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ABSTRACT

Biologically closed electrical circuits operate over large dis-
tances in biological tissues. The activation of such circuits
can lead to various physiological and biophysical responses.
Here, we analyse the biologically closed electrical circuits of
the sensitive plant Mimosa pudica Linn. using electro-
stimulation of a petiole or pulvinus by the charged capaci-
tor method, and evaluate the equivalent electrical scheme
of electrical signal transduction inside the plant. The dis-
charge of a 100 uF capacitor in the pulvinus resulted in the
downward fall of the petiole in a few seconds, if the capaci-
tor was charged beforehand by a 1.5 V power supply. Upon
disconnection of the capacitor from Ag/AgCl electrodes,
the petiole slowly relaxed to the initial position. The elec-
trical properties of the M. pudica were investigated, and an
equivalent electrical circuit was proposed that explains the
experimental data.

Key-words: charged capacitor method; electrical signalling;
motor cells; plant electrophysiology.

Abbreviations: C, capacitance; DPDT, double-pole double-
throw switch; PXI, PCI extensions for instrumentation; Q,
charge of capacitor; R, resistance; ¢, time; U, voltage.

INTRODUCTION

Mimosa pudica Linn. is a thigmonastic or seismonastic
plant in which the leaves close and the petiole hangs down
in response to certain stressors such as a wound, wind,
vibration, touch, hot or cold stimulus, drought or change in
illumination (Bose 1913, 1918). The unique anatomy of the
M. pudica contributes to the response mechanism of the
plant (Fig. 1). The plant contains long, slender branches
called petioles, which can fall because of mechanical,
thermal or electrical stimulus. The petioles contain smaller
pinnae, arranged on the midrib of the pinna. Pinnules are
the smallest leaflets, while the entire leaf contains petioles,
pinnae and pinnules. A pulvinus is a joint-like thickening at
the base of a plant leaf or leaflet that facilitates thigmonas-
tic movements. Primary, secondary and tertiary pulvini are
responsible for the movement of the petiole, pinna and
leaflets, respectively (Shimmen 2006).
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While the mechanism of thigmonastic movement in M.
pudica is not clear at the present time, there are a few
hypotheses. One such hypothesis states that the thigmonas-
tic movement of M. pudica is powered by a sudden loss of
turgor pressure in the motor cells of the pulvinus at the
base of each leaf or leaflet (Bose 1918; Temmei et al. 2005).
Through the usage of nuclear magnetic resonance, it was
possible to observe the movement of water from the lower
half of the pulvinus to the upper half of the pulvinus fol-
lowing a mechanical stimulus (Tamiya ef al. 1988).

There is an opinion that ATPase activity is strongly
involved in the thigmonastic movement of M. pudica (Liu-
bimova, Deminovskaya & Fedorovich 1964; Liubimova-
Engel’gardt ef al. 1978), and a high density of H*-ATPase in
the phloem and pulvini was found (Fleurat-Lessard et al.
1997).

Balmer & Franks (1975) found that the seismonastic
movement of M. pudica’s petiole after electrostimulation
by 200400 V between soil and a pulvinus is comparable to
typical animal muscle movements. The actin cytoskeleton in
the pulvinus plays an important role in the petiole bending.
Kameyama et al. (2000) found that the actin in M. pudica is
heavily tyrosine phosphorylated, and that changes in the
extent of phosphorylation correlate with the degree of
bending of the plant’s petioles. lon channels in the pulvinus
are involved in the redistribution of potassium, chloride and
calcium ions during the gravitotropically induced move-
ment of M. pudica (Roblin & Fleurate-Lessard 1987). The
contractile characteristics were found to be remarkably
similar to those of intact animal muscle (Balmer & Franks
1975). Yao, Xu & Yuan (2008) demonstrated that depoly-
merization of the actin cytoskeleton in the pulvinus in
response to electrical signals resulted in increased levels of
calcium concentration.

