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ABSTRACT

 

The dependence of the Ca++++++++

 

-activated Cl

 

–

 

 channels on
potential difference (PD) was extracted from current–volt-
age (

 

I/V

 

) profiles recorded at the time of hypotonic regu-
lation while the large conductance (

 

G

 

) K++++

 

 channels were
blocked by tetraethylammonium (TEA). The total clamp
current (

 

I

 

) was dominated by the Cl

 

–

 

 

 

I

 

, 

 

i

 

Cl

 

, with small con-
tribution from the background 

 

I

 

 (

 

i

 

background

 

). The 

 

i

 

Cl

 

 was
fitted by the Goldman–Hodgkin–Katz (GHK) model with
enhanced PD dependence simulated by Boltzmann proba-
bility distributions. The 

 

i

 

background

 

 was modelled by an empir-
ical equation. The 

 

i

 

Cl

 

 responded to PD changes within tens
of milliseconds. The 

 

G

 

 maxima were located between 

  

−−−−

 

20
and 

  

−−−−

 

150 mV. The Cl

 

–

 

 channel number and channel perme-
ability parameter, 

 

N

 

Cl

 

P

 

Cl

 

, decreased as a function of time in
a hypotonic medium (from 0.45 

  

××××

 

 10−−−−

 

7

 

 to 0.17 

  

××××

 

 10−−−−

 

7

 

 ms−−−−

 

1

 

 in
19 min), with the positive half activation PD, 

 

V

 

50++++

 

, shifting
from 

  

++++

 

35 to 

  

−−−−

 

65 mV, and the negative half activation PD,

 

V

 

50–

 

, shifting from 

  

−−−−

 

134 to 

  

−−−−

 

310 mV. The fitted Cl

 

–

 

 concen-
tration [Cl

 

–

 

]

 

cyt

 

 at the time of hypotonic regulation indicated
rapid equalization of vacuolar and cytoplasmic concentra-
tions. Excellent data obtained under similar experimental
conditions in a previous study enabled us to infer [Ca++++++++

 

]

 

cyt

 

influences on the Cl

 

–

 

 channel characteristics. Thick sul-
phated polysaccharide mucilage, found on 

 

Lamprotham-
nium

 

 cells acclimated to more saline media, eliminated the
activation of the 

 

i

 

Cl

 

 at the time of the hypotonic regulation.
This effect was reversed by the application of the enzyme
heparinase. The characteristics of the 

 

i

 

Cl

 

 were found to be
consistent with a component of the excitation 

 

I

 

s at the time
of the action potential (AP). The short duration of the
excitation transients was contrasted with that of the hypo-
tonic regulation. The mechanisms for Cl

 

–

 

 channel activation
(and hence the Ca++++++++

 

 channel activation) were considered.
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INTRODUCTION

 

Most cells and tissues, capable of turgor regulation, export
or take up Cl

 

–

 

 and K

 

+

 

 at the time of environmental salinity

fluctuations. Cl

 

–

 

 channels play an important role in hypo-
tonic regulation, as Cl

 

–

 

 is one of the major constituents of
the ionic make-up of the vacuolar compartment, and the
electrochemical gradient is directed out of the cell. The salt-
tolerant charophyte 

 

Lamprothamnium

 

 provides a good
model for higher plant cells (Shepherd, Beilby & Shimmen
2002), where the Cl

 

–

 

 channels can be studied at the single-
cell level in a minimally perturbed system. Furthermore,
the abundance of electrophysiological data from charo-
phytes enables us to model the interaction of the Cl

 

–

 

 chan-
nels with other types of channels. Such systems biology
approach allows the experimenter to grasp the complex
interplay of the ion transporter synergy in different com-
partments of the cell.

In steady state, the cell membranes are not very perme-
able to Cl

 

–

 

 (Hope & Walker 1975), but upon hypotonic
stress, signal cascades open Cl

 

–

 

-selective channels and allow
passive Cl

 

–

 

 (and K

 

+

 

) outflow to decrease turgor towards
normal set-point level. The cytoplasmic streaming stops at
the early stages of the hypotonic effect, indicating an
increase in the [Ca

 

++

 

]

 

cyt

 

 (see Beilby & Shepherd 1996 and
references therein). It is reasonable, therefore, to assume
that the same Ca

 

++

 

-activated Cl

 

–

 

 channels are involved in
the hypotonic regulation and the action potential (AP).

In the AP, the signal cascade leading to the Cl

 

–

 

 channel
opening is more complex than initially modelled by the
Hodgkin–Huxley kinetics (Beilby & Coster 1979). The ini-
tial membrane depolarization, whether obtained by passing
a current (

 

I

 

) across the membrane or by a mechanical stim-
ulation, is assumed to elevate the levels of the second mes-
senger inositol triphosphate (IP

 

3

 

) in the cytoplasm (Biskup,
Gradmann & Thiel 1999). The Ca

 

++

 

 is released from internal
stores (Wacke & Thiel 2001), activating the Ca

 

++

 

 channels
on the tonoplast (Alexandre, Lassalles & Kado 1990) and
on the plasmalemma (Tazawa & Kikuyama 2003). The life-
time of IP

 

3

 

 is of order of seconds, as is the duration of the
AP at normal room temperature.

The hypotonic regulation is initiated by a rapid increase
of turgor. Under these circumstances, the resting potential
difference (PD) becomes more positive because of an
increased conductance (

 

G

 

) (or greater open population) of
stretch-activated (SA) channels (Bisson 

 

et al

 

. 1995; Shep-
herd 

 

et al

 

. 2002). The duration of elevated [Ca

 

++

 

]

 

cyt

 

 is much
longer at the time of hypotonic regulation (more than
10 min) (see Okazaki, Ishigami & Iwasaki 2002) than at the
time of an AP. This phenomenon is exploited to measure
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++

 

-activated Cl

 

– 
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Lamprothamnium

 

765

 

© 2006 The Authors
Journal compilation © 2006 Blackwell Publishing Ltd, 

 

Plant, Cell and Environment, 

 

29, 

 

764–777

 

the Cl

 

–

 

 

 

I

 

 (

 

i

 

Cl

 

)-dominated current–voltage (

 

I/V

 

) profiles and
to model this channel 

 

in vivo

 

. The other large 

 

G

 

, which
turns on by the hypotonic challenge, is due to large 

 

G

 

 K

 

+

 

channels and can be selectively blocked by tetraethylam-
monium (TEA) (Beilby & Shepherd 1996).

