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Abstract Mechanosensitive (MS) ion channels are
activated by mechanical stress and then transduce this
information into electrical signals. These channels are
involved in the growth, development and response to
environmental stress in higher plants. Detailed analyses
of the electrophysiology in higher plants are difficult
because such plants are composed of complex tissues.
The large cells of the charophytes facilitate electro-
physiological measurements and allow us to study MS
ion channels at the level of single cells. We draw parallels
between the process of touch-perception in freshwater
Chara, and the turgor-regulating response to osmotic
shock in salt-tolerant Lamprothamnium. In terms of
electrophysiology, these responses can be considered in
three stages: (1) stimulus perception, (2) signal trans-
mission and (3) induction of response. In Chara the first
stage is due to the receptor potential (RPD), a transient
depolarization with a critical threshold that triggers ac-
tion potentials, which are responsible for stages (2) and
(3). Receptor potentials are generated by MS ion chan-
nels. Action potentials involve a transient influx of Ca2+

to the cytoplasm, effluxes of K+ and Cl– and a tempo-
rary decrease of turgor pressure. Reducing cell turgor
increases sensitivity to mechanical stimulation. In Lam-
prothamnium, a hypotonic shock produces an extended
depolarization that resembles an extended RPD and is
responsive to osmotic rather than ionic changes. Like
the action potential, a critical threshold depolarization

triggers Ca2+ influx, opening of Ca2+-sensitive Cl–

channels and K+ channels; effluxes that last over an
hour and result in turgor regulation. These processes
show us, in primal form and at the level of single cells,
how mechanoperception occurs in higher plants. Recent
progress in research into the role of MS ion channels in
the freshwater and salt-tolerant Characeae is reviewed
and the relevance of these findings to plants in general is
considered.
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Introduction

The response to touch, injury and other forms of me-
chanical stimulus in plants has been researched since the
1900s (reviews: Pickard 1973; Hill and Findlay 1981;
Wayne 1994; Shepherd 1999; Shimmen 2001a). Percep-
tion of mechanical stimuli occurs at the level of me-
chanosensory ion channels (MS channels) that are
activated by mechanical stress on the cell membrane and
cell wall. The molecular structure and function of MS
channels has been intensely researched in animal cells
and bacteria (Hamill and Martinac 2001) and we will
focus on the function of MS channels at the level of the
electrophysiological behaviour of whole plant-like cells.
MS channels transduce mechanical information into
electrical signals, such as receptor potentials (RPD) and
subsequently action potentials, in giant charophyte algae
(Shimmen 1996). MS channels are widespread and play
a role in touch perception, turgor regulation and/or cell
volume regulation in cells as diverse as bacteria
(Chamberlin and Strange 1989), the bovine lens cell
(Srinivas et al. 1998), the salt-tolerant charophyte
Lamprothamnium (Shepherd and Beilby 1999) and the
guard cells that control the stomatal aperture, and hence
gas exchange and transpiration in higher plants
(Cosgrove and Hedrich 1991). On the whole, these
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disparate cells use K+ as the main inorganic osmoticum,
and K+ is the main cation expelled or taken up during
turgor and/or volume regulation, accompanied by Cl– or
other anions. The ability to respond to touch or changes
in osmotic pressure clearly originated very early during
cellular evolution and the MS channels involved are
probably highly conserved.

The importance of turgor regulation and the need
for mechanoreceptors in higher plants

Plants have elaborated this ancient cellular capacity for
controlling the balances of K+ and associated anions,
often Cl–, into behavioural repertoires involving move-
ments of cells and organs (see review by Findlay 2001).
Plant cells are enclosed in cell walls, and form rigid
collective structures that are unified by turgor pressure.
The cell walls of the plant body form an extracellular
matrix, a continuum called the apoplast, a wet cellulosic
space that can conduct action potentials and is imper-
meable to water only at casparian strips and suberized
lamellae. The apoplast encloses the symplast, the con-
tinuum of protoplasts that are interconnected by plas-
modesmata, wall-spanning intercellular communication
channels. Turgor pressure is the pressure exerted out-
wardly on the relatively inelastic cell wall by the proto-
plast. Water flow between apoplast and symplast across
the cell membrane is described by J=Lp(Yi–Yo), where
Lp is the hydraulic conductivity of the wall/membrane
complex, and Yi and Yo are the water potentials inside
and outside the cells. The difference in water potentials
(Yi–Yo) equates to the difference between hydrostatic
and osmotic pressures inside and outside the cell
(DP=Pi–Po)–(DP = Pi–Po), as shown in the schematic
diagram in Fig. 1. In the homeostatic situation, where
there is no net water flux across the cell membrane, the
hydrostatic pressure difference is equal to the osmotic
pressure difference, and the turgor pressure DP is then
equal to the pressure generated by the difference between
intracellular (symplastic) and extracellular (apoplastic)
osmotic pressures. The major determinants of turgor
pressure then are Y, the Young’s modulus for elasticity
of the cell wall, and Pi–Po, the difference in osmotic
pressure in the symplast and the apoplast. Any form of
controlled movement in plants, either by growth, re-
sponse to injury, or nastic movements, implies changes
in and regulation of turgor pressure.

During turgor regulation the major ion fluxes occur
between vacuole and apoplast, with the cytoplasm being
a route for rapid transit (see Fig. 1). As a physical
property the turgor pressure is propagated through the
whole plant body, and at the whole plant level it is
regulated by symplastic and apoplastic barriers. If
adjoining cells have different turgor pressure then the
plasmodesmata between them are disconnected (Ding
and Tazawa 1989), interrupting the symplast. This may
occur when groups of cells begin to pursue a different
differentiation pathway. For example, plasmodesmata

connecting developing reproductive structures are
plugged prior to spermiogenesis in Chara (Kwiatkowska
1988; Shepherd and Goodwin 1992). On the other hand,
casparian strips and suberized lamellae force water and
solutes into a symplastic path at critical entry points
(roots) or exits (leaves) of higher plants (Canny 1990).
Living cells provide a compensating pressure that forces
water into embolized xylem vessels in a recently pro-
posed compensating pressure theory (Canny 1995,
1998). Living cells of rays or xylem parenchyma were
predicted to have the capacity for pressure sensing,
through stretch receptors (Canny 1995) or MS channels.
Not only does turgor pressure regulation control the
‘‘skeletal’’ system of the plant, and transpiration and gas
exchange through stomata, it is itself feedback regulated
according to growth and development needs of different
parts of the plant body. Any cell throughout the plant
which is exposed to varying solute concentrations co

needs to be able to respond to changes of DP.
The apoplast serves as a reservoir for ions and water

during plant cell or organ movements that involve
changes in turgor pressure. In land plants the actual ion
concentrations ‘‘seen’’ by the plasmalemma depend on
complex surface charge properties of the apoplast
(Kinraide 2001), whilst it is usually assumed that cells of
aquatic plants have access to an unlimited apoplast. This
assumption applies to freshwater algae living in dilute
environments but is certainly not true in marine algae,
with complex elaborations of the cell wall (Shepherd and
Beilby 1999). Turgor pressure is regulated by controlling
the movements of predominantly K+, accompanied by
Cl– or other anions, between symplast and apoplast. In
plant cells the majority of the K+ and Cl– of the
symplast is stored in the vacuole, which, in the resting
state, normally contains high concentrations of K+, Cl–

and Ca2+. Water-filled intercellular spaces contain

Fig. 1. Schematic diagram of turgor regulation. In a steady state
the turgor pressure, DP, arises from the differences between
external and internal solute concentrations, ci

ss and co
ss, respectively.

