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lon Channels in the Xylem Parenchyma of Barley Roots'

A Procedure to Isolate Protoplasts from This Tissue and a Patch-Clamp Exploration of
Salt Passageways into Xylem Vessels

Lars H. Wegner? and Klaus Raschke*

Pflanzenphysiologisches Institut und Botanischer Garten der Universitat Gottingen,
Untere Karsptle 2, 37073 Gottingen, Germany

To identify mechanisms for the simultaneous release of anions
and cations into the xylem sap in roots, we investigated voltage-
dependent ion conductances in the plasmalemma of xylem paren-
chyma cells. We applied the patch-clamp technique to protoplasts
isolated from the xylem parenchyma by differential enzymic diges-
tion of steles of barley roots (Hordeum vulgare L. cv Apex). In the
whole-cell configuration, three types of cation-selective rectifiers
could be identified: (a) one activated at membrane potentials above
about =50 mV; (b) a second type of outward current appeared at
membrane potentials above +20 to +40 mV; (c) below a membrane
potential of approximately =110 mV, an inward rectifier could be
distinguished. In addition, an anion-specific conductance mani-
fested itself in single-channel activity in a voltage range extending
from about —100 to +30 mV, with remarkably slow gating. In
excised patches, K* channels activated at hyperpolarization as well
as at depolarization. We suggest that salt is released from the
xylem parenchyma into the xylem apoplast by simultaneous flow
of cations and anions through channels, following electrochemical
gradients set up by the ion uptake processes in the cortex and,
possibly, the release and reabsorption of ions on their way to the
xylem.

In roots, a vectorial transport of mineral nutrients is estab-
lished: Ions are taken up from the soil solution by cortical
cells (Clarkson, 1989) and move radially across the root into
the xylem sap. This radial transport must be symplastic, at
least in part, to circumvent the Casparian band that prevents
ions from entering the stele by apoplastic diffusion. Because
the conducting xylem vessels form part of the apoplast in the
stele, ions have to pass the plasmalemma of xylem paren-
chyma cells, bordering the xylem vessels, to be released into
the xylem sap. Several theories deal with the transport mech-
anisms involved here, but experimental evidence for each
one of these theories is scarce (reviews by Pitman, 1977;
Clarkson, 1989). In a pioneering paper, Crafts and Broyer
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(1938) proposed a passive mechanism of ion transport to the
xylem, assuming that the plasmalemma was leaky due to
oxygen deficiency. According to Hylmg (1953), maturing
xylem vessels are the site of ion release to the xylem sap, and
xylem loading is caused by the successive death of these cells.
However, evidence that transport into the xylem can be
inhibited selectively (Pitman, 1977, 1982) gave rise to spec-
ulations that an active transport may be involved. Hanson
(1978) proposed a chemiosmotic scheme for xylem loading;
according to his view, ion transport is energized by the
activity of proton pumps located in the plasmalemma of
xylem parenchyma cells (“stelar pump”). Using a perfusion
technique, several authors (De Boer and Prins, 1985; Clarkson
and Hanson, 1986; De Boer, 1989) obtained evidence for
pump activity in the stele. However, coupling between proton
fluxes and the transport of K* and anions into the xylem sap
has not yet been demonstrated.

We approached the problem of salt transport into the xylem
in a new way by isolating protoplasts from the xylem paren-
chyma and recording activities of ion currents and ion chan-
nels in their plasmalemmata, applying the patch-clamp tech-
nique of E. Neher and B. Sakmann (Hamill et al., 1981). lon
channels have been shown to be the main pathways for the
uptake and release of K* and relevant anions during stomatal
opening and closing (Schroeder et al., 1987; Keller et al,,
1989; Hedrich et al., 1990; Linder and Raschke, 1992) and
for K* efflux from motor cells in pulvini of Samanea (Moran
et al., 1988) and Mimosa (Stoeckel and Takeda, 1993).

We developed a method for the selective preparation of
protoplasts from the xylem parenchyma and recorded ion
currents through their plasmalemmata in the whole-cell con-
figuration as well as in membrane patches. We have yet to
examine the role and properties of the proton pump in the
plasmalemma. Preliminary results of this work were com-
municated at the 9th International Workshop on Plant Mem-
brane Biology (Monterey, CA, July 19-24, 1992).

Abbreviations: E..,, reversal potential; Ex, equilibrium potential of
the ion species X; HEEDTA, N-hydroxyethyl-ethylenediamine-tri-
acetic acid; Hz, hertz; KIRC, K*-selective inwardly rectifying con-
ductance; KORC, K*-selective outwardly rectifying conductance;
NORC, nonselective outwardly rectifying cation conductance; pS,
picosiemens; TEA*, tetraethylammonium; Uy, holding potential.
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MATERIALS AND METHODS
Cultivation of Plants

Barley plants (Hordeum vulgare L. cv Apex; Cebeco Saaten,
Celle, Germany) were grown on full-strength Long Ashton
nitrate-type solution (Hewitt and Smith, 1975) on a hydro-
ponic substrate (Lecaton light-expanded clay aggregates, Leca
Deutschland, Pinneberg, Germany) in a temperature-con-
trolled room at 22/18°C day/night and in light from fluores-
cent tubes (Osram L65W/25S; quantum flux 300 pmol m™>
s™"). The nutrient solution was continuously aerated and
replaced every week. Plants were harvested after 3 to 5
weeks.

