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The activation of an anion channel in the plasma membrane of
Arabidopsis thaliana hypocotyls by blue light (BL) is believed to be
a signal-transducing event leading to growth inhibition. Here we
report that the open probability of this particular anion channel
depends on cytoplasmic Ca** ([Ca“]cy‘) within the concentration
range of 1 to 10 um, raising the possibility that BL activates the
anion channel by increasing [Ca**],,,. Arabidopsis seedlings cyto-
plasmically expressing aequorin were generated to test this possi-
bility. Aequorin luminescence did not increase during or after BL,
providing evidence that Ca®** does not play a second-messenger
role in the activation of anion channels. However, cold shock
simultaneously triggered a large increase in [Ca®*],, and a 110-mV
transient depolarization of the plasma membrane. A blocker of the
anion channel, 5-nitro-2-(3-phenylpropylamine)-benzoic acid,
blocked 61% of the cold-induced depolarization without affecting
the increase in [Ca®*],,,. These data led us to propose that cold
shock opens Ca** channels at the plasma membrane, allowing an
inward, depolarizing Ca>* current. The resulting large increase in
[Ca®*].,, activates the anion channel, which further depolarizes the
membrane. Although an increase in [Ca®*].,, may activate anion
channels in response to cold, it appears that BL does so via a
Ca**-independent pathway.

The vigorous elongation of etiolated seedling stems is
quickly inhibited by BL as part of the de-etiolation process
(Cosgrove, 1994). A rapid depolarization of the plasma
membrane precedes the onset of growth inhibition by only
a few seconds (Spalding and Cosgrove, 1989). This electro-
physiological evidence that BL alters the activity of ion
channels before inhibiting hypocotyl elongation prompted
a recent patch-clamp investigation of the mechanism in
Arabidopsis, work that identified a BL-activated anion
channel in the hypocotyl cells (Cho and Spalding, 1996). An
inhibitor of this channel, NPPB, blocked the BL-induced
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depolarization and also rendered hypocotyl growth less
sensitive to BL. An important remaining question is how
BL activates this anion channel.

The possibility that BL induces changes in [Ca®**], to
trigger the opening of anion channels emerges from a
consideration of the algal action potential, a transient de-
polarization known to involve ClI™ efflux (Gaffey and Mul-
lins, 1958; Mullins, 1962; Hope and Findlay, 1964). More
recent studies of this membrane phenomenon have identi-
fied plasma membrane anion channels (Coleman, 1986;
Shiina and Tazawa, 1987; Okihara et al., 1991; Thiel et al.,
1993) that would be activated by the large increase in
[Ca®"]., known to occur during the action potential (Wil-
liamson and Ashley, 1982). The currently accepted model
of the action potential is that a rapid increase in [Ca*"],
activates Cl~ channels, which depolarizes the plasma
membrane (Johannes et al., 1991; Tyerman, 1992). Could
this mechanism be similar to that which activates anion
channels in response to BL? Although the BL-induced de-
polarization is much slower than the action potential and is
not propagated (Spalding and Cosgrove, 1989), it is possi-
ble that the [Ca®*]., component of the mechanism is
shared. The fact that [Ca®"], has been shown to control
the activity of anion channels in plant cells (Schroeder and
Hagiwara, 1989; Hedrich et al., 1990) as well as animal cells
(Zygmunt and Gibbons, 1992; Scott et al., 1995) adds to the
plausibility of this mechanism operating during the early
phases of BL signaling.

A transient membrane depolarization induced specifi-
cally by red light in a certain species of moss involves the
activation of anion channels (Ermolayeva et al., 1996) and
in this regard is similar to the depolarization induced by BL
in seedlings. It was shown that Ca®" carries a significant
portion of the depolarizing current in the moss, adding to
the general impression that phytochrome signals are trans-
duced by changes in [Ca2+]Cyt (Hepler and Wayne, 1985;
Shacklock et al., 1992; Neuhaus et al,, 1993; Bowler et al,,
1994; Roux, 1994). Because different photomorphogenic
signaling pathways may share certain elements (Chamo-

Abbreviations: BL, blue light; [Ca**1_,,, cytoplasmic Ca** con-
centration; I, open channel current; NPPB, 5-nitro-2-(3-
phenylpropylamino)-benzoic acid; P,, open probability; V,,, mem-
brane potential; V,, surface potential.
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vitz and Deng, 1996), perhaps some BL responses also
involve changes in [Ca®*],, as has been suggested for
phototropism (Gehring et al., 1990). After one considers all
of the above, the possibility that BL activates the anion
channel in Arabidopsis hypocotyls by increasing [Ca®"].,,
seems worthy of testing.

