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To assess the role of the vacuole in responses to hyperosmotic and hypo-osmotic stress, the electrical properties of the
vacuole were measured in situ. A double-barrel micropipette was inserted into the vacuole for voltage clamping. A second
double-barrel micropipette was inserted into the cytoplasm to provide a virtual ground that separated the electrical
properties of the vacuole from those of the plasma membrane. Osmotic stress causes immediate electrical responses at the
plasma membrane (Lew RR [1996] Plant Physiol 97: 2002–2005) and ion flux changes and turgor recovery (Shabala SN, Lew
RR [2002] 129: 290–299) in Arabidopsis root cells. In situ, the vacuole also responds rapidly to changes in extracellular
osmotic potential. Hyperosmotic treatment caused a very large increase in the ionic conductance of the vacuole. Hypo-
osmotic treatment did not affect the vacuolar conductance. In either case, the vacuolar electrical potential was unchanged.
Taken in concert with previous studies of changes at the plasma membrane, these results demonstrate a highly coordinated
system in which the vacuole and plasma membrane are primed to respond immediately to hyperosmotic stress before
changes in gene expression.

Osmotic stresses, caused by drought or excess wa-
ter (hyperosmotic and hypo-osmotic stresses, respec-
tively), are a constant challenge for higher plants. At
extremes, the outcome can be plant death. In the
context of agricultural needs, many crop lands are
marginal with respect to water availability. There-
fore, it is not surprising that plant responses to os-
motic stresses are a major area of plant research.
Adaptation to stress and the signal transduction
mechanisms that trigger osmoresponses are two ar-
eas in which there have been major accomplishments
recently (Zhu, 2002). Many of the recent advances
have been in the identification of the genes respon-
sible for various aspects of transduction and re-
sponse. Because of gene homologies, osmoresponses
in yeast have offered many insights for plant physi-
ologists (Hasegawa et al., 2000; Zhu, 2002; Meijer and
Munnik, 2003). However, it is also very clear that the
multicellular complexity of plants, and especially the
adaptability associated with zones of expansion, play
a key role in the long-term survival of the plant (Ober
and Sharp, 2003). In Arabidopsis, it has been estab-
lished that one of the immediate effects of osmotic
stress, hyperosmotic or hypo-osmotic, is the change
in the electrical properties of the plasma membrane
(Lew, 1999). These changes occur within 1 min,
whereas expression of AtMEKK1, a component of a
mitogen-activated protein kinase cascade responsible
for activating osmoresponses, occurs within about 5

min (Covic et al., 1999). In the case of hyperosmotic
shock, these rapid changes are followed by turgor
recovery, a process that takes about 30 min to com-
plete, and is caused by large changes in the net ion
fluxes across the plasma membrane (Shabala and
Lew, 2002). A major aspect of osmoregulation and
turgor recovery must involve coordinated changes in
vacuole and plasma membrane ion fluxes. The role of
the vacuole in turgor regulation has long been rec-
ognized (Matile, 1978), and many vacuolar transport-
ers have been identified (Barkla and Pantoja, 1996;
Martinoia et al., 2000; Maeshima, 2001), including
aquaporins that maximize water movement and
therefore minimize changes to cytoplasmic volume
(Tyerman et al., 1999). To determine the role of the
vacuole in rapid osmosensing and response, the vac-
uolar potential and vacuolar conductance (Gv) were
measured in situ. This required dual impalements
with double-barrel micropipettes, one into the cyto-
plasm, the other into the vacuole.

RESULTS

Measurements of Vacuolar Electrical Properties

Growing root hairs that were in medial or near
medial optical section were impaled after they had
grown to a length of 80 to 100 �m (Fig. 1). At this
time, the apex was still cytoplasm-rich, making im-
palement into the cytoplasm unambiguous. The nu-
clei had migrated into the hair, creating a region at
the base of the root hair that was highly vacuolated.
The vacuole was impaled in this region. After the
impalements, there was no indication of cellular
damage: cytological structure was undisturbed (Fig.
1). An experimental example of electrical measure-
ments is shown in Figure 2. Initially, the cytoplasm
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was impaled near the root hair tip, followed by im-
palement into the vacuolar-rich region at the base of
the hair. Preliminary experiments using injection of
fluorescent dyes (Lew, 2000) indicated that for the
cytoplasm impalement, the micropipette tip was lo-
cated in the cytoplasm. For vacuolar impalements,
occasional examples in which the vacuole did not fill
with fluorescent dye were observed (data not
shown). Instead, the fluorescence “wrapped around”