Thigmonastic or seismonastic movements, such as
response to touch, appear to be regulated by electrical
and chemical signal transduction, spreading the stimulus
throughout the plant (Kagawa & Saito 2000). Electrical
signals can induce chemical processes, which were described
by Ricca (1916) in the chemical transmission hypothesis. The
action potentials that occur in plants have many of the same
properties as the action potentials that occur in animals
(Bose 1902, 1907, 1926, 1928; Houwink 1938; Volkov 2000;
Volkov et al. 2007). These properties include the all-or-none
law, threshold potentials and refractory periods. The trans-
mission of an action potential induced by a gentle touch is
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Figure 1. The structure of Mimosa pudica.

halted at the base of a single pinna, and no further transmis-
sion occurs, leaving leaflets from neighbouring pinna
unfolded (Shimmen 2006). Action potentials propagate in
the phloem and protoxylem parenchyma of M. pudica
(Houwink 1938; Sibaoka 1962). The cell’s depolarization
results from a CI- efflux followed by a K* efflux, which
initiates the repolarization phase (Sibaoka 1991).
According to Shimmen (2006), there are three types of
electrical signalling in M. pudica: m-wave with an action
potential speed of 1.5-4 cm s, which cannot pass through
the pulvinus; s-wave or variation potential with a speed of
0.2-0.5 cm s7!; and r-wave with a speed of 6-12 cm s™. As

Table 1. Electrical signals (action potentials) in Mimosa pudica
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shown in Table 1, literature data on electrical signalling in
M. pudica have very significant discrepancies between dif-
ferent groups of researchers and even between different
publications from the same group. The reasoning behind
why there is such difference in amplitude, speed and dura-
tion of action potentials could not be found in any publica-
tion. The electrical signals in M. pudica were usually
measured by a single differential voltmeter, but it is not
clear if they follow the all-or-nothing law, and their thresh-
old potentials and refractory periods remain unknown. The
stimulation of a pinna by a flame generates electrical
signals, which are not action potentials because the resting
potential did not return back to the initial value after propa-
gation of the electrical signal (Koziolek ez al. 2003). Fromm
& Lautner (2007) reported that cooling or mechanically
touching the pinna evoked action potentials with an ampli-
tude of 150 mV, a 5s duration time and a speed of
2-3 cm s\ According to literature, the amplitude of action
potentials varies from 16 to 210 mV, and the duration of
electrical signals varies from 1.2 to 2000 s (Table 1).

There are a few possible reasons for this strange discrep-
ancy including but not limited to: (1) aliasing caused by a
low scanning rate of data acquisition systems without low-
pass filters or with slow voltmeters with a resolution of
20-100 ms; (2) slow ion-sensitive electrodes with mem-
branes; and (3) high impedance of M. pudica tissue which
does not permit the use of fast oscilloscopes or high-speed
data acquisition systems with a low input impedance. While

Duration Speed Length
Amplitude (mV) (s) (cms™) (cm) Reference
1 20 5 ? ? Abe 1980
2 20 10 ? ? Abe 1981
3 100 >15 ? ? Abe & Oda 1976
4 145 8 ? ? Fromm 1991
5 140 7-10 ? ? Fromm & Eschrich 1988
6 150 5 2-3 10-15 Fromm & Lautner 2007
7 ? 15 2 ? Houwink 1935
8 & 150 ? ? Houwink 1938
9 150 >750 ? ? Kaiser & Grams 2006
10 80-100 electrical signals >300 0.4-0.8 >120 Koziolek et al. 2003
11 100 2.5 ? ? Oda & Abe 1972
12 40-70 5 4 20 Oda & Abe 1972
13 100 15 ? ? Roblin 1979
14 57 =16 1770 = 300 ? ? Roblin 1982
15 119 =20 780 + 120 ? ? Roblin 1982
16 16 =7 1890 = 420 ? ? Roblin 1982
17 105 = 14 900 = 60 ? ? Roblin 1982
18 120 4 2-3 ? Sibaoka 1966
19 140 = 12 3 2-3 6-9 Sibaoka 1962
20 141 £ 15 5 2-3 10-15 Sibaoka 1962
21 80 ? 0.3-0.7 ? Sibaoka 1969
22 60 ? 4-5 ? Sibaoka 1969
23 110, 170 >5 ? ? Sibaoka 1991
24 210 1.2 ? ? Stoeckel & Takeda 1993
25 100 7 ? ? Tinz-Fiichtmeier & Gradmann 1990
26 60 ? 4-5 ? Umrath 1937
27 140 7-10 2.7 19-27 Eschrich 1989
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the effect of aliasing on the reproducibility of action poten-
tials measurements in plants was discussed in detail by Lang
& Volkov (2008), electrical signalling in M. pudica requires
additional study. It is possible that various stimuli generate
different electrical signals in the pulvinus, stem and leaves
of M. pudica.

