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Abstract: The ion mechanism for membrane potential of higher plant was discussed in
this paper. A modified Hodgkin and Huxley model was developed for
description of the electrical signals in plant. Three individual components of
ionic current were formulated in terms of Hodgkin and Huxley model. It
include potassium current Iy, calcium current Ic,, and anion current I¢. It
model will provide a useful tool to simulate the electrical activity in cell of
higher plants, which respond to environmental changes.
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1. INTRODUCTION

Since 1873 when Burdon-Sanderson discovered bioelectrical activity
following stimulation in plant (Burdon-Sanderson, 1873), most
investigations were carried out to prove the existence of electrical signals in
plant as in animal (Davies,1987). In fact, environmental stimuli such as
spontaneous changes in temperature, light or wounding can induce electrical
signals at plant cells. With regard to action potential (AP), the plasma
membrane is depolarized by temperature or electrical stimulation as
observed in higher plants (Fromm and Spanswick, 1993; Fromm and Bauer,
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1994); if the stimulus is up to a certain threshold to depolarize the
membrane, an AP is generated. APs are rapidly propagated electrical
messages that are well known. APs travel at constant velocity and maintain
constant amplitude in animals. They usually present all-or-nothing feature
after a stimulus reaches a certain threshold lead resulting in membrane
depolarization, but increases in stimulus strength do not change its amplitude
and shape. It is well known that the ionic mechanism of APs in animal axons
depends on Na* channel, K* channel and Ca® channel; the quantitative
model of APs was described by Hodgkin-Huxley equation (Hodgkin and
Huxley, 1952). Variation Potential of plant is evoked by damaging
stimulations (wounding by cutting or burning) and is characterized by
decrease in magnitude and as it spreads away from the site of stimulus. The
mechanism and pathways of AP or VP transmission in plants have been
investigated by several researchers (Davies, 1987; Julien et al., 1991;
Stankovic and Davies, 1996; Stankovic et al., 1998; Dziubinska et al., 2003;
Dziubinska et al., 2001; Volkov et al., 2005). When electrical signals
(fluctuations) are only locally generated and not transferred to the other parts
of a plant, they are defined as Local Electrical Potential (LEP)(Lou, 1996).
LEP is a subthreshold response induced by natural variations in
environmental factors, such as soil water, fertilizer, illumination, air
temperature, and humidity (Leng, 1998;Hu,2003). Although the LEP cannot
be transferred, it significantly influences the physiological state of a plant
(Ren et al., 1993).

Unlike animals, there are significant differences of bioelectrical activity
between the species or individuals in higher plant after the same stimuli, the
sensitivity and threshold of the same species varied dynamically with
different growth condition. The ion mechanism which channels involve
excitation of plant cells was investigated in several higher plants. In
summary, ion base of depolarization or repolarization was studied by using
traditional electrophysiological methods (intracellular, extracellular
recording and ion channel inhibitors) and modern electrophysiological
methods (patch clamp technique). Some results support the view that Ca**,
CI' and K" ions channel and proton pump via cytoplasmic pH and/or Ca
changes in cytosol involve the electrical activity of higher plants cells
(Trebacz et al., 1997).

In the late 1980s, several models of the electrical activity of single ion
channel of plant cells were formulated (Schroeder, 1989; Van Duijn, 1993).
Until now, few Studies on the quantitative description of electrical activity
of whole cell in plant were reported, especially for simulating the electrical
signals in plant induced by environmental variations. In the present study,
we will establish an theory model to calculate the rest potential and change
of membrane potential of plant cell evoked by environmental factors based
on modifying Hodgkin and Huxley model (H-H model). H-H model was
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based on experimental data that were available at that time from voltage-
clamp studies, which those data were subject to limitations in available
voltage-clamp techniques and their application to animal. With the
development of patch clamp technique (single-cell and single-channel
recording techniques) in the 1980s, the limitations of voltage-clamp
measurements were overcome and the intracellular and extracellular ionic
environments of plant cells could be controlled. The data from patch clamp
recordings not only provide the basis for a quantitative description of
channel kinetics but also can indicate membrane ionic currents of a cell. The
aim of us is to use published experimental data to provide formulation of a
modified H-H model to describe electrical signals in plant induced by
stimuli. In this paper, the Ca*, CI' and K" ions current were included in the
equation ( Na* ion current is a significant phase in H-H model of animal, but
not involve APs of plant cells) and change of H' was also taken into
account(Trebacz et al., 1997; Maathuis et al., 1997; Krole and Trebacz, 2000)
. This paper focuses on the process for establishment of the equation.

