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Ionic Currents Generated by Tip Growing Cells
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A new mechanism for the generation of ionic currents around tip growing cells is presented. Becaus
of the absorption of a nutrient by the cell tip, its concentration decreases along the cell sides. As
nutrient molecule enters the cell with a well defined number of protons via a channel called a symport
the influx of protons decreases when one moves away from the tip. Then the balance between influx an
efflux of protons is broken and a proton current loop is generated, entering the cell tip and leaving farthe
back. Using typical values for symport membrane current,pH, and nutrient concentration, we obtain
an order of magnitude of the current intensity in agreement with the vibrating electrode measurement
[S0031-9007(97)03421-2]

PACS numbers: 87.22.As, 87.22.Fy
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As many physical shapes growing with fingers o
dendrites [1–3], tip growing cells such as fungal cel
(hyphae) or pollen tubes, present common properties
self-organization [4]. One of these is a ionic curren
flowing across the cell, looping back through the extern
medium [5,6]. The resulting electric field can be involve
in morphogenetic events [7], making a possible feedba
between shape and field as many pattern-forming syste

Extracellular currents have been measured precisely
many systems, using the vibrating electrode, especia
in fungi. Hyphae generally drive a current of aroun
1 mAycm2 of positive charges, entering the growing tip
and leaving farther back. InAchlya bisexualis,the electric
current has been ascribed to a flux of protons large
influenced by methionine concentration andpH [8]. In
Neurospora crassa,protons still play a major role with
several cotransported substances [9]. These phenom
present sufficiently common characteristics to validate
quantitative analysis.

Previous theories on ionic currents focus on simp
cell shapes (spherical zygotes of brown algae, cylindric
shapes of characean algae) so that the ionic current pat
breaks the initial cell symmetry via an instability [10–13]
However, the conditions required for these instabilitie
cannot be satisfied for the tip growing cells considere
here: Electrophoresis is too slow compared with th
hyphal growth rate to sustain an instability [11,14], an
anomalous dependence of ion fluxes with concentratio
[12] is not observed for the proton-methionine system.

We propose here a mechanism which simply reflec
the tip geometry of the cell. These cells maintain the
large membrane potential with the proton pump H1-
ATPase which expels protons outside the cell. Accordin
to the chemiosmotic theory of Mitchell [15], the proton
gradient so generated is used by the cell to absorb sev
substances like aminoacids and sugars via symports w
protons [16]. In nonequilibrium conditions, the balanc
between the different proton channels does not ho
and a transmembrane proton fluxJH1 results. Pumps
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and symports are incorporated in the plasma membra
probably mainly at the tip where the growth processe
are more effective. Then, if electrophoretic effects ar
neglected [14], they remain at rest in the frame o
the membrane, and simply drift away from the tip,
keeping a constant ratio between their concentration
The diffusible morphogen or nutrient, cotransported with
protons in the cell, is continuously absorbed along th
hyphal trunk, resulting in a concentration gradient from
tip to base [17]. Because of this external gradien
and although the concentration of channels is suppos
uniform, the symport activity increases at the apex
leading to a net influx of protons at the tip and an efflux
at the base and thus a proton current loop.

Let us describe this model in more detail. For sim
plicity we limit the dynamics to stationary currents in the
extracellular medium, so that the inner concentrations wi
be assumed uniform. The main following species are co
sidered: the proton H1 and the morphogenX assumed
neutral. Thanks to rapid acido-basic buffering reaction
which occur near the membrane, via a bufferAHyA2

of acidity constantKa, the pH is almost uniform in the
bulk medium (see, for instance, experiments onAchlya
bisexualis[8]). Similarly, because the Debye length is
very small compared to the dimensions of the cell, spac
charges are localized close to the membrane and elect
neutrality is satisfied in the bulk through a counterionY
(chargezY ). The characteristic time scale of growth being
much larger than the diffusive time scale, we neglect ad
vective effects compared to diffusion at the cell scale.
is well known that an electric field tangential to a charge
surface induces, by the intermediate of the space charg
layer, an electro-osmotic flow in the bulk [18]. In the
present case, the osmotic flow generated by the tangen
component of the electric field around the tip growing cel
is ye ø 1 mmymin [19], smaller than the hyphal growth
rate and is therefore neglected. Finally, if the gradient
of concentration of the charged species and potential a
small, the dynamical equations for the currents in the bu
© 1997 The American Physical Society 4881



VOLUME 78, NUMBER 25 P H Y S I C A L R E V I E W L E T T E R S 23 JUNE 1997

d

e
al

h.

r
e
y

,
f

l
-

t
n
d
a.
er

f

l

e

e

k
ts
,
d

can be simplified to

DcX ­ 0, DC ­ 0 , (1)

wherec ­ seykTdF is the dimensionless electric poten
tial, andcX the morphogen concentration.