Properties of Protoplasts from the Xylem Parenchyma

The complex anatomy of the stele (Heimsch, 1951) required
a specific method for the isolation of xylem parenchyma cells.
The cells of interest were those bordering early metaxylem
vessels; these vessels form an outer ring in the stele, alter-
nating with the metaphloem (Fig.1), and are differentiated at
0.3 to 0.4 cm above the root tip (Lauchli et al., 1974). The
early metaxylem is presumed to be the most effective longi-
tudinal transport pathway for ions to the shoot (Lauchli et
al., 1974). The selective preparation of protoplasts from this
tissue was achieved by making use of the lignification pattern
in the stele of nodal roots. Figure 2 shows a free-hand cross-
section of the stele 1 cm above the root tip. The slice was
stained with astra blue and safranine red (indicating lignifi-
cation). Lignification, as displayed in the center of the stele
and, less conspicuously, in the endodermis and the pericycle,
slows down cell wall digestion. Figure 3 documents the state
of differential cell wall hydrolysis after about 120 min of
incubation in the medium used for protoplast preparation.
Digestion in the outer ring of xylem vessels was advanced,
whereas the center of the stele and the cortex remained

Figure 1. Distribution of tissues in the periphery of the stele. The
stippled area marks the region from which early metaxylem proto-
plasts originated. E, Endodermis; eMX, “early” metaxylem vessel;
IMX, “late ” metaxylem vessel; Mph, metaphloem (sieve tube); Pph,
protophloem (sieve tube); P, pericycle; Cx, cortex.
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unaffected. Time courses were similar in thin sections used
for anatomical and histological inspection and in thick sec-
tions used for protoplast production. For an unambiguous
demonstration of the xylem parenchyma origin of the pro-
toplasts and of the absence of contamination by phloem
tissue, isolated steles from the proximal zone of the root (in
which only the phloem tissue had remained free from ligni-
fication) were subjected to the differential digestion just
described. The enzymic treatment led to a complete decom-
position of solely the phloem cells. Microscopic inspection
showed that the lignified stele remained. The protoplast yield
of this tissue was only 1.3% of that obtained with the distal
stelar tissue 0.7 to 2 cm above the root tip, which was used
as a control. Protoplast yield was determined with a Thoma
hemocytometer (W. Schreck, Hofheim/TS, Germany). Con-
tamination with protoplasts from the pericycle cannot be
excluded, although the pericycle walls often remained undi-
gested (Fig. 3). The presence of phloem-parenchyma proto-
plasts was unlikely because this cell type appears not to exist
in barley roots (Warmbrodt, 1985); protoplast formation from
sieve tubes or companion cells has not yet been reported.

We elaborated the following routine for protoplast isolation
from xylem parenchyma cells. Roots were selected from the
first or second node (without lateral root formation and up
to a length of about 5 cm). Their tips were removec|, and the
cortex was stripped by hand. This could readily be performed
because the stele was partly lignified. Stelar sections were cut
with a razor blade 0.7 to 1.5 cm above the root tip and
collected in a Petri dish in 1 mm CaCl; on ice. After blotting
them with tissue paper they were minced to smell pieces,
which were then transferred to 2% (w/v) cellulase Onozuka
R 10 (Yakult Honsha, Tokyo, Japan), 0.02% (w/v) Fectolyase
Y-23 (Seishin Pharmaceutical, Tokyo, Japan), 2% BS$A (w/v),
10 mMm Na ascorbate, and 1 mm CaCl;. The pH was adjusted
to 5.5 with H,50,. Mannitol was added to a total osmolality
of 500 mOsm, checked with an osmometer (Wescor 5100C,
Logan, UT). The digestion proceeded under moderate agita-
tion in a shaking water bath (about 100 excursions per min)
for 120 to 150 min at 20°C. The suspension was then filtered
through 120- or 200-um nylon mesh (Zuricher Beuteltuch-
fabrik, Riitlikon, Switzerland) and the residue was rinsed
with about 50 mL of 1 mMm CaCl,, 500 mm mannitol, thus
diluting the preparation about 25-fold and separating the
protoplasts from cell wall debris. The suspension was filtered
through 80- and 23-um mesh screens and then centrifuged
at 100¢ for 10 min (Minifuge 2, Heraeus Christ, Osterode,
Germany). The pellet was resuspended in about 3 mL of the
uptake medium and centrifuged again. The supernatant was
discarded and the pellet was dispersed in about 100 pL of
the uptake medium.

Cell Dimensions

Cell circumferences were determined from photographs of
cross-sections of the stele. These were projected on an Apple
graphics table (Apple Computer, Cupertino, CA) and evalu-
ated with Apple software. The cell lengths were measured
on longitudinal free-hand sections under the microscope
using a calibrated ocular micrometer; protoplast ciameters
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Figure 2. Cross-section of the stele 1 cm above the tip of a nodal root, stained for 10 min in 0.5% (w/v) astra blue and
0.5% (w/v) safranine red, followed by a rinse with water. Red stain indicates lignification.

were determined likewise. Cell volumes and surfaces were
calculated assuming a cylindrical shape of the cells.

Electrophysiology

Experiments were performed in the whole-cell and outside-
out patch configuration (Hamill et al., 1981). Pipettes were
fabricated from borosilicate glass capillaries (Kimax 51, Kim-
ble Products, Vineland, NJ); typically, they had a resistance
of 3 to 8 MQ in the standard solutions for whole-cell experi-
ments and about 15 to 20 M in solutions used to establish
the outside-out patch configuration. The reference electrode
was connected to the bath via a salt bridge, or, when a solid
AgCl pellet was used, it dipped directly into the bath. The
use of the pellet electrode was restricted to experiments in
which the CI™ concentration was not to be changed. The
potential difference between patch and ground electrodes
was compensated after lowering the tip into the bath. Liquid
junction potentials were determined according to Neher
(1992) and corrected for if the value exceeded £2 mV. Junc-
tion potentials at the bath electrode, resulting from solution
changes, were treated likewise. Voltage clamp measurements
were made with an EPC 7 patch-clamp amplifier (List Elec-
tronic, Darmstadt, Germany). Data were low-pass filtered
with an eight-pole Bessel filter (Frequency Devices, Haverhill,

MA) at 500 Hz (—3 dB corner frequency), if not stated
otherwise, and digitized by an ITC 16 interface (Instrutech,
Elmont, NY) with a sampling rate of 2 kHz. For generating
pulse protocols and storing and evaluating data, an Atari
Mega ST4 computer (Atari, Sunnyvale, CA) was used. Alter-
natively, data were stored on videotape using a VR-10 inter-
face (Instrutech). Data were analyzed using patch-clamp
software from Instrutech.

