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The cffccls of Leiurus quinquestriatus hebraeus (LQH) venom, mamba venom, Buthus tamulus (BT) venom, purificd apamin and

on the arization induced by llutar ATP were in Madin-Darby
canine kidney cells. For this we used a probe (bi to determine the i il The relation
between bi 1 fl and b ial was blished b'y lrcalmg Madin-Darby canine kidney cells suspended
in solutions containing various external sodium ions with lar ATP induced a rapid hyperpolariza-

tion that was blocked by LQH venom and synthetic charybdotoxin. BT venom also blocked the response but at a much higher
concentration than that of LQH. Mamba venom (Dendroaspis polylepis) and apamin did not modify thc ATP-induced™
hyperpolarization. We concluded that the ATP induccd hyperpolarization was duc to the augmentation of the potassium

condnc!ancc probably through Ca® +-acuva';d K* channels sensitive to charybdotorin but not 1o mamba venom. The interaction
i d

between char an

Introduction

Charybdotoxin, a toxin punfled from venom of the
ion Leiurus heb is a potent
i d K+

in (the main toxin of mamba venom) was not observed i our case.

s rad

the ATP-i i h ization) but
dendrotoxin. Moreaver. the venom of the scorpion
Buthus tamulus also inhibited the ATP response but
with less efficiency than that of Leiurus quinquestriatus

inhibitor of the high Ca**.
channel [1,2). It has been shown to block other types of
K*‘ channei {3-5] but very little is known about the

Material and Methods

logy of the Ca®*-activated K* ch Incal-
ized in the ienal epithelium. H an
cross-reactivity ha.. recently been shown [6,7] in bmdmg
studies b char and dend in, a toxin

extracted front mamba venom, suggesting an analogy of
structure between the Ca?*-activated K* channel and
the vo! .tage-actwated K* channel. To test the action of
3 on epithelial K* chan-
nels, we determined the membrane potential of sus-
pended Madin-Darby canine kidney cells by using a
ial probe (bi: 1). The of the Ca?*
activated K* channels were elicited by Hlul;

char and d

Culture
Madin-Darby canine kidney cells were obtained from
the American Type Culture Collection and used from
passage 65 to 70. Cells were seeded on culture flasks at
a concentration of 2- 10* cells/cm® in MEM (Gibco)
medium containing 15 mM NaHCO,, 20 mM Hepes
(pH 74), 100 U/mi pemcnllm. 100 pg/ml strepto-
mycin, 10 ml/I 100X ] amino acid medi
(Flow Laboratories) and 10% fetal caif serum
(Eurobio). After the cells had become confluent, they

ATP application. The data demonstrate that the
Ca?*.activated K* channel, present in the plasma
membrane of Madin-Darby canine kidney cells, is com-
pletely blocked by charybdotoxi i

were t d and ded at (10-20)- 10°
cells/ml in NaCl buffer (in mM, NaC: 140, KCl 1,
CaCl, 1, MgCl, 1, glucose 5, Hepes 20 (pH 7.4)).

C M Tauc, D§ de Biologie cellulaire et
meléculaire, Servive de biologie cellulaire, CEN Saclay, 91191 Gif-
sur-Yvette Cedex, France.

(total inhibition of Procedure for by fluorescence
All expenments were made with a Perkin-Elmer
LS5 fl d to a der. 1.5

ml of buffer was added !u a qunnz cuvelte mamtamed
at 37°C. Bis(1,3-di 1t ine oxonol
(bisoxonol, Molecular Probes) was prepnred from a
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stock solution (15 mM in cthanol) at a concentration of
0.15 mM in H,O and was added to the cuvette to give
a final concentration of 1.5 uM. For each measure-
ment 10° cells were added and continuously stirred
with a magnetic stirrer. The fluorescence signal was
recorded with excitation at 540 nm (5 nm slit width)
and emission at 580 nm (10 nm slid width), External

concentrations were determined according to the
method of Grynkiewicz et al. [10).

