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Abstract. Xenopusocytes were injected with total RNA  Introduction
from chicory leaf tissues and then examined by the volt-
age-clamp technique. Many physiological plant signal transduction processes
A double-step voltage protocol was used, with aninvolve calcium ions as a key element. Variations in
initial hyperpolarization step from the holding potential cytosolic free calcium concentrations in response to a
of —35 to —140 mV followed by a second depolarization variety of external stimuli have been observed in several
step to +60 mV. Two different outward currents were cell types (for reviewssee Bush, 1995; Webb et al.,
observed, one noninactivating,§, and one inactivating 1996). Numerous studies have reported that calcium
(I;). Only the noninactivating outward curremt;{ could  may be involved in higher plant somatic embryogenesis
be induced by depolarization from -35 to +60 mV. The (Timmers, De Vries & Schel, 1989; Jansen et al., 1990;
mean amplitude of,; was 2915 + 848 nAr{ = 11). Overvoorde & Grimes, 1994). In vitro somatic embryo-
This current, carried by chloride ions, declined nearly togenesis has been defined as a process producing an en
the baseline in 153 + 64 sea (= 13), and was highly bryo from a somatic cell. Somatic embryogenesis pro-
dependent on intracellular calcium. After the rundownvides a valuable system for studying early embryo de-
of I ,;, the same oocyte was depolarized from —140 to +60s/elopment events in plants. In carrots, an increase in
mV. This protocol induced an inactivating outward cur- cytosolic calcium concentration has been described dur-
rent (;) with a mean amplitude of 4461 + 1605 nA & ing somatic embryo development from the late globular
13). I; was also carried by chloride ions and dependento the torpedo-shaped stage (Timmers et al., 1996). In
on extracellular calciuml; was strongly inhibited by the chicory hybrid “474”, embryogenic cells were char-
100 um extracellular L™, acterized, in leaf tissues after five days of culture, by
These two types of chloride currents were also ob-accumulation of calcium in the vacuole (Verdus et al.,
served after IR injection in control oocytesl,; and |, 1993) and by a callose deposit in the cell wall (Guedira,
were not observed in noninjected oocytes or waterDubois & Vasseur, 1990). This callose deposit may be
injected oocytes. triggered by calcium as shown @atharenthus roseus
We suggest that the expression of total chicory leaf(Kauss, Waldmann & Quader, 1990).
tissue RNA inXenopusoocytes reveals a calcium ho- No electrophysiological data about calcium homeo-
meostasis mechanism responsible for calcium mobilizastasis inCichorium have been published so far. How-
tion from internal stores and subsequent calcium entry.ever some calcium transport systems have been de-
scribed in other plant cell types. Two major pathways
for calcium increase in the cytosol have been shown, i.e.,
Key words: Plant —Cichorium— Xenopusocytes —  entry from the extracellular compartment (apoplast)
Calcium — Chloride conductances — Voltage-clamp  through the plasma membrane and/or release from inter-
nal stores, mainly through the tonoplast (vacuolar mem-
brane). Studies have provided evidence for the existence
I of mechanosensitive calcium channels (Cosgrove &
Correspondence tdvl. Debarbieux Hedrich, 1991) and voltage-gated calcium channels in
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the plasma membrane (White, 1993, 1994; Thuleau etin, 4°C) and, finally, suspended in sterile water. All solutions, except
al., 1994,b; Piferos & Tester, 1995, 1997). Several dif- the final sterile water, were treated with DMPC (dimethyl pyrocarbon-
ferent calcium transport systems have been described € Vv 1:100)-
the tonoplast: a ligand-gated calcium channel, activated
by IP; (Inositol 1,4,5-trisphosphate) (Schumaker & Sze, OOCYTE PREPARATION
1987; Ranjeva, Carrasco & Boudet, 1988; Alexander ebvaries were dissected from tricaine methane sulphonate-anaesthetize
al., 1990; Brosnan & Sanders, 1990; Johannes, Brosnaamalexenopus laevi€CRBM Montpellier, France). Ovarian follicles
& Sanders, 1992; Canut et al., 1993; Allen, Muir & were removed and oocytes were isolated in normal Ringer (ND96),
Sanders, 1995; Muir et al., 1997), an;dgensitive ca without calcium, containing 2 mg/ml collagenase A (Boehringer,
store other than the vacuole has been reported (Muir &rance). Stage V and VI oocytes (Dumont classification, 1972) were
Sanders, 1997), a voltage-gated calcium channel (Jos_e_lected for electrophysmloglcal measurements. _OocyFes were injected
hannes, Brosnan & Sanders, 1992; Ping, Yabe & MUtOWIth-G-O nl of a 5 mg/misolution of total RNA frontlchorlumleavgs:

