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ABSTRACT The vasorelaxing K+ channel opener P1060
(a pinacidil analog), gonadotropins, and cAMP were shown to
activate a glibenclamide-sensitive 86Rb+ efflux from fully
grown follicle-enclosed Xenopus oocytes. Glibenclamide-
sensitive K+ channels are located in follicular cells. Glibencla-
mide (a) depressed the gonadotropin- but not the progesterone-
induced maturation and (it) did not significantly modify pro-
gesterone production in oocytes exposed to Xenopus gonado-
tropin. In follicle-enclosed oocytes, the opener P1060 very
significantly enhanced the oocyte sensitivity to progesterone.
This increased sensitivity to the hormone induced by the K+
channel opener was reversed by glibenclamide. Thus these
results suggest that the opening of glibenclamide-sensitive K+
channels in follicular cells by gonadotropins (and other acti-
vators of this channel) induces a hyperpolarization in the oocyte
that greatly facilitates maturation by increasing the oocyte
sensitivity to progesterone.

Potassium channels are involved in a wide variety of biolog-
ical functions (1). Therefore, it is not surprising that their
pharmacology has attracted considerable interest (2-4). A
number of series of K+ channel effectors are now known.
Two classes of such agents are antidiabetic sulfonylureas,
which block ATP-sensitive K+ channels in pancreatic ,8 cells
(3-6) and provoke insulin release (6, 7), and K+ channel
openers (KCOs), which hyperpolarize smooth muscle cells
(3, 4, 8-12) and other cell types including pancreatic ,3 cells
(6), cardiac cells (13, 14), neurons (15, 16), and skeletal
muscle cells (17). The relaxant effects of KCOs are antago-
nized by sulfonylureas (3, 4, 8, 12), and both families ofdrugs
have the same target channel (3, 4, 8, 12, 14).
We have demonstrated that follicle-enclosed oocytes also

have a K+ channel that is activated by KCOs and blocked by
antidiabetic sulfonylureas (18, 19). This channel was shown
to be the major ionic pathway involved in cAMP-mediated
K+ currents (18) that are induced by gonadotropins (20) and
by a large variety of other hormones and transmitters, such
as catecholamines (21), adenosine (22), vasoactive intestinal
peptide (23), the E series of prostaglandins, atrial natriuretic
factor, ocytocin (24), corticotropin-releasing factor, arginine-
vasopressin (25), and growth hormone-releasing hormone
(26). The increase in K+ conductance caused by activation of
the channel by KCOs or by intracellular cAMP was found to
be suppressed by treatments that stimulate protein kinase C
(e.g., muscarinic effectors and phorbol esters) (18). The
report that defolliculation of oocytes abolished K+ currents
elicited by KCOs and hormones and neurotransmitters (18,
19) suggests that these K+ channels are situated on follicular
cells.
The functional expression of the KCOs and glibenclamide-

sensitive K+ channels in follicle-enclosed oocyte and their

modulation by gonadotropins (18) raise the question of
whether these particular K+ channels act as potential mod-
ulators of the gonadotropin-induced progesterone secretion
and oocyte maturation. The present paper demonstrates that
opening of these K+ channels in follicular cells, which
hyperpolarizes the oocyte, directly controls its progesterone
sensitivity and, thereby, modulates indirectly the process of
meiosis.

MATERIALS AND METHODS
Adult female Xenopus laevis were purchased from the Centre
de Recherches de Biochimie Macromoleculaire (Montpellier,
France). The animals were anesthetized on ice and pieces of
the ovary were surgically removed and placed in ND 96
medium (96 mM NaCI/2 mM KCI/1.8 mM CaC12/2 mM
MgCl2/5 mM Hepes, adjusted to pH 7.4 with NaOH). Stage
5 and 6 follicle-enclosed oocytes (27) were freed from the
ovary by manual dissection and stored at 19°C in ND 96
medium supplemented with penicillin (10 tkg/ml) and strep-
tomycin (20 ,ug/ml). To obtain defolliculated oocytes, folli-
cles were treated for 3 h with collagenase (type Ia, Sigma; 1
mg/ml) in ND 96 medium, and the follicular layers were
subsequently manually removed with fine forceps. Frog
pituitary homogenate (FPH) was prepared from a pool of
Xenopus pituitary glands essentially as described (28). All
experiments were performed at room temperature (20-22°C).
The chemicals used were from Sigma unless otherwise
stated. Solvents (ethanol and/or dimethyl sulfoxide) were
added in parallel in control experiments to ensure the effec-
tiveness of the compounds tested at the concentrations used.
The variability of the results was expressed as the SEM.
"Rb+ Efflux Experiments. Follicle-enclosed oocytes and

