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Abstract. Defolliculated oocytes of Xenopus Iaevis re- 
sponded to removal of external divalent cations with 
large depolarizations and, when voltage clamped, with 
huge currents. Single channel analysis revealed a C1- 
channel with a slope conductance of about 90 pS at pos- 
itive membrane potentials with at least four substates. 
Single channel amplitudes and mean channel currents 
had a reversal potential of approximately -15 mV as 
predicted by the Nerust equation for a channel perfectly 
selective for CI-. Readdition of Ca 2+ immediately inac- 
tivated the channel and restored the former membrane 
potential or clamp current. The inward currents were 
mediated by a Ca 2+ inactivated C1- channel (CaIC). The 
inhibitory potency of Ca 2+ was a function of the external 
Ca 2+ concentration with a half maximal blocker concen- 
tration of about 20 gM. 

These channels were inhibited by the C1- channel 
blockers flufenamic acid, niflumic acid and diphenyl- 
amine-2-carboxylate (DPC). In contrast, 4,4'-acetamido- 
4'-isothiocyanatostilbene-2,2'-disulfonicacid (SITS), an- 
other C1- channel blocker, led to activation of this C1- 
channel. Like other C1- channels, the CaIC was acti- 
vated by cytosolic cAMP. Extracellular ATP inhibited 
the channel while ADP was without any effect. Injection 
of phorbol 12-myristate 13-acetate (PMA), a protein ki- 
nase C activating phorbol ester, stimulated the C1- cur- 
rent. Cytochalasin D, an actin filament disrupting com- 
pound, reversibly decreased the clamp current demon- 
strating an influence of the cytoskeleton. 

The results indicate that removal of divalent cations 
activates CI- channels in Xenopus oocytes which share 
several features with C1- channels of the CLC family. 
The former so-called leak current of oocytes under diva- 
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lent cation-free conditions is nothing else than an acti- 
vation of C1- channels. 

Key words: Xenopus oocytes - -  C1- channel - -  Diva- 
lent cations - -  Leak current 

Introduction 

Several cell systems have been developed for the molec- 
ular expression of chloride channels, the most favored of 
which is based on injection of foreign RNA into oocytes 
of the South African clawed toad Xenopus laevis 
(Jentsch, 1994, Pusch & Jentsch, 1994). This method 
provides both a decisive proof of successful RNA prep- 
aration, and a useful tool for studying function and reg- 
ulation of CI- channels. Two properties make this ex- 
pression system particularly attractive. First, oocytes 
promiscuously translate and process injected foreign 
RNA and insert the functional channels in their plasma 
membrane (Sigel, 1990). Second, oocytes are extremely 
suitable for the study of membrane transport. Their 
large size makes it possible to apply various electrophys- 
iological and biochemical techniques to one single cell. 
However, the oocytes possess a lot of endogenous trans- 
port systems such as ion pumps (Lafaire & Schwarz, 
1986), cotransport systems for a wide variety of sub- 
strates (Richter & Schwarz, 1991), and ion channels 
(Dascal, 1987). Besides K + channels (Dascal, Lotan & 
Lass, 1987; Parker & Ivorra, 1990), Ca 2+ channels (Das- 
cal, 1987), mechanosensitive cation channels (Lane, Mc- 
Bride & Hamill, 1991), and more or less selective cation 
channels (Burckhardt & Fr6mter, 1992), they exhibit dif- 
ferent anion channels most of them being C1- channels 
(Dascal, 1987). The best described CI- channels in the 
oocyte membrane are the Ca 2+ activated C1- channels 
which transport C1- from the external side to the cyto- 
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plasm of  the oocyte (Miledi  & Parker, 1984). Increase of  
intracel lular  Ca 2+ concentra t ion  leads to act ivat ion of this 
class of C1- channels  thereby hyperpolar iz ing the oocyte 
membrane .  They  are more  or less specifically inhibi ted 
by different C1- channel  blockers such as f lufenamic  acid 
(FFA) ,  n i f l u m i c  ac id  (NFA) ,  d i p h e n y l a m i n e - 2 - c a r -  
boxylate  (DPC), 4 ,4 ' -d i isothiocyanatost i lbene-2,2 ' -disul-  
fonicacid (DIDS),  and 4 ,4 ' -acetamido-4 ' - i sothiocyanato-  
s t i lbene-2 ,2 ' -d i su l fonicac id  (SITS) (White  & Aylwin ,  
1990; Schwieber t ,  Lopes  & Guggino ,  1994; Greger,  
1994). W h e n  consider ing the use of the oocytes as an 
expression system for foreign C1- channels  one should be 
aware of  the existence of those endogenous  C1- channels .  

In a previous paper  (Weber  et al., 1995), we already 
demonstra ted that Xenopus oocytes possess an addit ional  
class of  CI-  channels  which were so far unknown.  These 
channels  are inact ivated by small  amounts  of extracellu- 
lar d ivalent  cations, such as Ca 2+, Mg  2+ or Ba 2+, and are 
speci f ica l ly  inh ib i t ed  by  f lu fenamic  acid. Us ing  the 
patch c lamp technique we could identify a CI-  channel  
type, which  is i m m e d i a t e l y  inac t iva ted  when  smal l  
amounts  of  Ca 2§ are added to the extracellular  medium.  

