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Abstract. Ionic relations of plant cells with free-running
transmembrane voltage,V, can be modelled by electro-
coupling of known,V-relevant andV-gated transporters.
For cells in vitro, with constant external substrate con-
centrations, alternating states of solute uptake and release
can be predicted. Here the model is extended to treat
cells with limited external substrates, e.g., parenchyma
cells in situ with a small external space, the apoplast.
This model accounts also for cytoplasmic H+ buffering
and apoplastic buffering of H+, K+ and Ca2+ by fixed
anions. In general, the model converges to thermody-
namic equilibrium for K+ between apoplast and sym-
plast, and to equal steady-state rates of uptake and re-
lease for Cl− and H+. Oscillations of this model are rare
and very sensitive to the volume portion of the apoplast.
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Introduction

The transmembrane voltage,V, of biological membranes
controls the performance of ion transporters (e.g., ion
pumps, electrophoretic cotransporters, and channels) in
both, thermodynamic and kinetic ways. Thermodynami-
cally control is exerted via the driving forceV-Ei, where
Ei is the equilibrium voltage of a transporteri. Kinetic
control, V-gating, can also be expected in general, be-
cause charged residues will necessarily causeV-
dependent conformation changes in membrane proteins.
In fact, V-gating has been verified for virtually all ion
transporters that have been investigated with respect to
the V-dependence of their activity.V-gating comprises
not only theV-dependence of the steady-state activity of

the transporter but also the velocity by which the activity
changes upon a change inV. Both characteristics of spe-
cific transporters are typically investigated byV-clamp
experiments, when time courses of electrical currents are
recorded upon aV-protocol as defined by the experi-
menter. Major ion transporters can pass enough current
to cause significantV changes, and have aV-dependent
activity. Therefore, they are coupled to each other via
the free-runningV: If one major transporter changes its
activity, V will change, which, in turn, will cause all
V-gated enzymes (the major transporters included) to
change their activity, and so on.

This temporal behavior of an ensemble of major ion
transporters can be calculated with the particular ther-
modynamic and kinetic features of the individual trans-
porters as known fromV-clamp studies. For plant cells,
such V-mediated interactions amongst the major ion
transporters have already been studied by an initial ap-
proach (Gradmann, Blatt & Thiel, 1993) and by a more
realistic treatment (Gradmann & Hoffstadt, 1998).

Briefly, Fig. 1A illustrates five major ion transport-
ers in the plasmalemma of a plant cell, which represent
uptake and release of cations and anions in a crude but
consistent approximation: A K+ outward rectifier,Ko, for
cation release; a K+ inward rectifier,Ki, for cation up-
take; an electrogenic H+ pump,Pu, for energizing; a 2H+

-Cl− symporter,Sy,for anion uptake, and a Cl− conduc-
tance,Cl, for anion release.

Initially (Gradmann et al., 1993), constant equilib-
rium voltages,Ei, and linear steady-state current-voltage
relationships of the active statesIa(V) have been assigned
to all five transporters. The main result was that this
system alternates between salt (K+ and Cl− ) uptake and
salt release. In this modelA, the parameters had to be
chosen to balance the long-term ionic relations (Ei 4
const).

In the second approach (Gradmann & Hoffstadt
1998), Ei was allowed to change due to uptake and/or
release of substantial amounts of K+ and Cl−, and the
concentration-dependent, nonlinear shape ofIa(V) of theCorrespondence to:D. Gradmann; email: dgradma@gwdg.de
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active (open) channels has been accounted for by the
constant field current equation. In this modelB, the lu-
minal concentrations,cK,l andcCl,l, of K+ and Cl− have
been assumed to be constant (ci,l 4 const.). This system
converges from various start conditions of cytoplasmic
K+ and Cl− concentrations,cK,c andcCl,c, towards stable
oscillations within narrow ranges ofcK,c and cCl,c. In
other words, modelB provides homeostatic osmoregula-
tion without special sensors, such as stretch-activated
channels, and without special messengers, such as G-
proteins or cytoplasmic Ca2+. The model parameters of
the example calculation for Fig. 5 in Gradmann & Hoff-
stadt (1998) are given in Fig. 1C for reference purposes.