One method of measuring changes in [Ca®"], is to
engineer plants to express aequorin, a jellyfish protein that
emits photons at a rate dependent on [Ca®"]_,. The ae-
quorin may be targeted to the cytosol (Knight et al., 1991,
1992, 1996; Sedbrook et al., 1996) or to specific organelles
such as the chloroplast (Johnson et al.,, 1995) or the tono-
plast (Knight et al.,, 1996). We produced transgenic Arabi-
dopsis plants expressing cytosolic aequorin and used them
to address the possible role of [Ca**].,, in the BL-induced
activation of anion channels. In the process, we learned
more about how cold shock rapidly alters ion transport at
the plasma membrane.

MATERIALS AND METHODS

Stable Transformation of Arabidopsis with Aequorin

Arabidopsis thaliana (Columbia ecotype) was stably trans-
formed with a cauliflower mosaic virus 355:aequorin:cau-
liflower mosaic virus 3' gene construct in the binary plas-
mid pMAQ?2 (the kind gift of Marc Knight [University of
Oxford, Oxford, UK]; Knight et al, 1991). The pMAQ2
plasmid was transferred into Agrobacterium tumefaciens
strain GV3101(pMP90) (Koncz and Schell, 1986) by electro-
poration (Mattanovich et al., 1989), and a Kan®, Gent®
colony with the appropriate DNA restriction digest pattern
was used to transform root explants by the procedure of
Valvekens et al. (1988). Kanamycin-resistant transformed
lines were obtained and analyzed both for aequorin expres-
sion and for a Kan® segregation ratio indicative of a single
locus of transgene insertion. In vivo expression of the
aequorin photoprotein was assessed by luminometer mea-
surement of cold- and wind-induced luminescence from 4-
to 10-d-old seedlings after overnight reconstitution with 2
uM coelenterazine (Molecular Probes, Eugene, OR) as de-
scribed by Knight et al. (1991). Line CS behaved as ex-
pected for a single locus of insertion and showed both
strong aequorin expression and Kan®. A homozygous
progeny line, C2:6, was used for the work described here.

Reconstitution of Active Aequorin

A TLC sprayer unit (Alltech, Deerfield, IL) was used to
deliver a fine mist of 5 um coelenterazine (Molecular
Probes) plus 0.05% Triton-X (Sigma) to 3- to 4-d-old etio-
lated Arabidopsis seedlings expressing aequorin, grown on
Petri plates containing 1% agar, 1 mM KCl, and 1 mm
CaCl,. Each dish received five to seven sprayings of co-
elenterazine before the seedlings were placed in complete
darkness overnight.
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Luminometer Measurements

Blocks of agar containing 40 to 60 etiolated seedlings,
grown for 4 to 5 d as previously described (Cho and
Spalding, 1996), were cut and placed into luminometer
cuvettes and allowed to recover for at least 2 h unless
otherwise specified. All experiments were performed in a
darkroom lit by 0.002 pmol m~2 s™' green safelight. BL
(450 nm, 50-nm bandwidth, 100 pumol m~? s~') was pro-
duced and delivered to a group of seedlings in a cuvette as
previously reported (Cho and Spalding, 1996). The seed-
lings were quickly (within 2-4 s) placed in a luminometer
(Pico-lite, United Technologies, Packard, Downers Grove,
IL) to measure aequorin luminescence. Touch stimulus was
applied by inserting a thin plastic needle into the injection
port of the luminometer and gently agitating. Wind was
applied by injecting 20 mL of room temperature air into the
injection port with a syringe. Cold shock was administered
by injecting 1 mL of 0°C distilled water or a 1 mm KClI plus
1 mm CaCl, solution.

For treatment with 20 um NPPB (Calbiochem), seedlings
were inverted to submerge the apical half of the hypocotyls
in NPPB plus 0.1% Tween 20 for 1 h, and then they were
removed from solution and placed upright to recover for
2 h. Control seedlings (H,O plus Tween 20) were treated
identically. After the recovery period, agar blocks contain-
ing exactly 40 seedlings were removed from the Petri plates
and placed upright into luminometer cuvette tubes before
experimental treatments were performed.