The [Ca

 

++

 

]

 

cyt

 

 influence on the Cl

 

–

 

 channel characteristics
can be deduced from the data obtained by Okazaki 

 

et al

 

.
(2002) under similar experimental conditions. To confirm
the behaviour of the underlying background 

 

I

 

 (

 

i

 

background

 

),
we model the hypotonic response of a mucilaginous cell,
where the 

 

i

 

Cl

 

 and the large 

 

G

 

 K

 

+

 

 channels are not activated.
The model is further tested on data from a mucilaginous
cell exposed to heparinase treatment, which reactivates the

 

i

 

Cl

 

. The excitation 

 

I

 

s flowing at the time of the AP are
analysed to evaluate whether the 

 

i

 

Cl

 

 component is consis-
tent with the characteristics obtained from the hypotonic
regulation modelling. The comparison of the AP and the
hypotonic regulation highlights the great difference in the
duration of the Cl

 

–

 

 outflow in each of these processes. The
signal cascades leading to the 

 

i

 

Cl

 

 activation are discussed.

 

MATERIALS AND METHODS

Plant material

 

The cells of 

 

Lamprothamnium succinctum

 

 were collected
from a small lake near Wyong, Central Coast, New South
Wales. The plants have been classified previously as 

 

Lam-
prothamnium papulosum

 

 (Bisson & Kirst 1980), but the
classification has been updated recently using a new tech-
nique on plant sexual organs (Casanova, personal commu-
nication). The salinity of the lake was close to 0.5 sea water
(SW). In the laboratory, the cells were kept in their native
medium. Several days before the experiment, the cells were
cut off from the plants and pretreated in one-third artificial
SW. The artificial SW from Ocean Nature (Aquasonic,
Ingleburn, NSW, Australia) was used (for the SW compo-
sition, see Beilby & Shepherd 1996). Young growing cells
were selected to avoid the effects of the mucilage (Shep-
herd, Beilby & Heslop 1999). The hypotonic stress was
induced by exposing the cells to one-sixth SW (changed by
180 mOsm). To eliminate the 

 

I

 

 through large 

 

G

 

 K

 

+

 

 channels,
the cell was pretreated in 20.0 m

 

M

 

 TEA chloride in both
one-third and one-sixth SW (Beilby & Shepherd 1996). The
data from young cells acclimated in one-third SW were
contrasted with data from a cell acclimated in one-half SW
with extracellular mucilage of 21 

 

µ

 

m. The hypotonic shock
was induced by exposing the cell to one-fourth SW, a drop
of 268 mOsm (Shepherd 

 

et al

 

. 1999). The mucilage of 42 

 

µ

 

m
on a full SW cell was disrupted by heparinase of 2.4 

 

×

 

 10

 

−

 

3

 

IU heparinase cm

 

−

 

3

 

 SW (Shepherd & Beilby 1999). The
hypotonic shock was induced by exposing the cell to three-
fourths SW, a drop of 268 mOsm.

The excitation was studied in young cells with very thin
mucilages acclimated to one-third SW. The excitation tran-
sients and the activation of the 

 

i

 

Cl

 

 at the time of the hypo-
tonic effect could be abolished irreversibly by a long
exposure to 0.5 m

 

M

 

 LaCl

 

3

 

.

 

Electrophysiology

 

The electrophysiological techniques were described
previously (Beilby & Beilby 1983; Beilby 1990; Beilby &
Shepherd 1996). Briefly, the cells were mounted in a three-
compartment chamber. The compartments were isolated
using silicon grease (see fig. 1 of Beilby, Mimura & Shim-
men 1997). The chamber was lit from below with a fibre-
optic light source, and the cells were observed using a
dissecting microscope with maximum magnification of
120

 

×

 

. Micro-electrodes were filled with 0.5 

 

M

 

 KCl. The
placement of the inner electrode was regarded as vacuolar,
considering the very tough 

 

Lamprothamnium

 

 cell wall and
the large part of the cell occupied by the vacuole (Beilby
& Shepherd 1996). However, Beilby (1990) found that at
most times the series combination of the plasmalemma and
the tonoplast is dominated by the plasmalemma character-
istics. Steady PDs were obtained after 30–40 min when the
medium was refreshed by hand at regular intervals. The
hypotonic solution was also introduced by a handheld
pipette, after emptying all three chambers by suction. The
cells were compartment voltage (

 

V

 

) clamped (Beilby 

 

et al

 

.
1997). The I/V characteristics were obtained by V clamping
the PD across the cell membrane to a bipolar staircase
command, generated by an LSI-11/73 computer, with pulse
widths of 60 ms separated by 250 ms at the resting PD. The
I/V profiles were generated by averaging the last 10 points
of each I and PD pulse.

The excitation Is were stimulated by V clamping the
membrane PD to depolarized levels (6 s), with V clamp to
resting level for 2 s before and after the depolarized level.
The G was measured by superimposing 5 Hz, 10–20 mV
sine wave on the V command (Beilby & Beilby 1983).

The model

The total clamp I was modelled as a sum of inward and out-
ward rectifiers, iirc and iorc, respectively; Ca++-activated Cl– I,
iCl, and a background I, ibackground, with a PD-independent G,
gbackground and reversal PD, Vbackground. The iCl was fitted by the
Goldman–Hodgkin–Katz (GHK) equation multiplied by
Boltzmann distribution of open probabilities Po– and Po+

(Beilby & Walker 1996; Amtmann & Sanders 1999) to sim-
ulate the channel closure, as the PD was clamped beyond
the positive or the negative closing threshold:

(1)

(2)

(3)

where F, R and T have their usual meanings; z is the
valence of the transported ion; V is the PD across the

i
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plasmalemma or across both the plasmalemma and the
tonoplast, and [X]o and [X]cyt are the ion concentrations in
the medium and the cytoplasm, respectively. NXPX stands
for the number of X ion channels and their permeability
and is treated as a single parameter; V50– and V50+ are the
half activation PD at the negative and positive PD of the
channel closure, respectively, and zg– and zg+ are the num-
bers of gating charges.

The ibackground was fitted by

ibackground = gbackground (V + Vbackground) (4)

The identity of the ibackground carriers is not clear at present,
but there is an experimental evidence for such a linear
profile ‘background state’ in both Chara and Lamprotham-
nium (Beilby 1985; Beilby & Shepherd 2001a). We now
have some evidence that ibackground flows through SA chan-
nels (Shepherd et al. 2002).

The iirc and iorc are both carried by K+ in Lamprotham-
nium and have been modelled by Eqn 1, but with a single
probability distribution Po– (Eqn 2) for iirc and Po+ (Eqn 3)
for iorc.

The Gs, gCl, girc and gorc, were calculated as differentials
of the appropriate Is with respect to membrane PD. The G/
V characteristics are instructive in considering the whole
system, as the parallel Gs of various types of channels are
directly additive.

