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ABSTRACT

A “double-water-film electrode technique” has been
developed for the long-term characterization of the
electrical properties across the interface between the
nodal (N) and internodal (A or B) cells and the vacu-
ole along the length of an internode of Chara as a
function of time and temperature. The electrode
unit consisted of a pair of the water-film electrodes
described elsewhere (Chilcott 1988; Chilcott and
others 1983; Coster and others 1984; Lucas 1985;
and Ogata 1983). The distance between two water-
film probes was fixed at 1.0 cm. By scanning the
electrode unit, the spatial variations in electrical re-
sistance and capacitance along the longitudinal axis
of Chara were observed. Analysis was performed by
applying an electrical equivalent circuit for the
biomembrane (Philippson 1921). Across the inter-
node (−A or −B)/central nodal cells interface, the

specific parallel resistance (Rm) and the parallel ca-
pacitance (Cm) at 20°C were 30 ± 5 × 10−3 Vm2 and
1.5 ± 0.5 × 10−1Fm−2 (at 30 Hz), respectively. And
the series resistance, corresponding to the vacuole of
the internode was 8 × 10−3 Vm2. Study of tempera-
ture dependencies of Rm and Cm suggested that a
dynamic homeostatic regulation was operating at
the interface where numerous plasmodesmata were
observed with an electron microscope (Pickett-
Heaps 1967; Spanswick and Costerton 1967). As-
suming that the individual cylinder of plasmodesma
was filled only with cytoplasm, the number of plas-
modesma per interface was estimated at 2.6 × 105.
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INTRODUCTION

Single-cell organisms communicate with each other
through the air and/or aqueous environments.

Needless to say, these communications must be in-
terrupted by unfavorable signals so that neither ac-
curate nor rapid exchanges of information should be
expected. Individual cells in a multicellular organ-
ism overcome these difficulties by junctions be-
tween adjacent cells. In the plant system, for ex-
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ample, a plasmodesma plays an important role as a
gate for intercellular communication by passive dif-
fusion of not only water and small solutes, small
inorganic and organic substances, but also of many
kinds of macromolecules, polysaccharides and even
proteins. In fact, using a micromanometer devel-
oped to study growth rate in relation to turgor pres-
sure of a young internode of Nitella (order,
Charales), it has been shown that at least three ad-
jacent internodes were required to obtain a suffi-
cient growth rate in culture medium. The young
internode required a sufficient supply of nutrition
from neighboring internodes through the intercel-
lular junctions (Green 1968).

To study the electrical conductivity at the node of
Chara, many techniques have been used. Impaling
conventional glass micropipette electrodes into the
vacuole or the cytoplasm, specific resistances for the
transnodal and/or across the node/internode-
interface of Chara were found to be around 25 ×
10−3 Vm2 (Bostrom and others 1975; Côté and oth-
ers 1986; Ding and Tazawa 1989; Shibaoka 1981).
With an extracellular four terminal measurement,
values of spesitic parallel resistance (Rm) were up to
50 times smaller than those of plasmalemma and
values of spesitic parallel capacitance (Cm) of 2 ×
10−1Fm−2 (1–100 Hz) were observed across the
nodal complex of Chara (Chilcott and others 1993).
To estimate the effective size of plasmodesmata
openings, fluorescein-labeled macromolecules of
various sizes were injected into the cytoplasm of Ni-
tella. Molecules with a molecular weight as large as
20 kD were transported between internodes
(Kikuyama and others 1992). On the other hand, a
plasmodesma also operates as a sphincter (for ex-
ample, in the case of rapid changes in environmen-
tal conditions, the electrical conductivity tends to
decrease [Côté and others 1986; Ding and Tazawa
1989] and is thought to act as a defense). With elec-
tron microscopy, it was suggested that the diam-
eter and length of the plasmodesma cylinder are
6 × 10−8 and 2 × 10−6 m, respectively (Spanswick
and Costerton 1967). Furthermore, there was no
evidence of any membranous structure in the
inner space of Chara plasmodesmata (Franceshi and
Lucas 1982). Other information on the struc-
ture and functions of plasmodesma have been re-
viewed in detail elsewhere (Robards and Lucas
1990).

The double-water-film electrode technique intro-
duced here enabled us to observe the spatial varia-
tions of Rm, Cm, and series resistance (Rs) inside the
material as a function of time, with negligible me-
chanical disturbance. Showing the dynamic re-
sponse of these parameters to temperature change,

the physiologic function and the size of plasmodes-
mata of Chara are discussed.

