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Abstract

The regulatory role of pith cells in the stem in Na+ recirculation in sweet pepper was investigated by evaluating the transport

characteristics of the plasma membrane of this cell type and comparison with those of root cells. Ion conductivity and Na+ permeability of the

plasma membranes of protoplasts of both cell types were studied with the patch-clamp technique in the whole-cell configuration, before and

after addition of NaCl to the bath medium. Protoplasts of both pith and root cells showed outward rectifying currents with a reversal potential

(Vr) near to the equilibrium potential of K+ (EK). Addition of NaCl to the bath medium caused a stronger shift of the reversal potential, Vr, in

pith protoplasts than in root protoplasts, indicating that the outward rectified currents are permeable to Na+, especially in the pith cells.

After plant exposure to exogenous NaCl via the nutrient solution for 1 week, Vr in the root cells was closer to EK than in the control plants

and hardly shifted upon addition of Na+. This indicated that the net permeability of the OR channel complement in the plasma membrane to

Na+ was lower following exposure to Na+. Vr in the pith protoplasts, on the other hand, shifted significantly more than in the control plants,

suggesting an increase of the permeability to Na+. Moreover, the Na+ channel blocker amiloride blocked the currents in this cell type. It is

concluded that pith cells have appropriate features of outward rectified currents to enable Na+ accumulation or release when NaCl is present

in or removed from the nutrient medium. Probably, exogenous NaCl even induced expression and formation of Na+-permeable channels in

pith cells.
D 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

The use of sustainable plant growth systems in green-

houses is developing. In hydroponic systems where

nutrients recirculate for several weeks, emission of nutrients

to surface water is reduced but NaCl concentrations in the

nutrient solution may rise considerably during cultivation,

which may cause salinity stress. Many plant species are

tolerant to such sodium stress. Sweet pepper, an important

and representative horticultural crop grown in hydroponic

systems, can avoid high Na+ concentrations in the leaves by

preferential accumulation in the pith cells of the stem [1].

Sodium uptake by sweet pepper appears to be a well-

regulated process: when plants are exposed to NaCl in the

nutrient solution, the Na+ concentration in the plants rea-

ches a steady state after 1 week. Moreover, the Na+
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concentration in the xylem sap always closely correlates

with the amount of Na+ accumulated in the pith cells

leading to an exponential decrease in Na+ concentration

toward the tip of the stem. This suggests that the efficacy of

Na+ transfer from the xylem to the pith depends on the

concentration gradient.

Pith cells are very suitable for accumulation of Na+ for

several reasons: (1) Pith cells have large vacuoles and

therefore a high accumulation capacity, (2) the number of

pith cells increases proportional to plant growth, and (3)

their strategic location within the stele offers the special

opportunity to regulate influx into and efflux from the shoot

[2,3]. Indeed, pith cells of sweet pepper have been shown to

play a decisive role in Na+ transfer from xylem to phloem

and release from the roots, probably resulting from down-

ward phloem transport [1]. In this way, the plant effectively

prevents Na+ accumulation in the leaves and minimises the

adverse effects on photosynthetic activity. Probably, pith

cells play a crucial role in the regulation of Na+ levels by

controlling uptake, storage and transfer through the plant.
ed.
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This raises the question whether the membrane character-

istics of pith cells may reveal how these cells preferentially

accumulate Na+ and how a sharp gradient between pith cells

and xylem can be maintained.

As a fundamental mechanism in salt tolerance in plants,

an active antiport would function to sequester Na+ into the

vacuole, resulting in avoidance of cytoplasmic Na+ toxicity

and maintenance of a high cytoplasmic K+/Na+ ratio [4].

The presence of a tonoplast Na+/H+ antiporter involved in

vacuolar Na+ sequestration has been well documented for

cell suspensions from sugar beet and root cells from several

plant species [4]. For sugar beet cell suspensions and

barley roots, it was shown that although Na+/H+ antiport

activity was not detected in plants grown in the absence of

NaCl, antiport activity was rapidly induced upon NaCl

exposure.

