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Toxin pharmacology of the ATP-induced hyperpolarization 
in Madin-Darby canine kidney cells 

M i c h e l  T a u c ,  M o n i q u e  G a s t i n e a u  a n d  P h i l i p p e  P o u j e o l  

D~partement dc Biologie celhdaire ct mol~ctdaire, Serl'ice de biologie celhdair(; CEN Saclay. Gif sur Yt'ette (France) 

(Received 31 July 1991) 

Key words: Membrane hyperpolarization; ATP: Toxin: nisoxonol; (Madin-Darby canine kidney cell) 

The effects of Leiunls quinquestriatus hebraeus (LQH) venom, mamba venom, Buthus tamulus (BT) venom, purified apamin and 
synthetic charybdotoxin on the membrane hypcrpolarization induced by cxtracellular ATP were examined in Madin-Darby 
canine kidney cells. For this we used a membrane potential probe (bisoxonol) to de',crmine the potential variations. The relation 
between bisoxonol fluorescence and membrane potential was established by treating Madin-Darby canine kidney cells suspended 
in solutions containing various external sodium concentrations with gramicidin. Extraccllular ATP induced a rapid hypcrpolariza- 
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 the ATP-induced" 
hyperpolarization. We concluded that the ATP induced hyperpolarization was due to the augmentation of the potassium 
conductance probably through Ca: +-activat.cd K + channels sensitive to charybdotortin but not to mamba venom. The interaction 
previously described between charybdotoxin and dcndroloxin (the main toxin of mamba venom) was not observed ia our case. 

Introduction 

Charybdotoxin, a toxin purified from venom of  the 
scorpion Leiurus quinquestriatus hebraeus is a potent 
inhibitor of the high conOuctance Ca2+-activated K + 
channel [1,2]. It has been shown to block other  types of 
K + ehannei [3-5] but very little is known about the 
pharmacology of the cae+-activated K + channels I~cai- 
ized in the renal epithelium. However, an apparent  
cross-reactivity has recently been shown [6,7] in binding 
studies between charybdotoxin and dendrotoxin, a toxin 
extracted fron, mamba  venom, suggesting an analogy of 
structure between the CaZ+-activated K + channel and 
the voltage-activated K + channel.  To test the action of 
charybdotoxin and dendrotoxin on epithelial K + chan- 
nels, we determined the membrane potential of sus- 
pended Madin-Darby canine kidney cells by using a 
potential probe (bisoxonol). The openings of the Ca 2+ 
activated K + channels were elicited by extracellular 
ATP application. The data  demonstrate that  the 
Ca2+-activated K + channel,  present in tire plasma 
membrane of Madin-Darby canine kidney cells, is com- 
pletely blocked by charybdotoxin (total inhibition of  
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the ATP-induced hyperpolarization) but unaffected by 
dendrotoxin. Moreover, the venom of the scorpion 
Buthus tamulus also inhibited the AI 'P  response but  
with less efficiency than that of Leiurus quinquestriatus 
hebraeus. 

Material  and  Methods 

Culture conditions 
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 concentrat ion of 2" 104 cells/era 2 in MEM (Gibco) 
medium containing 15 mM N a H C O  3, 20 mM Hepes 
(pH 7.4), 100 U / m l  penicillin, 100 /~g/ml strepto- 
mycin, 10 ml / I  100X nonessential amino acid medium 
(Flow Laboratories)  and  10% fetal calf  serum 
(Eurobio). After  the cells had become co.*fluent, they 
were trypsinized and resuspcnded at (10-20)-106 
cel ls /ml  in NaCI buffer (in raM, NaCi 140, KCI 1, 
CaCle I, MgCI 2 1, glucose 5, Hepes 20 (pH 7.4)). 

Procedure for  potential measurement by fluorescence 
All experiments were made with a Perkin-Eimer 

LS-5 spectrofluorimeter connected to a recorder. 1.5 
ml of buffer was added to a quartz cuvette maintained 
at 37°C. Bis(1,3-diethylthiobarbituric)trimethine oxonol 
(bisoxonol, Molecular Probes) was prepared from a 
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stock solution (15 mM in ethanol) at a concentration of 
0.15 mM in HzO and was added to the cuvette to give 
a final concentration of 1.5 p.M. 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 
calibration was made by adding l # M  gramicidin D 
(Sigma) to cells suspended in isotonic media containing 
various ratios of NaCI and choline chloride. The mem- 
brane potential was calculated assuming that the rates 
of Na + and K + permeation through the ionophore 
were similar using the equation E,,  = R T / F  - r,, _ 1 
/ [ N a  i + Ki] [8]. Na i + K i was determined by the null- 
point method. 