MATERIALS AND METHODS

The setup used for the newly developed double-
water-film electrode is shown schematically in Fig-
ure 1a. The plant material, two internodes A and B
of Chara joined by a nodal-complex, is inserted
through a small hole in the tip of a silicone rubber
teat. The pair of internodes is thus suspended in a
water-saturated chamber, a nursing bottle, with
about 5 mm of one end of the material submerged in
artificial pond water (APW; contains 0.1 mM NaCl,
0.05 mM K2SO4, 1.0 mM CaCO3 and buffered pH at
8.0 with 5.0 mM HEPES/NaHCO3). The upper pool,
the silicone rubber teat, is filled with APW. Two Ag/
AgCl wire loops 1.0 cm each in diameter surround
the axis of the material. The pair of loops, the
double-water-film electrode-unit, can be moved up
and down along the length of the material by the

Figure 1. Schematic diagram of the double-water-film
electrode. (a) Whole apparatus; (b) water-film probes in
contact with the surface of Chara; µM, motor; Vp, output
of potential monitoring the position of the electrode unit
along the length of Chara; Vm, output of potential differ-
ence between Ev+and−; DA, differential amplifier; Vi, out-
put of potential monitoring the current given between
Ecs; FG, function generator; RT, silicone rubber teat; EV±,
electrodes for the potential measurement; NB, nursing
bottle; Ch, Chara; Ecs, electrodes for the current injection;
WF1,2, water-films; AF1,2, agar-films; ab1,2, agar-bridges;
ls, effective length of potential measurement, and N, nodal
complex joining two internodes.
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micromanipulator driven by an automatically con-
trolled DC motor. Accurate position of the unit is
monitored with a potentiometer (10 kV) that is di-
rectly connected to the micromanipulator with a
universal joint. Each loop is coated with 3% of agar
to stabilize not only the electrochemical potential of
Ag/AgCl wire in the agar-bridge, but also the water-
films that are formed by dipping both loops in APW
containing 0.02% each of Tween-80, a detergent,
and methylcellulose-4000 to prolong the life of the
water-film in the moist chamber. When the loops
are moved up and out of the solution, the water
films remain. Thus, the electricity makes contact be-
tween each loop of the electrode unit and at two
different places 1.0 cm apart along the surface of
material (Figure 1b). The electrical potential mea-
surements between the probes were made with a

differential amplifier with 1014V of input imped-
ance.

Injecting a symmetric-square or symmetric-
sinusoidal constant electrical current (DI, 30 Hz, 4 ×
10−7 amps, by means of a 40 M V -resistor) between
the regions of internode A partly submerged in the
upper pool and of internode B partly submerged in
the lower pool, and scanning of the unit along the
material enabled us to visualize the spatial variations
of Rm, Rs, and Cm along the length of the material
as functions of time. Rm is supposed to be the total
electrical resistive component across the node/
internode interface; Rs is supposed to be the total
resistance of the vacuole and the cytoplasm; and Cm
is supposed to be the total capacitative component
across the node/internode interface (Figure 2). As-
suming the electrical equivalent circuit shown in
Figure 2a and injecting a constant symmetric square
current, the specific values of each parameter Rm,
Rs, and Cm can be calculated by the following equa-
tions;

Rm = Vmmax/I × S (S is the effective area the
current crosses) (1)

Rs = Vsmax/I × S (2)

Cm = t/Rm (t is the time constant of DVm) (3)

Figure 2. (a) Typical traces of oscilloscope recordings of
potential change response to constant symmetric square
current and (b) current/voltage ellipse and the respective
electrical equivalent circuit. DI and Di, maximum current
injected between upper and lower-ends of material; Vm
and Dv, maximum changes in voltage derived from the
parallel resistance (Rm); Vs, potential change derived from
the series resistance (Rs); DV = Vm + Vs; t, time constant
equal to Rm × Cm. The phase difference between Di and
Dv can be calculated with M (= Di, the amplitude of the
injected sinusoidal current) and N by the equation:
sin−1(N/M).

Figure 3. Schematic diagram of the longitudinal section
around the node complex. Internodal cells A and B are
joined by a pair of central nodal cells, Nc. Arrows 1–5 in-
dicate the positions of the water-films probing the respec-
tive potentials along the surface of material. a, b, c, d, and
e indicate the potential differences between 1 & 2, 2 & 3, 2
& 4, 3 & 4, and 4 & 5, respectively. For example, “a” mea-
sures the potential difference between 1 and 2 (one of the
water-films, WF1, is at position 1 and another, WF2, is at
position 2). Bold lines are cell wall with the plasmalemma.
The cytoplasmic connections corresponding to plasmodes-
mata are the open interruptions along the bold lines at the
interfaces between two cells.
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If a symmetric sinusoidal current is injected be-
tween the upper and lower pools, Di/Dv ellipse can
be observed on the oscilloscope. This ellipse enables
us to estimate not only the value of Cm but also the
phase difference between Di and Dv by the equa-
tions shown in Figure 2b (Kishimoto 1974) in which
the absolute value of the impedance is equal to Dv/
Di. On the other hand, the phase angle (U) of the
impedance is related to M (=Di; the amplitude of the
injected sinusoidal current) and N in Figure 2b by
the equation: sin−1U = N/M.