Results

Addition of micromolar concentrations of ATP to
Madm-Darby canine kidney cells clicited a transient

calibration was made by adding 1 uM icidin D
(Sigma) to cells suspended in isotonic media containing
various ranos of NaCl and choline chloride. The mem-
brane | was ca ing that the rates
of Na* and K* permeation through the ionophore
were similar using the equation E,, = RT/F - logiNa,}
/INa; + K;][8). Na; + K; was determined by the null-
puint method.

Determination of intracellular calcium

Intracellular calcium was determined by fluorescent
video-microscopy. Cultures secded on petri dishes were
loaded with 3 #M fura-2/AM (Molecular Probes) in
NaCl buffer for 2 h at room temperature. After rinsing,
the cuitures were observed on an inverted microscope
(Zeiss ICM 405) coupled to a low light video camera
(Lhesa, France). The excitation beam was filtered at
340 and 380 nm and emitted light above 520 nm was
analyzed. Fluorescent images were digitized and ana-
lyzed with an image processing system as previously
described (Biocom, France) [9]. Intraceltular calcium

1000

in llular calcium and a transient hyper-
polarization. Fig. 1 shows the time course of changes of
intracellular calcium and membrane potential of
Madin-Darby canine kidney cells exposed to 50 uM
extracellular ATP in the presence and then the ab-
seice of 1 M < r calcium. Calculated intra-
cellular calcium concentrations were 48.79 nM at rest
and 664.39 nM at maximal jation 15 s after ATP
application in 1 mM caicium (Fig. 1A) after which the
concentration returned to the basal level. Simultane-
ously to the increase in intracellular calcium, the bisox-
onol fluorescence decreased under ATP stimulation
(Fig. 1B). Bisoxonol, a lipophilic anion, has physico-
chemical properties that induce a change in ﬂuores-
cence proportional to changes in b
{11]. ATP induced a transient hyperpolarization fol-
lowed by a return towards the resting membrane po-
tential. To mcasure the degree of this hyperpolariza-
tion we performed experiments in which artificial po-
tentials were generated in the presence of 1 M grami-
cidin D at various external sodium concentrations. Fig.
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Fig. 1. Effect of ATP on i calcium and potential in Madin-Darby canine kidney cells. (A) Intracellular

calcium determination: Madin-Darby canine kidney grown on petri dishes were loaded with 3 uM fura-2/AM in NuCl buffer for 2 h. Aiter

rinsing, cells were placed on the stage ~f an inverted microscope, the emitted light analyzed by an image-processing system and the 340,380 nm

ratio in Grinkiewic's equation used to determine the calcium concentration. ATP (50 uM final) was added in a medium containing, or not, | mM

external calcium. (B) Membran= potential variation: Isolated Madin-Darby canine kidney cells (1-10%) were suspended in the quartz cuvette of a

spectrofluorimeter in 1.5 ml NaCl medium containire. 1.5 4M bisoxonol, excited at 540 nm and emitted light at 580 nm was recorded. ATP (50
#M final) was added at the arrow. The figure is representative of three experiments,
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Fig. 2. Conrelaticn between emitied flucrescence and membrane potential. (A) Isolated Madin-Darby canine kidney cells (1-10%) were
suspended in the cuvette of a spectrofluorimeter in 1.5 ml of a solution containing 1.51:M bisoxonol in which the sodium was 1o varying degrees
isoosmotically replaced by choline. Emitted flusrescence at 580 nm (excitation 540 nm) was recorded aind gramicidin D {1 4M final) added (G).

Fig. 2A represents recordings obtained at different external sodium

sodium concentrations were plotted against the potential

(B) The relative variations recorded at various

and according to the following equation: E,, = RT /F-

logINag)/[Na; +K;]. Na, +K; was determined by the null-point method. It was equal to [Na,) when addition of gramicidin did not produce a
fluorescence change. Each point was the mean of two experiments.