Determination o f  intracellular calcium 
Intracellular calcium was determined by  fluorescent 

video-microscopy. Cultures seeded on petri dishes were 
loaded with 3 p.M fura-2/AM (Molecular Probes) in 
NaCI buffer for 2 h at room temperature. After rinsing, 
the cultures 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 previousiy 
described (Biocom, France) [9]. lntracellular calcium 

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

Results 

Addition of micromolar concentrations of ATP to 
Madin-Darby canine kidney cells elicited a transient 
increase in intraeellular calcium and a tran:,ient hyper- 
polarization. Fig. 1 shows the time course of changes of 
intraeellular calcium and membrane potential of 
Madin-Darby canine kidney cells exposed to 50 p.M 
extracellular ATP in the presence and then the ab- 
sci~cc of I mM cxtraccll~lar calcium. Calculated intra- 
cellular calcium concentrations were 48.79 nM at rest 
and 664.39 nM at maximal stimulation 15 s after ATP 
application in 1 mM calcium (Fig. IA) 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. IB). Bisoxonol, a lipophilic anion, has physico- 
chemical properties that induce a change in fluores- 
cence proportional to changes in membrane potential 
[ll]. ATP induced a transient hyperpolarization fol- 
lowed by a return towards the resting membrane po- 
tential. To measure the degree of this hyperpolariza- 
tion we performed experiments in which artificial po- 
tentials were generated in the presence of I / t M  grami- 
cidin D at various external sodium concentrations. Fig. 
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Fig. 1. Effect of exlraccliular ATP on intraceilular calcium and membrane potential in Madin.Darby canine kidney cells. (A) Intracellular 
calcium determination: Madin-Darby canine kidne'.,' grown on petri dishes were loaded with 3 #M fara-2/AM in NaCI buffer for 2 h. After 
rinsing, cells were placed on the stage ,ff an inverted microscope, the emitted light analyzed by an image-processing system and the 340/380 nm 
ratio in Grinkiewic's equatinn used to determine the calcium coneentralion. ATP (50 #.M final) was added in a medium containing, or not, 1 mM 
external calcium. (B) Memb, an ~. potential variation: Isolated Madin-Darby canine kidnt;y cells (I. l{I °) were suspende:,' in the quartz cuvene of a 
spectrofluorimeler in 1.5 ml NaCI medium containiw; 1.5/tM bisoxonol, excited at 540 nm and emitted light at 580 nm was recorded. ATP (50 

.uM final) was added at the arrow. The figure is represenlalive of three experiments. 
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Fig. 2. Cozrelad~a between emitted fluorescence and membrane potential. (A) Isolated Madin-Darby canine kidney cells (I-10 n) were 
suspended in the cuvene of a spectrofluorimeter in 1.5 ml of a solution containing 1.5~M bisoxonol in which the sodium was to varying degrees 
isoosmotically replaced by choline. Emitted fluure~cence at 580 nm (excitation 54O rim) was recorded and gramicidin D C I ~M final) added (G). 
Fig. 2A represents recordings obtained at different external sodium concentrations. (n) The relative fluorescence variations recorded at various 
sodium concentrations were plotted against the membrane potential generated and calculated according to the following equation: E m = R T / F .  

Iog[Nao]/[Na i + Kj. Na i + K i was determined by the null-polnt method. It was equal to [Naol 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,  isoosmolari ty was 
mainta ined with choline replacement.  The  membrane 
potential  was calculated from the equat ion described 
in material  and methods.  Fig. 2B shows the ratio of  the 
variat ion of  fluorescence to the initial fluorescence 
before the addi t ion of  gramicidin as a function o f  the 
genera ted membrane  potential .  According to this cali- 
bration, the peak hyperpolarization induced by A T P  
was - 1 9 . 7 6  + 0.09 mV, n = 16 (S.E. values) and was 
found to he A T P  dosc-dependent .  Fig. 3 shows a dose 
response curve in which the induced hyperpolarization 
was plot ted against the ATP  concentration. Half-maxi- 
mal effect was obtained at  1.5 • 10 -7 M ATP. For  all 
the following experiments  a dose of  5 0 / ~ M  A T P  was 
used. Addi t ion  of  A T P  did not  produce hyperpolariza- 
tion in Madin-Darby canine kidney cells suspended in 
a K + solution (data not shown), suggest ing that  an 
outwardly directed K + gradient  is necessary for the 
potential  change: a suggestion consistent with the 
opening of  K + channels by an increase in intracellular 
calcium. 