Plants can react to mechanical stimuli by using mecha-
nosensitive channels. These channels are found in the cells of
various types of organisms — animal, plant, fungal and bac-
terial. The omnipresence of these channels indicates their
important physiological function in the regulation of osmo-
larity, cell volume and growth. They are ideal transducers of
physiologically relevant mechanical forces (Markin & Sachs
2004). Mechanosensory ion channels in plants are activated
by mechanical stress, and transduce the sensed information
into electrical signals. In higher plants, these channels can be
involved in response to environmental stress (Markin,
Volkov & Jovanov 2008; Volkov, Carrell & Markin 2009b).

Plants have evolved sophisticated systems to sense envi-
ronmental stimuli for adaptation, as well as to sense signals
from other cells for coordinated action (Trewavas 2003,
2005; Volkov 2006a,b; Volkov & Brown 2006a,b; Volkov
et al. 2008a; Volkov, Coopwood & Markin 2008b). Plants
synchronize their normal biological functions and their
responses to the environment (Bertholon 1783; Barlow
2008). The bioelectrochemical systems in plants not only
regulate stress responses, but photosynthetic processes as
well (Bulychev, Niyazova & Turovetsky 1986; Koziolek et al.
2003; Pikulenko & Bulychev 2005; Volkov & Brown
2006a,b). The synchronization of internal functions based
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on external events is linked to the phenomenon of excit-
ability in plant cells. The generation of electrochemical
fluxes is a fundamental aspect of signal transduction. Ion
channels are responsible for the transduction of mamma-
lian and plant action potentials. In plants, these potentials
can be induced through mechanical stimulation, changing
the direction of light (phototropism and heliotropism),
chemical treatment, electrostimulation and plant—insect
interaction (Volkov & Haack 1995). Most plants respond to
mechanical stimuli, and those with rapid and highly notice-
able touch-stimulated responses have received much atten-
tion, such as the Venus flytrap (Dionaea muscipula Ellis)
(Darwin 1875; Volkov et al. 2007,2008a,b,2009a,b,c; Markin
et al. 2008) or M. pudica (Bose 1907, 1918, 1926; Malone
1994; 1996; Fleurat-Lessard et al. 1997, Yao et al. 2008).

In the study reported, we analysed the biologically closed
electrical circuits in M. pudica through electrostimulation of
the pulvinus and petiole using new charged capacitor
method (Volkov et al. 2007, 2008a,b, 2009a,b,c). We then
evaluated an equivalent electrical scheme of the electrical
signal transduction inside this plant.

MATERIALS AND METHODS
Data acquisition

A PXI-4071 digital multimeter (National Instruments,
Austin, TX, USA) connected to 0.2-mm-thick non-
polarizable reversible Ag/AgCl electrodes was used to
record the digital data (Fig.2). The PXI-4071

Figure 2. Experimental set-up.
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high-resolution digital multimeter delivers fast voltage mea-
surements from 10nV to 1000 V, current measurements
from 1 pA to 3 A and resistance measurements from 10 uQ
to 5 GL2. All measurements were conducted in the labora-
tory at 21 °C inside a Faraday cage mounted on a vibration-
stabilized table (Fig. 2). Ag/AgCl electrodes were prepared
from Teflon-coated wires (A-M Systems, Inc., Sequim, WA,
USA) according to the method described by Ksenzhek &
Volkov (1998).The response time of Ag/AgCl electrodes was
less than 0.1 us. The time dependencies of the electrical
discharge of the capacitor in M. pudica were measured
between 3 and 20 h after insertion of the electrodes.

Plant electrostimulation

The charge injection method (Volkov et al. 2008a,b) was
used to precisely estimate the amount of electrical energy
necessary to induce a response. A DPDT switch was used to
connect the known capacitor to the PXI-4110 DC power
supply (National Instruments) during charging, and then to
the plant during plant stimulation. By changing the switch
position, we can instantaneously connect the charged
capacitor to the plant and induce a response. We used
various capacitors that had a capacitance ranging from
1-100 pF. Multisim software from National Instruments was
used for simulation of electrical circuits in M. pudica.

