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Abstract. One of the main effects of abscisic acid (ABA) Key words: Outward K current — Abscisic acid —

is to induce net loss of potassium salts from guard celldnternal K" concentration — Voltage-dependence —
enabling the stomata to close.” Ks released from the Time-dependence — Guard cell protoplast\ieia faba
vacuole into the cytosol and then to the extracellular

space. The effects of increasing cytosolitd the volt- )

age- and time-dependence of the outwardly rectifyingintroduction

K*-current (x .0 in guard cell protoplasts (GCP) was

examined in the whole-cell configuration of the patch- The plant hormone abscisic acid (ABA), produced dur-
clamp technique. The same quantitative analysis wa#g conditions of water stress, plays an important role in
performed in the presence of ABA at different internal regulating stomatal movement. ABA inhibits stomatal
K* concentrations ([K];). Varying [K*]; in the patch opening and promotes stomatal closing, thereby reducing
pipette from 100 to 270 m increased the magnitude of transpirational water loss. The mechanisms by which
I ouein @ Nonlinear manner and caused a negative shift if\BA promotes stomatal closing have been extensively
the midpoint {/, o) of its steady-state activation curve. studied during the last decade (for reviesseMacRob-
External addition of ABA (10—2@um) also increased the bie, 1991; Blatt, 1991; Blatt & Thiel, 1993; Assmann,
magnitude ofl ., at all [K'];, but caused a shift iNg s~ 1993; Ward, Pei & Schroeder, 1995). It is believed that
of the steady-state activation curve only in those GCRhis effect is achieved through a net loss from the guard
loaded with 150 m internal K* or less. Indeedy, sdid  cells of osmotically active solutes, mainly in the form of
not shift upon addition of ABA when the [{, was potassium salts.

above 150 m and up to 270 m, i.e., the shift inV, 5 On the question of the origin of this'Kearlier tracer
caused by ABA depended on the*[K Both increase in  flux studies, measuring rate of loss YRO" from iso-
[K*]; and external addition of ABA, decreased (by lated guard cells ofCommelina communid.., have
20%) the activation time constant.f of I .. The shown that the amount of tracer lost during the ABA
small decrease im,, in both cases, was found to be transient is greater than the cytoplasmic content at the
independent of the membrane voltage. The results inditime of the change (MacRobbie, 1981). Further flux
cate that ABA mimics the effect of increasing cytoplas- Wwork (MacRobbie, 1990), has also shown a biphasic
mic K*, and suggest that ABA may increakg,, and transient response 8fRb" efflux from intact guard cells
alter V, 5 of its steady-state activation curve via an en-after short periods of applications of ABA. The second
hancement in cytosolic K This report describes for the (or slow) component of this biphasic response was at-
first time the effects of [K], on the voltage- and time- tributed to the release 8fRb" from the vacuole into the
dependence of o in guard cells. It also provides an cytoplasm, following activation of vacuolarkchannels.
explanation for the quantitative (total membrane current)l he evidence for such speculation was the absence of the
and qualitative (current kinetics) differences found be-slow component of the efflux transient in tissue loaded

tween intact guard cells and their pr0t0p|a5ts_ for only a short period of time, with little or no tracer in
the vacuole. In a recent report, Ward and Schroeder

(1994) showed evidence for the existence in the tono-
I plast of voltage-independent *Kselective channels
Correspondence taF. Lemtiri-Chlieh (VK). These VK channels have a conductance of 70 pS
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in symmetrical 100 m KCI and are highly selective for sense external Kand modify their voltage- and time-
K* over NH,* and RB. They are activated by physi- dependent properties accordingly (Blatt, 1988, 1990;
ological concentrations of free cytoplasmic®C4l um)  Schroeder, 1988; Vogelzang & Prins, 1994; White &
and are downregulated by cytoplasmic alkalinization.Lemtiri-Chlieh, 1995; Roberts & Tester, 1995). How-
An additional mechanism by which*Kons are flooded ever, this behavior is not novel to ion channels in the
into the cytoplasm is via vacuolar anion channels (knowrplant kingdom, the anomalous inward potassium rectifier
as slow vacuolar or S-type channels) which are less se-* l1") Which exists in most animal cells, exhibits such
lective for K than the VK channels but have been pro- peculiar and fine molecular regulation (Hagiwara &
posed to contribute to long term*Krelease (Ward & Yoshii, 1979; Sakmann & Trube, 1984). One of the
Schroeder, 1994; Ward et al., 1995). During stomatamain roles of ¢, in animal cells is to maintain the resting
closure, K flooding from the vacuole, will cross the Potential near the equilibrium potential for'KEy). In
plasma membrane towards the extracellular spacétact guard cells as well as their protoplasts, increasing
through outwardly rectifying voltage-dependent K €xternal K concentration ([K],) shifts the steady-state
channels (Schroeder, Hedrich & Fernandez, 1984¢urrent- and conductance-voltage characteristés V)
Schroeder, Raschke & Neher, 1987; Schroeder, 1988¥ith Ex to more positive voltages. This implies that
Blatt, 1987, 1990; Fairley-Grenot & Assmann, 1692 OPening of the outward Kehannel will depend, not only
Thiel, MacRobbie & Blatt, 1992: Lemtiri-Chlieh & Mac- " the membrane voltage and the electrochemical driv-

Robbie, 1994). The outward*Keurrent (i o) is insen- ing force for K*, but also on the extra information of'K
: : ou L .
sitive to changes in free cytoplasmic Caoncentration  2vailability outside of the cellseeBlatt, 1991). None-
([Ca*],) (Schroeder & Hagiwara, 1989; Blatt, Thiel & theless, is should be noted that contradictory results were
I 1 L] ’

Trentham, 1990), and its increase following ABA treat- found in mesophyll ce_II pro_t_qplasts isol_ated from trap-
ment still occurs even in the presence ofCehelators [?r?eZOf\?'oTat?a mhl..ISCI%UMHJI.mtah& Hagl:/lvara, 19ﬁ7)'
such as EGTA and BAPTA (Lemtiri-Chlieh & MacRob- to %eKi-nsreenii![ci)vneS tlg (c):h};%aéns issticeB\; V\(’:?;f’raz\{vn
bie, 1994). ABA increases cytoplasmic pH (Irving, Ge- ' '

