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Abstract. lonic relations of plant cells with free-running the transporter but also the velocity by which the activity
transmembrane voltag¥®, can be modelled by electro- changes upon a change\in Both characteristics of spe-
coupling of known,V-relevant and/-gated transporters. cific transporters are typically investigated ®yclamp
For cells in vitro, with constant external substrate con-experiments, when time courses of electrical currents are
centrations, alternating states of solute uptake and releasecorded upon a&/-protocol as defined by the experi-
can be predicted. Here the model is extended to treanenter. Major ion transporters can pass enough current
cells with limited external substrates, e.g., parenchymap cause significanV changes, and have\adependent
cells in situ with a small external space, the apoplastactivity. Therefore, they are coupled to each other via
This model accounts also for cytoplasmic Buffering  the free-runningV: If one major transporter changes its
and apoplastic buffering of H K* and C&" by fixed  activity, V will change, which, in turn, will cause all
anions. In general, the model converges to thermodyy.gated enzymes (the major transporters included) to
namic equilibrium for K between apoplast and sym- change their activity, and so on.
plast, and to equal steady-state rates of uptake and re-  Thjs temporal behavior of an ensemble of major ion
lease for CT and H'". Oscillations of this model are rare ransporters can be calculated with the particular ther-
and very sensitive to the volume portion of the apoplastyqgynamic and kinetic features of the individual trans-
porters as known fronv-clamp studies. For plant cells,
Key words: Electrocoupling of ion transporters — such V-mediated interactions amongst the major ion
Fixed-charges buffer — Kinetic membrane model —transporters have already been studied by an initial ap-
Transport oscillations — Voltage gating proach (Gradmann, Blatt & Thiel, 1993) and by a more
realistic treatment (Gradmann & Hoffstadt, 1998).
. Briefly, Fig. 1A illustrates five major ion transport-
Introduction ers in the plasmalemma of a plant cell, which represent
uptake and release of cations and anions in a crude but
The transmembrane voltagé, of biological membranes consistent approximation: AXoutward rectifierKo, for
controls the performance of ion transporters (e.g., iorcation release; a Kinward rectifier,Ki, for cation up-
pumps, electrophoretic Cotransporters, and Channels) Ifake, an e|ectrogenic*[—pump’PU,f0r energizing; a2H
both, thermodynamic and kinetic ways. Thermodynami-_c|- symporter Sy, for anion uptake, and a Ctonduc-
cally control is exerted via the driving forééE;, where  tance,Cl, for anion release.
E; is the equilibrium voltage of a transporter Kinetic Initially (Gradmann et al., 1993), constant equilib-
control, V-gating, can also be expected in general, beyjym voltagesk,, and linear steady-state current-voltage
cause charged residues will necessarily caWse rgjationships of the active stategV) have been assigned
dependent conformation changes in membrane proteing, g five transporters. The main result was that this
In fact, V-gating has been verified for virtually all ion system alternates between salt @nd CT ) uptake and
transporters that have been investigated with respect 9.1t release. In this modé\, the parameters had to be

the V-dependence of their activiv-gating compr_is_es chosen to balance the long-term ionic relatio&s €
not only theV-dependence of the steady-state activity of cons)

In the second approach (Gradmann & Hoffstadt

1998), E; was allowed to change due to uptake and/or
- release of substantial amounts of kind CI, and the
Correspondence tdd. Gradmann; email: dgradma@gwdg.de concentration-dependent, nonlinear shapk @f) of the
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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 uptakeSy, symporter (2H-CI")

for uptake of anionsClI, CI~ conductance for
release of anionsAj Schematic arrangement in

cell with defined surface/volume ratig; . and
C,;: concentrations of transported substrat@s