Solutions

Solution A, in the pipette: 120 mm KCl or potassium
glutamate, 10 mm Tris, 10 mm EGTA, 2 mm MgATP, 1.93
mm MgCly, pH 7.2, adjusted with Mes. The Ca** concentra-
tion was 1 um, adjusted with calcium gluconate. If potassium
glutamate was used, 1 mm CaCl, was added. The total
amount of Ca** to be added was calculated according to the
program “Calcium” (Fihr et al., 1993). Modifications of this
composition are indicated in the text. Solution B, in the bath:
30 mm KCI or potassium glutamate, 10 mm Hepes, 2 mm
MgCl;, 1 mm calcium gluconate or CaCl; (total CI™ concen-
tration < 6 mm), Often, increased Ca®* concentrations were
applied (10 and 40 mm) using calcium gluconate (see text).
The pH was adjusted to 5.8 (Mes). The internal solutions
were filtered through 0.22-um filters. Activity coefficients for
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Figure 3. Partly digested cross-section after 120 min of incubation in the enzyme solution used for isolation of protoplasts.
Left, Overview; right, detail showing erosion of xylem parenchyma. Arrows indicate advanced cell wall lysis around
xylem vessels.

the calculation of reversal potentials were determined accord-
ing to the Debye-Hiickel theory using the equation of Davies
(Robinson and Stokes, 1968).

RESULTS
Light Microscopy

The structure of the stele of barley roots was described by
Heimsch (1951) and Warmbrodt (1985): The xylem is “dis-
continuous,” meaning that early and late metaxylem vessels
are separated by two to three cell layers (Fig. 1). The late
metaxylem vessels remain undifferentiated up to 2 cm above
the root tip. We apply the term “xylem parenchyma cell” to
cells situated around the outer metaxylem elements. These
cells have an elongated, almost tube-like shape (Table I).
Comparison of the in situ volumes of these cells with those
calculated from protoplast diameters leads to the conclusion
that each parenchyma cell disintegrated, during the course
of isolation, into an average of six protoplasts. These proto-
plasts possessed a wide, dense cytoplasm and a relatively
small vacuole (Fig. 4), whereas in cortical cells, almost the
whole volume was occupied by the vacuole. Comparing
surfaces of protoplasts, calculated from diameters, with ca-
pacitive transients in the whole-cell configuration, the specific
capacity of the plasmalemma was determined to have been
0.88 + 0.10 microfarads cm™ (n = 10).

Two Types of Outward Rectifiers

In the whole-cell configuration, voltage pulses starting
from —72 mV to more positive values (in increments of 10

Table I. Dimensions of xylem parenchyma cells and protoplasts

Mean £ sp n
Cell circumference 26.6 = 6 um 543
Cell length 328 = 87 um 21
Cell volume 18.5 5.7 pL 21
Cell surface 8837 £ 2516 pm* 21
Protoplast diameter 17.94 + 6.04 um 215
Protoplast volume 3.02 £1.10 pL 215
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mV) caused increases in membrane conductance (Fig. 5)
Current densities were calculated from steady-state currents3
after subtraction of the instantaneous component and plotte
as functions of the pulse potentials. If the depolarizing stepS.
was followed by a capacitive current spike, notwithstandings
the preceding compensation procedure, the current amplitudez.
5 to 10 ms after the potential jump was taken as the instanfoz
taneous component. The presence of two types of outwards
rectifiers could be recognized; they were distinct with respect%
to their voltage dependence, kinetics, ion selectivity, andd
blockage by TEA™. Based on their voltage dependence andy
selectivity we assigned to them the acronyms KORC {K*§
selective Outwardly Rectifying Conductance) and NORCS
(Nonselective Outwardly Rectifying cation Conductance)
(We use these abbreviations within this paper merely toq—
condense description. The conductances we found need tan
be characterized further before they can be assigned theild
names within a standardized nomenclature still to be agreecg

upon).
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Figure 4. Protoplast from the xylem parenchyma with a sharply
contoured vacuole and a wide cytoplasm. See Table | for
dimensions.
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Figure 5. Two types of whole-cell outward currents activated by depolarizations of the plasmalemma. A, Current traces
recorded during depolarizing voltage pulses of 12-s duration. Consecutive voltage pulses increased to full decades in
increments of 10 mV from a Uy of =72 mV. Between pulses, the membrane was clamped to Uy for 30 s. Activation of
KORC occurred; it was characterized by sigmoidal activation kinetics. Inset, First 2 s of the current traces at an expanded
time scale). B, Current-voltage relation obtained from the pulse experiment shown in A. Current densities were calculated
from steady-state currents after leak subtraction. Inset, Small inward currents at test potentials between —50 and —25
mV, i.e. at voltage < E... C, Activation of NORC during 6-s depolarizations. Between stimuli, the membrane was clamped
to Uy for 15 s. D, The corresponding current-voltage curve. In both experiments, identical solutions (potassium glutamate)
were used with 10 mm Ca®* in the bath. Each set of currents through KORC or NORC represents 10 replications.

Voltage Dependence

One of the rectifiers, KORC, became conducting at mem-
brane potentials above ~50 mV. It activated below Ex and
passed small inward currents if voltage < Ex (Fig. 5B, inset).
Its time course of activation displayed sigmoid kinetics. If the
potential was stepped to values more positive than E, out-
ward currents appeared that strongly increased with increas-
ing membrane potential (Fig. 5, A and B). This conductance
resembled the K* outward rectifier that had already been
described for a number of cell types from various tissues,
including guard cells (see “Discussion”). The other rectifier,
NORC, was characterized by activation at potentials above
+20 or +40 mV (Fig. 5, C and D). In the majority of proto-
plasts, either one of the two types of conductances was
prevalent, as is demonstrated in Figure 5. Occasionally, both
types appeared simultaneously or successively in the same
protoplast (Fig. 6).