The conditions of modelB, cl 4 const.,apply to
algal cells in situ, which usually have an external com-
partment of virtually infinite volume, and in general to
all single cells in vitro with well-defined bath media.

As for cells of vascular plants in situ, it may partially
apply to epidermal cells of roots, especially root hairs,
but certainly not for parenchyma cells, which typically
have large symplastic and small apoplastic volume. In
these cells, the movement of a substrate through the plas-

malemma will cause a relatively small concentration
change in the large symplast and a much larger concen-
tration change (of the opposite sign) in the small apo-
plastic volume. Since this situation does not correspond
to normal experimental conditions, very little is known
about the ionic relations of parenchyma cells in situ.

The aim of this study is to explore the interactive
behavior of the five major ion transporters in paren-
chyma cells, i.e., cells with a small portion of apoplastic
volume. The limiting assumption of this modelC is con-
stancy of the total quantities (Qi 4 const.) of the various
ionic substrates, which are redistributed in varying por-
tions between symplast and apoplast.

For a realistic treatment of this modelC, we have to
consider buffering of cations by a substantial concentra-
tion of fixed negative charges, F−, in the apoplast: When
a certain amount of, let’s say, H+ leaves the cell, only a
portion of it will increase the concentration of free H+ in
the apoplast, another portion will associate with F− and
release certain quantities of other cations from their as-
sociation with F−, with the effect that also the concen-
trations of the other free cations will increase. Fig. 2

Fig. 1. Synopsis of plasmalemma models with
five major ion transporters. Definitions and
general arrangement in arbitrary order, from left to
right: Ko, K+ outward conductance for release of
cations;Ki, K+ inward conductance for uptake of
cations;Pu, pump (H+-exporting ATPase) for
energizing of ion uptake;Sy,symporter (2H+-Cl−)
for uptake of anions,Cl, Cl− conductance for
release of anions. (A) Schematic arrangement in
cell with defined surface/volume ratio;ci,c and
ci,l: concentrations of transported substratesi in
cytoplasmic and luminal (apoplastic) compartment,
respectively;DGATP 4 F ? (−450 mV): free
energy of ATP hydrolysis. (B) Thermodynamic
characterization: equilibrium voltagesE (reversal
voltages,VI40) of the five transporters according
to Eqs.3–5. (C) Kinetic characterization of model
B (cil 4 const.;here,cK,l 4 cCl,l 4 1 mM; pHl

4 6; pHc 4 7.4); surface/volume: 106 m−1, Ia(V),
steady-state current-voltage relationships of the
five transporters in active states;GHK, Eq. 5; V,
Eq. 4; Gating: numbers on head or tail of arrows,
maximum conductance;g in Sm−2 mM−1 or Sm−2

if Ia(V) 4 V; i: inactive state withg 4 0;
numbers on arrows, rate constants in sec−1; f 4

eu/2; u 4 VF/(RT). (D) Kinetic characterization of
modelC (Qi 4 const.): here, start concentrations
(total) in mM: 200 Ac, 200 Fl, 200 Kc, 250 Kl, 16
Hc, 50 Hl, 18 Cal; dissociation constants,KD in
mM: 1 AH, 1 FH, 100 FK, 1000 F2Ca; geometry:
10−16 m3 4 0.1 pl volume; 10−10 m2 surface area;
Ia(V): as in panelC, exceptHGSS4 Eq. 6 and
GHK* 4 Eq. 7; Gating: symbols as in panelC,
except‡ marks not conductance but saturation
currents, ±Ipu,mx in Am−2mM−1, for large ±DV from
EPu at cH,c 4 cH,l 4 1 mM.
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illustrates these relationships, as well as corresponding
internal H+ buffering, which are accounted for by
modelC.

The present versionC of the model does not account
for many processes that affect the electrical behavior of
plant membranes as well. In particular, ligand gating
e.g., of the K+ conductance by external K+ (Beilby &
Blatt 1986), or of the Cl− conductance by cytoplasmic
Ca2+ (Biskup, Gradmann & Thiel, 1999), and known
effects of pH on the H+ pump (Blatt, 1987; Blatt, Beilby
& Tester, 1990). Implementation of such processes is
possible but beyond the scope of the present study, which
focuses on the apoplast.

In a wider context, a precursor version of modelC
has already been presented at a meeting (Gradmann
2001).