Although the route for Na+ uptake into the root symplast

has not been established in much detail [5], several classes

of cation channels seem to be involved [6]. Concerning Na+

transport through the plasma membrane into the cytoplasm,

the Na+ electrochemical gradient dictates that at physiolog-

ical steady-state values of the membrane potential DW
(inside negative, i.e. � 120 to � 200 mV [7]), the influx

is passive [8]. Sodium acts as a competitor for K+ uptake

[9,10], suggesting that both cations use a similar transport

system and it has been assumed that non-selective (K+) ion

channels allow Na+ entry into the cells [11–13]. Evidence is

now accumulating that non-selective cation channels might

even be the major pathway for Na+ influx into root cells

[14–18]. Plasma membrane depolarisation and exposure to

high external NaCl increases the open probability of out-

ward rectifying cation channels in tobacco cells [19],

thereby allowing Na+ influx following the steep electro-

chemical gradient.

To gain more insight into a possible regulatory role of

pith cells of sweet pepper in Na+ recirculation at the

protoplast level, we compared cation transport character-

istics of plasma membranes of pith cells with those of the

root cells. For this purpose, isolated protoplasts of both cell

types were studied using the patch-clamp technique in the

whole-cell mode before and after addition of Na+ to the bath

medium, which represents the extracellular medium. In

addition, we investigated whether these transport character-

istics change after plant exposure to 15 mM NaCl in the

nutrient medium.
2. Experimental procedures

2.1. Plant growth conditions

Seeds of Capsicum annuum L., cv Mazurka, were sown

in perlite. After 9 days at 30 jC in the dark, the emerged

seedlings were transferred to a hydroponics system with a

nutrient solution containing 3.73 mM Ca(NO3)2, 4.40 mM

KNO3, 0.97 mM KH2PO4, 1.92 mM MgSO4, 0.89 mM
K2SO4, Fe–EDTA and trace elements [20]. The plants

were grown in a growth chamber at 20 jC with a photo-

period of 12 h (150 Amol m� 2 s� 1) at a relative humidity

of 70%.

Sweet pepper shows dichotomic branching [21]. Follow-

ing the procedure used in commercial practice, the largest of

each dichotomic branch was retained, while the other was

pruned just above its first leaf. Some of the 9-week-old

plants were transferred to pots containing a nutrient solution

supplemented with 15 mM NaCl for 1 week for later

comparison with control plants.

2.2. Protoplast isolation

Protoplasts were isolated from root tissue and stem

tissue from which cortex and cambium layer were peeled

off. This isolation procedure was performed without an

osmotic shock and centrifugation step [22]. Briefly: up to

0.5 g plant material was placed in the enzyme medium

(1% cellulase (R10 Onozuka), 0.2% macerozyme (R10

Onozuka), 10 mM MES–KOH (pH 5.5), 10 mM sucrose,

500 mM mannitol, 2 mM MgCl2, 2 mM CaCl2) for 16 h at

12 jC. For adult plants, a 16-h period of enzymic digestion

was essential to release the protoplasts. After the incuba-

tion period, pieces of slimy tissue were picked up with a

pair of tweezers and transferred to a 2-ml petri dish with

wash medium (10 mM MES–KOH (pH 5.5), 10 mM

sucrose, 500 mM mannitol, 2 mM MgCl2, 2 mM CaCl2).

Protoplasts were released from the tissue by movement

through the solution. Small spots were visible on the

bottom of the petri dish. These spots contained 5–100

protoplasts and could easily be identified and transferred to

the patch-clamp cuvette using a Pasteur pipette. The root

material still contained protoplasts after this treatment and

was subsequently transferred to the patch-clamp cuvette.

Mechanical pressure was applied to this tissue with a pair

of tweezers to release root protoplasts. The protoplasts

took 2 min to adhere to the bottom of the cuvette. For

experiments, protoplasts were selected with a diameter of

f 25 m for root cells and a diameter of f 40 m for pith

cells.