defolliculated oocytes were incubated for 30 min in ND 96
medium containing 86Rb+ (Amersham; 100 uCi/ml; 1 Ci = 37
GBq). After 86RbI loading, oocytes were washed thoroughly
and placed in individual chambers of a 24-well culture plate
containing nylon-mesh bottom fittings. Isolated follicular
cells were obtained by carefully bissecting 86Rb+-loaded
follicle-enclosed oocyte in the chamber. In all cases, a
100-min wash with ND 96 solution was carried out before the
experiment was started. Then, the amount of 86Rb+ efflux
from gently shaken oocytes (1 ml ofND 96 medium per well)
was measured every 5 min for 50 min. Activators were added
for 10 min as shown in the figures. Inhibitors such as
glibenclamide and phorbol 12-myristate 13-acetate were
added 5 min and 30 min, respectively, before the activators
and kept in the medium during the activation period. At the
end of the experiment, oocytes were homogenized to deter-

Abbreviations: FPH, frog pituitary homogenate; KCO, potassium
channel opener.
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FIG. 1. (A) 8Rb+ efflux from a follicle-enclosed
oocyte (o) and a defolliculated oocyte (e) induced
by the K+ channel opener P1060 (30 tiM). The
horizontal bar represents the period of stimulation
with P1060. The curves are data from 8 and 6
oocytes (mean ± SEM), respectively, from one
donor. (B) Dose-response curve of the P1060 effect
on follicle-enclosed oocytes. Responses were cal-
culated as the 8Rb+ efflux above the baseline after
5 min of P1060 stimulation and expressed as the
percentage ofthe maximum. Data points are from at
least 5 oocytes from one frog (mean ± SEM). (C)
Dose-response curve for the inhibition by glib-
enclamide of8Rb+ efflux induced by 30 ALM P1060
in follicle-enclosed oocytes. Data points are from at
least 3 oocytes from one donor (mean ± SEM). (D)
8Rb+ efflux from follicle-enclosed oocytes elicited
by FPH (0.01 pituitary equivalent per ml) in the
presence (e) or absence (o) of 10 ,uM glibenclamide
(GLIB). The horizontal bar represents the period of
stimulation by FPH. Data are from 9 or 10 oocytes
from one donor (mean ± SEM). (E) 86Rb+ efflux
from follicle-enclosed oocytes elicited by 8-(4-
chlorophenylthio)adenosine 3',5'-cyclic mono-
phosphate (1 mM; CPT-cAMP) in the presence (e)
or absence (o) of 10 AM glibenclamide (GLIB). The
horizontal bar represents the period of stimulation
by CPT-cAMP. Data are from 6 and 7 oocytes from
one donor (mean ± SEM).

mine the residual content of radioactivity. Fractional rates of
efflux represented 86Rb+ efflux during each 5-min interval
and were expressed as the percentage of the 86Rb+ content in
the oocyte at the beginning of the respective intervals. The
extent of 86Rb+ loading and of the activation of 86Rb+ efflux
varied among frogs and from day to day.
Maturation Experiments. On the first day after dissection,

follicle-enclosed oocytes in groups of 50-100 were incubated
in 2 ml of ND 96 medium containing the required hormones
and/or K+ channel effectors. Oocytes were inspected every
30 min under a binocular microscope for the appearance of a
white spot at the animal pole to indicate germinal vesicle
breakdown, a process related to meiotic maturation (for a
review, see ref. 29). In some cases, a histological examination
was performed to reveal the presence of the metaphasic
plate.

Progesterone Measurements. In parallel with the matura-
tion experiments, groups of40 follicle-enclosed oocytes were
incubated in 1 ml of ND 96 medium containing FPH (0.02
pituitary equivalent per ml) in the presence or the absence of
10 p.M glibenclamide. Incubation mixtures contained 0.1%
dimethyl sulfoxide (final concentration). At the designated
times, the medium was collected and oocytes were treated
with 1 ml of methanol for 15 min with shaking to extract
progesterone (30). Methanol extracts and medium samples
were then stored frozen at -20'C until they were assayed.
Samples of the methanol extract were lyophilized and all
samples were assayed for progesterone by radioimmunoas-
say (Progesterone Direct Radioimmunoassay kit, CIS Bioin-
ternational, Gif-sur-Yvette, France).

Eletrophysiological Experiments. Electrophysiological ex-
periments (current-clamp and voltage-clamp recordings)
were performed as described (18, 19).