the micropipette tip and entered the cytoplasm, sug-
gesting that the flexible vacuolar membrane was not
punctured by the micropipette tip. It was possible to
establish the vacuolar location of the micropipette tip
in electrical measurements because voltage clamping
failed when both double-barrel micropipette tips
were located in the cytoplasm. This occurred at a
significant frequency (aborted experiments were not
tabulated, but were about 70% of all measurements).
In the experimental example (Fig. 2), having estab-
lished the correct location of the micropipette tips
using voltage clamp, the culture dish was perfused
with APW7 plus 50 mm sorbitol and 50 mm mannitol.
Both micropipette tips registered a hyperpolariza-
tion. This is because the vacuolar electrodes measure
the vacuolar membrane potential (Ev) and plasma
membrane potential (Em) in series (Fig. 3A). Thus, the

Figure 2. Example of an electrical measurement. The electrical po-
tential of the cytoplasmic impalement is shown in the upper trace
and the vacuolar impalement is shown in the lower trace. In the
recording for the cytoplasmic potential, the micropipette tip “reports”
the cell wall (Donnan) potential before entry into the cytoplasm. A
transient depolarization occurred when the vacuole was impaled
(arrow), and when the micropipette was removed from the vacuole.
Note that the vacuolar impalement (vacuole to outside, Evo) measures
the Em and Ev in series. Evo is the sum of the Em and Ev (Ev,�69 mV
in this example). Vertical bars represent current-voltage measure-
ments. Hyperosmotic treatment (as marked) was APW7 plus 50 mM

mannitol and 50 mM sorbitol. Note that both traces hyperpolarized.
The hyperpolarization seen in the vacuolar impalement is because
the micropipette measures the vacuole and plasma membrane in
series, shown schematically in Figure 3.

Figure 1. Example of cytoplasmic and vacuolar impalements into a
growing root hair. First, the cytoplasm-rich tip of the hair was im-
paled with a double-barrel micropipette. The second double-barrel
micropipette was impaled at the base of the hair into a vacuolar-rich
zone. At this stage of root hair development, the nucleus has mi-
grated from the base of the hair into the hair, and is about 5 �m
above the vacuole impalement in this example.

Figure 3. Electrical description of a root hair and the measurement
technique. A, Electrical network of a plant cell. The symbols have
their usual meanings (Horowitz and Hill, 1989). Rm and Rv are the
resistances of the plasma membrane and vacuole, respectively. Cm

and Cv are the capacitances. An impalement into the vacuole will
measure the vacuolar and plasma membrane electrical properties in
series. B, Electrical schematic of root hair electrical measurements.
To isolate the vacuole electrical properties from the electrical prop-
erties of the plasma membrane, voltage clamping was performed
through a double-barrel micropipette impaled into the vacuole,
while the cytoplasm was held at virtual ground, relative to the
vacuole.
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hyperpolarization of the plasma membrane (Lew,
1996) would be measured by the micropipette located
in the vacuole. The Ev could be calculated by sub-
tracting the potential measured in the vacuole from
the potential measured in the cytoplasm. To isolate
the vacuole’s current-voltage relations from those of
the plasma membrane, it was necessary to hold the
cytoplasm at a constant potential. This was done by
configuring the voltage clamping apparatus as a “vir-
tual ground” (Fig. 3B), maintaining the plasma Em at
the resting potential measured just before the voltage
clamp.

Hyperosmotic Treatment

In Arabidopsis root hairs growing in APW7, treat-
ment with osmoticum (APW 7 plus 50 mm sorbitol

and 50 mm mannitol) is reported to cause hyperpo-
larization of the plasma Em by about �25 mV from an
initial potential of about �190 mV (Lew, 1996) and a
decrease in conductance from 190 to 167 nanoSi-
emens (nS; Lew, 1996). A similar hyperpolarization
was observed in the present work (an example is
shown in Fig. 4). The initial potential of �170 � 18
mV (n � 8) hyperpolarized �33 � 16 mV to �203 �
26 mV. The Ev relative to the cytoplasm was essen-
tially unchanged by hyperosmotic treatment. Before,
it was 22 � 22 mV (n � 8; range of 4–69 mV). After
hyperosmotic treatment, it was 24 � 20 mV (range of
2–65 mV; Fig. 5). In contrast to the decrease in con-
ductance observed for the plasma membrane (Lew,
1996), the Gv increased from 637 � 144 nS to 1,412 �
1,046 nS (n � 6; the increase in Gv ranged from 17 to
2,223 nS; Table I). The increase was statistically sig-
nificant (Fig. 6).