Theory

Fig. 1A illustrates the plasmalemma of a plant cell with five major ion
transporters and the relevant concentrations,ci,c andci,l of the ions,i,
on the cytoplasmic and luminal side respectively.

THERMODYNAMIC RELATIONS

Fig. 1B lists the thermodynamic characteristics in form of the equilib-
rium voltages,Ei, at which the driving forces of the particular transport
(concentration gradients,V, and metabolic energy input in case ofPu)
add up to zero. For the uniportersKo, Ki, and Cl, it is the Nernst
equilibrium voltage

Ei =
−RT

ziF
ln

ci,c

ci,l
(1)

for an ion i with the charge numberzi, whereF, R, andT have their
usual thermodynamic meanings.

EPu of an electrogenic pump that translocatesn H+ per ATP is

EPu =
DGATP

nF
+ EH (2)

whereDGATP/F is assumed here to be −450 mV andn 4 1.
For Sy as used here, the explicit equation for the equilibrium

voltage of symporters (not shown here) assumes the simplified form:

ESy = 2EH − ECl− (3)

KINETIC RELATIONS

The kinetic properties assumed for the example calculations with
modelB and modelC are listed in the boxes Fig. 1C and 1D. For the
steady-state current-voltage relationshipsIa(V) of the active transport-
ers, the following relationships have been used: ‘V’ as listed in Fig. 1
C, for Pu andSy,stands for a linear relationship

Ia(V) 4 gV(V − E), (4)

with a constant, ohmic conductance,gV.
In modelB, Ia(V) of the uniportersKo, Ki, andCl have already

been described by the Goldman-Hodgkin-Katz current equation,GHK,
in the form,

IGHK~V! = VgGHK

cc − cle
−zu

1 − e−zu
(5)

wheregGHK is the reference conductance at 1 mM concentrations on

Fig. 2. Model of ionic relations of a parenchyma cell. Small apoplastic volume with considerable concentration of fixed charges F− which can bind
the transportees K+ and H+ and the nontransported Ca2+ in the apoplast; large symplastic volume with H+ buffer A. For quantitative aspects,see
Eqs.8, 10, 11and12.
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both sides, andu = VF/(RT) is the normalized membrane voltage. This
Eq. (5) is used here in modelC as well for Ia(V) of Ko, Ki, andCl.

For Ia(V) of Pu, Eq. (6) is used here

IPu~V! = IPu,mx

cH,c − cH,l ? exp~uATP − u!

1 + exp~uATP − u!
, (6)

where Ipu,mx is the amount of the saturation currents at largeV dis-
placements, ±DV, from EPu at cH,c 4 cH,l 4 1 mM, and uATP 4

DGATP/(RT). This Eq.6 is directly derived from the general equation
of the current-voltage relationships of active transport (Hansen et al.,
1981) with the simplifying assumption that the saturation currents, ±
I

Pu, mx
, are symmetrical. The second simplifying assumption (kiokoi >>

kiokoi, in the nomenclature of Hansen et al. (1981) means thatIPu(V)
reaches ±Ipu,mx as fast as possible with ±DV. For reference purposes,
e.g., in Fig. 1, Eq.6 is calledHGSSaccording to the authors (Hansen,
Gradmann,Sanders, andSlayman) in Hansen et al. (1981).

For Ia(V) of Sy we used a constant-field formalism,GHK*, in
analogy to Eq.5

ISy~V! = VgSy

~cH,c!
2 cCl,c − ~cH,l!

2 cCl,le
−u

1 + e−u
(7)

If saturation ofISy(V) should be accounted for, the hybrid form

ISy~V!8 = ISy,mx

~cH,c!
2 cCl,c − ~cH,l!

2 cCl,le
−u

1 + e−u
(8)

between Eq.6 and Eq.7 may be applied alternatively.