Simultaneous Recording of V; and [Ca®"],,

These experiments were conducted in total darkness.
One-second pulses of BL (450 nm, 50-nm bandwidth, 100
wmol m~2 s7*) separated by 1 s of darkness were delivered
to groups of 40 to 60 seedlings via a liquid light guide using
a custom, computer-controlled apparatus that was previ-
ously described (Spalding, 1995). The change in V, of a
single seedling from the group was monitored using an
agar-tipped surface contact electrode as described by Cho
and Spalding (1996). A photomultiplier tube (model no.
PM2710, International Light, Newburyport, MA) equipped
with a programmable shutter (Uniblitz VS-25, Vincent As-
sociates, Rochester, NY) was placed next to a group of
aequorin-expressing seedlings and detected photon emis-
sion. During each 1 s of darkness, a shutter driver (T122,
Vincent Associates) opened the shutter attached to the
photomultiplier tube for 0.8 s, during which time the out-
put of the photomultiplier tube (aequorin luminescence)
was low-pass-filtered at 3 or 5 Hz and digitized at 15 Hz.
Cold shock was administered by either gently dropping
0°C distilled H,O directly on top of the seedlings or apply-
ing a 1-s stream of cold air from an inverted compressed air
canister (Preval power unit, Precision Value, Yonkers, NY)
15 cm above the seedlings. Both methods of cold shock
yielded similar results. Control experiments using either
room temperature distilled H,O or air elicited no change in
[Ca*"}

cyt*



Ca?* and Anion Channels

Patch Clamping

Protoplasts of 5-d-old etiolated Arabidopsis seedlings
were prepared as previously described (Cho and Spalding,
1996). Kimax-51 glass capillaries (Kimble Products, Vine-
land, NJ) were pulled and fire-polished with a horizontal
puller (P87, Sutter Instruments, Novato, CA). The resulting
patch pipettes were filled with 120 mm CsCl, 5 mm Hepes,
1 mm CaCl,, and 2 mm MgCl, (pH 5.7) with Bis Tris
propane. The 0.5-mL recording chamber initially was filled
with a sealing solution consisting of 15 mm CsCl, 5 mm
Hepes, 10 mm CaCl,, and 55 mm sorbitol (pH 7.2). After a
giga-ohm seal was obtained, the sealing solution was rap-
idly exchanged with one containing 10 um Ca®* (1.94 mm
CaCl, and 2 mm EGTA), 200 mm CsCl, 5 mM Hepes, 2 mm
MgCl,, and 4 mm Mg-ATP (pH 7.2) and the patch excised.
Solutions having either 1 or 0.1 uM free Ca®* were obtained
by combining 1.48 or 0.4 mm CaCl, with 2 mM EGTA. The
bath solution could be perfused at a rate of several millili-
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ters per minute with a selected solution released by a
switchable manifold. Single-channel currents were re-
corded and analyzed using hardware, software, and meth-
ods previously described (Cho and Spalding, 1996). All
chemicals were obtained from Sigma.

RESULTS
Anion Channel Activity Depends on [Ca®*].,,

Anion channels can be studied in cell membranes by
patch-clamping in the presence of CsCl. Use of this imper-
meant cation increases the likelihood that any channels
observed conduct anions. Under these conditions, the pre-
dominant channel active in the plasma membrane of Ara-
bidopsis hypocotyl cells is the anjon channel previously
found to be activated by BL (Cho and Spalding, 1996). We
used similar conditions in patch-clamp experiments de-
signed to determine whether the activity of this channel
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Figure 1. Anion channel activity depends on [Ca®*]
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oyt A, Twenty-second recordings of anion channel activity from an

inside-out patch bathed by 10, 1, and 0.1 um Ca®*. V,, was held at =110 mV. The closed and open state currents are
represented by “C” and “O”, respectively. Data were filtered at 250 Hz and digitized at 500 Hz. B, Dependence of anion

channel P, on [Ca**]

oy Each data point was calculated using between 1.8 and 4.7 min of recording obtained at each Ca®*

concentration shown. C, Change in P, of the anion channel in response to an increase in [Ca“]cy,. Continuous recording
of anion channel activity from the same inside-out patch shown in A. The [Ca®*] in the bath was increased from 0.1 to 10
um at the arrow and full exchange was expected 10 to 15 s later. Data were filtered at 250 Hz and digitized at 500 Hz. D,
Current-voltage relationship of the anion channel in A. Data represent open-channel currents at each of the indicated clamp