In some earlier reports, the currents observed after 
removal  of  external  Ca 2+ were attr ibuted to so-called 
leakage or leak currents (Raditsch & Wi tzemann ,  1994). 
It was even speculated, that removal  of  divalent  cations 
could cause irreversible damage to the oocyte membrane .  
In the present  paper, we extend our previous f indings  and 
we give detailed proof, that the " l e a k  current ,"  induced 
by  remova l  of  external  divalent  cations, indeed is medi-  
ated through a channel .  This  channel ,  which we named  
Ca 2+ inact ivated C1- channel  (CaIC), is inhibi ted  by  
FFA,  NFA,  and DPC, but  not  by SITS and D I D &  The 
CalC is regulated via a cAMP-dependen t  mech an i sm  and 
is inhibi ted by extracellular  ATP,  The current  media ted  
by the CaIC is further increased by  an activation of  the 
protein k inase  C. Contrary to all transport  systems of  the 
oocyte hitherto described the Ca lC  remains  active even 
when  the oocyte undergoes  maturat ion.  S ingle-channel  
analysis  showed a conduc tance  of  90 pS at posi t ive 
m e m b r a n e  potentials,  four substrates, and a reversal po- 
tential  of  about  - 1 5  inV. Al l  these data argue against  a 
so-called leakage current  and give clear evidence that 
removal  o f  external  Ca 2+ activates a hitherto unexplored  
C1- c h a n n e l  in  the  p l a s m a  m e m b r a n e  o f  Xenopus 
oocytes.  Part  of  the results has been  presented at the 
spring meet ing  of the German  Physiological  Society and 
has been publ i shed  in abstract form in Pfluegers Arch 
429:R66,  1995. 

Materials  and Methods  

OOCYTES 

The following methods to obtain defolliculated oocytes were identical 
to those described in more detail previously (Weber, Schwarz & Pas- 

sow, 1990). South African clawed toads (purchased from African Xen- 
opus Facility, Noordhoek, South Africa) were hypothermally anaesthe- 
tized, small pieces of ovary were removed and bathed for five hours in 
oocyte Ringer (ORi, see below) containing collagenase (1 mg/ml, 
Serva, Heidelberg, Germany). Oocytes were washed for 10 min in 
Ca2+-free ORi and remaining follicle cells were removed manually 
with small forceps. Defolliculated oocytes were stored at 18~ in ORi 
supplemented with penicillin (20 rag/l), streptomycin (25 rag/l) and 
pyruvate (2.5 raM) until the oocytes were used for the experiments (day 
1 to day 5 after removing from the ovary). Only healthy-looking, full 
grown oocytes (stage V or VI) (Dumont, 1972) were used for the 
experiments, which were performed at room temperature (22-25~ 

SOLUTIONS 

The composition of ORi was (in raM): 90 NaC1, 20 tetraethyl- 
ammoniumchloride, 2 CaC12 and 5 N-2-hydroxylethylpiperazine-N'- 
ethanesulfonic acid (HEPES), pH was set at 7.4. CaZ+-free solutions 
were buffered with 0.5 mM ethylenediamine tetraacetic acid (EDTA) or 
ethyleneglycol bis(~-aminoethyl ether)-N,N,N',N'-tetraacetic acid 
(EGTA). For Na+-free solutions Na + was substituted by tetramcthyl- 
ammonium (TMA +) or N-methyl-D-glucamine (NMDG+). All sub- 
stances, if not stated otherwise, were purchased from Sigma (Deisen- 
hofen, Germany). Solutions for patch clamp experiments contained 
N-methyl-D-glucamine (NMDGCI, 100 raM) and EGTA (1 raM). 

ELECTROPHYSIOLOGY 

Single oocytes were placed in a small plexiglas chamber (1 ml volume) 
and were superfused constantly with a flow rate of about 2 ml/min. 
Conventional two-microelectrode voltage clamp was performed as de- 
scribed previously (Weber et al., 1992). Briefly, membrane potential 
and current-voltage relationships were determined with a voltage- 
clamp amplifier (OC 725B, Warner Instruments, Hamden). The volt- 
age and the current microelectrode were filled with 1 mM and 3 mM 
KC1, respectively and had resistances from 1 to 5 Mg~. The bath elec- 
trode was an Ag/AgCl pellet. Oocytes were clamped to a holding 
potential of-60 mV and the holding current was recorded with a strip 
chart recorder. For determination of current-voltage relationships, 
steady state current was measured during the last 100 msec of 500- 
msec rectangular pulses to different potentials from -120 to 60 mV in 
steps of 10 mV. These pulses were applied with a frequency of 0.25 Hz 
using a personal computer connected via an interface (CED 1401, 
Science Products, Hofheim, Germany). The software for the pulse pro- 
tocol and the data acquisition was kindly provided by Dr. W. Schwarz 
(Max-Planck-Institute for Biophysics, Frankfurt/Main, Germany). 

Patch clamp pipettes were pulled from borosilicate glass (Hilgen- 
berg, Malsfeld, Germany) on a two-stage puller (Narishige, Greenvale). 
The pipette resistance was about 5 M~ in symmetrical 100 mM NaCI 
solutions. Pipette perfusion was performed as described in detail ear- 
lier (Reifarth, Weiser & Bentrup, 1994) and improved by using in- and 
outflow robes connected to a 10-role peristaltic pump (Gilson, Villiers, 
France). The stability of oocyte patches allowed perfusion pump han- 
dling in the attached mode, i.e., without need of excision. 

