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Abstract. Electric spatial patterns of bands formed
along the cell wall of the characean internode were
studied using a multi-electrode measuring system. The
electric potential near the surface of the cell was mea-
sured by arranging about 25 electrodes along the cell
at approximately 1.6 mm intervals. Since the time
required for one scan over the cell length is only 15,
the temporal change in the spatial pattern of surface
electric potential can be readily observed. Oscillations
were sometimes found as the electric pattern started to
appear after the cell was illuminated. Fourier analysis
shows that a single spatial mode arises gradually and
then becomes stabilized in an oscillatory manner. A
simple electric circuit model comprising three vari-
ables, i.e., a membrane potential, an electric current
across the membrane and an electromotive force, can
simulate well the oscillatory rise of bands. These results
imply that the electric spatial pattern observed in
characean internodes is a self-organized structure
emerging far from equilibrium, known as a dissipative
structure. Biophysical mechanisms of band formation
are discussed.
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tial, self-organization, dissipative structure, Chara

Introduction

An internodal cell of Chara and Nitella develops a
banding pattern of surface electric potential along the
cell length. It is usually symmetric to the circumferential
direction but it is periodic to the longitudinal direction.
The periodic spatial pattern is also found for the pH
near the cell wall, membrane potential, membrane con-
ductance and often for calcium deposition at the cell
wall (Spear et al. 1969; Walker and Smith 1977; Ogata
1983; Ogata et al. 1983; Smith and Walker 1983;
Coster et al. 1985). The bands can be considered as a
kind of dissipative structure, which is a self-organized

structure appearing far from equilibrium (Nicolis and
Prigogine 1977). This is suggested by the following
experimental facts: i) The bands appear from the uni-
form state along the cell beyond some threshold of
light intensity (Ogata 1983), which may be related to
the occurrence of proton fluxes from chloroplasts
(Hansen 1985). ii) Employment of chemicals moves
the position of the band (Smith and Walker 1980) and,
furthermore, the band will fade under mechanical and
electric perturbations (Lucas and Nuccitelli 1980). iii)
Internodes shorter than 3mm and young cells rarely
show stable bands (Chilcott et al. 1983; Dorn and
Weisenseel 1984; Ogata et al. 1987). iv) Kinetics of the
formation of bands are strongly affected by the volume
of the surrounding water phase (Ogata et al. 1987).

Recent theoretical work (Toko et al. 1984, 1985,
1987 a) has reproduced most of these experimental ob-
servations. It has been shown that H* (or OH ™) circu-
lation appears spontaneously between acidic and
alkaline regions when light beyond the threshold level
is imposed on the cell. The appearance of high pH
values near alkaline regions originates in spatially
separated passive H" influx (or OH ™ efflux) associat-
ed with local activation of electrogenic H* pumps in
acidic regions.

An intimate relationship between the spatial pattern
and the oscillation is known for chemical systems
coupled with diffusion of reactants and products.
In Belousov-Zhabotinskii reactions, a concentration
oscillation of products (e.g., Ce* ) appears with retain-
ing spatial homogeneity when the medium is stirred,
but many concentration waves of circular type are
produced in succession and propagate in the medium
without stirring (Nicolis and Prigogine 1977; Smoes
1979). This fact may suggest that the spatial pattern as
well as the oscillation is realized through a similar
feedback origin. In characean systems, Hansen and
coworkers showed the existence of feedback-con-
trolled transport in pH regulation by studying a lin-
earized response of membrane potential to light and
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electric current (Hansen 1978, 1980, 1985; Martens et
al. 1979; Boels and Hansen 1982; Fisahn et al. 1986).
An oscillatory component with a period of several tens
of minutes was shown to be inherent although it could
barely be seen under constant illumination. However,
it sometimes emerged as a self-sustained electric oscil-
lation on changing to low light intensity.

In the present paper, the oscillatory behaviour of
the electric spatial pattern is investigated by the use
of a multi-electrode measuring apparatus recently
developed by us (Toko et al. 1986a). This apparatus is
constructed from a maximum of 64 electrodes, a hand-
made circuit for sampling data and a personal com-
puter for processing and arranging the data. The tem-
poral change in electric potential over the cell length
can be detected within an accuracy of several seconds
by lining up the electrodes along cell surface with an
interval of approximately 1.6mm. As a result, oscil-
lations were sometimes found when the pattern began
to be formed following relatively weak illumination. A
sharpening and narrowing phenomenon of the spatial
spectrum with growth of a single spatial mode, which
is familiar in non-equilibrium systems (Kabashima et
al. 1976; Lemarchand and Nicolis 1976), was observed
by means of Fourier analysis. To explain the oscil-
latory rise of the spatial pattern, a simple theoretical
model based on electric circuit networks is presented.
The observed dynamic behavior was simulated fairly
well by an approximate solution of this model. These
results may reveal that characean banding is a spatio-
temporal organization occurring under far-from-
equilibrium conditions, which is related to an ability
to generate both the spatial pattern and the oscillation.
The biophysical mechanisms of band formation are
discussed.