The modelling of the data was performed on a Compaq
Armada E500 notebook computer (Compaq Armada E500

notebook computer, Compaq, Hewlett-Packard USA
20555 SH 249, Houston, TX 77070, USA), using Mathemat-
ica 3.0 and 5.0 (Mathematica 3.00 and 5.00, Wolfram
Research, 100 Trade Centre Drive, Champaign, IL, 61820-
7237). The goodness of fit was judged by eye. The sensitivity
of the model to parameter changes is explored in Fig. 1.

RESULTS

I/V characteristics of Ca++++++++-activated Cl– channels

Two young cells with very thin mucilages were pretreated
in TEA and exposed to the hypotonic medium as described
in Materials and methods. The fitted parameters exhibited
similar trends for both cells, and are shown in Table 1a and
b. The statistical approach, used for steady-state I/V char-
acteristics (Beilby & Shepherd 2001a), is not appropriate
for the modelling of the Is at the time of the hypotonic
regulation. The membrane G changes by an order of mag-
nitude within minutes with a slightly different timing for
each cell, resulting in large error bars (e.g. see Fig. 4 of
Beilby & Shepherd 1996). The differences in timing of the
hypotonic regulation can be seen in Fig. 2, where the mem-
brane PDs of the two cells are compared. The maximal
depolarization coincided with the inhibition of the cytoplas-
mic streaming. The times at which the I/V characteristics
were measured are shown by the numbers 1–5 (cell 1) and
1–6 (cell 2). The bipolar staircase data (from which the I/V

Figure 1. The sensitivity of the model to parameter changes was explored. (a) The [Cl–]cyt was changed from 50 mM (the steady-state 
cytoplasmic concentration; see Table 5) to 250 mM (greater than the vacuolar concentration). The heavy lines indicate a small change of 
± 10 mM to provide the sensitivity of the fit. However, as the channels close with V50+ at −31 mV, the shift of ECl more positive of zero does 
not produce a corresponding shift in the fitted curve. (b) The NClPCl parameter is varied from 0.2 × 10−7 to 0.5 × 10−7 ms−1, in steps of 0.05 × 
10−7 ms−1. The fit is affected by a change of ± 0.02 × 10−7 ms−1. (c) We explored the variation of the V50– from −150 to +50 mV in steps of 
20 mV. The fit is affected by a change of ± 20 mV. (d) We tested the change of the number of gating charges, zg, from 0.2 to 3 in steps of 
0.1. The sensitivity is ± 0.1. [Cl–]cyt, Cl– concentration in the cytoplasm; V50+, positive half activation PD; ECl, Nernst PD for Cl–; NClPCl, Cl– 
channel number and channel permeability; V50–, negative half activation PD; zg, number of gating charges; PD, potential difference.
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characteristics of cell 1 are constructed) are shown in
Fig. 3a. The I pulses were ‘well behaved’, settling to steady
values or very slow drift after an initial relaxation and the
I approached zero as the cell PD was returned to the resting
level. The pulses are shown on an extended timescale in

Fig. 3b. The short pulse bipolar staircase protocol was
necessary, as the membrane G was changing within minutes.

The data were modelled by the iCl (Eqn 1) and ubiquitous
ibackground (Eqn 4). The modelling process is described in
Fig. 4, using the I/V profile 2, cell 1 (Fig. 2, red profile in

Figure 2. The free-running membrane PD at 
the time of hypotonic regulation following the 
step from one-third to one-sixth SW. The 
hypotonic medium was introduced at 0 min. 
Cell (1): points connected by a continuous line 
with numbers signifying when the I/V data 
were collected. The changes in cytoplasmic 
streaming rate are indicated by continuous 
vertical bars and lettering on the lower portion 
of the graph. Cell (2): a thin dashed line, the 
changes in cytoplasmic streaming indicated by 
dashed vertical bars and lettering on the upper 
portion of the graph. The large G K+ channels 
were blocked by TEA. Note the rapid PD 
drop to zero or positive PD upon the 
hypotonic challenge. PD, potential difference; 
SW, sea water; I/V, current–voltage; G, 
conductance; TEA, tetraethylammonium.
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Figure 3. (a) Time dependence of the Cl–-
dominated total clamp I (the raw data for the 
I/V profile of cell 1 depicted in Fig. 4). The cell 
I was obtained in response to the PD clamp to 
bipolar staircase with pulse width of 60 ms and 
an interval of 250 ms between pulse pairs. The 
positive pulses reflect primarily the ibackground, 
while the negative pulses reflect mainly the 
characteristics of the iCl. The arrow indicates 
the I at the positive-limit PD level. The I at the 
negative-limit PD level exhibits railing of the 
clamp amplifier at the beginning of the pulse. 
(b) Expanded timescale showing the data-
logging points at the time of each depolarizing 
and hyper-polarizing pulse. The last four 
positive pulses show the rise of the outward 
rectifier. The last three negative pulses exhibit 
some slow relaxation at the end, possibly 
because of changes in [Cl–]cyt and [Ca++]cyt. The 
cell area was 8.247 × 10−6 m2. I/V, current–
voltage; I, current; PD, potential difference; 
ibackground, background I; iCl, Cl– I; [Cl–]cyt, Cl– 
cytoplasmic concentration; [Ca++]cyt, Ca++ 
cytoplasmic concentration.
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Fig. 5a). The dashed profile was obtained with Po+ and Po–

set to 1.0, the PD dependence dictated by the GHK model
only. The open channel population was clearly more strongly
influenced by the membrane PD. The thick, grey profile was

obtained by setting V50+ at −31 mV. The fit is further
improved (thin, black profile) by setting V50– at −255 mV.
The fit parameters for Eqns 1, 3 and 4 are given in Table 2.

The sensitivity of the model to the parameter changes
was explored in Fig. 1. In Fig. 1a, the [Cl–]cyt was changed
from 50 mM (close to the steady-state cytoplasmic concen-
tration in one-third SW, see Table 5) to 250 mM (greater
than the estimated vacuolar concentration). The heavy lines
indicate a small change of ±10 mM to illustrate the sensitiv-
ity of the fit. However, as the channels close with V50+ at −
31 mV, the shift of Cl– Nernst PD (ECl) more positive of
zero does not produce a corresponding shift in the fitted
curve. In general, such channel closure can make channel
identification difficult, if the shift of the electrochemical PD
with the outside concentration is used as a channel identi-
fier. In Fig. 1b, the Cl– channel number and channel perme-
ability parameter (NClPCl) is varied from 0.2 × 10−7 to
0.5 × 10−7 ms−1, in steps of 0.05 × 10−7 ms−1. The smallest
change affecting the good fit falls between ± 0.02 × 10−7

ms−1 limits. Figure 1c explores the variation of the V50+ from
−150 to 50 mV in steps of 20 mV. The limits of good fit are
± 20 mV. A similar sensitivity was found for V50– (not
shown). Figure 1d explores the change in zg+ from 0.2 to 3
in steps of 0.1. The sensitivity was found to be ± 0.1.

