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Calcium can ameliorate Na1 toxicity in plants by decreasing Na1 influx through nonselective cation channels. Here, we show
that elevated external [Ca21] also inhibits Na1-induced K1 efflux through outwardly directed, K1-permeable channels.
Noninvasive ion flux measuring and patch-clamp techniques were used to characterize K1 fluxes from Arabidopsis
(Arabidopsis thaliana) root mature epidermis and leaf mesophyll under various Ca21 to Na1 ratios. NaCl-induced K1 efflux
was not related to the osmotic component of the salt stress, was inhibited by the K1 channel blocker TEA1, was not mediated
by inwardly directed K1 channels (tested in the akt1 mutant), and resulted in a significant decrease in cytosolic K1 content.
NaCl-induced K1 efflux was partially inhibited by 1 mM Ca21 and fully prevented by 10 mM Ca21. This ameliorative effect was
at least partially attributed to a less dramatic NaCl-induced membrane depolarization under high Ca21 conditions. Patch-
clamp experiments (whole-cell mode) have demonstrated that two populations of Ca21-sensitive K1 efflux channels exist in
protoplasts isolated from the mature epidermis of Arabidopsis root and leaf mesophyll cells. The instantaneously activating K1

efflux channels showed weak voltage dependence and insensitivity to external and internal Na1. Another population of K1

efflux channels was slowly activating, steeply rectifying, and highly sensitive to Na1. K1 efflux channels in roots and leaves
showed different Ca21 and Na1 sensitivities, suggesting that these organs may employ different strategies to withstand salinity.
Our results suggest an additional mechanism of Ca21 action on salt toxicity in plants: the amelioration of K1 loss from the cell by
regulating (both directly and indirectly) K1 efflux channels.

Sodium toxicity is one of the main reasons for poor
plant performance in saline environments. Several
approaches are routinely used in agriculture to de-
crease Na1 toxicity, with application of Ca21-containing
compounds (such as lime or gypsum) to soils being
probably the most effective among them (Bergmann,
1992; Rengel, 1992). It is widely reported that supple-
mental Ca21 ameliorates Na1 toxicity symptoms in
different plant species (for review, see Laüchli, 1990;
Rengel, 1992; Hasegawa et al., 2000). Nevertheless, the

mechanisms of Ca21 amelioration at the cellular level
are not fully understood.

It is becoming clear that to decrease Na1 toxicity,
Ca21 interacts with numerous intracellular and extra-
cellular targets. Recently, the SOS stress-signaling
pathway was identified to be a pivotal regulator of
plant ion homeostasis under saline conditions. Ac-
cording to the suggestedmodel, salinity causes a rise in
cytosolic [Ca21] ([Ca21]cyt; White and Broadley, 2003),
which activates the SOS3-SOS2 protein kinase path-
way. This leads to increased expression of the plasma
membrane Na1 efflux transporter SOS1 and possibly
restricts Na1 influx through the plasma membrane
high-affinity K1 transporter HKT1, so helping to
maintain cellular K1/Na1 homeostasis (Liu and Zhu,
1998; Halfter et al., 2000; Ishitani et al., 2000; Zhu,
2003). The extent of the rise in [Ca21]cyt (and, therefore,
encoded information) is thought to depend on the
concentration of extracellular Ca21 (Yokoi et al., 2002).
Direct experimental evidence supporting this model is
still lacking.

An increase in external [Ca21] can stimulate plasma
membrane H1-ATPase activity via Ca21-calmodulin-
dependent protein kinases (Klobus and Janicka-Russak,
2004). Under salt stress conditions, increased plasma
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membrane H1-ATPase activity is necessary for
repolarization of membrane voltage (after depolariza-
tion by Na1 influx), maintaining membrane integ-
rity and ionic homeostasis. Na1 efflux by the SOS1
Na1-H1 antiporter ultimately relies on H1-ATPase
activity. Indeed, loss of root endodermal plasma mem-
brane H1-ATPase activity results in salt sensitivity in
Arabidopsis (Arabidopsis thaliana; Vitart et al., 2001).
Ca21 stimulation of the SOS3-SOS2 pathway also
appears to enhance vacuolar Na1 sequestration by
Na1-H1 antiporters (Zhu, 2003). Thus, Ca21, as an in-
tracellular regulator, plays an important role in salinity
tolerance.

Apart from effects on intracellular targets, supple-
mental Ca21 may provide rapid, yet long-term protec-
tion against salinity stress via its stabilizing effect on
cell wall components, plasma membrane lipids, and
proteins (Rengel, 1992; Kinraide, 1998; Cramer, 2002).
Many reports have recently demonstrated that ele-
vated extracellular [Ca21] inhibits the plasma mem-
brane inwardly directed, Na1-permeable nonselective
cation channels (NSCCs) that mediate toxic Na1 influx
(Amtmann and Sanders, 1999; White, 1999; Demidchik
et al., 2002b; Tester and Davenport, 2003). For example,
in Arabidopsis root epidermis, 0.1 mM extracellular
Ca21 blocked one-half of the Na1 influx current through
NSCCs; this blocking effect saturated at [Ca21] higher
than 2 mM (2–20 mM Ca21 caused about 75%–80% in-
hibition; Demidchik and Tester, 2002). The Km values
for Ca21-induced block of NSCCs and 22Na1 uptake by
Arabidopsis roots are remarkably similar (Demidchik
and Tester, 2002; Essah et al., 2003). Down-regulation
of Na1 influx through NSCCs could be the crucial
mechanism in Ca21 amelioration of salt toxicity, espe-
cially as other Na1-transporting systems are not partic-
ularly sensitive to Ca21. Sodium influx through the
(heterologously expressed) wheat (Triticum aestivum)
low-affinity cation transporter, LCT1, was also inhibi-
ted by elevated external [Ca21] (Amtmann et al., 2001).
However, as concentrations below 10 mM Ca21 were
not effective and soil [Ca21] are usually well below this
level (Tisdale et al., 1993), the physiological impor-
tance of the Ca21 effect on LCT1 is unclear (Amtmann
et al., 2001). Another possible route for Na1 toxic influx
in Arabidopsis, HKT1, showed no sensitivity to
external Ca21 (Tyerman and Skerrett, 1999; Rus et al.,
2001).