2. TRANSMEMBRANE POTENTIAL -A MODEL OF
REST POTENTIAL

In order to calculate the transmembrane potential, a model of steady state
was shown in Fig.1. According to published data of transmembrane potential
from the experiment, the measured membrane potential are often more
negative than those obtained form the Goldman-Hodgkin-Kazt equation
written as formula (1) to give the diffusion potential (Taiz and Zeiger, 1998).
Cells in stem and roots of young seedlings generally have membrane
potentials of —130mV to -110 mV, whereas the calculated diffusion potential
are always only -80 mV to -50 mV. Thus, in addition to diffusion potential,
the membrane potential has other component. The evidence of many
researches indicates that the excess voltage is provided by the plasma H*
pump in steady state. Furthermore, the transmembrane potential should be
given as (2).

Ay RT| Py Cx +Pcy Ceg” *Par Co”
Pl P Cx +PciCey *PerCorl (1)

A V being diffusion potential ,R, T and F having their usual meaning; Pk"

PCa® , PCI represent the membrane permeabilities for K*, Ca®*, CI,
respectively.
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Hi and Ho being inside and outside H* concentration.

Almost
closed

Fig.1: A model of steady state

3. A MODIFIED H-H MODEL OF HIGHER PLANT
CELL

Based on previous studies, a scheme illustrating the ion mechanism for
membrane potential was shown in Fig.2. A formula of transient
depolarization induced by stimulation was given by (3). In the depolarization
phases of Aps, K, Ca*, CI' ion current take place, thus the H-H model
should be modified by using CI ion current instead of Na* ion current of
animal. K" efflux and the activity of H" pump cause the repolarization of the
membrane potential and complete return to the steady state. Here, we
suggest that the change of H' ion efflux is a constant during whole
procedure. In this model, the temperature induced membrane potential
changes in higher plant cells is related to Ca** channel according to the
physiological experimental results (Plieth, 1999). The general approach is
based on a numerical reconstruction of the ventricular action potential by
using Hodgkin-Huxley-type formalism. The rate of change of membrane
potential (V) is given by

. dv
Istim=Cm—+ le
dt 3)
where Cm is the membrane capacitance, Istim is a stimulus current, and 2.

Ij is the sum of ionic currents: IK, a potassium current; ICa, a calcium
current; ICl-, an anion current. The ionic currents are determined by ionic
gates, whose gating variables are obtained as a solution to a coupled system
of nonlinear ordinary differential equations. The ionic currents, in turn,
change V, which subsequently affects the ionic gates and currents. These
differential equations about the ionic gates are of the form as formula (4)

given by H-H model. y represents any gating variable, T y is its time
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constant, and y» is the steady-state value of y. a y andf y are voltage-
dependent rate constants given as (5) and fitted from the published
experimental data, Ej is the reversal potential of ion. Ion current can be
written as formula (6); Especially, the phase of temperature influence on
Ca®™ current described by (7), [Ca™]; represent concentration of Ca™ in
cytosol, T is temperature. The free parameters are: K;, K, constl to const6.
The integration algorithm used to solve the differential equations is based on
the Runge-Kutta methods.

Hy Qo= %
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Fig.2: A scheme illustrating the ion mechanism for membrane potential
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4. SUMMARY

A theory model has been developed by means of modifying Hodgkin -
Huxley equation. Three predominant ionic current, potassium current,
calcium current, and anion current involve in the equation to describe
bioelectrical activity of higher plants. Our model allows us to study the
influence of temperature parameter to reach threshold. Our results are in
accordance with experiments. Most result and analysis of simulation by
using the model will be reported in a forthcoming paper (Part-1I).
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