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Xenopus laevis oocytes are commonly used to study the 
biophysical and pharmacological properties of foreign ion 
channels and receptors, but little is known about those 
endogenously expressed in their enveloping layer of fol-
licular cells (FCs). Whole-cell recordings and the perfo-
rated patch-clamp technique in cultured FCs held at -60 
mV revealed that ATP (20-250 μM) generates inward cur-
rents of 465 ± 93 pA (mean ± standard error) in ∼60% of the 
FCs studied, whereas outward currents of 317 ± 100 pA 
were found in ∼5% of the cells. The net effect of ATP on the 
FCs was to activate both mono- and biphasic inward cur-
rents, with an associated increase in membrane chloride 
conductance. Two-microelectrode voltage-clamp recor-
dings of nude oocytes held at -60 mV disclosed that ATP 
elicited biphasic inward currents, corresponding to the 
well-known Fin and Sin-like currents. ATP receptor antago-
nists like suramin, TNP-ATP, and RB2 did not inhibit any of 
these responses. On the other hand, when using whole-
cell recordings, 1 μM Ang II yielded smooth inward cur-
rents of 157 ± 45 pA in ∼16% of the FC held at -60 mV. The 
net Ang II response, mediated by the activation of the AT1 
receptor, was a chloride current inhibited by 10 nM ZD7155. 
This study will help to better understand the roles of ATP 
and Ang II receptors in the physiology of X. laevis oocytes. 
 
 
INTRODUCTION 
 
Oocytes from the African frog (Xenopus laevis) have been 
widely used to study diverse biological processes associated 
with ion channels and membrane receptors (Miledi et al., 1989). 
The electrophysiological responses generated by follicular cells 
(FCs) are scarce and poorly understood, given that most of the 
relevant information has been obtained indirectly from follicles 
(individual oocytes each surrounded by a monolayer of FCs). 
For example, diverse substances such as acetylcholine, adeno-
sine, noradrenaline, serotonin, and gonadotrophic hormones 

have been tested for their effect on follicles, primarily to under-
stand their roles in oocyte maturation and their metabolism as 
second messengers (Arellano et al., 1996; Miledi, 1982). 

The plasma membranes of FCs and oocytes are in continu-
ous communication through gap junctions. Some hormones 
and transmitters induce ion currents in FCs that affect both the 
oocyte and the ooplasm, generating important signals and sec-
ond messengers that transmit information between these cells 
(Honoré and Lazdunski, 1993; Miledi and Woodward, 1989; 
Sandberg et al., 1990). It is known that X. oocytes express 
receptors for angiotensin II (Ang II) and ATP. In these oocytes, 
Ang II receptors activate a calcium-dependent chloride current 
through the IP3/calcium-release pathway (Matute et al., 1994; 
Miledi, 1982; Sandberg et al., 1990). Further investigations 
showed that after defolliculation (the process of removing FCs 
from the oocyte membrane, see ref. Miledi and Woodward, 
1989), the Ang II responses still prevailed (Arellano et al., 1996). 
These results suggested the presence of Ang II receptors in the 
oocyte membrane. Nonetheless, the FCs had not been tested 
in isolation. On the other hand, ATP induces at least two types 
of chloride inward currents in follicles, a fast desensitizing cur-
rent (Fin) and a slow current (Sin), both induced by the intracellu-
lar calcium metabolism (Arellano et al., 1996). However, the 
ATP responses observed in follicles are absent after defollicula-
tion (Arellano et al., 1996; King et al., 1996; Miledi and Wood-
ward, 1989). This finding suggested that ATP receptors were 
expressed specifically in the FC membranes, but the response 
of individual FCs to ATP has not yet been directly investigated. 
Clearly, these examples illustrate the intrinsic communication 
between the FCs and the oocyte membrane. However, the 
participation of the Ang II and ATP receptors in generating par-
ticular ion-currents in isolated FCs has not been studied and is 
important to decipher the role of these receptors and better 
understand the physiology of the oocyte-FC interaction. Thus, 
this study was designed to determine the electrical characteris-
tics of the responses produced by ATP and Ang II in FCs main-
tained in culture. 