The limited elasticity of the cell wall prevents water flow, and the
water potentials inside and outside, Yi and Yo, respectively,
are balanced by the hydrostatic pressure difference DP (=Pi–Po).
Under most conditions this pressure is directed outwards. With no
water flow, DP=DP=RT(ci

ss–c
o
ss), where R is the universal gas

constant and T is the temperature in K. Cells in different plants and
parts of plants exhibit a range of steady-state turgor pressures.
During hypotonic challenge the outside concentration of solutes
decreases by Dc, the water potentials no longer balance, and water
flows into the cell: J=Lp(Yi+DY–Yo), where Lp is the hydraulic
conductivity. This flow stops within seconds, once again limited by
the cell wall (ci unchanged to a first approximation), but a greater
hydrostatic pressure difference (and greater DPhypo) results, once
again balancing the water potentials. However, this situation might
be dangerous for the cell, as the wall might burst. Many cells can
detect the increase in DP, opening channels and decreasing ci until
DP returns to some comfortable value. The details of this
regulation are discussed in the text. During hypertonic challenge
the water flows out of the cell, decreasing or totally abolishing DP.
In this case the cell has to expend metabolic energy to increase ci

until normal DP is re-established. The details of the process are
discussed in the text

c
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similar concentrations of K+ and Ca2+ to vacuoles of
adjacent cells, although only a small amount of Cl– was
detected (Canny and Huang 1993). A beautiful example
of the role of K+ exchange between symplast and
apoplast in controlling cell turgor pressure is found in
the ‘‘hand-clapping’’ plant Desmodium, whose leaflets
show rhythmic movements due to swelling and shrinking
of the motor cells of the pulvinus. Antkowiak and
Engelmann (1995) used extra- and intracellular elec-
trodes to measure K+ in the apoplast. They found that
when the cells were swollen during the ‘‘upstroke’’,
apoplastic K+ concentration was at its highest and the
cells were relatively hyperpolarized. Apoplastic K+ was
at its lowest, and the cells were depolarized, when the
cells were shrunken, during the ‘‘downstroke’’.

While changes in concentration of major ions and
subsequent changes in DP have been studied extensively,
the presence of MS channels is only documented for
some of these situations. MS channels are involved in
the development of morphogenetic polarity in Fucus
(Quatrano and Shaw 1997), guard cell physiology
(Cosgrove and Hedrich 1991) and algal cell turgor reg-
ulation (Beilby and Shepherd 1996; Taylor et al. 1996;
Heidecker et al. 1999; Shepherd and Beilby 1999;
Shepherd et al. 1999), as well as other phenomena de-
pendent on mechanical, osmotic and surface properties
of cells, including embryoid formation from protoplasts
(Barthou et al. 1999) and growth of maize callus
(Laboure et al. 1999). MS calcium channels appear to be
widespread in the epidermis of higher plants, and in-
deed, MS channels are thought to contribute to differ-
entiation in the majority of plants, since mechanical
shear stress on cell walls acts as a positional signal (Ding
and Pickard 1993). Mechanical signaling will involve
changes in cytoplasmic Ca2+ levels (reviewed Haley et al.
1995). Even movements in the wind induce such changes
in cytoplasmic Ca2+ (Knight et al. 1992). The relation-
ship between stimulus perception, via receptor poten-
tials, and response, that involves regulation of or
changes in turgor pressure, is a deeply conserved part of
plant development and plant’s response to environ-
mental change.

Chains of stimulus and response in touch stimulation

Turgor regulation resulting in movements follows simi-
lar sequences even in very different plants. The insec-
tivorous plants such as Aldrovandra vesiculuosum
(Shimmen 2001a) or the Venus Flytrap (Jacobsen 1965;
Benolken and Jacobsen 1970) have been considered in
detail. In general terms, bending of a multicellular sen-
sory hair results in receptor potentials, small depolar-
izations of short duration (usually of the order of
10–15 mV and lasting �10 s in cells normally having a
resting PD between –130 and –200 mV) that are trans-
mitted to motor cells of the trap lobe. These receptor
potentials are the ‘‘tripwires’’ for action potentials by
depolarizing the membrane to a threshold level that

stimulates voltage-gated Ca2+ channels to open, and
initiate an action potential. If the receptor potential is of
critical amplitude, or if receptor potentials come in
volleys, and are ‘‘summed’’ (Kishimoto 1968), an action
potential is triggered in the trap motor cells. The action
potential induces efflux of K+ and Cl– and water loss,
reducing turgor in motor cells and causing the trap to
collapse. Mechanically stimulated receptor potentials
have been measured from the early days of research into
plant excitability (Pickard 1973). MS channels are re-
sponsible for receptor potentials (Shimmen 1996).

The chain from stimulus to response thus consists of:

1. Perception, through detectors. Mechanosensory
channels are the first detectors of mechanical stimu-
lus. The stimulus is translated from mechanical en-
ergy to electrical code (receptor potentials).

2. Transmission. An action potential may be generated
in one part of the cell and transmitted along the cell
or to several cells.

3. Response, achieved by the effectors. Turgor is regu-
lated by controlled efflux of K+ and Cl– (activated by
Ca2+) and water.

Variations on this theme describe the sequence of the
majority of plant responses to mechanical stimulus.
However, it is difficult to isolate the behaviour of single
cells in multicellular systems. We have aimed to under-
stand the chain of events in single cells, from receptor
potentials and action potentials in freshwater Chara-
ceae, to turgor regulation in salt-tolerant charophytes.