;CKO}{Kz)—(P%D—CSy Cll

lumen * 2 cytoplasmic and luminal (apoplastic) compartment
apoplast K1 K1 CH1 CH1 oLl cct, 1 respectivelyAG,rp = F - (=450 mV): free
B ’ ’ ’ ’ energy of ATP hydrolysis.R) Thermodynamic
characterization: equilibrium voltagés(reversal
) voltages,V, _) of the five transporters according
E Ex Fx AGatelF + By 2En-Fa Fal to Egs.3-5. (C) Kinetic characterization of model
B (c; = const.;here,ci, = cc = 1 mm; pH,
= 6; pH, = 7.4); surface/volume: fom™, [ (V),
C Model B: ¢ | = const. steady-state current-voltage relationships of the
five transporters in active stateGHK, Eq. 5; (2,
I(V) GHK GHK Q Q GHK Eq. 4; Gating: numbers on head or tail of arrows,
maximum conductancey in Smi2 mm™ or Sm?
If Lf uf Lf . 05 0.1f if 1(V) = Q; i: inactive state witlg = 0;
Gating 013 i 02>xi 131 065>=i i bYrs == 0.12=%|  nymbers on arrows, rate constants in 3gt =
If 100f 107 o f i €2 u = VF/(RT). (D) Kinetic characterization of
modelC (Q; = const): here, start concentrations
(total) in mm: 200 A, 200 R, 200 K., 250 K, 16
D Model C: Q; = const. H., 50 H, 18 Cg dissociation constant& in
uM: 1 AH, 1 FH, 100 FK, 1000 §Ca; geometry:
10 m*® = 0.1 pl volume; 10'° m? surface area;
L GHK GHK HGSS GHK™ GHK 1(V): as in panelC, exceptHGSS= Eg. 6 and
GHK* = Eq.7; Gating: symbols as in panet,
|Gating 0'1_1_<—f—; i 01 <1-/Li loiﬂ i 0.1 %’f i 1_</ir;0_10<'_y—{ i except™ marks not conductance but saturation
Uf 100f 30f If 60f  of currents, 4, . in Am~2um?, for large AV from
EpyatCyc = Cyy = 1 pm.

active (open) channels has been accounted for by thmalemma will cause a relatively small concentration
constant field current equation. In this mod&lthe lu-  change in the large symplast and a much larger concen-
minal concentrations;, ; andcg,;, of K* and CI have tration change (of the opposite sign) in the small apo-
been assumed to be constanf (= const). This system plastic volume. Since this situation does not correspond
converges from various start conditions of cytoplasmicto normal experimental conditions, very little is known
K™ and CI' concentrationsg, . andc, ., towards stable about the ionic relations of parenchyma cells in situ.
oscillations within narrow ranges af . and c¢ .. In The aim of this study is to explore the interactive
other words, modeB provides homeostatic osmoregula- behavior of the five major ion transporters in paren-
tion without special sensors, such as stretch-activatedhyma cells, i.e., cells with a small portion of apoplastic
channels, and without special messengers, such as @elume. The limiting assumption of this modeiis con-
proteins or cytoplasmic G4 The model parameters of stancy of the total quantitie€( = const) of the various
the example calculation for Fig. 5 in Gradmann & Hoff- ionic substrates, which are redistributed in varying por-
stadt (1998) are given in FigClfor reference purposes. tions between symplast and apoplast.

The conditions of modeB, g = const.,apply to For a realistic treatment of this mode| we have to
algal cells in situ, which usually have an external com-consider buffering of cations by a substantial concentra-
partment of virtually infinite volume, and in general to tion of fixed negative charges, Fin the apoplast: When
all single cells in vitro with well-defined bath media.  a certain amount of, let's say,Heaves the cell, only a

As for cells of vascular plants in situ, it may partially portion of it will increase the concentration of freé€
apply to epidermal cells of roots, especially root hairs,the apoplast, another portion will associate withand
but certainly not for parenchyma cells, which typically release certain quantities of other cations from their as-
have large symplastic and small apoplastic volume. Irsociation with F, with the effect that also the concen-
these cells, the movement of a substrate through the plagsations of the other free cations will increase. Fig. 2
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Fig. 2. Model of ionic relations of a parenchyma cell. Small apoplastic

volume with considerable concentration of fixed chavigies lEan bind

the transportees Kand H" and the nontransported €an the apoplast; large symplastic volume with buffer A. For quantitative aspectsee