. ] . . changes in [K]; was found to affect the outward recti-
hring & Parish, 1992)1, . is potentiated by cytoplas- . . ' )
mic alkalinization (Blatt. 1992) and the ABA-evoked in- fication. The authors concluded that the current-voltage

. . elation of | in these mesophyll cells depended onl
crease of this current is blocked when changes o IKout Py P y

. n the membrane voltage and the'TKbut not on [K],.
cytoplasmic pH (pk) are suppressed (Blatt & Arm- On the other handgnothing isIﬁown abou[t t]r?e ef-
strong, 1993). ’

o . fects of internal K on the voltage- and time-dependence

In addition to the effects oy ouy ABA is alSO  ooneries ofl, ., in guard cells. This report addresses
known to increase [C4]; (McAinsh, Brownlee & Het- g complementary, but nonetheless crucial question, of
herington, 1990, 1992; Irving et al., 1992). Lemtiri- {he importance of internal Kions in regulating outward
Chlieh & MacRobbie (1994) showed an ABA-induced K+ channel in guard cells. Using the whole-cell patch
reduction of the inwardly rectlfylngzj Keurrent (n) i clamp technique, guard cell protoplasts were loaded with
the complete absence of externaFCaThus, release of yarying internal K concentrations and the effects on the
_Caz from internal stores is capable of producing theygjtage- and time-dependence f o Were assessed.
increase in cytoplasmic €4 but this cannot rule out a Moreover, the effect of ABA at different [K; on the
concomitant influx of external ééln normal conditions Vo|tage- and time-dependent propertie$|@$ut has been
i.e., in the presence of external calcium (Schroeder &also studied and the results were compared to those ob-
Hagiwara, 1990). Further, when caged; B injected  tained with varying only [K]..
into guard cells, upon photolysis, there is an increase in
[C&a?"]; resulting in stomatal closure (Gilroy, Read &
Trewavas, 1990) as well as an inhibitionlgf,, (Blatt et
al, 1990). These effects of JRare parallel to those of
ABA and suggest that IPis involved in ABA-induced
stomatal closure. There are recent reviews discussing
possible link between ABA and lPturnover in guard
cells (MacRobbie, 1992; Assmann, 1993; Blatt & Thiel,
1993). However, it remains uncertain that calcium re-Vicia fabal. cv (Bunyan) Bunyan Exhibition was grown on vermicu-
lease from the vacuole is an essential and obligatory ste'ﬁie under conditions de_scribed previously_ (Bla_tt, 1987). Guard cell
o cose the smatal pore n response to ABA reatment P00 ) v s o e e b
(Gilroy et fal" 1991; Allan et al., 1994). Chlieh & MacRobbie, 1994). Briefly, epidermal strips were floated on

One smgular property of plant outward Khannels, 10-ml medium containing 1.8-2.5% of Cellulase Onozuka RS (Yacult
which distinguishes them from their animal counterpart,qonsha, Japan), 1.7-2% Cellulysin (Calbiochem, Behring Diagnostics,
(i.e., the delayed potassium channels), is the ability ta.aJolla), 0.026 % Pectolyase Y-23, 0.26 % BSA, t @aCl, (pH 5.56

Materials and Methods

BROTOPLAST | SOLATION
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and osmolality 360 mOsm.Kg adjusted with mannitol). Epidermal  to values positive of the Nerstian equilibrium potential
stripsf were _incubate_d in a temperature contrqlled char_nber at 28°Cgor K (EK), activates time- and voltage-dependent out-
The incubation medium was gently shaken with a Variomag shakerward K currents (Schroeder et al., 1987: Schroeder,
(Model R100, Luckham, Sussex, UK) at a frequently of 0.5 Hz. After . . .o . . .
120 to 150 min, released protoplasts were purified by passage througp'lgs& Blatt, 1988, 1990; Hosoi, lino & Shlmazakl’ 1988;
a 30um mesh, kept on ice for 2 to 3 min before being centrifuged at Fairley-Grenot & Assmann, 1992b; Thiel et al., 1992;
100 g for 4 min (at room temperature). The pellet consisting of guardLemtiri-Chlieh & MacRobbie, 1994).
cell protoplasts was resuspended and kept on ice in 1 or 2 ml of fresh  In Fig. 1A, an example of a depolarizing family of
medium containing 0.421 mannitol, 10 mu 2-[N-Morpholino]  yoltage-steps to voltages more positive EQ elicited
ethanesulfonic acid (Mes), 2QIm CaCh, 2.5 mu KOH (pH 5.55 and gy activating potassium outward-rectifying currents
osmolality 466 mOsm.Kg). (Ic.ou)- The membrane was depolarized from -49 to +61
mV in 5 mV increments using 600 msec long square test
SOLUTIONS pulses. Figure A (upper side) shows current recording

Protoplasts were placed in a 0.5 ml chamber. Once the protoplastgnC IK,OU" obtained in response 1o the VOltage protocol

settled to the bottom of the chamber, a bath solution containing (ind€Scribed above ffom one guard ‘ie” protoplast (GCP),
mm): 10-12 K glutamate, 0.5-1 Cagl2 MgCl, 5 Mes, pH 5.5  bathed in 12 mi K* and 0.5 nw C&* (pH, 5.56), with

(adjusted with KOH) and osmolality 480-500 mOsm-Kdadjusted 200 v K™ and nominal zero calcium (gH.71) in the

with mannitol) was perfused _continuously gt a rgte of 3_—4 chamberpatch pipette. The current traces develop with a slow,
volumes per minute. Patch pipettes were filled with varying concen-sigmoida| time course at low test voltage steps, but they
trations of K" glutamate (to give final concentrations of 100, 150, 170, tend to develop more rapidly at higher depolarizing test