Charophytes as the ideal experimental system

Complex tissues, where many cells may contribute to the
observed electrophysiology, are clearly unsuitable sub-
jects if we want to understand MS channels at the level
of single cells. Conversely, protoplasts, in lacking a wall,
are perhaps too simple a system when the cell wall and
its regulation of turgor pressure is a key factor in the
response. Cells of charophytes (especially Chara, Nitella
and Lamprothamnium) are well-explored experimental
systems. Studies of charophyte cells have established the
fundamentals of plant cell membrane electrophysiology,
such as the H+ translocating ATPase, and plant cell
excitability (Shimmen et al. 1994; Wayne 1994). The
charophytes have always presented difficulties in terms
of classification. They are classified with green algae, yet
they form complex enclosed reproductive structures. The
chloroplasts of charophytes have grana like those of
higher plants but unlike other algae (Gunning and
Schwartz 1999). The gain of two chloroplast tRNA
introns suggests that charophytes are the green algal
ancestors of higher plants (Baldauf et al. 1990; Manhart
and Palmer 1990). Sequence data for the Rubisco large
sub-unit show that the Characeae are probably mono-
phyletic (McCourt et al. 1996). The organisms express
one of the most complex explications of the filamentous
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form. Apical cells produce alternating internodal cells
and complex nodal aggregations.

Higher plants have charophyte-like ancestors, and
extant charophytes probably descended from salt-toler-
ant ancestors (Winter et al. 1996). The capacity to reg-
ulate turgor and tolerate high salinities was probably
lost by some charophytes when they successively colo-
nized freshwater niches. The internodal cells of fresh-
water Chara are large single cells (from 7 mm length, in
some electrophysiological experiments; up to 36 mm and
close to 1 mm in diameter in mechanical stimulation
experiments). Lamprothamnium has a more variable
morphology, and internodes from marine plants are
smaller than those in brackish environments (Shepherd
et al. 1999). Typically the internodal cells used in elec-
trophysiological experiments, like the ones described
here, are about 7 mm long and 0.3 mm in diameter.
Internodal cells can be easily excised from the plants and
their large size facilitates microelectrode impalements
and measurements of action potentials. The large cell
size also makes it possible to extract and analyse vacu-
olar and cytoplasmic contents, or to manipulate the cell
compartments by perfusion, permeabilization or cen-
trifugation (Shimmen et al. 1994).

The initial phase of the touch-stimulated action po-
tentials involves first a transitory depolarization (recep-
tor potential) that induces opening of PD-sensitive Ca2+

channels, probably in endomembranes (Plieth et al.
1998), and influx of Ca2+ to the cytoplasm that can be
visualized with aequorin (Williamson and Ashley 1982;
Kikuyama and Tazawa 1998). This release is coupled
with the sudden cessation of cytoplasmic streaming.
Cytoplasmic streaming in the Characeae is dependent on
what is normally called ‘‘cytoplasmic Ca2+ ion con-
centration’’ or Ca2+

cyt and is motivated by the actin-my-
osin system. However, Ca2+ is actually not mobile in the
cytoplasm, in the sense that it does not move by diffu-
sion (Trewavas 1999). Nonetheless, it may make con-
centration-dependent associations with cytoskeletal and
cellular proteins. Ca2+ definitely regulates myosin by
molecular interactions, since the calmodulin-myosin link
is facilitated at low Ca2+ concentrations and severed at
high concentrations, during the peak of the action po-
tential, when streaming ceases (Yokota et al. 2000).

The touch response in freshwater Characeae

Receptor potentials

It has been possible to clearly characterize individual
receptor potentials in single cells of Chara, without
competing effects from other cells. Shimmen (1996,
1997a, 1997b, 1997c, 2001a) developed a mechanostim-
ulatory device capable of delivering a reproducible series
of mechanical stimuli of increasing energy to single
Chara cells. The receptor potentials are generated by
mechanosensory ion channels, producing transient de-
polarizations of the cell membrane, whose amplitude

varies with stimulus strength, until a threshold depo-
larization is generated, and the cell fires an action po-
tential (Fig. 2). The receptor potential of critical
amplitude, that sufficiently depolarizes the membrane,
stimulates an action potential. Below-threshold receptor
potentials, fired in succession, can be summed and
stimulate action potentials (Kishimoto 1968). Mem-
brane resistance decreases during the RPD and so ion
flow must occur, even if its source is difficult to identify.
The H+ pump is not involved in generation of RPDs,
nor are they affected by the usual inhibitors of voltage-
gated Ca2+ and Cl– channels. The equilibrium potentials
of Ca2+ and Cl– across the plasma membrane suggest
that these ions are nonetheless involved in generating the
RPDs. In experiments where Chara cells were stimulated
in K+ solutions with different equilibrium potentials for
Cl–, Cl– channels appeared to produce the receptor po-
tential (Shimmen 2001a).

Action potentials: multi-functional signals

An action potential is a major event for the cell. The
argument that action potentials act as multi-functional
signals in plants, through their characteristic release of
Ca2+ from internal stores into the cytoplasm, was put
forward convincingly by Davies (1987). Mechanical in-
formation is translated by MS channels into threshold
receptor potentials (Shepherd et al. 2001), and a transi-
tory depolarization-induced influx of Ca2+ to the cyto-
plasm follows (Plieth et al. 1998).

It is still controversial whether this Ca2+ originates
from the external medium (Kikuyama and Tazawa
1998) or from internal stores such as endomembranes
(Biskup et al. 1999). Classic experiments (e.g. Findlay
1961; Hope 1961; see also Beilby 1984) showed that the
action potential peak was strongly dependent on the
external concentration of Ca2+, and that the action
potential could be abolished by removing Ca2+ from the
medium, as was the calcium transient and streaming
cessation (Williamson and Ashley 1982). On the other
hand, experiments using Mn2+ to quench the fluores-
cence of the Ca2+ indicator fura-2 showed that
quenching did not occur during an action potential when
Mn2+ was present in the medium (Plieth et al. 1998).
This suggested that Ca2+ did not enter from the external
medium, if Mn2+ is transported similarly to Ca2+.