Material and methods

Chara corallina was cultivated in a soil-extract medium
in the laboratory. The materials were kindly provided
by Dr. Koreaki Ogata. An internodal cell used for
experiments was harvested and kept in artificial pond
water (APW) at least overnight. The APW contains
0.1 mM Na,S0O,, 0.1 mM CaCl,, 0.1 mM K,SO, and
0.05mM MgCl,, the pH of which was adjusted to 8.0
using NaOH. Dissolution of CO, to the solution was
not controlled, because the pH and electric patterns
are changed but can appear in the absence of HCO;
(Ogata et al. 1987).

The experimental setup of the multi-electrode mea-
suring apparatus is shown in Fig. 1. The details of the
apparatus are described elsewhere (Toko et al. 1986a;
Hayashi et al. 1987). The internode was laid horizontal-
1y on four filter papers in a chamber containing APW.
In order to measure an electric potential near the cell

surface, about 25 pipette electrodes, which enclosed an
Ag/AgCl wire in agar with 100 mM KCl, were lined up
along the surface of cell wall at a constant separation
of 1.6 mm. The tip diameter of the pipette electrode
was about 100 um and the distance between the cell
surface and the electrode tip was approximately
1 mm. An electric potential difference between a select-
ed point near the surface and the reference point (Ref
in Fig. 1) far from the cell was measured. This configu-
ration of one selected electrode and a reference elec-
trode is similar to the method previously used for mea-
suring the surface potential (Walker and Smith 1977),
whereas many electrodes are arranged along the inter-
node in the present experiment.

A measuring electric unit has 64 inputs, each of
which is connected to a high input impedance buffer.
Its output is selected by analog switches constructed
from CMOS switches. The selected signal is amplified,
and is converted to digital code by a dual-slope inte-
gration A-D converter (Intersil ICL 7109). The time
needed for measuring 64 points with this apparatus is
about 3s. Because of this small converting time, the
time-course of the pattern can be readily observed.
A personal computer (Fujitsu FM-11) was used to
control this measuring unit and to process the experi-
mental data.

Experiments were carried out at 28 +1°C in an
air-conditioned laboratory. A 60 W incandescent lamp
was positioned away from the chamber to illuminate
the internode. The light intensity was 13 W m 2. In the
case of weak illumination (approximately 4 Wm™?2),

64 channel
analog
switch

Pipette
electrodes

C —D Aqueous
Chara medium

\
Filter paper

Fig. 1. Experimental setup and multi-electrode measuring sys-
tem. Pipette electrodes are lined up along the surface of the cell.
The outputs are connected to the 64 channel analog switch, and
are selected to be processed by the use of a personal computer.
A gain programmable amplifier is denoted by GPA. For the
internode with, e.g. 32mm length, 20 electrodes are arranged
along at about 1 mm from the surface



the lamp was placed at almost the same height as the
chamber so that the light passed through the layer of
water surrounding the internode.

The measured potential value is generally accom-
panied by an offset voltage caused by an input buffer,
an amplifier and a pipette electrode. The offset values
for individual electrodes were different. Hence zero
level adjustment was executed in data processing:
These offset values correspond to those measured in
the absence of an internode in the experimental cham-
ber. They were eliminated by subtracting them from
the potential values measured near the cell surface.
The offset voltages were measured after each series of
experiments. The resultant potential of 20 electrodes
placed in the aqueous medium as a test case showed a
zero level with good stability (Toko et al. 1987 b). The
extrapolation procedure was used for all data on
spatial patterns.

A maximum entropy method (MEM) was adopted
for spatial spectrum analyses. The data for potential
difference along the cell usually showed a gradient
from one end of the cell to the other (Ogata et al. 1987).
The MEM spectrum was, therefore, computed after
the linear trend was eliminated by means of a least-
squares fit.

To identify the positions of alkalinization near the
surface, the cell was dipped into a solution of 1 mM
phenol red and 2% methylcellulose adjusted to pH 7.5.