GATING RELATIONS

The second rowGating in the boxes of Fig. 1C and 1D provides the
numerical assumptions for time- andV- dependencies of activation/
inactivation of each transporter, as used for the example calculations
presented here. For every transporter one active state,a, and one in-
active state,i, has been assumed, except forCl which has two inactive
states,i1 and i2, with a in between. In theGating rows of Fig. 1, the
numbers at the heads and tails of the arrows mark the reference con-
ductances (in S? m−2, at symmetrical 1 mM substrate concentrations) of
the active states; only forPu, it marks the saturation currents ±IPu, mx.
The numbers along the arrows mark transition probabilities,k in sec−1,
for activation (ka) and inactivation (ki ) at V 4 0. The voltage sensi-
tivities of thek’s are expressed byf 4 eu/2 or 1/f 4 e−u/2, where the
factor 1/2 in the exponents stands for the assumption of a symmetrical
energy barrier. With these parameters, the temporal andV-dependent
characteristics of the activities of the transporters have been calculated
by iterative integration of ordinary differential equations with small
time incrementsDt (for detailsseeGradmann & Hoffstadt, 1998).

BUFFER SYSTEMS

Fig. 2 illustrates the reactions of the buffer system which has been used
to calculate the ionic relations of a parenchyma cell with the five major
transporters. In the symplast, all cytoplasmic K+ and Cl− is assumed to
be free, and H+ is assumed to be buffered by a virtual anion, A−, which
represents organic anions and acidic compartments. The apoplast is
assumed to have a considerable concentration of fixed anions, F−,
which can be free or occupied by Ca2+, H+, or K+. Here the complex,
apoplastic buffer system is treated in analogy to a Ca2+ buffer with
competing ligands (Amtmann, Klieber & Gradmann, 1993).

For the buffer calculations, the following relationships of mass
conservation have been used:

cAtot = cA− + cAH (8a)
cFtot = cFK + 1/2cF2Ca+ cFH + cF−; (8b)
QH = ~cH,c + cAH!volc + ~cH,l + cFH!voll; (8c)
QK = ~cK,c + cAK !volc + ~cK,l + cFK!voll; (8d)

QCa = ~cCa + cF2Ca!voll; (8e)

where voll and volc are the volumes of the apoplast and protoplast
respectively, andQH, QK andQCadenote quantities of H+, K+ and Ca2+

respectively.
Electroneutrality dictates the Cl− concentrations:

cCl,c = cH,c + cK,c − cA− and (9a)
cCl,l = cH,l + 2cCa + cK,l − cF−, (9b)

which, again, have to satisfy mass conservation by

QCl = cCl,cvolc + cCl,lvoll. (8f)

Dissociation constants of the apoplastic F− buffer are

KD,FH = cH,l ? cF−/cFH, (10a)
KD,FK = cK,l ? cF−/cFK, (10b)

KD,F2Ca= cCa ? cF− ? cF−/cF2Ca, (10c)

and of the symplastic H+ buffer

KD,AH = cH,c ? cA−/cAH. (10d)

With knownKD values and start concentrations of totalA, Hc, F, Hl,
Kl, andCal, the initial concentrations of all reactants can be calculated.
Key relationships for these calculations are:

cA− =
cAtot

1 + cH,c,tot/KD,AH
, and (11)

cF,tot = cF− S1 +
cH,l,tot

cF− + KD,FH
+

cK,l,tot

cF− + KD,FK
+

cF−cCa,tot

cF−cF− + KD,F2Ca
D, (12)

which can be obtained by rearranging Eqs.8 and10. Eqs.11 and12
provide the essential values ofcA− andcF− either directly by Eq.11 or
with iterative determination by Eq.12.

An initial, cytoplasmic K+ concentration,cK, c, has been assumed
as well, which does not enter the internal buffer system at time zero;
and the initial Cl− concentrationscCl,c, and cCl,l, are given then by
Eqs.9.

When the concentrations of all ionic substrates are known, Eqs.5,
6 and 7 yield the currents at a givenV. The free-runningV, i.e., V
where the sum of all currents in the Table,C is zero, has been deter-
mined iteratively by Eqs.5, 6and7. At this V, Eqs.5, 6and7 provide
the amounts of translocated H+, K+ and Cl− within a small time interval
Dt. This results in a redistribution of the cytoplasmic and luminal
portions of the total quantities of H, K, and Cl. With the new values of
total substrate concentrations, the buffer calculations for cytoplasmicA
and apoplasticF, using Eqs.11 and 12, yield updated values for the
concentrations of the free ionic substrates. These are used again to
calculate a newV, and so on.
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SOFTWARE

The program for calculations and display is written in Turbo Pascal,
and runs on a PC. The software is free and available on request.