200 and 270 m K*), 2 mm ATP (Mg or K salt), 2 nu MgCl,, 10 nm It d tuall h teadv-stat | ft
N-2-Hydroxyethylpiperazine-N2-ethanesulfonic acid (HEPES), pH voliages and eventually reach a steady-state value aner

was adjusted to 7.8 (unless otherwise stated) with KOH; osmolality wag200 to 600 msec.

set to 520-540 mOsm.Ky (adjusted with mannitol). Abscisic acid The activation time constantr{) of the current

was added externally at concentrations between 10 andn20All  traces shown in Fig. A were analyzed using Hodgkin-

chemicals were from Sigma Chemical, Poole, Dorset, UK. Huxley (HH) type model (Schroeder, 1989; Fairley-
Grenot & Assmann, 1993; Van Duijn, 1993; White &

CURRENT-VOLTAGE RECORDING AND ANALYSIS Lemtiri-Chlieh, 1995)

Patch pipettes (5-10(2) were pulled from Kimax-51 glass capillaries y = |i + |SS (1-exp (_t/Tn))p (1)

(Kimble 34500; Kimble, Owens-lllinois) using a two stage puller (Na-

rishige PP-83, Japan). All the experiments were performed at room .
temperature (20 to 22°C) using the standard whole-cell patch clamgi @Ndlss are the instantaneous and steady-state currents

technique (Hamill et al., 1981). To monitor cell currents, a patch clamprespectivelyp is the number of independent membrane-
amplifier Dagan 3900A Integrating Patch Clamp (Dagan Corporationbound gating particles (or gates) which control the open-
Minneapolis, MN) was used. ing of the channel.

Voltage commands and simultaneous signal recordings and To estimate the value qj, current traces obtained
analysis were assessed by a microcomputer (Tandon 386/16) connectﬂdom a Iarge number of different GCP at two voltage
to the amplifier via a multipurpose 1/0O device (LM-125) using Bioc- .
lamp software (Biologic, Claix, France). After Giga-Ohm seals were steps (+21 and +41 mV) were fitted to Eq. (1). Table 1
formed, obtaining whole-cell configuration was achieved by breakingSNOWS the results obtained from a total number of 32 data
the underlying membrane using gentle suction, after which the memfittings. The current traces shown in FigA vere then
brane was immediately clamped to voltages close to the Nernst equifitted to the HH model to determinen using a fixed
librium potential for K" (E,). GCP were left for 3-5 min before start- yg|ye ofp = 2. The result ofr,, as a function of the
ing any current measurements. All current traces shown were Iow-palsﬁ]embra_r.|e test voltage (from —-19 to +61 mV in S1m

filtered at 2 kHz before analog-to-digital conversion and were uncor-. . . . . P
rected for leakage current or capacitative transients. Membrane poteAncrementS) is shown in Fig. Bl which hlghllghts a

tials were corrected for liquid junction potential (-17 to -20 mV) as strong voltage-dependencewqf(an example ofa Cu_rrem.
described by Neher (1992). Nernst equilibrium potentials were calcuirace recorded at +26 mV to which Eq. (1) was fitted is

lated after correction for ionic activities (estimated by GEOCHEM-PC presented in the insert). The valuesrpflecreased from
software). All the current-voltage relationships were plotted as the185 msec at =19 mV to 65 msec at +61 mV following a

time-dependent current (i.e., the steady-state current minus the insta@ing|e exponential function (Eq. (2)) of the same type as
taneous current)s. test potential. Data are expressed as meaas.+ described by Van Duijn (1993).

Results Tn = Tn,min + [To X exp(—V X k)] (2)

VOLTAGE- AND TIME-DEPENDENCE CHARACTERISTICS OF (Tn,min IS the minimalr, andr, is the difference value of

IN ViclA GUARD CELL PROTOPLASTS (Tn = Tamin) @tV = 0). The best fit was obtained for
Tomin = 24 msecy, = 120 msec anét = 0.016 mV'™".

As shown in previous reports, stepping the membrane  The steady-stateV curve (Fig. L) has been con-
potential of guard cells (intact cells or their protoplasts)structed from the current traces shown in Fig, &s the

IK,OUT
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Fig. 1. Electrical properties ofi ... (A) A family of outwardly directed voltage-clamp current traces,of,, (upper section) obtained in response

to depolarizing test voltages (lower section) ranging in 5-mV steps from -49 to +61 mV; the holding poteftisH®9 mV. Tail currents traces
(inwardly directed) in response to repolarization to =99 mV. The patch pipette solution containedi200 (B) Activation time constant parameter

(7,) vs.test potential. The data points were obtained by fitting Eq. (1) (with 2; seetext for details) to the current traces lgf,,,, shown inA,

and for depolarizations ranging in 5 mV from -19 to +61 mV. An example of a current trace (obtained in response to a depolarization step of +2
mV) fitted to Eq. (1) is shown in the insert. Continuous line shows the fitted monoexponential curve (EZ). Cur(ent-voltage characteristic of

the time-dependent component (steady-state minus instantaneous),of ffteaces shown ir. (D) Voltage-dependent steady-state activatiaf) (

curve forly ., conductance. Values @ /Gy, Were calculated from the current-voltage relationship show@ {seetext for further details).
Continuous line shows the fitted Boltzmann distribution function (Eq. 3).