P ! ’ ’ Noninjected oocytes were used as negative control; oocytes injected
1992; Gelli & Blumwald, 1993; Allen & Sanders, 1994; with sterile water had a behavior similar to that of noninjected oocytes
Ward & Schroeder, 1994; Ward, Pei & Schroeder, 1995)as previously described by Fournier et al., 1989; Tomaselii et al.,
and a cyclic-ADP-Ribose (cADPR)-gated pathway 1990; Schroeder et al., 1994; Tosco et al., 1998). Oocytes could be
(Allen et al., 1995; Muir et al., 1997). maintained for 2—6 days at 19°C in a ND96 medium containing (in

Xenopuocytes have provided a powerful heterolo- ™): NaCl, 96; KCI, 2; CaC}, 1.8; MgCl, 2, HEPES, 5; pH 7.45 with

gous expression system for animal as well as plant get@CH: and supplemented with 5@/mi gentamicin.
netic material. Several studies have already been pub-
lished showing the expression Xenopusoocytes of ~ELECTROPHYSIOLOGICAL MEASUREMENTS
plant transport proteins, 'nC|Ud'ng a KATpotassium Electrophysiological measurements were performed from day three to
channel (Schachtman et al., 1992; Cao et al., 1992), 8ay five after injection, using the standard two-microelectrode voltage-
chloride channel (Lurin et al., 1996), a nitrate transporterclamp technique with the TEV-200 amplifier (Dagan Instruments, Min-

(Tsay et al.,, 1993), and an ‘Hhexose cotransporter neapolis, MN). Oocytes were placed in a recording chamber (30
(Boorer et al., 1992)_ and impaled with 31 KCl-filled electrodes (0.5-1.m() resistance).

: ; Il experiments, oocytes were depolarized every 40 sec from -35 or
In the present study, we suggest for the first time that" @ ‘ . from -
P y 99 -140 mV to different test potentials for 1 sec or 1.2 sec. Stimulation of

the expression of total RNA from ch|cory leaf tl_ssues Inthe preparation, data acquisition and analysis were performed using
Xenopusoocytes reveals a calcium homeostasis mEChaﬁCLAMP software (ver. 5.5, Axon Instruments, Burlingame, CA).
nism responsible for calcium mobilization from internal
stores and subsequent calcium entry from the external, . oys
medium.
Solutions were applied externally by addition to superfusate (gravity-
driven superfusion).
Materials and Methods We used: (i) a chloride-free medium (inMj1 NaOH, 96; KOH,
2; MgOH,, 2; CaOH, 1.8; HEPES, 5; pH 7.45 titrated with methane
sulfonate; (ii) a calcium-free medium (in nm: NaCl, 96; KClI, 2;
PLANT MATERIAL AND CULTURE CONDITIONS MgCl,, 2; HEPES, 5; EGTA, 1; pH 7.45 with NaOH.