Results

ALGORITHM

Based on the success of the algorithm of model B (Fig.
1A–C) to describe the ionic relations of plant cells with
ci,l 4 const.(Gradmann & Hoffstadt 1998), an attempt
was made initially to apply this algorithm to the condi-
tions Qi 4 const. However, these attempts with a pre-
cursor version of modelC using Eq.4 for Ia(V) of Puand
Syfailed frequently, because of fatal occurrences ofci <
0 during the calculations. Especiallyci, l has been criti-
cal, because given transport rates cause large changes of
ci,l in a small, apoplastic volume. This problem has been
eliminated by implementation of Eqs.6 and 7 into the
algorithm. In case of depletion of some substrate, these
relationships—likeGHK—cause the corresponding
transport rates to become small. In a preceding report
(Gradmann, 2001), an intermediate version of modelC
has been presented, in which Eq.7 was already used for
Ia(V) of Sy,but Ia(V) of Pu was still calculated with Eq.
4. There are significant but not fundamental differences
between the successful runs of that previous version of
modelC and the actual version presented here.

OSCILLATIONS

As a general result, it is much more difficult to find
parameter configurations of modelC (small apoplast)
that yield oscillations, than it is with modelB (infinite
bath). Nevertheless, sets of parameters do exist that
cause modelC to generate oscillations. So far, these sets
have been found by trial and error, because a systematic
analysis of the behavior of modelC is not available yet.
Results from such a successful parameter configuration
are illustrated in Figs. 3–5.

Figure 3 demonstrates that the main physiological
difference between modelB and modelC, namely, the
volume of the apoplastic compartment, plays a key role
for the ability of modelC to generate oscillations. Fig.
3A shows that with only 9% apoplastic volume, oscilla-
tions are completely absent, andV relaxes to a rather
negative steady-state value. In contrast, with 10% (Fig.
3B), complex oscillations are generated, which are remi-
niscent of the oscillations of modelB (Gradmann &
Hoffstadt 1998), and which consist of a superposition of
fast electrical and slow osmotic oscillations. With 12%
apoplastic volume (Fig. 3C), the fast component of the

oscillations becomes predominant, and with 14% apo-
plastic volume (Fig. 3D), these fast oscillations damp out
towards a steady-stateV, which is much more positive
than that in Fig. 3A.

The records ofEK andECl, which are plotted in Fig.
3 to the same scale asV, reflect the time courses of the
distribution of free K+ and Cl− between the symplastic
and apoplastic compartment. We notice in all traces of
Fig. 3 that EK follows V accurately, only with some
lowpass delay.

Fig. 3. Effect of apoplast volume on oscillations in modelC for par-
enchymatic cells. Small apoplast with fixed charges and large symplast
with H+ buffer; parameters listed in Fig. 1D, with given configuration.
(A) Rapid approach of equilibrium (V 4 EPu) with small apoplast/
symplast volume ratio (#9%). (B) and (C): Continuous oscillations
occur only in narrow range of apoplast/symplast volume ratio. (B)
Complex, very nonlinear shape. (C) Simple, near sinusoidal shape. (D)
Slow approach of steady state after damped oscillations with large
apoplast/symplast volume ratio ($14%).
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PHASE RELATIONSHIPS

The stationary oscillations of modelC with the param-
eter configuration of Fig. 3B are plotted with better reso-
lution in Figs. 4 and 5. Fig. 4 shows the records ofV and
Ei including EH with individual ordinate scales. The
dashed, vertical lines are time markers for the minimum
and maximum ofV(t), tVmn and tVmx, in Fig. 4. We
notice that during periods of more negativeV, EK be-
comes more negative andECl more positive, which
means in terms of Eq.1 a shift of K+ and Cl− from the
apoplast to the symplast. The antiparallel time course of
EK andECl can be seen throughout Fig. 4B andC. EH 4
EPu + (450 mV 4 −DGATP/F) is rather positive and
peaks about simultaneously withVmx.