Figure 4. Vacuolar current-voltage relations: hy-
perosmotic effect. A, An example of potential
measurements from the cytoplasm and vacuole.
Vertical bars on the potential traces show when
voltage clamping was performed to obtain the
current-voltage relation. B, Current-voltage mea-
surements before (circles) and after (squares) hy-
perosmotic treatment. The data are mean � SD of
three measurements, as shown in A. High SDs at
positive voltages are due to a progressive in-
crease in current during the measurements after
hyperosmotic treatment. For all experiments,
most of the current-voltage relations exhibited
voltage-activated currents at negative and posi-
tive voltages (four of six experiments), or were
linear. There was no systematic relation between
the shape of the current-voltage curves and treat-
ment (before and after).
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Hypo-Osmotic Treatment

Root hairs growing in APW7 containing 50 mm
sorbitol and 50 mm mannitol were treated to hypo-
osmotic shock by changing the solution to APW7
alone. An experimental example is shown in Figure 7.
Hypo-osmotic shock is known to cause depolariza-
tion of the Em by about 40 mV from an initial poten-
tial of about �190 mV (Lew, 1996) and an increase in
Gv from 153 to 177 nS (Lew, 1996). A similar depo-
larization was observed in the present work. The
initial potential of �160 � 20 mV (n � 9) depolarized
27 � 19 mV to �132 � 35 mV. In the growing root
hairs adapted to APW7 plus osmoticum, the vacuole
potential was lower than root hairs growing in APW7
(11 mV compared with 22 mV), but not significantly
so (independent t test, P � 0.15). The Ev was essen-
tially unchanged by hypo-osmotic treatment. Before,
it was 11 � 6 mV (n � 9; range of 2–23 mV) relative

to the cytoplasm. After hypo-osmotic treatment, it
was 8 � 9 mV (range of �8 to 21 mV; Fig. 5). In
contrast to the increase in Gv observed for the plasma
membrane (Lew, 1996), the Gv was unchanged: 541 �
219 nS before and 600 � 298 nS (n � 8) after hypo-
osmotic treatment (Table I; Fig. 6; the Gv in five of
eight experiments declined and increased in three of
eight experiments; the change in Gv ranged from a
decline of 58 nS to an increase of 342 nS).

DISCUSSION

The major compartments of a higher plant cell are
the vacuole and the cytoplasm, but the vacuole dom-
inates due to its large volume compared with the
cytoplasm. In the context of osmotic adjustments re-
quired for regulation of root cell turgor (Shabala and
Lew, 2002), the vacuole must play an important role,
based solely upon its volume. Osmotically active ions
are found at similar concentrations in the cytoplas-
mic and vacuolar compartments. In fresh water al-
gae, reported cytoplasmic concentrations (in mm) are
K� (100), Na� (20), and Cl� (45) compared with
vacuolar concentrations of K� (70), Na� (40), and Cl�

(130), whereas in higher plants, cytoplasmic concen-
trations (in mm) are K� (140), Na� (40), and Cl� (45)
and vacuolar concentrations are K� (105), Na� (30),
and C� (100). These values are averages of data
compiled by Luttge and Higinbotham (1979). Using
triple-ion, pH, and potential-measuring electrodes
(Felle, 1994; Miller et al., 2001), it is known that
vacuolar and cytoplasmic [K�] varies in response to
changes in K� supply (Walker et al., 1996), cell type,
and salt stress (Cuin et al., 2003). Because the vacuole
must remain at the same osmotic potential as the
cytoplasm (to avoid turgor-driven volume changes),
osmoregulation must occur between the two com-
partments, which would require changes in ion
concentration.