Molecules

and

Cells

©2011 KSMCB

 

1Instituto de Neurobiología, Universidad Nacional Autónoma de México, Campus Juriquilla, Blvd. Juriquilla 3001, Juriquilla, Querétaro, México, 2UT Health

Science Center at Houston, Internal Medicine/Cardiology 3SCRB6.3728 1881 East Rd Houston, TX 77054, USA, 3Laboratory of Cellular and Molecular

Neurobiology, Department of Neurobiology and Behavior, McGaugh Hall, University of California, Irvine CA 92697-4550, USA, 4Present Address: Centro

de Investigación en Alimentación y Desarrollo A. C. Carretera al Varadero Nacional Km 6.6 Colonia Las Playitas, Guaymas, Sonora, México 

*Correspondence: marcelino.montiel@estudiantes.ciad.mx 

 

Received February 7, 2011; revised September 3, 2011; accepted September 6, 2011; published online November 11, 2011 

 

Keywords: chloride current, follicular cells, oocytes, transmitters, whole-cell recording 

 



398 ATP and Ang II Currents from Follicular Cells 

 

 

 

 

MATERIALS AND METHODS 
 
Follicular cell isolation and culture 
All experimental procedures were in compliance with the ethical 
policies of animal care and handling of the National University 
(UNAM). X. laevis oocytes at stages V and VI were selected to 
isolate the FCs. The epithelium and theca were removed, using 
fine forceps, under a binocular-dissecting stereoscope to obtain 
‘unzipped oocytes’ (Miledi and Woodward, 1989). This proce-
dure left exposed the monolayer of FCs enveloping the vitelline 
membrane of the oocyte. At least 150 ‘unzipped oocytes’ were 
incubated in a Ca2+-free Ringer’s solution (see Electrophysiol-
ogy) for 5 min to facilitate cell segregation, followed by defollicu-
lation during a 30-min incubation with 0.25 mg/ml collagenase 
type I (Sigma). The oocytes were then rinsed with sterile modi-
fied Barth’s solution (see Electrophysiology), placed in a sigma-
cote-treated vial (Sigma) to avoid FC adhesion, and gently 
spun (30 rpm) for up to 2 h in modified Barth’s medium sup-
plemented with 1% fetal bovine serum (FBS). The dislodged 
FCs were recovered with a polished Pasteur pipette, plated on 
a poly-L-ornithine-treated glass coverslip, and allowed to settle 
overnight on the substrate. The Barth’s medium was replaced 
by 80% L-15 culture medium (supplemented with 5% FBS). 
The FCs were maintained in culture (up to 14 days) at 18°C for 
subsequent electrophysiological recordings. 
 
Electrophysiology in cultured follicular cells 
In this study, primary cultures of FC were first identified by mor-
phology under an inverted light microscope (Olympus IX51). 
The FC had the same morphological characteristics and di-
mensions as described by Miledi and Woodward (1989). Iso-
lated cells were placed in the perfusion chamber and tested 
with different concentrations of ATP or with 1 μM Ang II to in-
vestigate if any effect was induced by these chemical transmit-
ters. 

