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Abstract. Acetylcholine has long been suggested to
play a role in controlling physiological processes in
plants, but no mechanism has been shown for its
action. We show here that a chloride channel in the
tonoplast (vacuolar membrane) of Chara corallina
responds to acetylcholine. The channel has a con-
ductance of 45 pS. The effect of acetylcholine is en-
hanced by nicotine, with the open probability
increasing from 0.05 in the presence of 4 mm acetyl-
choline to 0.3 in the presence of 4 mm acetylcholine
+ 6 mM nicotine. Some effects of acetylcholine were
seen at concentrations as low as 20 um, with a max-
imum effect between 1 and 10 mm. In the intact cell,
acetylcholine prolongs the depolarized phase of the
action potential. We propose that this acetylcholine-
gated channel has evolved separately from the
mammalian acetylcholine-gated channel, and suggest
that this represents a third form of acetylcholine
signal transduction, after the nicotinic and muscari-
nic pathways in animal systems.
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Introduction

Acetylcholine (ACh) is widely used as a transmitter
among vertebrates and invertebrates. ACh is a simple
molecule, synthesized in a single step from choline, a
metabolite widely used in plants and animals in
membrane phospholipids. One estimate is that its use
evolved in animals at least 1 billion years ago, about
the same time as the separation of plants and animals
around 1.2 billion years ago (Walker, Brooks &
Holden-Dye, 1996). In animals it is involved in two
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distinct pathways: the nicotinic receptor, in which the
channel is activated directly by acetylcholine, and the
muscarinic receptor, which requires an indirect G
protein-based pathway (Sargent, 1993).

Evidence for a role for ACh in physiological
processes in plants has been derived from several
approaches. ACh has been shown to occur in plants,
in some cases varying in concentration in response to
physiologically relevant stimuli such as light (Fluck &
Jaffe, 1974; Hartmann & Gupta, 1989; Tretyn, 1991).
Enzymes involved in its synthesis and breakdown
have been identified, including an acetylcholinester-
ase in Nitella, a Charophyte alga (Dettbarn, 1962;
Hartmann & Gupta, 1989; Momonoki, 1992;
Madhavan et al., 1995). Activity of plant cholines-
terases has been shown to be selective for ACh over
other choline esters, and sometimes showed sensitiv-
ity to inhibitors of mammalian ACh esterases, sug-
gesting a common ancestor. Evidence for a receptor
for ACh comes from binding studies (Hartmann &
Gupta, 1989). There has also been a preliminary re-
port of a receptor based on immunological cross-
reactions with specific antibodies raised against the
animal nicotinic ACh receptor (Madhavan & Pin-
kerton, 1997).

Exogenous application of ACh produces a
number of physiological responses in plants, includ-
ing mimicking or inhibiting alterations in membrane
potential induced by red, far-red, or blue light (Fluck
& Jaffe, 1974; Hartmann & Gupta, 1989; Tretyn,
1991). Such alterations in membrane potential fre-
quently involve alteration of ion channel activity.

In plants, chloride channels play a number of
important roles. They are components of signal
transduction chains, including response to light
(Schroeder, 1995; Cho & Spalding, 1996). In algae,
chloride is often a major osmolyte in the vacuole, and
hence regulation of chloride transport at the vacuolar
membrane (tonoplast) is an important component of
osmotic regulation (Gutknecht, Hastings & Bisson,
1978; Kirst, 1990; Bisson, Kiegle & Kiyosawa, 1992).
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In the alga Chara, the depolarization due to the ac-
tion potential is largely due to activation of chloride
channels in the plasma membrane (Shiina & Tazawa,
1987; Thiel, Homann & Plieth, 1997). There is also a
component of the action potential that is due to
channel activity at the tonoplast (Kikuyama &
Shimmen, 1997). The chloride channel is therefore a
good candidate to be involved in signal transduction
chains as a ligand-gated channel. We report here that
a chloride channel in the tonoplast of Chara corallina
is activated by acetylcholine and nicotine.