Selectivity

“Tail” protocols were imposed to investigate the selectivities
of the outward rectifiers (Fig. 7). Outward currents were

activated during prepulses; repetitive steps to more negative
potentials followed in increments of —10 or —20 mV. Instan-
taneous amplitudes of tail currents were determined by fitting
exponential functions to the time courses of deactivation,
thus correcting for leak and capacitive currents. In case of
incomplete deactivation, leak current was obtained by linear
extrapolation and subtracted from the absolute value deter-
mined for time zero. Figure 7A shows a tail current experi-
ment performed on KORC (note the S-shaped activation
kinetics). Tails reversed close to the equilibrium potential of
K*, indicating that currents were carried mainly by this ion.
However, there was a small but significant deviation from
Ex. With 120 mm KCl in the pipette and 30 mm KCl in the
bath, tails turned at —24 = 3 mV (n = 5), whereas Ex was
calculated to be —34 mV. This deviation was not due to a
conductance for CI-, because substitution of CI~ with gluta-
mate (generally considered to permeate membranes only at
very low rates) as a counterion for K* did not cause a shift in
the reversal potential (E.., = —24 + 2 mV, n = 8). With Ca?*
and Mg?** being the only candidates left, it was concluded
that divalent cations were able to enter the protoplasts via
KORC. Current voltage relations for tail currents were gen-
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Figure 6. Example of an activation of both types of outward rectifier
in a small protoplast by a depolarizing voltage step. Single NORC
channel events can be detected (first arrow). Sigmoid kinetics
appeared in the KORC current. Note that both types of current
deactivated on repolarization (second arrow, at tail current): This
protoplast had a capacitance of 3 picofarads, equivalent to a di-
ameter of about 10 gm. ’

erally asymmetric; inward currents saturated below ~50 mV,
whereas outward currents were linear up to 90 mV (not
shown). This possibly reflects rectifying properties of open
channels, such as were also observed for an outwardly rec-
tifying K* channel in Arabidopsis (Spalding et al., 1992).

A tail experiment performed on NORC is shown in Figure
7C. Tail currents went to zero between 0 and —12 mV. None
of the Nernst potentials of the ion species present in the
pipette and bath solutions were positioned there. The reversal
potential did not depend on the CI~ activity ratio either (Fig.
7D), indicating that the rectifier involved was selective for
cations. To check whether the conductance was preferentially
one for Mg?*, as the reversal potential might indicate, the
external Mg?* concentration was reduced from 2 mm to 91
uM; this shifted the Mg** equilibrium potential from 0 to —36
mV. The reversal potential of the tail currents appeared now
at =9 = 5 mV, versus —6 = 5 mV without a Mg** gradient
(n = 3), implying that Mg®* was not playing a major role
either. Hence, currents were carried by K* and likely by Ca®*
as well.

For a survey of the selectivity for other alkali metal ions,
K" in the bath was replaced by Na*, Rb*, Li*, or Cs* in
further tail experiments (not shown). The measured reversal
potentials indicated that NORC selected weakly among alkali
metal cations, with the exception of Li*, for which an E.., of
—30 mV (versus —6 mV in the other cases, n = 3) indicated
reduced permeability. From this set of experiments, the de-
rived selectivity sequence was Ca** > K* = Na* = Rb* = Cs*
> Li* > Mg?* > CI1”. Admittedly, in experiments with varying
external Ca®* concentrations, we failed to show participation
of Ca?*. With 40 mm Ca®* in the bath and 1 uMm Ca?* in the
pipette, E.., was —3.4 = 2.9 mV (n = 5); with 10 mm/1 um
Ca®* (bath/pipette) it was —6 mV (n = 3), and with 1 mm/1
um Ca” it was 0 and —12 mV (n = 2). These contradictory
findings may be reconciled if one assumes that Ca®* currents
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are not affected by shifts in equilibrium potentials if they are
close to E... This anomaly can occur if channels behave like
multi-ion single-file pores (Hille, 1992). The reversal potential
method for the determination of relative permeabilities ob-
viously has its limitations.

Kinetics

The time course of current activation was sigmoidal for
KORC currents, with half-times between 0.5 and 1.5 s (in-
creasing with decreasing test potential), whereas activations
of NORC currents were best described by double-exponential
functions, with time constants of about 0.2 and 1.5 s, and
they showed no voltage dependence. The decay of KORC
currents was single exponential; the time constant varied
between 0.3 and 3 s (Fig. 8). Deactivation of NORC currents,
on the other hand, was again best described by a sum of two
exponentials, although the slow component, being by far the
minor one, could not be resolved in all experiments. The
major component of the NORC currents deactivated signifi-
cantly faster than the KORC currents, thus providing a fur-
ther means to discriminate between the currents.

Blockage by TEA*

The K* channel blocker TEA* (Bentrup, 1990; Tester, 1990;
Hille, 1992), at a concentration of 20 mm in the bath reduced
KORC currents by 80 to 90% within 2 min. The block was
not voltage dependent (Fig. 9) and was reversible (not
shown). Preliminary data indicate that the same effect could
be obtained with a far lower concentration (0.5 my.), although
it was very slow (L.H. Wegner and A .H. De Boer, unpublished
data). In contrast, NORC currents remained unaffected, even
with a TEA™ concentration as high as 20 mm. This differential
effect of a channel blocker might offer a tool in segregating
activities of KORC and NORC.

Single-Channel Recordings

In two experiments, single-channel events were recorded
in the outside-out configuration. Under symmetrical condi-
tions with respect to K* (100 mm potassium gluconate), a
unitary conductance of 21 pS was determined (data not
shown). It was not possible to relate it to currents through
KORC or NORC in the whole-cell configuration.

An Inward K* Rectifier

Hyperpolarizing voltage steps from a holding potential of
—33 mV in the whole-cell configuration gave rise to large
inward currents (Fig. 10). The “activation potential,” i.e. the
potential below which these inward currents could be de-
tected, was about —110 mV. Tail experiments disclosed that
these were K* currents (Fig. 11). Instantaneous current volt-
age curves of the tails were linear; the strong voltage de-
pendence of the currents was therefore likely due to the
gating of channels. In some cases, saturation was observed
at positive potentials, as was reported for a similar type
of current in mesophyll protoplasts from Avena (Kourie
and Goldsmith, 1992). However, this may have been an arti-
fact resulting from decreasing deactivation time constants
(2—4 ms).
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Figure 7. A, Currents through KORC, resulting from a tail protocol with 20-mV step changes in the deactivation potential.
Between sweeps, the potential was kept at =60 mV for 10 s. B, By plotting the instantaneous current densities against
the potential of the second, deactivation step, a reversal potential of =26 mV was determined by interpolation (Fx = —34
mV). Solutions A and B (KCI) with 10 mm Ca** in the bath. C, Tail currents through NORC. Double voltage pulses were
applied at intervals of 15 s. Pipette, solution A (glutamate); bath, solution B (CI7), but 40 mm calcium gluconate. D,
Current-voltage relationships obtained with three combinations of CI~ concentrations in pipette and bath demonstrate
that variation of Cl~ gradients across the plasmalemma did not affect the reversal potential of NORC currents.
Instantaneous tail currents were plotted against voltage (arrows indicate the three equilibrium potentials of CI-).
Concentrations of K*, Ca®*, and Mg®* were kept constant in pipette/bath solutions (120 mm/30 mm K*, 1 um/40 mm Ca®*,
2 mmf2 mm Mg?*). Glutamate and gluconate concentrations were varied to substitute for CI~. Fach experiment was
performed at least twice. The determined reversal potentials were: ®, —2 mV; O, —6 mV; I, —1 mV. @, Experiment
shown in C. Note the different current scales. Chloride activity ratios (pipette/bath) and the corresponding equilibrium