potentials. A sigmoidal curve was fit to these data.
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depends on Ca’*. We viewed this as a first test of the
hypothesis that BL activates the anion channel in planta via
an increase in [Ca®"] . Figure 1A displays 20-s recordings
of current through a single channel residing in an inside-
out patch of membrane excised from an etiolated hypocotyl
protoplast. Channel activity depended on the Ca** concen-
tration at the cytosolic face of the patch, being greatest at 10
pM and lowest at 0.1 uM. Returning [Ca® ] to 10 uMm after
several minutes at the lower concentrations restored high
channel activity (Fig. 1A, bottom trace). Analysis of the
total recordings made at the various Ca®" concentrations
allowed the construction of the plot in Figure 1B. It shows
that the P, of the anion channel was 3-fold higher at 10 than
at 1 pM, with very little difference in P, evident between 1
and 0.1 pM. The total recording time was at least 1.8 min for
each concentration of Ca®>* used in the experiment. Figure
1C displays a continuous recording of anion channel activ-
ity from the same patch. A recording solution containing
0.1 um Ca®" was exchanged with one having 10 um Ca®*
at the arrow, and full solution exchange was expected 10 to
15 s later. The change in P, did not occur immediately upon
increasing the Ca?™ concentration. Instead, tens of seconds
elapsed between the time the bathing solution was fully
exchanged and when changes in P, were evident. Despite
this time delay, the effect of Ca®** was reversible and
reproducible. Figure 1D displays a plot of I, versus V_, for
this anion channel. These data were obtained by clamping
the membrane at the indicated potentials and measuring
the open-channel current of the major conductance state.
The slope of the I-V,, curve in Figure 1D revealed a
conductance of 52 pS for the Ca**-dependent channel,
similar to the 46 pS displayed by the BL-activated anion
channel studied in the same cells but with slightly lower
Cl™ concentrations (Cho and Spalding, 1996). An extrapo-
lation of the sigmoidal fit of the data would intersect the
voltage axis close to the predicted equilibrium potential for
Cl™. A more rigorous determination of this channel’s se-
lectivity was made difficult by its multiple conductance
states and the infrequent openings at positive voltages
under these conditions. Further evidence that the channel
in Figure 1 is the same type as that previously found to be
activated by BL is its long open times, on the order of
seconds, and the presence of subconductance states. Three
independent experiments showed results qualitatively sim-
ilar to that illustrated in Figure 1A.

Changes in [Ca®*]_, in Response to BL, Touch, Wind, and
Cold Shock

The Ca®* dependence of the anion channel demon-
strated in Figure 1 leads to the question of whether BL
causes an increase in [Ca“]cyt. This was tested using trans-
genic seedlings cytoplasmically expressing aequorin. Fig-
ure 2 shows results of experiments in which a group of 40
to 60 seedlings was irradiated with a 20-s pulse of BL (100
pmol m™? s~ ") and quickly (24 s) placed into a luminom-
eter for monitoring the emission of photons by aequorin.
Superimposed on this trace is a recording of a depolariza-
tion typical of etiolated Arabidopsis hypocotyls treated
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Figure 2. Changes in [Ca”]cyt in response to BL, touch, wind, and
cold-shock stimulation. Continuous recording showing aequorin lu-
minescence (right axis) corresponding to [Ca“]cy‘ in response to a
20-s pulse of BL (100 umol m~2 s™"), touch, wind, and cold shock.
Superimposed on this figure is a depolarization (mV, left axis) typical
of Arabidopsis hypocotyls in response to a similar fluence BL.

with a similar fluence BL but measured separately. Al-
though increases in [Ca“]Cyt similar to those reported in
tobacco seedlings (Knight et al.,, 1991, 1992, 1996) were
detected in response to touch, wind, and cold shock, no
change was observed immediately after the BL pulse or up
to 3.5 min following it. Even when the most rapid phase of
the BL-induced depolarization should have been occurring,
no change in [Ca®*],,, above baseline levels was detected.
The results in Figure 2 are representative of four indepen-
dent experiments.

Although no change in [Ca®"] . was detected in re-
sponse to the 20-s pulse of BL, important changes in
[Ca®*]. that may have occurred during the light treat-
ment or during the 2 to 4 s between BL exposure and
placement of the seedlings in the luminometer would not
have been detected. To test for such early changes in
[Ca“]cyt, aequorin luminescence was measured in a group
of seedlings during the BL response using a custom appa-
ratus that used computer-controlled shutters (Spalding,
1995) and a photomultiplier tube. Aequorin luminescence
was recorded during each dark period of a continuous
train of 1-s BL pulses delivered to a group of seedlings. The
change in V, of one seedling of the group was simulta-
neously measured. Figure 3A shows that the pulsed BL
induced a depolarization, but no change in [Ca®"],, could
be detected before, during, or after the depolarization.
Figure 3B shows that this custom apparatus readily re-
corded the large change in [Ca®"]., triggered by cold
shock, previously reported to be 1.8 to 2.4 uMm (Knight et al.,
1993, 1996), and revealed the striking result that a rapid
membrane depolarization occurred simultaneously with it.
The temporal resolution of our apparatus (55 ms) was
insufficient to determine which began first. Similar results
were obtained in 12 independent experiments, as well as in
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Figure 3. Simultaneous recording of [Ca®*],,, and changes in V,, in
response to BL and cold shock. A, Dual recording of [Ca“]cyt (top
trace) and changes in V,, made with surface contact electrodes (V,;
bottom trace) during a train of 1-s pulses of BL that started 1 s after
the beginning of this trace. B, Changes in [Ca®*]_, and V; in re-
sponse to cold shock (arrow) in groups of seedlings previously ex-
posed to BL. The time and voltage scales apply to both A and B.