Egs.8, 10, 11and12.

illustrates these relationships, as well as corresponding_ _

internal H™ buffering, which are accounted for by
modelC.
The present versio@ of the model does not account

for many processes that affect the electrical behavior o
plant membranes as well. In particular, ligand gating

e.g., of the K conductance by external*K(Beilby &
Blatt 1986), or of the ClI conductance by cytoplasmic
Ca* (Biskup, Gradmann & Thiel, 1999), and known
effects of pH on the Hpump (Blatt, 1987; Blatt, Beilby

& Tester, 1990). Implementation of such processes is, .,

-RT G,
= ——In—¢

zF G @

for an ioni with the charge numbez, whereF, R, and T have their
*lsual thermodynamic meanings.
Ep, of an electrogenic pump that translocatesl* per ATP is

- AGarp
nF

+Ey 2

Pu

whereAG,p/F is assumed here to be =450 mV amd= 1.
For Sy as used here, the explicit equation for the equilibrium
ge of symportersnpt shown hereassumes the simplified form:

possible but beyond the scope of the present study, which

focuses on the apoplast.

In a wider context, a precursor version of mo@z|
has already been presented at a meeting (Gradma
2001).

Theory

Fig. 1A illustrates the plasmalemma of a plant cell with five major ion
transporters and the relevant concentratiansandc;, of the ions,j,
on the cytoplasmic and luminal side respectively.

THERMODYNAMIC RELATIONS

Fig. 1B lists the thermodynamic characteristics in form of the equilib-
rium voltagesk;, at which the driving forces of the particular transport
(concentration gradient¥,, and metabolic energy input in caseRd)
add up to zero. For the uniporteko, Ki, and Cl, it is the Nernst
equilibrium voltage

Esy=2E, — Ecr (3

K
INETIC RELATIONS

The kinetic properties assumed for the example calculations with
modelB and modelC are listed in the boxes FigCland ID. For the
steady-state current-voltage relationshig®/) of the active transport-
ers, the following relationships have been usédl:as listed in Fig. 1
C, for Pu and Sy, stands for a linear relationship
(V) = go(V - B), )
with a constant, ohmic conductancg,.

In model B, 1(V) of the uniportero, Ki, andCl have already
been described by the Goldman-Hodgkin-Katz current equadéti,
in the form,

c.—ce
1 _ e*ZLI

lenk(V) = Vghk ®

wheregg is the reference conductance at Mrooncentrations on
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both sides, and = VF/(RT) is the normalized membrane voltage. This For the buffer calculations, the following relationships of mass
Eqg. ) is used here in modeT as well forl (V) of Ko, Ki, andCl. conservation have been used:
For 1,(V) of Pu, Eq. (6) is used here
Catot = Ca~ + Cany (83
Ip V) = IPquXcH’C;:H’I  XUare U), (6) Crtor= Crk + 1/2Crcat Crn + G (8b)
EXPlUare ~ W) Qu = (Cre + Cap)VOle + (G * GVl (89
. . . Qk = (Ck,c + Cak VOl + (Cy | + Cey)VOL; (8d)
wherel,, . is the amount of the saturation currents at laxgelis- Qca= (Con+ CracVOL; (89

placements, AV, from Ep, at ¢y = Cyy = 1 uM, and Uyrp =
AG,1p/(RT). This Eg.6 is directly derived from the general equation
of the current-voltage relationships of active transport (Hansen et aI.Where vol, and vol, are the volumes of the apoplast and protoplast

1981) with the simplifying assumption that the saturation currents, ii:ggg:z:? an@,, Q« andQc, denote quantities of HK* and C&

| are symmetrical. The second simplifying assumpti [ >> . .
Pu, m# 4 plifying plighb, Electroneutrality dictates the Ttoncentrations:

KioKop IN the nomenclature of Hansen et al. (1981) meanslthgt)

reaches t,, .., as fast as possible withA%. For reference purposes,

e.g., in Fig. 1, Eq6 is calledHGSSaccording to the author$insen,  Cgjc = Cy ¢+ Ckc — Ca- and (99