It has long been known that salt tolerance is deter-
mined not only by a plant’s ability to restrict Na1

accumulation in the cytosol, but also by its capacity
to maintain a high cytosolic K1 to Na1 ratio (Maathuis
and Amtmann, 1999; Chen et al., 2005). There is strong
evidence that regulation of plasma membrane K1

transport by elevated Ca21 may be as important as
the restriction of Na1 uptake through NSCCs. It is
known that Ca21 sustains K1 transport and K1/Na1

selectivity at the plasma membrane in Na1-challenged
plants (Laüchli, 1990; Maathuis and Amtmann, 1999).
Arabidopsis sos3 plants (defective in Ca21-based sig-
naling) accumulate more Na1 and retain less K1 than

wild type, consistent with a failure to regulate SOS1
and HKT1 (Liu and Zhu, 1998; Zhu, 2003). Recent
experiments in our laboratory also suggested that
SOS1 mutation affects intracellular K1 homeostasis,
with a plasma membrane depolarization-activated,
outward-rectifying K1 channel being a likely target
(Shabala et al., 2005a). Supplemental Ca21 in a phys-
iological concentration range (1–10 mM) reduced, or
even completely prevented, Na1-induced K1 efflux
from salinized root and leaf tissues in broad bean (Vicia
faba) and barley (Hordeum vulgare) plants (Shabala, 2000;
Shabala et al., 2003, 2005b). However, Ca21-sensitive,
K1-permeable transporters that are targeted by sup-
plemental Ca21 to prevent K1 loss have never been
delineated.

In this work, the above issues were addressed by
combined application of a range of electrophysiological
techniques (noninvasive ion flux measuring [MIFE]
technique, multibarreled ion-selective electrodes for
intracellular measurements, patch-clamp technique,
membrane potential measurements) to study intra-
cellular K1 homeostasis and K1 fluxes and currents
through plasma membrane K1-permeable channels in
Arabidopsis root and leaf mesophyll cells. We show
that in both root and leaf cells, elevated external [Ca21]
can decrease or fully prevent Na1-induced K1 loss by
inhibition of plasma membrane outwardly directed,
K1-permeable channels. This effect onK1 channels could
be another critical process in Ca21 amelioration of
NaCl-induced toxicity.

RESULTS

NaCl Induces Ca21-Sensitive K1 Efflux in Both

Arabidopsis Roots and Leaf

Mild salt stress in Arabidopsis seedlings is caused
by 50 mM NaCl (Elphick et al., 2001). In the presence of
0.1 mM Ca21, 50 mM NaCl added to the bath caused
significant net K1 efflux from both Arabidopsis intact
roots (mature epidermis) and leaf tissue (mesophyll
segments; Fig. 1). The peakmean6 SE K1 efflux (21826
21.1 and22326 8.5 nmol m22 s21 for roots and leaves,
respectively; n 5 7) was measured 1 to 1.5 min after
salt application. During the next 15 to 20 min, the K1

flux gradually recovered but always remained nega-
tive (net efflux). No significant (P . 0.05) difference
between leaf and root K1 flux responses to NaCl was
found. Increasing the [Ca21] in the bath from 0.1 to
1 mM caused a 3-fold reduction in salt-induced K1

efflux (Fig. 1). High bathing Ca21 (10 mM) completely
prevented salt-induced K1 efflux from both the
root (Fig. 1A) and leaf (Fig. 1B) tissues. The ameliora-
tive effect of increasing Ca21 on K1 flux was also
observed after long-term exposure to NaCl. Addition
of 1 mM Ca21 to tissue incubated in 0.1 mM Ca21 and
50 mM NaCl for 3 h caused a significant (P , 0.05;
Student’s t test) shift in mean6 SE steady-state K1 flux
toward influx for roots (31.36 3.3 nmol m22 s21; n5 6)
and leaves (14.6 6 1.9 nmol m22 s21; n 5 5).
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NaCl-Induced K1 Efflux Is Unrelated to Cl2

or Osmotic Shock and Sensitive to TEA1

The NaCl-induced K1 efflux responses were not
related to Cl2, as 50 mM sodium gluconate caused
essentially identical responses to 50 mM NaCl from
Arabidopsis roots (Fig. 2A; n5 6). When isotonic man-
nitol solution (85 mM) was added instead of 50 mM

NaCl, no K1 efflux was observed (Fig. 2A). Similar
results were also observedwhen fluxes weremeasured
from leaf mesophyll tissue (data not shown). NaCl-
inducedK1 effluxwas significantly inhibited by the K1

channel blockerTEA1 (70% inhibition;P, 0.05) but not
by the Ca21 channel blocker verapamil (Fig. 2B; n5 8).
Sensitivity to TEA1 is an inherent property of K1

channels, making it possible to distinguish their con-
ductance from all other cation-permeable channels
(such as NSCCs and Ca21 channels), which are TEA1

insensitive. Therefore, our data provide strong evi-
dence that the greater part of the root and leaf NaCl-
induced K1 effluxes was mediated by outwardly
directed, K1-selective channels.

NaCl-Induced K1 Efflux Is Preceded by Na1 Influx

Immediately after the onset of salt stress, dramatic
net Na1 influx was measured in both leaf and root
tissue (Fig. 3; n 5 6 and 8, respectively). Peak Na1

influx preceded peak K1 efflux by approximately 0.5
to 1 min (for comparison, see Fig. 1, A and B). In roots,
Na1 influx was short lived, with net Na1 efflux mea-
sured 6 to 8 min after the beginning of treatment.
Net Na1 flux returned back to zero level within 1 h
(data not shown). No such efflux was measured from
Arabidopsis leaf mesophyll samples, where net Na1

flux peaked immediately after NaCl treatment and
gradually returned back to zero level within 15 min
(Fig. 3). No significant effect (n 5 5; P . 0.05) of TEA1

(20 mM) on Na1 influx was found when tested on root
tissue (data not shown).

Elevated Ca21 Reduces NaCl-Induced Plasma
Membrane Depolarization in Arabidopsis

As it is known that Na1 influx depolarizes the
plasma membrane (Shabala et al., 2003), the observed

Figure 1. Effect of salinity (50 mM NaCl) on net K1

fluxes measured from Arabidopsis (wild-type Colum-
bia; A) root mature epidermis and leaf mesophyll
tissue (B) at various bathing [Ca21]. Data are mean6

SE (n 5 7). For all MIFE data, the sign convention is
‘‘influx positive.’’ Ionic concentration of the bath was
as follows (in mM): 0.2 K1, 2 MES/4 Tris, pH 5.8
(adjusted with HCl), plus a required concentration
of Ca21.
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K1 efflux may originate from depolarization-activated
K1 channels (DAPCs). Accordingly, it was hypothe-
sized that ameliorative effects of supplemental Ca21

could be attributed, at least partially, to less dramatic
membrane depolarization under these conditions.
Indeed, high Ca21 concentrations in the bath caused
a statistically significant (P , 0.05) reduction in the
magnitude of NaCl-induced membrane depolariza-
tion in epidermal root cells (Table I). Interestingly,
elevated Ca21 levels in the bath made plasma mem-
brane potential less negative in the absence of salt
stress (Table I). As a result, when confronted with
salinity, the magnitude of membrane potential depo-
larization between various Ca21 treatments was sev-
eralfold different (71.8 6 4.1, 50.6 6 2.7, and 29.4 6
3.3 mV for 0.1, 1, and 10 mM Ca21, respectively; n5 9).