Results

An example of the electric pattern appearing under
illumination is given in Fig.2, the bars indicate the
positions of alkalinization. It can be seen that the
surface electric potential in these alkaline regions is
depolarized compared with neighbouring regions. The
electric potential profile and the pH pattern of the
internode have a good correlation, as reported pre-
viously (Walker and Smith 1977). The electric pattern
was usually stable under illumination but it sometimes
tended to fluctuate with a period of approximately
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Fig. 2. Example of the spatial pattern of electric potential near
the surface of the internodal cell. The bars indicate the positions
of alkalinization. The lower-level potential regions correspond
to the alkaline regions. The cell length is 32mm. The light
intensity was 13 Wm™?
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12 min under relatively weak light intensity (Hayashi
et al. 1987).

The spatial period in Fig. 2 amounts to 3 ~ 8 mm.
This is comparable to previous reports concerning
calcium deposition, surface pH, surface potential, and
membrane potential (Spear et al. 1969; Walker and
Smith 1977; Ogata 1983; Coster et al. 1985; Ogata et
al. 1983, 1987). In some cases, however, banding with
high spatial frequencies can be seen (Ogata 1983;
Coster et al. 1985). This may be due to the high resolu-
tion of the water-film electrode, which is continuously
moved along the cell. In contrast, the present method
relies on a discrete arrangement of electrodes and thus
acts as a spatial low-pass filter and suppresses the high
frequency pattern.

Two examples of spatial patterns under constant
illumination are given in Fig.3 as a function of time.
The electric pattern is almost stable but slight changes
can be observed at some positions and times. In
Fig. 3 a, the electric potential around 5mm decreases
drastically at 33 min; in Fig. 3b a distinct change over
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Fig.3a and b. Two examples of electric spatial patterns as a
function of time under constant illumination. The cell lengths
are 45mm (a) and 46 mm (b). The interval of each scan along the
cell is one minute. While the patterns are generally stable, small
fluctuations can be seen. The light intensity was 13 Wm™?2
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Fig. 4. Formation of the electric spatial pattern accompanying
the oscillation after the illumination. The cell length is 36 mm
under light intensity of approximately 4 Wm ™2 Two alkaline
regions are formed, first around 28 mm and later around 5mm

almost the whole cell length can be seen, for example
at about 20 min. A careful inspection of these patterns
leads to the conclusion that the pattern of surface
electric potential is dynamic, being accompanied by
small temporal fluctuations of a few hundred pV dur-
ing a relatively long span of measurement.
Oscillations can sometimes be seen on forming the
electric pattern from the homogeneous state along the
cell after the start of weak illumination. The exact
experimental conditions that lead to the appearance of
oscillations have not been found in the present study.
Even under constant illumination, a number of inter-
nodal cells showed spontaneous oscillations. Figure 4
shows the oscillations associated with the appearance
of the pattern. The overall increase of surface electric
potential occurs approximately 20 min after the onset
of illumination. This is generally the case in studies of
membrane potential (Ogata et al. 1987), where com-
plete hyperpolarization occurs. In the normal case of
strong illumination, a decrease in potential follows in
some localized regions and they develop into the lower
surface electric regions, ie. the alkaline regions
(Hayashi et al. 1987). In Fig.4 a stable low surface
electric region begins to form around 28mm at
approximately 30min. Other regions also exhibit a
decrease in electric potential, but they subsequently
show an increase. This process is repeated with a peri-
od of approximately 30 min. While a low potential
region is also formed around 5 mm, this region shows
an oscillation similar to that shown by regions with
high electric potential. In this way, the spatial pattern
associated with the oscillation appears along the cell.
Figure 5a shows the rise of the spatial spectrum
when the pattern emerges after illumination, the data
are from Fig.4. From this spatial spectrum it can be
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Fig. 5. Spatial power spectrum of rise of spatial pattern with
illumination. The data are from Fig. 4. a The overall change in
spatial spectrum is shown. The peak around 0.35 cycle/cm oscil-
lates periodically, showing the oscillatory formation of electric
pattern along the cell. The modes with higher wave numbers
decay later. b Growth of spatial mode around 0.35 cycle/cm
(denoted by an asterisk in a) is illustrated. The number attached
to each curve represents the time (min) from the onset of illumi-
nation. The spectrum at 24 min is lower than that at 23 min; this
may suggest fluctuation-like behaviour. The spectrum at 27 min
is much higher than that at 21 min, implying the formation of a
spatial pattern

seen that the spatial mode at 2 cycle/cm (correspond-
ing to a spatial period of 5mm) appears first after
illumination. Subsequently the mode at 0.35 cycle/cm
becomes dominant. This mode shows an oscillatory
increase, in agreement with Fig. 4. This original mode
at 2 cycle/cm eventually decays, leaving only the mode
at 0.35cycle/cm.