2.3. Electrophysiological measurements

Protoplasts were used in patch-clamp experiments in the

whole-cell (WC) configuration. Outward-rectified cation

currents (ORCs) were measured as their conductance for

K+ and Na+. Electrodes were prepared from borosilicate

glass (GC150-15, Clark Electromedical Instruments, Read-

ing, UK). Pipettes were made with a two-stage puller (List-

medical 3P-A, Darmstadt, Germany), fire-polished (Zeiss

ID03 and List-medical CP-Z101) and coated with Sylgard

(Dow-Corning, Midland, MI).

Dishes with protoplasts were mounted on an inverted

microscope (Nikon-TMD). A piezo manipulator (Luigs and

Neumann GmbH, Ratingen, Germany) was used to move



Fig. 1. Whole-cell recordings of a sweet pepper plant, grown in the absence

of NaCl. (A) Outward rectifying currents of a pith protoplast in

asymmetrical solutions were activated upon depolarising pipette potentials.

Pulses were applied ranging from � 80 to 40 mV with 10-mV steps. (B)

Inward and outward rectifying of a root protoplast in asymmetrical solution

currents were activated upon polarising pipette potentials. Pulses for inward

activation were applied ranging from � 60 to � 150 mV with 10-mV steps

and for outward activation ranging from � 80 to 40 mV. Insets: I–V

relationship corresponding to the whole-cell recordings measured at the end

of each applied pulse (for A: 7.5 s and for B: 5.0 s) when the currents had

reached steady state.

M. Blom-Zandstra, S.A. Vogelzang / Bioelectrochemistry 60 (2003) 47–55 49
pipettes in the micrometer range. Conventional patch-clamp

techniques were applied according to Ref. [23] in whole-cell

configurations, performed by suction and monitored by an

Axopatch 200 patch-clamp amplifier (Axon Instruments,

USA). The sealing process was monitored on a digital

storage oscilloscope (Hewlett Packard 54501A 100 MHz).

Pipette resistance ranged from 5 to 10 M, depending on the

geometry and experimental solutions. Voltage and current

data were transferred via a CED1401 A/D-converter, which

was controlled by CED patch-clamp software (Cambridge,

UK). Data were sampled at 2–10 kHz and analysed using

(Turbo-Pascal) CED compatible software (ECOPATCH

[24]).

2.4. Media used

2.4.1. Pipette solution

One millimolar HEPES–BTP (pH 7.2), 150 mM KCl

(concentration depended on the desired equilibrium poten-

tial), 2 mM MgCl2, 5 mM MgATP, 2 mM K4BAPTA, 0.1

mM CaCl2 (free Ca concentration: 0.009 AM) replenished

with mannitol to an osmolarity of 485 mOsM kg� 1. In

experiments in which the effect of addition of NaCl to the

medium was studied, 1 mM NaCl was present in the pipette

solution from the start of the experiment.

2.4.2. Bath solution

Ten millimolars MES–Tris (pH 5.5), 10 mM KCl (con-

centration depended on the desired equilibrium potential), 2

mM MgCl2, 2 mM CaCl2, replenished with mannitol to an

osmolarity of 510 mOsM kg� 1. Where mentioned in the

text, 12.5 mM (final concentration) NaCl was added in

accordance with the apoplastic Na+ concentrations found in

sweet pepper in an earlier study [1].

2.4.3. Addition of blockers

Where indicated in the text, 10 M verapamil (a Ca2 +

channel blocker that has been shown to block K+ channels

in plant cells also [25–28] while it conducts Na+ [28]) and

100 M amiloride (a Na+ channel blocker [29]) were added to

the bath solution.

2.5. Tail current analyses

2.5.1. Determination of reversal potentials (Vr)

Experiments for determination of Vr were performed in

the different protoplast species at different times before

and after addition of NaCl to the bath medium (2 and 45

min, real time). In these experiments, an activating depo-

larizing pre-pulse (about 0 mV for 4 s) was followed by a

series of depolarizing potentials which increased stepwise

with 10-mV increments. Vr is calculated by fitting the

deactivation currents (i.e. tail currents) beyond the

capacity peak until 0 mV and by measuring the slope

(D) of these tail currents over a period of about 200 ms

and relating it to the corresponding potentials. Thus, Vr
can be obtained from the DV relationship and is defined as

the potential at which the polarity of the tail currents

reverses (i.e. D = 0).