K1 Efflux from the Cell Results in a Reduction
in Cytosolic K1 Content

Noninvasive measurements of K1 fluxes fromNaCl-
stressed roots were complemented by measuring

changes in the cytosolic free K1 concentrations ([K1]cyt)
using multibarreled ion-selective microelectrodes. Un-
der low (0.1 mM) Ca21 conditions, imposition of salt
stress caused a rapid and substantial decline in [K1]cyt
(Fig. 4). The effect was reversible, and removal of
NaCl stress resulted in a rapid recovery of [K1]cyt to
almost the original level (in short-term experiments),
most likely as a result of the buffering role of the
vacuole. High Ca21 levels in the bath efficiently
prevented the NaCl-induced decrease in [K1]cyt (Fig.
4). The difference between Ca21 treatments is statisti-
cally significant at P, 0.05 (536 16 mM and 56 6 mM

changes for low and high Ca21, respectively; n 5 5).
Taken together, our results suggest that noninvasive K1

flux measurements (using the MIFE technique) and
cytosolic K1 measurements (using impaled multibar-
reled microelectrodes) are complementary, at least in
short-term salinity experiments.

K1 Inward Rectifier Is Not Involved
in NaCl-Induced K1 Flux

To discount the involvement of plasma membrane
hyperpolarization-activated K1 channels, tests were
conducted on the akt1mutant that lacks such inwardly
directed K1 channels (Hirsch et al., 1998). No signif-
icant difference (P . 0.05) was found between NaCl-
induced K1 (Fig. 5A) and Na1 (Fig. 5B) flux responses
between root mature epidermis of wild type (Arabi-
dopsis Columbia ecotype) and akt1. K1 fluxes from
salinized wild-type and akt1 roots also responded
similarly to supplemental Ca21 (Fig. 5C), suggesting
that the AKT1 K1 inward-rectifying channel does not
mediate the observed ameliorative effects of supple-
mental Ca21 on K1 transport in salinized Arabidopsis
roots.

Overall, our results show that elevated [Na1] in-
duces Ca21-sensitive net K1 efflux and that this efflux

Figure 2. Specificity and pharmacology of net K1 flux responses. A,
Transient K1 fluxes in response to isotonic mannitol (white symbols)
and sodium gluconate (gray symbols). Fluxes were measured from the
mature epidermis of Arabidopsis wild-type roots after 1 to 1.5 h
incubation in basic measuring solution. Data are mean6 SE (n 5 8). B,
Effect of cation channel blockers (TEACl, 10 mM; verapamil, 20 mM) on
the magnitude of the peak K1 efflux measured in response to 50 mM

NaCl. Data are mean 6 SE (n 5 6–8).

Figure 3. Salinity-induced net Na1 flux kinetics measured from
Arabidopsis wild-type root (mature epidermis; gray symbols) and leaf
tissue (mesophyll; white symbols). Bath [Ca21] was 0.1 mM. Data are
mean 6 SE (n 5 6–8).
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is likely to be mediated by activation of plasma mem-
brane TEA1-sensitive, outwardly directed K1 chan-
nels. To understand the basis of Ca21 amelioration,
modes of Ca21 action on Arabidopsis root and leaf K1

efflux channels were investigated using the patch-
clamp technique. For roots, vectorial effects of Na1 on
either side of the membrane were also examined.

K1 Efflux Channels in Root Epidermal Protoplasts
Are Blocked by External Ca21 and Na1

Depolarizing voltage pulses activated large outward
currents (Fig. 6, A–E; 0.1 and 80 mM extracellular and
intracellular K1, respectively). When 30 mM TEA1 re-
placed K1 in the pipette solution (PS), outward cur-
rents decreased severalfold (Fig. 6E; higher [TEA1]
caused seal instability). This demonstrates that out-
ward currents were mainly mediated by K1 efflux.
Measured mean Erev (277 mV at 0.1 mM external

Ca21 for total current) was much closer to EK (calcu-
lated as 2163 mV) than to ECl (calculated as 116 mV),
showing K1 selectivity of the dominating conductance.
Elevated extracellular [Ca21] partially blocked K1

efflux currents (Fig. 6, A–D). Mean 6 SE K1 outward
current (activated by 19.4-s-long, single-step depolar-
ization from270–120mV)was 6286 59mAm22 (n5 4)
with 0.1 mM Ca21 in the bath. This current was 30% to
40% smaller in 1 mM Ca21 (403 6 32 mA m22; n 5 4)
and approximately 50% smaller in 10 mM Ca21 (308 6
26 mA m22; n 5 4). Mean Erev was shifted toward EK
(calculated as 2163 mV) from Erev 5 25 mV to Erev 5
277 mVwhen [Ca21] decreased from 10 mM to 0.1 mM,
suggesting that elevated [Ca21] decreased membrane
selectivity to K1.
The outward K1 current comprised rapidly activated

(instantaneous) and slowly activated (time-dependent)
components. At 120 mVand 0.1 mM extracellular Ca21,
the mean time-dependent current was the greatest
(Fig. 6, C and D) and had more pronounced rectifica-
tion. Elevated extracellular [Ca21] inhibited amplitude
and weakened the rectification of both current compo-
nents (Fig. 6, C andD, respectively). The time-dependent
component of the outward K1 currents was more sen-
sitive to Ca21 than the instantaneous component (Fig.
6, C and D). These results show that at least two groups
of cation channels mediate K1 efflux fromArabidopsis

root epidermis protoplasts. These two groups have
different kinetics, rectification, and sensitivity to Ca21.

NaCl (50 mM) was applied to the bathing medium to
mimic the early stages of salt stress. Addition of NaCl
to the bathing solution dramatically destabilized patch
seals. In six protoplasts from 22 patches, responses to
extracellular 50 mM NaCl were successfully recorded
at two Ca21 concentrations (1 and 10 mM); in five of
those six protoplasts, the NaCl responses at all three
[Ca21] levels (0.1, 1, and 10 mM) were recorded (Fig. 6,
F–I). Addition of elevated [Ca21] to a background of
50 mM external NaCl inhibited mean K1 efflux cur-
rents (from 4066 56 mAm22 [n5 5] at 0.1 mM Ca21 to
2206 44 mAm22 [n5 6] and 1026 18 mAm22 [n5 6]
at 1 and 10 mM Ca21, respectively, as measured at
120mV). ExtracellularNa1 blocked the time-dependent
K1 efflux current, with the current measured in 0.1 mM

CaCl2 and 50 mM NaCl being one-half that measured
in 0.1 mM CaCl2 alone. The Na1-insensitive, time-
dependent current (measured in the presence of 50 mM

NaCl) was very sensitive to elevated [Ca21] (Fig. 6I,
squares). These data suggest that Na1 and Ca21 might
target different types of outwardly rectifying, K1-
permeable channels. The blocking effect of Na1 on
the instantaneous K1 efflux current was much weaker
than on the time-dependent current (Fig. 6H).