Furthermore, the narrowing and sharpening of the
spatial spectrum with the 0.35 cycle/cm mode can be
seen in Fig. 5b, which is a magnification of the part
shown by an asterisk in Fig. Sa. This kind of sharpen-
ing phenomenon is characteristic of the appearance of
a self-organized state under far-from-equilibrium con-
ditions (Lemarchand and Nicolis 1976; Walgraef et al.
1980). A reduction of the band width of the temporal



power spectrum was reported for self-sustained oscil-
lations appearing spontaneously in a Gun diode and
squid giant axons, which are not directly related to
spatial pattern formation (Kabashima et al. 1976;
Matsumoto 1981). The sharpening of the spatial spec-
trum implies that the spatial coherency is increased
along the entire cell length. Existence of coherency can
also be demonstrated by a phase-locked giant oscil-
lation along the cell (Hayashi et al. 1987). Thus we can
regard electric-pattern formation in the Characeae as
a typical cooperative phenomenon. Similar coherency
can be observed in multicellular systems (Toko et al.
19871b). These phenomena are suggestive of a coherent
excitation which has been theoretically predicted
(Frohlich 1983; Webb and Thornton 1985).

Theory
An electric circuit model

In the present section, a mathematical model is pre-
sented for simulating the experimental data on the
oscillatory rise of the spatial pattern shown in Fig. 4.
For this purpose it may be useful to take account of a
mathematical model for nerve excitation, namely the
FitzHugh-Nagumo model (Nagumo et al. 1962; Fitz-
Hugh 1969). Since this model is much simplified, many
properties such as self-oscillations and wave propaga-
tion can be simulated and also analyzed by the use of
a perturbative method (Yamafuji et al. 1981; Toko et al.
1981).

One can illustrate an electric circuit (Fig. 6) of the
system composed of the plasmalemma and the intra-
and extracellular aqueous media in a similar way
to the FitzHugh-Nagumo model. In this model, the
electric property of plasmalemma coupled with bio-
physical steps within the cell is represented by four
kinds of electric elements: an electric capacitance C, a

IN

Fig. 6. Electric circuit model of the system composed of the
membrane, the intracellular and the extracellular media. The
z axis is along the longitudinal direction of the cell. The extra-
cellular electric resistance is designated by R, . The electric ele-
ments C, L, R and E are the electric properties of the membrane.
These elements are not directly related to the electrophysiolo-
gical components of the plasmalemma but include biophysical
steps between the electric current across the plasmalemma and
activation of reactions in chloroplasts by light. This electric
circuit leads to Eq.(1) and (2)
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resistance R, an inductance L and an electromotive
force (emf) E. It is possible to interpret E as the electro-
motive part of electrogenic H* pump. The electric
resistance of the extracellular medium is denoted by
R,, which is defined in the region of width Az with z
denoting the longitudinal direction along the cell.
Since the electric conductivity in the protoplasma is
much higher than that in the extracellular medium, the
intracellular resistance is set to zero, as has been done
elsewhere (Nagumo et al. 1962; FitzHugh 1969). Let
V denote the surface electric potential measured from
the inside of the cell and I the electric current across
the membrane. The equations for ¥ and I are obtained
from Fig. 6:

CoViot—D*V]dz* =1, (1)
Lol/ot=—V —~RI+E, 2)
with ¢ the time and D defined by

D =(4z)*/R,. 3)

The efflux across the membrane at z equals
—~ D%V /0z% in the stationary state, and the longi-
tudinal flow along the cell is given by — (D/4z) 0V /0z.
Equation (1) is the continuity equation holding at the
point zin Fig. 6, and Eq. (2)is the balance equation for
the potential difference between the intra- and extra-
cellular media across the membrane.