2.5.2. Calculation of the equilibrium potentials for K+ (EK),

Cl� (ECl) and Na+ (ENa)

The ionic concentrations before and after addition of

NaCl to the medium are expressed in ionic strengths in

conformance with the Debye–Hückel theory and used in the

Nernst equation at T= 22 jC [29].

2.5.3. Calculation of the permeability ratios

To ascertain an optimal mixing of NaCl in the solution,

the values of Vr were determined 45 min after addition of



Fig. 2. Deactivation tail currents in a pith protoplast of sweet pepper grown

in the absence of NaCl, appearing when after a pulse of 0 mV the voltage

was returned to values ranging from � 80 to � 40 mV. The holding

potential was � 80 mV.
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NaCl to the medium. These values were compared with

the calculated equilibrium potentials for K+, Cl� and Na+

according to the Hodgkin–Huxley model, using the

equally weighed mean of the Nernst potentials of three

ions [29].

2.6. Statistical analyses

Data were submitted to analysis of variance (ANOVA)

by means of the statistical package GENSTAT 5. For each

whole-cell patch clamp experiment, fresh protoplasts were

isolated from a new, unused plant. Analysis of variance

was based on completely randomized design. Data were

considered to show a normal distribution. The significance

of differences (P < 0.05) was determined by Student’s t-

test.
Table 1

Whole-cell channel characteristics, standard errors (s.e.) and statistical analyses (AN

grown without or with NaCl in the nutrient solution

Cell type Percentage decrease I (s.e.)

Addition NaCl

2 min 45 min

Plants grown in the pith cells 0 (5.3) 34.2 (10.6)

absence of NaCl root cells 20.4 (6.8) 58.4 (13.0)

Plants grown in the pith cells 16.9 (9.6) 65.5 (18.4)

presence of NaCl root cells 14.5 (9.6) 44.3 (18.4)

Amount of cells tested

in ANOVA (n)

22 21

Significance plant treatment n.s. n.s.

cell type 0.05 n.s.

treatment� cell type n.s. n.s.

Current decrease determined at + 50 mV (Ip50), and expressed as percentage dec
3. Results

3.1. Whole-cell patch-clamp studies on pith and root

protoplasts from sweet pepper plants grown in the absence

of NaCl in the nutrient solution

The protoplasts isolated from root and stem tissue varied

in size between 35 and 45 Am for pith protoplasts and

between 23 and 30 Am for root protoplasts. In general, pith

protoplasts contained much larger vacuoles (15–20 Am)

than root protoplasts (7–12 Am).

Approximately 50 % of the successfully sealed pith and

root protoplasts (n = 58) showed no channel activity under

our conditions (data not shown). Irrespective of cell type,

all protoplasts with channel activity showed recordings

typical of ORCs at depolarising pulse potentials ranging

from � 80 to + 40 mV (Fig. 1A). In 8% of these proto-

plasts, inward rectifying currents (IRCs) were observed as

well (Fig. 1B).

Activation of ORCs occurred at ca. � 50 mV and

showed sigmoidal time courses. Half-time values of these

currents were voltage dependent and decreased from 4 to

0.4 s when pulse potentials increased from � 80 to + 40

mV (Fig. 1A). When the currents had reached a steady-state

value (i.e. no more change of net flow of charge with time),

steady-state currents were measured. Steady-state currents

were clearly voltage dependent, while we had no indications

for the presence of instantaneous currents. So, currents were

calculated from steady-state currents after leak subtraction

[30] for both ORCs and IRCs and plotted as functions of the

pulse potentials (insets in Fig. 1A and B).

Deactivation of the currents could be seen in the tail

currents (Fig. 2) upon stepping back to the holding potential

(� 80 mV). The tail currents reversed between � 60 and

� 50 mV for both pith and root protoplasts (Vr values before

addition NaCl, see Table 1). Differences between both cell

types were not significant. The single exponential deactiva-

tion currents were also voltage dependent but slower than
OVA) of the plasma membrane of pith and root cells of sweet pepper plants

Reversal potential (s.e.)