The evolution of the I/V characteristics with time after
the hypotonic challenge could now be modelled for both
cells (Fig. 5a–h). The NClPCl parameter decreased from
0.425 × 10−7 ms−1 at 9 min of the hypotonic regulation to
0.17 × 10−7 ms−1 at 19 min (cell 1) and from 0.45 × 10−7 ms−1

at 9 min of the hypotonic regulation to 0.38 × 10−7 ms−1 at
19 min (cell 2). The main difference between the two cells
was the V50–, which was more positive for cell 2 at all times
but moved to more negative PDs with time as in cell 1. The
values of zg– and zg+ were more variable for cell 2. For all
the model parameters for Eqns 1–4, see Table 1a and b. The
fit of the iCl enabled us to resolve the behaviour of the
ibackground at the time of hypotonic regulation. Table 1a and
b shows that the gbackground changed, while the Vbackground

became more positive.

The effect of mucilage on Cl– channel activation

The mucilaginous cell acclimated in one-half SW and
exposed to one-fourth SW exhibited only ibackground at the
time of hypotonic regulation (see Fig. 6). This cell was not
exposed to TEA. The mucilage was 21 µm thick. The resting
PD became more positive from the steady-state level in
one-half SW of −141 to −53 mV after 5 min of exposure to
one-fourth SW, but the streaming speed did not decrease.
The gbackground increased from 6.9 S m−2 in steady state to
10.5 S m−2, and the Vbackground changed from −100 to −56 mV
(see Table 3). Within 30 min, the gbackground fell to 5.9 S m−2

while the Vbackground was restored to a steady-state level of
−100 mV.

The mucilage effect was reversed by the disruption with
heparinase. The cell used in this Exp was acclimated to full
SW and had a thick mucilage of 42 µm. The cell was
exposed to heparinase overnight, and the mucilage was

Figure 4. Modelling I/V characteristics dominated by the Cl– I. 
(a) Total I (points) modelled by the background I and GHK only 
(thin dashed line), with the Boltzmann distribution activation with 
V50+ at −31 mV (thick grey line) and with another Boltzmann 
distribution activation with V50− at −255 mV (thin continuous line). 
(b) These separate Is as well as the background I, ibackground (unequal 
dashing). (c) The Gs for the three models as well as the gbackground 
and small contribution from the gorc (dotted line). I/V, current–
voltage; I, current; GHK, Goldman–Hodgkin–Katz; 
V50–, negative half activation PD; V50+, positive half activation PD; 
ibackground, background I; G, conductance; gbackground, PD-independent 
G; iorc, outward rectifier; PD, potential difference.
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disrupted but not removed (Shepherd & Beilby 1999). The
cell was not treated with TEA and consequently, the large
G K+ channel was also modelled at the time of hypotonic
regulation. The steady-state I/V profile was normal for the
cells from a full SW medium with a resting PD of −138 mV
and a G of about 40 S m−2 (Shepherd et al. 1999). The hypo-
tonic response was dramatically increased (see Fig. 7). The
cell membrane depolarized rapidly upon exposure to three-
fourths SW and cytoplasmic streaming stopped for about
5 min then slowly restarted. Both Ca++-activated Cl– chan-
nels and large G K+ channels were activated with large
permeabilities (see Table 4 for the fit parameters of Eqns 1–
4). The gbackground increased from 31 S m−2 in steady state to
160 S m−2 and retained this high value in 61 min of the
hypotonic exposure. The Vbackground remained near zero for
that time, but the streaming rate returned to normal. The
cell survived and recovered the mucilage and the mucilag-
inous cell response (Shepherd & Beilby 1999).

Excitation transients

The excitation transient Is and Gs are shown in Fig. 8 for
the V clamp levels from −60 to +20 mV. No excitation was
observed at more negative levels. The cell was acclimated
to one-third SW and had a negligible mucilage. Figure 9
shows an inhibition of the transient Is (a) and Gs (b) at zero
PD by the application of 0.5 mM LaCl3 at 11 min (1), 37 min
(2), 57 min (3) and after the LaCl3 solution was removed
[(4) and (5)].

DISCUSSION

This is the fourth paper in a series which models major G
transporters in the charophyte plasmalemma membrane
(Beilby & Walker 1996; Beilby & Shepherd 2001a,b). The
proton pump, the ubiquitous inward and outward rectifiers,
the large G K+ channels and now the Ca++-activated Cl–

Figure 5. Modelling the I/V characteristics 
at the time of the hypotonic regulation (one-
third to one-sixth SW) in the two young cells 
with negligible mucilage. Panels (a–d) refer to 
cell 1, while panels (e–h) refer to cell 2. 
(a) Total I fitted to the data shown as points: 
black line in steady state in one-third SW, blue 
line (1) at 9 min of one-sixth SW, red line (2) 
at 11 min, orange line (3) at 15 min, green line 
(4) at 19 min, purple line (5) at 34 min (see 
also Fig. 2). (b) The iCl component, same 
colors as in (a). (c) The ibackground component, 
shown on the same scale as the iCl to highlight 
the relative contributions of these Is to the 
total I. The same colour code as in (a) and (b). 
(d) The total G, with the same colour code. 
The parameters for the equations are given in 
Table 1a. The original data were shown in 
fig. 5b of Beilby & Shepherd (1996). (e) The 
total I of cell 2 fitted to the data shown as 
points: black line in steady state in one-third 
SW, blue line (1) at 6.5 min of one-sixth SW, 
red line (2) at 9 min, orange line (3) at 19 min, 
green line (4) at 54 min, violet line (5) at 
65 min and light blue line (6) at 85 min (see 
also Fig. 2). (f) The iCl component, same 
colours as in (e). (g) The ibackground component, 
shown on the same scale as iCl to highlight the 
relative contributions of these Is to the total I. 
The same colour code as in (e) and (f). (h) The 
total G, with the same colour code. The 
parameters for the equations are given in 
Table 1b. I/V, current–voltage; I, current; G, 
conductance; SW, sea water; iCl, Cl– I; ibackground, 
background I; PD, potential difference.
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Table 2. Parameters used in Eqns 1, 3 and 4 for modelling iCl, iorc and ibackground shown in Fig. 4

Model

iCl iorc 

NClPCl

(× 10−7 ms−1)
V50+

(mV)
V50–

(mV) zg+ zg–

NKPK

(× 10−9 ms−1)
V50

(mV) zg

[Cl–]cyt

(mM)
gbackground

(S m−2)
Vbackground

(mV)
ECl

(mV)
ER 
(mV)