We assume that the electromotive force E is acti-
vated through an internal factor e by the following
linear relation (see Toko et al. 1985):

E=ae, )

where a is the numerical coefficient. It seems natural
to adopt the simplest equation of reaction-diffusion
type for e:

t0e/0t — D, 0%/0z> = — K, V+ K, e, )

where 7 denotes the characteristic relaxation time ex-
pressing a damping process, K, and K, are the rele-
vant reaction coefficients. The diffusion constant of e is
designated by D,. Equation (5) implies that e is acti-
vated through itself, i.e. in a positive-feedback fashion,
but is deactivated through the increase in ¥, which is
a suppression effect. The positive feedback origin of
the H™ pump was introduced in our previous work
(Toko et al. 1985, 19874a), and is detailed in Figs. 8
and 9. The factor e may be regarded as the internal pH,
being the input signal of the pump (Hansen 1980, 1985;
Fisahn et al. 1986; Ogata ct al. 1987). Substituting
Eq.(4) into Eq.(5), we get

OE/0t —dO*Ef0z> = —k, V + k, E, ©)
where d, k; and k, are
d=Di/t, ky=Kjajr, ky=K,/t. ()
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The set of Egs.(1), (2) and (6) relates the three vari-
ables: surface potential V, electric current I and emf E.

Equations (1) and (2) may be combined to give:
@ R I _13E_D OV
o L ot

LC L & LC 8z ®)
This equation is similar to that proposed by Hansen
(1980, 1985) for explaining the feedback control of
the electrogenic pump, except for the addition of the
second term on the RHS. Fach coefficient is related to
a biophysical process. The electric elements L, R and
C should be interpreted as quantities which describe
the biophysical mechanism for feedback control of the
pump, although their biophysical meaning is not
so clear as that of Hansen (1980, 1985). The spatial
derivative of V included in Eq.(8) comes from the
longitudinal flow of H* (or OH 7) along the internodal
cell between the alkaline and acid regions. This term
clearly causes the spatial pattern, the time derivative in
Eq.(8) generates the oscillation. The present equation
can therefore be considered as a modified one which
considers the spatial pattern together with the oscil-
lation investigated previously (Hansen 1980, 1985).

Comparison with observed data
Equations (1), (2) and (6) can be solved by putting
Vool oc E ccexp(At+ikz), 9

with i? = —1, A being a relaxation factor determined
below, and k being the spatial mode. From the solv-
ability condition that the determinant of the coefficient
matrix equals zero, the eigenvalue A is given by the
equation:

CLA* — [CL(k, — dk?) — CR — DLk?]
+[1 + DRK? — (CR + LDk?)(k, — dk?)]
4k —k,—(DRk, —d)k* +DdRk*=0. (10)

As shown in the Appendix, the approximate solution
of this equation can be easily obtained:

A=—q/3p, inl3=(q/6p)xi/3p, (11)
with

p=[1 + DRK? —(CR + LDk?)(k, — dk*)]/3CL —r?/9,
q=[k; —k, —(DRk,—d)k?> + DARk*]/CL —(p +r*/9r,
r=R/L —k,+(D/C +d)k>. (12)

Equation (11) implies that the solution is non-periodic
for p <0 but is periodic for p > 0. Since we are now
interested in the periodic rise of the spatial pattern, the
following discussion is limited to the case of p > 0.

If we focus attention on the most drastic change in
pattern, the most important property in Fig.4 is the
coexistence of the nearly homogeneous increase over

the cell length and the spatial differentiation with a
period of approximately 30 mm. It may be, therefore,
sufficient to describe analytically these two developing
modes. Although the mode with high spatial fre-
quencies observed in some experiments (Ogata 1983;
Coster et al. 1985) can be expressed by superposition
of each mode, only the two main modes of homoge-
neous and 30-mm-period components are described
here. Within the framework of this approximation, the
electric potential satisfying V' = 0 at t = 0 for the initial
condition can be expressed by

V= V,[cos 8 exp(d, ) —exp(A't) cos(A"t + 6)]
‘[ +acostkz+ p)], (13)

where ¥, is the measure of amplitude of potential, A’
(=¢/6p) and 1" (= \/3_p) denoting the real and the
imaginary parts of A,, respectively. The numerical
parameters determining the weight of each term are 6,
o and B.