GradmannSanders, andayman) in Hansen et al. (1981). Coly = Cy +2Cca+ Gy — G, (9b)
For 1(V) of Sywe used a constant-field formalisfgHK?*, in

analogy 10 Eq5 which, again, have to satisfy mass conservation by

2 —(c 2 C efu
Isy(V) = Vgsy(CH'(J CCI; +(e_:'l) Bl (7 Qci = €y VOl + Cy VOl (8f)

. . i iati lastic Huff
If saturation ofls(V) should be accounted for, the hybrid form Dissociation constants of the apoplastictiuiffer are

, (Cho)” Caie = (Cup)? Cop€ Ko FH = Chi * Ce/Crm (109
Isy(V)" = lsy mx PRt ® Kb,rk = Ck,1 * G~/ Crk: (109
Kb,F2ca™ Cca® CF * Cr/Craca (109

between Eg6 and Eq.7 may be applied alternatively.
and of the symplastic Hbuffer

GATING RELATIONS Ko.an = Crc * Ca~/Can- (109
The second rowsating in the boxes of Fig. € and D provides the ) .
numerical assumptions for time- and dependencies of activation/ With known K_D_\_/alues and sta_lrt concentrations of toalH, F, H,
inactivation of each transporter, as used for the example calculationg\" anng, the,m't'al concentratlons. of all reéctants can be calculated.
presented here. For every transporter one active siatmd one in- Key relationships for these calculations are:
active statej, has been assumed, except @which has two inactive
states;, andi,, with a in between. In the5ating rows of Fig. 1, the Catot

. Cp-=7———,and (11
numbers at the heads and tails of the arrows mark the reference con- 1+ Cy o Kpoan
ductances (in Sm™2, at symmetrical 1 m substrate concentrations) of
the active states; only fdPu, it marks the saturation current$gt; ., ~

L S P o1 Ch I tot Ck I tot CrCca,tot

The numbers along the arrows mark transition probabilikés,sec ™, Cr 1ot = Cr~ (1 + : + = + a) (12
for activation k,) and inactivationk, ) atV = 0. The voltage sensi- ’ G+ Kopn G+ Ko CeCe+Kprac
tivities of thek's are expressed bly= €2 or 1f = e/ where the
factor 1/2 in the exponents stands for the assumption of a symmetricalhich can be obtained by rearranging E§sand10. Egs.11 and12
energy barrier. With these parameters, the temporaMaddpendent  provide the essential values of- andc.- either directly by Eq11 or
characteristics of the activities of the transporters have been calculatedith iterative determination by Ed.2.

by iterative integration of ordinary differential equations with small An initial, cytoplasmic K concentrationg, ., has been assumed

time increments\t (for detailsseeGradmann & Hoffstadt, 1998). as well, which does not enter the internal buffer system at time zero;
and the initial CI concentrationg, ., andcg,;, are given then by
Egs.9.

BUFFER SYSTEMS When the concentrations of all ionic substrates are known,Egs.

6 and 7 yield the currents at a givex. The free-runningv, i.e., V
Fig. 2 illustrates the reactions of the buffer system which has been usedhere the sum of all currents in the Tab@ s zero, has been deter-
to calculate the ionic relations of a parenchyma cell with the five major mined iteratively by Eqs5, 6and7. At thisV, Egs.5, 6and7 provide
transporters. In the symplast, all cytoplasmitdad CI is assumed to  the amounts of translocated HK* and CI" within a small time interval
be free, and His assumed to be buffered by a virtual anion, which At. This results in a redistribution of the cytoplasmic and luminal
represents organic anions and acidic compartments. The apoplast portions of the total quantities of H, K, and Cl. With the new values of
assumed to have a considerable concentration of fixed anions, F total substrate concentrations, the buffer calculations for cytopla&mic
which can be free or occupied by €aH*, or K*. Here the complex, and apoplasti, using Eqs.11 and 12, yield updated values for the
apoplastic buffer system is treated in analogy to & Caffer with concentrations of the free ionic substrates. These are used again to
competing ligands (Amtmann, Klieber & Gradmann, 1993). calculate a new/, and so on.
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SOFTWARE apoplast/symplast

A volume ratio /%
The program for calculations and display is written in Turbo Pascal, 0 Ecy
and runs on a PC. The software is free and available on request.