GHK fit only 0.332 180.0 7.9 −20 16.9 +5.0
GHK with 

PD-dependent
channel closure
near ECl

0.332 −31 0.5 2 200 2 180.0 7.9 −20 16.9 −4.5

Full fit 0.332 −31 −255 0.5 1 2 200 2 180.0 7.9 −20 16.9 −4.5

The data at 11 min of the hypotonic regulation (red curve in Fig. 5a) were fitted with GHK only for iCl (Eqn 1 with Po+ and Po− set to 1.0)
and with added PD dependence near ECl (Eqn 3) and at negative PD (Eqn 2). ECl was calculated using [Cl–]o = 92 mM. ER is the reversal PD,
where the modelled I crosses the potential axis. iCl, Cl– I; iorc, outward rectifier; [Cl–]cyt, cytoplasmic Cl– concentration; gbackground, PD-
independent G; Vbackground, reversal PD; ECl, Nernst PD for Cl–; ER, the reversal PD of the fitted current; NClPCl, Cl– channel number and
channel permeability; V50+, positive half activation PD; V50–, negative half activation PD; zg+, positive activation gating charge; zg–, negative
activation gating charge; NKPK, K+ channel number and channel permeability; GHK, Goldman–Hodgkin–Katz; PD, potential difference; G,
conductance.

Table 3. Parameters used in Eqns 2 and 4 for modelling iirc and ibackground shown in Fig. 6

Time after  
hypotonic  
exposure
(min)

iirc 

NKPK

(× 10−7 ms−1)
V50

(mV) zg

gbackground

(S m−2)
Vbackground

(mV)
ER 
(mV)

Steady state 4.1 −255 1 6.9 −100.0 −140.9
Profile 1: 5 4.1 −205 1 10.5 −56.0 −56.0
Profile 2: 7.5 4.1 −271 1 6.2 −92.0 −92.2
Profile 3: 30 4.1 −310 1 5.9 −100.0 −115.3
Profile 4: 60 4.1 −350 1 3.9 −100.0 −146.9

The data were gathered at the time of hypotonic regulation from one-half SW (8 mM K+) to one-fourth SW (4 mM K+) in a cell with thick
mucilage of 21 µm [K+]cyt was taken as 65 mM (Beilby & Shepherd 2001b). ER is the reversal PD, where the modelled I crosses the potential axis.
Steady-state I/V profile had a proton component: k1 = 4500, k2 = 0.5, κ1 = 0.5, κ2 = 340 (s−1).
Profile 3 had a proton pump component: k1 = 1500, k2 = 0.5, κ1 = 0.5, κ2 = 70 (s−1).
Profile 4 had a proton pump component: k1 = 2500, k2 = 0.5, κ1 = 0.5, κ2 = 340 (s−1) (HGSS model, Beilby & Shepherd 2001a).
iirc, inward rectifier; gbackground, PD-independent G; Vbackground, reversal PD; ER, the reversal PD of the fitted current; NKPK, K+ channel number
and channel permeability; V50, half activation PD; zg, numbers of gating charges; I/V, current–voltage; HGSS, Hansen–Gradmann–Slayman–
Sanders; G, conductance.

Table 4. Parameters used in Eqns 1, 2 and 4 for modelling iirc, iCl or iK and ibackground shown in Fig. 7

Time after  
hypotonic  
exposure
(min)

iCl or iK iirc 

NCIPCI/NKPK

(× 10−7 ms−1)
V50+

(mV)
V50–

(mV) zg+ zg–

NKPK

(× 10−7 ms−1)
V50

(mV) zg

gbackground

(S m−2)
Vbackground

(mV)
 ER 
 (mV)

Steady state 4.9 −284 1 31 −100 −102.6
Profile 1: 14.5 3.2 +10 1.85 115 0 +8.4
Profile 2: 46 75.0 −18 −21 1 2.5 150 −2 2.9
Profile 3: 61 78.0 +10 −15 1 4 160 −10 10.0

The data were gathered at the times shown in column 1, after hypotonic step from full SW to three-fourths SW using a cell with thick
mucilage of 42 µm exposed overnight to heparinase.
Steady-state I/V has some contributions from the pump (per second): k1 = 650, k2 = 0.5,κ1 = 0.5, κ2 = 90 (HGSS model). The first hypotonic
data at 5 min displayed G too large for the V clamp to handle. The second hypotonic I/V was dominated by iCl and ibackground ([Cl–]cyt = 490 mM,
[Cl–]o = 300 mM, ECl = + 12.3 mV). The I/V 2 and 3 consisted of the iK and ibackground (I/V 2: [K+]cyt = 10 mM, [K+]o = 12 mM, EK = + 4.6 mV; I/
V 3: [K+]cyt = 8 mM, [K+]o = 12 mM, EK = + 10.2 mV). ER is the reversal PD, where the modelled I crosses the potential axis. If the I component
was not needed to obtain a good fit, the appropriate parts of the table are left blank.
iirc, inward rectifier; iCl, Cl– I; iK, K+ I; ibackground, background I; gbackground, PD-independent G; Vbackground, reversal PD; ER, the reversal PD of
the fitted current; NKPK, K+ channel number and channel permeability; V50+, positive half activation PD; V50–, negative half activation PD;
zg+, positive activation gating charge; zg–, negative activation gating charge; SW, sea water; I/V, current–voltage; I, current, V, voltage; G,
conductance; HGSS, Hansen–Gradmann–Slayman–Sanders.
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channels are fitted by the Hansen–Gradmann–Slayman–
Sanders model (HGSS) for the proton pump (Beilby &
Walker 1996) and GHK equations derived from the basic
principles of thermodynamics and ion transport. These
models allow us to study the interaction of membrane
transporters in a quantitative and predictive manner. As
well as characterizing the Ca++-activated Cl– channels, we
also  consider  the  remaining  major  G,  the  ubiquitous
gbackground, which is described only empirically (Eqn 4) and
remains to be analysed from the first principles. The profile
of the ibackground is linear, and the steady-state reversal PD
remains near −100 mV in changing K+, Na+ and Cl– concen-
trations of the medium (Beilby & Shepherd 2001a,b). These
characteristics cannot be fitted by the GHK model, espe-
cially while the identity of the ions carrying this I is in
question. The characteristics of the ibackground are important
in this study to distinguish it from the iCl in the total clamp I.