Membrane current responses activated by ATP or Ang II 
were recorded from cultured FC using the whole-cell voltage-
clamp technique (Hamill et al., 1981). The experiments were 
performed at room temperature (20-23°C) between days 2 and 
14 of culture and in a bath continuously perfused with frog 
Ringer’s solution (in mM): NaCl 115, KCl 2, CaCl2 1.8, HEPES 
5, adjusted to pH 7.0 (Miledi and Woodward, 1989). For the 
Ca2+-free Ringer solution, Ca2+ was not added to the Ringer 
solution and was replaced with Na+ to maintain osmolarity. The 
patch pipettes were made from borosilicate glass capillaries 
and filled with an intracellular solution containing (in mM): KCl 
115, NaCl 2, EGTA 5, HEPES 5 (pH 7.0), giving a resistance of 
3-5 MΩ. For the perforate-patch clamp recordings (Marty and 
Neher, 1995; Neher and Sakmann, 1995), the pipettes were 
filled with a solution containing (in mM): KCl 115, NaCl 2, EGTA 
5, HEPES 5, and 100 μg/ml nystatin (adjusted to pH 7.0). The 
tip was filled with nystatin-free intracellular solution giving a re-
sistance of 3-5 MΩ. To investigate the ion selectivity of the 
channel activated by the effects of ATP or Ang II on the FCs, 
current to voltage (I-V) relationships were constructed by 
changing the holding potential according to the following proto-
col: 200-ms voltage pulses from -120 to 80 mV in 20-mV in-
crements or 1-s voltage ramps from -120 to 80 mV. Transient 
capacitance and leak currents were digitally substracted. The 
currents were amplified, filtered at 5 kHz, and digitalized at 100 
Hz (for transmitter-induced currents), 3.3 kHz (for voltage 
pulses), and 0.5 kHz (for voltage ramps). The data were ana-
lyzed with the pClamp 8.2 software (Axon Instruments, USA). 
For the experiments in which the chloride equilibrium potential 
was changed to -40 mV, the intracellular solution in the patch 

pipettes contained (in mM): NaCl 2, KCl 78, K-Gluconate 37, 
HEPES 5, and EGTA 10, adjusted to pH 7.0. In the experi-
ments in which chloride was substituted by gluconate, the intra-
cellular solution in the patch pipettes contained (in mM): Na-
gluconate 2, K-gluconate 115, HEPES 5, and EGTA 5, ad-
justed to pH 7.0, and the frog Ringer’s solution contained (in 
mM): Na-gluconate 115, K-gluconate 2, Ca-gluconate 1.8, and 
HEPES 5, adjusted to pH 7.0.  
 
Electrophysiology in oocytes 
Xenopus oocytes at stages V and VI were manually isolated 
from the ovaries and maintained at 16-18°C in Barth’s solution 
containing (in mM): 88 NaCl, 1 KCl, 0.33 Ca(NO3)2, 0.41 CaCl2, 
0.82 MgSO4, 2.4 NaHCO3, 5 HEPES (pH 7.4), and 0.1 mg/ml 
gentamicin sulfate. ATP or Ang II responses were obtained, 
immediately after removing the connective tissues and the FC 
monolayer from follicles, using the two-microelectrode voltage-
clamp technique (Miledi, 1982). The oocytes were placed in a 
perfusion chamber (volume ~0.1 ml), and ATP or Ang II was 
continuously perfused in Ringer solution (see above) at room 
temperature (20-23°C) at rates of 7-10 ml/min. Membrane cur-
rents elicited by Ang II or ATP were recorded with a commercial 
amplifier (Warner OC-752A; Warner Instruments Corp., USA), 
monitored with an oscilloscope (Nicolet 310; Nicolet Instru-
ments Corp, USA), and stored for subsequent analyses. A 1-s 
voltage-ramp (from -120 to 40 mV) was applied to the cells 
from a holding potential of -60 mV. Data are expressed as the 
mean ± standard error (SE).  
 
Drugs 
Ang II (1 μM) was prepared daily from a frozen Ang II stock 
solution (Sigma-RBI). The AT1 receptor antagonist ZD7155 
(Tocris, Cookson Inc.) has an IC50 of 3.8 nM in guinea-pig ad-
renal gland (Oldham et al., 1993), thus this antagonist was pre-
pared daily to a final concentration of 15 nM from a frozen stock 
solution. ATP solutions (20-250 μM) were made daily from 
adenosine 5′-triphosphate disodium salt (Sigma-RBI). Solu-
tions of 3-100 μM suramin, 10 μM 2′, 3′-O-(2, 4, 6-trinitro-
phenyl)-adenosine 5′-triphosphate monolithium trisodium salt 
(TNP-ATP), and 10 μM Reactive blue 2 (RB-2) were also pre-
pared daily. Suramin, TNP-ATP, and RB2 (Sigma - RBI) are 
non-selective purinergic antagonists with average IC50 values of 
5, 10, and 6 μM, respectively. All three substances were diluted 
in Ringer’s solution and applied externally to the cells by switch-
ing the perfusion line. 
 
