14 Electrophysiology in Mechanosensing and
Wounding Response

TERUO SHIMMEN

14.1 Mechanosensing

14.1.1 Responses of plants to mechanical stimulus

Touch induces rapid leaf movement in “sensitive” plants such as Mimosa
pudica. This characteristic response indicates the recognition of mechanical
stimuli, and it is termed thigmonasty or seismonasty. On the other hand,
“insensitive” plants move passively in response to touch. The passive move-
ment is believed to indicate a lack of recognition. However, this is not the case.
After daily touching, the plants become shorter and thicker. Increased thick-
ness reinforces the physical strength of the plant, therefore reducing the impact
of mechanical stress on the plants. According to Jaffe and Forbes (1993), this
phenomenon is termed thigmomophogenesis. Aequorin-expressing, trans-
genic plants undergo increases in cytoplasmic free Ca*', a second messenger
(Knight et al. 1992). Thus, it is clear that even insensitive plants can sense
mechanical stimuli.

In the plasma membrane, ionic processes are believed to play important
roles in stimulus-perception and signal processing. Electrophysiological
techniques are useful when monitoring the rapid ionic processes in the
mechanosensing of plants.

14.1.2 Receptor potential in higher plants

Since the perception of the stimuli can easily be visualized, action plants are
frequently utilized in mechanosensing analysis. M. pudica is the most com-
mon plant used in this type of investigation (Fig. 14.1). The leaves are
equipped with three types of motile structures: main pulvinus (primary pul-
vinus), sub-pulvinus (secondary pulvinus) and pulvinule (tertiary pulvinus).
These structures are responsible for movement of the petiole, pinna, and
leaflet, respectively. The mechanosensitive leaf movement of M. pudica has
been extensively studied. In the first step of mechanoperception, mechanical
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Fig. 14.1. Leaf movement of Mimosa pudia. Leaf is equipped with three kinds of motile struc-
tures, main pulvinus (MP), sub-pulvinus (SP) and pulvinule (PN), and responsible for move-
ment of petiole (Pt), pinna (P) and leaflet (L), respectively. St stem. Left leaves: before
stimulation. Right leaf: after stimulation. (Modified from Ishikawa 2003)

stimuli must be transformed into electrical signals or receptor potentials.
Sibaoka (personal communication) suggested that pulvini are mechanosensi-
tive organs. However, the sensory cell has not been identified in this material.

Receptor cells have been identified in action plants such as the terrestrial
Dionaea muscipula and aquatic Aldrovanda vesiculosa. Although their habi-
tats are different, both plants are carnivorous. The leaves are modified as
traps for prey, and each trap is composed of paired lobes containing sensory
hairs. The lobes are connected by the motile midrib (Fig. 14.2). When the sen-
sory hairs are bent by the prey, the trap quickly closes to catch the prey.

In case of A. vesiculosa, each lobe has 20 sensory hairs. Individual hairs
have four small sensory cells. Using sophisticated techniques, Iijima and
Sibaoka analyzed the receptor potentials and action potentials (Sibaoka 1991)
(Fig. 14.3). One microelectrode was inserted into a sensory cell and other into
an epidermal cell of a lobe. When a stimulus was applied by bending the hair,
the receptor cell showed depolarization. The amplitude of the depolarization
increased as the bending force increased, indicating that the response is a
receptor potential. When depolarization reaches its threshold level, an action
potential is recorded in a cell of a lobe. This action potential is transmitted to
the midrib of the trap, inducing closure. The receptor potentials and action
potentials were generated upon mechanical stimulation. Voltage-sensitive
and mechanosensitive ion channels should be involved, respectively.

14.1.3 Analysis of receptor potential in Characean cells
Internodal cells of Characeae have been useful materials for the study of plant

electrophysiology for the following reasons: (1) due to the simple morphol-
ogy, the electrical responses of a target cell can be easily measured, (2) since
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Fig. 14.2. Trap of Aldrovanda vesiculosa. Cross-section (upper) and upper view (lower).
(Modified from IIjima and Sibaoka 1981)

internodal cells are large and cylindrical, various cell surgery techniques such
as cutting, ligating and intracellular perfusion, can be applied, and (3) Since
Characeae is an aquatic plant, electrical measurement can be carried out
under their native external condition, aquatic solution. Three genera of
Characeae are generally used: Chara, Nitella and Nitellopsis.