cases in which the V of hypocotyl cells was measured
directly with intracellular microelectrodes ({(data not
shown). Room temperature H,O or compressed air caused
no change in [Ca”]Cyt or V,, indicating that it was the
temperature change per se that triggered both the Ca?* and
electric change (data not shown). Touch and wind stimuli
elicited small increases in [Ca®*].,, (not shown) but their
effects on V,, were not determined because of the diffi-
culty of maintaining an electrical recording during these
disturbances.

Effect of NPPB on BL and Cold-Shock Responses

NPPB is a blocker of animal and plant anion channels
(Marten et al., 1992; Schroeder et al., 1993). The anion
channel activated by BL in hypocotyl cells of etiolated
Arabidopsis seedlings is potently and reversibly blocked
by NPPB (Cho and Spalding, 1996). Consistent with our
previous studies, pretreatment of the seedlings with 20 pum
NPPB reduced the BL-induced depolarization by 85% rel-
ative to controls as shown in Figure 4. NPPB blocked 61%
of the cold-induced depolarization, indicating that it is
partly due to an anion current (Fig. 4). The NPPB-
insensitive portion is probably the result of an inward Ca®*
current that depolarizes the membrane and simultaneously
increases [Ca®*]., To test the possibility that an anion
channel-dependent change in V,, triggered the opening of
Ca®* channels, seedlings expressing aequorin were treated
with NPPB and given cold shock. Figure 5 shows that
NPPB did not affect the magnitude of the cold-induced
change in [Ca“]cyt, nor was its time course affected (data
not shown). Thus, the cold-induced depolarization appears
to result from a combination of inward Ca®* and anion
currents, the former not dependent on the latter.

Other researchers have used LaCl, to block Ca*" fluxes
across the plasma membrane (Knight et al., 1992, 1996).
Consistent with the above interpretation of the membrane
response to cold, 10 mm LaCl, blocked essentially all of the
cold-induced increase in [Ca®"] ., as well as the accompa-
nying rapid membrane depolarization (not shown). How-
ever, expetiments to be reported elsewhere have raised
strong doubts about the specificity of LaCl, for Ca*" chan-
nels, making its inhibitory effects difficult to interpret.

120 T
100 g
1 /
80 4
z
vm 60
>
< 1 T
40 4 T
20 4
0 A ﬁl? ! - / . .
Control + NPPB Control + NPPB
Blue Light Cold Shock

Figure 4. Effects of NPPB on the depolarizations induced by BL and
cold shock. Magnitude of membrane depolarizations induced by BL
and cold shock in the presence or absence of 20 um NPPB. Depo-
larizations were measured with surface electrodes and are reported
as means * st of 9 to 12 independent experiments.
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Figure 5. NPPB does not affect the cold-induced increase in
[Ca®*],,. Changes in [Ca®*]., in response to cold shock are re-
ported as peak counts per second (*sE) from 21 to-23 groups of 40 to
60 seedlings each.

DISCUSSION

The anion channel identified in Figure 1 was strongly
activated by Ca”" only when its concentration at the cyto-
solic face of a membrane patch was increased into the
micromolar range, the range into which cold shock is
known to elevate [Ca®*]_,, (Knight et al., 1993, 1996). Our
methods of detecting aequorin luminescence were capable
of measuring the much smaller increase in [Ca®*],,, elic-
ited by touch, and yet we did not detect any change in
response to BL (Figs. 2 and 3). Therefore, any BL-induced
increase in [Ca“]Cyt must be below the detection level of
our two measuring methods. Such small changes in
[Ca“]Cyt would not be expected to affect the activity of the
anion channel, according to the Ca®>" dependence of P,
shown in Figure 1. Thus, BL does not appear to activate
anion channels by increasing [Ca®"],,. This is consistent
with the previous observation that the magnitude of the
BL-induced depolarization was unaffected by chelating ex-
tracellular Ca®* with EGTA (Spalding and Cosgrove, 1992).