Table 1. Estimation of the value op (seeEq. 1) at two membrane |, is the K current at test potentidf after subtracting

voltages the instantaneous current afig is the calculated Ner-
Voltage (mv) Mean o + sew Range ofp o Et(lseénSer?#/lhbnum potential. In this experimeRi, was
+21 210+010 1.60-2.91 an The steady-state value of the activati(_)nzvariable ac-
+41 1.81+0.15 1.03-2.93 @15) cording to Hodgkin-Huxley (1952) model is;, = G,/

Gkmax (Where Gy . represents the maximum chord
conductance) The data of were then fitted to a Bolt-
zmann distribution function of the type:

difference between the steady-state currdgt (mea-
;ured as a mean value at the end of thg test puI;e) andthe = 1/{1 + exp [Vo5— V)/IJ}? (3)
instantaneous current;:(measured during the first 10
msec of the test pulse). The/ characteristic shows that
the current activates around —30 mV and increases withvhereV, s represents the voltage at whioh = 0.5 (2
increasing voltage steps and that the curve is rectifying ir= 0.25) andS is a slope factor equivalent tBT/zF
the outward direction. (wherezis the valency of the gating charge aRdr and
The voltage-dependent steady-state activation paF have their usual meaning). The best fit was obtained
rameter 02; with p = 2) which is shown in Fig. D was  for Vo5 = —-16.5 + 0.5 mV andS = 21.5 + 0.7 mV.
estimated from the steady-stdt® curve for the time- The aim of the experiments described in this report
dependent currents. The K-conductance or chord conis to investigate the effects of changing internal potas-
ductance Gy ) for each test potential was calculated from sium concentration ([K];) on the voltage- and time-
the steady-state currents as: dependency ofl ., in Vicia guard cell proto-
plasts. Once established, these effects will be compared
Gk = Ik/(V - Ex) with those of ABA.
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(A) (B)

61525 Fig. 2. Effect of internal K on the voltage-
dependent steady-state activationlgf,,,. (A) Av-

0.75 200 eraged current-voltage relationships Igf,,,, ob-
" tained from a total number of 46 GCP loaded with
7o g four different internal patch pipette media, contain-
0.50 - / % 9.48+1.8 ing (in mv): 100 ©O; n = 8), 150 (V n = 12),170
—_ % o (¢;n=17)and 200[J; n = 9) internal K. (B)
E J / g Corresponding voltage-dependent steady-state acti-
g % /{ 150 5 317£18  yation curves (same conditions as mentioned)n
0.25 - / % = s713x32  The curves were fitted to Boltzmann distribution
§ §/ /§ 100 functions (Eg. 3) and normalized to the same maxi-
/ /§ mum conductance value (obtained for'[K= 200
/fé§ mm). Next to each curve, a value of the estimated (in
Py N /? —— - mV) Vy 5 £ SEM, is given.
-80 -40 40 80 150
VvV (mV)

+
EFFECTS OFCHANGING THE [K ]l ON THE Table 2. Values ofV, g andS (in mV) as estimated by fitting the data
V OLTAGE-DEPENDENT STEADY-STATE ACTIVATION in Fig. 2B to Eq. (2)

OF IK,ou'r

100 mv K; 150 mm K; 170 mm K; 200 mm K;

Measurement ofy ., was performed on several GCP
using different internal patch pipette media containingVos*se 17.13+32  3.17+18 -948+18 -6.15%25
the desired concentration of 'K The averaged results ~Sfse 260 +41 258 +24 227 £22 223 £34
are gathered in Fig.£2which represents four steady-state ™ ®) (12) (a7 ©
I-V characteristics ofy . with different [K']; in the
range 100-200 m. The results indicate that the magni-
tude of I o, increases steeply with increasing current of the squid giant axon, has been used success-
[K™];. The increase is nonlinear, i.e., doubling thefully to characterize the activation parameter in plant
amount of [K']; from 100 to 200 mn almost quintuples cells (Schroeder, 1989; Fairley-Grenot & Assmann,
the magnitude of ., measured around +60 mV. To 1993; Van Dujin, 1993; White & Lemtiri-Chlieh, 1995).
assess the voltage-dependence,of , in response to In this study, the same approach was used to determine
increasing [K];, steady-state activation curves as a func-the voltage-dependent activation time constant, in differ-
tion of test potentiaV were constructed for each [K  ent pre-set conditions where TK was varied from 100
(Fig. 2B). The K-conductance for each test potential wasto 270 nm.
calculated from the steady-state currents as described Equation (1) was used with a fixed value pf= 2
above. Values of, were -50.9, -59.9, —-62.9 and -66.8 (seeabove for details) to fit the current traces obtained at
mV for [K*]; of 100, 150, 170 and 200 mrespectively.  different voltages and in different [§; inside the patch
The steady-state values of the activation variaBlevere  pipette. The results from a total number of 26 GCP are
calculated according to HH as described above. The valpresented in Fig. 8 The results indicate a small de-
ues ofV, ; andSwere estimated by fitting a Boltzmann crease ofr, only when increasing [K]; from 100 to
distribution function (Eq. 2) to the averaged values forhigher concentrations, but no significant changer,pis
each [K];. The values are given in Table 2. Increasing seen when increasing the TKin the range 150-270wm
[K*]; from 100 to 150 mu shifts V5 by = 14 mV. A To try to highlight the small difference seen in the
larger shift € 24 mV) is seen when increasingTKfrom  activation time course between guard cells loaded with
100 to 170-200. Thus, the data show that increasind00 mv K; and the other guard cells loaded with 150 to
[K*];, and hence increasing the electrochemical driving270 mm K;, ratios were calculated(, K; 100-270¢,, K;
force for K™ efflux, will shift V, - of the steady-state 100), and plotted against the membrane test voltage. The
activationn? of I, ., towards more negative voltages. results are shown in FigB3 The left panel of the figure
shows the individual averaged data points for eact;[K

EFFECTS OFCHANG|NG THE [K+]I ON THE SGMO”J taken fr0m F|g A. The I’Ight panel Of F|g B ShOWS the
ACTIVATION OF Iy s averaged ratio for all the guard cells loaded with 150 to

’ 270 mv K;. This figure shows no significant difference
The sigmoid activation ofy ., first used by Hodgkin at all four membrane test voltages (+20 to +80 mV).
and Huxley (1952) to describe the delayed outwaid K From these calculations, a mean decrease value, of
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Fig. 3. Effect of internal K on the sigmoidal acti-
vation time constant parametet, of I, o, (A) T,
as a function of test voltage and TK Each data
symbol is an average measurement; for clasity

(A) (B) bar values have not been represented. Data are as
follow (in mm K;): (O), 100 f = 7, sem values are