Unfortunately, due to its location within the cell,
the vacuole is difficult to access in situ for measure-
ments of ion flux and other aspects of transport phys-
iology except when giant cells are used, such as
Characeae algae (e.g. Shimmen and Nishikawa, 1988)

Figure 5. Vacuolar potentials before and after hyperosmotic (top)
and hypo-osmotic (bottom) treatments. Individual experiments (dot-
ted lines) are shown along with averages (circles and solid lines).
Treatments began at 0 s.

Table I. Summary of electrical changes at the plasma membrane (Em) and the vacuolar membrane
(Ev and Gv)

Treatment Em Ev Gv

mV ns

Hyperosmotic treatment
APW7 �170 � 18 (n � 8) 22 � 22 (n � 8) 637 � 144 (n � 6)
APW7 plus osmoticum �203 � 26 24 � 20 1,412 � 1,046

Change �33.5 � 15.5 1.6 � 8.6 776 � 919
(range) (�56–�4) (�12–14) (17–2,223)

Hypoosmotic treatment
APW7 plus osmoticum �160 � 20 (n � 9) 11 � 6 (n � 9) 541 � 219 (n � 8)
APW7 �132 � 35 8 � 9 600 � 298

Change �27 � 19 �2.4 � 8.5 59 � 149
(range) (4–55) (�19–7) (�58–542)
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and the marine alga Valonia utriculatus (Heidecker et
al., 2003). This means that the vast majority of re-
search has used isolated vacuoles removed from their
in situ environment. Considerable attention has been
paid to the role of vacuolar ion transport in guard
cells. Stomatal opening and closing is a turgor-active
process that involves coordination of vacuolar and
plasma membrane ion transport (Schulz-Lessdorf et
al., 1994). Vacuolar ion channels have been charac-

terized on the basis of time dependence of voltage
activation (slow-activating and fast-activating nonse-
lective cation channels; Barkla and Pantoja, 1996) and
ion selectivity (Ca2�-selective channels [White, 2000]
and Cl� channels [Pei et al., 1996]). Modulators of
vacuolar ion channels include not only calcium
(Hedrich and Neher, 1987; Reifarth et al., 1994; Ward
and Schroeder, 1994), but also calmodulin (Bethke
and Jones, 1994), calcineurin (Allen and Sanders,
1995), inositol 1,4,5-trisphosphate (Alexandre and
Lassalles, 1990), Ca2�-dependent protein kinase-
activated Cl� channel (Pei et al., 1996), Mg2� (Pei et
al., 1999; Carpaneto et al., 2001), K� (Pottosin and
Martinez-Estevez, 2003), 14-3-3 proteins (van den
Wijngaard et al., 2001), polyamines (Dobrovinskaya et
al., 1999; Bruggemann et al., 1998), reductive agents
(Carpaneto et al., 1999), pH (Berecki et al., 2001), and
acetylcholine (Gong and Bisson, 2002). Most notable in
the context of osmotic effects is a report of a nonspe-
cific (relative permeability ratio [PK/PCl] of approxi-
mately 3) ion channel activated by hydrostatic pres-
sure or an osmotic gradient (Alexandre and Lassalles,
1991). In all cases, the effect of the modulators was
examined using isolated vacuoles. However, how
does the vacuole respond in situ? The experiments
reported here are an initial characterization of in situ
Gv changes in response to osmotic stress.

Considerable information is available on plasma
membrane ion transport in root hairs (Lew, 1991;
Bouteau et al., 1999; Ivashikina et al., 2001). To isolate
the vacuolar electrical properties from those of the
plasma membrane required the use of a virtual
ground in the cytoplasm, which keeps the cytoplasmic
potential constant relative to the external solution dur-
ing vacuolar voltage clamping. Thus, the Gv can be
measured in electrical isolation from the contribution
of the plasma membrane. Root hairs offer easy phys-
ical access for the required dual impalements.