The time courses of the activities of the five trans-
porters in Fig. 5 show thatSy was about always at its
maximum activity during these oscillations, andKo, in
contrast, was rather low (#0.2) throughout. This result
does not mean that these features were essential for the
oscillations; other parameter configurations of the model
with much higherpa(Ko) and much lowerpa(Sy) did
show oscillations (results not shown). The small

changes of thepa(Ko) andpa(Sy) in Fig. 5 rather suggest
thatKi andSyplay only a minor role for the oscillations
shown. In contrastpa(Pu), pa(Ki), and pa(Cl) change
considerably during these oscillations.

Using the time markers, we notice that attVmn the
hyperpolarizing factorpa(Pu) is in a maximum and the
depolarizing factorpa(Cl), in a minimum andvice versa
for tVmx. The time course ofpa(Ki) is parallel to that of
pa(Pu) and antiparallel topa(Ko). These results are not
surprising as they basically reflect theV-dependences of
the transporters as defined in Fig. 1. Nevertheless, these

Fig. 4. Oscillations inV andEi of modelC with 10% apoplast. Details
of behavior of modelC with parameters listed in Fig. 1 and an apoplast/
symplast volume ratio of 10%, between time 50 sec and 60 sec of
record shown in Fig. 3B; vertical dashed lines mark times of minimum
and maximumV.

Fig. 5. Oscillations inpa of the five transporters in modelC with 10%
apoplast. Details of changes in ionpa of the five transporters during
continuous oscillations of modelC, with parameters listed in Fig. 1 and
an apoplast/symplast volume ratio of 10%, between 50 sec and 60 sec
of record shown in Fig, 3B; vertical, dashed lines mark times of mini-
mum and maximumpa.
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results show that the outline and the details of the pro-
gram are not biased by severe errors.

Since in modelB fast and slow oscillations could be
distinguished by changing the surface/volume ratio
(Gradmann & Hoffstadt, 1998), the same strategy has
been applied to the complex oscillations of modelC at
10% apoplast/symplast volume ratio. However, decreas-
ing the surface area in the model by factor 5 causesV(t)
to slow down only by about 30% without a substantial
change in shape (result not illustrated).

The temporal analysis of Fig. 3B by Figs. 4 and 5 is
rather approximate, first, because the time courses are
complex and second, because of the low resolution. A
more detailed analysis of the simpler oscillations of Fig.
3C is given by Fig. 6. In this diagram we notice consid-
erable phase differences between the individual records.
Fig. 6A shows that the minima of the cationicEH andEK

precedetVmn by about 1.0 and 0.8 sec respectively. The
corresponding phase differences totVmx are about 0.3
and 0.2 sec. The anionicECl fits in this pattern with the
opposite sign. The minimum and the maximum ofECl

precedetVmx and tVmn by about 0.25 sec and 0.9 sec

respectively. In contrast, Fig. 5B shows that the time
coursespa(t) of Pu, Ki andSy lag behindV(t) by about
40–80 ms. This behavior reflects delayed activation of
these three transporters by negativeV (Fig. 1). Corre-
spondingly,pa(t) of Ko peaks aftertVmx becausepa of Ko
increases with positiveV. Critical, however, is the be-
havior of the depolarizing transporterCl. Its peak of
activity precedestVmx by about 0.15 sec.

STEADY STATE

Since oscillations of modelC are relatively rare (Fig. 3),
its steady-state properties are expected to be of more
general interest for the ionic relations of parenchyma
cells in situ. Steady-state characteristics of two different
states of modelC with the parameters in Fig. 1B andD
can be obtained from the calculations to Fig. 3A andD at
the ends of the records.

The results in the Table show the values of some
observable parameters for the two different apoplast/
symplast volume ratios (9 and 14%) tested. As already
shown in Fig. 3, the steady-stateV for 9% is much more
negative than for 14%. In fact, the system converges to
V 4 EPu at 9%, and the degenerated steady-state activi-

Fig. 6. Phase relationships of oscillations in modelC with 12% apo-
plast. Details of changes in the five transporters during continuous
oscillations of modelC with parameters listed in Fig. 1 and 12%
apoplast/symplast volume ratio, between 58 and 61 sec of record in Fig.
3C; records normalized to maxima and minima as listed in columns on
the right hand side; labeled arrows in panels prevent ambiguous as-
signment of records to transporters. (A) relative activitiespa. (B) V and
Ei; vertical, dashed lines mark time of maximum and minimum ofV.