350 —- o . 1 - O—O0—0—0 SO 1 26, 198, 154 and 13)W’ 150 h _ 5’ SEM Values
1o 8 081 giﬁ%:o BE - los »  @e27:217.7,12.2, 10 and 9.5¥ 150 1 = 2,
] 3 Nk v & T ®  semvalues are 48.2, 47, 22.9, 32.3, 23.5, 20 and 14);
» 250 £ 0.6 Ne—k L 0.6 g (¢) 170 (0 = 5,semvalues are 12.3, 11, 14.3, 11.3
£ ] 'i' S @  and 12.8); [J) 200 ( = 5, sem values are 27.7,
£ { & ¢ S 0.4 - - 04 12.5, 8.6, 6.5 and 8.5) and finally<), 270 ( = 2,
150 1 ,% ‘éf o NG = semvalues are 0.7, 7.68, 15.3, 13.6 and 17.B). (
| *'& ° & 0.2 - F0.2 @ Left panel: calculated ratiosr( K, 100-270¢, K;
¥ 100) as a function of test voltage and*[K Symbol
50 - —r—TT 0- T ST K N 0 code as inA. Right panel: Averaged ratios{, K;
0 40 80 20 60 20 60 150-270f,, K; 100) as a function of test voltage
only; the arrow indicate the calculated mean de-
V(mV) V(mV) crease valuex(20%) for all test voltages.

came to around 20% when increasing [rom 100 nmu
to 150-270 m.

EFFECTS OFABA ON THE VOLTAGE-DEPENDENT
STEADY-STATE ACTIVATION OF |y o

0.3 nA

200 ms

To compare the results obtained earlier when varying

[K*]; with the effects of ABA on guard cells, experi-

ments were performed (12 in total) by adding ABA (10—

20 p™) to the bath medium to the same GCP. Thé

relationships (from whicmZ was calculated) were mea- _W

sured before and after installation of the effect of ABA. ABA +ABA
The hormone was added to whole patch-clamped GCP
loaded with five different [K]i; 100 0 = 3),150 0 = Fig. 4. Effect of ABA onl ... Left panel: A family of controll o,

2)' 170 (1 - 3)' 200 (‘I = 2) and 270 mu (n = 2)_ current traces obtained in response to depolarizing test voltages ranging

Figure 4 llutrates an example of & famiy of cutrent 20T 36T o 90 2y e g el 0
traces obtained by appl,ymg 600 .msec long square te§ the same voltage protocoI;Kfcr)luet current traces were recorded from the
pulses (=38 to + 82 mV in 20 mV increments) to a GCPsame GCP (as in left panel), 17 min after addingud ABA to the
loaded with 150 mn K™ before and after 17 min of add- path medium.

ing 10 um ABA. Steady-state activation curves lgf,,,;

for three different [K]; were constructed and the results

are shown in Fig. 5. The estimatéad, - obtained by to detect significant differences in small groups of cells
fitting Boltzmann distributions to each curve are sum-(seethe results in Table 4). However, a clear pattern
marized in Table 3. ABA shifty/, 5 of the steady-state could be detected when the data were divided into two
activation curves by 21 mV when GCP are loaded withsub-groups, i.e., low K100-150 nw) and high K (170-
100 mm K; and to a less extent (13 mV) when they are270 mv). Indeed, in cells loaded with 100-150mK; (n
loaded with 150 m K;, but no significant shift was = 5), the mean increase @, in the presence of ABA
measured when the GCP were loaded with 200 .  was calculated to be 2.4 £ 0.24 (ranging from 1.6 to 3)
A total of five other GCP loaded respectively with 170 ( while in cells loaded with 170-270mK; (n = 7) the

= 3)and 270 m K; (n = 2) showed no significant shift mean increase iy turned out to be 1.81 + 0.17 (rang-
of V, s when challenged with ABAgeeFig. 8B, insert).  ing from 1.28 to 2.43). This distinction between low and
Thus, the shift inV, 5 induced by external ABA appli- high K; is also seen in the effects of ABA 0w, 5 (See
cation seems to depend strongly on thedéntent of the  Fig. 8B, insert). Thus, the effects of ABA on the steady-
GCP before the addition of ABA. The second main ef- state activatiom? of I ., compare well with the effects
fect of ABA was to increas€y in all K; concentrations  of varying internal K shown in Fig. B and Table 2.
tested but the increase was so variable from cell to cell, Figure 6 represents an experiment which was per-
and even at any one single TKused, that it was difficult  formed with internal K set to 270 mu while 37 mm K*
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(A) (B) (€)

K; 100 mM K, 150 mM K, 200 mM
[ )

Fig. 5. Effect of ABA on the voltage-dependent
steady-state activation di ., Normalized G,/
Gymax are plotted as a function of test voltage before
(O) and after @) adding ABA to the bath medium
(10 pm was added in all experiments except for
where 15um was used); current recordings IQf,,,
were taken after ABA effect reach steady-state (usu-
ally 10 to 20 min). Three GCP loaded with three
different [K*]; are shown (in m K*): (A) 100, B)
150 (seethe original data in Fig. 4) andC) 200.

-13.1£3.0 14.2+22

18.7+2.2 -12.2+28

T

60 0 60 120 60 O 60 120 -60 0 60 120
V (mV)
Table 3. Values ofV, s and S (in mV) before and after ABA as esti-  after installation of the effect of ABA in GCP loaded

mated by fitting the data in Fig. 5 to Eq. (2) with 150 (n = 3), 170 (1 - 2), 200 (1 = 2) and 270 m
K; (n = 2). The estimated, were variable from cell to

100 mm K; 150 mu K; 200 mvK; N . .
cell as indicated by Fig. 7 where ratias, (. aga/T, -aga)
—ABA 18.7 ~0.2 _12.2 were calculated. As in Fig.B the individual data points
Vos for each [K]; before and after the addition of ABA are
+ABA -2.4 -13.1 -14.2 presentedgeethe upper side of Fig. 7). The lower side
—ABA 14.3 278 216 of Fig. 7 shows the averaged ratios for all the guard cells
s loaded with 150 to 270 m K;. Again this figure shows
+ABA 24.4 255 221 no significant difference at all six membrane test volt-

ages and a mean decreaserirwhen adding ABA was
found to be around 20%. This is the same as the de-