potentials for CI™ (in parentheses) were 94.2/25.5 (33 mV), 94.2/84.5 (2 mV), and 4.6/25.5 (—44 mV), respectively.

In outside-out patches, channel activity was elicited by
hyperpolarization below about ~110 mV, although there was
a probability of opening also above this potential (Fig. 12,
trace recorded at —80 mV). The pattern of channel activity
included spike-like events that resulted from simultaneous
activation of several channels (one example from 10 record-
ings). Often, current transitions between distinct channel
levels could not be resolved at peak activity. From the events
that were discernible, a main conductance level of about 30
pS was determined. Data obtained under symmetrical con-
ditions with respect to K* (100 mm) could be fitted with a
linear current-voltage relation that passed through the origin.
With 30 mm K* in the bath and 120 mm K* in the pipette,
the curve shifted by about 40 mV in the hyperpolarizing
direction, in agreement with the displacement in Ey; the

currents were K* currents. Note that the conductance did not
depend on the substrate concentration in this range. The
findings that the channel was selective for K* and that
channel activity strongly increased with hyperpolarization of
the membrane below —80 mV may serve as prima facie
evidence that the inward K* currents recorded in the whole-
cell configuration were manifestations of the activity of K*
inward channels.

Selectivity of the Inward Rectifier for Alkali lons

Discrimination of K* channels against Na* is a property of
particular interest in the study of root cells, because different
mechanisms for the avoidance of salinity stress may be based
on the ability of transport proteins to distinguish between
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Figure 8. Kinetics of whole-cell outward currents. A, Time constants
of the deactivation of KORC currents (Fig. 7) in relation to the tail
potentials (from nonlinear least-square fits to the time courses);
variability among five individual protoplasts (different symbols). B,
Time constants of the fast (@) and the slow (O) component of NORC
current deactivation (five experiments) in relation to the tail poten-
tials (from experiments like the one shown in Fig. 7). In two
experiments, values up to 600 ms were determined for the slow
time constant. Solutions A and B, with 10 mm Ca?* in the bath.

these two ions (Maathuis and Prins, 1990; Schachtman et al.,
1991). The alkali-ion selectivity of the inward rectifier in
xylem parenchyma cells was examined by recording tail
currents under asymmetrical bi-ionic conditions. Double-
pulse protocols were imposed on xylem parenchyma proto-
plasts with 30 mm KCI (or potassium glutamate) in the bath
(control) and again after perfusion with a medium in which
K* was replaced by another alkali ion. Inward currents acti-
vated by the prepulse were necessarily carried by the mono-
valent cation applied externally; thus, the ability of the
inward rectifier to transport this cation was already demon-
strated by the activation of an inward current per se. From
reversal potentials of tail currents (Table II), relative perme-
abilities for K™ were calculated using a rearranged form of
the Goldman equation (Schroeder, 1988). The following se-
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lectivity sequence was obtained: K* > Rb* = Cs* > Li* =
Na*.

For an appropriate interpretation of the data, the current-
voltage relations of instantaneous tail currents have to be
considered as well (Fig. 13). They reflect the voltage depend-
ence of the current passing through the ensemble of open
channels in the whole-cell configuration. Thus, only inter-
actions of the permeating cations with the channel pore are
reflected, whereas a modification of gating does not affect
the shape of the current-voltage curve. A comparison of
instantaneous current-voltage relationships under bi-ionic
conditions clearly demonstrates that the constant-‘ield equa-
tion of independent jon movement was not obeyed; the
validity of the Goldman equation is restricted, and permea-
bility ratios should not be applied to ion fluxes in situations
away from equilibrium. _

Apparent irregularities appeared with Rb* in the external
solution; the curve bent sharply at voltages above the reversal
potential and, when normalized with respect to k* currents
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Figure 9. Effect of TEA* on KORC whole-cell currents. A, Current
densities plotted as functions of the pulse potential with and without
20 mm TEA* in the bath. Protocols to test the effect of “he blocker
were imposed (as shown in Fig. 5) approximately 2 min after
perfusion of the bath was completed. B, Voltage dependence of
the TEA™" effect (three examples). Inhibition = (Icomret — Fea)/(control),
where | is current.
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Figure 10. A, Activation of inward currents by negative-going volt-
age pulses in the whole-cell configuration. From the holding poten-

" tial at Ex (—33 mV), the membrane was hyperpolarized to potentials
shown on the right of each trace. Between consecutive sweeps,
the cell was clamped to the holding potential for 5 s. B, The
corresponding current-voltage curve (after leak subtraction); solu-
tions A and B (KCl; 1 mm CaCl, in the bath). The experiment shown
represents 20\replications.
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in the control, the slope conductance of Rb* inward currents
was smaller than that for Li* (Fig. 13, A and C), although the
opposite would have been predicted from the determinations
of relative permeabilities. The slope conductance for outward
tail currents, carried by K*, remained unaffected, indicating
that the anomaly was not due to a modulation of the open
probability of channels by Rb* or Li*.

Replacement of the external K* by Na* (Fig. 13D) consid-
erably reduced the instantaneous whole-cell conductance
over the whole voltage range, either because of a reduction
of the open probability of the channel by Na*, caused by
modulation of gating, or because of tight binding of Na* in
the pore that is not relieved within the short time (4-6 ms)
of tail current deactivation.