Table. Steady-state properties of modelC with parameters in Fig. 1.

Observable
steady-state
parameter

Apoplast/symplast volume ratio

9% 14%

Voltage V (mV) −242 −58
Transporter

activities,pa Ko <0.001 0.094
Ki 0.993 0.088
Pu 0.998 0.244
Sy 0.9999 0.990

Cl 0.004 0.310
Concentr. of free

ions
cK, c (mM) 222 220
cK, l (mM) 0.02 23
cH, c (mM) 0.022 0.034
cH, l (mM) 76 330
cCl, c (mM) 27 27
cCl, l (mM) 20 60
cCa, l (mM) 3 18

Transporter currents
(mAm−2)

IKo <0.001 <0.05
IKi <0.001 <0.05
IPu 5.68 83.4
ISy −2.85 −41.7
ICl −2.83 −41.7
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tiespa 4 1/(1 +ki/ka) of all transporters reflect the small
numerical value off ≈ 0.01 atV ≈ −240 mV. For the
steady state at 14% apoplast volume, thepa values as-
sume intermediate values between 0 and 1 atV ≈ −58
mV, where thepa values forSyandKi are again at the
upper and lower end of thepa range respectively, as in
Figs. 5B andD.

The listed substrate concentrations do not only con-
firm the Ei(t) records in Figs. 3A andD, they also indi-
cate the portion of free ions compared to the total con-
centrations. E.g., at 14% apoplast volume, the apoplast
is very acidic, which causes a dramatic increase of free
Ca2+ and K+ in the apoplast compared to the situation
with 9% apoplast volume. These relationships are most
obvious for Ca2+ because it is not transported but con-
fined to the apoplast in modelC. From the total 18 mM
Ca2+, only 3 mM are free at 9% apoplast volume, whilst
15 mM are bound to the fixed anions. In contrast, at 14%
apoplast volume, virtually all Ca2+ is free and none
bound.

The calculated currents in the Table show virtual
absence of K+ currents, which reflects thermodynamic
equilibrium as in the observationEK 4 V in Fig. 3. In
contrast, Cl− and H+ are in a steady state: Identical values
of ISy andICl mean that substantial uptake of Cl− through
Sytakes place, and that Cl− leaves the cell throughCl by
exactly equal rates at the same time. Similarly for H+:
For a givenISy, 2 mass equivalents of H+ enter the cell.
This H+ uptake is numerically balanced by a release
through Pu, where IPu reflects extrusion of 1 mass
equivalent of H+. These relationships (ISy 4 ICl, andIPu

4 −2ISy) are well represented by the current data in the
Table, independent of the particular volume portion of
the apoplast.

Discussion

CALCULATIONS

In the initial modelA (Gradmann et al., 1993), Eq.4 has
been used forIa(V) of all five transporters. In the version
B of the model (Gradmann & Hoffstadt 1998),GHK for
Ia(V) of Ko, Ki, andCl, provided the homeostatic quali-
ties of model. Since virtually nothing is known about the
effect of the substrate concentrations on the shape ofPu
andSy,the simpleV versions ofIa(V) have been chosen
in model B for Pu and Sy. For the numerical reasons
given in the Results section, the linearIa(V) for Pu and
Syhave been replaced here by Eq.6 and Eq.7, respec-
tively. Whilst Eq. 6 has already been introduced in a
more general form (Hansen et al., 1981), Eq.7 is anad
hocversion ofGHK. Using Eq.7 for Ia(V) of Sydoes not
mean that we assume the conditions for constant field
theory to be valid forSy. In particular, the condition of

independent movement of ions does not make sense in
case of a symporter. Nevertheless, Eq.7 is used here,
because no better approach is available. Alternatively,
Eq.8 may be used instead, if saturation kineticsIa(V) of
Syshould be accounted for. This possibility has not been
explored yet.

Ca2+ relations have not been forgotten in the elec-
trical model but have been ignored because Ca2+ currents
of mostly catalytic quantities are too small to cause sig-
nificant (‘stoichiometric’)V changes directly. I.e., Ca2+

transport is considered to be notV-relevant directly and
therefore is not represented in the model of electrocou-
pling amongst major ion transporters. However, for the
buffering system in the apoplast, Ca2+ cannot be ignored,
because there is much Ca2+ in the cell wall, which com-
petes with H+ and K+ for association with F−.