Plants

The seeds of M. pudica L. were soaked in warm water
(30 °C) for 48 h. They were then grown in well-drained peat
moss at 21 °C with a 12:12 h light:dark photoperiod. After
growing for 2 weeks, the seedlings were transplanted into
pots and placed in a plant-growing chamber. Humidity aver-
aged 45-50%, and the plants were watered every day. Two-
to three-month-old plants were used for the experiments.
Irradiance was 700-800 uE m~?s™. All of the experiments
were performed on healthy adult specimens.

RESULTS
Capacitor discharge

Figure 3 shows the location of Ag/AgCl electrodes in M.
pudica. Figures 4a and 5a show the time dependencies of
charged capacitors discharging in the petiole of M. pudica
when the polarity of the same electrodes was reversed.

Figures 6a and 7a show the time dependencies of charged
capacitors discharging in the M. pudica pulvinus between
electrodes located along the pulvinus (Fig. 3a). The kinetics
of the capacitor discharge (Figs 6a & 7a) depends on the
polarity of the electrodes. If a positive electrode is located
near a stem, the capacitor discharge is faster.

Figures 8a and 9a show the time dependencies of charged
capacitors discharging in M. pudica between electrodes
located across a pulvinus. If a positive electrode is located
on top of the pulvinus (Figs 3b & 9a), the capacitor dis-
charge is faster than in the case of a negative electrode

Signal transduction in Mimosa pudica 819
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Figure 3. Location of electrodes in Mimosa pudica: (a) along a
pulvinus, (b) across a pulvinus and (c) along a petiole.

being on top of a pulvinus (Figs 3b & 8a). Figure 9a shows a
very unusual shape of a capacitor discharge with variable
curvature of the curve.

The time dependencies of the charged capacitors dis-
charging into the M. pudica through the electrodes that
were at different positions in the pulvinus and the petiole
are shown in Figs 4a-9a. Figures 4b-9b show the same
dependencies in logarithmic coordinates.

Discharge of a 100 uF capacitor in the pulvinus caused
the petiole to fall a few seconds after the start of discharge
(Fig. 10) if the capacitor was charged from a 1.5 V battery.
After the capacitor was disconnected from the Ag/AgCl
electrodes, the petiole slowly relaxed back to the initial
position as shown in Fig. 10a. If the electrodes are placed in
the petiole, a higher voltage is required for the petiole to fall
down. Yao et al. (2008) found that application of 9 V to the
petiole caused the petiole to fall down.

Mathematical treatment of capacitor discharge

If a capacitor of capacitance C is discharged during time ¢
through a resistor R (Fig. 11a), the logarithm of capacitor
voltage U is

logm U(t)=10g10 U()—t/2.3f, (1)

where U is the initial voltage of a capacitor, and 7 is the
time constant. The circuit time constant RC governs the
discharging process. At 7= RC, the capacitor charge is
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Figure 4. (a) Time dependence of electrical discharge in Mimosa pudica petiole between electrodes connected to charged capacitors
and the PXI-4071 digital voltmeter. Location of Ag/AgCl electrodes is shown in Fig. 3c. (b) Time dependence of electrical discharge in
the M. pudica petiole between electrodes connected to charged capacitors and the PXI-4071 digital voltmeter in logarithmic coordinates.
(c) Time dependence of electrical discharge in M. pudica petiole between electrodes connected to 100 uF charged capacitor; dashed

line — experiment, solid line is theoretical estimation from Eqns 4 and 5. (d) Time dependence of input resistance during discharge of

charged capacitor in a petiole. U is the capacitor voltage in volts.

reduced to CUpe!, which is about 37% of its initial charge.
The voltage across the capacitor decreases exponentially
from the initial value U, to zero. As the capacitance or
resistance increases, the time of the capacitor discharge
increases according to Eqn 1.

It was observed that capacitor discharge through the
M. pudica petiole has a two-exponential character
(Figs 4a & 5a). Therefore, the electrical circuit can be
modelled as it is shown in Fig. 11b. In our experiment, the
capacitor C; was charged to voltage Uy, and the circuit was
closed.