RESULTS AND DISCUSSION
Since K+ channels are permeable to Rb+, 86Rb+ effiux
experiments have been used to confirm results obtained with

electrophysiological techniques (18). Fig. 1A shows that
86Rb+ efflux is activated in follicle-enclosed oocytes by the
pinacidil analog P1060 [N-tert-butyl-N'-cyano-N"-(3-
pyridinyl)guanidine]. This activation was not observed in
defolliculated oocytes (Fig. 1A). The dose-response curve of
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FIG. 2. (A) Activation of glibenclamide-sensitive outward K+
currents in follicule-enclosed oocytes by 30 ILM P1060 and FPH (0.01
pituitary equivalent per ml of superfusion buffer). Additions of
P1060, FPH, and glibenclamide (10 1uM) are indicated by horizontal
bars. In this experiment the holding potential was -20 mV. (B)
Continuous recording of membrane potential in a follicle-enclosed
oocyte. The 30 IAM P1060 treatment is indicated by a horizontal bar.
During P1060 treatment, 10 1AM glibenclamide was added to the
medium (indicated by a horizontal bar).
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the P1060 effect indicates a Ko.5 value of 12 AuM (Fig. 1B). The
P1060-activated 86Rb+ efflux is inhibited by glibenclamide
with a KO.5 value of 150 nM (Fig. 1C). P1060 also activates
86Rb+ efflux from isolated follicular cells (not shown).

Since human chorionic gonadotropin activates the glib-
enclamide-sensitive K+ channel in follicular Xenopus
oocytes (18), it was important to show that the same was true
with the corresponding hormone from Xenopus. A Xenopus
pituitary homogenate (FPH) also activates a 86Rb+ efflux and
this effect is depressed by glibenclamide (Fig. 1D). The same
type of effect is observed with cAMP, which is the mediator
for FPH activity (20) (Fig. 1E). cAMP-activated K+ channels
have been shown (18) to be extensively inhibited by glib-
enclamide and nearly totally inhibited by phorbol esters. The
same observation has been made with isolated follicular cells
(data not shown).
FPH clearly activates K+ channels as does P1060, and this

activation is largely inhibited by glibenclamide (Fig. 2A).
Fig. 2B shows a typical experiment in which P1060 appli-

cation to follicle-enclosed oocytes immediately caused a
hyperpolarization of about 50 mV to reach a new resting
membrane potential of -98 mV. This latter value is close to
the expected reversal potential for K+ ions in the Xenopus
oocyte (for a review, see ref. 31). It was observed that the
P1060-induced hyperpolarization was maintained for long
periods of time after a single application of P1060 without
washing. The membrane potential of the P1060-treated
oocyte remained below -80 mV for 6 h. A substantial
glibenclamide-sensitive hyperpolarization was still observed
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after a 10-h P1060 treatment (Fig. 2B). To determine whether
the decrease in the P1060 effect was due to a reduction in
membrane K+ conductance or to an eventual accumulation/
depletion process, we measured in a voltage-ramp-like man-
ner, the current-voltage relationships during P1060 treat-
ment. The amplitude of the outward current decreased as a
function of time without any significant variation in the value
of the reversal potential, which was stable at a value of -103
mV for 10 h ofP1060 treatment. Similar results were obtained
with FPH (data not shown).
FPH is known to induce maturation in fully grown follicle-