At the scale of the dimensions of the cell, boundar
conditions must be applied on the external cell surfac
the thicknesses of the Debye and acido-basic layers be
negligible. Across these layers, the total normal flu
jH1 2 jOH2 2 jA2 is conserved. By using acido-basic
constants, it can be written in the bulk only as a functio
of the normal gradient ofC [20]. At the membrane, this
flux is simply JH1 given by channels activity [see below
Eq. (4)], if we assume thatjOH2 and jA2 are negligible.
With the conservation of the flux of counterion and
morphogen across the Debye and acido-basic layers,
the electroneutrality in the bulk, one deduces

C0
≠C

≠n
­ 2

JH1

Deff
, (2)

≠cX

≠n
­ 2

JX

DX
. (3)

HereC0 ø b0y2 1 z2
Y cY0 represents in fact the total ionic

concentration [21] whereb0 andcY0 are, respectively, the
total buffer concentration and the counterion concentr
tion, andDeff is the diffusion coefficient of the charged
species involved in acido-basic reaction, i.e., essentia
A2. For usual permeabilities and ionic concentration
the variations of the counterion current along the hyph
due to the observed potential variations appears negligi
compared to the variations of the H1 current. Conse-
quently,JY has been neglected in Eq. (2). It follows tha
the normal component of the electric field is proportiona
to the local H1 membrane current, consistent with the io
substitution experiments which conclude that the electr
current is essentially carried by H1. Contrary to a per-
fectly conducting body for which the normal componen
of the electric field at the surface is given by the local su
facic density of charges, it is given here by the local pro
ton transmembrane flux. Thus, the electric field around
growing apex reflects almost directly the proton channe
distribution and efficiency.

Then it remains to define the constitutive relation
giving the fluxes ofX and H1 crossing the cell membrane.
Neglecting the dependence on membrane potential, wh
weakly changes along the cell, we have the local fluxes

JH1 ­ Jpump 1 nJsympscX d 1 Jpass ,

JX ­ JsympscX d ,
(4)

whereJpump is the proton pump efflux (depending onpH),
Jsymp the symport influx, with a stoichiometrynH1yX,
andJpass a passive current for H1. The symport current is
taken in a first approximation asJsymp ­ 2kcX , wherek
is a positive constant depending onpH, andcX can thus be
determined independently. This symport plays the maj
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role in the mechanism: It couples the morphogen fiel
with the potential through proton influx. Additionally, it
is necessary to consider the passive fluxJpass since, for
instance, for Achlya [8], the removal of the substanceX
from the culture medium inhibits the currents. Thus, in
the absence of symport influx, the pump equilibrates th
passive current, and an equilibrium membrane potenti
will result. On the contrary, in our nonequilibrium
configuration, the local charge current does not vanis
Of course, the global charge conservation holds:Z

G
JH1 dl ­ 0 , (5)

where the integral is calculated along the hyphal contou
G at this scale. For simplicity of the analysis, the passiv
flux is approximated by a constant, adjusted to satisf
Eq. (5).

Taking experimental values for biological parameters
the problem is to determine whether the gradient o
morphogenX along the hypha is sufficient to induce the
modulation of proton influx leading to currents of
1 mAycm2. Because of the two different length scales
of the tip shape (diameter and length), the analytica
approach is delicate. Although hyphal growth is axisym
metric, we compute numerically the fieldscX andC, for
simplicity in two dimensions by using a boundary elemen
method based on complex function theory. The solutio
is first calculated on the boundaries of the domain an
then reconstructed in the bulk using the residue formul
We expect that the 2D geometry does not alter the ord
of magnitude of the different quantities.

The symport current has been studied inNeurospora
crassa and presents a stoichiometryn ø 2 [22], and a
constant k ø 1026 mys for standardpH [23]. We
use a typical value for the proton pumpJpump ­
1026 moleym2 s [22].

The cell geometry is well defined by an hyphoid
curve [24] y ­ x cotsxydd, where d ­ 5 mm (hyphal
diameter2pd), of lengthL ­ 1 mm, on which boundary
conditions (2) and (3) are applied. On the curved part o
the external contour (Fig. 1),C ­ 0 and cX ­ cX0 and
on the straight parts; in the rear of the cell the norma
gradients of both quantities are taken equal to 0.