After closing the circuit, the electrical potentials U; and
U, at capacitors C; and C, depend on time according to the
equations:

du, 1
C =——(U,-U.
1 d[ Rl ( 1 2) (2)
€2t Ui~ (g O
dt R] Rl RZ

with initial conditions
Ui[0]=U,, U,[0]=0, 3)
It is convenient to introduce parameters of time:
0,= R1C1, 0,= R2C27 93 = R2C17 (4)

Voltage U, can be excluded from the system of Eqn 2,
giving the single equation for U;:
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Figure 5. (a) Time dependence of electrical discharge in
Mimosa pudica petiole between electrodes connected to a
charged capacitor and the PXI-4071 digital voltmeter. (b) Time
dependence of electrical discharge in the M. pudica petiole
between electrodes connected to a charged capacitor and the
PX1-4071 digital voltmeter in logarithmic coordinates. U is the
capacitor voltage in volts.

da’u, dU,
0,0,——+(0,+06,+0;)—+U,=0, 5
102 dr? ( 1 2 3) dr 1 ( )

Solving this equation, one can find the time course of U;:

Ul(t)=Uo{ kA 2+1] (6)
J—46,6, +(6,+6, + 6;)
z(el+92+93+\/—49102+(91+92+93)2)
Exp| - +

291 92

{ 6, -0, + 6, . 1}

J=46,6, +(6,+ 6, + 65

z(a1 46, + 60, —\—46,0,+ (6, + 0, + 6) )
26,6, ’

Exp| -

0 20 40 60 80 100 120 140 160 180
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If the experimental dependence can be approximated with
function

U(t) = AlExp[ }+ AzExp[—L], ™)

t
T T,

and parameters A;, A,, 71 and 7, can be determined from the
experiment (Fig. 4a), then one can evaluate the elements of
the equivalent circuit in Fig. 11b.

To find parameters 6y, 6,, 6; simultaneously, we need to
solve the set of non-linear equations derived from compari-
son of Eqns 6 and 7:

0 20 40 60 80 100
Time (s)

0.2
0.0
-0.2
-0.4
_06 i
—0.81
-1.01
—-1.2 1
—1.4 1

Log(U/ V)
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Figure 6. (a) Time dependence of electrical discharge in
Mimosa pudica pulvinus between electrodes connected to
charged capacitors and the PXI-4071 digital voltmeter. (b) Time
dependence of electrical discharge in the M. pudica petiole
between electrodes connected to charged capacitors and the
PXI-4071 digital voltmeter in logarithmic coordinates. U is the
capacitor voltage in volts.
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Figure 7. (a) Time dependence of electrical discharge in the
Mimosa pudica pulvinus between electrodes connected to a
charged capacitor and the PXI-4071 digital voltmeter. (b) Time
dependence of electrical discharge in M. pudica pulvinus between

electrodes connected to a charged capacitor and the NI-PXI-4071
digital voltmeter in logarithmic coordinates.

—9] +92—93
-46,6, +(6,+6,+6,)
1 6,+6,+0:+-46,6,+(6,+6,+6,)’

A =U, (8)

T 26,6,
1 6,+6,+0,—\-46,6,+(6,+6,+6,)
T, 26,6, ’

Finding from here 6, 6; and 6;, and using the set of Eqn 4,
one can determine the value of elements C,, Ry, R; in the
equivalent circuit (Fig. 11Db).

Another interesting parameter is input resistance that
can be defined as

du,
dr’

Rinpul = _UI/CI (9)
This parameter is often analysed in electrical
impedance spectroscopy studies of biological tissues
(Zhang & Willison 1991; Wang, Zimmermann & Benz 1994;
Laarabi er al. 2005). However, there is a problem with inter-
pretation of electrical impedance analysis, because a few
different equivalent circuit models can have identical
impedances.