The explicit values of p, ¢, k, 8, « and p are deter-
mined so that the spatial period, the temporal period
and the time for rise observed in Fig.4 can be ex-
pressed well. The surface electric potential in Fig. 4 is
measured from the extracellular origin far from the cell
(see Fig.1); hence the potential decay is remarkable.
To compare the theoretical result with the experimen-
tal data, therefore, V' in Eq. (13) must be multiplied by
the damping factor y. Its value is determined in the
form of vV, so as to express well the observed data.
Figure 7 demonstrates the calculated result of yV using
Eq.(13). It can be seen that the spatial pattern is
formed with oscillation, as found in the experiments.
The fact that the spatial pattern and the oscillation can
be reproduced at the same time by the single mathe-
matical model implies that both phenomena originate
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Fig.7. Theoretical result of the electric pattern accompanying
the oscillation. The numerical parameters are p=1.23 x1072
(1/min?), g = —1.05x 1073 (1/min3), k =2.61 (1/cm), 6 = /4,
a=1, f=5n/8 and yV,=1.1 (nV). This result is compatible
with the experimental observation in Fig.4



in the same, or at least a similar, biochemical mecha-
nism, although they have been observed separately in
most cases of characean cells (Hansen 1978; Ogata
1983; Ogata and Kishimoto 1976). In other words,
both the phenomena should be understood together
as a spatio-temporal organization appearing far from
equilibrium.

Discussion

Mechanism of electric spatial pattern formation
in Chara

The increase of surface potential (Fig. 4) and the hyper-
polarization (Ogata et al. 1987) occur along the entire
cell length at the initial step of light illumination. The
decrease in potential or the depolarization follows this
event in a localized fashion; it leads to the electric
differentiation. It is supposed that the light induces
the H* efflux through the H*-electrogenic process
homogeneous over the cell. The resultant rise of sur-
face potential or hyperpolarization with H* accumu-
lation at the outer surface causes the subsequent H™
influx (or OH™ efflux) according to the electroche-
mical gradient. If the influx can be balanced with the
efflux at each point of the membrane, the homoge-
neous state along the cell is maintained.

A new state, however, can emerge when the light
intensity is higher than some threshold (Toko et al.
1985, 1987 a). This is partly due to a positive feedback
mechanism where the membrane permeability to H*
{or OH ") increases at high pH (Bisson and Walker
1980; Bisson 1986). Furthermore, a positive feedback
mechanism inherent to pump action assumed in the
model (Toko et al. 1985), which is expressed by the
second term k, E on the RHS of Eq. (6), may also serve
the banding (see Fig.8). If the H™ pump is activated
through a signal from the chloroplasts (Hansen 1980,
1985), the equilibrium between HCO; and CO, at
position of H* efflux moves toward CO, production.
Hence CO, diffuses into the cell (Walker et al. 1980;
Lucas 1982), to be used in photosynthesis. As a result,
the reaction steps in the chloroplasts are activated and
this leads to further activated pump action. This pro-
cess can be regarded as positive feedback, i.c., auto-
catalysis in terms of non-equilibrium thermodyna-
mics. Addition of CO, made the pattern clearer (Lucas
and Dainty 1977) but recent experiments have shown
that the absence of CO, scarcely affects the pattern
(Ogata et al. 1987). Thus the possibility of such a posi-
tive feedback must be examined further.

These positive feedback mechanisms are necessary
conditions. The stable formation of bands requires a
repressive factor too, such as competition between the
spread of alkalinization due to passive flux and th
spread of acidification due to active flux. This leads t
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HIGH SPATIAL COHERENCY
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Fig.8. Schematic illustration of spatial pattern formation in
Chara. The symbols + and — imply the positive and negative
feedbacks, respectively. The thick solid lines denote the electric
current flowing between the acid and alkal regions. The calcu-
lated results (arbitrary units) are illustrated for the electromotive
force E roughly expressing that of the electrogenic pump, the
membrane potential V measured from the inside and the electric
current I across the membrane. The H pump is activated in a
positive feedback way through CO, influx. The OH ™~ channel is
also activated (Bisson and Walker 1980; Bisson 1986). It is prob-
able that the signal from chloroplasts to the H* pump 1s the
proton (Hansen 1980, 1985)

stabilization of the alternating band formation along
the cell. The balance between neighbouring regions
reflects a dynamic ordered state associated with ion
flux, which can be observed as the electric current
flowing between the acidic and alkaline regions. This
1s a kind of dissipative structure maintained through
the electric current, which is proportional to the
gradient of V in the present model. The electric cur-
rent including diffusion is expressed by —D8%V/dz2
in Eq.(1) and internal diffusion is described by
—d 8%E/0z? in Eq.(6). In Fig. 8, the profiles of E, V and
I are also illustrated. The thick solid lines with arrows
represent the electric current. The high coherency over
a few centimetres results from diffusion-coupled mem-
brane transport systems.