However, evidence is accumulating to support the
theory that Ca2+ is released to the cytoplasm from in-
ternal stores (Wacke and Thiel 2001). In terms of this
theory, depolarization causes elevation of second mes-
senger IP3 (inositol 1,4,5-trisphosphate) and consequent
mobilization of Ca2+ from internal stores such as the
endoplasmic reticulum (ER; Biskup et al. 1999). The
phosphoinositide signalling cascade may be the pre-
dominant calcium-regulated second messenger system
operating in plants, as argued over a decade ago
(Poovaiah et al. 1987). Unlike Ca2+, IP3 can diffuse in
the cytoplasm, which may be how calcium waves are
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propagated (Trewavas 1999). The phosphoinositides are
phospholipid monolayers with negative head groups
that are integrated with the plasmalemma (Landau and
Leshem 1988). A signal activates phospholipase C, an
enzyme specific for inositol phospholipids. The hydro-
lysis of phosphatidylinositol 4,5-bisphosphate (PIP2)
gives diacylglycerol (DAG) and IP3. DAG activates
protein kinase C and IP3 induces Ca2+ release from the
ER (Poovaiah et al. 1987). IP3 also induces voltage-de-
pendent Ca2+ channels in vacuoles to release Ca2+

(Alexandre et al. 1990). Microinjection of caged IP3 can
mimic this process by inducing the Ca2+ release from
internal stores (Thiel et al. 1990). Ca2+ is normally
maintained at a very low level in the cytoplasm, about
0.1 lM in Chara (Williamson and Ashley 1982), whilst
the cell wall and internal stores can contain between 0.1
and 10 mM concentrations (Trewavas 1999), and the
vacuole and intercellular spaces can contain �120 mM
and �70 mM Ca2+, respectively (Canny and Huang
1993). During excitation the Ca2+ concentration is
transiently elevated from 200 nM to 700 nM (Plieth and
Hansen 1996). Even minute increases of Ca2+ in the
cytoplasm have substantial signaling effects.

A major effect of the increase in Ca2+ induced by an
action potential is the severing of the calmodulin-myosin

link (Yokota et al. 2000) and cessation of cytoplasmic
streaming. The transient elevation of Ca2+ in the cyto-
plasm activates Cl– channels (Beilby 1984), accompa-
nied by instantaneous effluxes of Cl– and K+ (Oda
1976), a decrease in cell turgor pressure (Zimmerman
and Beckers 1978) and transient contraction of the cell
(Oda and Linstead 1975).

Direct effects of turgor pressure on receptor
potentials; indirect effects on action potentials

In Pickard’s model of the plasmalemmal control centre,
clusters of MS channels are connected to the cell wall/
extracellular matrix by integrin-like proteins that also
link with the cytoskeleton (Pickard 1994). Turgor
pressure, as the driving force for expansion or con-
traction of cells, is thus controlled by MS channels
linked with the cytoskeleton (Ding and Pickard 1993).
This model leads us to expect that receptor potentials
should be responsive to changes in cell turgor pressure,
but Staves and Wayne (1993) concluded that turgor
pressure did not influence the touch-activated action
potential in Chara. However, they did not consider
RPDs, the part of the response actually generated by
MS channels.

We found that RPDs in Chara are indeed turgor-
responsive (Shepherd et al. 2001). Cells experiencing

Fig. 2a–f. Reduction of turgor pressure leads to increased sensi-
tivity to stimulation; conversely, increasing turgor pressure leads to
decreased sensitivity to stimulation. The effect on the amplitude
and duration of receptor potentials and action potentials of
changing turgor pressure is shown in a single cell. Turgor pressures
were altered by addition of sorbitol; the cellular osmotic pressure
and osmotic pressure of the external solution was measured using a
vapor-pressure osmometer. The cells were stimulated by releasing a
rod from graded heights, striking the cells with increasing
momentum. (a) Successive stimuli, from left to right, produce
receptor potentials of increasing amplitude at the resting turgor
pressure of 0.59 MPa. The stimuli had momenta of 5.6·10–4,
8.0·10–4 and 9.9·10–4 kg m s–1, respectively. The action potential
(shown half-size) was stimulated at a momentum of
12·10–4 kg m s–1. (b) When the cell turgor pressure was decreased
to �0.24 MPa, the cell gave a sub-threshold receptor potential
with a far smaller stimulus (5.6·10–4 kg m s–1) and fired an action
potential at a far smaller stimulus (8.0·10–4 kg m s–1). (c) Return-
ing the cell turgor pressure to �0.59 MPa led to a decrease in
sensitivity to stimulation. Receptor potentials, shown left to right,
were given at stimuli with momenta of 5.6·10–4, 8.0·10–4, 9.9·10–4,
12·10–4 and 13·10–4 kg m s–1, with the action potential firing at
14·10–4 kg m s–1 (next line). (d) Sensitivity to stimulation dramat-
ically increased when turgor pressure was reduced to �0.12 MPa,
and the cell fired an action potential with a stimulus of momentum
only 5.6·10–4 kg m s–1. (e) With turgor pressure restored to
�0.59 MPa, the sensitivity to mechanical stimulation again
decreased, with the sub-threshold receptor potential firing at a
momentum of 13·10–4 kg m s–1, and the action potential at a
momentum of 14·10–4 kg m s–1, as in (c). (f) When the cell was
plamolysed (turgor pressure zero MPa), the cell became unrespon-
sive to stimuli of momenta 5.6·10–4, 8.0·10–4, 9.9·10–4 and
12·10–4 kg m s–1. Parts (a)–(d) are adapted from Fig. 3 in
Shepherd et al. (2001). Parts (e) and (f) are from V.A. Shepherd
(unpublished results)

b
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incipient plasmolysis either lost the ability to respond to
mechanical stimulus with receptor potentials, or gave
unusual responses (Shepherd et al. 2001; Fig. 2), sug-
gesting that the wall-membrane associations are essen-
tial for mechanosensing. When turgor pressure was
reduced to a lesser extent, without inducing incipient
plasmolysis, the cells gave RPDs of increased amplitude
for a given stimulus, relative to the RPD produced at
normal turgor pressure. Conversely, when turgor pres-
sure was increased, the cells produced receptor poten-
tials of smaller amplitude for a given stimulus. However,
current/voltage analysis showed that this was not due to
changes in the membrane PD or the cell conductance,
since neither was significantly affected by reduction of
turgor. Kiyosawa and Ogata (1987) had shown earlier
that the cell electrical resistance was independent of os-
motic pressure, but that water permeability decreased
when either external or internal osmotic pressure was
increased. The enhanced sensitivity to stimulus is due,
rather, to changes in the mechanical properties of the
cell wall-plasmalemma-cytoskeleton complex, since it
can be shown that the force directed radially outwards
by the protoplast and the tension of the cell wall both
diminish as turgor pressure is decreased (Shepherd et al.
2001). Thus, a given mechanical stimulus is likely to
deform the complex more, in less turgid cells, and acti-
vate more MS channels.

In keeping with the conclusion of Staves and Wayne
(1993), the threshold depolarization for inducing an
action potential was unaffected by changes in turgor
pressure, and was a voltage-dependent rather than
stretch-dependent process. However, the threshold for
stimulation of an action potential was reached with a
mechanical stimulus of lower energy in cells with re-
duced turgor. Thus, turgor reduction led to a ‘‘hair-
trigger’’ touch-response, where sensitivity to touch was
greatly increased.

