracing which starts at 20 mM cK,c and
20 mM cCl,c. Increased resolution of this detail (Fig. 5B)
shows that this phenomenon consists of a down-step by
one of the number of fast cycles within the time span of
salt release.

When 37 mM cK,c and 42.8 mM cCl,c are used for start
conditions, all the 19 cycles within a run of 1,000 sec
coincide (Fig. 4C), i.e., the oscillations are stable without
further drift. The sensitivity of the system in this stable
dynamic state is characterized in some detail by the ma-
trix of relative differential quotients (Table), which are in
fact the absolute changedy/dx of a state variabley with
a parameterx, in relation to the value ofy. The numeri-
cal results need to be taken with precaution because they
reflect only the system with the specific parameters in
the first two columns (x), and they-values for time spans
and for voltages cannot be compared directly. Neverthe-
less some qualitative features can be recognized in this
table:

(1) The most dramatic effects are due to changes in
E and g of the pump, followed by changes ing of the
symporter, and by the rate constants ofCl.

(2) The effects on the time courses are larger than
the effects on the voltages. This may be due to the fact
that in reaction kinetic terms, voltages correspond only to
the logarithm of a concentration, whereas apparent rate
constants are proportional to the ligand concentrations
and enter velocities directly.

(3) Antagonistick’s might be expected to have an-
tagonistic effects, i.e.,dy(ka)/dy(ki) ≈ −1. This rule can-
not be confirmed by the results fory 4 T, because—
despite of secondary effects—an increase ink will pri-
marily accelerate, causing intrinsic decreases of one or
severalT.

(4) In particular, such rules do not hold for small
effects, here, where e.g., small increases in eitherka or ki

of the inward rectifier may slightly retard the slow os-
cillations—and the fast ones as well.

Figure 6 shows that minor changes of the model
parameters can cause the system to converge to a stable
state where the slow oscillations with intrinsic changes in
cK,c and cCl,c are absent and only the fast oscillations
persist which comprise no intrinsic changes incK,c and
cCl,c. This feature is documented by Fig. 6A andB show-
ing that differences incK,c and cCl,c (as imposed by a
change in the area/volume ratio) do not affect frequency
or shape of these oscillations.

Figure 7 illustrates that the system can also converge
to a stable steady-state without any oscillations. This
behavior is typically accomplished by a narrowing of the
range of driving forces, here by choosing a more positive
EPu which forces the system to operate more closely to
thermodynamic equilibria (Glansdorf & Prigogine,
1971). This rule has been confirmed explicitly for mem-
brane models with electrical interaction between batter-

ies with different driving forces (Buschmann & Grad-
mann, 1997). When the system does approach a real
steady-state such as in Fig. 7,EK andV will eventually
coincide at a stable level, and the currents throughSyand
Cl will adjust as to yield zero net flux of Cl−.

As already mentioned above, the model parameters
have not been adjusted here to simulate experimental
phenomena as naturalistically as possible. Dreyer and
Hedrich (1996) have carried out such an attempt using
the preceding version (Gradmann et al., 1993) of the
model. However, such numerical approaches are ex-
pected to be misleading because they leave too little
room for other essential processes, such as ligand gating
or cCa,c relatedV oscillations (Mahr et al., 1997). Nev-
ertheless, the main phenomena described here are not
mere speculations but are qualitatively paralleled in
some detail by electrophysiological observations, e.g., in
guard cells, where alternating periods of stable and os-

Fig. 6. Changes incK,c andcCl,c of model with parameters as in Fig. 1
except gSy,mx 4 1 S m−2, and kSy,a 4 0.05 sec−1 at zero voltage
showing absence of slow oscillations and continuous fast oscillations;
circles mark beginnings; (A) Temporal development during 200 sec
with four different start concentrations ofcK,c andcCl,c;(B) Same pa-
rameters as inA but with start parameters (29 mM cK,c and 39 mM cCl,c)
closer to stability; development over 10 sec from start; (C) Same pa-
rameters as inB except twice the area/volume ratio (2z 106 m−1),
revealing — in comparison with (B) — doubling of concentration
amplitudes at virtually constant frequency and shape.
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cillating voltages are observed (Thiel et al., 1992; Blatt
& Thiel 1994) or inAcetabulariawhere turgor and fre-
quency of spontaneous electrical oscillations do correlate
strikingly (Wendler et al., 1983).

Conclusions

In plant cells, interaction of the major electroenzymes
with internal ion concentrations converges to a stable
osmotic state, where ion concentrations may oscillate
around equilibrium values. The intrinsic convergence of

this new type of oscillations is an important prerequisite
for other physiological mechanisms of osmotic regula-
tion.
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