Materials and Methods

Chara corallina, a freshwater alga, was grown in culture in the lab
as described earlier (Bisson, 1984, 1985). From tonoplast-bound
cytoplasmic droplets (Liihring, 1986) we formed outside (vacuole-
side)-out patches with (in mm) 111 CI-, 100 TEA™, 1 Na™ and
107* Ca®™" with 5 EGTA in the pipet (pH 7 with 5 HEPES) and 130
Cl7, 100 TEA™, 1 or 10 Na" and 10 Ca>" in the bath (pH 5 with 5
MES), unless otherwise stated. Patch pipets were pulled on a two-
stage puller, coated with Sylgard, and fire-polished. We used a
Dagan amplifier (Minneapolis, MN) to perform clamp experi-
ments, and pClamp (Axon Instruments, Foster City, CA) to ana-
lyze the results. Membrane potentials are presented referenced to
the cytoplasmic side, according to the convention proposed by
Bertl et al. (1992). Probability of opening (Po) was calculated as the
fraction of total recording time that the channel was open, if only
one channel was apparent in the membrane. Often there were more
than one channel open simultaneously, as shown by multiples of
current levels. In this case, the maximum number of channels open
simultaneously was taken as N, the total number of channels in the
membrane. If the probability of opening appeared to follow a bi-
nomial distribution, the probability of opening was calculated ap-
propriately, that is, the fraction of time that N channels were open
was taken to be Po”, the fraction of time that N—1 channels were
open to be Po™ '(1—Po), etc., and the fraction of time that no
channels were open was taken to be (1—Po)". If the open times did
not follow a binomial distribution, the record was not used to
calculate Po. This technique was preferred to the more common
usage of calculated NPo as the total time that any number of
channels were open, because we were comparing data from dif-
ferent patches, which might have captured different numbers of
channels.

Conventional electrophysiology was performed as previously
described (Stento et al., 2000). The cell was impaled with 2 mi-
croelectrodes, one measuring voltage and one injecting current.
Action potentials were elicited by injecting depolarizing current.
The time to the end of the fast phase of repolarization was deter-
mined as the intersection between the tangent lines to the steepest
part of the repolarization and to the final slope (see Fig. 4). To
obtain internodal cells with a membrane potential dominated by
K™ conductance, we incubated cells overnight in 0.1 mm K,SOy, 10
mM NaCl, 0 mm Ca’>", 5 mm HEPES pH 7.0 (Hope & Walker,
1961).

Results

In K*-free solutions, the K™ channel that normally
dominates the patch records (Laver & Walker, 1987,
Liihring, 1986) is not seen. However, in K -free so-

lutions, we occasionally (in less than 10% of patches)
saw a channel that usually ran down rapidly. In-
creasing Ca””" activity up to 10 mm in the pipet in-
creased the occurrence of these channels and
decreased run-down, but not sufficiently to enable us
to easily study the channel. Addition of nucleotides
such as ATP, GTP, cAMP, etc., to the pipet solution
did not prevent rundown. Addition of acetylcholine
(ACh: 1-10 mm) to the outside (vacuole side) could
occasionally prevent or reverse rundown. Current
traces from such a channel with 10 mm ACh in the
bath are shown in Fig. 14, with current voltage re-
lations in Fig. 1B. The conductance is 43 pS and the
reversal potential is —2.2 mV.

Addition of acetylcholine to the cytoplasmic side,
however, gave a consistently higher likelihood of
seeing a channel that did not run down (in 10-20% of
patches). Nicotine, but not muscarine, enhanced the
open probability (Fig. 2). The open probability as a
function of acetylcholine concentration is shown in
Fig. 3.