The chicory hybrid clone “474” Cichorium intybusL. x Cichorium
endivialL.) was propagated in vitro from styles by somatic embryo-
genesis as previously described by Dubois et al., 1988. Plantlets wergocytes were impaled with a third additional micropipette (Nichiryo
grown on Heller medlum containing Z!.SI\JTSUCI’OSE, in a growth cham- Digital Micropipette). We injected 40 nl of a 25mmsolution of K,.
ber with a 12 hr light/12 hr dark regime. The temperature was 22°C/gaApTA or 1 mv IP,, dissolved in HEPES KOH (pH 7.2), to give,

°C wi i i -2 <1 ! ) C o
24°C with a cool-white fluorescent light (30v - m™ - sec”). Leaves regpectively, a final calculated concentration in the oocyte ofvlan
were delicately cut off four to six week-old plantlets and put into liquid 5q M.

nitrogen for RNA extraction.

INTERNAL PERFUSION

ANALYSIS

EXTRACTION AND PURIFICATION OF TOTAL RNA o
Results were expressed as mearset n indicating the number of

The total RNA extraction method was derived from Chirgwin et al., oocytes tested anll the number of frog donors.

1979. Leaves stored in liquid nitrogen at =70°C were ground to a

powder using a mortar and pestle, then solubilized in GIT buffer Rasults
(isothiocyanate guanidium M; 3-mercapto-ethanol 0.&; sodium ac-
etate 25 mu, pH 6). After centrifugation (15,000 ¢, 10 min, 4°C), the .
supernatant was settled in a cesium chloride solution §.7vith MEMBRANE CURRENTS IN XENOPUsOoOcCytes Injected
potassium acetate (25m), pH 6. After ultracentrifugation (125,000 x ~ With Total RNA from CichoriumLeaves

g, 21 hr, 20°C), the RNA pellet was solubilized in a sodium acetate .

solution (0.3u) and precipitated by adding ethanol (v/v 0.3:0.7) for 18 The double-step voltage protocol designed to reveal
hr at —20°C. The pellet was drained after centrifugation (10,0805«  membrane currents in oocytes consisted of an initial hy-
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perpolarization step from the holding potential of —35 oocytes. This protocol was used to isolate the noninac-
mV (resting potential of oocytes 3 days after incubationtivating outward current as the inactivating outward cur-
in ND96 medium) to -140 mV, followed by a second rent was never observed under these conditions. This
depolarization step to +60 mV. This protocol was re-protocol did not induce any current in noninjected oo-
peated every 40 sec. In noninjected oocytes, this doublezytes = 32,N = 9; Fig. 2A). When the same protocol
step voltage protocol induced only a small outward cur-was used on oocytes injected with total RNA, a nonin-
rent at +60 mV (Fig. &). In Xenopusoocytes injected activating outward current,() was observed, with rapid
with total RNA from Cichoriumleaves, a large outward biexponential activation kineticsr{ = 68.74 + 15.49
current was observed under the double-step voltage Pransec;t, = 467.20 + 65.29 mseq) = 12,N = 2; Fig.
tocol. The membrane currents elicited by depolarizatiorpB). The mean amplitude df; at +60 mV was 2915 +
steps from a holding potential of ~140 to +60 mV ex- 848 nA (1 = 11,N = 2). This current declined nearly
hibited complex behavior. During the initial stimulation, to the baseline in 153 + 64 sen & 13, N = 2: Fig.

a noninactivating outward current was observed (Fig2B-C).

1B). After 40 sec, the current amplitude was increased  We investigated the ionic nature lpf. As indicated
without any change in the kinetics (FigC)L Eighty sec- in Fig. 3A, substitution of external chloride ions com-
onds later (Fig. D), the current kinetics changed gradu- pletely abolished,, (n = 5, N = 2). As Xenopusoo-

ally to an inactivating behavior (FigELF, 120 and 160  cytes contain a large density of endogenous calcium-
sec after the first stimulation, respectively). As demon-activated chloride channels (Barish, 1983; Miledi &
strated later, this outward current displayed (i) a nonin-Parker, 1984; Hartzell, 1996), calcium dependenck,of

activating componentl () with a decay in amplitude was then explored. The removal of external calcium had
over time, known as “rundown”, and (ii) an inactivating no effect onl,, (n = 12, N = 3; Fig. 38). The mean

component k(). amplitude and run-down kinetics of; recorded in Nor-
mal Ringer or Ca-free external solution were similar