-100

Ex 9
Results 2200

VimV
ALGORITHM

B .

Based on the success of the algorithm of model B (Fig. ) 1 Ecy
1A-C) to describe the ionic relations of plant cells with 1 Fx
¢, = const.(Gradmann & Hoffstadt 1998), an attempt -1001 ; I
was made initially to apply this algorithm to the condi- 10

tions Q; = const However, these attempts with a pre- -200
cursor version of modeT using Eq4 for 1 (V) of Puand VimV
Syfailed frequently, because of fatal occurrences;of

0 during the calculations. Especialty ; has been criti-

cal, because given transport rates cause large changes of Eq

¢, ina small, apoplastic volume. This problem has been 0 SRR AR A ARAA AN AR AR 1o
eliminated by implementation of Eg6.and 7 into the 100 1"y ””“1‘711Hrv\--x-ﬂﬂlv\r-‘r K

algorithm. In case of depletion of some substrate, these

relationships—likeGHK—cause the corresponding _gg | 12
transport rates to become small. In a preceding reporty/y,v
(Gradmann, 2001), an intermediate version of mddel
has been presented, in which Eqwas already used for
I(V) of Sy,butl(V) of Puwas still calculated with Eq.
4. There are significant but not fundamental differences ¢ Eq
between the successful runs of that previous version of mwvmv Ex
model C and the actual version presented here. -100

-200 4
OSCILLATIONS V/imVE . .

0 50 tls 100

AS a general r.eSUIt’ .It is much more difficult to find Fig. 3. Effect of apoplast volume on oscillations in mod&ffor par-
parameter configurations of modél (small apoplast) enchymatic cells. Small apoplast with fixed charges and large symplast
that yield oscillations, than it is with modd (infinite with H* buffer; parameters listed in FigDl with given configuration.
bath). Nevertheless, sets of parameters do exist thah) Rapid approach of equilibriumV( = Ep,) with small apoplast/
cause modeC to generate oscillations. So far, these setssymplast volume ratio£9%). B) and C): Continuous oscillations
have been found by trial and error, because a systematRecur only in narrow range of apoplast/symplast volume ra®). (
analysis of the behavior of mod€élis not available yet, Complex, very nonlinear shap&)(Simple, near sinusoidal shap®)(
Results from such a successful parameter configuratioﬁlow approach of steady sta}te after damped oscillations with large
. . . poplast/symplast volume ratiez(4%).
are illustrated in Figs. 3-5.
Figure 3 demonstrates that the main physiological
difference between mod@& and modelC, namely, the
volume of the apoplastic compartment, plays a key roleoscillations becomes predominant, and with 14% apo-
for the ability of modelC to generate oscillations. Fig. plastic volume (Fig. B), these fast oscillations damp out
3A shows that with only 9% apoplastic volume, oscilla- towards a steady-staté, which is much more positive
tions are completely absent, aMirelaxes to a rather than that in Fig. 3.
negative steady-state value. In contrast, with 10% (Fig.  The records o, andE,, which are plotted in Fig.
3B), complex oscillations are generated, which are remi-3 to the same scale a4 reflect the time courses of the
niscent of the oscillations of modd (Gradmann & distribution of free K and CI' between the symplastic
Hoffstadt 1998), and which consist of a superposition ofand apoplastic compartment. We notice in all traces of
fast electrical and slow osmotic oscillations. With 12% Fig. 3 thatE, follows V accurately, only with some
apoplastic volume (Fig.®), the fast component of the lowpass delay.