In all, 15 I-V curves were measured, two without
ACh, 6 with ACh in the bath, 2 with ACh in the
pipet, and 5 with ACh and nicotine in the pipet. The
average intercept was 0.421 = 2.58 mV (sg) and the
mean conductance was 44.5 £+ 3.8 pS. There were no
consistent differences due to the ACh treatment.
There was also no difference when Na' concentra-
tions were the same on both sides or when there was a
1:10 gradient. Based on these data, and on compari-
son with anion channels reported in the literature (see
Discussion) we concluded that this channel is an
anion channel.

If acetylcholine has this effect on the tonoplast
chloride channel, what physiological effect might we
expect? We examined the effect of ACh on the action
potential (Fig. 4). While the depolarizing phase was
not affected, there was a significant slowing of the
repolarizing phase. The rate of repolarization imme-
diately after the peak potential (arrows labeled ““1”° in
Fig. 4) was significantly (p = 0.000112) less in
the presence of 4-6 mm ACh, and the time to the end
of the major repolarization phase (arrows labeled “2”
in Fig. 4) was significantly longer (p = 0.0464) (see
Table 1). This is consistent with an increase in Cl™
conductance at the tonoplast (see Discussion). Such a
result could also be produced if the K™ channels at the
plasma membrane were inhibited. We therefore ex-
amined the effect of ACh on K™ conductance at the
plasma membrane. We did this by inducing the cells to
be in the “K state” (Bisson & Walker, 1982), which
has the electrogenic pump off and the membrane
dominated by K conductance. We tested the de-
pendence of the membrane potential on K, and
showed that ACh had no effect on the nature of the
dependence (Fig. 5). This shows that in the presence of
ACh, K" conductance still dominates the membrane
potential. If K™ conductance was partially inhibited,
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but still substantially greater than any other con-
ductance, the same result would be seen. In this case,
one would predict that ACh would cause a decrease in
conductance. However, this was not the case: the
average control conductance was 1.9 + 0.90 Sm >
(mean + sg, n = 5) and increased by 0.57 + 0.36
Sm 2 on addition of 4 mm ACh. Therefore, the al-
teration in the shape of the action potential is unlikely
to be due to an increase in K conductance at the

Fig. 1. (A4) Patch-clamp record of single-channel currents
seen in K -Free solutions. Bath (mm): 130 CI~, 100 TEA™,
10 Na© and 10 Ca®*; pipet: 111 CI~, 100 TEA™, I Na* and
107 Ca®". (B) Current-voltage curve. Conductance is 43 pS;
intercept is —2.2 mV.

plasma membrane, and is most likely due to an in-
crease in CI™ conductance at the tonoplast.

Discussion
The tonoplast of Chara corallina is dominated by K *

channel activity, with anion channels reported only
rarely. Previous reports noted a calcium-dependence
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Fig. 2. Effect of the addition of 6 mM nicotine on the ACh-induced
open probability. Acetylcholine column: treated with 4 mm ACh
only. Ach + nicotine: treated with 4 mm ACh and 6 mm nicotine.
Experiments performed at 60 mV. Error bars shown are standard
error. For ACh, n = 9; for Ach + nicotine, n = 5.
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Fig. 3. Concentration dependence of the open probability (Po) on
ACh concentration in the pipet. All pipet solutions also contained 6
mMm nicotine. Error bars represent standard deviation. n for each
point is indicated in parentheses.

of the anion channel. Tyerman & Findlay (1989) re-
ported that the CI™ channel is frequently observed in
attached patches, but seldom in detached patches,
unless low Ca®" concentrations were present at the
cytoplasmic face. Then they noted brief appearances
of the channel, consistent with our experience of
rundown of the channel. They found that the channel
had a conductance of 21 pS in attached patches with
130 mm Cl™ in the bath. In detached patches, the
conductance was 59 pS with 130 mm CI. The current
did not rectify with symmetrical CI~ concentrations.
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Fig. 4. Action potentials recorded with the two-electrode method
in intact internodal cell. (4) Before adding ACh. (B) After adding 2
mm ACh into the incubation solution. (C) 30 min after the ACh
was washed out. Quantitative measurements of the repolarizing
phase were made at the arrow marked “1” (initial rate of repo-
larization) and “2” (end of fast repolarization phase).