Patch clamp measurements were accomplished on devitellinated 
oocytes in the attached- or inside out mode using the new developed 
LM-PC patch clamp amplifier (List, Darmstadt, Germany). Data ac- 
quisition and analysis were achieved with a TL-1 interface (Axon, 
Foster City) and a personal computer running pCLAMP version 5.5 
(Axon, Foster City). Current traces from rectangular pulse experiments 
were stored directly on hard disk with 512 samples per trace, whereas 
long time data were stored with -10 dB on a modified conventional 
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DAT recorder (AIWA, Tokyo, Japan). An 8-pole Bessel filter (Fre- 
quency Devices, Haverhill) was used for low pass filtering (550 or 
1550 Hz) and amplification (10 dB) of the tape stored data. The data 
were digitized for computer analysis with at least 0.5 msec sampling 
time. 

Mean load fiucmations (Q = 1 t) of a patch were analyzed by 
integrating current traces obtained by rectangular voltage-pulse exper- 
iments. Current traces which exhibited no detectable channels, were 
termed as background currents due to their voltage- and ion depen- 
dence. Mean load fluctuations of CaIC currents were calculated by 
integrating current traces with CaIC openings minus background cur- 
rents. Membrane potential (V,~) was determined as negative pipette 
potential in the inside-out mode and was calculated in the cell-attached 
mode from measured resting membrane potential minus pipette poten- 
tial. 

For minimization of diffusion potentials, an agar bridge filled 
with 0.5 M NMDGCI was used as a reference electrode in the bath. 

Flow of negative charge (i.e., CI-) from the cytosol of the oocytes 
to the outside is conventionally termed inward current and plotted 
downward in all graphs. 

STATISTICS 

Results, when not stated otherwise, are expressed as means _+ SEM, with 
n the number of oocytes and N the number of animals. 

BLOCKER KINETICS 

To describe blocker kinetics, the following equation was fitted to the 
data shown in Figs. 1B and 2A-C 

kma x , (S) 
k -  K~+(S) (1) 

were kma x represents the total current in absence of Ca 2+, K i is the 
half-maximal blocker concentration and (S) stands for the respective 
blocker concentration. 

Results 

DEPENDENCE ON EXTERNAL Ca  2+ 

The inhibi tory potency  of  extracel lular  Ca > on the CaIC 

media ted  current  is a funct ion of  the external  Ca 2+ con- 

centration.  R e m o v i n g  external  Ca 2§ led to a drastic in- 

crease of  the c lamp current. As  depic ted  in Fig. 1A, sub- 
sequent  increasing concentrat ions  o f  external  Ca 2+ de- 
creased the hold ing  current  step by step. 500 gM Ca 2§ 

showed  the max ima l  inhibit ion.  Plot t ing the inhibi t ion 
as a funct ion of  the external  Ca 2+ concentra t ion y ie lded  

a Michae l i s -Men ten  kinet ic  wi th  a half  max ima l  b locker  
concentra t ion  (Ki) of  21 + 9 gM Ca  2+ (Fig. 1B). There  
was no dependence  on intracel lular  Ca 2+ since inject ion 
o f  E G T A  (5 raM, 50 nl per  oocyte)  or Ca 2+ (5 rnM, 50 nl 

per  oocyte)  into the oocytes  had no vis ib le  effects  on the 
C1- currents induced by remova l  of  extracel lular  Ca a+. 
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Fig. 1. Dependence of current on external Ca >. (A) Oocytes were 
clamped to -60 mV and the clamp current was recorded. Removal of 
Ca 2+ led to a drastic current increase that was successively decreased 
by subsequently increasing external Ca > concentrations. Downward 
deflections indicate inward currents due to CF secretion. Shown is a 
typical experiment representative of 8 experiments (N = 4). (B)Michae- 
lis Menten plot of the dependence of inhibition of CaIC on external 
Ca 2+ concentration following Eq. 1 (see Material and Methods). Data 
represent mean values + SEM from 8 experiments (N = 4). 

BLOCKER KINETICS 

The  Ca 2+ inact ivated C1- channel  in Xenopus oocytes  

was found sensi t ive to several  C1- channel  b lockers  such 
as f lufenamic  acid, n i f lumic  acid and DPC.  However ,  

the C F  channel  had different  affinities for the blockers.  

F lu fenamic  acid had the highest  affinity indicated by a 

ha l f  max ima l  b locker  concentra t ion of  6.1 + 0.9 pM (Fig. 

2A, n = 9, N = 3), and with 150 gM being suff icient  to 
b lock  all C1- channels  induced by remova l  of  extracel-  
lular Ca 2+. Ni f lumic  acid had a lower  affinity (K i = 22.0 

+_ 4.2 rnM), and even  b locker  concentrat ions  of  400 gM 
b locked  only 80% of  the CaIC (Fig. 2B, n = 9, N = 5). 

The  lowes t  affinity showed  D P C  with a K i of  74.0 +_ 12.0 

pM (Fig. 2C, n = 11, N = 4). Al l  b lockers  were  fully 
reversible ,  however ,  n i f lumic  acid in h igher  concentra-  
t ions somet imes  caused oscil lat ions of  the m e m b r a n e  po-  

tent ial  and even  led to i r revers ib le  damage  of  some  
oocytes.  
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Fig. 2. Blocker kinetics for several CF channel blockers. In A to C Michaelis Menten kinetics (Eq. 1) are shown: (A) Flufenamic acid, (B) Niflumic 
acid, (C) DPC. (D) Holding currents are normalized to percent of control in the presence of external Ca 2+. Immediately after addition of SITS (10 
gM) the CaIC-mediated current increased. Subsequent increasing SITS concentrations reduced the SITS induced activation (means _+ SEM, n = 7, N 
=3). 