The possible biophysical steps are shown in Fig. 9.
When the light is switched on, photosynthesis occurs.
It dumps H™ (or OH™) as a signal to the cytoplasm
(Hansen 1980, 1985); the H* pumps are activated. The
relation between photosynthesis and pump action is
<= positive feedback through CO, influx, as above.

process occurs uniformly over the entire cell
1. Thus, uniform hyperpolarization and an in-
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Fig. 9. Biophysical steps of spatial pattern formation in Chara.
The experimental observation (Ogata 1983; Ogata et al. 1987) is
shown by the square. The loops formed from two arrows show
the positive feedback loops. The arrows T and | indicate increase
(or activation) and decrease (or deactivation), respectively.
Hyperpolarization is abbreviated by hyper and depolarization
by depo. The intra- and extracellular OH~ concentrations are
denoted by OH_, . G, is the membrane conductance. It is impor-
tant that microscopic fluctuations are amplified to the macro-
scopic level

crease in conductance are observed experimentally
(Ogata 1983; Ogata et al. 1987). There always exist
small fluctuations of the internal and external OH~
concentrations. If the OH ™~ concentration happens to
increase at some position, the H* pump at this region
may be weakened. It was reported that the pump cur-
rent was decreased for internal alkalinization (Take-
shige et al. 1986). It can be observed as a localized
depolarization without conductance change (Ogata et
al. 1987) or as a slight decrease in conductance (Ogata,
personal communication). Outside the membrane,
OH"™ is accumulated more than in the neighbouring
active pump regions. Inside the cell, depolarization
causes an increase in OH™ concentration because of
the electrochemical force, this leads to OH ™ efflux.
Thus the above behaviour of OH ™ in the extra- and
intracellular media bring about the depolarization and
the conductance increase. This process is the positive
feedback, as suggested (Bisson and Walker 1980;
Bisson 1986). Stable alkaline regions are therefore
formed.

In contrast, the regions where the OH™ concen-
tration is kept almost constant show a quite different
process. In these regions, the H* pumps are activat-
ed more. The hyperpolarization continues to grow
(Ogata 1983; Ogata et al. 1987), to produce the stable
acid regions.

In this way, initial fluctuations can increase to
macroscopic levels. If calcium deposits exist, these

regions can play a role as nucleation sites since OH~
may be already present. As can be seen {rom this expla-
nation, the activation of the H* pumps is a leading
factor (Hayashi et al. 1987). The positive feedback
through OH™ in the alkaline regions can be con-
sidered as a stabilizing factor. This suggestion is sup-
ported by the fact that the differentiation of membrane
potential occurs at an earlier stage than the change in
conductance. The conductance in the alkaline regions
becomes higher than in the acid regions after depolar-
ization and hyperpolarization have settled down in
these regions (Ogata et al. 1987; Ogata, personal com-
munication). The resulting spatial pattern is highly co-
operative temporally and spatially, as demonstrated
by the coherent oscillation in Fig.4 and the steady-
state oscillation (Hayashi et al. 1987).

Let us here comment on the significance of the
dissipative structure in characean banding. Firstly, it is
clear that the structure of electrochemical inhomoge-
neity cannot be produced in the equilibrium state but
is formed only under non-equilibrium conditions. As
explained in Fig. 9, microscopic fluctuations increase
to macroscopic levels; this can be observed experimen-
tally as the acid/alkali banding. Although the bands
appear to be static, they are really dynamic so as to
generate self-oscillations. Secondly, the present theory
suggests the existence of positive feedback in the
electrogenic pumping process. While the feedback
observed in OH ™ efflux (Bisson 1986) is also necessary
for the stabilization of bands, the major factor is the
H*-pump action. Thirdly, the balance between the
acid and the alkaline bands can be explained by a
competition between these regions through the elec-
trochemical diffusion of H* (and OH ™), as illustrated
in Fig. 8. These results can be obtained by consider-
ations of the dynamic behaviour of the bands, ie.,
dissipative structures.

An electric circuit model used in the present paper
can simulate well the oscillatory rise of electric pattern.
This model at present does not take account of the
detailed electrophysiological structure of Chara. Never-
theless, it is noticeable that the simple theoretical
model can describe the oscillatory spatial pattern. This
is because the model is composed of three variables, V,
I and E, which are described by the first derivative
0/0t in Eqs. (1), (2) and (6). As is well known, equations
of two variables can only produce either the oscillation
or the pattern near the thermodynamic equilibrium
of weak non-linearity (Nicolis and Prigogine 1977).
Therefore we can guess that the characean banding is
a phenomenon related to the least three variables.