Kishimoto (1968) was the first to successfully record a receptor potential
upon mechanical stimulation in Characeae. He stimulated one portion of an
internodal cell using an electromagnet. Staves and Wayne (1993) stimulated
an internodal cell of Chara using a micromanipulator analyzing action poten-
tials but not receptor potentials. Shimmen (1996) developed a simple method
to analyze receptor potentials and action potentials induced by mechanical
stimulation (Fig. 14.4). A cell is separated into two halves, and the potential
difference between pools A and B is measured. A small glass rod (stimulator)
is placed on the cell. The cell is stimulated by dropping glass tubing onto the
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Fig. 14.3. Measurement of electrical responses in Aldrovanda vesiculosa on mechanical stimu-
lation. A Microelectrodes were inserted into either a sensory cell at the joint (j) of a sensory hair
(R) and into a epidermal cell of lobe (L). G Distal position of the hair is pushed with a fine glass

rod connected to a pen-writing galvanometer. B Electrical responses in sensory cell (R) and lobe
cell (L). (Modified from Sibaoka 1991)
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Fig. 14.4. Apparatus for measurement of receptor potential and action potential in internodal
cell of Characeae upon mechanical stimulation. An internodal cell is separated into two halves
(A, B) and the potential difference is measured using two electrodes (E, and E;). H height from
which glass tubing is dropped. Fixed metal tubing is used as a guide to drop glass tubing onto
Stimulator. (Cited from Shimmen 1996)
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stimulator. The strength of the stimulation can be controlled by either chang-
ing the weight of the glass tubing or changing the height from which the glass
tubing is dropped.

A typical measurement is shown in Fig. 14.5. The strength of stimulation
was controlled by changing the height from which the glass tubing was
dropped. With an increase in stimulation strength, the amplitude of the
receptor potential also increased. When depolarization reached the threshold
level, an action potential was induced in the cell part in pool A due to activa-
tion of a voltage-sensitive channel. It transmitted to the cell part in pool B.

To analyze the ionic mechanism for generation of receptor potentials, the
membrane potential must be measured but not the change in membrane
potential, since the relation between membrane potential and equilibrium
potential for ions across the membrane must be compared. It is not recom-
mended to use microelectrodes in studies where drastic mechanical stimula-
tion is applied to the cell. In Characean cells, membrane potential can be
measured without inserting microelectrodes (Shimmen et al. 1976). When the
external K* concentration was increased up to 100 mM in pool B (Fig. 14.4),
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Fig. 14.5. Receptor potentials and action potentials induced by mechanical stimulation in Chara
internodal cell. Cell was stimulated using a apparatus shown in Fig. 14.4. Numbers in the figure
show height from which a glass tubing (1.3 g) was dropped. When depolarization of a receptor
potential reached a threshold (arrow), action potential was induced first in the cell part in pool
A (A) and then it was transmitted to the cell part in pool B (B). (Cited from Shimmen 1996)
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membrane potential of the cell part B depolarizes to about 0 mV. Therefore,
potential difference measured between pools A and B represents membrane
potential of the cell part in the pool A. Sorbitol (180 mM) isotonic to 100 mM
KCI must be added to pool B.

Membrane potentials of plant cell comprise two components: a passive
diffusion component and an active component generated by electrogenic H*-
pump (Shimmen and Tazawa 1977). The resting membrane potential of
Chara is more negative than —200 mV. Two possibilities are suggested for
membrane depolarization upon mechanical stimulation: either inhibition of
the electrogenic proton pump or change of ion channel permeability. When
cells were treated with N, N’-cyclohexylcarbodiimide, an inhibitor of H*-
pump, the resting membrane potential depolarized to about —130 mV indi-
cating that the pump was inhibited. However, the amplitude of receptor
potential did not change after inhibition of the pump (Shimmen 1997a). In
addition, it was found that electrical resistance decreased during generation
of a receptor potential (Shimmen 1997c¢). These results indicate that a recep-
tor potential is generated by activation of ion channel(s) but not by inhibition
of the electrogenic H*-pump.