The biological advantages of turgor-dependent
receptor potentials

The cell with reduced turgor is more likely to respond
to mechanical stimuli with action potentials. We rea-
soned that such a ‘‘hair-trigger’’ RPD in response to
stimulus was a defence mechanism, for long-term re-
duction of turgor signals injury, and turgor reduction
can result in inhibition of cell-to-cell communication
with neighbouring cells. Plasmodesmata transiently
close during an action potential, and normal cell-to-cell
communication is not restored until a turgid neigh-
bouring cell is present (Shepherd and Goodwin 1992).
Hydrostatic pressure differences across plasmodesmata
between adjoining cells can inhibit cell-to-cell transport
(Zawadzki and Fensom 1986; Ding and Tazawa 1989).
Zawadzki and Fensom (1986) also reported inhibition
of 14C transport during prolonged action potentials.
The increase in cytoplasmic Ca2+ during an action
potential appears to transiently but directly affect the

permeability of plasmodesmata in Chara (Shepherd and
Goodwin 1992). This regulation may be brought about
by Ca2+-mediated contraction of centrin (Blackman
et al. 1999) and is inseparable from the effect of the
turgor decrease that can provoke an action potential
(Zimmermann and Beckers 1978). Permanent loss of
turgor constitutes the ‘‘death signal’’ that is transmitted
to neighbouring cells (Shimmen 2001b). The cell that
loses turgor is ultimately disconnected from the body
of the plant, and falls to the substrate in which the
plant is growing, taking with it the totipotent node cells
that will regenerate new plants. In higher plants,
regulated changes in turgor pressure are involved in
regulation of complex movements and in development.
The Ca2+-regulated touch response in Chara shows
us how mechanical signals are transduced, in primal
form.

Detectors and effectors of osmotic stress:
turgor regulation in Lamprothamnium

The mechanical stimuli delivered to Chara by a me-
chanostimulatory device (Shimmen 1996) strike the cell
and deform the wall and membrane inwards, opposing
the force due to hydrostatic pressure DP that is directed
outwards by the protoplast against the wall (see Fig. 1),
which equates to the DP multiplied by the cell surface
area. By contrast, osmotic stress increases or decreases
DP directly by swelling or shrinking of the cell, due to
water flow induced by decreasing or increasing the ex-
ternal solute concentration (see Fig. 1).

Hypotonic turgor regulation in Lamprothamnium

Cells of the salt-tolerant charophyte genus Lampro-
thamnium have the capacity to respond to osmotic
shocks with a very extended period of tightly controlled
ion efflux or influx, that ultimately allows them to retain
their turgor pressure in the face of osmotic and salinity
changes. These may be hypotonic shocks, which occur
when it rains in the shallow estuarine pools, or hyper-
tonic stress, when the pool evaporates. The hypotonic
response is so well researched that by 1990 it had be-
come a model for turgor regulation in salinity-tolerant
cells (Okazaki and Tazawa 1990). The continued
development of this model will be discussed in this
section.

When Lamprothamnium cells are exposed to a sudden
decrease in osmotic pressure and ion concentration (by
say 1/2), a predictable sequence of events occurs (Beilby
and Shepherd 1996; Shepherd et al. 1999):

1. An influx of water occurs, the rate of which depends
on Lp for that cell (Shepherd and Beilby 1999).

2. The membrane PD depolarizes, by 30 to 50 to
100 mV, depending on the original salinity and Lp of
the cells.
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3. Ca2+ influxes into the cytoplasm, affecting cytoskel-
etal proteins of the actin/myosin system, and cyto-
plasmic streaming stops.

4. The membrane conductance increases up to 10-fold
due to Cl– efflux, from Ca2+-activated Cl– channels.

5. The Cl– conductance declines as the K+ conductance
peaks, at about 40 min, with the membrane PD
staying close to EK.

6. After about an hour, cell conductance is reduced to
less than the resting level.

7. The ‘‘fine tuning’’ of turgor regulation continues for
many hours (Beilby et al. 1999).

Detectors of the hypotonic response

Following pharmacological dissection of the channels
involved, we modified the early model of Okazaki and
Tazawa (1990), who had described the sequence of
events as a negative feedback loop that returned the cell
to a ‘‘pre-set’’ turgor level. We showed that the initial
depolarization (of about 50 mV) still occurred with K+

or Ca2+ (and consequently Cl–) channels inhibited, us-
ing tetraethylammonium (TEA) and La3+ respectively,
and that the cell conductance actually declined tran-
siently in the initial phase (Beilby and Shepherd 1996).
Furthermore, the time-courses of the Cl– or K+ con-
ductances were the same when the respective inhibitors
were used, showing that, once triggered, these effluxes
continued without regard for re-establishing a pre-set
turgor level. We attributed the initial depolarization to
the activity of MS channels (Beilby et al. 1999; Shepherd
and Beilby 1999; Shepherd et al. 1999; Beilby and
Shepherd 2001a), which were hardly affected by inhibi-
tors of voltage-dependent channels in Chara (Shimmen
2001a). Thus, the major detector of hypo-osmotic shock
in Lamprothamnium may be MS channels that produce
an extended depolarization resembling a drawn-out re-
ceptor potential.

The role of extracellular mucilage

Earlier research by others and ourselves had concen-
trated on cells living in brackish water (about 1/3 sea-
water), but we then conducted an ecophysiological study
of the algae living in a range of environments, including
full seawater. Surprisingly, cells in full seawater could
endure equally large or larger hypotonic shocks (from
full to 1/2 or 1/4 seawater), but the pattern of hypotonic
response resembled that of the brackish-water cells with
Ca2+ channels inhibited. The cells initially depolarized
by a small amount (�20 mV), but the influx of Ca2+, if
it occurred at all, was insufficient to halt cytoplasmic
streaming. The cell conductance increased only about
1.2-fold beyond the resting level, instead of by 10-fold,
indicating that the Ca2+-activated Cl– channels had
largely failed to open. However, the cells maintained

their initial depolarization, with current/voltage profiles
characteristic of the K+ state (where the membrane
electrical properties are dominated by the large con-
ductance K+ channels), and the cell conductance was
progressively reduced over an hour until it was less than
the resting conductance, as we would have expected in
the more dilute solution.

A major difference between the brackish-dwelling and
marine Lamprothamnium cells lay in the distribution of
an extracellular mucilage that we identified, using his-
tochemical stains Alcian Blue and Toluidine Blue at low
pH, as a mixture of sulfated and carboxylated polysac-
charides (Shepherd et al. 1999). The thickness of the
mucilage layer was directly related to the salinity of the
environment. Cells from plants living in dilute seawater
(<1/3) produced little or no mucilage, whilst marine
cells produced mucilages up to �45 lm thick, a very
substantial layer in cells that were normally 300 lm in
diameter. We concluded that this mucilage, which is
chemically similar to other highly charged polyanions
like heparin, both delayed the impact of osmotic shocks
and had the capacity for binding cations, especially Na+

and Ca2+. Under different circumstances the mucilage
might preferentially bind either Na+ or Ca2+, as occurs
in a proteoheparan sulfate that functions as a blood flow
sensor (Siegel et al. 1996). The Lp of the cells was di-
rectly related to mucilage thickness, and marine cells had
an Lp�3 times less than that of freshwater Chara.