We tested the effects of  various venoms and purified 
toxins known to act on potassium conductances on the 
ATP-induced hyperpolarization. Fig. 4 represents, the 
bisoxonol fluorescence recordings of  ATP-indueed by- 
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Fig. 3. ATP dose-response curve of '.he induccd hy~r~l~J~,~i~u, 
For each value. 1-10 6 cells were suspended in tLe cuvette of a 
spectrofluorimeter containing 1.5 ml NaCI buffer and 1.5 ~M bisox- 
onol. cells were excited at 540 nm and the emitted light recorded at 
580 nm. ATP was added at various concentrations between l0 -9 and 
10 -4 M and the maximum fluorescence ~ariation obtained used to 
determine the induced hyperpolarlzation from the calibration culve. 

I~ach point represents the mean ol two experiments. 
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Fig. 4. Effecl of various venoms or to:(ins on the ATP induced hyperpolarization. Isolated Madin-Darby canine kidney cells were suspended in 
1.5 mi NaCI buffe- containing 1.5/xld bisoxonol (control) or the same buffer containing mamba venom (20 pg/ml), Leiurus quinquestriatus 
hebraeus (LOH) venom (20/zg/ml). aDamin (5" 10 -~ M) or Buthus tamulus (BT) venom (200/zg/ml), ATP (51~ ~l M) ~as added and the emitted 
fluorescence at 5811 :ira (excitation 541, ~ urn) recorded. The figure is representative of three experiments with each venom or toxin. Th:'- scale on 

the right giver, tile membrane potential calculated from calibration experiments using gramicidin. 

perpolarizat ion in the presence  of  t~.ese drugs.  As  
compared  with the control condit ion in NaCI  buffer,  
additioP, o f  20 # g / m l  m a m b a  venom (Latoxan,  Rosans  
France)  did no t modify the response.  On  the  o the r  
hand,  additiot,  o f  20 / z g / m l  L Q H  venom (Latoxan)  
almost  completely inhibited the hyperpolar izing phase  

induced by ATP.  5 . 1 0  -(' M apamin  (S igma)  had no 
effect  whereas  2 0 0 / z g / m l  BT  venom (Sigma)  modi f ied  
the  response.  Since L Q H  and  B T  venoms  inhibi ted 
hyperpolarizat ion,  we pe r fo rmed  inhibit ion experi-  
men t s  at var ious  concent ra t ions  of  these  two venoms.  
Figs. 5A and 5B show the  dose inhibit ion curves  ob- 
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Fig. 5. Inhibition culves of the ATP-induced hyperpolarization by Leiun~s quinquestriatus hebraeus ~LOH) venom (A), Buthus totnuh~s (BT) 
venom (B) and synthetic cnarybdoloxin (ChTX) (C). I~lated Madin-Darby canine kidney cells were suspended in 1.5 ml NaCI buffer containing 
1.5 pM bisoxonol and variuus concenlrations of venom or toxin. ATP (50 /.tM) was added uml the amplitude of the fluorescence change 
recorded. The inhibil.m ,~,,~:; ,_letermined as a % of the control respon~ in the absence of the effectors. Eazh point is the mean of two 

experiments. 



tained. 1C50 was 2 p ,g /ml  for LOl l  venom and total 
inhibition was obtained between 20 and 50 /~g/ml.  
Using BT venom, ICsn was 100 p ,g /ml  and total inhibi- 
tion was not obtained even at 4 0 0 / t g / m ; .  LOH venom 
cot~!ains charybdotoxin, a potent inhibitor of the 
Ca 2 '-activate¢l maxi K + cham,¢Is and it is therefore 
probable that its action is due to the charybdotoxin 
preventing hyperpolarization by blocking the increase 
in Ca2+-activated K + conductance,  as reported in other  
systems [!,3,12,13]. To confirm this hypothesis we per- 
formed inhibition experiments at various concentra-  
tions of synthetic charyhdotoxin *. Fig. 5C shows the 
dose-response inhibition of the ATP-induced hyper- 
polarization by synthetic charybdotoxin. ICsn was 3" 
10 - °  M and total inhibition was obtained at 4 - 1 0  -~' 
M. 