Modelling the I/V characteristics at the time of 
hypotonic regulation with the large G K++++ 
channels blocked

Beilby & Shepherd (1996) demonstrated that the Cl– and
K+ components of the KCl efflux at the time of the hypo-
tonic regulation could be pharmacologically dissected. In
the course of the normal hypotonic regulation, the Cl– G is
the first to rise, followed by the K+ G, which persists long
after the Cl– channels became inactivated (Okazaki &
Iwasaki 1992; Beilby & Shepherd 1996; Shepherd & Beilby
1999). While both types of channels are open, the mem-
brane PD is poised between EK and ECl (Beilby & Shepherd
1996; Okazaki et al. 2002). Table 5 lists a range of K+ and
Cl– concentrations measured in the vacuole and cytoplasm
of Lamprothamnium, and the resulting EK and ECl values.
Interestingly, the vacuole- and cytoplasm-medium EK val-
ues move in a narrow range from −80 to −110 mV. The
vacuole-medium ECl values are more positive than the cyto-
plasm-medium ECl values. With the K+ channels blocked by
TEA, the cell PD at the time of the hypotonic challenge
depolarizes to zero or even to slightly positive levels, close
to ECl (vacuole) (see Figs 2 & 5 and Tables 1a, b & 5).

Modelling [Cl–]cyt to fit the clamp I
To achieve the reversal PDs exhibited by the data, the
cytoplasmic Cl– concentration had to be set at high values
from 80 to 180 mM, close to the vacuolar concentration in
one-third SW (see Tables 1, 2 and 5). This strategy is con-
firmed in the modelling of the heparinased cell, where the
vacuolar concentration (full SW) was also needed (Fig. 7
and Tables 4 & 5). Okazaki, Shimmen & Tazawa (1984)
measured the [Cl–]cyt of about 50 mM in Lamprothamnium
in media from one-sixth to one-half SW. The modelled
cytoplasmic concentrations (Table 1a & b) suggest that the
vacuolar anion channels were activated, and the vacuole
and cytoplasm Cl– concentrations were equilibrated after
11–15 min of the hypotonic challenge. The cytoplasmic Cl–

concentration started to fall at 19 min of the hypotonic

Figure 6. Modelling the I/V characteristics at the time of the 
hypotonic regulation (one-half to one-fourth SW) in the basal cell 
with mucilage of 21 µm. (a) The total Is fitted to the data shown 
as points: thick line profile in steady state in one-half SW, profile 
1 at 5 min of one-fourth SW, profile 2 (dashed) at 7.5 min, profile 
3 at 30 min, profile 4 at 60 min. No change in the streaming rate 
was observed throughout the hypotonic challenge. (b) The ibackground 
with the same numbering. (c) The total G with the same 
numbering. The parameters for the equations are given in Table 3. 
The original data were shown in fig. 6 of Shepherd et al. (1999). I/
V, current–voltage; I, current; SW, sea water; ibackground, background 
I; G, conductance; PD, potential difference.
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regulation in both cells fitted. The charophyte tonoplast
anion channels have been investigated by measuring the
tonoplast component of the AP in the intact or vacuole-
perfused cells (Kikuyama & Shimmen 1997; for review see
Tester 1990), by the I/V analysis of the plasma membrane-
permeabilized cells (Tester, Beilby & Shimmen 1987) and
by the patch clamp of the cytoplasmic droplets (Tyerman
& Findlay 1989; Katsuhara & Tazawa 1992; Beilby, Cherry

& Shepherd 1999; Berecki et al. 1999). The AP studies
indicate a coupling between the activation of the Cl– chan-
nels on the plasmalemma and the tonoplast by the
increase in [Ca++]cyt. The early measurements of the Cl–

efflux at the time of the AP in the salt-sensitive
charophytes also suggest an inflow from the vacuole, as
the [Cl–]cyt is too low to drive such fluxes (Mailman &
Mullins 1966; Mullins 1962; Oda 1976). In the hypotonic

Figure 7. Modelling the I/V characteristics at the time of the hypotonic regulation (full to three-fourths SW) in the basal cell with mucilage 
of 42 µm, treated with heparinase. (a) The total Is fitted to the data shown as points: a continuous line profile with reversal PD near −140 mV 
in steady state in full SW; profile 1 at 14.5 min three-fourths SW: a continuous line with reversal PD near +10 with streaming stopped, profile 
2 at 46 min three-fourths SW: short dashed line with reversal PD at 0 with streaming back to normal, profile 3 at 61 min three-fourths SW: 
long dashed line with reversal PD near +10 mV. (b) The Cl– I fitted at 14.5 min (continuous line) and K+ Is fitted at 46 and 61 min (long and 
short dashing). (c) The ibackground, same types of lines. (d) The total G, same types of lines. The original data were shown in fig. 4 of Shepherd 
& Beilby (1999). I/V, current–voltage; I, current; SW, sea water; PD, potential difference; ibackground, background I; G, conductance.
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Table 5. Vacuolar and cytoplasmic concentrations of Cl– and K+ and their Nernst PDs in a range of external media

Medium Cytoplasm Vacuole

Cl–

(mM)
K+

(mM)
Cl–

(mM)
K+

(mM)
ECl (cyt)
(mV)

EK (cyt)
(mV)

Cl–

(mM)
K+

(mM)
ECl (vac)
(mV)

EK(vac)
(mV)

SW 550 10 550 (6) 350 (4) 0 −89
(1, 2, 3, 4) (1, 2) 450 (6) −96

1/2 SW 275 3.6 (3) 41 (3) 170 (3) −48 −97 410 (3) 170 (3) +10 −89
5(6) 420 (4)

300 (6)
250 (4)
220 (6)

+11
+2

−98
−95

1/3 SW 180 3.6 (3) 56 (3) 180 (3) −29 −98 340 (3) 140 (3) +16 −94
2.9 (5) 65 (5) −78 200 (4)

240 (6)
150(4)
180 (6)

+3
+7

−96
−101

1/6 SW 92 3.6 (3) 55 (3) 200 (3) −13 −101 270 (3) 75 (3) +27 −95
1.46 (5) 50 (5) −89 170 (4)

180 (6)
120(4)
120 (6)

+15
+17

−107
−107

The source reference is identified by a number in parentheses. The concentrations were obtained by measurement [(1), (2), (3), (4)] or by
modelling (5).
References: (1) Beilby & Shepherd 1996; (2) Ritchie 1982; (3) Okazaki et al. 1984; (4) Beilby et al. 1999; (5) Beilby & Shepherd 2001b; and
(6) Bisson & Kirst 1980.
ECl, Nernst PD for Cl– ; EK, Nernst PD for K+; SW, sea water.
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effect, such mechanism is essential, as Cl– needs to be
moved from the vacuole to the outside.