SITS, another known C1- channel blocker had no 
inhibitory effect on the CaIC. Surprisingly, this C1- 
channel blocker in turn activated CI- conductances after 
Ca 2+ removal. Under Ca2+-free conditions the holding 
current in this series of  experiments was -627  + 81 nA. 
Application of  10 gM SITS nearly doubled the holding 
current to -1185 + 69 nA (Fig. 2l), n = 7, N =  3). Lower 
concentrations of  SITS had even stronger activating ef- 
fects. However, we could not investigate these effects 
further because the currents became too high and ex- 

ceeded the hardware limitations of our equipment. With 
increasing concentrations of  SITS the activation of  the 
current became lower as with 10 gM SITS, but all con- 
centrations that we tested (up to 250 gM) had activating 
effects on the CaIC. 

EFFECTS OF CYCLIC MONOPHOSPHATES 

cAMP is known to modulate channel properties directly 
or via cAMP-dependent protein kinases (McCann & 
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50 to 100 btM nearly doubled the holding current (98 +_ 
19.8%, n = 6, N = 5). Extracellular application of IBMX 
alone (1 mu) in order to elevate intracellular cAMP 
concentration led to an increase of holding current by 
47 +_ 6%. 

cGMP, applied as the permeable analogue N2,2'-O - 
dibutyryl cGMP (100 btM) together with IBMX (I raM) 
under Ca2+-free conditions, led to a 45 + 8% increase of 
the holding current while cGMP alone had virtually no 
detectable effect (n = 7, N = 5). To evaluate whether 
cAMP (50 btM) and cGMP (50 gM) might have cumula- 
tive effects, we applied first cAMP and then additionally 
cGMP. In these experiments, cAMP alone showed max- 
imal activation, cGMP had no additional effect. Figure 
3B summarizes the results from the different experimen- 
tal protocols. 

Both compounds showed no or only small effects on 
the holding current when they were applied in the pres- 
ence of Ca 2+. 
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Fig. 3. Effects of cAMP, cGMP and IBMX. (21) IV curves were re- 

corded in the absence and presence of external Ca 2+ and with and 

without cAMP and cAMP + IBMX, respectively. The curves are rep- 

resentative of 7 experiments (N = 3). (B) Stimulation of CalC by 

external IBMX, cAMP + IBMX and by injected cAMP. The data are 

normalized to the current value before the application of the respective 

substance. Shown are the means +_ SEN from 5 to 8 oocytes (N = 3). 

Welsh, 1990). We applied 100 gM 8-(4-chlorophenyl- 
thio)-cAMP, a permeable cAMP analogue, together with 
1 mM IBMX, a phosphodiesterase inhibitor, to prevent 
fast cAMP degradation. Shortly after application of this 
"cocktail" under Ca2§ conditions the holding cur- 
rent at -60  mV increased by 80 _+ 16% (n = 9, N = 4). 
IV-relationships in absence and presence of cAMP 
yielded the cAMP-activated CI- currents, which were 
stimulated over the entire voltage range (Fig. 3A). 

Addition of impermeable cAMP (free acid) in con- 
centrations up to 1 mM showed only small effects on the 
holding current in the absence of Ca 2§ indicating that the 
permeable cAMP analogue enrolled its activating po- 
tency mainly from the cytoplasmic side of the mem- 
brane. Injection of cAMP under voltage clamp condi- 
tions to a final internal concentration of approximately 

EFFECTS OF EXTERNAL NUCLEOTIDES 

Paulmichl and coworkers (1992) identified a novel C1- 
channel in Xenopus oocytes after injection of mRNA 
derived from MDCK cells. This channel could be inhib- 
ited by extracellular nucleotides such as ATP and ADP. 
ATP (1 mM) had the same inhibitory effect on the CalC: 
the current induced by Ca 2+ removal was reduced 41 + 
5% (n = 8, N = 4). However, ADP (1 raM) showed no 
effect on the CaIC demonstrating that this channel is 
regulated in a different way than the CK channel de- 
scribed earlier (Paulmichl et al., 1992). Both nucleotides 
had only minor influences on the membrane currents 
when applied in the presence of extracellular Ca 2+ under 
voltage clamp conditions. Injection of the nonhydrolyz- 
able GTP analogue GTP-7-S (final concentration in the 
oocyte 170 gM) had no detectable effect on the CaIC 
(data not shown). 

EFFECTS OF ADENYLYL CYCLASE MEDIATORS 

Cholera toxin, the secretory product of Vibrio cholerae, 
can persistently activate adenylyl cyclase and thereby 
initiate cell-specific responses involving cAMP (Stern- 
wets & Pang, 1990). Oocytes were preincubated in the 
presence of cholera toxin (250 ng/ml) for 2 hr at room 
temperature. Preincubated oocytes responded to Ca 2+ re- 
moval with more than doubled CalC currents (148 _+ 
25%, n = 39, N = 5). In IV relationships, colera toxin 
induced elevated currents over the whole potential range 
(Fig. 4). The reversal potential of the cholera toxin in- 
duced current was nearly -10  mV as expected for a 
current mediated by a selective C1- channel. 