66 D. Gradmann: Apoplast and lonic Relations in Plants

A 0 ] Ivmn tymx A 11
[
} | Pa "
VimV { { : 0.51 Vmn Vmx
I/ ’ [ Ko
LA | |
150 " —— T
I 0-
B -70 ] [ I |
: : B 17 .
| I
Eg/mV w Pa : :
|
b 0.5 Pl ,
-90 o (Y ki
|
. [ | I
C -14 : | 0 | |
|
2N 11 [ |
Ec/mV \JM C |
{ E Pa | |
[ Pu
17| o 0.5 Ly
[ | |
D 2507 Lo 2200 |
I } I |
/\J/I\J\/Epu/mV 0 I I
EH/mV- | |
I D! !
[ | |
230 b -220 Pa I
50 55 tls 60 0.5 [ Sy
| |
Fig. 4. Oscillations inV andE; of modelC with 10% apoplast. Details | |
of behavior of modeC with parameters listed in Fig. 1 and an apoplast/ 0 | |
symplast volume ratio of 10%, between time 50 sec and 60 sec of |
record shown in Fig. B; vertical dashed lines mark times of minimum 1 I
and maximumv. E I |
Pa |
Cl
0.5 .
PHASE RELATIONSHIPS (e
|
The stationary oscillations of modé&l with the param- 04 S >
eter configuration of Fig. B are plotted with better reso- 50 55 t/s 60

lution in Figs. 4 and 5. Fig. 4 shows the record&/afnd
Ei including EH with individual ordinate scales. The Fig. 5. Oscillati.ons inp, of the fivg transportgrs in modél with 10%
dashed, vertical lines are time markers for the minimumgPoP'ast: Details of changes in igq of the five transporters during

. . . continuous oscillations of modél, with parameters listed in Fig. 1 and
and_ maximum . ofV(t), _thn and typ, in F_Ig. 4. We an apoplast/symplast volume ratio of 10%, between 50 sec and 60 sec
notice that during periods of more negatiVe E¢ be-  of record shown in Fig, B; vertical, dashed lines mark times of mini-
comes more negative anfl;, more positive, which  mum and maximunp,
means in terms of EdL a shift of K" and CT from the
apoplast to the symplast. The antiparallel time course of
E« andE, can be seen throughout FigB4ndC. E, = changes of the,(Ko) andp,(Sy) in Fig. 5 rather suggest
Epy, + (450 mV = -AG,1p/F) is rather positive and thatKi andSyplay only a minor role for the oscillations
peaks about simultaneously with,,,. shown. In contrasp,(Pu), p(Ki), and p,(Cl) change

The time courses of the activities of the five trans- considerably during these oscillations.

porters in Fig. 5 show thaby was about always at its Using the time markers, we notice thattat,, the
maximum activity during these oscillations, aKe, in hyperpolarizing factop,(Pu) is in a maximum and the
contrast, was rather low=(0.2) throughout. This result depolarizing factop,(Cl), in a minimum andvice versa
does not mean that these features were essential for ther t,.. The time course op,(Ki) is parallel to that of
oscillations; other parameter configurations of the modep,(Pu) and antiparallel tg,(Ko). These results are not
with much higherp,(Ko) and much lowerp(Sy did  surprising as they basically reflect thedependences of
show oscillations results not shown The small the transporters as defined in Fig. 1. Nevertheless, these
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A Table. Steady-state properties of modeiwith parameters in Fig. 1.
min  ma
max Eq -19.5 -19.2 Observable Apoplast/symplast volume ratio
mv steady-state
parameter
9% 14%
mean 1
V830 423 Voltage V (mV) -242 -58
Transporter
Ey 235 237 activities, p, Ko <0.001 0.094
min Ex  -63.0 -62.6 Ki 0.993 0.088
Pu 0.998 0.244
B Sy 0.9999 0.990
max - cl 0.004 0.310
» Sy 0.982 0.996 ancentr. of free
a ions
Pu 0.153 0462 Cx,c (MM) 222 220
Ki 0.050 0.207 e,y (mm) 0.02 23
mean | C. ¢ (uM) 0.022 0.034
Ch, 1 (uM) 76 330
Ko 0.040 0.131 Cayc(mm) 27 27
Cor 1 (Mm) 20 60
Cca, 1(MM) 3 18
. Cl 0.302 0418
min - Transporter currents
T T T T ,= (mAm_Z)
58 59 60 61 s leo <0.001 <0.05
. o o . I <0.001 <0.05
Fig. 6. Phase relationships of oscillations in mo@&vith 12% apo- Iy 5.68 83.4
plast. Details of changes in the five transporters during continuous I —2.85 —41.7
oscillations of modelC with parameters listed in Fig. 1 and 12% |C|y —2.83 —41.7