Ca?" and CI” channels are candidates for membrane depolarization in the
generation of receptor potentials since the equilibrium potential of these ions
across the plasma membrane are positive inside. Various inhibitors of these
ion channels failed to inhibit receptor potentials (Shimmen 1997a). However,
more recent experiments indicated that activation of the Cl~ channel is
involved (Fig. 14.6). When 100 mM KCI was added to the external medium,
membrane potential depolarized to 0 mV. The membrane potential changed

100 mM KCL 50 mM K,SO,
(Eg=—39mV) (Eq=+70 mV)
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Fig. 14.6. Electric response induced by mechanical stimulation of Chara cell under K*-induced
depolarization. By applying 100 mM K* to the external medium, membrane potential depolar-
ize to the level close to 0 mV. Upon mechanical stimulation, response to the negative direction
is induced in the presence of 100 mM KCI and that to the positive direction in the presence of
50 mM K,SO, (1.3 mM CI"). Numbers in the figure show the height from which glass tubing was
dropped. Equilibrium potential for Cl~ across the plasma membrane (ECI") is shown. (Modified
from Shimmen 1997b)
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to the negative direction upon mechanical stimulation. When 50 mM K, SO,
(containing 1.3 mM CI") was added to the external medium, the membrane
potential changed to the positive direction upon mechanical stimulation.
Assuming the Cl~ concentration of the cytopolasm to be 21 mM (Tazawa et al.
1974), equilibrium potential for Cl™ is calculated to be —39 mV in the presence
of 100 mM CI~ and +70 mV in the presence of 1.3 mM CI" in the external
medium. Thus, the membrane potential changes to the direction of equilib-
rium potential for ClI~ upon mechanical stimulation, indicating activation of
the CI” channel (Shimmen 1997b).

Kaneko et al. (2005) found an increase in cytoplasmic Ca** upon mechan-
ical stimulation. They microinjected aequorin into the cytoplasm. Since an
action potential was generated by activation of both Ca?* and CI” channels
(Shimmen et al. 1994), cytoplasmic Ca?** also increased (Williamson and
Ashley 1982). Therefore, experiments were carried out in the presence of a
high K* concentration which inhibits generation of an action potential.
Mechanical stimulation induced a significant increase in light emission from
cytoplasmic aequorin, suggesting that Ca?* channel was activated. One of the
characteristics of the receptor potential is its graded increase to stimulus
intensity. Since the extent of light emission was dependent on the amplitude
of stimulation, it was suggested that the Ca** channel be dedicated to the gen-
eration of receptor potentials. To answer the question of which channel is
mechanosensitive or if both channels are mechanosensitive, it has been
reported that the characean plasma membrane is equipped with the Ca?*-
activatable Cl- channel (Shiina and Tazawa 1988; Mimura and Shimmen
1994). Therefore, a possibility is suggested that CI~ channel is activated by
Ca?* flowing into the cell through mechanosensitive Ca** channels. However,
the possibility still remains that both channels are mechanosensitive.

14.1.4 Stretch-activated channel

Development of the patch-clamp method brought revolutionary change in elec-
trophysiology. This made it possible to analyze close-open response in a single
ion channel. This method also made it possible to identify stretch-activated ion
channels (SA channel). SA channels are activated by the stretching of the
membranes due to application of suction force to a measuring pipette. Such
SA channels have been identified in epidermal cells of higher plants. Ding
and Pickard (1993) found Ca?*-selective SA channels. Falk et al. (1988) and Qi
et al. (2004) found anion-selective SA channels. However, it cannot be con-
cluded that these SA-channels are involved in mechanosensing.

14.1.5 Signal transmission by action potential

The occurrence of action potentials has been reported in various plant mate-
rials (Davies 1987). As seen in D. muscipula and A. vesiculosa, an action
potential is initiated by a receptor potential and transmitted to the motile
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cells of midrib to induce movement. Thus, an action potential is dedicated to
the transmission of signals in plants as in the case of animal nerve cells. In
both carnivorous plant species, the peak potential of action potentials
changes to the positive direction when extracellular Ca** concentration was
increased (Iijima and Sibaoka 1985; Hodick and Sievers 1986), suggesting
that the Ca?* channel is dedicated to the generation of action potentials.