We attributed the initial depolarization of mucilage-
coated cells to MS channels, and concluded that the
turgor regulation was achieved largely by depolariza-
tion-activated K+ channels, with a relatively small
conductance attributable to Cl– channels. We hypothe-
sized that the MS channels may be coupled with inte-
grin-like protein linkages made with the extracellular
matrix, including the mucilage. Enzymatic digestion of
the mucilage with heparinase (Shepherd and Beilby
1999) dramatically changed the response to hypotonic
shock. Mucilage-coated control cells responded to hyp-
otonic shock with a small depolarization, uninterrupted
streaming, and a mere 1.2-fold increase in cell conduc-
tance, that declined, after an hour, to less than the
resting value in seawater. In contrast, heparinased cells
responded to the same hypotonic shock with a large
depolarization (sometimes to positive values), a
prolonged cessation of cytoplasmic streaming, and a
100-fold (or more) increase in cell conductance. The
enormous conductance did not decline in the same time
interval as in controls. Although the cells recovered cy-
toplasmic streaming, showing that Ca2+ had been se-
questered by the vacuole and/or ER, they retained zero
or even positive PDs for several hours. The mucilage
sheath remained loosely in place as an unstirred layer,
but it lost the capacity for staining at low pH, indicating
that the charged structure of the sulfated polysaccha-
rides had been disrupted. Heparinased cells recovered
24 h after being removed from heparinase, and the ex-
tracellular mucilage again stained at low pH, suggesting
that the charged structure had been recovered. These
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cells then responded to a further hypotonic shock simi-
larly to controls.

Modeling the current-voltage (I/V) characteristics
of membrane transporters

The detailed electrical behavior of both detector and
effector transporters can be studied through modeling
the current-voltage (I/V) characteristics in steady state
and at the time of osmotic stress. The most conductive
membrane transporters, such as the proton pump, the
large conductance K+ channels and the inward and
outward rectifiers, have been modeled for charophyte
cells employing the ‘‘two state’’ HGSS model (Hansen
et al. 1981; Beilby and Walker 1996) and the Goldmann-
Hodgkin-Katz (GHK) equation (Beilby and Shepherd
2001a, 2001b). Thus, the current through the proton
pump, ip, is given by Eq. (1):

ip ¼ zFN
kiojoi � koijio

kio þ koi þ jio þ joi
ð1Þ

where:

kio ¼ ko
ioe

zFV
2RT ð2Þ

and:

koi ¼ ko
oie

�zFV
2RT ð3Þ

The F, R, T symbols have their usual meanings; z is the
pump stoichiometry, which has been set to 1; N is a
scaling factor (2·10–8) and V is the PD across the
membrane or membranes. The number of carrier states
was reduced to two with a pair of PD-dependent con-
stants, kio and koi, with a symmetric Eyring barrier
(Eqs. 2 and 3), and PD-independent rate constants, jio

and joi.
The current through the large conductance K+

channel, iK, is modeled by Eq. (4):

iK ¼
PoþPo�NKPKF 2V ½Kþ	i � ½Kþ	oe�

FV
RT

� �

RT 1 � e�
FV
RT

� � ð4Þ

where [K+]o and [K+]i are the K+ concentrations in the
medium and the cytoplasm, respectively. NKPK repre-
sents the number of K+ channels and their permeability.
It is treated as a single parameter. The PD dependence
of the channel opening is simulated by Boltzmann dis-
tribution at more negative and more positive PDs, Po+

and Po–, given by Eqs. (5) and (6):

Poþ ¼ 1 � 1

1 þ e zgF V�V50ð Þ
RT

ð5Þ

Po� ¼ 1

1 þ e�
zgF ðV�V50Þ

RT

ð6Þ

where zg is the number of gating charges, V50– and V50+

are the half-activation potentials, V50, at the negative

and positive PD of channel closure. iK diminishes at
both negative and positive PDs, requiring both Po+ and
Po–. The inward and outward rectifiers, iirc and iorc,
are also modeled by Eq. (4), but with a single
probability distribution Po+ (Eq. 5) for iirc and
Po– (Eq. 6) for iorc.

In cells where the proton pump and iK have been
inhibited by various conditions, the background current,
ibackground, can be observed. The background current is
modeled by an empirical equation (7) with PD-inde-
pendent conductance, gbackground, and reversal PD,
Vbackground, as the ions carrying it have not been iden-
tified:

ibackground ¼ gbackgroundðV � VbackgroundÞ ð7Þ

Figure 3 demonstrates data modeling for a salt-
tolerant charophyte Lamprothamnium cell, which was
transferred from brackish medium [artificial ditch water
(ADW) in mM: NaCl 120; KCl 2.8; CaCl2 2.4; NaHCO3

0.24; pH 7.6] to quarter of the ionic strength, but with the
osmolarity kept constant using sorbitol. In the steady
state the large conductance K+ channels were open (I/V
data points and fitted current are shown in gray in part a,
iK in part b, total conductance in part c and ibackground in
part d). The changes in the I/V characteristics are fol-
lowed as a function of time in quarter ionic strength
medium: 5.5 min (short dashing); 12 min (long dashing);
27 min (unequal dashing); 66 min (thin continuous line);
117 min (thick continuous line). The fit parameters are
shown in Table 1. Both iK and gbackground diminished in
medium of lower ionic strength. The streaming speed was
not affected. Note that Vbackground changed only slightly
throughout this period. These trends can be compared to
a cell exposed to a hypotonic shock by halving both the
ionic strength and osmolarity of the medium (see fig. 7 in
Beilby and Shepherd 2001b). This cell displayed an in-
crease in iK and gbackground and a transient depolarization
of Vbackground by �60 mV (the Ca2+ channels were
blocked by exposure to LaCl3, inactivating Cl– channels).
Thus, the activation of iK throughout the hypotonic re-
sponse could be separated from the Cl– channels (Beilby
and Shepherd 1996). As can be seen in Fig. 1, the hyp-
otonic cell experiences water inflow and stretching of the
wall and membrane, while the cell in changed ionic me-
dium does not. The MS channels, therefore, are expected
to contribute transiently to the conductance of the hyp-
otonic cell, but not to the conductance of the cell exposed
to lower ionic strength.

The hypothesis that ibackground flows through the MS
channels is examined below.