Lew (1996) reported an average root hair plasma
membrane conductance of about 172 nS. For hair
dimensions of about 8 by 90 �m, and epidermal cell
component dimensions of 12.5 by 87.5 �m, the esti-
mated specific conductance is about 2.9 � 10�3 S
cm�2 (a specific resistance of 0.4 k� cm2). The esti-
mated conductance is expected to be higher than the
real value because of the cable properties of the root
hair (Meharg et al., 1994) and current leakage into
adjacent cells (Lew, 1994, 1996). Cable properties and
plasmodesmatal connections do not affect measure-
ments of the Gv, 589 nS, yielding a specific conduc-
tance of 1.6 � 10�2 S cm�2 (a specific resistance of
0.062 k� cm2). There is limited data available for Gv
in higher plants. Holdaway-Clarke et al. (1996) re-
ported an estimate of 1.45 � 10�4 S cm�2 in corn (Zea
mays) suspension cells, almost equal to the plasma
membrane conductance of 1.54 � 10�4 S cm�2. In
coenocytic algae (Characeae), Tester et al. (1987) com-
piled reported Gv from numerous sources. The ma-
jority of the reported values are in the range of 1 to

Figure 6. Gv changes. Final Gv is plotted versus initial Gv. Linear
regression (y � bx) was performed to evaluate changes caused by
hyperosmotic (top) or hypo-osmotic (bottom) treatments. The dotted
diagonals show the expected relation if no change in Gv occurred (a
slope of 1). For hyperosmotic treatment, Gv increased in all experi-
ments. The increase was 2.36 � 0.51 (slope � SE; P � 0.006). Even
if the two largest Gv increases are removed from the dataset, the Gv

increase (1.32 � 0.10) is still highly significant (r2 � 0.982, P �
0.001). For hypo-osmotic treatment, most data clustered about the
diagonal, below or above, the slope was 1.12 � 0.09 (P � 10�3).
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2 � 10�2 S cm�2, very similar to the Arabidopsis Gv
reported here. The Gv is significantly higher that the
plasma membrane conductance, indicative of large
ion fluxes between the vacuole and the cytoplasm.

The voltage dependence of the current-voltage re-
lations varied: Most current-voltage curves exhibited
voltage-activated currents at negative and positive
voltage, some were linear, and a few exhibited
voltage-activated currents only at negative voltages.
The differences were not related systematically to
pretreatment or treatment conditions, and may re-
flect variable contributions of vacuolar ion channels
(Barkla and Pantoja, 1996) to the overall conductance.
It is possible that the properties of these (and other)
ion channels, studied in vitro, are different under the
completely physiological conditions used in the
present experiments.

The relative contribution of the major osmotically
active ions, K� and Cl�, to the Gv can be estimated.
Assuming K� and Cl� are the major contributors to

the Gv, the Ev will depend upon the relative vacuolar
and cytoplasmic concentrations and the relative con-
tribution of K� and Cl� to membrane permeability,
PCl/PK:

Ev � 58 � log	
K��cyt � PCl/PK � 
Cl��vac�/	
K��vac

� PCl/PK � 
Cl��cyt�

Using average concentrations from the data com-
piled by Luttge and Higinbotham (1979) and the
measured Ev, the PCl/PK is approximately 5.3, a
value very similar to the ratio of the Characean algal
vacuole in situ (7.1; Shimmen and Nishikawa, 1988).

In the context of hyperosmotic shock, the immedi-
ate response is a shift in net ion fluxes at the plasma
membrane to counteract turgor loss. When using
APW7 with 100 mm mannitol and 100 mm sorbitol to
increase the osmolarity, turgor declines from 0.65 to
0.25 MPa; uptake of K�, Cl�, and Na� accounts for

Figure 7. Vacuolar current-voltage relations:
hypo-osmotic effect. A, An example of potential
measurements from the cytoplasm and vacuole.
Vertical bars on the potential traces show when
voltage clamping was performed to obtain the
current-voltage relation. B, Current-voltage mea-
surements before (circles) and after (squares)
hypo-osmotic treatment. The data are mean � SD

of three measurements, as shown in A. The
current-voltage relations are linear in this exam-
ple (with slight current activation at negative volt-
ages). In other experiments, currents exhibited
voltage activation at positive and negative volt-
age (five of nine experiments), or only at negative
voltages (two of nine experiments). There was no
systematic relation between the shape of the
current-voltage curves and treatment (before and
after).
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turgor recovery over a period of about 30 min (Sha-
bala and Lew, 2002). The hyperpolarization and de-
creased conductance at the plasma membrane are
explained as an increase in the proton electrochemi-
cal gradient to “drive” ion uptake, and a decline in
ion leakage from the root cells, respectively (Shabala
and Lew, 2002). Because the vacuolar volume domi-
nates the cell, even in the cytoplasm-rich root hair,
the large increase in Gv would equilibrate cytoplas-
mic and vacuolar ion concentrations. The increased
Gv occurs at negative and positive voltages (Fig. 4),
and should reflect contributions from all major os-
motically active ion species in the vacuole and cyto-
plasm. This may involve activation of K� and Cl�

channels in the tonoplast, or could be due to pres-
sure/osmogradient activation of nonselective ion
channels. Alexandre and Lassalles (1991) identified a
20-pS channel (PK/PCl of approximately 3) that is
activated by hydrostatic and osmotic pressure gradi-
ents. In whole vacuole voltage clamp in vitro, the
pressure and osmotic gradient induced vacuolar cur-
rents exhibited voltage activation, mostly at positive
voltages (Alexandre and Lassalles, 1991).

The results for hypo-osmotic stress are quite differ-
ent. To minimize turgor increases caused by hypo-
osmotic conditions, ion efflux from the cell would
offer immediate relief, but this is not reflected in the
behavior of the Gv, which remains unchanged.

Neither stress affects the resting potential of the
vacuole. This implies that active electrogenic pro-
cesses remain in equilibrium, and that the vacuole
proton pumps, the V-ATPase and PP-ase (Maeshima,

2001), are not regulated by osmotic stresses in situ.
Alternatively, changes in vacuolar proton pump ac-
tivities may not affect the vacuolar potential due to
counterion movement.

To summarize, in situ measurements of the vacu-
olar current-voltage relations reveal a rapid conduc-
tance increase in response to hyperosmotic stress.
Hypo-osmotic stress has no effect. These responses
are separate and distinct from changes in plasma
membrane electrical properties (this paper and Lew,
1996). The results serve to highlight the real and
immediate role of the vacuole in osmotic stress re-
sponses, well before significant changes in gene ex-
pression can take place.

MATERIALS AND METHODS

Seedling Preparation

Seeds of Arabidopsis (ecotype Columbia wild type) were surface steril-
ized with 0.5% (w/v) NaOCl, and sown on 0.8% (w/v) gellan gum (ICN
Pharmaceuticals, Costa Mesa, CA) in modified APW5 (1 mm concentrations
of KCl, CaCl2, and MgCl2, 2 mm Na2SO4, and 10 mm MES, pH adjusted to
5.0 with NaOH) in tissue culture dishes, and were incubated at room
temperature (20°C–25°C under fluorescent lights [350–400 lux]). The plates
were oriented vertically so that the roots grew down along the surface of the
gellan gum. After 4 to 8 d, APW7 (0.1 mm KC1, 0.1 mm CaCl2, 0.1 mm
MgCl2, 0.5 mm NaCl, and 1.0 mm MOPS, pH adjusted to 7.0 with NaOH) or
APW7 plus osmoticum (50 mm mannitol and 50 mm sorbitol) was added to
the culture dishes and impalements were begun after 1 to 3 h. Root hairs
were accessible for impalement without having to disturb the roots, thus
avoiding wounding responses. The hairs were observed every few minutes
to ensure that they were elongating (Lew, 1991); growth rates were about 1
�m min�l. The root hairs were impaled when they had attained a length of
80 to 100 �m. At this stage, the nuclei had migrated into the hair from the
epidermal component of the root hair.

Micropipette Fabrication

Double-barreled micropipettes were constructed by placing two borosili-
cate (KG-33) capillaries with internal filaments (1 mm OD, 0.58 mm ID;
Friedrich and Dimmock, Millville, NJ) within a nichromium heating fila-
ment, heating, and then twisting them 360°. The capillaries were then pulled
on a vertical pipette puller (model P-30; Sutter, San Rafael, CA). The mi-
cropipettes were filled with 3 m KC1. Diffusion of KC1 into the cell should
not affect the electrical properties of the cell because even ionophoretic
injections of about 200 nC of K� or C1� are without effect on the membrane
potential or current-voltage relations of the cell (data not shown).

Electrophysiology

The micropipette barrels were connected by AgCl electrodes to IE-251
electrometers (input impedance 1011 �; Warner Instruments, Hamden, CT),
and to IE-201 and Duo 773 electrometers (input impedances 1011 �; Warner
Instruments, Hamden, CT, and World Precision Instruments, Sarasota, FL,
respectively). After placement in APW7, the electrodes were tested for
crosstalk by injecting 1 nA of current through one electrode and checking for
significant voltage deflections in the other electrode of each double-barrel
micropipette; crosstalk was zero to minimal (�5%). Grounding was via a
2-mm capillary containing 3 m KC1 (to match the micropipette KC1 con-
centration) in 2% (w/v) agar connected to an AgCl electrode.