14.1.6 Ionic mechanism of action potential analyzed in Characeae

Ionic mechanism of action potentials has been studied extensively in
characean cells. Since the generation of action potential is dependent on both
intracellular and extracellular chemical composition, modification of chemi-
cal composition at both sides of the plasma membrane is recommended. The
development of an intracellular perfusion technique made it possible to con-
trol intracellular chemical composition in characean cells (Tazawa et al.
1976). After cutting both ends of an internodal cell, vacuolar space is perfused
with an artificial medium. By this procedure, natural vacuolar sap is replaced
with a perfusion medium (Fig. 14.7b). When a Ca?*-chelator is contained in
the perfusion medium, the tonoplast is disintegrated (tonoplast-free cell) (c).
By the following perfusion, chemical composition inside the plasma mem-
brane can be thoroughly controlled (d). Using this tonoplast-free cell, ATP-
dependent generation of the membrane potential due to the activity of the
electrogenic H" pump was unequivocally demonstrated (Shimmen and
Tazawa 1977).

Since both equilibrium potentials for Ca?* and Cl~ are inside positive,
involvement of these ions in generation of action potentials has been sug-
gested: influx of Ca*" and efflux of ClI". When cytoplasmic Cl~ concentration
was decreased to 0.01 mM in tonoplast-free cells, action potentials were still
generated (Shimmen and Tazawa 1978). Since the Cl—hypothesis was preva-
lent at that time, this result was confusing. However, this suggested that the
action potential was generated by activation of Ca** channel. Accordingly,
increase in Ca”" influx upon generation of action potentials was demon-
strated (Hayama et al. 1979; Shiina and Tazawa 1987b).

Upon membrane excitation, increase in Cl~ efflux had also been reported
(Oda 1976; Kikuyama 1986a; Shiina and Tazawa 1987a), indicating activa-
tion of Cl~ channel upon excitation. Analysis using tonoplast-free cells
demonstrated the presence of Ca?*-activated Cl~ channel in the plasma
membrane. When intracellular Ca®* was increased by the perfusion, Cl-
efflux increased significantly (Shiina and Tazawa 1988; Mimura and
Shimmen 1994). Thus, it is believed that Ca?* flow into the cell activates the
Ca**-activated Cl~ channel of the plasma membrane. In tonoplast-free cells,
Cl™ efflux during membrane excitation is not observed (Kikuyama et al.
1984). This is reasonable since Ca®* should be bound by a Ca** chelator,
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Fig. 14.7. Intracellular perfusion in internodal cells of Characeae. (a) Before treatment. (b) After
butting both cell ends, the vacuolar sap was replaced with an artificial medium by intracellular
perfusion. (c) Disintegration of tonoplast (tonoplast-free cell). Perfusion medium and cytoplas-
mic component is mixed. (d) By intracellular perfusion, chemical composition just inside the
plasma membrane can be controlled. CW cell wall, Pl plasma membrane, Tp tonoplast (vacuolar
membrane), V vacuole, En streaming sol endoplasm, AF bundles of actin filament responsible
for cytoplasmic streaming, Chl chloroplast fixed to the gel layer. Arrows indicate direction of
cytoplasmic streaming. (Cited from Shimmen 1988)

which had been introduced into the cell by the intracellular perfusion. It was
found that significant increase in Cl~ efflux did not occur occasionally, even
when an intact cell generated an action potential (Kikuyama et al. 1984). It
is believed that activation of CI~ channel was uncoupled because of uniden-
tified mechanism. Thus, both Ca?" and CI” channels are involved in genera-
tion of action potentials in Characeae.