Amiloride Verapamil No NaCl Addition NaCl

2 min 45 min

16.4 (4.8) 63.0 (25.9) � 52 (2) � 48 (3) � 44 (3)

5.1 (5.5) 18.5 (31.8) � 50 (2) � 48 (3) � 48 (4)

82.4 (9.6) 66.6 (34.0) � 55 (3) � 38 (6) � 32 (4)

0 (6.8) 76.2 (31.8) � 58 (4) � 51 (5) � 52 (4)

9 7 24 21 15

0.05 n.s. n.s. n.s. n.s.

< 0.01 n.s. n.s. n.s. 0.013

< 0.01 n.s. n.s. n.s. 0.045

rease compared to Ip50 before addition of NaCl. n.s. = not significant.



Fig. 3. Whole-cell recordings in a pith cell protoplast of sweet pepper,

grown in the absence of NaCl before addition of NaCl (A), 38 min after

addition of 12.5 mM NaCl (B) and after addition of 12.5 mM NaCl (90

min), 100 M amiloride (40 min) and 10 M verapamil (2 min) (C). Insets: I–

V relationship corresponding to the whole-cell recordings measured at the

end of each applied pulse (7.5 s) when the currents had reached steady state.
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the activation currents. Their half-time values varied from 2

to 4 s for pulse potentials from � 80 to � 20 mV.

Both the steady-state I/V relationships (insets Fig. 1) and

reversal potential near to the equilibrium potential of K+

(EK; i.e. � 65 mV; Fig. 2) show that the ORCs appeared to

resemble the K+-selective channels, although several other

OR cation channels might also contribute to the ORCs

found in this study.

3.1.1. Effect of Na+ in pipette and bath solution

To evaluate the selectivity of the ORCs for Na+, NaCl

was added to the bath medium (final concentration 12.5

mM; 1 mM NaCl was already present in the pipette solution

from the start of the experiment). The effect of Na+ on

membrane characteristics differed between pith and root

protoplasts. Addition of NaCl resulted in an effect within 2

min (real time) on the current for root protoplasts, which

manifested itself as a decrease of the current at + 50 mV

(Ip50, Table 1), whereas it did not change the Ip50 of the pith

protoplasts shortly after addition. The difference in response

between cell types was significant. Approximately 45 min

after addition of NaCl to the bath medium (i.e. complete

bath exchange), Ip50 was decreased for both pith and root

protoplasts (Table 1) but did no longer significantly differ

between both cell types.

Values of the reversal potential (Vr, Table 1) of the ORCs

shifted slightly upon addition of NaCl to the bath medium,

for pith cells more than for root cells, especially after 45

min. This shift indicates that the ORCs may be permeable to

Na+ to some extent, especially for the pith cells.

Addition of amiloride (Table 1), assumed to block Na+

channels [29] and proven to have no effect on ORCs under

control conditions (i.e. without Na+ in the bath medium,

data not shown), hardly decreased Ip50 further for root cells,

while it had a small effect in pith cells. Addition of

verapamil, a Ca2 + channel blocker that has also been shown

to block Na+-permeable K+ channels also [25–28] while it

conducts Na+ [28], blocked the channel substantially in the

pith protoplasts. This is shown in Fig. 3, in which channel

activities are shown before (A) and after addition of NaCl

(B) and after addition of verapamil (C).

3.2. Pith and root protoplasts from plants grown in the

presence of NaCl in the nutrient solution

Patch-clamp measurements in the whole-cell configura-

tion showed that recordings of activation of ORCs for plants

grown in the presence of NaCl in the nutrient solution for 1

week were similar to those of the control plants (see Fig. 1A

for control plants). For pith cells, addition of NaCl to the

bath medium decreased Ip50 more than in the control plants

(Table 1). However, differences in plant treatment (grown in

the absence or presence of NaCl) were not significant.