The I/V characteristics of the MS channels
in the salt-tolerant charophyte Lamprothamnium

In Fig. 4(a), the data from a mucilaginous Lampro-
thamnium cell (adapted from Fig. 6 of Shepherd et al.
1999) exhibit a mainly linear background current
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throughout the hypotonic response. The thick gray line
shows the steady state in 1/2 SW (seawater), profile 1
after 5 min exposure to 1/4 SW, profile 2 after 7.5 min in
1/4 SW, profile 3 after 30 min in 1/4 SW and profile 4
after 1 h in 1/4 SW. By that time the cell recovered the
pre-hypotonic resting PD. This cell exhibited only a
small conductance increase. Figure 4(b) is adapted from
Fig. 7 in Beilby and Shepherd (2001b). This cell was in
the K+ state in 1/3 SW and the hypotonic challenge was
provided by exposure to 1/6 SW. The fitted ibackground

exhibited a transient depolarization of Vbackground and
an increase in gbackground similar to that in Fig. 4(a).
Figure 4(c) is adapted from Fig. 6 in Beilby and Shep-
herd (2001a). The profiles 1–4 represent the ibackground

fitted to populations of cells adapted to a range of sa-
linities: 1, 0.2 SW; 2, 0.4 SW; 3, 0.5 SW; and 4, full SW.

These cells face increasing ionic strength media (in mM,
Na+: 77–350; K+: 2–16; Cl–: 86–400) and increasing
osmolarity (in mosmol kg–1: 140.5–1072), but their
vacuolar concentrations had adjusted (see Fig. 1) to
achieve the set point turgor of �300 mosmol kg–1

(Bisson and Kirst 1980). Note that while gbackground in-
creases by an order of magnitude in high ionic strength
environment, Vbackground stays remarkably constant.
This finding is confirmed in Fig. 4(d), which has been re-
plotted from the previous figure for comparison. As the
ionic strength decreases, gbackground diminishes. As the
cytoplasmic concentrations of K+, Na+ and Cl– are
thought to remain approximately constant throughout
the salinity range (Okazaki et al. 1984), ibackground would
exhibit changes in the reversal PD if it was carried pre-
dominantly by any of the above ions. Yao and Bisson
(1993) suggest that proton permeability increases in
another salt-tolerant charophyte, Chara longifolia. This
hypothesis is yet to be tested in Lamprothamnium. At
least some of the conductance increase is likely to arise
from electrostatic screening by impermeant ions at the
mouth of the channels (Lauger 1976).

Identity of ibackground

Some insight into the identity of ibackground comes
from the measurement of Na+, K+ and Cl– in the

Fig. 3a–d. I/V data (gray points) obtained from a Lamprothamni-
um cell in equilibrium with ADW (see text for ion composition).
The model total current is shown as thick gray line in part (a). The
changes in the I/V characteristics are followed as a function of time
in quarter ion strength medium: 5.5 min (short dashing); 12 min
(long dashing); 27 min (unequal dashing); 66 min (thin continuous
line); 117 min (thick continuous line). The fit parameters are given in
Table 1. The modeled iK is shown in (b), the total G/V curves in (c)
and modeled ibackground in (d). Note that iK disappeared at 117 min
(b) and ibackground has not changed from 66 to 117 min. The cell was
not voltage-clamped to sufficiently positive PDs to observe the
outward rectifier (Data from M.J. Beilby and V.A. Shepherd,
unpublished)
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vacuole of Lamprothamnium cells from different saline
environments and mucilage thickness. Beilby et al.
(1999) found that in young cells with thin mucilage,
most of hypotonic vacuolar adjustment of these ions
occurred within 1 h. The opening of the large con-
ductance K+ channels and Ca2+-activated Cl– chan-
nels were observed on the same cell population.
Further slow adjustment continued for at least 24 h.
Older cells with thick mucilage did not exhibit large
conductance increases (see the data in Fig. 4a), and
regulation took longer than 24 h. However, in both
cases, Na+, K+ and Cl– effluxed slowly from the cell
without the large conductance channels (K+ and Cl–)
opening. It is therefore likely that the MS channels are
not very selective, or there may be populations of MS
channels specific to particular ion species, as found
in guard cells (Cosgrove and Hedrich 1991). Why
Vbackground changes upon hypotonic exposure remains
to be determined. Perhaps the ratio of different types of
MS channels alters, or some ions pass through more
readily.

Modeling the effects of the mucilage

Figure 3 and Table 1 contain further important infor-
mation. The mucilage of this cell was 24 lm thick. The
best model fit to the data was achieved by slowly de-
creasing [K+]o until the membrane ‘‘saw’’ the external
concentration of 0.7 mM at times between 27 and
66 min in low ion ADW. The decrease in gbackground also
followed the time dependence of gK. This effect of the
mucilage as an unstirred layer and ion exchanger is
documented from other experiments. Beilby and Shep-
herd (1996) found that young Lamprothamnium cells
with thin or no mucilage responded immediately to TEA
by hyperpolarization if they were in the K+ state. Cells
with thick mucilage (16.8 lm), on the other hand, took
30 min to respond (Shepherd et al. 1999). As the muci-
lage thickness also decreases Lp (Shepherd et al. 1999),
the total effect is to provide a buffer for sudden large
changes. Either the slow rate of initial depolarization,
due to the MS channels, fails to activate the Ca2+

channels, or the inflow of Ca2+ is slow enough for the
re-sequestration to keep the cytoplasmic concentration
down. Thus streaming is not affected and Ca2+-acti-
vated Cl– channels fail to open. A similar effect is ob-
served for the action potential, when the electrical
stimulus is applied as slow depolarization (Fujita and
Mizuguchi 1955).

The elimination of the large conductance K+ chan-
nels from the hypotonic effect was observed for some
older cells with thick mucilage (>20 lm; Shepherd et al.
1999). This effect might arise from the reduced Lp and
consequently smaller water inflow upon the hypotonic
challenge. The modeling of the hypotonic response of
cells with no mucilage indicates an immediate rise in
[K+]cyt upon exposure to hypotonic media (Beilby and
Shepherd 2001b), which precedes the activation of iK. AT
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possible scenario involves water inflow into the vacuole,
MS channels on the tonoplast allowing inflow of K+

into the cytoplasmic compartment, and activation of the

large conductance K+ channels. A slower water inflow
might not produce sufficient [K+]cyt rise and the K+

outflow is then mediated by the plasmalemma MS
channels alone.

Hypertonic regulation

Hypertonic turgor regulation in Lamprothamnium is
quite different from hypotonic regulation. The effectors
of this response are the proton pump that hyperpolarizes
the cell PD, the inward K+ rectifier that transports K+

into the cell, and probably the 2H+/Cl– symporter,
transporting Cl– into the cell. This type of symporter was
described in Chara (Beilby and Walker 1981).