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 transporter8) (elative activitieg,. (B) V and . . .
Ei?vertical, dashed lines maF:k time)f)f maximum ango%i(ni)mum/of respectively. In Cont_raSt’ Flg‘BSShO\_NS that the time
coursesp,(t) of Pu, Ki andSylag behindV(t) by about
40-80 ms. This behavior reflects delayed activation of

results show that the outline and the details of the prothese three transporters by negatweFig. 1). Corre-

gram are not biased by severe errors. spondingly p.(t) of Ko peaks aftet,,,,,, because, of Ko
Since in modeB fast and slow oscillations could be increases with positivy/. Critical, however, is the be-

distinguished by changing the surface/volume ratiohavior of the depolarizing transportésl. Its peak of

(Gradmann & Hoffstadt, 1998), the same strategy hasctivity precedes, ., by about 0.15 sec.

been applied to the complex oscillations of mo@eht

10% apoplast/symplast volume ratio. However, decreas-

ing the surface area in the model by factor 5 cangels ~ STEADY STATE

to slow down only by about 30% without a substantial

change in shapeadsult not illustrategl. Since oscillations of modeT are relatively rare (Fig. 3),
The temporal analysis of FigBy Figs. 4 and 5is its steady-state properties are expected to be of more

rather approximate, first, because the time courses argeneral interest for the ionic relations of parenchyma

complex and second, because of the low resolution. Aells in situ. Steady-state characteristics of two different

more detailed analysis of the simpler oscillations of Fig.states of modeC with the parameters in Fig.BlandD

3Cis given by Fig. 6. In this diagram we notice consid- can be obtained from the calculations to Fi§.&hdD at

erable phase differences between the individual recordshe ends of the records.

Fig. 6A shows that the minima of the catiortt, andE, The results in the Table show the values of some

precedd,,,, by about 1.0 and 0.8 sec respectively. Theobservable parameters for the two different apoplast/

corresponding phase differencesttg,, are about 0.3 symplast volume ratios (9 and 14%) tested. As already

and 0.2 sec. The anionk, fits in this pattern with the shown in Fig. 3, the steady-statefor 9% is much more

opposite sign. The minimum and the maximumE, negative than for 14%. In fact, the system converges to

precedet,,,, andt,,, by about 0.25 sec and 0.9 sec V = Ep,at 9%, and the degenerated steady-state activi-




68 D. Gradmann: Apoplast and lonic Relations in Plants

tiesp, = 1/(1 +k/k,) of all transporters reflect the small independent movement of ions does not make sense in
numerical value of = 0.01 atV = -240 mV. For the case of a symporter. Nevertheless, Fqgs used here,
steady state at 14% apoplast volume, fhevalues as- because no better approach is available. Alternatively,
sume intermediate values between 0 and YV at-58  Eq.8 may be used instead, if saturation kinetigd/) of

mV, where thep, values forSyandKi are again at the Syshould be accounted for. This possibility has not been
upper and lower end of the, range respectively, as in explored yet.

Figs. B andD. Céa* relations have not been forgotten in the elec-

The listed substrate concentrations do not only contrical model but have been ignored becaus&'€arrents
firm the E;(t) records in Figs. 8 andD, they also indi-  of mostly catalytic quantities are too small to cause sig-
cate the portion of free ions compared to the total con-ificant (‘stoichiometric’)V changes directly. l.e., Ga
centrations. E.g., at 14% apoplast volume, the apoplagtansport is considered to be nétrelevant directly and
is very acidic, which causes a dramatic increase of fregherefore is not represented in the model of electrocou-
Ca* and K' in the apoplast compared to the situation pling amongst major ion transporters. However, for the
with 9% apoplast volume. These relationships are mosbuffering system in the apoplast, €a&annot be ignored,
obvious for C&" because it is not transported but con- because there is much €an the cell wall, which com-
fined to the apoplast in mod€. From the total 188 m  petes with H and K' for association with F
Ca*, only 3 mv are free at 9% apoplast volume, whilst
15 mv are bound to the fixed anions. In contrast, at 14%
apoplast volume, virtually all G4 is free and none
bound.