Addition of 50 mM NaCl to the bath also caused a
large Ca21-sensitive inward Na1 current (Fig. 6, F–H).
This current shared characteristics with the Na1 influx
current through NSCCs in mature epidermis proto-
plasts (ATP-free PS) previously reported by Demid-
chik and Tester (2002) and Demidchik et al. (2002a).

Effect of Internal Na1 on Ca21-Sensitive K1 Efflux
Channels in Root Epidermal Protoplasts

Addition of 50mM sodium gluconate solely to the PS
(with 30 mM KCl and 50 mM potassium gluconate still
present in PS) caused an approximately 50% increase
in the mean 6 SE total efflux current (up to 903 6 43,
717 6 49, and 552 6 89 mA m22 at external 0.1, 1, and

Table I. Steady-state values of membrane potential of Arabidopsis root
epidermal cells in control and after 1 h of 50 mM NaCl treatment at
various calcium concentrations

Means 6 SE (n). Treatments with different superscript letters are
significantly different at P , 0.05.

[Ca21] in the Bath
Membrane Potential

Control 50 NaCl

mM mV

0.1 2127.5 6 4.8 (9)a 255.7 6 3.4 (9)c

1.0 2118.5 6 3.7 (9)a,b 267.9 6 1.7 (9)d

10 2103.7 6 4.8 (9)b 274.3 6 1.7 (9)e

Figure 4. Effect of salinity (50mMNaCl) on changes in cytosolic free K1

concentration in mature epidermal Arabidopsis (wild-type Columbia)
root cells at low (0.1 mM) and high (10mM) bathing [Ca21]. One (of five)
representative example for each treatment is shown.
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10 mM Ca21, respectively, as measured in four to five
protoplasts at 120 mV), suggesting that K1 efflux
channels allowed Na1 efflux (Fig. 7, A–D). Both in-
stantaneous and time-dependent current components
increased, showing that they both are permeable to
Na1. In these conditions, the blocking effect of ele-
vated extracellular [Ca21] was qualitatively similar to
the effect in NaCl-free conditions. In the presence of
50 mM NaCl in both pipette and bath solutions, an
extracellular [Ca21] increase from 0.1 to 10 mM caused
about a 1.5-fold reduction of total outward cation
current (from 1,133 6 208–607 6 167 mA m22, respec-
tively, as measured for four protoplasts at 120 mV; Fig.
7). Application of salt to both sides of the plasma
membrane induced an approximate 2-fold decrease

in mean time-dependent outward cation current at
0.1 mMCa21 (V5 120mV) as compared to salt-free con-
ditions and fully inhibited its Ca21 sensitivity (Fig. 7H;
n 5 4). As a result, Ca21 blockage of the total outward
cation current (Fig. 7F) was solely the result of sup-
pression of the instantaneous current.

Surprisingly, Ca21-sensitive Na1 influx currents in-
creased dramatically when 50mMNaCl was applied to
both sides of the plasma membrane (Fig. 7E) as com-
pared to conditions when this salt concentration was
only added to the bath (Fig. 6E). This increase was not
due to Cl2 efflux because when 50 mM NaCl was
added to the pipette, the inward current was much
smaller (Fig. 7A). This might suggest the existence of
positive feedback regulation of toxic Na1 uptake by

Figure 5. A and B, Salinity-induced net K1 (A) and
Na1 (B) flux kinetics measured from mature root
epidermis of Arabidopsis wild-type (gray symbols)
and akt1 (white symbols) plants. Roots were incu-
bated in basic measuring solution for about 1 h
before 50 mM NaCl was added. Data are mean 6 SE

(n 5 6–9). C, Effect of supplemental Ca21 on net K1

fluxes measured from the mature epidermis of Arabi-
dopsis wild-type (gray symbols) and akt1 (white
symbols) roots in the presence of 50 mM NaCl.
Data are mean 6 SE (n 5 6–8). Roots were exposed
to salinity in low Ca21 (0.1 mM) solution for 3 h prior
to Ca21 treatment.
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accumulated Na1 and, if so, be important for under-
standing mechanisms of plant salt tolerance.

K1 Efflux Channels in Mesophyll Protoplasts Are
Sensitive to External Ca21 and Na1

In leaf mesophyll protoplasts, the success rate for
forming stable, high-resistance seals in 10 mM CaCl2
bathing solution was approximately 5%. In NaCl-free
conditions, the density of K1 efflux current in meso-
phyll protoplasts (Fig. 8B) was about 3 times smaller
than in root protoplasts (Fig. 6B). The contribution of
mean 6 SE time-dependent current (52.2 6 3.3 mA
m22; V 5 120 mV; n 5 4) to the total K1 outward cur-
rent (187.96 9.3 mAm22; V5 120 mV; n5 4) at 0.1 mM

extracellular Ca21 was much lower than in root pro-
toplasts (391 6 52 and 628 6 59 mM m22, respectively;
n 5 3). Elevated Ca21 caused up to 2-fold reduction of
the total K1 outward current, mainly affecting the instan-
taneous current (Fig. 8C). Similar to root protoplasts, a
decrease in extracellular [Ca21] shifted Erev toward EK,
suggesting that elevated Ca21 reduces membrane se-
lectivity to K1. If at 0.1 mM extracellular Ca21, 80 mM

K1 in the PS was replaced by 30 mM TEA1 (30 mM

TEACl), 5 times smaller outward currents were re-
corded (37.9 6 7.3 mA m22; V 5 120 mV; n 5 4),

indicating an involvement of K1 channels in catalyzing
the outwardly directed conductance in mesophyll pro-
toplasts.

Addition of 50 mM NaCl to the bathing solution
strongly destabilized the seals, particularly at 0.1 mM

[Ca21]. From 42 patches tested in these conditions,
only five protoplasts showed stable seal characteristics
at all three bath [Ca21] examined (Fig. 8, E–H). In the
presence of 50 mM NaCl, the Ca21 sensitivity of instan-
taneous and time-dependent outward currents resem-
bled that in NaCl-free conditions (compare Fig. 8, C
and G). Addition of 10 mM Ca21 significantly shifted
Erev of time-dependent, outwardly directed conduc-
tance toward ECa (compare Fig. 8, D and H).