Self-organized state accompanying pattern formation
and oscillation

Oscillations observed here may be considered as the
appearance of the oscillatory component obtained



from the linearized response, i.e. the characteristic time
T,, T3 =3 +i-10min denoted by Hansen (1978). As
can be seen from Eq. (8), the main contribution to the
oscillation comes from the equation composed of two
terms, 0%1/3t* + I/LC = 0. This indicates the existence
of a similar feedback to that previously suggested
(Hansen 1980, 1985): The RHS of Eq. (8) describes the
change in pH (because E is proportional to ¢) and the
electric current due to the spatial potential difference.
Thus Eq.(8) means a coupling between the funda-
mental oscillation of I, the internal pH and the inhomo-
gencous flux. It resembles a feedback loop suggesting
previously (Hansen 1980, 1985) except for the in-
homogeneous flux due to the formation of the spatial
pattern.

The experimental observation in Fig. 4 shows that
this oscillatory component appears along the entire
cell length. It shows the existence of spatial coherency
of the oscillation, which reaches over a few centimetres.
In fact, the analysis using a cross-correlation function
of steady self-oscillation revealed that the spatial co-
herency was very high in the acid region (Hayashi et al.
1987). These results may suggest that the pumping of
H™ is made cooperatively along the cell. This is appar-
ent if we notice that H* pumping is an energy consum-
ing process or a dissipative process maintained far
from equilibrium. This concept concerning spatial cor-
relation agrees with the result suggested in the usual
pattern formation in chemical reaction systems with
diffusion of ions (Lemarchand and Nicolis 1976). In
this sense, the phenomenon found here in Chara
resembles the propagation of the oscillatory wave
found in the Physarum plasmodium (Matsumoto et al.
1986), which is interpreted as a self-organization phe-
nomenon exhibiting the oscillation produced at each
point of the cell. In multicellular systems such as the
roots of beans, a similar oscillation with the formation
of electric structure can be observed (Toko et al. 1986 a,
1987D). In this case, too, oscillations frequently appear
when a new pattern is added to the elongating root tip.
Taking account of the fact that the oscillation can also
appear in artificial membrane systems (Kamo et al.
1973; Kobatake 1975; Toko et al. 1986b), vectorial
flow across the membrane seems to make the oscil-
lation appear more readily.

The mathematical tools used here and in our pre-
vious papers (Toko et al. 1985) are similar to those
adopted by Goodwin, who discussed pattern forma-
tion in Acetabularia in a mechanistic way (Goodwin
and Trainor 1985). This kind of approach can be
expected to be effective in elucidating the cooperation
between transport molecules and cellular events lead-
ing to pattern formation.

Figure 4 shows that the phase of the oscillation is
the same along the cell. It can, therefore, be considered
that this oscillation is not the same as those oscil-
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lations connected with protoplasmic streaming found
by Ogata and Kishimoto (1976); in the latter case the
phase at one end of the cell is different from that at the
other. These two kinds of oscillations are intimately
related to the spatial electric inhomogeneity, and
hence the phase at each point along the cell gives valu-
able information of spatio-temporal metabolic control
in biological systems. It was reported that small signal
oscillations and their phase correlation with conduc-
tance were light-dependent (Coster et al. 1985). The
observation by Coster et al. that the phase spectrum
shows phase correlations at lower temporal frequen-
cies may agree with the present result.
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Appendix
Approximate solution of eigenvalues

Equation (10} is formally rewritten using r of Eq.(12)
and p’ and ¢’, which correspond to the coefficients of
Eq.(10):

B4ri243pA+q =0, (A1)

By transforming A to (1 —r/3), we can eliminate the
term of the second power:

2 +3pi+q=0, (A.2)

where p and g are given by Eq.(12). The solution A is
given by the following formula:

Ai=u+v, Lh=uotvow*, A=uo*+vw, (A3)

where w and ®* (complex conjugate of w) are the cubic
roots of unity, with u and v given by

w=[—q+(q" +4p°)' )2,
o= (=g~ (@ +4p)2))2.

If we assume that ¢ is much smaller than p, then u and
v can be approximated by

u=/p(1—q/6p*?), v=p(+q/6p*?). (A.5)

The condition that g € p holds near the transition
point to bring about the appearance of the self-
organized state. Since the light intensity is not far from
the threshold level, it is adequate here.

Substitution of Eq.(A.5) into Eq.(A.3) leads to
Eq.(11), where the displacement of A, —r/3, is omitted
because of the triviality of the simple change in the dc
real component of 4. In Eq. (13) for the expression for
V, the difference between A in the k=0 and k%0
modes is neglected.

(A4)
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