Addition of NaCl to the bath medium caused a substan-

tial shift of Vr in the pith protoplasts (Table 1). This again

indicates permeability to Na+ in the pith cells. Vr, however,
was closer to EK and only slightly shifted upon NaCl

addition in the root protoplasts (Table 1). In these cells,

NaCl treatment of the plants had no effect on Na+ con-

ductivity Statistical analyses showed a clear, significant

(P < 0.05) difference between root and pith cells in Vr
response upon addition of NaCl.

Addition of verapamil (Table 1) changed Ip50 further for

both root and pith cells. Addition of amiloride blocked the

channel activity of pith protoplasts almost completely, while

it had no effect in root cells. Statistical analyses showed

clear significant differences in the effects of amiloride
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between the two cell types and also between the two

different growing conditions. The blockage pattern in pith

cells is presented in Fig. 4, in which channel activities are

shown before (A) and after addition of NaCl (B) and after

addition of amiloride (C). Blockage of the ORC activity in

pith cells by amiloride indicates that Na+ transfer may also

be involved in the ORC activity.

3.2.1. Change of conductance

The substantial shift of Vr upon addition of NaCl to pith

protoplasts of plants grown in the presence of NaCl in the
Fig. 5. Conductance ratios (G/Gmax) of pith protoplasts of sweet pepper

plants grown in the absence (A) or in the presence (B) of NaCl in the

nutrient solution, measured before (y) and after (5) addition of NaCl to the

bath medium at different membrane potentials. Gmax established at a

membrane potential of 40 mV when currents had reached steady state.

s.e. = standard error.

Fig. 4. Whole-cell recordings in a pith cell protoplast of sweet pepper

grown in the presence of NaCl before addition of NaCl (A), 24 min after

addition of 12.5 mM NaCl (B) and 40 min after addition of 12.5 mM NaCl

and 2 min after addition of 100 AM amiloride (C). Insets: I–V relationship

corresponding to the whole-cell recordings measured at the end of each

applied pulse (6.5 s) when the currents had reached steady state.
nutrient solution, indicates that growing plants on NaCl may

change the characteristics of the ORCs. To study this

phenomenon, voltage dependence of pith cells from plants

grown with NaCl was compared with those of plants grown

without NaCl, for which the conductance’s G (calculated as

G = I/V�EK and normalised to Gmax, 40 mV) were related to

the membrane potentials. Fig. 5 shows that growing plants

in the presence of NaCl in the nutrient solution has a distinct

effect on the channel characteristics: whereas addition of

NaCl to the bath medium does not substantially change the

relative conductance’s of the ORC in Fig. 5A, it does

significantly change the characteristics in Fig. 5B. Appa-

rently, growing plants with NaCl in the nutrient solution

induces an adaptation of the Na+ transport characteristics in

pith cells. Root cells did not show these striking changes in

conductance (data not shown).

3.2.2. Permeability ratios

The permeability ratios for K+, Cl� and Na+ after

addition of NaCl to the bath medium are shown in Table



Table 2

Permeability ratios for K+, Cl� and Na+ in the plasma membrane of pith

and root cells of sweet pepper grown without (control) or with NaCl in the

nutrient solution

Control NaCl in nutrient solution

pK:pNa:pCl pK:pNa:pCl

Pith cells 1:1.12:0.11 1:2.30:0.23

Root cells 1:0.84:0.08 1:0.60:0.06

Calculations are based on shift of the reversal potential 45 min after

addition of NaCl to the bath medium.
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2. In control plants, both pith and root protoplasts showed a

permeability to Na+ of the same magnitude as to K+,

whereas the permeability to Cl� was low. The permeability

to both Na+ and Cl� in pith cells was doubled when plants

were exposed to NaCl for 1 week, whereas the permeability

in the root protoplasts showed a decrease.
4. Discussion

The objective of this study was to evaluate whether, and

if so which, channel activity is involved in Na+ transport in

root and pith protoplasts of sweet pepper. It can be con-

cluded that:

1. Sweet pepper plants show ORC activity in both root and

pith protoplasts.