Surprisingly, inward K* channels in xylem parenchyma
cells showed a considerable permeability for Cs*, in contrast
to guard cells (Schroeder 1988). Indeed, Cs* seemed not to
affect the voltage dependence of whole-cell inward currents
(not shown).

A “Slow” Anion Channel

Figure 14 shows current traces at various potentials in
which channel activity manifested itself with a mean open
time of about 1 s. Although the experiment was performed
in the whole-cell configuration, single-channel events could
be resolved, implying a low channel density or a low open
probability or both simultaneously. Current amplitudes are
plotted against voltage on the right. The reversal potential
extrapolated to a value close to the Nernst potential of CI-,
disclosing that this anion was the main carrier of the current.
The unitary conductance in this case was 46 pS.

In another set of experiments, a higher conductance was
determined by imposing voltage ramp experiments on the
open channel (Fig. 15). To correct for the background con-
ductance in the whole-cell configuration, currents elicited by
the ramp protocol at the closed level of the channels were
subtracted (see Tyerman and Findlay, 1989). The holding
potential in these experiments was positioned close to the
reversal potential of K* (=30 mV) to minimize interference
by cation transport. Ramps extended from —100 to +75 mV
and were applied at intervals of 1 s. The slope was 3 V s7".
With 120 mm KCl in the pipette (and 10 um free Ca®*) and

Figure 11. KIRC. After activation at a potential
of —200 mV, voltage pulses were applied in
decrements of 10 mV. Deactivation of currents
was recorded at potentials specified on the left
of each trace. For the current-voltage relations
of the instantaneous tail currents, see Figure
13A, control with K* in the bath. Solutions were
as for Figure 10.
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30 mm KCl and 40 mm calcium gluconate in the bath,
the reversal potential after leak subtraction was 26 + 3 mV
(n = 10; Eci = 37 mV). The single-channel conductance was
85 and 82 pS (n = 4). Assuming that the deviation of the
reversal potential from Ec; was due solely to K*, a permea-
bility ratio (Pa/Px) of 3.2 was estimated.

To prove unambiguously that CI~ was the main ion car-
rying these currents, the external CI~ concentration was ele-
vated to nearly symmetrical conditions (Eci = 2 mV) while
the K*, Ca®, and Mg** gradients were left unchanged. The
reversal potential shifted (after correcting for liquid junction
potential changes) to 0.12 + 3 mV (n = 9). Under these
conditions (external CI~ concentration = 114 mm), the single-
channel conductance was 77 + 10 pS (n = 7).

DISCUSSION
Comments on the Isolation Procedure

Published procedures for the isolation of protoplasts from
roots (Schachtman et al., 1991; Vogelzang and Prins, 1992)
refer to root tissue in general, and most protoplasts obtained
were presumed to have come from the cortex. Our procedure
exploited the lignification pattern in the stele during a differ-
entiating digestion and resulted in a protoplast suspension of
certain tissue origin. Artifacts, resulting from protease activity
during incubation, were considered minimal, because con-
tamination of the enzyme mixtures with proteases was found
to have been low, and BSA, added at a high final concentra-
tion (2%, w/v) to the incubation medium, was effective in
shielding other proteins against proteolytic activity (W. Diek-
mann and D.G. Robinson, personal communication).
Another matter of concern was the disintegration of the

A
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-120mv —Y Y T
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Table 1. Selectivity for alkali metal ions of the KIRC

Reversal potentials were determined by tail protocols (Fig. 13)
after replacement of K* in the bath by other alkali metal ions (30
mm; with 120 mm K* in the pipette).

Experiment

Number Na* Rb* Li* Cs*

Erev

mV
1 -84 —62 -73 -11°
2 —69 =53 —68 —60
3 =71 —=51 -58
4 —68 -58 =57

PP

Mean values 0.20 0.41 0.23 0.39 0.43

2120 mm Cs* in the pipette, 30 mm K* in the bath. " P, /P =
exp (—E.F/RT), where F = Faraday’s constant, R = gas constant,
and T = absolute temperature.

originally cylindrical xylem parenchyma cells into several
protoplasts (usually about six). However, most of these sub-
protoplasts proved to be viable. They were able to accumulate
neutral red in the vacuole. While selecting protoplasts for
patch-clamp experiments, cytoplasmic streaming was consid-
ered an indicator of an intact cytoskeleton and undisturbed
energy metabolism.

lon Channels in the Plasmalemma of
Xylem Parenchyma Cells

The outward K* rectifier (KORC; Fig. 5, A and B) has
counterparts in a variety of species and tissues, including

U/mV EK‘ZO EK': ona
-150 -100 50 |
T T T
41
-
43
. i
[ ]
1/pA s

Figure 12. A, Inward single-channel currents recorded in the outside-out configuration. Data filtered at 2 kHz. Because
of bursts, single-channe! events could be resolved only in parts of the traces. From these segments one main conductance
level, corresponding to a K*-selective channel, could be extracted (see B, solid symbols). Solution in the pipette: 120 mm
KCl, 10.9 mm MgCl,, 2 mm MgATP (2 mm free Mg?*), 10 mm HEEDTA, 10 mm Tris, 0.01 mm free Ca®* (gluconate). in
another set of experiments (open symbols, n = 3), solutions were 100 mm potassium gluconate, symmetrical, and 5 mm

CaCl, in the bath and 1 um free Ca®* in the pipette.
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Figure 13. Selectivity of KIRC. Current-voltage relationships of instantaneous tail currents prior to (solid symbols) and
after (open symbols) exchanging K* in the bath for other alkali metal ions. A, Rb*; B, Cs*; C, Li*; D, Na*. Note different
current scales. Solutions A and B (CI™ or glutamate); Ca®* in the bath was kept at 10 mm. The insets show recordings of
tail currents obtained under bi-ionic conditions; Uy, potential of the activating pulse.

guard cells (Schroeder et al., 1987; Fairley-Grenot and Ass-
mann, 1992), motor cells from pulvini of Samanea (Moran et
al., 1988), root cells from wheat (Schachtman et al., 1991),
cells from cotyledons of Amaranthus (Terry et al., 1991), and
tissue culture cells from Arabidopsis (Cerana and Colombo,
1992), from corn roots (Ketchum et al, 1989), and from
tobacco (van Duijn et al., 1993). This channel type may be
ubiquitous in cells of higher plants (Hedrich and Schroeder,
1989). Voltage dependence and selectivity (Fig. 7, A and B)
of KORC in general agree with the cited literature. The other
type of outward rectifier found in xylem parenchyma cells of
barley roots (Fig. 5, C and D) was observed recently in xylem
parenchyma cells from the mesocotyl of maize (P. Giesberg
and A.H. De Boer, personal communication). The NORC was

nonselective among cations and not permeated by anions
(Fig. 7). Under our experimental conditions, it was activated
at positive membrane potentials. A similar type of nonselec-
tive cation conductance was discovered in endosperm plasma
membrane (Stoeckel and Takeda, 1989).