Chara corallina plant material was grown in a soil-
extract culture medium at room temperature, 23 ±
2°C under fluorescent illumination with a dark and
light period of 12 h and pH of 8.0. A pair of inter-
nodes (internode A, 50 ± 10 mm; internode B, 37 ±
4 mm in length; 800 ± 100 µm in diameter) joined

by a node-complex was isolated from the plant. At
both ends of the material, the node complexes, Na

and Nb, remained. In the nodal-complex, a single
cell layer composed of two central nodal cells, Nc, is
surrounded by seven large nodal-complex-cells,
first-peripheral-nodal cells, developed from Nc
(Iwasaki 1962), so that no primer cytoplasmic-
junction should exist between the internode and
these surrounding cells, but between Nc and inter-
node, as plasmodesmata (Figure 3). Electrical poten-
tial changes of one of the water-films that was on
the nodal complex mainly corresponded to that of
Nc because the relative current density through this
part was 10 times larger than that through the other
part of the internode. That is, the potential change
measured at position b corresponded to that at the
interface between internode A and Nc. The potential
change at position d corresponded to that at the Nc/
internode B interface. In other words, scanning of
the electrode unit enabled us to distinguish the elec-

Figure 4. Typical potential responses at positions a, b, c,
d, and e, resulting from the symmetric square currents (30
Hz, 4 × 10−7 amps, including a fast time constant of less
than 0.5 ms) as a function of time. At positions a and e,
only series resistance, Rs, can be observed. No significant
difference in Rs can be seen among these recordings. The
parallel resistance at position c (Rm c) roughly equals the
sum of those at positions b and d. The axes scales are given
in c.

Figure 5. Typical DI(ordinate)/DV(abscissa) ellipses in
response to the symmetric sinusoidal currents (30 Hz, 4 ×
10−7 amps) recorded at positions a, b, c, d, and e. No
significant phase difference was seen in either positions a
or e. The slopes of a and e correspond to the series resis-
tance Rs. At position b, c, and d significant phase differ-
ences can be seen.
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trical properties of closely spaced individual inter-
faces (10 µm apart) without any unfavorable me-
chanical stimulus to the material.

Before the experiment, a pair of internodes was
preincubated in APW under the same conditions as
for plant culture. The six leaflets and many smaller
basal nodal cells surrounding the node complex
were carefully removed as much as possible with a
pair of tweezers with fine tips under a dissecting
microscope. The seven first-peripheral-nodal cells
remained intact.

This technique with an external measurement in
a moist chamber overcame unfavorable mechanical

and physiologic disturbances expected for long-term
measurements with conventional intracellular glass
micropipette electrodes.

RESULTS AND DISCUSSION

Figure 4 shows typical electrical potential change
(DV) data at positions of a, b, c, d, and e indicated in
Figure 3 in response to a constant square current (DI
30 Hz, 4 × 10−7 amp, symmetric pulses including a
fast time constant of less than 0.5 ms) given between
the upper and lower regions of material. At positions

Figure 6. Influence of temperature on Rs, Rm, and Cm at positions a, b, c, d, and e. Values of Rs, Rm, and Cm are plotted
as a function of time. Temperature change is indicated at the top of b. Scales on the left and right indicate resistance (Vm2)
and capacitance (Fm−2), respectively.
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a and b, negligible capacitative components were
observed, but the resistive components were signifi-
cant, corresponding to Rs in the equivalent circuit.
Furthermore, the value of Rs observed was equiva-
lent to the resistance of aqueous electrolyte solution
with the ionic strength of roughly 200 mM. On the
other hand, at positions b, c, and d significant ts of 3
× 10−3, 1.5 × 10−3, and 2 × 10−3 s, respectively, were
observed. This suggested that some leaky electrical

capacitative components existed at these positions
corresponding to both the interfaces between inter-
node A and B and the Nc and to the values across
the nodal complex-cells. This response corresponded
to the Rm and the Cm. Thus, Rs, Rm, and Cm can be
calculated by the equations: Vs/I = Rs, Vm/I = Rm, t
= Rm × Cm. Figure 5 shows the DI/DV ellipses of the
data of Figure 4.