: . . rease int,, observed when increasing K from 100
was present in the bath medium (instead of the usugly, o higher concentrations between 150 and 270 m
10-12 mv). Current traces before and after ABA are (seeFig 3B).

shown and the corresponding voltage-dependent steady-

state activation is represented in the insert. The aim of

this experiment is to draw attention to the peculiar, yetDiscussion

classic effect, of external Kon the voltage-dependency

of I o (Blatt, 1988, 1990; Schroeder, 1988; White &

Lemtiri-Chlieh, 1995; Roberts & Tester, 1995). As VOLTAGE-DEPENDENCE OF THEOUTWARD K*-RECTIFIER

shown in Table 5, a positive shift &, 5 (>35 mV) to the 1S SENSITIVE TOK;

right along the voltage axis occurs when increasing ex-

ternal [K] from 10 to 37 nu. This table also shows that The voltage-dependence b, upon variation of ex-

external K has no influence whatsoever on the effect ofternal potassium concentration is well known in plant

ABA on the voltage-dependence gf ., when GCP are  cells (Blatt, 1988, 1990; Schroeder, 1988; Vogelzang &

loaded with high [K];. Indeed, no significant shift is Prins, 1994; White & Lemtiri-Chlieh, 1995; Roberts &

seen in both experiments containing respectively 10 andester, 1995see alsoTable 5 of this manuscript). This

37 mv external K. Therefore, when internal potassium behavior is not known in animal cells for the delayed

is set to high concentrations (i.e., 270naltering the  outward rectifier (1), but is analogous to the behav-

external potassium concentration has no effect on théor of the anomalous potassium rectifierl ;) of most

ABA response. animal cells (Hagiwara & Yoshii, 1979; Sakmann & Tr-
ube, 1984). This study shows that the voltage-
dependence of, ,, in GCP depend also on internal

EFFECTS OFABA ON THE SIGMOID ACTIVATION potassium concentration. Figurd 8lustrates this find-
OF Ik our ing (the values o¥/, s were taken from Fig.R and Table

5). Increasing [K], from 100 to 270 mn induced a steep
The HH sigmoidal function was fitted to the current increase in current magnitude and caused a negative shift
traces (an example is given in Fig. 6) obtained before anéh V, 5 of the activation curve in accordance with the
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Table 4. Ratio of (Gimax,+asa/Gkmax-asa) in all GCP challenged with ABA in the five different [ used

Low K; High K;
100 mm K; 150 mm K; 170 mm K; 200 mm K; 270 muv K;
(n=23) n=2) (n=23) n=2) (n=2)
Ratio (Gimax +asa/Ckmax,-asa) 24 30 16 29 28 18 196 15 234 1.35 24 13
Average increase in ABA 24+0.24(E=5) 1.81+0.1740 = 7)

The average increase is calculated by pooling the results obtained in 100 andh ¥50as0ne group (Low K and by pooling the results obtained
in 170, 200 and 270 m K; as another group (High K

Table 5. Values ofV, ; and S (in mV) before and after ABA in two

OE 150t 16 bathing solutions containing 10 and 3%rkK™*
1€ 021,
05 g 10 mm K, 37 mv Ky
17.3£16 -ABA -20.9 17.3
V0.5
0 4 V(mV) +ABA -23.0 15.0
60 0 60 120 _ -ABA 16.2 22.8
— s

+ABA 15.0 21.9

K; in both experiments was 270Mn The data were fitted in Eq. (2).

0.4 nA

2oms - -ABA(O) +ABA (@) (the values o, ; were taken from Fig. 5 and Table 5).

Fig. 6. Effect of ABA on the sigmoidal activation df, o Left panel: The results show thf"‘t ABA shiftd 5 Of. the activation

A family of control I ., current traces obtained in response to depo- curve when the [Iql inside the patch pipette was set to
larizing test voltages ranging in 20-mV steps from 0 to +80 mV; the 100 or 150 nw (5 guard cells gave the same resske
holding potential () was ~100 mV. Right panel: A family of .., ~ Fig. 88 insert). On the other hand, when the'[Kwas
current traces obtained in response to the same voltage protocol; theet to higher concentrations up to 270 pmmo shift of
current traces were recorded from the same GCP (as in left panel), 13/0 soccurred after ABA treatment (7 guard cells gave the
min aftelj adding 1Qum ABA to the bgth medium. The continupuslines sdme resultseeFig. 8 insert). Moreover, the magni-
are the fitted current traces according to Eq. 3. Note that this GCP Wag e of the shift iV, 5 seems to be less in guard cells

loaded with 270 m K™ and the bath medium contained 3#nK™. . 3 .
Insert: corresponding voltage-dependent steady-state activatigy,f loaded with 150 m K™ than those loaded with 100nm

before ) and after @) ABA (currents corresponding to voltages from K*. The effect of ABA onV, s was clearly dependent on
-60 to +80 mV are shown). Another set of data poind§ (s also  the [K']; of the cells. Examining the effect of ABA on
shown in the insert, which represents the ABA effect after 23 min of G and its dependence on the interndl Ikad was less
perfusing the cell. straightforward, but pooling the results obtained in 100
and 150 nm K; as one group (low K and the results
Nernst potential for K. V, 5 shifts with E, to the left  obtained in 170, 200 and 270MrK; as another group
along the voltage axis by about (-) 38 mV. These(high K;) showed a clear distinction. The mean increase
changes suggest an important role of internalilKgat-  in Gy was less in GCP loaded with high.K
ing Ik ou (Probably by changing the screening of the Overall, the results of ABA combined with the ef-
surface charges at the mouth of the channel) and mafects of [K']; on the voltage-dependent steady-state ac-
contribute to the changes in the electrical properties ofivation characteristic ofy ., (seeFig. 8A) could be
guard cell cytoplasmic membrane which occur duringinterpreted as an effect of ABA in inducing’Kelease