One caveat is that larger changes in Ca®" may have
occurred in response to BL but only in a subset of the
hypocotyl cells, and this limited but physiologically impor-
tant change was not detected by our methods. Arguing
against this is the previously published finding that both
cortical and epidermal cells, including trichomes, respond
to BL with a similar depolarization (Spalding and Cos-
grove, 1992). Also, our measurements reflected the collec-
tive responses of at least 40 seedlings, an effort to boost the
signal from any BL-responding cells. Another caveat that
must be considered is that the anion channel may have
been made less sensitive to Ca®* by excision of the patch.
If a substantial decrease in Ca** sensitivity accompanied
patch excision, perhaps due to the loss of a key regulatory
element such as calmodulin (Bethke and Jones, 1994), we
would be incorrect to expect that only large, micromolar
changes in Ca®* would affect the activity of the channel in
vivo.
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In addition to providing evidence against a role for Ca**
in the BL-induced depolarization, the present work re-
vealed some details about the electrophysiological re-
sponse to cold shock. The very rapid, transient depolariza-
tion reported here (Fig. 3B) was similar to that previously
measured in cucumber roots by Minorsky and Spanswick
(1989). They presented evidence that the depolarization
was at least in part due to an inward Ca®* current across
the plasma membrane. Our observation that the membrane
depolarized simultaneously with an increase in [Ca2+]Cyt
(Fig. 3B) is fully consistent with those previously published
results and the identification of extracellular Ca*™ as the
main source of the cold-induced Ca®* increase (Knight et
al., 1992, 1996). The fact that blocking the anion channel
with NPPB did not affect the cold-induced increase in
[Ca“]Cyt (Fig. 5) indicates that a depolarization initiated by
anion channel activation may not be the signal that opens
the Ca®' channels. Although Ca’®' channels may be
depolarization-activated (Thuleau et al., 1994), their initial
opening in response to cold appears to be more directly a
result of the temperature change than of the depolarization
caused by anion channel activation.

The most straightforward interpretation of the available
data is that cold shock activates Ca®"-permeable channels
at the plasma membrane (Knight et al., 1992). The resulting
inward Ca®* current depolarizes the plasma membrane
(Minorsky and Spanswick, 1989) while also increasing
[Ca®*],. As [Ca® "], increases into the micromolar range,
anion channel activity increases (Fig. 1), which furthers the
depolarization. This explains why a portion of the depo-
larization is sensitive to NPPB (Fig. 4), whereas the increase
in [Ca®*],, is not (Fig. 5). In fact, this proposed mechanism
for the cold-induced depolarization is similar to that pro-
posed for the moss phytochrome-mediated depolarization
(Ermolayeva et al., 1996) and the algal action potential
(Tohannes et al., 1991; Tyerman, 1992). Whether the cold-
induced depolarization is propagated similarly to action
potentials has not been determined; Arabidopsis seedlings
would not be the best experimental preparation to address
this point.

The change in anion-channel P, in response to changes in
[Ca”]Cyt was not immediate; it took some tens of seconds
to develop (Fig. 1C). This suggests that [Ca®*],, does not
directly affect anion channel activity but does so through
intermediaries such as Ca®'-dependent kinases and/or
phosphatases (Schmidt et al., 1995; Pei et al., 1997). The
relatively sluggish response of the channel to [Ca®*],, may
seem at odds with the rapidity of the in vivo response (Fig.
3B), but perhaps is not surprising considering that patches
of membrane detached from the cell may have lacked
components that tighten the coupling to the channels.

Our results indicate that the BL-induced depolarization
is initiated by a Ca®"-independent mechanism. Recent mo-
lecular studies of the HY4 photoreceptor have indicated
that redox reactions may be important early steps in BL
signaling (Lin et al., 1995). Changes in redox state are also
known to activate ion channels in Arabidopsis leaves (Spal-
ding et al., 1992) and could be an important aspect of the
mechanism by which BL activates anion channels. Anion-
channel activity could also be influenced through phos-
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phorylation events (Schmidt et al., 1995; Pei et al., 1997),
which are known to be important in the early stages of the
BL signal transduction pathway leading to phototropism
(Short and Briggs, 1994; Liscum and Briggs, 1995; Salomon
et al., 1996).

Received February 12, 1997; accepted April 23, 1997.
Copyright Clearance Center: 0032-0889/97/114/1327/08.