CHARACTERIZATION OF THE NONINACTIVATING (2915 £ 848 nA, 153 + 64 seq1 = 11,N = 2 for |,

OUTWARD CURRENT recorded in Normal Ringer and 3772 + 1507 nA, 106 +

18.8 sec;n = 12, N = 3 for I, recorded in Ca-free
To study the noninactivating outward current, depolar-external solution). Perfusion of Ca-free external solution
ization steps from —35 to +60 mV were applied to thefor 10 min had no effect on control oocytes depolarized
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Fig. 2. Electrophysiological properties of the noninactivating compo- Fig. 3. Pharmacology of the noninactivating outward curréptwas
nent of the outward currentAf Noninjected andE and C) injected induced by depolarization from —35 to +60 mV for 1.2 sek). Effect
oocytes were depolarized from —35 to +60 mV for 1.2 sec (the timeof the substitution of chloride ions by methane sulfonate, grirraces
between each pulse was 40 sed) Current trace recorded in a non- before (Normal Ringer) and after (0 Cl) perfusion of O CI solutior=
injected oocyterf = 32, N = 9). (B) Typical traces showing the 5, N = 2). (B) Effect of a Ca-free solution oh,.. Note that the time
amplitude decrease df; (n = 11, N = 2). (C) Time course of the  course of the decrease Rf in Normal Ringer and in Ca-free solution
decrease of,,. was similar 6 = 12,N = 3). (C) Intracellular injection of 40 nl of 25
mM K,. BAPTA completely abolished,.

from —35 to +60 mV. To assess the role of intracellular ) ) o

calcium in I,; development, we injected & BAPTA mV md_uced a Ia_rge noninactivating outward component
into the oocytes. We then compared the expressidg of diSPlaying a rapid run-down (Fig.B). After total dis-

in BAPTA-injected oocytesr( = 19, N = 4) and in  &Ppearance df,, the same oocyte was depol_anzgd frpm
oocytes from the same batches not injected with BAPTA~140 to +60 mV. This protocol induced an inactivating
(n = 28,N = 4). BAPTA injection reduced the number outward current I{) which displayed monoexponential

of oocytes expressint, by 76% (Fig. ). fast activ_ationf = _47._61 * 13._59 mseq = 17,N =
Thus, we suggest thay, is a chloride current highly 3) and biexponential inactivatiorr,( = 218.95 + 33.6
dependent on intracellular calcium concentration. msec;t, = 398.14 + 16.47 mseq) = 6,N = 2; Fig.
4B). The mean amplitude df was 4461 + 1605 nA at
CHARACTERIZATION OF THE INACTIVATING +60 mV (0 = 13,N = 2). These currents were never
OUTWARD CURRENT observed in noninjected oocytes (Figh)4 Figure 4C

illustrates a typical current-voltage relationship showing
As already shown, in oocytes injected with total RNA, an activation threshold around -25 mV (-22.33 + 7.06
depolarization from a holding potential of -35 up to +60 mV; n = 8, N = 2).
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To identify the reversal potential and therefore the Sealfon & Minke, 1996; Yao & Tsien, 1997). Addition
ionic nature of the inactivating outward current, we stud-of 100 um La®*" completely abolishet] (n = 12,N = 3;
ied tail currents following repolarization to different Fig. 6A). Moreover, the amplitude df increased when
holding potentials. As shown in FigD4 the tail current  the driving force for calcium entry was higher (Fid3)6
following a test pulse to +60 mV was clearly inward at In this protocol, oocytes were first hyperpolarized to dif-
-25 mV and outward at +5 mV. From the current- ferent potentials (between -35 and -135 mV) and then
voltage relationship of the tail currents, the reversal po-depolarized to +60 mV, which completely activated
tential of the outward current was estimated to be —13.54.ike the capacitative calcium entry Menopusoocytes
+8.17mV (0 = 11,N = 3). The reversal potential was previously demonstrated by Hartzell (1996), the inacti-
close to the chloride equilibrium potential in our ionic vating outward current was only activated at negative
conditions, suggesting thgtwas predominantly carried potentials greater than -50 mV. The current-voltage re-
by chloride ions. Moreover, the substitution of externallationship recorded in injected oocytes shows that the
chloride ions led to a total disappearance of the inactiinactivating outward current was activated only when the