stomatal closure. from the vacuolar pool, thereby (locally and temporarily)
increasing cytoplasmic [K. In cells loaded with high
EFrFeCTS OFABA ON THE VOLTAGE-DEPENDENT K*, the gradient for K to cross the tonoplast decreases
STEADY-STATE ACTIVATION OF THE OUTWARD comparatively to those loaded with les$.KThis could
K*-RECTIFIER DEPENDS ON[K*]; partly explain why the magnitude of the shift in ABA

decreases with increasing”Hoad as well as why the
Figure 8 shows the effects of ABA o, s parameter of increase ofG, following ABA treatment is relatively
the activation curve ofy . as a function of the [K]; less in GCP loaded with high;KAnother explanation,
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150 170 200 270 olar K* channel (in symmetrical 100 mKCI) which
gives a physical support for ABA-induced vacuolaf K
o (::;: ..-\,... R release. The mechanism by which ABA could activate
m e fab'S SN this channel, is however obscure for the moment, for the
following reasons: this vacuolar *Kchannel has been
o T T T reported to be activated by (i) internal €and (i) acid

-

o =
o o0 o o

Tn, +aBA/Tn, -ABA

0 60 0 60 0 60 0 60 . . .
2 V(mv) going pH. Therefore, the regulation of this channel does
E T not fit with the classic findings that the effect of ABA on
R R T I out IN GCP is calcium-independent (Lemtiri-Chlieh &
\é 08 e | | |-[T T T > MacRobbie, 1994) and that ABA alkalinizes cytosolic
s 067 pH (Irving et al., 1992; Blatt & Armstrong, 1993) result-
T 04 ing in an enhancement df ., (Blatt & Armstrong,
g 02 1993). On the latter point, although the pH effect ap-
3 0 | pears to reduce the vacuolar® Kelease, Ward and
20 © 20 40 €0 80 Schroeder (1994) have estimated that at pH 8 whére K
V(mv) currents recorded from VK channels are orl25% of

_ o S those recorded at pH 7, 200K * could still be released
Fig. 7. Effect of ABA on the sigmoidal activation time constant pa- from the vacuole through VK channels within 30 min
rameter ,,) of I . in different GCP loaded with varying [K;. Upper The authors concluded that other mechanism fomé<

panel: calculated ratios( . aga/Th, -asa) @s a function of test voltage .
and [K'],. Data are as follow (in m K*): (V) 150; (#) 170; @) 200  '€ase (through SV channels) should contribute to long-

and finally (k) 270. ABA was added at concentrations between 10 andterm vacuolar K release during stomatal closure. The
20 pm and current recordings of ., were usually taken after 10to 20 results obtained in this report in response to ABA with
min following addition of ABA. Lower panel: averaged ratios [K+]i over 170 nm (which correspond to the usual inter-
(Tn, +aBA/T, -aBa) @S @ function of test voltage. The arrow indicates a ng| concentration used in experiments involving intact
mean decrease valus g0%) at all test voltages. guard cells seenext paragraph) are in accordance with
those described by Blatt (1990). In intact guard cells, the
. magnitude ofl ., at any given membrane potential, is
KT, (mM) strongly enhanced without any effects on the voltage-
100-150 170-270 dependence of channel gating nor on the time course for
current sigmoidal activation. However, in conditions
where [K']; is low (100-150 m), the results reported
here indicate that addition of ABA could shift thg 5 of
the activation curve, and that sigmoidal current activa-
5 10 o tion is slightly affected.

(A) (B)

V, 5 shift (mV)
8

(n=5)  (n=7)

V,5 (mV)
o o
*——
)
A
)

LI I B

250 CoMPARISON BETWEEN THERESULTS OBTAINED IN GCP
AND INTACT GUARD CELLS

o .Zéol 1(|)0.
[K']; (mM)

—
100

Fig. 8. Comparison between the effect of varying'[Kand ABA on  The data obtained in this report, together with some of
the voltage-dependency .. (A) Vo sas a function of [K],. Alldata ~ those obtained in a previous paper (Lemtiri-Chlieh &
points are averaged values (except for the point corresponding to 27f1acRobbie, 1994) give the answer to some questions
mwm) §nd were taken from Table 2 and Table B) ¥os as a function  \yhjch are subject to current debate (Blatt 1988; 1990;
of [K"); before () and after ¢) adding ABA to the bath medium (10 1991. Fajrley-Grenot & Assmann, 1993). These ques-
wM was added in all experiments, except for the first point correspond- . L
ing to 100 mu K*, where 15um was used); current recordings af,., tions are relateq to_ guantitative (total _membrane current)
were usually taken after 10 to 20 min following addition of ABA. Data @S Well as qualitative (voltage- and time-dependent pa-
points were taken from Table 3 and 5. The arrows are proportional tdameters) differences seen between intact guard cells
the magnitude of the shift i, 5 after ABA treatment, and indicate its (microelectrode technique) and their protoplasts (patch
direction. Insert: Average¥, ¢ §hift as a function of [K]; after ABA clamp technique in whole-protoplast mode). Currents
treatment. Data were pooled into low K100-150 w; n = 5) and  gre comparatively smaller in GCP and their activation
high K (170-270 i n = 7). time course is said to be 3- to 10-fold slower with half
times slightly dependent on the membrane voltage
which may well play in the same time, could be that the(Schroeder, 1989; Fairley-Grenot & Assmann, 1993; but
effect of K" on Iy ., channel saturates beyond 20wm seeBlatt, 1991).
(seeFig. 2B and Table 2). In a recent report, Ward and Measurement of relatively large amplitudesl pf, .
Schroeder (1994) describe the existence of a 70 pS vacun whole-protoplast mode is made difficult for two major
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reasons: (i) protoplasts are isolated for atie@ak in the  half-time at +50 mV of about 110 msec (equivalentto
dark. In this condition, the volume of the guard cells and= 70 msec). From Fig.8 a mean time constamj, value
their vacuoles decreases (Fricker & White, 1990) as at all five different [K']; used in this work, was calcu-
result of net K efflux, which leads to the reduction of lated to be around 137 = 7.46 msec< 23) atV = +41

the stomatal aperture. On the other hand, and apparentipV. The values are ranging from a minimum of 61 to a
for technical reasons, impaling intact guard cells withmaximum of 210 msec (in Fig.d, an estimated activa-
microelectrodes when they are open (or at least partiallfion time constant, value of= 87 msec at +41 mV is
open, with stomatal apertures ranging between 6 and 1ghown). These values are faster, by a factor of two, than
um) is a preferred option (Blatt et al., 1990; Thiel et al., the values reported by Schroeder (1989), and are com-
1992; Blatt & Armstrong, 1993). (ii) a second important parable to the values reported by Blatt (1990).