2A shows the relative fluorescence as a function of
external sodium concentration. Isoosmolarity was
mamlamed with chohne replacement. The membrane
1 was lated from the described
in material and methods. Fig. 2B shows the ratio of the
variation of fluorescence to the initial fluorescence
before the addmon of grammdm as a function of the
A ding to this cali-
bration, the peak hyperpolarization induced by ATP
was —19.76 £ 0.09 mY, n = 16 (S.E. values) and was
found to be ATP dose-dependent. Fig. 3 shows a dose
response curve in which the induced hyperpolarization
was plotted against the ATP concentration. Half-maxi-
mal effect was obtained at 1.5-10~7 M ATP. For ail
the following experiments a dose of 50 uM ATP was
used. Addition of ATP did not produce hyperpolariza-
tion in Madin-Darby canine kidncy cells suspended in
a K* soluuon (data not shown) suggesting that an
di * is y for the
potentml change: a suggesnon consistent with the
of K* ¢t by an ini fhul
calcium,
We tested the effects of various venoms and purified
toxins known to act on potassium conductances on the
ATP-induced h larization. Fig. 4 . the
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Fig. 3. ATP dose-response curve of the induced hyperpuiaiizaiion.
For each value, 1-10° cells were suspended in tl.e cuvette of a
spectrofluorimeter containing 1.5 ml NaCl buffer and 1.5 ;M bisox-
onol. cells were excited at 540 aim and the emitted light recorded at
580 nm. ATP was added at various concentrations between 10~ and
10~* M and the maximum fluorescence variation obtained used to

bisoxorol fl dings of ATP-induced hy-

the induced from the curve.
Each point represents the mean ol two experiments.
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Fig. 4. Effeci of various venoms or toxins on the ATP induced hyperpolarization. Isolated Madin-Darby canine kidney cells were suspended in

1.5 mi NaCl buffer containing 1.5 gM bisoxonol (contral) or the same buffer containing mamba venom (20 ug/ml), Leiurus quinquestriatus

hebraeus (LQH) venom (20 ug/ml). apamin (5107 M) or Buthus tamulus (BT) venom (200 pg/ml), ATP (53 4 M) was added and the emitted

fiuorescence st 580 am (excitation 5412 nm) recorded. The figure is representative of three experiments with each venom or toxin. Th: scale on
the right give: the potential from i il using

ization in the p of these drugs. As induced by ATP. 5-10°° M apamin (Sigma) had no

compared with the control condition in NaCl buffer,
additior. of 20 pg/ml mamba venom {Latoxan, Rosans
France) did not modify the response. On the other
hand, additiol. of 20 ug/ml LQH venom (Latoxan)

effect whereas 200 pg/ml BT venom (Sigma) modified
thc response. Since LQH and BT venoms inhibited
hyperpolarization, we performed inhibition experi-
ments at various concentrations of these two venoms.

almost pl d the h izing phase Figs. 5A and 5B show the dose inhibition curves ob-
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Fig. 5. Inkibition curves of the ATP-induced

BT venom ug/ml

ChTX (M)

by Leiurus

hebracus \LQHY venom (A), Buthus tanuilus (BT)

venom (B) and synthetic charybdotoxin (ChTX) (C). Isolated Madin-Darby canine kidney cells were suspended in 1.5 m) NaCl buffer containing

1.5 M bisoxonol and various concentrations of venom or toxin. ATP (50 uM) was added and the amplitude of the fluorescence change

recosded. The inhibition was determined as a % of the control response in the absence of the effectors. Exchi point is the mean of two
cexperiments.



tamed ICS., was 2 y.g/ml for LOH veriom and total
20 and 50 ;.zg/ml
Using BT venom, IC;, was 100 pg/ml and total inhibi-
tion was not obtained even at 400 pg/mi. LQH venom
costains charyt in, a potent inhibi of the
Ca?‘-activated maxi K* channcis and it is therefore
probable (hal its action |s due to the charybdotoxin
lari by blocking the i
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clamp experiment<. who found a half inhibition cf the
Ca?*-activated K* channe! at 10 nM charybdotoxin. It
has recently been shown that BT venom contains a
toxin named iberiotoxin [20] which acts with high affin-
ity on Ca?*-activated K* channels present in aortic
smooth muscle. In our experiments, BT venom inhib-
ited the ATP-induccd hyperpolarization at a higher

m Ca“-acnvatcd K™ conductance, as reported in other
systems [1,3,12,13). To confirm this hypothesis we per-
formed inhibition experiments at various

than did LQH venom. The fact that the
of charybdotoxin and iberiotoxin in their
respective venoms are quite similar [12,21] suggests

tions of synthetic charybdotoxin *. Fig. 5C shows the
dose-response inhibition of the ATP-induced hyper-
polarization by synthetic charybdotoxin. ICy, was 3
10=" M and total jnhibition was obtained at 4-10 %
M.