DISCUSSION

Cytosolic K1 is homeostaticallymaintained at a steady-
state level (Leigh, 2001), but under saline conditions
it dramatically decreases (Carden et al., 2003). This is
further supported by our data (see Fig. 4) showing
rapid and substantial decline in [K1]cyt upon NaCl
treatment at low external Ca21. This effect appears to
be prolonged, as in barley, where 8-d-long treatment
with 200 mM NaCl resulted in the cytosolic [K1] drop-
ping from 70 to 39 mM (Carden et al., 2003). K1 loss per

Figure 6. Whole-cell plasma membrane currents in protoplasts derived from Arabidopsis mature root epidermis in control
(Na1-free) conditions (A–E) and in 50mM extracellular Na1 solution (F–I). A, Typical currents (recorded from the same protoplast)
in 10 mM (top) and 0.1 mM (bottom) extracellular Ca21 in control solution. B to D, Mean6 SE I-V relationships (n5 4–9) for total
(B), instantaneous (C), and time-dependent (D) currents measured at 0.1, 1, and 10 mM extracellular Ca21 in Na1-free solution.
F, Typical currents (recorded from the same protoplast) in 10 mM (top) and 0.1 mM (bottom) extracellular Ca21 with 50 mM Na1

present in the bath. G to I, Mean I-V relationships (n 5 5–6) for total (G), instantaneous (H), and time-dependent (I) currents
measured at 0.1, 1, and 10 mM extracellular Ca21 in the presence of 50 mM Na1 in the bath. Time-dependent currents were
calculated as described in ‘‘Materials and Methods.’’ In all sections except E, PS contained 50 mM potassium gluconate and
30 mM KCl. E, Typical currents in 0.1 mM extracellular Ca21 when K1 salts in PS were replaced by 30 mM TEACl. Extracellular
K1 was 0.1 mM throughout. All concentrations are given in mM.
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se is harmful for cell physiology and biochemistry. The
problem is exacerbated when K1 loss is accompanied
by accumulation of Na1 that replaces K1 in metabolic
reactions, thus further impairing enzymatic activity
and disturbingmetabolism. Under high external [NaCl],
Na1 accumulates in the cytosol in the 50 to 200 mM

range (Binzel et al., 1988; Maathuis and Amtmann,
1999; Flowers and Hajibagheri, 2001), resulting in many-
fold decline in cytosolic K1 to Na1 ratio and eventual
cell death. Elevation of external Ca21 can ameliorate
toxicity symptoms induced by salinity (LaHaye and
Epstein, 1969; Läuchli, 1990; Martinez and Läuchli,
1993; Reid and Smith, 2000; Cramer, 2002), including
excessive loss of K1 (Shabala et al., 2003, 2005b). Here,
we report a mechanism of salinity-induced K1 loss
from plant cells and a mechanism for its prevention by
high [Ca21], namely, K1 efflux through outwardly
directed, K1-permeable channels and their regulation
(block) by elevated extracellular Ca21.

The initial small but significant (P , 0.05) net K1

efflux from both root and leaf tissues is likely to be
attributed to the difference in K1 level in the growth
and measuring media (Fig. 1). Following the standard
procedure, plants were grown in a K1-rich (20 mM)
Murashige and Skoog medium. Such ‘‘luxury’’ condi-

tions could make high-affinity K1 transport systems
redundant. Earlier, a substantial down-regulation of
AtHAK5 transporter by elevated K1 levels was shown
for both Arabidopsis root and leaf tissues (Ahn et al.,
2004; Armengaud et al., 2004). To enable the optimal
signal to noise ratio duringmeasurements, plants were
measured in much poorer K1 conditions (0.2 mM K1 in
the bath). The time passed since roots were transferred
from the petri dish to the measuring chamber (ap-
proximately 1 h) is probably not long enough to up-
regulate the expression of high-affinity K1 transporters
to compensate for K1 movement down the electro-
chemical gradient. Thus, net initial K1 efflux was mea-
sured in steady-state conditions (Fig. 1).

There are several lines of evidence suggesting that
the observed NaCl-induced K1 originates from the
plasma membrane rather than the apoplast (e.g. re-
sulting from the Donnan exchange in the cell wall;
Ryan et al., 1992; Arif and Newman, 1993). First, K1

flux was sensitive to TEA1, a known K1 channel
blocker (White, 1997). Second, qualitatively similar
kinetics of K1 efflux was measured from leaf meso-
phyll tissue and protoplasts (where the cell wall is
absent) isolated from this tissue (data not shown).
Third, we have earlier shown that, regardless of the

Figure 7. Whole-cell plasma membrane currents (protoplasts derived from Arabidopsis mature root epidermis) with 50 mM Na1

present in the patch pipette (A–D), andwhen 50mMNa1was present both in the bath and PS (E–H). A, Typical currents (recorded
from the same protoplast) in 10 mM (top) and 0.1 mM (bottom) extracellular Ca21 for Na1 present in PS only. B to D, Mean6 SE I-V
relationships (n 5 4–5) for total (B), instantaneous (C), and time-dependent (D) currents measured at 0.1, 1, and 10 mM

extracellular Ca21. E, Typical currents (recorded from the same protoplast) in 10 mM (top) and 0.1 mM (bottom) extracellular Ca21

for symmetrical 50 mM Na1 conditions. F to H, Mean 6 SE I-V relationships (n 5 4–5) for total (F), instantaneous (G), and time-
dependent (H) currents measured at 0.1, 1, and 10mM extracellular Ca21. Time-dependent currents were calculated as described
in ‘‘Materials and Methods.’’ PS contained 50 mM potassium gluconate, 30 mM KCl, and 50 mM sodium gluconate. Extracellular
K1 was 0.1 mM. All concentrations are given in mM.
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amount of Ca21 in the bath solution (0.1, 1, and 10 mM

concentrations tested), transient NaCl-induced kinet-
ics of Ca21 flux from the cell wall was not significantly
affected (figure 4 in Shabala and Newman, 2000).
Fourth, qualitatively similar results are observed be-
tween the effects of Ca21 on net K1 flux measured with
MIFE and those on outward K1 currents measured
from protoplasts in patch-clamp experiments (Figs.
1 and 6, respectively). Taken together, this suggests
that the overall contribution (if any) of the Donnan
exchange in the cell walls toward the NaCl-induced
K1 fluxes measured in our experiments was negligible.
Using the MIFE technique, we have demonstrated

that treatment of intact Arabidopsis leaf and root with
50 mM NaCl induced TEA1-sensitive K1 efflux and
this was fully prevented by elevated external Ca21.
Thus, it is shown that NaCl-induced loss of K1 is cata-
lyzed by K1 channels (by TEA1 sensitivity) and that
regulating these channels by Ca21 underlies a Ca21

amelioration of this toxic effect. This effect is unrelated
to the osmotic component of salt stress and is not
caused by Cl2, indicating the possibility of Na1-
specific effects. To fully address this issue, a range of
monovalent cation salts has to be tested. Unfortu-
nately, due to methodological issues (e.g. a poor K1