reason which adds to the difficulty mentioned above, is ~ Remarkably, Fig. B as well as Fig. B (but to a less
the common use of low [K; (usually 100-120 m) in  €xtent), show a strong voltage-dependencypivhich

the patch pipette filling media used by different patchhas never been reported before \ficia GCP (patch-
clamp workers (Schroeder, 1988; 1989; Schroeder gclamped in _yvhole-protoplast mode). It should be_ note_d
Hagiwara, 1990; Schroeder & Fang, 1991; Fairley-that Van Duijn (1993) using the patch clamp technique in
Grenot & Assmann, 1992 199%; 1993: Li et al., whole-protoplast mode (tobacco protoplasts), showed

19948; Luan et al., 1993: Schwartz et al., 1994: Wu & also a strong voltage-dependencyrqf Thus, the results

Assmann, 1995); this is also true when using other celfeported in this study regarding the analysis of the acti-

types like mesophyll cells (Kourie & Goldsmith, 1992; V?‘Fion Kinetics qﬂ&out (obtained in a_lmost_ similar con-
Li et al., 1994, 1994), or root cells (Gassmann & ditions as used in intact guard cells i.e., highef]{Kare

h 1994° R T 1995: W more comparable to those obtained for the intact guard
e o i & o S 006y iy oIS (Bt 1965, 1990). Ao a consequence Gata o
. ' ' . L ’ tained from intact guard cells and from guard cell pro-
mlqroelecitrode experiments using intact guard cells, Efoplasts should begcompared with extren?e Caution.pThe
;ygécl"_ilB[gt]ti;féoolgg(f#ﬁii? éBé?:ttlfggll$ﬁil t?i? results in this paper suggest that these differences may
' o ’ RN s ' reflect different experimental conditions rather than dif-
1992; Blatt & Armstrong, 1993; Blatt & Thiel, 1994;

) ferences between intact guard cells and their protoplasts
Obmeyer, Armstrong & Blatt, 1994; Armstrong & Blatt, (i.e., any consequence of protoplast isolation), or dialysis

1995). T.hus the intact gua“?' cells used with the voltag f the protoplast cytoplasmic constituents, that is, use of
clamp microelectrode technique, are not only open an atch electrodes with a typical tip diameter of about 1

therefore still possess their cell turgor, but they are alsq .
impaled with microelectrodes containing high"JK In conclusion, the results reported in this paper in-
_ Byloading guard cell protoplasts with highTKbut  gicate that the effects of ABA mimics those of increasing
within the physiological concentration range (for review, [k *]. The effects observed upon external perfusion of
see MacRobbie, 1987), the data obtained were moréaga could be explained as a consequence of an ABA-
comparable to those obtained in the intact guard cellsinduced cytosolic R-flooding from the vacuole resulting
In 200 mv K;, currents up to 0.5 + 0.074 nA (equivalent jn (i) increasing the driving force for Kefflux from
to= 45 £ 6.7pA.cnt’, assuming a cell diameter of 18 10 guard cells and hence, increasing the magnitudg gf,
20 pm) have been recorded at +41 mV £ 9; seeFig.  (ji) facilitating K*-efflux by shifting the midpoint of the
2A). In fact, in some experiments, currents up to 1 RA ( activation curve towards negative voltages. Further-
90 wA.cn¥) could be recorded at +41 m\é¢eFig. 1B).  more, both MacRobbie’s studies (1981, 1990) suggesting
These values are 3 to 4 times larger than those obtaineghat 8Rb* efflux from guard cell vacuoles occurs in
in Vicia GCP in 105 nw K; and 11-12 m K, for  ABA-treated guard cells, and the recent characterization
instance Schroeder and Hedrich (1989) show typical curef VK channels (Ward & Schroeder, 1994) in the tono-
rent traces ofy o Of about 250 pA £ 23 pnA.cn®) at  plast of guard cells, give support to the above hypothesis.
+39 mV and Fairley-Grenot & Assmann (199Zhow a
mean value .around lﬁA.qu _at +40 m\./ 6 = 6). | am grateful to Prof. E.A.C. MacRobbie for her continuous and ever-
Comparison of the kinetics of activation of o,  lasting support. | gratefully acknowledge Dr. M.R. Blatt (Dept. of
from intact guard cells and their protoplasts, show that imBiological Sciences, University of London, Wye College, UK) and Dr.
GCP, I o €xhibit comparatively slow activation kinet- P.J. White (Horticulture Research International, Wellsbourne, War-
ics and the sigmoidal activation time course constgnt wick, UK) for critical reading of the mgnuscript, Dr. M: Tester and Pr.
s weakly voliage dependent (Bat, 1958 1960; 1991, ters (Ceprnent ofpont S, Uty f i
SChrOEder,' 1989; Falrley_G renot & Assmann, (Laboratoire de physiologie dé&ments excitables, CNRS, URA 180,
1993). For instance, g, value of 239 ms at +41 MV is  yjjeurbanne, France) and Dr. G. ChfistNSERM U121, Ave du
reported by Schroeder (1989) Micia GCP while in poyen lepine, Lyon, France) for helpful comments. This work was
intact guard cells, Blatt (1990) report a typical activation supported by a grant to Prof. E.A.C. MacRobbie from the Biotechnol-
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