328 Teruo Shimmen
14.1.7 Control by action potential
14.1.7.1 Turgor movement in M. pudica

Transmission of signals via action potentials in D. muscipula and A. vesicu-
losa is analogous to that of nerve cell. When an action potential of an axon
reached the surface of the skeletal muscle, an action potential was generated
at the plasma membrane of the muscle cell, triggering contraction. Thus, the
action potential of the effector cell causes a specific response. A similar situ-
ation can be envisaged in M. pudica. When an action potential of the petiole
reached a main pulvinus, an action potential is induced in cortex cells of the
pulvinus, and downward movement of the petiole is induced (turgor move-
ment). Samejima and Sibaoka (1980) inserted Cl—sensitive electrodes into
the cortex of the main pulvinus. Since the tip of the electrode is located in the
apoplast (cell wall outside of the cortex cell), an increase in Cl~ concentration
indicates efflux of Cl~ from cortex cells. Action potentials are observed in
both upper and lower sides of the pulvinus upon stimulation. However, sig-
nificant efflux of CI~ occurs only in cells of the lower side (Fig. 14.8). Kumon
and Tsurumi (1984) found a significant increase in extracellular K* at the
lower cortex of a main pulvinus in photo-stimulated movement. Thus, sig-
nificant ion efflux occurs in the lower cortex but not in the upper cortex of
the main pulvinus. The imbalance of turgor pressure between upper and
lower parts causes quick downward movement of the petiole. Involvement of
protein phosphorylation in this turgor movement was reported (Kameyama
et al. 2000). The relation between protein phosphorylation and turgor move-
ment remains to be solved.
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Fig. 14.8. Cl efflux from cortex cells of main pulvinus of Mimosa pudica. Cl~ electrodes had
been inserted into the extracellular space of cortex. When cortex cells generated an action
potential, Cl~ efflux (increase in extracellular Cl~ concentration) occurs in lower cortex but not
in upper cortex. (Cited from Samejima and Sibaoka 1980)
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14.1.7.2  Intracellular signal processing induced by action potential

In M. pudica, intracellular processes induced by action potential are not
known. In Characeae, however, signal processing upon excitation of the
plasma membrane has been studied extensively. It is believed that Ca?* flows
into the cell via voltage-sensitive Ca?* channels during action potential.
Increase in cytoplasmic free Ca** during membrane excitation has been
demonstrated using aequorin emission (Williamson and Ashley 1982;
Kikuyama and Tazawa 1983). Increased cytoplasmic Ca*" works as a second
messenger to induce physiological phenomena.

14.1.7.2.1 Tonoplast action potential

When an action potential was generated at the plasma membrane, a potential
change at the tonoplast to the inside positive direction was induced (tono-
plast action potential: references cited in Shimmen and Nishikawa 1988). In
most characean species, it is difficult to distinguish between action potentials
at the plasma membrane and the tonoplast. In Nitella flexilis, however, gen-
eration of these action potentials is temporally separated (Shimmen and
Nishikawa 1988). In Fig. 14.9, an internodal cell of N. flexilis was mechanically
stimulated. When the membrane potential reached its threshold upon gener-
ation of a receptor potential, quick action potential at the plasma membrane
is induced (arrow) and then the slow action potential at the tonoplast is
induced.

20 mV

10 sec

Fig. 14.9. Tonoplast action potential in Nitella flexilis. Internodal cell was mechanically stimu-
lated as shown in Fig. 14.4. Numbers show height from which glass tubing was dropped. When
glass tubing was dropped from the position of 2 cm high, large receptor potential was generated
and then an action potential at plasma membrane was (arrow). With a slight delay, large action
potential at the tonoplast was induced (original figure)
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Tonoplast action potential is caused by activation of the ClI~ channel of the
tonoplast (Kikuyama and Tazawa 1976; Shimmen and Nishikawa 1988).
Permeabilization of the plasma membrane by plasmolysis method, developed
for studying cytoplasmic streaming of characean cells, was also useful for the
analysis of the tonoplast function (Shimmen and Tazawa 1983). Using a per-
meabilized cell, the presence of two proton pumps in the tonoplast was
unequivocally demonstrated (Shimmen and MacRobbie 1987). Kikuyama
(1988) found that application of Ca?* to the external medium induced CI~
efflux from the vacuole in permeabilized Nitella internodal cells. In addition,
injection of Ca®* into the cytoplasm of an intact Nitella cell induced a poten-
tial change at the tonoplast (Kikuyama 1986b). These facts indicate that the
characean tonoplast is equipped with a Ca**-activated Cl~ channel.