2. The ORCs show conductivity for Na+ especially in pith

protoplasts.

3. Exposure of plants to NaCl in the nutrient solution for 1

week increases the conductivity for Na+ in pith proto-

plasts, whereas it decreases in root protoplasts.

4. Exposure of plants to NaCl in the nutrient solution

probably induces expression and formation of Na+-

permeable transporters in pith cells.

The channel activity found in this study mainly refers to

voltage-dependent outward fluxes, whereas hardly any

inward rectifiers are identified in the plasma membrane. In

media with low Na+, the reversal potential (Vr) was close to

the equilibrium potential of the K+ channel (EK), which

indicates involvement of K+-permeable channel activity.

The shift of Vr upon NaCl addition in root and pith

protoplasts suggests that for sweet pepper, the ORC is also

permeable to Na+ as already reported for cortical cells of

plant roots of wheat [31]. In xylem parenchyma of barley

roots, ORCs are also shown to be responsible for the release

of cations, like Na+, into the xylem vessels of the roots [32].

These authors showed a Na+-permeability similar to that for

K+ which is in agreement with the observations in our study

(Table 2).

The results show that the ORC characteristics of plants

grown in the absence of NaCl differ between pith and root

cells. For both cell types, addition of NaCl to the bath

medium caused a decrease of Ip50, which may result from an
inward current of Na+ or a partial inactivation of the channel

by Na+. However, (1) the effect on Ip50 was immediate in

root protoplasts, whereas pith protoplasts responded much

slower; (2) the shift of Vr in root protoplasts was smaller

than in pith protoplasts; and (3) verapamil (a Ca2 + channel

blocker that has been shown to block K+ channels in plant

cells as well [25–28]) had no effect on ORC activity of root

protoplasts, whereas it completely blocked channel activity

in pith protoplasts (Fig. 3). These results suggest that a

voltage-dependent ORC is responsible for Na+ transport in

pith cells, whereas in root cells, the decrease of Ip50 may

rather be caused by blockage of the K+ current than by an

inward Na+ current. Na+ is mainly transported into root cells

via non-selective cation channels [15,18,33]. These chan-

nels are voltage independent and instantaneous and not

sensitive to amiloride. However, the ORC in pith cells,

which may be responsible for Na+ transport, is voltage

dependent and sensitive to amiloride and verapamil. This

indicates that the channel described in this study, especially

for pith cells, clearly differs from the above-mentioned non-

selective cation channels. For root cells, however, influx of

Na+ by non-selective cation channels as main pathway for

transport cannot be ruled out, but the results of this study

give no indications for this.

It is unlikely that the decrease of Ip50 and shift of Vr upon

addition of NaCl to the bath medium resulted from an affect

of Cl�, as this ion was already present in the bath and

pipette solutions before NaCl addition. The ORC did show

some conductivity for Cl� which even increased for pith

protoplasts when plants were grown on NaCl in nutrient

solution (Table 2). The fact that the selectivity was much

lower than for Na+, however, means that the ORC will play

a minor role for Cl� transfer, especially in root protoplasts.

It is striking that only half of the successfully sealed

protoplasts showed channel activity. This may be explained

by several reasons; the most plausible are: damage during

isolation and heterogeneity of protoplasts. However, the

isolation procedure used shows a high success rate

(>75%) in patch-clamp studies on channel activity [22].

Therefore, the absence of channel activity in putatively

intact protoplasts is most likely caused by heterogeneity,

in the form of sub-populations with different permeability

characteristics.

4.1. Possibilities for adaptation

The results show that pith cells in sweet pepper plants

change in reaction to the presence of NaCl in the nutrient

solution. After plant exposure for 1 week, outward rectify-

ing currents in these protoplasts showed a greater shift of Vr
upon addition of NaCl to the bath medium. This suggests an

increase of the permeability to Na+. Moreover, the Na+

channel blocker amiloride [29,34] blocked this channel

activity significantly (Table 1). The appearance of channel

activity that can be blocked by amiloride may result from de

novo synthesis of Na+-permeable channels. Moreover, the
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changes of conductance upon addition of NaCl to the

medium (Fig. 5B) are striking and also indicate a funda-

mental change of the plasma membrane characteristics. It

has been shown very clearly that cells may respond to

exposure to saline conditions by expression of a very large

number of genes, regulating many cellular aspects [8].