LIX selectivity between K1 and Cs1), such experiments
are currently not feasible. Recent experiments on barley

mesophyll tissues also showed TEA1 sensitivity of
NaCl-induced K1 efflux (Shabala et al., 2005b). Also,
previous studies on root and leaf of barley, bean, and
wheat suspension cells (Babourina et al., 2000; Shabala,
2000; Shabala et al., 2003, 2005a, 2005b) demonstrated
magnitudes of K1 efflux that were similar to Arabidop-
sis. Taken together, these results suggest that data for
Arabidopsis can be extrapolated to agricultural plants
(at least to barley and beans) and can therefore be used
in applied plant biology. Another important finding of
this work is that such physiologically different plant
tissues as root epidermis and leaf mesophyll share
similar ion channel-mediated mechanisms of Na1-
induced K1 loss and its amelioration by Ca21.

Thereare twoknownTEA1-sensitive,K1-transporting
systems in the Arabidopsis plasma membrane:
hyperpolarization- and depolarization-activated K1

channels or, in other terminology, K1 inward and out-
ward rectifiers, respectively (Maathuis and Sanders,
1995; Véry and Sentenac, 2003). A contribution from
the third system—voltage-insensitive, outwardly di-
rected NSCCs—cannot be completely ruled out, al-
though White and Tester (1992) showed that TEA1

permeates but does not block root NSCCs. Since
Na1-induced, TEA1-sensitive K1 efflux was not
affected in akt1 plants, we can rule out the idea
that this efflux was caused by Na1 block of K1 influx

Figure 8. Whole-cell plasma membrane currents in protoplasts derived from Arabidopsis leaf mesophyll tissue in control
(Na1-free) conditions (A–D) and in 50 mM extracellular Na1 solution (E–H). A, Typical currents (recorded from the same
protoplast) in 10 mM (top) and 0.1 mM (bottom) extracellular Ca21 in control solution. B to D, Mean6 SE I-V relationships (n5 4–
11) for total (B), instantaneous (C), and time-dependent (D) currents measured at 0.1, 1, and 10mM extracellular Ca21 in Na1-free
solution. E, Typical currents (recorded from the same protoplast) in 10 mM (top) and 0.1 mM (bottom) extracellular Ca21 with
50 mM Na1 present in the bath. F to H, Mean I-V relationships (n5 5–6) for total (F), instantaneous (G), and time-dependent (H)
currents measured at 0.1, 1, and 10 mM extracellular Ca21 in the presence of 50 mM Na1 in the bath. Time-dependent currents
were calculated as described in ‘‘Materials and Methods.’’ PS contained 50 mM potassium gluconate and 30 mM KCl.
Extracellular K1 was 0.1 mM throughout. All concentrations are given in mM.
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channels. So, the activation of DAPCs and NSCCs
most likely underlies the Na1-induced K1 efflux.
This is consistent with the strong NaCl-induced
depolarization found in our experiments (Table I)
and reported elsewhere for both root and leaf tissues
(Cakirlar and Bowling, 1981; Babourina et al., 2000;
Horie et al., 2001; Laurie et al., 2002; Shabala et al.,
2003). This depolarization is caused by the massive
Na1 influx and preceding K1 efflux, at least in intact
Arabidopsis roots (Figs. 1A and 3). Thus, in addition
to the direct blockage of K1 efflux channels (as
discussed below) by elevated Ca21, their indirect
control by Ca21-sensitive, Na1-dependent membrane
depolarization also is likely (Table I; Fig. 6).

Arabidopsis DAPCs and NSCCs can be distinguished
by their activation kinetics, voltage dependence, and
pharmacology (Maathuis and Sanders, 1995; White,
1997; Romano et al., 1998; Demidchik and Tester, 2002;
Demidchik et al., 2002b). Arabidopsis root cortex
DAPC was shown to be weakly selective between K1

and Na1 (Maathuis and Sanders, 1995). Blom-Zandstra
and Vogelzang (2003) also reported that outward-
rectifying cation currents in the pith cells of sweet
pepper (Capsicum annuum) were permeable to Na1.
Additionally, it is known that DAPCs and NSCCs exist
in Arabidopsis plasma membrane of root and leaf at
the single-channel level (Spalding et al., 1992; Romano
et al., 1998; Demidchik and Tester, 2002). Indeed, the
K1 efflux currents that we found in whole-cell record-
ings contained two current components with contrast-
ing kinetics (time-dependent and instantaneous,
respectively) and rectification (steep and weak, re-
spectively). Both these components were poorly per-
meable for TEA1, conducted K1 and Na1, and were
sensitive to elevated Ca21. Based on kinetics and
voltage dependence, we suggest that these two com-
ponents were mediated by DAPCs and NSCCs.

In NaCl-free conditions, the time-dependent and
instantaneous K1 efflux currents of root protoplasts
were approximately equal (Fig. 6, C and D). In con-
trast, the leaf protoplast’s instantaneous current was 2
to 3 times larger than its time-dependent current (Fig.
8, C and D). In general, this shows that root cells better
select for K1 over other cations than leaf cells (prob-
ably because their function is in selective uptake of ion
from the soil solution) and that NSCCs play dominat-
ing roles in catalyzing K1 efflux in the leaf. Root
protoplast time-dependent currents were more sensi-
tive to elevated external [Ca21] than instantaneous
currents. In contrast, instantaneous currents in meso-
phyll protoplasts revealed higher sensitivity to Ca21

than time-dependent currents (Fig. 8, C and D). This
suggests that both DAPCs and NSCCs differ in root
and leaf (at least they have different Ca21-binding
sites). They could also have different molecular ori-
gins. Unfortunately, only a few candidate genes have
been characterized so far in Arabidopsis (for review,
see Shabala, 2003; Véry and Sentenac, 2003). AKT2/3 is
an instantaneously activated K1-permeable channel,
showing only a weak rectification that can be effi-

ciently blocked by physiological concentrations of
Ca21 (Marten et al., 1999; Lacombe et al., 2000; Cherel
et al., 2002). Recent studies have shown AKT2/3 to be
in mesophyll (Dennison et al., 2001). To our knowl-
edge, there is no clear candidate channel for the
mesophyll time-dependent conductance. Arabidopsis
guard cell GORK is a steeply rectifying, slowly acti-
vating K1 efflux channel but it is not expressed in
the mesophyll (Hosy et al., 2003). Arabidopsis root
outwardly directed NSCCs and DAPCs have not
been characterized at the molecular level, although
AtGORK is expressed in both root hairs and root
epidermal cells (Ivashikina et al., 2001).