14.1.7.2.2 Cytoplasmic streaming

Characeae has been also a suitable material for studies on cytoplasmic stream-
ing (cf. Kamiya 1986). It has been established that the motive force is generated
by the actin-myosin system (Shimmen and Yokota 2004). As early as in 1921,
Lauterbach found that the cytoplasmic streaming of characean cell stops upon
application of the mechanical stimuli (Kamiya 1959). It became evident that
action potentials mediate mechanoperception and stoppage of cytoplasmic
streaming. Involvement of Ca’* as a second messenger was first suggested by an
experiment of Barry (1968). Nitella cells generated action potentials in the
medium containing CaCl,, MgCl,, BaCl, or SrCl,, suggesting that the voltage-
sensitive channel responsible for generation of an action potential is permeable
to these divalent cations in the Nitella species. In the presence of either MgCl,
or BaCl,, uncoupling between excitation and stoppage of streaming is induced.
However, increase in CaCl, concentration in these media containing either
MgCl, or BaCl, relieved the cell from uncoupling, suggesting an essential role
of Ca*". Increase in Ca?* influx (Hayama et al. 1979; Shiina and Tazawa 1987b)
and that in cytoplasmic free Ca** (Williamson and Ashley 1982; Kikuyama and
Tazawa 1983) suggest that Ca®' is involved in stoppage of cytoplasmic stream-
ing. Using permeabilized cell, cytoplasmic streaming was found to be inhibited
by Ca** of physiological concentrations, UM order (Tominaga et al. 1983).
Although involvement of protein phosphorylation was suggested based on
pharmacological analysis, the relation between the increase in Ca** and protein
phosphorylation has not yet been found (Tominaga et al. 1987).

14.1.7.2.3 Signal processing in characean cell upon mechanical stimulation

Figure 14.10 depicts the possible signal processing induced by action poten-
tial in characean cells. Upon mechanical stimulation, a receptor potential is
generated due to the activation of mechanosensitive Ca** and/or Cl~ channel
(not shown). When the membrane potential reached a threshold level, action
potentials are generated due to the activation of voltage-sensitive Ca**
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Fig. 14.10. Signal processing upon activation of voltage sensitive Ca** channel in characean
cells. Ca?" activates Cl- channels of plasma membrane and that of tonoplast, and inhibits
actin-myosin system. Thick arrows show flux of ions and thin ones show effect of Ca*" AF bun-
dle of actin filaments, M myosin, O organelle (original figure)

channel, resulting in the increase of cytoplasmic free Ca**. Ca** works as a
second messenger and activates Cl~ channels of the plasma membrane and
the tonoplast. It inhibits the actin-myosin system, causing stoppage of cyto-
plasmic streaming. It is not evident whether mechanosensitive and voltage-
sensitive Ca?* channels of the plasma membrane are the same or not. The
possibility also remains that Ca** is mobilized not only from the cell exterior
but also from intracellular organelles.

14.2 Wounding response

14.2.1 Electrical response in wounded plants

Plants show various responses to wounding and membrane depolarization is
the earliest response shown. In some plants, electrical response is induced at
the limited region near the wounding (Mertz and Hignbotham 1976;
Stahlberg and Cosgrove 1994; Meyer and Weisenseel 1997). On the other
hand, action potentials and/or variation potentials propagate systemically in
many plants (Frachisse et al. 1985; Robin 1985; Robin and Bonnemain 1985;
Julien et al. 1991; Julien and Frachisse 1992; Fromm and Eschrich 1993;
Rhodes et al. 1996; Stankovic and Davies 1996). The shape and amplitude of
variation potentials (or slow waves) are variable, showing a clear contrast
with action potentials. Involvement of electrical signaling in systemic
synthesis of proteinase inhibitor in wounded tomato plants clearly showed
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the importance of membrane phenomena in the wounding response of
plants (Wildon et al. 1992).