LITERATURE CITED

Bethke PC, Jones RL (1994) Ca**-calmodulin modulates ion chan-
nel activity in storage protein vacuoles of barley aleurone cells.
Plant Cell 6: 277-285

Bowler C, Neuhaus G, Yamagata H, Chua NH (1994) Cyclic GMP
and calcium mediate phytochrome phototransduction. Cell 77:
73-81

Chamovitz DA, Deng X-W (1996) Light signaling in plants. Crit
Rev Plant Sci 15: 455478

Cho MH, Spalding EP (1996) An anion channel in Arabidopsis
hypocotyls activated by blue light. Proc Natl Acad Sci USA 93:
8134-8138

Coleman HA (1986) Chloride currents in Chars-a patch-clamp
study. ] Membr Biol 93: 55-61

Cosgrove DJ (1994) Photomodulation of growth. In RE Kendrick,
GHM Kronenberg, eds, Photomorphogenesis in Plants, Ed 2.
Kluwer Academic, Dordrecht, The Netherlands, pp 631-658

Ermolayeva E, Hohmeyer H, Johannes E, Sanders D (1996)
Calcium-dependent membrane depolarization activated by phy-
tochrome in the moss Physcomitrella patens. Planta 199: 352-358

Gaffey CT, Mullins L] (1958) Ion fluxes during the action poten-
tial in Chara. J Physiol 144: 505-524

Gehring CA, Williams DA, Cody SH, Parish RW (1990) Photo-
tropism and geotropism in maize coleoptiles are spatially cor-
related with increases in cytosolic free calcium. Nature 345:
528-530

Hedrich R, Busch H, Raschke K (1990) Ca®* and nucleotide
dependent regulation of voltage dependent anion channels in
the plasma membrane of guard cells. EMBO ] 9: 3889-3892

Hepler PK, Wayne RO (1985) Calcium and plant development.
Annu Rev Plant Physiol 36: 397439

Hope AB, Findlay GP (1964) The action potential in Chara. Plant
Cell Physiol 5: 377-379

Johannes E, Brosman JM, Sanders D (1991) Calcium channels and
signal transduction in plant cells. Bioessays 13: 331-336

Johnson CH, Knight MR, Kondo T, Masson P, Sedbrook J, Haley
A, Trewavas A (1995) Circadian oscillations of cytosolic and
chloroplastic free calcium in plants. Science 269: 1863-1865

Knight H, Trewavas AJ, Knight MR (1996) Cold calcium signaling
in Arabidopsis involves two cellular pools and a change in cal-
cium signature after acclimation. Plant Cell 8: 489-503

Knight MR, Campbell AK, Smith SM, Trewavas AJ (1991) Trans-
genic plant aequorin reports the effects of touch and cold-shock
and elicitors on cytoplasmic calcium. Nature 352: 524-526

Knight MR, Read ND, Campbell AK, Trewavas AJ (1993) Imag-
ing calcium dynamics in living plants using semi-synthetic re-
combinant aequorins. ] Cell Biol 121: 83-90

Knight MR, Smith SM, Trewavas AJ (1992) Wind-induced plant
motion immediately increases cytosolic calcium. Proc Natl Acad
Sci USA 89: 49674971

Koncz C, Schell J (1986) The promoter of T -DNA gene 5 controls
the tissue-specific expression of chimaeric genes carried by a
novel type of Agrobacterium binary vector. Mol Gen Genet 204:
383-396

Lin C, Robertson DE, Ahmad M, Raibekas AA, Jorns MS, Dutton
PL, Cashmore AR (1995) Association of flavin adenine dinucle-
otide with the Arabidopsis blue light receptor CRY1. Science 269:
968-970

Liscum E, Briggs WR (1995) Mutations in the NPH1 locus of

Arabidposis disrupts the perception of phototropic stimuli. Plant
Cell 7: 473-485

Marten I, Zeilinger C, Redhead C, Landry DW, Al-Awgqati Q,
Hedrich R (1992) Identification and modulation of a voltage-
dependent anion channel in the plasma membrane of guard cells
by high-affinity ligands. EMBO ] 11: 3569-3575

Mattanovich D, Riiker F, da Cimara Machado A, Laimer M,
Regner F, Steinkellner H, Himmler G, Katinger H (1989) Effi-
cient transformation of Agrobacterium spp. by electroporation.
Nucleic Acids Res 17: 6747

Minorsky PV, Spanswick RM (1989) Electrophysiological evi-
dence for a role for calcium in temperature sensing by roots of
cucumber seedlings. Plant Cell Environ 12: 137-143

Mullins LJ (1962) Efflux of chloride ions during the action poten-
tial of Nitella. Nature 196: 986-987

Neuhaus G, Bowler C, Kern R, Chua NH (1993} Calcium/
calmodulin-dependent and -independent phytochrome signal
transduction pathways. Cell 73: 937952