One of key results of this study is that presence of
Na1 at different sides of the plasma membrane dra-
matically changes K1 efflux conductances and, partic-
ularly, their Ca 21 sensitivity (that is critical for Ca21

amelioration). Extracellular Na1 (50 mM) had no effect
on either root or leaf instantaneous K1 efflux currents,
but dramatically decreased time-dependent currents
in both cell types (Figs. 6 and 8). These results are
consistent with the generally accepted Na1 insensitiv-
ity of NSCCs (for review, see Demidchik et al., 2002b)
and high Na1 sensitivity of DAPCs (Tyerman et al.,
1997; Volkov et al., 2004). In leaf protoplasts, extracel-
lular Na1 completely blocked Ca21-sensitive, time-
dependent K1 efflux currents, but NSCCs remained
responsive to Ca21 as in Na1-free conditions (Fig. 8).
So, under saline conditions, Ca21 prevents K1 loss from
the leaf tissue almost exclusively through the inhibi-
tion of instantaneously activated voltage-independent
conductance (most likely mediated by NSCCs). When
external 10 mM Ca21 and 50 mM Na1 were applied
together to root protoplasts, the time-dependent K1

efflux currents almost disappeared (Fig. 6I). Thus, in
saline conditions, Ca21 can probably switch off DAPC-
mediated root K1 loss.

As mentioned above, according to different estimates,
under salt stress cytosolic [Na1] can reach up to 200 mM

level, with most authors favoring values in the 50 to
100 mM range (Maathuis and Amtmann, 1999). We
used 50 mM Na1 because it did not disturb the giga-
ohmic seal and corresponded to the conditions of a
mild salt stress, or the initial step of more strong stress,
when the plant activates defense mechanisms. We
have tested how Na1 accumulation can affect K1 efflux
currents and their Ca21 sensitivity in Arabidopsis root
epidermis protoplasts. Addition of 50 mM Na1 solely
to the PS resulted in an increase of both instantaneous
and time-dependent currents, demonstrating both are
permeable to Na1 (Fig. 7, C and D). However, this did
not affect Ca21 sensitivity of efflux currents. When
50 mM Na1 was added to both pipette and bath
(mimicking chronic salinity stress), time-dependent
efflux currents lacked Ca21 sensitivity (Fig. 7H), but
instantaneous currents were still inhibited by elevated
[Ca21] (Fig. 7G). This resembled the behavior of
K1 efflux currents of leaf protoplasts measured in
Na1-free PS (Fig. 8, C and D). Intriguingly, in contrast
to K1 efflux currents, application of Ca21 only weakly
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inhibited time-dependent and instantaneous Na1 ef-
flux currents, suggesting additional beneficial effects
of this divalent cation for achieving a healthy K1 to
Na1 ratio.
In conclusion, the data reported here show that K1

loss caused by NaCl is due to Na1-induced, TEA1-
sensitive K1 efflux, most likely mediated by two
groups of outwardly directed, K1-permeable chan-
nels: DAPCs andNSCCs. Elevated Ca21 regulates both
these channels and prevents K1 loss in roots and leaves.
Under saline conditions, Na1 significantly inhibits
DAPCs but not NSCCs. As a result, under these con-
ditions, the Ca21-sensitive component of K1 efflux is
largely determined by NSCCs. These results signifi-
cantly challenge the conventional view of the mecha-
nisms of ameliorative Ca21 action in plants. It appears
that in addition to the widely accepted inhibiting effect
of Ca21 on Na1 influx through NSCCs, apoplastic Ca21

also prevents K1 loss from the cell by regulating (both
directly and indirectly) K1 efflux channels. Further
experiments using K1 transport mutants (and, spe-
cifically, those for K1 efflux channels) will provide
more conclusive and specific evidence for the amelio-
rative effects of Ca21 on K1 efflux channels.

MATERIALS AND METHODS

Plant Material and Growth Conditions

Arabidopsis (Arabidopsis thaliana; wild-type Columbia and akt1 mutant)

seeds were obtained from Nottingham Arabidopsis Stock Centre (Notting-

ham, UK). Plants were grown vertically at 22�C (100 mmol m22 s21 irradiance;

16-h daylength) in sterile conditions on full-strength Murashige and Skoog

medium (Duchefa) with 1% (w/v) Suc and 0.35% (w/v) Phytagel (Sigma).

Seven- to 15-d-old plants were used for root measurements. For measure-

ments on leaf mesophyll, 7-d-old seedlings were transplanted into soil

(fertilized potting mix; see Shabala [2000] for details) and grown in pots until

approximately 3 weeks old. Fully grown rosette leaves were excised and used

in both MIFE and patch-clamp experiments.

Measurements of Net K1 and Na1 Fluxes

Net fluxes of K1 and Na1 were measured noninvasively using ion-

selective vibrating microelectrodes (the MIFE technique; University of Tas-

mania, Hobart, Australia), generally as described in our previous publications

(Shabala et al., 1997; Shabala and Lew, 2002). Microelectrodes were construc-

ted from silanized borosilicate glass capillaries using ionophore cocktails

60031 for K1 and 71176 for Na1 (Sigma-Aldrich). The electrodes were cali-

brated in sets of standard solutions (0.1–1 mM for K1; 0.2–50 mM for Na1)

before and after use. Electrodes with a response of less than 50 mV per decade

and correlation less than 0.999 were discarded.

The ion-selective electrodes were mounted on a manipulator providing

three-dimensional positioning and positioned 20 mm above the tissue surface.

During measurements, a computer-controlled stepper motor moved the elec-

trodes between 20 to 50 mm from the tissue surface at a frequency of 0.1 Hz.

The recorded potential differences were converted into electrochemical po-

tential differences using the calibrated Nernst slopes of the electrodes. The

initial 1- to 2-s interval after electrode movement was ignored to allow for

settling of the system. Ion fluxes were calculated by MIFEFLUX software as

described by Newman (2001).

The procedure of isolation of the leaf mesophyll segments for MIFE

measurements was adopted from Shabala and Newman (1999) and Shabala

(2000). Briefly, epidermal tissue of leaf segments was removed from the

abaxial leaf surface with fine forceps. Small (3- 3 4-mm) segments were cut,

avoiding major venation, and left floating peeled-side down on the surface of

aerated experimental solution. To avoid possible confounding effects of tissue

damage during epidermis removal, ion flux measurements were started

several hours after preparation (Shabala and Newman, 1999). For MIFE

measurements of Arabidopsis roots, an apical root segment (approximately

8 mm long) was excised and used. Root or leaf segments were mounted

horizontally in a Plexiglas holder and placed in a 4-mL measuring chamber.