Calculating circuit parameters

In Fig. 4, we used capacitance C; =100 uF and Uy=1.5V.
Experimental measurements provided the discharge curve
given in Fig. 4c by the dashed line. Solving Eqn 5, we found
characteristic times

6,=52.425,0,=207.905s,0;=166.92's

-1.2

—0.6 1

4.7 uF 10 uF

0 50 100 150 200 250 300
Time (s)

0 50 100 150 200 250 300
Time (s)

Figure 8. (a) Time dependence of electrical discharge in the
Mimosa pudica pulvinus between electrodes connected to
charged capacitors and the NI-PXI-4071 digital voltmeter.

(b) Time dependence of electrical discharge in the M. pudica
pulvinus between electrodes connected to charged capacitors and
the PXI-4071 digital voltmeter in logarithmic coordinates.
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Figure 9. (a) Time dependence of electrical discharge in
Mimosa pudica pulvinus between electrodes connected to a
charged capacitor and the PX1-4071 digital voltmeter. (b) Time
dependence of electrical discharge in the M. pudica pulvinus
between electrodes connected to a charged capacitor and the
NI-PXI-4071 digital voltmeter in logarithmic coordinates.

and from Eqn 4, we found the capacitance and the resis-
tances in the equivalent circuit:

R, =0.542MQ, C, =124.552 uF, R, =1.6692 MQ2

Using these parameters, we calculated the theoretical
curve (solid line), and superimposed it on the experimen-
tal curve in Fig. 4c. The two curves merged completely.
We calculated the input resistance presented in Fig. 4d. As
one can see, input resistance increases from 0.52 to
4.0MQ. We also studied a few different capacitors dis-
charging through the same plant tissues. The results for
C;=100, 47 and 4.7 uF are presented in Fig. 12 by solid
lines. The calculated time-course of voltage at these
capacitors based on the electrical circuit shown in Fig. 11b
was represented here by dashed lines. One can see rather
close agreement between the predicted and observed
values.
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DISCUSSION
Electrical circuits in a petiole

We have analysed the discharge of the capacitor through
the petiole of M. pudica. The goal was to elucidate the
structure of the biologically closed electrical circuits in M.
pudica. We started with a capacitor of 100 uF, and found
that its discharge of 1.5V could be ideally modelled by a
simple electrical circuit shown in Fig. 11b.

The initial voltages applied from the charged 4.7 uF
capacitor were =1.5, =1.0 and *=0.5 V, and we found that
these curves ideally scale to the initial one (Fig. 13). That
proves that the electrical circuit in petiole between elec-
trodes is the passive one and does not depend on voltage.

We also studied capacitors of different values, and calcu-
lated expected discharge curves presented in Fig. 12. We
presumed that the electrical circuit should remain the same.
Although the predicted and observed curves are rather
close to each other, there is a certain discrepancy. The
reason could be that the equivalent electrical circuit shown
in Fig. 11b is too simplified, and the actual circuit has a
different and rather distributed character.

We measured the input resistance, and found that it
changes with time and voltage on the discharging capacitor.
This is a common feature in biological structures and
usually is explained by the opening of ion channels in
cellular membranes when input resistance decreases. In our

(b)

Figure 10. The petiole (a) falls down (b) in response to an
electrical discharge of a 100 uF capacitor in a pulvinus in a few
seconds.
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case, it was increasing because of charging of the effective
capacitor C, inside the tissue. We found the value of this
capacitor to be 124 uF. It is close to the testing capacitor
C, =100 uF.

Biologically closed electrical circuits operate over large
distances in biological tissues (Nordestrom 1983; Volkov
et al. 2009a,b). Figures 4-9 show experimental dependen-
cies of voltage of various charged capacitors on time.
Logarithmic dependencies in Figs 4b—-9b show significant
deviations from the linear prediction of Eqn 1. Such devia-
tions cannot be described by the equivalent scheme shown
in Fig. 11a.

Electrical circuits in a pulvinus

The equivalent electrical circuits shown in Fig. 11a,b predict
the independence of the results on the polarity of the elec-
trodes during a capacitor discharge in the pulvinus of M.
pudica. Changing the polarity of the electrodes leads to
different results in the kinetics of the capacitor discharge
(Figs 6-9). This effect is similar to the electrical discharge in
the Venus flytrap, and is caused by the opening of voltage-
gated ion channels (Volkov eral. 2009a,b,c). Figure 14
shows time dependencies of a 100 uF discharge in a pulvi-
nus when the polarity of the electrodes is reversed. There is
a strong rectification effect in the kinetics of the discharge

ulv

47 uF

S e e - - — — —— — ——— — ————

0.0 + = - - - - - -
0 20 40 60 80 100 120 140 160 180

Time (s)

Figure 12. Time dependence of electrical discharge in Mimosa
pudica petiole between electrodes connected to charged
capacitors and the PXI-4071 digital voltmeter. Location of
Ag/AgCl electrodes is shown in Fig. 3c. Solid lines are
experimental, and dashed lines are theoretical dependencies.