enclosed Xenopus oocytes (32, 33). The hormonal action is
believed to be associated with a response of follicular cells to
gonadotropins and involves synthesis and release of proges-
terone (32-34), which, in turn, induces resumption of meiosis
by acting at the oocyte surface (35). Are KCOs and sulfo-
nylurea-sensitive K+ channels involved in the maturation
process? Fig. 3A shows typical kinetics of the FPH-induced
maturation in follicle-enclosed oocytes. The amount of fol-
licle-enclosed oocytes that underwent germinal vesicle
breakdown within 8 h in this typical experiment was 59 ± 4%
(with 17 female frogs). Glibenclamide drastically reduced the
percentage of oocytes undergoing meiosis in the presence of
FPH. Tolbutamide, an antidiabetic sulfonylurea of the first
generation, which is about 1000 times less active than glib-
enclamide on pancreatic ,B cells (Ko.5 = 4-20 nM for glib-
enclamide and Ko.5 = 1-17 ,uM for tolbutamide) (5), was not
active on glibenclamide-sensitive K+ channels in follicular
oocytes at 10 ;M and was also ineffective on maturation.
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FIG. 3. (A) Effect of glibenclamide on FPH-induced maturation in follicle-enclosed oocytes. Kinetics of maturation was followed in oocytes
continuously exposed to FPH (0.02 pituitary equivalent per ml) alone (o) or in the presence of 30 ,uM glibenclamide (e). Data are from more
than 250 oocytes from five frogs (mean + SEM). (B) Lack of effect of glibenclamide on progesterone-induced maturation in follicle-enclosed
oocytes. The kinetics of maturation was assayed in oocytes exposed continuously to progesterone (10 uM) alone (o) or in the presence of 10
,uM glibenclamide (e). Data are from more than 300 oocytes from six frogs (mean ± SEM). (C) Lack of effect of glibenclamide (10 ,uM) on the
progesterone production measured after a 6-h FPH treatment (0.01 pituitary equivalent per ml). Duplicate samples on 40 oocytes from nine
donors were assayed for progesterone production. Data are mean ± SEM. (Inset) Time course of FPH-induced progesterone production in
follicle-enclosed oocytes. Groups of 40 oocytes were exposed continuously to FPH (0.02 pituitary equivalent per ml). At the designated times,
the incubation medium was collected and the oocytes were extracted with methanol. The data points represent the total (medium and extract)
mean progesterone content per oocyte from duplicate samples from one frog. The progesterone level reached at that time was 162 ± 22 pg of
progesterone per oocyte (N = 9). We observed, as have other authors in previous studies (33, 35, 36), great variations of time course and of
the maximal percentage of oocyte maturation among different donors. We therefore included an internal control in each experiment.
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FIG. 4. (A) Effect of P1060 on progesterone-induced maturation
in follicle-enclosed oocytes. Oocytes were exposed continuously to
the indicated concentration of progesterone alone (o) or in the
presence of 30 jAM P1060 (e) and were examined for germinal vesicle
breakdown (GVBD) after a 16-h exposure. Data are from 250 oocytes
from four donors (mean SEM). (B) Glibenclamide at 10 IAM
reverses the stimulatory effect of 30 AM P1060. Experimental
procedure is identical to that in A.

Conversely, no significant effect of glibenclamide could be
observed on the progesterone-induced maturation (Fig. 3B).

Fig. 3C shows a typical profile of FPH-induced progester-
one production. Progesterone production reached a stable
level after 6 h of FPH treatment. Glibenclamide had no effect
on the progesterone production (either in the external me-
dium or in the tissue), although glibenclamide significantly
depressed the maturation process in these particular oocytes.

Fig. 4A shows that, in control conditions, the progesterone
concentration threshold for oocyte maturation was 0.1 ,M
and that the half-maximal maturation was obtained near 1 uM
progesterone. In the presence of the K+ channel opener
P1060, the concentration threshold was shifted to 3 nM
progesterone and half-maximal maturation was observed
near 0.1 AM progesterone. The percentage of maturation
observed with a maximum progesterone concentration (100
MM) was also increased by about 20% in the presence of
P1060. The stimulatory effect of P1060 on oocyte maturation
was largely reversed by 10 MM glibenclamide (Fig. 4B).
Maturation of defolliculated oocytes with progesterone was

not affected by 30 MM P1060 (data not shown).
Thus all these results strongly indicate (i) that the hormone

FPH activates a K+ channel that is sensitive to antidiabetic
sulfonylureas such as glibenclamide, (ii) that this channel is
the same as the channel activated by the K+ channel opener
of the pinacidil family P1060, and (iii) that opening of this
channel is important for oocyte maturation since a large
component of FPH-induced maturation is inhibited by glib-
enclamide and the K+ channel opener P1060 accelerates
maturation induced by progesterone with a stimulatory effect
that is also inhibited by glibenclamide.
What is the mechanism by which K+ channel opening is

effective on maturation? A first possibility is that the hyper-
polarization induced by FPH induces a change in the level of
progesterone production by follicular cells. Fig. 3C indicates
that this is not the case. A second possibility would be that
the progesterone effect on maturation is, itself, a glibencla-

mide-sensitive event. Fig. 3B shows that this interpretation is
also not correct. A third possibility is that K+ channel
opening favors the action ofprogesterone, and Fig. 4A clearly
shows that this is the most likely interpretation. The probable
sequence ofevents would then be as follows: (i) The pituitary
hormone binds to follicular cells; this binding increases
intracellular cAMP and activates sulfonylurea-sensitive K+
channels. (ii) This opening produces a hyperpolarization that
is transmitted to the oocyte itself through gap junctions and
this hyperpolarization (or the K+ efflux it probably induces)
favors progesterone action.
Of course it remains to be seen whether mammalian

granulosa cells that can now be easily studied (37) have
glibenclamide-sensitive K+ channels similar to those found in
Xenopus follicular oocytes and whether the mechanism pro-
posed here also holds for the mammalian system.
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