Pertussis toxin, the secretory product of Bordetella 
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Fig. 4. Effects of cholera toxin and pertussis toxin. (A) IV curves were 
recorded in the absence and presence of external Ca 2+ and with and 
without preincubation with cholera toxin (250 ng/ml) or pertussis toxin 
(250 ng/ml), respectively. The curves are representative of 6 experi- 
ments (N = 4). (B) Stimulation of CalC by preincubation with cholera 
toxin (250 ng/ml) or pertussis toxin (250 ng/ml), respectively. The data 
are normalized to the current value before the application of the re- 
spective substance. Numbers in brackets give the numbers of individual 
oocytes. 

pertussis, interferes with inhibitors of the adenylyl cy- 
clase thereby increasing intracellular cAMP levels (Mo- 
riarty et al., 1990). Incubation of oocytes in pertussis 
toxin (250 ng/ml for 2 hr) resulted also in elevated cur- 
rents mediated by the CaIC. However, the effect of per- 
tussis toxin on the CaIC was quite lower than the effect 
of cholera toxin. The current was increased only by 63 + 
8% (n = 35, N = 4). Pertussis toxin led to increased 
currents over the whole potential range (Fig. 4). Again, 
the reversal potential of the pertussis toxin activated cur- 
rent was about -10  mV indicating that a selective CI- 
channel was opened. Figure 4B sums up the effects of 
cholera toxin and pertussis toxin on the clamp current at 
-60  mV. 

EFFECTS OF PROTEIN KINASE C ACTIVATION 

Phorbol esters like PMA (phorbol 12-myristate 13- 
acetate) have been demonstrated to activate protein ki- 
nase C (PKC) in Xenopus oocytes thereby influencing 
several characteristic features of the oocyte membrane 
(Vasilets et al., 1990). Injection of PMA into the oocytes 
to a final concentration of about 140 nM led to an in- 
crease of the CI- channel activity induced by the removal 
of external Ca 2+ (46.9 + 7.8%, n = 6, N = 4). The same 
experimental protocol caused no significant changes in 
the electric properties of the oocyte membrane when 
Ca 2+ was present in the bath solution. 

INFLUENCE OF THE CYTOSKELETON 

To investigate the influence of the cytoskeleton on the 
activity of the CaIC, we superfused oocytes with cyto- 
chalasin D (5 gg/ml) under voltage-clamp conditions. 
This compound is known to disrupt actin filaments, 
which are in some way involved in the regulation of ion 
channels (Hesketh, 1994). Cytochalasin D reduced the 
currents mediated by the CaIC in Ca2+-free solution 
about 15.3 + 4.7% (n = 8, N = 3). Shortly after applica- 
tion of cytochalasin D the holding current dropped. Sub- 
sequent removal of cytochalasin D restored the former 
holding current after a longer lasting washout period. 

FATE OF THE C A I C  DURING OOCYTE MATURATION 

Nearly all transport systems of the oocyte are regulated 
down by several  mechanisms  during maturat ion 
(Schmalzing et al., 1990). In vitro maturation was in- 
duced by incubating the oocytes in progesterone (0.1 ~tg) 
for 6 hr. Oocytes were considered maturated when the 
so-called "white spot" appeared, the visible sign for 
germinal vesicle break down. Contrary to most trans- 
porters of the oocyte membrane, the CaIC was still active 
in maturated oocytes also called eggs. Eggs, voltage 
clamped to -60  mV, had CaIC currents o f -2052  + 299 
nA (n = 5, N = 3) compared with -3294 + 369 nA (n = 
32, N = 13) in progesterone untreated oocytes. The small 
difference between these two values might be due to 
maturation, seasonal changes or the wide variability of 
the magnitude of CaIC currents in individual oocytes 
(Weber et al., 1995). The dependence of the inactivation 
of the CaIC on external Ca 2+ concentrations of eggs 
showed only moderate differences from the results ob- 
tained with oocytes. The Ki values for Ca 2+ of oocytes 
and eggs are not significantly different. Again, the tiny 
difference could be explained by the above mentioned 
reasons (see also Discussion). 

SINGLE-CHANNEL DATA 

Depletion of divalent cations in the pipette led to activa- 
tion of C1- channels. Figure 5 shows CaIC channels 
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measured in the attached mode without divalent cations 
in the pipette solution (100 mM NMDGCI). These chan- 
nels exhibited spontaneous openings at resting mem- 
brane potential (between -30 and -60 mV). 

Single-channel analysis in the attached mode 
yielded a slope conductance of the major open state of 
about 90 pS at positive membrane potentials. Channel 
amplitudes reversed close to the expected C1- reversal 
potential of about -15 mV (Fig. 5A). The C a  2+ inacti- 
vated chloride mean load fluctuation of a whole patch (Q 
= I .  t) shown in Fig. 5B reversed also near -15 mV. 
The curve was resolved from integrating CaIC currents 
with and without background currents. Background 
(baseline) currents appeared to be mostly carried by Na + 
and K + and were strongly reduced when substituted by 
NMDG + on either side of the patch. As shown in Fig. 
6B, depletion of Ca  2+ influenced both background cur- 
rents and CaIC amplitudes. 

Long-lasting depolarizing voltages ( V  m = 30 mV) 

stabilized the CaIC open dwell time and the probability 
that the channel remained in its full open state. Pro- 
longed hyperpolar iza t ion  induced substates and 
decreased the channel open probability. Especially dur- 
ing rectangular voltage-pulse experiments in the inside 
out mode CaIC amplitudes tended to disappear at nega- 
tive V m (V,, < Vrest ). Addition of Ca 2+ (2 mM) to the 
extracellular face of the membrane via pipette perfu- 
sion (Reifarth, Weiser & Bentrup, 1994) caused com- 
plete channel deactivation. Continuous single channel 
recording directly after pipette perfusion with Ca 2+ (2 
raM) is illustrated in Fig. 6A. CaIC amplitudes disap- 
peared suddenly when Ca 2+ was present on the extracel- 
lular side of the patch. Only a small channel of about 10 
pS remained active. Further records on the same patch 
10 min after pipette peffusion with Ca 2+ (indicated by an 
arrow in Fig. 6.4) showed no CaIC activity. CaIC deac- 
tivation and background current reduction by Ca 2+ were 
additionally analyzed using voltage ramp experiments. 
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Subsequent removal  of  Ca 2§ induced only a substate con- 
ductance of  the channel at hyperpolarizing V m, but fully 
restored the background currents. Partly, return of chan- 
nel activity might reflect an incomplete washout of Ca 2§ 
(Fig. 6B). 