Discussion

In this study extracellular ATP was used to make
active potassium channels in Madin-Darby canine kid-
ney cells, an effect already described [14,15]. In our
conditions, ATP induced an increuse of the intra-
cellular calcium within 15 s in both the presence and
absence of 1 mM extracellular calcium. The oresent
results are in close agreement with those of Pauimichl
and Lang [16}, confirming that ATP induced the libera-
tion of calcium from an intracellular store. At the same
time, ATP produced a rapid reduction of the fluores-
cence emitted by bisoxonol-loaded cells. Calibration
experiments using gramicidin in isotonic media at vari-
ous levels of sodium have shown that the ﬂumesc':nw
chlme was due to an induced ATP |
Tiis b ization was AT® drsc-d and

that charyb is a more potent inhibitor than
iberiotoxin for the Ca?*-activated K* channel involved
in the ATP-induced hyperpolarization. Another inter-
esting result of this study is that the ATP-induced
hyperpolarization was not blccked by mamba venom.
The principal toxin of this venom is dendrotoxin which
is a potent inhibitor of the voltage-activated K* chan-
nels [22]. However, Harvey et al [6] and Vazqucz etal.
{71 have recently d d an

dendra*oxin and charybdotoxin at binding sites on neu-
ronal membranes at low toxin comcentrations. Our
results show that there was no effect of dendrotoxin on
the blocking of the Ca®* activated K* channel in-
voived in the ATP response. In some experiments we
incubated Madin-Darby canine kidney cells in the
presence of mamba venom before the addition of LQH
venom. In these conditions the ATP-induced hyper-
polarization was still blocked by charybdotoxin (data
not shown) There would thus appear to be no compe-
tition b in and dend in at the
binding sites of charybdotoxin. Finally, apamin, a spe-
cific blocker of the small K* conductance channels
[23), had no effect on the ATP response even at a high

may be related to an increase ir: . - potassium perme-
ability. An enhanced potassium pe..neability or activa-
tion of potassium channels after application of .atia-
cellular ATP has been reported in fibroblasts [17],
cultured myoblasts and my-:vbes [18] and salivary
glands [19). To characterize the potassium conductance
mcrease, we used venoms or toxins known to act on

h Is. The i ization
was blocked by LQH * 1om and partially blocked by
BT venom. The ATP : sponse was unchanged in the
presence of mamba venom or apamin. LQH venom
contains charybdotoxin, a toxin which is a potent in-
hikitor of hlgh conduclance Ca?*.activated K* chan-
nels. Inhibi using ic charybdo-
toxin gave a half inhibition of the ATP-induced hyper-
polarization at a value of 3 nM. This agrees with the
value obtained by Anderson et al. [20] using paich-

* Synthetic charybdotoxin was kindly provided by Dr. Claudio Vita
Service de biochimie, CEN Saclay, 91191 Gif Sur Yvette Cedex.
France.

1t has already been proposed that in epithelial cells
charybdotoxin inhibits a Ca**-activated K* channel of
ingh conductance [24,25]. However, Friedrich et al. [15]
have clearly shown that in Madin-Darby canine kidney
cells ATP activates an inwardly rectify'ng K* channel
of 65 pS. On the other hand, Bolivar et al. {26] have
demonstrated that Madin-Darby canine kidney cells
also possess a maxi K* channel activated by calcium.
Thus it is probable that Hular ATP stimulates at
least two types of channel m Madm-Darby nmne
kidnev cells. Since h chal
the entire ATP response, we postulate 1hal cha:ylx!o-
toxin i» effcctive on both the intermediate and maxi
epithelial K* channels and that dendrotoxin is ineffec-
tive.