The numerical values defining the external medium ar
taken from experiments [8], where a hyphal tip ofAchlya
bisexualisgrows at an almost constant elongation rat
in a mixture of aminoacids, in particular, methionine of
concentrationcX0 ­ 0.2 mM, at externalpH adjusted to
pH ­ 6.5, with a buffer of pKa ­ 6.8. We takeb0 ­
2 mM andcY0 ­ 10 mM [21]. Diffusion coefficients are
taken asDA2 ­ DX ­ 1025 cm2ys [25].

As shown in Fig. 1, the usual ionic currents pattern
appears in the medium, with current lines leaving trun
and entering the growing apex, as observed in experimen
[8,26]. Consequently, tip and tail potentials become
respectively, slightly negative and positive, as illustrate
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FIG. 1. Current pattern around the hyphal contour of diame
30 mm and length 1 mm.

by the current lines which flow from the external contou
to the tip or flow from the tail to the external contour o
zero potential.

In Fig. 2 is shown the variation of the component of th
current density transverse to the hyphal axis as a funct
of the curvilinear coordinate along the hypha (quantity
general reported in experimental papers), for a resistiv
of the extracellular mediumr ø 1000 V cm [8,26]. The
current enters the cell at a distance of 400mm, with a
sharp variation close to the tip owing to the cell geometr
and leaves from more distal regions with correct intens
[8,26]. The general aspect of the curve is, for instanc
very similar to Fig. 2A of Ref. [26].

Magnitude of tip depolarization is evaluated asDC ­
1023, or DV ­ 0.03 mV along the shape, for a cell of
1 mm long. As already noticed [7], this depolarizatio
is much smaller than the one measured with intracellu
electrodes, but an essential source of the cytoplasm
field [27].

FIG. 2. Radial current intensity as a function of the distanc
from the tip, along the shape.
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As we derived Eqs. (2) and (3), we evaluate the normal
component of the proton gradient at the membrane as

≠cH1

≠n
­ 2

z2
Y cY0

C0

JH1

Deff
. (6)

By comparison with Eq. (2), we deduceDpH ø
4scY0yb0dDC ø 0.02, tip more alkaline, consistent
with experimental observations [26] and validating our
assumption of almost uniformpH.

When the nutrient concentrationcX0 is reduced in our
model, the currents decrease linearly withcX0, simply
because the symport flux is assumed to vary linearly
with concentration. However, this decrease is smaller
in experiments [26], probably because the cotransport
kinetics is of the Michaelis-Menten type [28]. When
the pH is increased, our model predicts that the currents
almost vanish (as is observed inAchlya bisexualis[8]),
because the prefactorkscH1 d of the symport current
decreases with lower H1.

This model uses some aspects of Mitchell’s chemios-
motic theory to tip shaped cells in nonequilibrium condi-
tions. In order to absorb nutrients and morphogens, the
cell expels protons by pumps which reenter the cell via
symports. When such a mechanism occurs on a tip shaped
cell, a nutrient concentration gradient is produced and a
proton loop generated. Thus the electric current pattern
usually observed around growing tips reflects the gradi-
ents of different substances. As shown, for instance, in
the chemotropism experiment with methionine [29], the
cell growth is oriented by the gradient.

The structure of diffusing fields around tip growing
cells described here appears to be in close analogy with
the structures of solute field around growing crystalline
dendrites or metallic aggregates grown by electrodeposi-
tion. The main difference is that, in physical cases, field
is almost uniform on the shape, the growth velocity being
essentially sensible to the normal gradient. Here a tan-
gential gradient is generated along the membrane which
can be used by the cell to elongate differently at the tip
and at the base, sustaining the tubular shape.

The mechanism proposed here can be tested experimen
tally by modification of the cell environment able to af-
fect the diffusive layers, namely, imposed electric fields,
concentration gradients, and external flows. The model
could also be extended to other tip growing organisms, like
pollen tube, with K1 or Ca21 playing the role of the nu-
trient, or neuronal growth cone. In this last case, the mor-
phogens could be growth factors or neurotransmitters and
the mechanism studied here, as one already proposed [30
could take part in the depolarization of neurite tips [31].

[1] J. S. Langer, Science243, 1150–1156 (1989).
[2] D. Kessler, J. Koplik, and H. Levine, Adv. Phys.37, 255

(1988).
[3] P. Pelce,Dynamics of Curved Fronts(Academic Press,

San Diego, 1988).
4883



VOLUME 78, NUMBER 25 P H Y S I C A L R E V I E W L E T T E R S 23 JUNE 1997

,

e

s,

es

.
re
re

s.