Figure 6 shows the time dependencies of Rm, Rs,

Figure 7. Typical temperature dependencies of Rm and
Rs at b, c, and d. The scales on the left and right of each
graph indicate Rm and Rs, respectively. The habituations
(adaptation to the new environment) of Rs were negli-
gible, but those of Rm were significant. The numbers 1, 2,
3, 4, 5, 6, 7, 8, and 9 in each graph correspond to the
sampling times 30, 60, 90, 120, 150, 180, 210, 240, and
270 minutes after the experiment was started.
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and Cm with change in temperature. Rs at the po-
sitions of a, b, c, d, and e decreased and then in-
creased in phase with the rise and decline in tem-
perature. These responses of Rs showed the same
temperature dependency as those of an aqueous
electrolyte solution with an ionic strength of 200
mM. Data from positions at a and e are magnified to
emphasize the responses. The temperature coeffi-
cient, Q10, of Rs was smaller than 2. The responses of
Rm at the positions of b, c, and d also decreased with
the initial rise in temperature but later increased,
although the temperature was still rising. The re-
sponses of Cm at those positions showed the same
time dependencies as those of Rm but increased
with a rising temperature. The temperature coeffi-
cient, Q10, of Rm and Cm was larger than 2.5. The
large Q10 suggests that some physiologic mechanism
must be responsible for the control of the electrical
properties at those particular regions. The apparent
resistance (Rmc) and capacitance (Cmc) at position c
was approximately the sum of values at b and d,
namely Rmc = Rmb + Rmd, Cmc = 1/(1/Cmb +
1/Cmd). Furthermore, the double-water-film elec-
trode technique enabled us to distinguish the elec-
trical characteristics of individual interfaces, inter-
node A/Nc and Nc/internode B, spaced closer than
20 µm of one another. The structures of those in-
terfaces were intact; no cell was impaled.

Figure 7 shows the influence of temperature

change on Rm and Rs at positions b, c, and d. The
habituations of Rs were negligible, but those of Rm
were significant. It was clearly suggested again that a
dynamic homeostatic control mechanism was inde-
pendently operating at both interfaces where a
number of plasmodesmata have been observed by
electron microscopy. Although the effective electri-
cal current density across the tonoplast is unknown
because the given current propagates through not
only the vacuole but also the cytoplasm, it is worth
noting the correlation between the electrical prop-
erties and the structure around the node/internode
interface. Figure 8 shows a schematic diagram of the
interface with the total openings of the plasmodes-
mata and an electrical equivalent circuit for this re-
gion. Rs and Rm correspond mainly to the resistance
components of the vacuole and the openings of all
plasmodesmata, respectively (including tonoplast in
series). Cm corresponds to the capacitance compo-
nent of two layers of plasmalemma (including tono-
plast in series). Because the leakage current through
the plasmalemma is 500 times smaller than that of
plasmodesmata and negligible (Spanswick and Cos-
terton 1967), the resistance component of plasma-
lemma is omitted from the circuit.

The resistance of a cylinder 8 × 10−4 m in diam-
eter and 1 × 10−2 m in length filled with 100 mM of
KCl aqueous solution was 1 × 104V (at 20°C). As-
suming the resistance of an average plasmodesma to
be 2.6 × 109V, the number of plasmodesmata at the
interface between the internode and the central
node cells was calculated at 2.6 × 105.

Values of 8 × 10−3V m2 for Rs and 30 ± 5 × 10−3

V m2 for Rm observed with the newly developed
double-water-film-electrode were roughly consis-
tent with those observed with ordinary techniques
using intracellular glass micropipette electrodes.
Furthermore, the calculated capacitance of 1.5 ±
10−1 Fm−2 for Cm was consistent, if we assume that
0.5–1% total area of plasmalemma was occupied
with plasmodesmata at the mature node/internode
interface of Chara. It would be reasonable to assume
that some effective area of the interface was occu-
pied with a certain number of immature plasmodes-
mata that did not completely pass through the cell
wall at the node/internode interface, but that could
be controlled by some mechanism as pre-existing
primer plasmodesmata. The number of plasmodes-
mata was the same as the value estimated from elec-
tron micrographs (Picket-Heaps 1967; Spanswick
and Costerton 1967).

These consistencies strongly suggest that the
double-water-film electrode technique is useful for
electrophysiologic studies on the interface between
node and internode. The technique permits more

Figure 8. (a) Schematic diagram of the structure of the
interface between node and internode A. The sum of plas-
modesmata is represented by the central cylinder. The
bold lines correspond to the plasmalemma. (b) Electrical
equivalent circuit of the interface. Rs, Rm, and Cm corre-
spond mainly to the electrical resistance component in the
vacuole, in the cylinder of plasmodesmata (including
tonoplast in series), and in the capacitance component of
a double layer of plasmalemma. The resistance and capaci-
tance components for the tonoplast are included in the
circuit because the design does not resolve the contribu-
tion of the tonoplast.
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quantitative results and enables us to perform ex-
periments concerned with the turgor pressure gra-
dient on Rs, Rm, and Cm.
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