References

{ Miller, C. Moczydlowski, E., Latorre, R. and Phillips, M. (1985)
Nature 313, 316-318.

2 Moczydlowski, E., Lucchesi, K. and Ravindran. A. (1988) J.
Membr. Bioi. 105, 95-111. )



i60

3 Hermann, A. and Erxleben, C. (1987) J. Gen. Physiol. 90, 27-47.
4 Sands, S.B., Lewis, RS. and Cahalan, M.D, (1989) J. Gen.
Physiol. 93, 1061-1074.
5 Price, M., Lee, S.C. and Deutsch, C. (1989) Proc. Natl. Acad. Sci.
USA 86, 10171-10175.
6 Harvey. Al.. Marshall, DT De-Allie. F A, and Strong, P.N.
(1989) Biochem. Biophys. Res. Commun. 163, 394-397.
7 Vazquez, J., Feij P.. King, V.F.. K ki, G.J. and
Garcia, M.L. (19%0) J. Biol. Chem. 265, 15564-15571.
8 Grinstein, S., Goetz, J.D. and Rothstein, A. (1984) J. Gen.
Physiol. 84, 565-54.
9 Bidet, M., Tauc, M., Koechlin, N. and Poujeol, P. (1990) Pfliigers
Arch. 416. 270-280.
10 Grynkiewicz. G.. Poenie. M. and Tsicn, R V. (1985) J. Biol.
Chem. 260, 3440-3450.
11 Rink, T.J., Montecucco, C. Hesketh, T.R. and Tsien, R.Y. (1980}
Biochem. Biophys. Acta 595, 15-30.
12 Gimenez-Gallego, G., Navia, M. Reuben, 5.0, X217, G M. and
Garcia, L.M. (1988) Proc. Natl. Acad. Sci. USA 85, 3329-3333.
13 Grinstein, S. and Smith, 3.D. (1990) J. Gen. Physiol. 95, 97-120.
14 Jungwirth, A., Lang, F. and Paulmichl . (1989) 5. Physiol. 408,
333-343,

15 Friedrich, F., Weiss, t., Paulmichl, M. and Lang, F. (1989) Am.
1. Physiol. 256, C1016-C1021.

16 Paulmichl, M. and Lang, F. (1988) Biochem. Biophys. Res. Com-
mun. 156, 1139-1143,

17 Okada, Y., Yada, T., Ohno-Shosaku, T., Oiki, S., Ueda, S. and
Machida, K. (1984) Exp, Cell. Res. 152, 552-557.

18 Kolb, H.A. and Wakelam, M.J.O. (1983) Nature 303, 621-623.

19 McMillian, MK., Soltoff, S.P.. Cautley, L.C. and Talamo. BR.
(1987) Biochem. Biophys. Res. Commun. 149, 523-530.

20 Anderson, C.S., McKinnon, R., Smith, C. and Miller, C. (1988} J.
Gen. Physiol. 91, 317-333.

2! Galvez, A.. Gimenez-Galliego. G., Reuben, J.P., Roy-Constancin,
L., Feigenbaum, P.. Kaczorowski. G.J. and Garcia. M.L. (1990) J.
Biol. Chem. 265, 11083-11090.

22 Stansfeld. C. and Feltz, A. (1989) Neurosci. Lent. 93, 49-55.

23 Hugues, M., Romey, G., Duval, D., Vincent, J.P. and Ladzunski,
M. (1982) Proc. Natl. Acad. Sci. 79, 1308-1312.

24 Meict, !, Bidet, M., Le Maout, S., Tauc. M. and Poujeol, P.
(1989) Biochim. Biophys. Aciz 978, 134-144.

25 Guggino, S.E, Guggino, W.B., Green, N. and Cacktor, B, (1987)
Am. J. Physiol. 252, Ci28-C137.

26 Bolivar, J.J. and Cereijido. M. (1987) J. Membr. Biol. 97, 43-51.