RESULTS 
 
ATP responses in follicular cells  
Isolated follicular cells held at -60 mV were tested with ATP at 
different concentrations (20-250 μM) yielding inward currents of 
465 ± 93 pA in 54 of 91 FCs and outward currents of 317 ± 100 
pA in 5 of 91. ATP, independently of the concentration, induced 
two types of inward currents: 1) a fast inward (Fin) current that 
decays promptly in the continuous presence of ATP and that 
does not return to the base line until after ATP is removed from 
the perfusion bath (n = 30); and 2) a Fin-current followed by a 
second inward current that exhibits a slower decay rate (n = 9). 

Figure 1 shows sample recordings of the two types of cur-
rents generated by ATP in the FCs. Figure 1A shows a sample 
recording of the most common type of current found; this cur-
rent developed promptly upon exposure to ATP and shows two 
decay components, but it does not seem to desensitize even 
after long exposures to ATP and does not return the base line 
until the agonist is removed. The second type of ATP-current 
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Fig. 1. Ion currents induced by ATP and Ang II in isolated FCs and oocytes. The time of application (up arrows) and removal (down arrows) of 

the indicated substances is shown. (A), (C), and (E) are sample responses obtained in 17, 9, and 10 FCs, respectively. (B), (D), and (F) are 

sample responses generated in 6, 3, and 4 oocytes, respectively. The oocytes, from two frogs, were recorded within 1 h after their extraction. 
 
 
exhibited biphasic inward currents. These Fin-currents (442 ± 
136 pA; n = 17) presented oscillations, and the Sin-currents 
(660 ± 168 pA; n = 9) decayed even in the presence of ATP 
(Fig. 1C). 

This current is similar to that activated by ATP in epithelium-
removed follicles, and it is assumed to originate in the FCs 
(Arellano et al., 1996). However, as shown in Fig. 1B, ATP 
induced inward currents in oocytes with characteristics similar 
to those described above for FCs. This current reached 125 nA 
and decayed in the presence of ATP, returning to base line 
after ∼70 s. These inward currents were similar to those found 
in a few oocytes that responded to ATP (Arellano et al., 1996), 
probably due to FCs that remained attached to the oocytes.  

In follicles, the Fin- and Sin-currents are activated by ATP, but 
they disappear after defolliculation (Arellano et al., 1996). Thus, 
we tested ATP in seven nude oocytes from two frogs in which 
ATP had generated these currents in isolated cells (Fig. 1D). It 
was interesting to find that the Sin-currents decayed in the pres-
ence of ATP in both the FCs and the oocytes, suggesting in fact 
that some FCs remained attached to the oocytes.  

In addition, we tested the effect of three different ATP recep-
tor antagonists on the follicular cells. ATP responses in these 
cells were not blocked by 100 μM suramin, 10 μM TNP-ATP, or 
10 μM RB-2 (in at least 3 experiments for each antagonist; data 
not shown), suggesting the presence of an unusual ATP recep-
tor or a peculiar assembly of receptor subunits.  

Because the ATP-inward currents were more abundant in the 
FCs, we decided to determine some of their electrical charac-
teristics and the ion responsible for their generation. Hence, 
voltage-ramps were applied before, during, and after the re-
sponse activated by applying ATP on the FCs. Analysis of the 
current to voltage (I-V) relationships revealed an increase in the 
membrane conductance in 75% of the cells; however, in the 
remaining 25% it was decreased (Fig. 2B).  