,

.

a

i.

L.

n.

n

,

[4] I. B. Heath, Tip Growth in Plant and Fungal Cells
(Academic Press, San Diego, 1990).

[5] D. Kropf, M. D. A. Lupa, J. H. Caldwell, and F. M. Harold,
Science220, 1385–1387 (1983).

[6] N. A. R. Gow, J. Gen. Microbiology130, 3313–3318
(1984).

[7] R. Nuccitelli, Experientia44, 657–666 (1988).
[8] D. L. Kropf, J. H. Caldwell, N. A. R. Gow, and F. M.

Harold, J. Cell Biol.99, 486–496 (1984).
[9] Y. Takeuchi, J. Schmid, J. H. Caldwell, and F. M. Harold

J. Membr. Biol.101, 33–41 (1988).
[10] L. F. Jaffe, K. R. Robinson, and R. Nuccitelli, Ann. New

York Acad. Sci.283, 372–389 (1974).
[11] R. Larter and P. Ortoleva, J. Theor. Biol.96, 175–200

(1982).
[12] K. Toko, H. Chosa, and K. Yamafuji, J. Theor. Biol.114,

125–175 (1985).
[13] P. Pelce, Phys. Rev. Lett.71, 1107–1110 (1993).
[14] If back diffusion is neglected, a charged membran

protein is driven by electrophoresis with the velocity
y ­ zDseykT dE, where z is the charge number,D the
coefficient of diffusion which cannot exceed1029 cm2ys,
E ø 200 mVycm, a usual order of magnitude for the
electric field in the cytoplasm, andy0 ø 10 mmymin, the
hyphal growth rate. Thus, negatively charged proteins ca
reach the tip only ify exceedsy0, i.e., if their charge
number is larger than the very high valuez ­ 1000.

[15] P. Mitchell, Biol. Rev. Camb. Philos. Soc.41, 445–502
(1966).

[16] F. M. Harold, The Vital Force: A Study of Bioenergetics
(W. H. Freeman and Company, New York, 1986).

[17] B. Denet, Phys. Rev. E53, 986–992 (1996).
[18] V. G. Levich, Physicochemical Hydrodynamics(Prentice-

Hall, Englewood Cliffs, NJ, 1962).
4884
n

[19] According to the classical relation of electro-osmosi
ye ø 2´rizy4ph with r ø 1000 V cm the resistivity
of the medium,i ø 1 mAycm2 the current density,z ø
2100 mV the membrane potential,h ø 1023 kgym s the
water viscosity, and́ the water dielectric permittivity.

[20] M. Leonetti and P. Pelce, C.R. Acad. Sci. Paris, Scienc
de la vie317, 801–805 (1994).

[21] For simplicity, only one counterion was considered
Equation (2) takes the same form when many ions a
taken into account provided that their membrane fluxes a
still negligible compared to the proton current variation
In this caseC0 ­ cH10 1 cA20 1 Sz2

i ci0, and justifies
the high counterion concentration taken here.

[22] D. Sanders,Fungi, in Solute Transport in Plant Cells and
Tissues,edited by D. A. Baker and J. L. Hall (Longmans
Green, NY, 1988), pp. 106–165.

[23] D. Sanders, C. L. Slayman, and M. L. Pall, Biochim
Biophys. Acta735, 67–76 (1983).

[24] S. Bartnicki-Garcia, F. Hergert, and G. Gierz, Protoplasm
151, 46–57 (1989).

[25] B. Hille, Ionic Channels of Excitable Membranes(Sinauer
Associates, Sunderland, MA, 1992), 2nd ed.

[26] W. J. A. Schreurs and F. M. Harold, Proc. Natl. Acad. Sc
USA 85, 1534–1538 (1988).

[27] D. L. Kropf, J. Cell Biol.102, 1209–1216 (1986).
[28] D. Sanders, U. P. Hansen, D. Gradmann, and C.

Slayman, J. Membr. Biol.77, 123–152 (1984).
[29] W. J. A. Schreurs, R. L. Harold, and F. M. Harold, J. Ge

Microbiol. 135, 2519–2528 (1989).
[30] H. G. E. Hentschel and A. Fine, Proc. R. Soc. Londo

Sect. B263, 1–8 (1996).
[31] R. Bedlack, M. Wei, S. Fox, E. Gross, and L. Loew

Neuron13, 1187–1193 (1994).