vating outward currentn( = 7, N = 2; Fig. BA). membrane was hyperpolarized to negative potentials
In contrast td ,;, which was activated by intracellu- greater than =50 mvVin(= 7, N = 3; Fig. B).
lar calcium,|; was dependent on extracellular calcium. Recently, two endogenous chloride currents were

I; was completely abolished by perfusing total RNA- reported following IR injection in Xenopusoocytes
injected oocytes with a Ca-free solutiaom€£ 13,N = 2;  (Hartzell, 1996; Centinaio, Bossi & Peres, 1997). Cur-
Fig. 5B). Extracellular perfusion of Ca-free solution for rents recorded in oocytes injected with; li&hd oocytes,
10 mn had no effect on control oocytes depolarized fromfrom the same batches, injected with total RNA from
-140 to +60 mV. Cichorium leaf tissues, shared the same characteristics
These results are consistent with the hypothesis thatFig. 7). Figure A andB illustrate currents recorded in
calcium influx is required fot; activation. Our interpre- oocytes following IR injection () = 27,N = 6). Dur-
tation is that depletion of calcium stores activaigs  ing the early phase following WPinjection (Fig. &),
which, in turn, stimulates the capacitative calcium entrydepolarization steps from —-35 to +60 mV induced an
responsible fot; activation. To test this hypothesis, we outward currentlsrorg With the same characteristics as
used capacitative calcium entry blockers. The inorganid,,; (Fig. 7C). The mean amplitude dforeWas 6730 *
calcium channel blocker 1?4 was the most potent ca- 1968 nA fi = 17,N = 3), declining nearly to the base-
pacitative current blocker irXenopusoocytes (Gillo, line in 113 + 48 secr{ = 17, N = 3). Induction of
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Fig. 5. Dependence of the inactivating outward current on the extra-
cellular chloride and calcium ions. The oocyte was depolarized fromFig. 6. Effect of extracellular L& on the inactivating outward current
~140 to +60 mV for 1 secA) Current traces recorded before (Normal and activation curve df. (A) Current traces recorded in Normal Ringer
Ringer) and after (0 Cl) the perfusion of 0 Cl solution£ 7, N = 2). and when 10Qum La®* was added to the bath & 12,N = 3). (B) The
(B) Currents recorded in Normal Ringer and when the oocyte wagi activation curve was determined by hyperpolarizing the membrane
shifted into a Ca-free solution (0 Ca) & 13,N = 2). from a holding potential of —35 mV to different prepotentials between
—-35 and -135 mV for 1 sec and then depolarizing to a test potential of
+60 mV for 1 sec. The current for each oocyte was normaliree (
7,N = 3).
| storeWas independent of extracellular calcium and was
abolished by intracellular K BAPTA injection f = 5, _ .
N = 2; data not showp This current (srorg) is @ cal-  DISCUsSion
cium-activated chloride current induced by calcium re- i . . .
lease from internal stores. After the development ofFor the .f|rst t'me’ we have charactenzed a mephamsm
lsroms @ Second current was recorded on the same o _espons_lble for mtr_acellular ca}Ic_|um_ regulation in _cells
cyte under a depolarization from —140 to +60 mvV+ from chicory leaf tissues, by injecting _tota_l RNA into
15,N = 3: Fig. 7B). This current (o) had the same Xenopusoocytes. We reported that mpctlon of total
characteristics a (Fig. 7D). The mean amplitude of RNA. led to two _dn‘ferent outward calcium-activated
loce Was 5610 + 2100.8 nAn( = 15,N = 3), it was chloride currents irKenopusoocytes.
highly dependent on extracellular calcium and was

blocked by extracellular application of 1QM La®* (n [, IS A CaACTIVATED CHLORIDE CURRENT INDUCED BY