Figure 11. Electrical equivalent
schemes of a capacitor discharge in a
plant tissue. Abbreviations: Cy, charged
capacitor from voltage source U; Cs,
capacitance of plant tissue; R, resistance
in the Mimosa pudica tissue.

of the capacitor. The same results were received in control
experiments using Pt electrodes instead of Ag/AgCl
electrodes.

It is convenient to represent electrochemical properties
of biologically closed electrical circuits with idealized
equivalent electrical circuit models consisting of discrete
electrical components. We can simulate the voltage-gated
K*- and Ca*-permeable CI” ion channels by diodes. Fig-
ures 8, 9 and 14 show a very large deviation from Eqn 1, as
well as unusual slopes and changing curvatures in the time
dependencies of the capacitor’s discharge. Figures 8a and
9a show different kinetics of capacitors discharging
between the same electrodes in the pulvinus after the
polarity on the capacitors was changed. There is a strong
rectification effect inside a pulvinus sensitive to the polar-
ity of the capacitors (Figs 8a, 9a & 14). This can be caused
by a redistribution of K*, CI" and Ca* ions through ion
channels in the pulvinus.

The activation of biologically closed electrical circuits in
M. pudica can lead to different responses in plant tissue. A
mechanical or electrical stimulus can induce electrical
signals or action potentials, which propagate along the
plasma membrane in a phloem. Nerve cells in animals and
phloem cells in plants share one fundamental property:
they possess excitable membranes through which electrical
excitations in the form of action potentials can propagate.

1.5 1

1.0 {

-1.0 1

-1.5

0 5 10 15 20 25
Time (s)

Figure 13. Time dependence of electrical discharge in Mimosa
pudica petiole between electrodes connected to 4.7 uF charged
capacitor and the PXI-4071 digital voltmeter. The initial voltages
applied from the charged capacitor were *1.5, =1.0 and £0.5 V.
Location of Ag/AgCl electrodes is shown in Fig. 3c. U is the
capacitor voltage in volts.
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Figure 14. Time dependence of electrical discharge in the
Mimosa pudica pulvinus between electrodes connected to 100 uF
charged capacitor and the PXI-4071 digital voltmeter.

These propagating excitations are modelled theoretically as
travelling wave solutions of certain parameter-dependant
non-linear reaction—diffusion equations coupled with some
non-linear ordinary differential equations. The plasma
membranes in phloem cells facilitate the passage of electri-
cal excitations in the form of action potentials. The internal
functioning of a plant can be maintained and developed in
a continuously varying environment only if all cells, tissues
and organs function in concordance (Trewavas 2003, 2005).
Voltage-gated ionic channels control the plasma membrane
potential and the movement of ions across membranes,
thereby regulating various biological functions. These bio-
logical nanodevices play vital roles in signal transduction in
higher plants. Propagation of action potentials in M. pudica
along the petioles and pulvini, and in the stem is docu-
mented in literature (Houwink 1935; Umrath 1937; Sibaoka
1962).

Propagation of an action potential can induce a mechani-
cal response by activating the H*-ATPase (Liubimova-
Engel’gardt efal. 1978), calcium-permeable CI~ channel
(Abe 1981) and/or the voltage-gated K* ion channel in a
pulvinus (Samejima & Sibaoka 1982). Redistribution of
ions between the upper and lower parts of a pulvinus
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induces fast transport of water through aquaporins, and
causes a fast change in the volume of the motor cells.
Voltage-gated K* and CI” ion channels can operate as an
electrical starter of the osmotic motor in a pulvinus. Ion
fluxes activate fast water transport through aquaporins
between the lower half of the pulvinus and the upper half of
the pulvinus following an electrical stimulus.
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