The detectors of the hypertonic stress are not known
and MS channels are probably not involved. However,
cells under extreme hypertonic stress plasmolyse, and
can potentially supply information about the structural
attachments of the MS channels by revealing wall-
membrane linkages or Hechtian strands.

Effects of plasmolysis

Lamprothamnium cells are difficult to plasmolyse. When
plasmolysis is achieved at very low pH (<0.5) in the

Fig. 4a–d. Comparison of observed and modeled ibackground under
a range of conditions. (a) Data from a mucilaginous Lamprotham-
nium cell, which exhibited a mainly linear background current
throughout the hypotonic response. The thick gray line shows the
steady-state I/V profile in 1/2 seawater (SW), which contains some
contribution from the proton pump as the resting PD is
hyperpolarized. Profile 1 was measured after 5 min exposure to
1/4 SW, profile 2 after 7.5 min in 1/4 SW, profile 3 after 30 min in
1/4 SW and profile 4 after 1 h in 1/4 SW. Adapted from Fig. 6 in
Shepherd et al. (1999). (b) The fitted ibackground exhibited transient
depolarization of Vbackground and increase in gbackground similar to
that in (a). The cell was in the K+ state in 1/3 SW (thick gray line)
and the hypotonic challenge was provided by exposure to 1/6 SW.
The changes in the I/V characteristics are followed as a function of
time in 1/6 SW: 3.0 min (short dashing); 10 min (long dashing);
15 min (thin line); 22 min (unequal dashing); 85 min (thick line). The
fit parameters are given in Beilby and Shepherd (2001b). Adapted
from Fig. 7 in Beilby and Shepherd (2001b). (c) The fitted
ibackground is adapted from Fig. 6 in Beilby and Shepherd (2001a).
The profiles 1–4 represent the ibackground fitted to populations of
cells adapted to a range of salinities: 1, 0.2 SW; 2, 0.4 SW; 3, 0.5
SW; 4, full SW. These cells face increasing ionic strength media (in
mM, Na+: 77–350; K+: 2–16; Cl–: 86–400) and increasing
osmolarity (in mosmol kg–1: 140.5–1072), but their vacuolar
concentrations had adjusted (see Fig. 1). (d) The fitted ibackground

is re-plotted from the previous figure for comparison. The different
lines are as in Fig. 3
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presence of the stain Alcian Blue, the stained extra-
cellular sulfated polysaccharide mucilage is clearly seen
to make stained unbroken linkages at regular intervals
with the cell wall and the plasmalemma (Fig. 5). Chara
cells lack extracellular sulfated polysaccharides and are
easily plasmolysed, in contrast to Lamprothamnium
cells. Some plasmolysed Chara cells retain en bloc
connections with the cell wall close to intercellular
junctions, rather than the discrete evenly spaced link-
ages seen in Lamprothamnium. Chara cells at zero
turgor can have either of two different electrophysio-
logical profiles (McCulloch and Beilby 1997): the first
(80% of cells) with very large conductance, the second
(20% of cells) with relatively normal I/V profiles,
derived possibly through the kinds of wall-
membrane linkages seen in some plasmolysed Chara
cells (Fig. 5).

Conclusion

The capacity for mechanosensing in charophytes is a
primal response to touch and osmotic shocks. The
striking similarities between the response to hypotonic
shock in Lamprothamnium and bovine lens cells, both
experiencing efflux of Cl–, K+ and volume/turgor res-
toration, show how fundamental such mechanisms are
to cell behaviour. In this sense, Chara, with its dilute
environment, is the odd one out, whilst mammalian cells
and Lamprothamnium share certain adaptations to a
salty, marine world. Ancient, fundamental cellular
mechanisms, such as mechanosensory and other ion
channels, evolved in osmoregulating procaryotes
(Chamberlin and Strange 1989; Harris-Warwick 2000).
Sulfated polysaccharides, like those synthesized by
Lamprothamnium, have a great capacity to ameliorate
the impact of osmotic shocks in marine algae, by func-
tioning as ion exchangers and by absorbing/releasing
water. This is demonstrated by their growing role in
medical research and industry, where they are used as
anticoagulants for blood (Maeda et al. 1991), anti-HIV
chemicals (Beress et al. 1993), to inhibit the growth of
cancer cells and as gels in industry (Yaron et al. 1992).
We have been able to examine some of the biophysical
properties of these gels in vivo, including their capacity
to greatly delay the impact of osmotic shocks and ionic
shocks and to greatly decrease Lp, the hydraulic con-
ductivity, depending on the thickness of the charged
layers.

We conclude that MS channels are the first detectors
in the line of stimulus perception. In response to touch
or a hypotonic shock, they depolarize the cell membrane
to critical levels that activate Ca2+ channels, initiating
the action potential in response to touch, or a prolonged
efflux of Cl– and K+ in the turgor-regulation response to
hypotonic shock in Lamprothamnium. Turgor regulation
and salinity tolerance depend also on the gel properties
of extracellular secreted sulfated mucilages that may
interact with MS channels. Turgor regulation is a slow
controlled process through which ions are released in
successive waves, Ca2+ followed by Cl–, followed by
K+, until the cell reduces its turgor.

The movements of higher plants in response to
stimuli can be very complex, including the famous
examples of the folding of Mimosa leaves or the trap
closure in the Venus Flytrap, which operate as ‘‘osmotic
machines’’ (Hill and Findlay 1981). Although complex,
such behaviour is ultimately attributable to similar
processes. Commencing with perception of stimulus
strength, the translation and transmission of signals in
the form of action potentials leads to loss of K+ and Cl–

(or other anions) and collapse of turgor. The mecha-
nisms of touch perception and turgor regulation, dis-
sected on the level of a single cell in Chara and in
Lamprothamnium, show us in fundamental form the
processes that have been elaborated in higher plants to
form these behavioural sequences.

Fig. 5a, b. Comparison of plasmolysis in Lamprothamnium and
Chara. (a) Plasmolysed cell of salt-tolerant Lamprothamnium,
stained with Alcian Blue at pH 0.5 to stain sulfated polysaccharides
(sulfates are the only groups in these polysaccharides that are still
ionized at this pH). Note the thick layer of extracellular mucilage.
Plasmolysis reveals regularly spaced links between the extracellular
mucilage, cell wall, and the plasma membrane (arrow). Scale bar:
100 lm. Adapted from Fig. 8h in Shepherd et al. (1999). (b)
Plasmolysed cell of freshwater Chara. The extracellular mucilage is
absent. The protoplast forms en bloc linkages with the cell wall
(arrow), usually near the cell ends. However, the regularly spaced
linkages with the extracellular matrix, seen above, are absent. Scale
bar: 100 lm
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