Modelling ibackground at the time of the 
hypotonic stress
After the exposure to the hypotonic medium, the mem-
brane PD returns to the initial steady-state value within
60 min, much faster than in the cells where the large G K+

channels are active (Fig. 2). The membrane re-polarization
depends on the inactivation of the iCl and the behaviour of
the ibackground. The latter I undergoes a transient change,
where the gbackground increases and the Vbackground becomes
more positive (see Fig. 5c & g). After more than 30 min,
the Vbackground approaches its steady-state value of −100 mV
and the gbackground attains the value determined by the ionic
strength of the medium (see fig. 6b of Beilby & Shepherd
2001a). The justification for the modelled increase in the
gbackground and the Vbackground transient excursion to a more
positive level in the first hour of the hypotonic exposure is
obtained by considering the data from the cells with
thicker sulphated mucilage. In a minority of such cells,
only the ibackground is activated at the time of the hypotonic
regulation,  confirming  the  transient  increase  in  the

gbackground and the decrease in the Vbackground (Fig. 6). The
magnitude and timing of the transient changes in the
gbackground and the Vbackground vary considerably from Exp to
Exp (compare figs 5c, g, 6 & 7 of Beilby & Shepherd
2001b and fig. 7 of Shepherd et al. 1999). It is assumed that
the thickness of the mucilage (which in turn decreases
hydraulic conductivity) (Shepherd et al. 1999) affects these
parameters. Once the mucilage is disrupted by heparinase
(Fig. 7, Table 4), the gbackground increases more than an
order of magnitude (compare Tables 3 & 4 and Figs 5–7)
and the Vbackground remains near zero PD for more than an
hour.

[Ca++]cyt dependence of the iCl

Okazaki et al. (2002) measured the [Ca++]cyt for a hypotonic
drop from 360 to 210 mOsm (similar to one-third to one-
sixth SW). After the initial rapid increase, the subsequent
decline in the [Ca++]cyt is sufficiently slow (∼ 0.9 nM s−1) to
be approximately constant over 8 s, while the I/V scan is
performed. Consequently, for each I/V profile the PD
dependence of the Cl– channel can be separated from the
Ca++ dependence. Okazaki et al. (2002) found that the mem-
brane G reaches maximum at the [Ca++]cyt of 300 nM, but it
takes [Ca++]cyt between 400 and 600 nM for the cytoplasmic
streaming to stop or move at a low rate of less than 5 µm
s−1 (the normal speed in their Exp was 30 µm s−1). These
results suggest that at 300 nM Ca++, all the Cl– channels are
activated, and if the cytoplasmic streaming stoppage is

Figure 8. (a) Excitation Is and (b) excitation Gs at different 
clamp levels shown next to each curve. The young cell with 
negligible mucilage was acclimated to one-third SW. The G was 
obtained by superimposing the sine wave of 5 Hz and 20 mV on 
the V command. I, current; G, conductance; SW, sea water; V, 
voltage; PD, potential difference.

0
Current 2 s

+20 mV

+20 mV
0.1 mS

-20 mV

-20 mV

-40 mV
-60 mV

-40 mV

-60 mV

Conductance 

0 PD

0 PD

(a)

(b)

10 mA

0

Figure 9. The effect of 0.5 mM LaCl3 on the same cell as in Fig. 8. 
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(1) at 11 min, (2) at 37 min, (3) at 57 min and (4) and (5) after the 
LaCl3 solution was removed. (b) The excitation Gs at 0 PD as a 
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obtained by superimposing the sine wave of 5 Hz and 20 mV on 
the V command. I, current; G, conductance; PD, potential 
difference; V, voltage.
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observed, then there is more than sufficient Ca++ in the
cytoplasm to activate all the Cl– channels. Furthermore, we
expect to observe the iCl even when streaming restarts (see
Figs 2 & 5b, f). The decrease in NClPCl and the shift of the
half activation PDs to more negative values (Fig. 5b & f and
Table 1a & b) are presumed to reflect the decrease in
[Ca++]cyt after the hypotonic shock.

The effect of mucilage on the Cl– 
channel activation

Shepherd et al. (1999) found that the cells acclimated to SW
produce thicker sulphated mucilage than cells in one-half
SW and in less-saline media. As the mucilage thickness
increases, the hypotonic response becomes less dramatic.
The cytoplasmic streaming only slows down, and in some
cases, the speed does not change at all. In such cells, the
[Ca++]cyt increase (and consequently, the Cl– channel acti-
vation) is abolished. The lower [Ca++]cyt elevation in muci-
laginous cells probably stems from several causes. The
decrease in hydraulic conductivity diminishes the rate and
magnitude of the membrane depolarization because of the
background channels (Vbackground). Consequently, the plas-
malemma Ca++ channels, which are activated by depolariza-
tion, fail to open. Even when the Ca++ channels do open,
the Ca++ permeability is probably diminished by the fixed
negative charges on the mucilage, because the TEA ion
took 30 min longer to act in cells with thicker mucilage
(Shepherd et al. 1999). Kikuyama & Tazawa (2001) found
that the exposure of cytoplasmic droplets of Nitella to hypo-
tonic media resulted in Ca++ release. The authors postulate
that the SA Ca++ channels on the cytoplasmic organelles,
such as the endoplasmic reticulum, open under hypotonic
stress. The decrease in hydraulic conductivity in mucilagi-
nous cells would also affect this release from cytoplasmic
internal stores.

The disruption of the mucilage with the heparinase
restored the activation of the Ca++ channels and, conse-
quently, that of the Cl– channels (Fig. 7 and Table 4). The
NClPCl parameter (3.2 × 10−7 ms−1) was high compared to
previous data (Table 1a & b), as the Cl– concentration on
both sides of the membrane is much higher. In terms of the
model, the NCl is thought to remain the same in cells from
SW and one-third SW, but the PCl increases in SW.

Comparison to Cl– channels in other 
plant systems

Two types of Cl– channels have been described in the sto-
mata of higher plants: fast-activating and deactivating R-
type channels [later renamed guard cell anion channel
(GCAC1)] and slow-activating and deactivating S-type
channels [later renamed slow anion current (SLAC)]
(Linder & Raschke 1992; Schroeder & Keller 1992; Kolb,
Marten & Hedrich 1995). These anion channels were
thought to be Ca++ activated, the high [Ca++]cyt being a part
of the signalling cascade initiated by abscisic acid (ABA).
However, Grabov et al. (1997) found that ABA also

increased the anion Is in intact tobacco guard cells without
the [Ca++]cyt increase. Elzenga & Van Volkenburgh (1997)
studied the Ca++-activated anion channels in the mesophyll
cells of pea leaves with properties somewhere in-between
the slow and fast anion channels of the stomata. The puls-
ing Cl– channels in the coat cells of developing bean seeds
respond to hypo-osmotic stress (Zhang et al. 2004). While
it is not clear if they are inward rectifying, they are Ca++