Discussion 

In this study extrace!Jular 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 increase of the intra- 
cellular calcium within 15 s in both the presepce and  
absence of  1 mM extracellular calcium. The present 
results are in close agreement  with those of  PaL~michl 
and L i n g  [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 fluorescc,~¢e 
decline was due to an induced ATP hyperp~larization. 
T~:is hyperpolar izat ion was A T  ° dose-dependent and 
may be related tn  an increase in . • potassium perme- 
abil i ty. An enhanced potassium pe,,aeability or activa- 
tion of potassium ehannel~ after  application of . :~t~- 
cellular ATP has been reported in fibroblasts [ l i ] ,  
cultured myoblasts and my,',~ubes [18] and salivary 
glands [19]. To chara~ zerize th," potassium conductance 
increase, we used venoms or  toxins known to act on 
potassium channels. Ti.~ transient hyperpolarization 
was blocked by LQH • tom 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- 
h!~itor of high conductance Ca2+-activated K + chan- 
nels. Inhibition experiments using synthetic 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 patch- 

* Synthetic charybdotoxin was kindly provided by Dr. Claudio Vita 
Service de biochimie, CEN Saclay. 91191 Gif Sur Yvene Cedex. 
France. 
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clamp experimeW~, who found a half  inhibition of the 
Ca2+-act:va'.ed ~_+ channel at 13 nM charybdotoxin. It 
has recently been shewn that BT venom contains a 
toxin named iberiotoxin [20] which acts with high affin- 
ity on Ca2+-activated K + channels present in aortic 
smooth muscle. In our experiments, BT venom inhib- 
ited the ATP-induccd hyperpolarization at a higher 
concentration than did LQH venom. The fact that  the 
concentrations of charybdotoxin and iberiotoxin in their 
respective venoms arc quite similar [12,21] suggests 
that  charybdotoxin is a more potent inhibitor than 
iberiotoxin for the Ca2+-activated K + channel involved 
in the ATP-induced hypcrpolarization. Another  inter- 
csting result of  this study is that  the ATP-induced 
bypcrpolarization was not blocked 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 ct al. [6] and Vazquez et al. 
[7] have recently demonstrated an interaction hetv:een 
dendre/oxin and charybdotoxin at binding sites on neu- 
ronal membranes at low toxin concentrations. O u r  
results show that there was no effect of dendrotoxin on 
the blocking of the Ca z+ activated K ÷ channel in- 
volved in the ATP response. In some experiments we 
incubated Madin-Darby canine kidney cells in the 
presence of mamba venom before the addition of  L Q H  
venom. In these conditions the ATP-indnced hyper- 
polarization was still blocked by charybdotoxin (data 
not shown). There  would thus appear  to be no compe- 
tition between charybdotoxin and dendrotoxin at  the 
binding sites of charybdotoxin. Finally, apamin, a spe- 
cific blc~ker of  the small K + conductance channels 
[23], had no effect on the ATP response even at a high 
concentration. 

it  has already been proposed that in epithelial cells 
charybdotoxin inhibits a Ca2+-activated K + channel of  
iJisit conductance [24,25]. However, Friedrich et al. [15] 
have clearly shown that in Madin-Darby canine kidney 
ceils ATP activates an inwardly rectify.'ng K + channel 
of  65 pS. On  the other  hand, Bohvar et al. [26] have 
demonstrated that  Madin-Darby canine kidney cells 
also possess a maxi K ÷ ~hannel e.r.tivated by calcium. 
Thus it is probable that extracellular ATP stimulates at  
least two types of  channel in Madin-Darby canine 
kidney cells. Since synthetic chary.l~.ot.ox'.'n '.',b;bited 
the entire ATP response, we postulate that  charybt~o- 
toxin I~ effective on both the intermediate and maxi 
epithelial K + channels and that dendrotoxin is ineffec- 
tive. 
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