However, the results from this study do not provide enough

information to substantiate the assumption of de novo syn-

thesis of voltage-dependent Na+ permeable channels. This

requires more research and alternative approaches, for

example, microarray DNA studies.

Contrary to pith protoplasts, root cells do not change

their channel characteristics following exposure to NaCl. As

the shift of Vr is comparable to or smaller than the shift in

the control plants, it may be concluded that the permeability

of the voltage-dependent ORC for Na+ does not change in

these cells by exogenous NaCl exposure.

4.2. Selectivity under physiological circumstances

The question arises how Na+ is preferentially accumu-

lated in pith cells under physiological conditions and how it

can suddenly be released from plants when growers renew

their nutrient solutions as demonstrated with labelled Na+ in

one of our former studies [1]. As hardly any inward

rectifiers are identified in the plasma membrane, it is unclear

whether this channel type will play an important role in Na+

uptake by cells. On the other hand, the ORCs show perme-

ability to Na+ and they may be suitable for inward-directed

Na+ currents [12]. As xylem vessels in intact sweet pepper

plants contain ca. 10–20 mM Na+ [1] and the Na+ concen-

tration in the cytoplasm of pith cells is considered to be

much lower (i.e. 1 mM), the equilibrium potential for Na+

(ENa) will have a value of ca. + 70 mV. This will result in

an inward Na+ transport at a membrane potential < + 70 mV.

The K + concentrations within the cytoplasm for the in

planta situation may vary between the different cell types.

For leaf cells, concentrations up to 125 mM (mesophyll) or

250 mM (epidermis) have been described [35]. It seems

plausible to consider a cytoplasmic K+ concentration in the

order of magnitude of the concentration used in the pipette

solution in our patch-clamp experiments (i.e. 158 mM) for

the pith cells of the in planta situation as well. Assuming a

K+ concentration in the xylem of 10 mM (in order of

magnitude of the K+ concentration in the nutrient solution),

EK for the plasma membrane of the pith cells will then

approximate to � 55 mV. Then, the ORC will activate at

membrane potentials >� 55 mV. At physiological steady-

state values of the membrane potential DW (inside negative,

i.e. � 120 to � 200 mV [7]), outward rectifiers will be

closed and no inward Na+ flux into the pith cells will occur.

Then, accumulation of Na+ in and release from the pith cells

can only occur when either the membrane potential will

depolarise upon a change of the environmental conditions as

shown for xylem-parenchyma cells of barley roots [36] or

when Na+ is transported by voltage-independent channels as
described for roots of maize [15], wheat [18], rye [37] and

Arabidopsis [33]. Modelling of the Na+ permeability of

these voltage-independent channels [38,39] even showed

that these channels contributed most to the Na+ influx into

rye root cells.

When growers renew their nutrient solutions, the exog-

enous Na+ concentration in the root zone becomes lower

than in the cytoplasm and ENa will shift to negative values.

Consequently, Na+ fluxes may become outward, supporting

our findings that sweet pepper plants loaded with Na+ in

their pith cells will release all Na+ upon transfer to a NaCl-

free nutrient solution [1]. Again, an immediate depolarisa-

tion of the membrane potential upon renewal of the nutrient

solution is a prerequisite for release of Na+ from the pith

cells. The results from this study are not sufficient to

elucidate this aspect for in planta situations and needs

further research.

It can be concluded that due to the electrophysiological

characteristics of the plasma membranes, pith cells in sweet

pepper show appropriate features of the voltage-dependent

ORCs to enable accumulation or release of Na+ by pith cells

when the plants grow under saline conditions. The capacity

to adapt to saline conditions may play an important regu-

latory role in Na+ recirculation and thus in prevention of

damage to the photosynthetic and other systems.
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