activated and LaCl3 inhibited. Clearly, the anion channels
are ubiquitous in plant cells; their attributes are wide rang-
ing to accommodate different tasks. The Lamprotham-
nium Cl– channel described here fits into this spectrum of
different properties: the activation of the full channel pop-
ulation is achieved by [Ca++]cyt of 300 nM with a membrane
PD window between about −200 and 0 mV. The PD-
sensitive activation and inactivation are within tens of mil-
liseconds (see Fig. 3). The Cl− activation and inactivation
follow closely the rise and fall of the [Ca++]cyt, respectively.
These characteristics make the channel well suited to pro-
vide sustained Cl– efflux at the time of the hypotonic chal-
lenge to young Lamprothamnium cells, which are not
protected by thick sulphated polysaccharide mucilage.
While the I/V characteristics of slow guard cell anion
channels do not exhibit I inactivation at PDs positive of
ECl (Kolb et al. 1995; Elzenga & Van Volkenburgh 1997;
Grabov et al. 1997), such Cl– channel rectification can be
found in the protoplasts of the marine alga Valonia utricu-
laris (Binder et al. 2003). Only small outward Is (Cl–

influx) can be observed in the protoplasts untreated by
cell wall-degrading enzymes, and these are completely
abolished by an enzyme treatment. Another type of
inward-rectifying Cl– channel was found in the calcifying
marine phytoplankton, Coccolithus pelagius (Taylor &
Brownlee 2003). None of these marine plant Cl– channels
are Ca++ activated. From an evolutionary perspective, it is
interesting to note that the brackish-water-dwelling Lam-
prothamnium has ‘borrowed’ marine inward-rectifying Cl–

channel, adding a Ca++-activation feature to the channel
properties.

The [Ca++++++++]cyt increase mechanisms in the 
hypotonic effect and the AP

While it is tempting to think of the hypotonic response as
a long AP initiated by an SA channel-mediated depolariza-
tion, a closer examination highlights some interesting dif-
ferences. The sequence of Ca++-activated Cl– channel
activation followed by the K+ channel activation is common
to both effects in Lamprothamnium, but K+ channels are
the first to be activated in Chara longifolia hypotonic reg-
ulation (Stento et al. 2000). While the depolarization–re-
polarization is the defining feature of the AP, the loss of
KCl is a prime objective of the hypotonic regulation and
the sequence of the Cl– and K+ outflows is not important.

Invoking the Occam’s razor principle, we assume that the
same type of Ca++-activated Cl– channels is involved in the
AP and hypotonic regulation. The iCl in both hypotonic
effect and excitation is inhibited by the application of LaCl3
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(Beilby & Shepherd 1996 and Fig. 9). We expect the ECl to
be around −29 mV (see Table 5) or slightly more positive
because of the Cl– inflow from the vacuole. Therefore, the
negative I at the −60 and −40 mV levels, and the broad
positive transient at −20 mV and more positive PD levels
are likely to be carried by the iCl (Fig. 8a). The initial neg-
ative transient at −20 and 0 mV (upward arrows, Fig. 8a)
may be carried by Na+ or Ca++. The duration of excitation
of about 5 s is very similar to that of Chara AP, and the
mediation of IP3 is therefore assumed (Biskup et al. 1999).
Wacke & Thiel (2001) found that sub-threshold-activating
pulses can be additive, and this phenomenon can account
for the long delay (slow build-up of IP3 to activating con-
centration) and the double peak (repetition of the IP3

build-up) in the −60 mV data.
The most important difference between the hypotonic

effect and the AP is the long period of the [Ca++]cyt eleva-
tion. At the time of the Chara AP, the [Ca++]cyt returns to
the steady-state level in less than 15 s (Thiel, Homan &
Plieth 1997), while the hypotonic effect still exhibits ele-
vated [Ca++]cyt after 19 min. How is this high [Ca++]cyt main-
tained? Okazaki & Tazawa (1986) demonstrated the
involvement of external Ca++ in the hypotonic effect. Bisson
et al. (1995) found that hypotonic regulation proceeds
faster with outside Ca++. The SA channels on the plasmale-
mma seem a good candidate for Ca++ influx. However, the
hypotonic time course of the gbackground increases and the
membrane depolarization is not changed in both mucilagi-
nous and lanthanum-inhibited cells (where the streaming
rate does not change). In the heparinased cell, the gbackground

remains very large (see Fig. 7), but the cytoplasmic stream-
ing resumes after some minutes. Thus, it is not possible with
the present data to pinpoint an electrical feature, which
could be labelled as trans-membrane Ca++ I and correlated
with the streaming stoppage. The findings of Kikuyama &
Tazawa (2001) suggest that the main sources of high
[Ca++]cyt are cytoplasmic organelles, which have been
mechanically distorted by the hypotonic stress. Conse-
quently, the Ca++ release in the hypotonic effect in Lampro-
thamnium might be independent of the IP3 mediation, and
future experiments with inhibitors of IP3 production, such
as neomycin and U73122 (Biskup et al. 1999), will be per-
formed. By contrast, the Ca++-activated Cl– channels active
in the hypo-osmotic turgor regulation of coat cells of devel-
oping bean seeds are inhibited by neomycin, which suggests
the IP3-dependent Ca++ release (Zhang et al. 2004). This
diversity of [Ca++]cyt signalling is described by Bothwell &
Ng (2005), who suggest that many different types of [Ca++]cyt

signalling ‘tool kits’ developed independently in photosyn-
thetic eukaryotes.

CONCLUSIONS

1 The Ca++-activated Cl– channels of salt-tolerant charo-
phyte Lamprothamnium exhibit the following character-
istics: (1) rapid response to PD change; (2) strong inward
rectification  with  a  G  maximum  between  −20  and
−150 mV; (3) number and permeability parameter

decreasing with [Ca++]cyt as measured by Okazaki et al.
(2002); (4) activation prevention by thick sulphated
polysaccharide mucilage, which precludes the Ca++ chan-
nel activation at the time of hypotonic challenge; and (5)
reactivation (by reactivation of the Ca++ channels) by
mucilage disruption using heparinase. These characteris-
tics are consistent with extant large data sets (Beilby &
Shepherd 1996; 2001a,b).

2 The modelling of the iCl and ibackground (with iK inhibited by
TEA) at the time of hypotonic regulation indicates rapid
equalization of vacuolar and cytoplasmic concentration
in the first 10–20 min of the hypotonic regulation, as
expected for a process needed to remove Cl– from the
vacuole.

3 The same type of Ca++-activated Cl– channel participates
in the hypotonic regulation (duration of up to 30 min)
and the AP (duration of up to 15 s). The great difference
in the duration of the Cl– channel activation must stem
from different sources of [Ca++]cyt increase.
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