Berecki et al. (1999, 2001) found a similar chan-
nel, non-rectifying, with a conductance in detached
patches of 37 pS or 48 pS at 190 mm C1™, and lower in
attached patches, similar to what was seen by Tyer-
man and Findlay. However, they found the opposite
Ca?" sensitivity, with almost no activity in attached
patches or when Ca?" was low on the cytoplasmic
side, but with increasing Po with increasing cyto-
plasmic concentration. They showed a maximum Po
at about 0.8 mm and a half-maximal around 0.1 mm.
These concentrations are significantly higher than
normal cytoplasmic Ca®" concentrations (William-
son, 1984). However, a significant increase in activity
is seen at 107° M, a concentration that may be
achieved during excitation, e.g., by an action potential
(Williamson & Ashley, 1982). Moreover, Ca®" sen-
sitivity is modulated by pH; lowering the cytoplasmic
pH from 7.2 to 6.0 lowered the half-maximal calcium
concentration from 100 um to 5 pum (Berecki et al.,
2001). Since the Cl™ channel is sensitive to physio-
logically relevant changes in cytoplasmic conditions,
it may play a role in signal transduction events.

The channel we describe here is more similar to
that of Berecki et al. in that its activity is increased by
an increase in cytoplasmic Ca®* . Its conductance was
44 pS. In most cases, no rectification was seen but in 3
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Table 1. Effect of acetylcholine on the depolarizing phase of the action potential.

Control + Acetylcholine (4-6 mm)
Initial rate of repolarization (mV/sec) 35 £ 1.27(7) 19 £ 0.89 (9)
Time to end of fast repolarizing phase (sec) 4.63 £ 0.2(7) 5.31 £ 0.24 (9)

See text for details. Mean =+ SE (n).
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Fig. 5. The dependence of the membrane potential of cells in the K
state on external K* concentration in the presence (open circles,
dashed lines) and absence (filled circles, solid line) of Ach.

out of 15 measurements, no positive currents were
observed. There is a possibility that this is a nonse-
lective cation channel, but this seems unlikely. Such a
nonselective cation channel has not been reported in
the C. corallina tonoplast. The K™ channel reported
here is highly selective for K™ over Na“ (Py./
Py = 0.01 (Lihring, 1986) or 0.02 (Laver & Walker,
1991)). We tried a number of other cation substitu-
tions, including choline. In these cases, the channel
characteristics were similar, although the patches
were unstable and therefore the results difficult to
analyze. We attempted measurement with bi-ionic
gradients or anion substitutions, including other ha-
lide ions, but these also resulted in unstable patches.
Because of the similarity to previously reported CI™
channels, the best explanation is that this is a Cl™
channel. We report here a unique characteristic of
this channel, that it is activated by acetylcholine and
nicotine.

Is this activation of physiological significance?
We show that the addition of ACh to the intact cell
prolongs the depolarized phase of the action potential
(Fig. 4). Is this likely due to the same channel? In-
creasing the open probability of the tonoplast chan-
nel would tend to maintain the cell more depolarized.
With a cytoplasmic concentration of about 15 mm
(Hope & Walker, 1975; Tyerman & Findlay, 1989)

and a vacuolar concentration of 106 mMm (Bisson &
Bartholomew, 1984), the equilibrium potential for
Cl™, E¢y, is about 49 mV, vacuole positive to the
cytoplasm. Thus, increasing ClI~ conductance would
make the cell more positive, as measured with an
electrode in the vacuole. If the channel is a nonse-
lective cation channel it would have less effect, since
the concentration of (K" + Na") is about the same in
the cytoplasm (125 mm + 9 mm; Hope & Walker,
1975) as in the vacuole (80 mm + 54 mm; Bisson &
Bartholomew 1984). Therefore, increasing cation
permeability would drive the vacuolar potential to-
wards zero, which would not be able to counteract a
negative potential at the plasma membrane.