Okihara K, Ohkawa T, Tsutsui I, Kasai M (1991) A Ca®>"- and
voltage-dependent Cl” -sensitive anion channel in the Chara
plasmalemma: a patch-clamp study. Plant Cell Physiol 32:
593-601

Pei Z-M, Kuchitsu K, Ward JM, Schwarz M, Schroeder JI (1997)
Differential abscisic acid regulation of guard cell slow anion
channels in Arabidopsis wild-type and abil and abi2 mutants.
Plant Cell 9: 409-423

Roux SJ (1994) Signal transduction in phytochrome responses. In
RE Kendrick, GHM Kronenberg, eds, Photomorphogenesis in
Plants, Ed 2. Kluwer Academic, Dordrecht, The Netherlands, pp
187-209

Salomon M, Zacherl M, Riidiger W (1996) Changes in blue-light-
dependent protein phosphorylation during the early develop-
ment of etiolated oat seedlings. Planta 199: 336-342

Schmidt C, Schelle 1, Liao YJ, Schroeder J (1995) Strong regula-
tion of slow anion channels and abscisic acid signaling in guard
cells by phosphorylation and dephosphorylation events. Proc
Natl Acad Sci USA 92: 9535-9539

Schroeder JI, Hagiwara S (1989) Cytosolic calcium regulates ion
channels in the plasma membrane of Vicia faba guard cells.
Nature 338: 427430

Schroeder J1, Schmidt C, Sheaffer J (1993) Identification of high-
affinity slow anion channel blockers and evidence for stomatal
regulation by slow anion channels in guard cells. Plant Cell 5:
1831-1841

Scott RH, Sutton KG, Griffin A, Stapleton SR, Currie KPM
(1995) Aspects of calcium-activated chloride currents: a neuro-
nal perspective. Pharmacol Ther 66: 535-565

Sedbrook JC, Kronebusch PJ, Borisy GG, Trewavas AJ, Masson -
PH (1996) Transgenic AEQUORIN reveals organ-specific cyto-
solic Ca?* responses to anoxia in Arabidopsis thaliana seedlings.
Plant Physiol 111: 243-257

Shacklock PS, Read ND, Trewavas AJ (1992) Cytosolic free cal-
cium mediates red light-induced photomorphogenesis. Nature
358: 753-755

Shiina T, Tazawa M (1987) Ca®>*-activated CI~ channel in plas-
mamembrane of Nitellopsis obtusa. ] Membr Biol 99: 137-146

Short TW, Briggs WR (1994) The transduction of blue light signals
in higher plants. Annu Rev Plant Physiol Plant Mol Biol 45:
143-171

Spalding EP (1995) An apparatus for studying rapid electrophys-
iological responses to light demonstrated on Arabidopsis leaves.
Photochem Photobiol 62: 934-939

Spalding EP, Cosgrove DJ (1989) Large plasma-membrane depo-
larization precedes rapid blue-light-induced growth inhibition
in cucumber. Planta 178: 407-410

Spalding EP, Cosgrove DJ (1992) Mechanism of blue-light plasma-
membrane depolarization in etiolated cucumber hypocotyls.
Planta 188: 199-205

Spalding EP, Slayman CL, Goldsmith MHM, Gradmann D, Bertl
A (1992) Jon channels in Arabidopsis plasma membrane: trans-
port characteristics and involvement in light-induced voltage
changes. Plant Physiol 99: 96-102



1334 Lewis et al.

Thiel G, Homann U, Gradmann D (1993) Microscopic elements of
electrical excitation in Chara: transient activity of C1™ channels in
the plasma membrane. ] Membr Biol 134: 53-66

Thuleau P, Ward JM, Ranjeva R, Schroeder JI (1994) Voltage-
dependent calcium-permeable channels in the plasma mem-
brane of a higher plant cell. EMBO J 13: 2970-2975

Tyerman SD (1992) Anion channels in plants. Annu Rev Plant
Physiol Plant Mol Biol 43: 351-373

Plant Physiol. Vol. 114, 1997

Valvekens D, Van Montagu M, Van Lijsebettens M (1988)
Agrobacterium tumefaciens-mediated transformation of Arabidop-
sis thaliana root explants by using kanamycin selection. Proc Natl
Acad Sci USA 85: 5536-5540

Williamson RE, Ashley CC (1982) Free Ca** and cytoplasmic
streaming in the alga Chara. Nature 296: 647-651

Zygmunt AC, Gibbons WR (1992) Properties of the calcium-
activated chloride current in heart. ] Gen Physiol 99: 391-414