The calculated currents in the Table show virtual
absence of K currents, which reflects thermodynamic
equilibrium as in the observatioB, = Vin Fig. 3. In
contrast, Cl and H" are in a steady state: Identical values
of Isy andl, mean that substantial uptake of @hrough
Sytakes place, and that Cleaves the cell throug@l by
exactly equal rates at the same time. Similarly for. H
For a givenls,, 2 mass equivalents of Henter the cell.
This H" uptake is numerically balanced by a release
thro_ugh Pu, where Ip, reflepts extrusion of 1 mass tions of modelC are not simple analog events to the
equivalent of H. These relationshipsd, = I, andlp, N

i oscillations of modeB.
= —2l,) are well represented by the current data in the
Table, independent of the particular volume portion of
the apoplast. STEADY STATE

OSCILLATIONS

In contrast to modelé andB, oscillations seem to play

a minor role in modeC. Fig. 3 provides a good example
that the occurrence of oscillations in mo@xtiepends 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 mod€ means that these oscilla-

The finding,E, = V (Fig. 3, Table), is remarkable in-
Discussion sofar as the opposite observatioh<< Ex or V > E,
dominates the experimental reports from plant cells and
gave rise, therefore, to the suggestion that a long-term
CALCULATIONS balance ofcy . in plant cells can only be achieved by
oscillatory behavior, namely thaf alternates in appro-
In the initial modelA (Gradmann et al., 1993), E4.has  priate intervals betweevi << E, andV > E (for review
been used for,(V) of all five transporters. In the version seeGradmann 2001). The critical point is, however, that
B of the model (Gradmann & Hoffstadt 199&HK for  this general observation' << E, or V > E,, reflects
I,(V) of Ko, Ki, andCl, provided the homeostatic quali- almost exclusively the experimental conditions of model
ties of model. Since virtually nothing is known about the B, when the cells are in a bath with, = const. This in
effect of the substrate concentrations on the shagguof vitro scenariog;; = const. reflects the in situ conditions
andSy,the simpleQ) versions ofl (V) have been chosen of algae quite well. However, for parenchyma cells in
in model B for Pu and Sy, For the numerical reasons situ this modelB is not adequate, which was the main
given in the Results section, the lindgfV) for Puand  reason to develop modé€l in this study.
Syhave been replaced here by Egand Eq.7, respec- The finding, Ex = V, in model C, is noteworthy
tively. Whilst Eq. 6 has already been introduced in a because it means that the ionic relations of parenchyma
more general form (Hansen et al., 1981), Eds anad  cells differ significantly from what we expect according
hocversion ofGHK. Using Eq.7 for | (V) of Sydoes not  to the current dogmata about plant cells, which are al-
mean that we assume the conditions for constant fieladnost exclusively based on mod@lobservationsE, =
theory to be valid forSy In particular, the condition of V in modelC, is also obvious in retrospect, because all
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K* pathways in the model are uniporters that obey Nern-  Finally, the general resulE, = V, of modelC, may
stian thermodynamics. This means that the finite amounbe toned down when Ktransport does not take place
of K™ in model C will always tend to be distributed exclusively through uniporters, e.g., wheri-Bymport
between the two compartments according to the thermobecomes relevant as well (e.g., Maathuis & Sanders
dynamic equilibrium of Eq3. 1997).

In contrast, the situation with Hand CT in modelC
is not so simple. To avoid unnecessary complicationsyhis work has been supported by a grant (1/76 841) from the Volks-
this issue is discussed here for absence of oscillationsvagen-Stiftung.
In modelC, CI™ cannot reach a thermodynamic equilib-
rium, because th&'s for uptake of CI throughSyand
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