In excised experiments,  the CaIC was independent 
on cytosolic Ca 2§ The presence of  Ca a+ (1 m~)  or com- 
plete Ca 2+ depletion did not influence the channel open 
probabili ty,  however,  Ca 2§ removal  frequently reduced 
the seal lifetime. 

CaIC gating, open probabil i ty and the presence of  
substates can vary considerably in the attached configu- 
ration. CaIC ampli tudes frequently exhibi ted several  
conductance states. A record with a pronounced substate 
behavior is depicted in Fig. 7. The amplitude histogram 
in Fig. 7 shows typical subconductances of the CaIC 

measured in the attached mode at oocyte membrane rest- 
ing potential (Vm = - 4 5  mV). The substate currents did 
not exhibit integer fractions of the major open state. 

Open- and closed histograms were achieved in the 
range of  V,~ - 6 0  mV up to 0 mV in the attached- and 
inside out mode from measurements with minor sub- 
states (n = 5, N = 3). The half-maximal threshold method 
was used to analyze the CaIC dwell times. A represen- 
tative recording of  an attached measurement from which 
the d i s t r ibu t ions  were  ob t a ined  is shown in Fig .  
8A. Only the major open state was manually analyzed 
for calculating open- and closed duration histograms 
which could be fitted with two exponentials. The short 
open time constants resulted from short-term transitions 
and had values between 1.2 and 6.4 msec strongly de- 
pendent on filter settings and sampling rate. The long 
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time constants reflected long lasting burst- and interburst 
sequences which varied strongly from 14 to 210 msec in 
dependence of the number of analyzed events with cor- 
responding dwell times. 

Discussion 

The results of the present paper confirm and extend our 
previous observation, that oocytes and eggs of the South 
African clawed toad Xenopus laevis contain a C1- chan- 
nel, which is inactivated in the presence of external di- 
valent cations (Weber et al., 1995). Removal of external 
divalent cations, especially Ca 2+, immediately leads to 
activation of these channels, followed by large depolar- 
izations and giant currents over the plasma membrane 
under voltage clamp conditions. These currents can eas- 
ily amount to more than 10 microamperes at a holding 
potential of -60  mV, thereby sometimes breaking the 
limitations of our voltage-clamp equipment. The Ca 2§ 

inactivated C1- channel (CaIC) is selective for C1- as can 
be demonstrated by the reversal potential of -15 mV 
(Weber et al., 1995). This reversal potential is predicted 
by the constant field equation (Goldman, 1943) for a 
perfectly selective CF channel. The present data indi- 
cate that the rate of CaIC's inactivation is dependent on 
the external Ca 2+ concentration, and that the channel is 
blockable by some but not all C1- channel blockers. 
CaIC is regulated by cAMP and ATP and is influenced 
by the cytoskeleton. In addition, the CaIC, which is un- 
affected by defolliculation, is the first transport system of 
the oocyte plasma membrane that is not downregulated 
during maturation. Single channel analysis gives strong 
evidence for the existence of a C1- channel with a con- 
ductance of about 90 pS and four discrete substates. Be- 
cause the effects were similar for other divalent cations, 
such as Mg 2+, Ba 2+, and Sr 2+ we focus here on Ca 2+, as 
the typical representative for the effects of divalent cat- 
ions on the CalC. 
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EFFECTS OF C a  2+ 

External Ca 2+ concentrations higher than 500 gM com- 
pletely inactivate the CaIC. When the external Ca 2§ falls 
beneath that value the Ca 2+ inactivated CI- channels re- 
spond with spontaneous openings. The magnitude of the 
C1- mediated current increases further with decreasing 
Ca 2+ concentration. The C1- currents reach their maxi- 
mum when the bath solution is Ca2+-free thereby depo- 
larizing the membrane to values near -10  inV. 

The CaIC is completely independent from cytosolic 
Ca 2+ concentrations. We blocked endogenous Ca 2+ 

channels with verapamil (250 pM) and with quinidine (1 
re_u) to exclude possible influences on the internal Ca 2+ 
concentration by external Ca 2+ withdrawal. We in- 
creased or decreased the cytosolic Ca 2§ concentration 
artificially by injection of Ca 2+ or EGTA, respectively. 
All these maneuvers could not induce any change in the 
activity of the CaIC after removing of Ca 2§ from the 
perfusate. This independence of intracellular Ca 2+ 
clearly distinguishes the CaIC from other CF channels of 
the Xenopus oocyte which are regulated via changes of 
cytosolic Ca 2+ (Boton et al., 1989). Moreover, these 
Ca>-activated C1- channels produce only small currents 
in the range of a few hundred nanoamperes (Barish, 
1983). 

The procedure of Ca 2§ removal is completely revers- 
ible and can be repeated several times with one single 
oocyte. It has been argued that withdrawal of external 
divalent cations leads instantaneously and inevitably to 
irreversible damage of the oocyte membrane by inducing 
irreparable "leak currents" (Raditsch & Witzemann, 
1994). One point that emerges from this study is that 
removal of external divalent cations does no detectable 
harm to the plasma membrane of Xenopus oocytes and 
that the so-called "leak current" is nothing else than a 
CF channel which is activated when the outer divalent 
cation concentration is lowered. 