Microscopy

An upright microscope (Optiphot; Nikon Canada, Mississauga, Ontario)
was used with a �40 water immersion objective (NA 0.75) under bright-
field conditions. After impalement, the image was often recorded on a CCD

Figure 8. Example of cytoplasmic occlusion of vacuolar impalement.
At the beginning of the experiment, the vacuolar micropipette (long
arrow) appeared to be in the vacuole, but within 3 to 4 min, cyto-
plasm had “crept” around the tip (right), indicating that the tip
location was cytoplasmic. This was confirmed by voltage clamp
measurements, which indicated that the two double-barrel micropi-
pettes were located in the same cellular compartment, the cytoplasm
(data not shown). Note that the nucleus (short arrow) has migrated
into the hair at this stage in root hair development. For scale, the root
hair is about 8 �m in diameter.
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video camera (model KP-M1; Hitachi Denshi, Tokyo) and printed on a video
printer (Mitsubishi Electronics America, Somerset, NJ).

Voltage Clamping

Current-voltage measurements using a voltage clamp (Smith et al., 1980)
have been described previously (Lew, 1991). Voltage clamping for current-
voltage measurements was computer driven through a data acquisition
board (Scientific Solutions, Mentor, OH) and operational amplifier config-
ured for voltage clamping. Because the vacuolar current-voltage properties
were being measured, it was necessary to configure the other double-barrel
micropipette as a virtual ground (Fig. 3B). With the tip located in the
cytoplasm, this held the cytoplasmic voltage constant at the resting potential
while current-voltage measurements of the vacuole were being performed.
In control experiments, long-term (4–8 min) voltage clamp of the cytoplasm
at the resting potential did not affect the root hair (data not shown).

A bipolar staircase (alternating positive and negative clamps) of 100 ms
voltage clamps followed by a voltage clamp at the resting potential mini-
mized any possible hysteresis effects. Data sampling (voltage and current)
was performed during the last 10 ms of the voltage clamp.

Vacuolar ion channels measured in vitro are characterized as fast or slow
(Barkla and Pantoja, 1996) with low cation selectivity. Reported time de-
pendence of the slow vacuolar channel is in the range of 300 to 500 ms for
half-maximal activation, and 1 to 2 s for complete activation (Allen and
Sanders, 1995; Ward et al., 1995). Assuming the time dependence is the same
in situ, the current-voltage measurements are selecting for fast vacuolar ion
channels.

To determine the Gv, linear regression was used. This effectively aver-
ages any changes, voltage-activated or inactivated currents, in the current-
voltage relations. These were observed in some but not all experiments, as
noted in “Results.”

Cytoplasmic and Vacuolar Impalements

One double-barrel micropipette was impaled into the cytoplasmic, typi-
cally within 20 �m of the root hair tip, where the root hair is cytoplasm rich,
with no central vacuole. The other double-barrel micropipette was impaled
into the vacuole at the region where the root hair emerges from the epider-
mal part of the root hair cell (Fig. 1). The location of the cytoplasm impale-
ment in the cytoplasm was confirmed using fluorescent dye injections, as
were vacuolar impalements (Lew, 2000). However, the vacuolar impalement
was more difficult to execute successfully. Confirmation of the vacuolar
location of the double-barrel micropipette after impalement relied upon the
fidelity of the voltage clamping. If both double-barrel micropipettes were
located in the cytoplasm, the virtual ground circuit effectively cancelled any
attempt to voltage clamp. This was common, even when the double-barrel
micropipette was visually impaled into the vacuole. The likely interpreta-
tion is that the vacuole membrane was wrapped around the double-barrel
micropipette tip, effectively excluding it from the vacuole compartment. In
some cases, active exclusion was observed as cytoplasm crept up the mi-
cropipette tip, eventually surrounding it (Fig. 8).

Statistical Analysis

All data are shown as mean � sd (sample size) unless otherwise noted.
Statistical analyses were performed in Systat (Systat, Evanston, IL).
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