14.2.1.1 Leaf movement in Mimosa pudica

Signal transmission upon wounding had been extensively documented in
M. pudica. Three types of signal has been suggested: m-wave (1.5-4 cm/s),
s-wave (0.2-0.5 cm/s) and r-wave (6-12 cm/s). The entity of the m-wave is an
action potential, and it cannot pass through the pulvinus. The s-wave is a
variation potential associated with movement of unidentified substance. The
s-wave can pass through a pulvinus. The entity of the r-wave has not been
identified. Severe stimuli such as burning or cutting induce both the m-wave
and the s-wave. Mild stimulation such as an electrical current or the applica-
tion of cold water induces only the m-wave (Robin 1979; Sibaoka 1981).
When a severe stimulus was applied to one terminal leaflet of a pinna by
heating, both the m-wave and the s-wave were generated [Fig. 14.11 (1)]. The
action potential stimulated the pulvinule but could not pass through it. The
s-wave entered the pinna-rachis, and an action potential was generated. This
new action potential was transmitted basipetally and successively stimulated
pulvinules to induce closure of the leaflets (2). The action potential stimulates
the sub-pulvinus (1) to induce movement of the pinna. At this step, movement
in the leaf was not observed for a while since the action potential could not
pass the sub-pulvinus. During this quiet period, the s-wave moved basipetally in
the pinna-rachis and entered the petiole. A new action potential was generated,

(1)
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Fig. 14.11. Signal transmission upon wounding terminal leaflet as speculated from leaf move-
ment. s Terminal leaflet was stimulating by heating. Arrows indicate the direction of signal
transmission. For explanation, see text. (Cited from Sibaoka 1964)
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and it stimulated three other sub-pulvini (3). It moved basipetally in the peti-
ole and stimulated the main pulvinus (2).

The s-wave entered the pinna-rachis of the three other pinnas and gener-
ated new action potentials. These action potentials were transmitted
acropetally and induced closure of leaflets in each pinna (3, 4) When the heat
stimulus was strong enough, the s-wave entered the stem by passing through
the main pulvinus and induced the movement in other upper and lower
leaves (4-6). Thus, signal transmission can be observed without electrical
instrument in M. pudica.

14.2.1.2  Propagation of action potential and variation potential

The generation of an electrical response in a leaf of M. pudica is shown in
Fig. 14.12 (left). When an electric pulse was applied to the petiole, an action
potential was transmitted basipetally. During the refractory period, burning of
the terminal leaflet induced a variation potential, and it was transmitted to the
petiole. The result in a tomato leaf is also shown in Fig. 14.12 (right). By burn-
ing of a leaflet blade, a variation potential was generated, and the petiole was
transmitted basipetally. In both Mimosa and tomato, a spike was observed at
the beginning of the variation potential. This nature has remained unsolved.

14.2.2 Analysis in Characean cells

When a plant suffered wounding, cells close to the dead cell were the first to
perceive the “death signal”. In higher plants, however, it is hard to pick up a
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Fig. 14.12. Variation potential in Mimosa and tomato. AP action potential, es electrical stimu-
lation, s spike, V variation potential. (Cited from Robin 1985)
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Fig. 14.13. Side view of experimental set up for analysis of wounding electrical response in
Characeae. R cell receptor cell, V cell victim cell, N node, A and B pools, P partition between pools,
L, length of part of R cell in pool B (2 mm). E, and E, electrodes. (Cited from Shimmen 2002)

electrical signal from a target cell. Characeae can offer a suitable system for
such analysis (Fig. 14.13). A specimen comprising two adjoining internodal
cells is prepared. Two internodal cells are connected at the node. A specimen
is mounted in the chamber so that one receptor cell (R cell) is situated in the
1 mm groove in the partition between two pools, A and B. The R cell is sealed
into the groove at the partition with white Vaseline. The potential difference
between the two pools is measured with electrodes (E, and E;). The length of
the part of R cell in the pool B (L;) is about 2 mm.