EFFECTS OF C1-  CHANNEL BLOCKERS 

Although C1- channels seem to be a very heterogeneous 
class of ion channels there exist some C1- channel block- 
ers which show at least a certain specificity. The non- 
steroidal anti-inflammatory agents FFA and NFA are re- 
ported to be potent inhibitors of endogenous CI- chan- 
nels in the oocyte membrane (White & Aylwin, 1990), 
which are blocked by these compounds with apparent 
inhibition constants (Ki) of 28 g g  and 17 gM respec- 
tively. The blockers show different characteristics for 
the inhibition of the CaIC. In this case, FFA with a K,. of 
about 6 gM shows higher affinity for the binding site on 
the channel than NFA (K i = 22 ~LM). In general, both 
blockers seem to have slightly higher affinities for the 
CaIC than for the Ca2+-activated C1- channels of the 
oocyte, which are regulated by cytosolic Ca a+. 

DPC, a CI- channel blocker known to be efficacious 
on C1- channels of various tissues (Distefano et al., 
1985), also exhibits inhibitory potency on the CaIC. 
However, with an apparent blocker constant of 74 g~  the 
affinity of this compound on the CaIC is somewhat lower 
than for the above-mentioned inhibitors. DPC, like 
NFA, blocks only about 80% of the total CalC while 
FFA blocks nearly the complete current mediated by the 
CaIC. 

SITS can block cAMP-stimulated chloride fluxes 
and other C1- channels in rather low doses (Greger, 
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1990). Surprisingly, SITS has absolutely no inhibitory 
potency on the CaIC in Xenopus oocytes. Moreover, 
SITS in low concentrations stimulated the CaIC-med- 
iated C1- current. The maximal stimulation with 10 gM 
SITS doubled the current; subsequent increasing 
"blocker" concentrations leads to declining current am- 
plitudes. However, even the highest concentration of 
SITS, that we tested (500 gM), showed slight activation 
but no inhibition of the current at all. Therefore, the 
CaIC can be clearly distinguished from the hyperpolar- 
ization activated CI- current in the oocyte which is com- 
pletely inhibited by SITS (Kowdley et al., 1994). 

We showed, that from the four investigated CU 
channel blockers FFA is the inhibitor of choice if one 
wants to block the CaIC selectively. 

REGULATION 

External ATP in millimolar doses causes depolarization 
of the oocyte membrane (Lotan et al., 1982) thereby 
increasing the inward currents which flow over the mem- 
brane at the resting potential (Kupitz & Atlas, 1993). 
Under Ca2+-free conditions, the oocyte membrane is 
completely depolarized (Weber et al., 1995), and addi- 
tion of ATP cannot induce further depolarization. The 
CaIC-mediated currents are inhibited by extracellular 
ATP while ADP shows no detectable effect. Therefore 
the CaIC seems to be different from the ATP and ADP 
sensitive mammalian chloride channel which has been 
cloned recently (Paulmichl et al., 1992) and which is 
characterized by a sensitivity for both nucleotides. 

Cyclic monophosphates, such as cAMP and cGMP, 
play an outstanding role in the regulation of ion channels. 
At least one class of CI- channels is regulated by cyclic 
monophosphates with the cystic fibrosis transmembrane 
conductance regulator (CFTR) as the most prominent 
representative (for review see: Welsh et al., 1994). 
cAMP-dependent CI- channels are often activated 
through phosphorylation by cAMP-dependent protein ki- 
nase A (Greger, 1994). The activation of some other CV 
channels might involve a molecular mechanism where 
cAMP interacts directly with the channel protein. The 
calcium inactivated CI- channel of Xenopus oocytes is 
activated by cAMP. We showed, that elevation of cyto- 
solic cAMP concentrations leads to activation of the 
CaIC, independent of the method with which the eleva- 
tion was achieved. Even indirect increasing of cytosolic 
cAMP concentration via inhibition of cAMP degradation 
showed clear activation. Neither extracellular cGMP nor 
injection of cGMP had any effect on the CaIC. From 
these results, we conclude that cGMP-dependent kinases 
do not participate in the regulation of the CaIC. In this 
respect, the CaIC behaves like an apical membrane chlo- 
ride conductance described form the Necturus gallblad- 
der (Heming, Copello & Reuss, 1994), which is also 
activated by cAMP but unaffected by cGMP. 

The A subunit of cholera toxin activates adenylyl 
cyclase by catalyzing the transfer of the ADP-ribose 
moiety of NAD + to Gs_ a. The ADP-ribosylation pro- 
longs the lifetime of the Gs_a-GTP species which in turn 
activate adenylyl cyclase thereby increasing the cytosolic 
cAMP concentration. In oocytes pretreated with cholera 
toxin, the subsequent increase of intracellular cAMP 
leads to stimulation of the CaIC. 

The effect of treatment with pertussis toxin is to 
diminish or abolish the efficacy of Gi_,~ to inhibit the 
activity of the adenylyl cyclase. The consequences are 
rising cytosolic cAMP levels which in turn lead to acti- 
vation of the CaIC. 

To investigate a possible activation of the CaIC by 
protein kinase C, we used PMA, a phorbol ester which 
activated PKC (Vasilets et al., 1990). Injection of PMA 
stimulates the CaIC. However, from our results, we can- 
not come to a conclusion on the mechanism of this stim- 
ulation. PMA could mediate its effect via an increase of 
cytosolic cAMP or by a PKC-mediated phosphorylation 
of the CaIC protein or a related regulatory molecule. 
PMAqnduced activation of a C1- channel was also re- 
ported in the Necturus gallbladder (Heming, Copello & 
Reuss, 1994). 