Remarkably, an inward K* current appeared in the whole-
cell configuration. A rectifier with similar voltage dependence
has previously been reported for guard cells (compare Fig. 10
with the current-voltage relations of Schroeder et al., 1987)
and for mesophyll cells (Kourie and Goldsmith, 1992). The
inward rectifier of the xylem parenchyma cells was much
more permeable for Cs™ (Fig. 13, Table II) than that described
for guard cells (Schroeder, 1988). The selectivity sequence
determined for xylem parenchyma cells is in accordance with
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810 Wegner and Raschke

the Eisenman sequence IV, indicating moderate interaction
with the electric field within the channel pore (Eisenman and
Horn, 1983). This observation has bearing on the topology
of the pore, which seems to be different in guard cells and
xylem parenchyma cells. The shape of the curve for externally
applied Rb™ (Fig. 13A) can be qualitatively explained by a
strong, voltage-dependent interaction of this ion with one or,
more likely, several binding sites in the pore. Binding reduces
the mobility of the ion, thus simulating a block of the channel.
With depolarization, Rb* is instantaneously expelled from
the pore by K*, which enters from the inside.

Anion channel activity manifested itself in the whole-cell
configuration. Gating was “slow,” with a mean open time of
about 1 s (Fig. 14). Similar recordings have been obtained
from the plasmalemma of guard cells (Linder and Raschke,
1992). These authors demonstrated the activity of a “slow
anion channel” in outside-out patches and slowly activating
anion currents in the whole-cell configuration.

Subpopulations of Protoplasts in Whaole-Cell Experiments

In about 10% of the protoplasts tested, delayed increases
or decreases of currents did not occur in response to hyper-
polarizing or depolarizing voltage pulses; these would have
indicated activations or deactivations of rectifiers in the plas-
malemma. Currents passed by inward K* rectifiers were
recorded upon hyperpolarization in about 70% of the proto-
plasts. The K*-selective outward rectifier appeared in less
than 50% of the protoplasts, as did the nonselective rectifier.
We already mentioned the low likelihood of damage to
plasmalemma proteins during protoplast isolation; it is
equally unlikely that damage caused this heterogeneity. Pos-
sibly, differing responses of protoplasts to voltage stimuli
were caused by the heterogeneity of the cell fragments we
obtained during protoplast production. We believe that, in
anatomical terms, the origin of our protoplasts is certain. This
provides no guarantee, though, that these xylem parenchyma
cells were physiologically alike. In some species, transfer cells
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Figure 15. Two voltage ramp experiments on a slow anion channel
in the whole-cell configuration (for details of the experimental
procedure, see the text). A, Currents elicited by a rarmp protocol
while one channel was open, with 124 mm CI™ in the pipette and
34 mm CI™ in the bath. The reversal potential for this experiment
was 25 mV and the slope conductance was 85 pS. B, After raising
the CI~ concentration in the bath to 114 mm, the current-voltage
curve shifted along the voltage axis, following Ec (E,e, = 2 mV). The
slope conductance was now 82 pS. Data were filtered at 500 Hz.

have been identified adjacent to the xylem vessels (Kramer,
1983). No obvious specializations in wall morphology
were seen in barley roots (Lauchli et al., 1974; Warmbrodt,
1985), but this does not preclude that cells were functionally
different.

Salt Release from Xylem Parenchyma Cells: A Hypothesis

Xylem parenchyma cells release salt, taken up by the root
cortex, into the water moving toward the shoot. Mechanisms
of salt release from plant cells have been studied tnost exten-
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Figure 14. Anion channel. A, Single-channel activities recorded in the whole-cell configuration. Note that the time bar
represents 5 s. Solution in the pipette: 120 mm CsCl, 13 mm MgCl,, 10 mm HEEDTA, 10 mm Tris, 2 mm MgATP, pH 7.2,
5 um free Ca® (gluconate), osmolality = 530 mOsm (mannitol). Solution in the bath: 30 mm CsCl, 2 mm MgCly, 1 mm
CaCl;, pH 5.8, osmolality = 500 mOsm (mannitol). B, Current-voltage relation for single-channel current transitions,
obtained from this experiment; slope corresponds to a conductance of 46 pS.
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sively in guard cells. Potassium and anion channels were
discovered in the plasmalemma, and they are available as
pathways for salt efflux during stomatal closure (citations in
the introduction). Our observations on whole-cell currents
and single-channel activities in the plasmalemma of xylem
parenchyma cells appear to confirm our initial supposition
that in roots a similar mechanism of simultaneous release of
anions and cations through channels into the apoplast would
bring about salt transport into the apoplast of the xylem (Fig.
16). In the whole-cell patch configuration, K* currents similar
to those found in guard cells were recorded as the membrane
was depolarized (Fig. 5, in comparison with Schroeder et al.,
1987). This conductance (KORC) could serve as a pathway
for K* efflux to the xylem sap. However, continuing electro-
neutral salt flow requires a permeability for anions at poten-
tials positive of Ex. We observed anion channel activity in
whole-cell experiments in the required voltage range (Fig.
14). A rough estimate of macroscopic ion fluxes, calculated
from the measured channel densities and activities, fell short
of the experimental data for CI™ fluxes presented by Pitman
(1971). More recently, B. Kohler (unpublished results) has
acquired and evaluated new recordings of anion channel
activities in xylem parenchyma protoplasts. She arrived at
products of channel density, n (cm™2), and open probability,
p, that were 4 to 40 times larger than our initial estimation,
and the estimated anion conductance exceeded by far the

requirement for passive CI” flux into the xylem vessels. Two
other observations were also consistent with the hypothesis
of passive salt release. The first is that KORC showed a
significant permeability for Na*; it could be as high as that
for K* (our unpublished data). Barley is known to be mod-
erately salt tolerant and to take Na® into the shoot. The
second is that the physiologically relevant ion, NO;”, can
pass through the slow anion channel, which is about as
permeable for NO;™ as for Cl™ (our unpublished data).