= 4,N = 2; data not showp Like I;, this current was CALCIUM-RELEASE FROM INTRACELLULAR STORES
significantly activated only at negative potentials greater

than =50 mV (G = 6, N = 3; data not showp This = We propose that,; is a chloride current activated by
current (ccp) Was the consequence of an extracellularcalcium released from intracellular stores for the follow-
calcium influx through store-operated channels after caling reasons: (i), is highly dependent on extracellular
cium-release from internal stores. chloride ions (Fig. ). (ii) I,; is independent of extra-
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Fig. 7. Comparison of currents recorded on oocytes injected withal®l oocytes injected with total RNA from chicory leaf tissuésa(d B)
Current traces obtained in oocytes following, IRjection. € andD) Current traces obtained in oocytes injected with total RNA from chicory leaf
tissues. A) Typical traces recorded after 40 nl injection of 1P solution in a Ca-free extracellular solutiom € 27,N = 6). (B) Typical traces
recorded at 0, +20 and +60 after a prepulse at =140 mV from a holding potential of =35 mV in Normal Rirgei5, N = 3). (C) Typical traces

of I,,; in a Ca-free extracellular solutiom (= 12,N = 3). (D) Typical traces of; in Normal Ringer f = 13,N = 2).

cellular calcium. The current is activated by depolariza-1B—F). Thus,|; may be the consequence of CCE. (iv)
tion even when calcium is removed from the externalis activated at negative potentials greater than -50 mV, at
medium (Fig. B). (iii) |, requires intracellular calcium which capacitative calcium entry was significantly acti-
for activation, as it was abolished by intracellular injec- vated inXenopusoocytes (Hartzell, 1996). (v) The in-
tion of K;. BAPTA (Fig. ). (iv) Thel,; amplitude at  organic calcium channel blocker ¥a the most potent
+60 mV declines to the baseline in 153 + 64 sec (FB. 2 capacitative calcium entry blocker denopusoocytes
and C). These kinetics may reflect the time course of (Gillo et al., 1996; Yao & Tsien, 1997), completely abol-
calcium store depletion. ishedl, (Fig. GA).
These results are supported by studies of two differ-

ent chloride currents irXenopusoocytes activated by
l, 15 A CaACTIVATED CHLORIDE CURRENT INDUCED BY calcium release from internal stores and capacitative cal-
CAPACITATIVE CALCIUM INFLUX cium influx induced after injection of IRHartzell, 1996;

Centinaio et al., 1997). The characteristics of currents
We propose that; is a chloride current stimulated by recorded in oocytes injected with total RNA extracted
capacitative calcium influx for several reasons:I(i)s  from Cichoriumleaf tissues are similar to those observed
highly dependent on extracellular chloride ions (Fig).5 after IP; injection (Fig. 7).
(ii) Contrary tol;, 1; is highly dependent on extracellular In summary, we suggest that injection of total RNA
calcium (Fig. B). (iii) As demonstrated by Putney from Cichoriumleaves induces the activation of two out-
(1990), calcium-release from internal storesXienopus ward chloride currents which are the consequence of (i)
oocytes triggers extracellular calcium influx. In these calcium-release from internal stores and (ii) capacitative
studies, we have shown thiatis activated aftef,; (Fig.  calcium entry.
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CaLclUM RELEASE IN HIGHER PLANTS We would like to thank B. RANDOUX (PhD student) for improve-
ments in the total RNA extraction protocol.
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