In the intact cell, ACh has its effect without the
addition of nicotine. In detached patches, ACh alone
has some effect, although nicotine greatly potentiates
this effect (Fig. 3). In vivo, either ACh alone can have
a significant effect because of the additive effect of a
great number of channels, or there is an endogenous
activator that plays the role of nicotine. To activate a
tonoplast channel, ACh must cross the plasma
membrane to enter the cytoplasm. The fact that in
detached patches ACh can sometimes have an effect
when added to the vacuolar side of the membrane
indicates that it can cross the tonoplast membrane,
and it is likely to be able to cross the plasma mem-
brane as well. We generally waited an hour after
application of ACh to provide sufficient time for it to
penetrate the membrane, although we did not do a
systematic study of the length of time needed for
maximal effect.

We cannot rule out the possibility that in the
intact cell ACh is having its physiological effect on a
plasma membrane channel. We showed that ACh
does not inhibit the K™ channel, which is responsible
for generating the membrane potential when the
channel is in the “K state” (Bisson & Walker, 1982),
dominated by K* conductance. It is possible that the
K" channel that is activated in the repolarizing
phase of the action potential is a different channel
that is inhibited by ACh. Alternatively, inactivation
of the ClI™ channel responsible for depolarization
could be inhibited by ACh. To test these hypotheses,
experiments on plasma membrane patches are
needed. In any event, a clear physiological effect of
ACh on electrophysiology of the intact Chara cell is
seen.

Are ACh and nicotine the endogenous activators
of this channel? ACh is easily synthesized from
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common components of the cell, acetate and choline.
Many studies have shown that plants contain ACh
(Fluck & Jaffe, 1974; Hartmann & Gupta, 1989;
Tretyn, 1991), and an acetylcholinesterase has been
shown to exist in the Charophyte Nitella (Dettbarn,
1962). Activation of this channel may be one of its
physiological functions. Nicotine, on the other hand,
occurs only in certain plants, and is much more
complicated to synthesize. There may be another
endogenous ligand that plays the same role of en-
hancing ACh activation.

Is this channel related to the nicotinic ACh re-
ceptor (nAChR) found in animals? There is no ob-
vious candidate for this receptor in the Arabidopsis
database. Moreover, the channel shows many sig-
nificant differences from the animal receptor. The
permeant ion is an anion, rather than a cation.
However, a small alteration in sequence can convert
the neuronal nicotinic ACh receptor from cation to
anion selective (Galzi & Changeux, 1995). Other
differences are of greater concern. In the animal
nAChR, nicotine and acetylcholine appear to bind at
the same site, while in this channel, since their actions
are synergistic, they appear to bind at different sites.
Another difference is topological. In the animal
nAChR, the binding site for ACh is on the external
side. The equivalent binding site at the tonoplast
would be at the vacuolar side. Instead, the response
to ACh appears to be on the cytoplasmic side.

We therefore suggest that this channel is unre-
lated to the nAChR. Since ACh is such a common
and simple molecule, it is not surprising that different
pathways have evolved to utilize it as a signaling
molecule. In animals, two separate evolutionary
events gave rise to the muscarinic and nicotinic re-
ceptors. In plants, another separate event could have
given rise to this channel.

These findings call into question the single re-
port of heterologous gene expression in this impor-
tant model plant system. Injection of mRNA coding
for nAChR into the cytoplasm of Chara was re-
ported to result in expression of ACh-induced
channel activity (Lithring & Witzemann, 1995).
Based on our experiments, it remains a question as
to whether this was true heterologous expression or
a measurement of the endogenous ACh-sensitive
channel.

This research was supported by USDA grant 96351003164.
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