Activity of NORC appeared only at positive membrane
potentials. We suggest that it serves as a protection mecha-
nism, preventing the membrane potential from shifting to
potentials more positive than about 30 mV. Voltages in this
range, generally considered unphysiological, could occur if
the anion permeability of the plasmalemma exceeds that for
cations at large anion gradients into the apoplast.

Passive salt release requires negative electrochemical po-
tential gradients for the anions and cations to be transferred
and is restricted to a limited range of membrane potentials in
which channels for anions and cations are active simultane-
ously. Direction and magnitudes of chemical potential gra-
dients in roots can be derived from the composition of the
exudate of excised roots. The review by Anderson (1976)
summarizes the findings that concentrations of K* and Cl™
were between 20 and 30 mm. Assuming the cytoplasmic
concentration of K* to be about 100 mm (see Dunlop and
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Figure 16. A, Schematic current-voltage plot, summarizing the electrical properties of the plasmalemma of xylem
parenchyma cells in barley roots. lon gradients used to calculate equilibrium potentials correspond to the standard
concentrations of the whole-cell experiments (see “Materials and Methods”) and are supposed to reflect physiological
conditions under root pressure (although, for simplification, only K* and CI™ are considered). Salt efflux from xylem
parenchyma cells, i.e. simultaneous movement of anions and cations through channels in the plasmalemma, will follow
electrochemical gradients of the ions involved in the range of potentials indicated by shading. Anion channel activity
was observed in the voltage range indicated by the solid bar. B, A simplified anatomy of ion paths from the root symplast
(stippled) into the apoplast of the stele (hatched) and into xylem vessels. In parallel, apoplastic transport can occur. The
locations of the transport proteins in the plasmalemma of xylem parenchyma cells need not be vectorially oriented but
very likely are distributed around the cell. A=, Anion; A~Ch, anion channel; C*, cation; PL, plasmodesma.
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Bowling [1971a), who claim, however, to have measured
vacuolar concentrations), an ion gradient allowing passive
release of ions could be maintained even when exudation
proceeds. In transpiring plants, the gradient would be about
10 times steeper (Pitman, 1982). Turning to the membrane
potential of xylem parenchyma cells, salt efflux would require
a potential positive of Ex (Fig. 16A), similar to that in guard
cells exposed to ABA (Thiel et al., 1992). Some relevant values
have been reported by Dunlop (1982) and Walker and Gra-
ham (1987). In Trifolium and Lolium seedlings, potential
differences between the xylem parenchyma cells and adjacent
xylem vessels were shown to range from —79 to —100 mV
(inside the cell negative). In the latter report, which deals
with rye roots, a potential difference of about =50 mV was
obtained. Unfortunately, no information on the ionic rela-
tions was given, and no equilibrium potentials can be esti-
mated. However, these values are in the range of the depo-
larized state found by Thiel et al. (1992) for guard cells. The
significance of the electrochemical potential difference of ions
between xylem parenchyma cells and the xylem sap for
understanding the transport mechanism was fully recognized
by Dunlop and Bowling (1971b) in their work on maize roots.
These authors calculated negative values for both K* and
CI°, indicating that ‘loading” was thermodynamically
passive.

Another piece of evidence supporting our hypothesis
comes from the observation that perfusing the stele with
fusicoccin strongly reduced the transport of K* to the xylem
sap (De Boer, 1985; Clarkson and Hanson, 1986). Fusicoccin
is known to stimulate proton pumps (Marré, 1979), and
thereby to hyperpolarize the plasmalemma. This finding is
in agreement with salt release through channels, but not with
the chemiosmotic scheme that was suggested by Hanson
(1978).

Development of root pressure is compatible with passive
salt release into the xylem after salt uptake by the cortex.
There is a symplastic continuum extending from the rhizo-
dermis to the xylem parenchyma cells, allowing ions to
diffuse passively to the sites of release (Clarkson, 1989). A
salt concentration of 20 mum in the xylem, resulting from salt
loss from the parenchyma, would correspond to a water
potential of —1 bar and suffice for water uptake into the root
if the water potential in the soil was greater than —1 bar.

Although the hypothesis of passive salt release into the
xylem is consistent with the results of our patch-clamp study
and with reported observations on whole roots, we are aware
that our view of radial ion translocation in roots may be
oversimplified and that an analogy to the transient efflux of
salts from guard cells has its limitations, because it neglects
tissue-specific aspects of transport. There is a symplastic
continuum extending from the rhizodermis to the xylem
parenchyma cells, allowing ions to diffuse passively to the
site of release (Clarkson, 1989). Conflicting data come from
measurements of radial K* gradients with the electron probe
microanalyzer, showing K* accumulation in stelar paren-
chyma tissue (Lauchli et al., 1971). This finding may be
related to an uptake system for K* in the plasmalemma of
these cells (Fig. 10). Uptake of K* from the apoplast would
require hyperpolarization. Indeed, the presence and activity
of proton pumps has been shown with different techniques
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(De Boer and Prins, 1985; Clarkson and Hanson, 1986;
Parets-Soler et al., 1990; Cowan et al., 1993), and evidence
for H* pump currents in xylem parenchyma cells. has been
found in recent recordings of B. Kéhler (unpublished data).
An interpretation of the presence of mechanisms for ion
loss as well as uptake in the plasmalemma of xylem paren-
chyma cells will have to take into account the large contact
surface between symplast and apoplast in the stele. There
may be spatial as well as temporal patterns of hyperpolarized
and depolarized states within the cells of the xylem paren-
chyma (and among them) forming an intricate mechanism of
cooperation between salt accumulation and discharge.
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