OSCILLATIONS

In contrast to modelsA andB, oscillations seem to play
a minor role in modelC. Fig. 3 provides a good example
that the occurrence of oscillations in modelC depends on
rather specific parameter configurations. Under these
circumstances, a detailed discussion of the characteristics
of the observed oscillations (Figs. 4–6) would be rather
academic. Nevertheless, these Figs. 4–6 serve as a quali-
tative documentation of the phenomenon. In particular,
the minor effect of the surface/volume ratio on the pre-
sented oscillations of modelC means that these oscilla-
tions of modelC are not simple analog events to the
oscillations of modelB.

STEADY STATE

The finding,EK 4 V (Fig. 3, Table), is remarkable in-
sofar as the opposite observation,V << EK or V > EK,
dominates the experimental reports from plant cells and
gave rise, therefore, to the suggestion that a long-term
balance ofcK,c in plant cells can only be achieved by
oscillatory behavior, namely thatV alternates in appro-
priate intervals betweenV << EK andV > EK (for review
seeGradmann 2001). The critical point is, however, that
this general observationV << EK or V > EK, reflects
almost exclusively the experimental conditions of model
B, when the cells are in a bath withci,l 4 const. This in
vitro scenario,ci,l 4 const.,reflects the in situ conditions
of algae quite well. However, for parenchyma cells in
situ this modelB is not adequate, which was the main
reason to develop modelC in this study.

The finding, EK 4 V, in model C, is noteworthy
because it means that the ionic relations of parenchyma
cells differ significantly from what we expect according
to the current dogmata about plant cells, which are al-
most exclusively based on modelB observations.EK 4
V in modelC, is also obvious in retrospect, because all
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K+ pathways in the model are uniporters that obey Nern-
stian thermodynamics. This means that the finite amount
of K+ in model C will always tend to be distributed
between the two compartments according to the thermo-
dynamic equilibrium of Eq.3.

In contrast, the situation with H+ and Cl− in modelC
is not so simple. To avoid unnecessary complications,
this issue is discussed here for absence of oscillations.
In modelC, Cl− cannot reach a thermodynamic equilib-
rium, because theE’s for uptake of Cl− throughSyand
release of Cl− throughCl are different. In consequence,
there will be a steady state of zero net Cl− translocation,
in which substantial Cl− uptake rates throughSy and
identical rates of release throughCl balance each other.
Analog considerations apply for H+ translocation
throughPu andSy.

PHYSIOLOGICAL ASPECTS

In reality, the differences between modelB and modelC
are probably not as sharp as emphasized so far for pre-
sentation purposes. ModelC is still a coarse approach to
real membranes, and vascular plants do not consist of
parenchymatic cells exclusively.

An interesting example are the growth oscillations
of pollen tubes in vitro. They strongly confirm modelB
because they precede Ca2+ oscillations and not the other
way around (Messerli et al., 2000). ModelC predicts
absence of these oscillations in situ.

Furthermore, epidermal cells of roots can be ex-
pected to behave in an intermediate way between model
B andC. On the proximal side, they face cortex paren-
chyma and on the distal side, the soil, which may be ion
depleted also in situ but usually not in vitro. In fact,V
oscillations of root tissue in vitro are known for a long
time (Scott, 1957), and are still subject of research (e.g.,
Shabala & Newman, 1998). Again, according to model
C, such oscillations should be rare in situ, i.e., in soil
with limiting mineral supply.

Interestingly, guard cells in situ alternate remarkably
between osmotic uptake and release. In this case, the
large subsidiary cells may play the role of a virtual large
apoplastic compartment, which facilitates osmotic oscil-
lations according to our comparative investigations of
model B and modelC. Electrical oscillations of guard
cells in vitro have been successfully described already by
the initial versionA of the electrocoupling model (Grad-
mann et al., 1993).

Finally, the general result,EK 4 V, of modelC, may
be toned down when K+ transport does not take place
exclusively through uniporters, e.g., when K+-symport
becomes relevant as well (e.g., Maathuis & Sanders
1997).

This work has been supported by a grant (I/76 841) from the Volks-
wagen-Stiftung.
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