The chamber containing a sample (a leaf segment or an excised root apex) was

filled with basic measuring solution containing 0.2 mM KCl, 2 mM MES/4 mM

Tris (pH 5.8 adjusted with HCl) and a required amount of CaCl2, and placed

on a three-dimensional hydraulic manipulator as described by Shabala (2000).

Steady-state ion fluxes were measured for 5 to 10 min. Then the test treatment

was applied and measurements of transient ion flux kinetics were taken for

another 40 to 50 min.

Protoplast Isolation

Protoplasts were isolated from Arabidopsis root mature epidermis using

the enzymatic digestion procedure described by Demidchik et al. (2002a).

Isolated protoplasts were kept on ice up to 10 h in holding solution containing

(in mM) 1 CaCl2, 1 MgCl2, 3 KCl, 10 Glc, pH 5.7 (1 mM MES/0.5 mM Tris base),

osmolality 300 mOsM adjusted with D-sorbitol (SigmaUltra; used in all patch-

clamp experiments). Protoplasts from leaf mesophyll cells were isolated from

plasmolyzed leaves using a procedure adapted from Elzenga et al. (1991).

Briefly, adaxial leaf epidermis was removed with forceps (Dumont No. 7).

Peeled leaves were floated (peeled-side down) on enzyme solution (2% [w/v]

Cellulase Onozuka RS [Yakult Honsha], 1.2% [w/v] cellulysin [CalBiochem],

0.1% [w/v] pectolyase Y-23 [Yakult Honsha], 0.1% [w/v] bovine serum

albumin [Sigma], 10 mM KCl, 10 mM CaCl2, 2 mM MgCl2, 2 mM MES, pH 5.7

adjusted with Tris base, 700 mOsM adjusted with D-sorbitol) at 30�C with

rotation (60 rpm). After 7 to 10 min of incubation, leaves were transferred into

wash solution (as above minus enzymes) and washed twice, for 3 and 5 min,

respectively, at 30�C with rotation (60 rpm). Protoplasts were released by

gently shaking the plasmolyzed leaf tissue in 1 mL of an ice-cold release

solution (10 mM CaCl2, 5 mM KCl, pH 5.7, 380 mOsM adjusted with D-sorbitol).

The preparation was twice centrifuged for 4 min at 70g to 80g and resus-

pended in a fresh release solution. The supernatant was discarded and the

remaining 0.2-mL aliquot containing mesophyll protoplasts was kept on ice

for patch-clamp experiments.

Patch-Clamp Electrophysiology

Protoplasts of 15 to 20 mm diameter were patch clamped in the whole-cell

mode. GV resistance seals were obtained in sealing solution containing 10 to

20 mM CaCl2, 0.1 mM KCl, 2 mM MES, pH 5.7 adjusted with Tris, 300 mOsM

(adjusted by D-sorbitol). After seal formation, Ca21 concentration in the

bathing solution was reduced. Measurements were carried out sequentially at

three bath [Ca21] levels: 10, 1, and 0.1 mM. This order minimized seal

breakdowns. [Ca21] lower than 0.1 mM were not used because they caused

seal instability. If extracellular 0.1 mM Ca21 did not cause breakdown of the

high-resistance seal, then Ca21 was elevated to 1 then 10 mM to ensure that

there was no seal resistance change. KCl (0.1 mM) was added to all bathing

solutions to facilitate EK calculations. Bathing solution was adjusted to

300 (root protoplasts) or 380 mOsM (leaf protoplasts) with D-sorbitol.

Basic PS contained the following (in mM): 2 1,2-bis(2-aminophenoxy)ethane-

N,N,N#,N#-tetraacetic acid, 0.8 CaCl2 (100 nM free Ca21), pH 7.2 adjusted

by Tris base. KCl (30 mM), potassium gluconate (50 mM), sodium gluconate

(50 mM), and TEACl (30 mM) were added to PS as required and CaCl2 adjusted

to maintain 100 nM free Ca21. Addition of 0.5 mM Mg-ATP to PS prevented

rundown of K1 efflux currents for at least the first 30 to 40 min after seal

formation (in a few patches, K1 current rundown was quicker; such patches

were discarded). Pipette Ca21 activities were calculated using GEOCHEM

(Parker et al., 1995).

Recording equipment was as described by Demidchik et al. (2002a). Liquid

junction potentials (which were not more than 10 mV) were calculated using

JPCalc 2.20 software (P.H. Barry, University of New South Wales, Australia).

Membrane potentials were clamped at 270 mV throughout experiments, as

specified in the figure legends. Voltage pulses were applied in steps. Instan-

taneous currents were sampled 50 ms after the capacitance spike caused by

the V pulse. Time-dependent currents were calculated as differences between

maximal currents (usually about 50 ms before the end of the V pulse) and

instantaneous currents. Curve fitting was mostly done using Statistica 6.0

(StatSoft) and SigmaPlot 4.01 (CPSS).
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Cytosolic K1 Measurements

Double-barreled potassium-selective microelectrodes were made, calibra-

ted, and used as described previously (Walker et al., 1998; Carden et al., 2003).

The K/Na selectivity of the valinomycin sensor in the PVC microelectrodes

was 3.5, indicating more than three orders of magnitude difference in

selectivity between K1 and Na1. Previous studies (Coombs et al., 1994;

Walker et al., 1995) also showed the absence of any effect of cytosolic solution

on the K1 electrode slope or the detection limit within the concentration range

expected in this study.

Excised pieces of Arabidopsis root like those used for vibrating ion-

selective microelectrode measurements were placed in a Plexiglas chamber

and perfused with basic measuring solution, to which 50 mM NaCl was added

for the salt treatments. During the intracellular measurements, the root was

held between small two Plexiglas blocks that were attached to the base of the

chamber using silicone grease.

Membrane Potential Measurements

Conventional KCl-filled Ag/AgCl microelectrodes with tip diameter ap-

proximately 0.5 mm were used to measure membrane potential of epidermal

cells in mature zone of Arabidopsis roots essentially as described by Shabala

et al. (2005b). Root segments were excised and mounted in the holder as

described above and left to equilibrate in either basic salt medium or the NaCl-

containing solution for 50 to 60 min. Steady-state membrane potential values

were measured from at least five individual plants for each treatment, with

not more than three measurements taken from any one root. Measurements

were always made within 80 min of the excision and mounting. Membrane

potentials were recorded for 1.5 to 2 min after the potential stabilized

following cell penetration.
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