CYTOSKELETON 

The cytoskeleton is a complicated network consisting of 
microfilaments, intermediate filaments, and microtu- 
bules. Several lines of evidence support a role for F-ac- 
tin, the main component of the microfilaments, in regu- 
lating ion channels in various cell lines (Mills & Mandel, 
1994). It is widely accepted that components of the actin 
polymerization/depolymerization process could alter the 
activity of plasma membrane channels (Suzuki et al., 
1993). Depolymerization of actin with cytochalasin D 
leads to lower CaIC activity in a reversible manner. This 
effect might be mediated by direct interaction of actin 
with the channel protein. It could also be mediated via 
an interaction of actin with one or more elements of the 
signal transduction apparatus that controls the activity of 
channels in the oocyte plasma membrane. 

MATURATION EVENTS 

Full-grown oocytes of stage VI (Dumont, 1972) are ar- 
rested in the prophase of the first meiotic division. They 
undergo maturation after gonadotropin-induced proges- 
terone release from the surrounding follicle cells. This 
event causes some profound changes in the electrical 
properties of the maturated oocytes, so-called eggs. 
Membrane potential is completely depolarized leading to 
the downregulation of nearly all oocyte membrane trans- 
port processes. The Na+/K+-ATPase is internalized onto 
inner membranes (Schmalzing et al., 1990), other trans- 
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port systems like the Na+/glucose cotransporter are 
downregulated through the depolarization of the mem- 
brane (Weber, Schwarz & Passow, 1990). The only 
transport system that seems to be functional after oocyte 
maturation is the CaIC. Eggs show nearly the same 
CaIC activity following Ca 2§ removal as the oocytes do. 
Even the Ki values for the Ca 2+ inactivation show no 
great difference, although the currents in eggs are a little 
bit lower. In addition to the above-mentioned reasons, 
this could be due to a lower cAMP content of eggs. The 
binding of progesterone to its receptor leads to an inhi- 
bition of the adenylyl cyclase resulting in a drop in the 
level of intracellular cAMP (Wasserman, Houle & Sam- 
uel, 1984). This lower cAMP content of the eggs on the 
other hand might cause slowly lower CaIC activity in 
Xenopus eggs. 

PATCH CLAMP ANALYSIS 

Our results show that depletion of external divalent cat- 
ions evoked CI- channel openings in cell-attached 
patches of devitellinated oocytes. This channel could be 
reversibly inhibited by extracellular Ca 2+ but was shown 
to be independent of cytosolic Ca 2+. One possible ex- 
planation of this result is a regulatory extracellular bind- 
ing side which functions as a Ca 2§ sensor which might be 
physiologically necessary when eggs are spawned into 
hypo-osmotic pond water. Ca 2§ removal on both sides of 
the patch caused no irreversible leak current, but in- 
creased background currents and reduced the seal life 
time. Contrary to background currents, which were 
nearly linear, the CaIC offered a slightly outwardly rec- 
tifying C1- flux at resting potential up to +50 inV. 

The CaIC exhibits a relatively large slope conduc- 
tance of about 90 pS in NMDGCI solution (100 rn~, 
attached mode) which is higher than for previously re- 
ported endogenous channel conductances in Xenopus 
oocytes (Dascal, 1987). In comparison with well- 
investigated epithelial CI- channels (G6gelein, 1988) the 
CaIC can be classified as a large conductance channel 
rather than a so-called epithelial intermediate conduc- 
tance channel (ICOR channels, (Greger, 1994)). Espe- 
cially in inside-out patches the CaIC showed conduc- 
tances similar to large CI- channels (up to 250 pS). 
Nevertheless, the CaIC share some similarities with these 
ICOR channels which are summarized below. The chan- 
nel exhibits a slightly outward rectification both in chan- 
nel amplitudes and load fluctuation. The open probabil- 
ity (Po) is voltage dependent especially in the inside-out 
mode. Positive V m stabilized Po whereas hyperpolariz- 
ing potentials tended to inactivate the CaIC. The channel 
open probability could be regained at positive V m. Two 
exponentials were needed for close fitting of the open- 
and closed duration histograms which indicate complex 
channel kinetics. In addition, substates may reflect fur- 

ther distinct functional states of CaIC gating. Contrary 
to ICOR channels, CaIC was also active in the cell- 
attached mode and SITS augmented CaIC currents in 
whole cell experiments. 

CaIC exhibited several substates as also described 
for other C1- channels (Frizzel & Morris, 1994; Frizzel & 
Halm, 1994) and the major open state did not exclude the 
possibility of long-lasting lower amplitudes. Especially 
inside-out measurements showed C1- channels with con- 
ductances up to 250 pS which could reflect simultaneous 
gating of several CaIC. In all the above-mentioned fea- 
tures, the single channel patch data are consistent with 
the whole cell results obtained with microelectrodes. 

In conclusion, Xenopus oocytes possess CI- chan- 
nels that are activated when external divalent cations are 
removed. In this and most of their other identified fea- 
tures, these Ca 2§ inactivated channels (CaIC) differ from 
Ca2+-activated CI- channels in the oocytes. The present 
data show that the supposed "leak current" of Xenopus 
oocytes that occurs after removal of divalent cations is 
not mediated through unspecific leaks but through a new 
class of C1- channels. 

The microelectrode measurements are part of the PhD thesis of K. 
Liebold; the patch clamp contributions are part of the PhD thesis of 
F.W. Reifarth. This study was supported by the Deutsche Forschungs- 
gemeinschaft (We1858/2-1) and by Sonderforschungsbereich 249. 
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