An example of measurement is shown in Fig. 14.14. When the victim cell
(V cell) was cut, the membrane depolarized (a), and a long lasting component

i
w;MWMWMMV+AA/Jf lH\mHﬂf“
n
‘—‘ u i 100 mV
RCC 1 min

50 mV
5 sec

Fig. 14.14. Depolarization in wounding response of Characeae. At the time shown with an
arrow head, V cell was cut (upper record). Lower record shows initial part of the response show-
ing a rapid component (RC). For further explanation, see text. (Cited from Shimmen 2002)
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continued for more than 30 min. During long-lasting depolarization, two
components are superimposed. An action potential is generated in the cell
part of R cell in the pool B (b), and it is transmitted to the cell part in the pool
A (c). Then, small spikes are generated (d). Again, action potentials are gen-
erated (e). Just after cutting, a very rapid component is generated before the
start of long-lasting component (Fig. 14.14 lower). When the amplitude of the
long-lasting depolarization was large, this rapid component was masked (not
shown). Systematic analyses showed that the long-lasting component and
rapid components were generated at the end of the R cell in the pool B and
that action potential is generated at the flank of the R cell. Rapid components
and long-lasting depolarization are not transmitted. On the other hand, an
action potential is transmitted in the longitudinal direction of an internodal
cell. It is also transmitted to the neighboring internodal cell (Sibaoka and
Tabata 1981). Thus, a long-lasting component is a type of receptor potential
in wounding response, and this depolarization stimulates voltage-activated
ion channels resulting in the action potential responsible for transmission of
signals.

It is believed that K* released from the V cell is responsible for inducing
the long-lasting depolarization (Shimmen, 2005, 2006). The amplitude of a
long-lasting component decreases when the cell turgor pressure is decreased,
indicating the stretching of the plasma membrane at the end of the R cell by
the turgor pressure (Shimmen 2001). Thus, K*-induced depolarization and
membrane-stretching may be responsible for the generation of long-lasting
component. When the electrogenic proton pump is inhibited by treatment
with an inhibitor, the resting membrane potential is drastically depolarized.
However, long-lasting component is generated, indicating that electrogenic
proton pump does not play a central role (Shimmen 2001). The electrical
resistance decreases during the depolarization (Shimmen 2005), indicating
that the activation of ion channel(s) is involved. Pharmacological analysis
failed to identify the ion channel involved. However, analysis under K*-
induced depolarization (c.f. Fig. 14.6) indicated the activation of Cl~ channel
(Shimmen 2002). Thus, the electric phenomena in cells neighboring the dead
cell can be analyzed by taking advantage of this material.

14.2.3 Transformation of pressure signal into electrical signal

In higher plants, it has been suggested that wound-induced hydraulic signals
are the trigger for generation of variation potentials, i.e. transformation of
pressure signal into electrical signal (Malone and Stankovic 1991; Malone
1992; Stankovic et al. 1997). The characean cell can be also a suitable mate-
rial for the analysis of this phenomenon (Shimmen 2003). A specimen com-
posed of a single internodal cell is prepared (Fig. 14.15, upper). One native
end of the cell is removed by ligation and cutting. This cell now has a native
nodal end and a ligated end. The cell is mounted so that the native node is
located in pool B and the ligated end is located in pool A. The length of the
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Fig. 14.15. Transformation of pressure signal into electrical signal in internodal cell of Chara.
Upper figure shows apparatus and lower figure shows a record. Electric current pulses were
applied between two pools during the measurement. A and B pools, P partition between pools,
L, length of cell part in pool B (about 2 mm), E, and E,, electrodes. At the peak of depolariza-
tion, membrane resistance still seems high. However, most part of this resistance originates
from resistance of intracellular fluid at the partition. (Cited from Shimmen 2003)

cell part in pool B is about 2 mm. When the osmolarity of pool B is
increased, transient depolarization is generated (Fig. 14.15, lower). This
response could also be induced when osmolarity of pool A was increased or
if the osmolarity of both pools was increased. Thus, the decrease in cell tur-
gor pressure is responsible and not the movement of water along osmotic
pressure gradient. This response is generated at the distal end but not at the
flank of the cell. Therefore, the response is not generated at the ligated end.
In the measurement of Fig. 14.15 (lower), constant current pulses were
applied, and the deviation of the membrane potential represents the change
of the membrane resistance. Since it decreased during the depolarization, it
is suggested that activation of ion channel is involved. The ion channel
involved is remained to be identified. It is expected that this experimental
set-up will open the way for the analysis of the transformation of a pressure
signal to an electrical signal.
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