Figure 2A shows a sample recording of a biphasic inward 
current activated by ATP in a FC, in which the Fin- and Sin-
currents reached 90 and 570 pA, respectively. This current 
returned to base line after ATP was removed from the bath. In 
this case, the I-V relationship showed an increase in the ampli-

tude of both the inward and outward currents. For instance, the 
inward current increased from 50 to 974 pA at -120 mV, and 
the outward current from 189 to 1170 pA at 80 mV, in the pres-
ence of ATP (Fig. 2B). Also, ATP shifted the reversal potential 
of the current from -60 to -10 mV, toward the equilibrium poten-
tial of chloride (Fig. 2B, ctrl, ATP). Thus, the net ATP effect was 
obtained by subtracting the current generated at the peak of the 
Sin-current (the third response to a voltage ramp, Fig. 2A) from 
that of the control current. This current reversed at -4 mV (Fig. 
2B, dif), very near to the chloride equilibrium potential (-10 mV), 
suggesting that ATP induced a chloride conductance in the FC. 
To determine if chloride is the ion that generated this current, 
the chloride of the pipette was replaced by gluconate. In this 
condition we did not observe currents generated by ATP (Fig. 
3A). In this example, two applications of ATP did not produce 
any evident effect on the FC (n = 3). In a second series of ex-
periments, we substituted gluconate for all the chloride in the 
bath but not in the recording electrode; under this condition an 
inward current was produced in response to ATP (Fig. 3B).  

Based on the earlier experiment, we chose to apply ATP in 
freshly dissociated nude oocytes (from two frogs) to investigate 
if the FCs show electrical responses similar to those of the oo-
cytes. It was found that in oocytes, ATP induced Fin-currents of 
85 ± 56 nA (n = 23), Sin-currents of 124 ± 57 nA (n = 7), and 
outward currents of 71 ± 38 nA (n = 9). Figure 2C shows a 
sample recording of an oocyte illustrating a Fin-current elicited 
by ATP followed by an outward current. Importantly, these out-
ward currents were observed only in 40% of the oocytes tested. 
Analysis of the I-V relationships obtained from oocytes during 
the ATP responses showed that the Fin-currents increased 
sharply at values more positive than 0 mV (Fig. 2D). Conse-
quently, the oocyte membrane increased its conductance com-
pared to its corresponding control. Thus, the net ATP currents 
reversed near -4 mV (Fig. 2D, difin), suggesting a chloride con-
ductance was activated during the Fin-currents. 

Additionally, the whole current produced during the outward 
current activated by ATP in the oocyte was increased when 
evaluated using a voltage-ramp protocol (Fig. 2C, ATPout). For 
example, the inward response increased from 200 to 685 nA at
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Fig. 2. Typical ATP responses found in the FCs and oocytes. (A) and (C) show sample ATP-currents from FCs and oocytes, respectively; the 

arrows indicate the application of 200 (A) and 250 µM ATP (C). The vertical lines show membrane currents activated by voltage ramp proto-

cols. (B) and (D) are the I-V relationships generated during the peak of the inward current (from A) and the Fin- and outward current (from C), 

respectively. Ctrl, rec, are control and recovery ramps; ATP indicates the voltage-ramp applied during the ATP-current; dif represents the net 

ATP-current induced. All cells were held at -60 mV. 
 
 
-120 mV, and the outward current from 320 to 944 nA at 40 mV 
(Fig. 2D, ATPout). In this case, the net ATP current reversed 
near the equilibrium potential for potassium (-55 mV), suggest-
ing the involvement of a K+ current (Fig. 2D, difout) during the 
outward current induced by ATP. 

In several FCs, ATP induced oscillating inward currents (n = 
6). Thus, the perforated patch-clamp technique was used to 
reduce the effect of intracellular metabolism (Marty and Neher, 
1995). Unexpectedly, all the FCs tested with ATP using this 
configuration elicited oscillating inward currents. An example of 
this type of current is illustrated in Fig. 4A. In this recording, the 
current showed a maximal response of 92 pA. Interestingly, the 
second application of ATP on the same FC produced an oscil-
latory current that remained active even after the ATP was 
removed from the bath, but after a few seconds, the current did 
return to base line. 

Experiments were designed to determine the ion responsible 
for the oscillatory current. Voltage-ramps were applied before, 
during, and after the oscillating inward current activated by ATP. 
Additionally, we changed the holding membrane potential of the 
FC from -60 to 10 mV. Therefore, if the current generated by 
ATP was carried by chloride, the current should eventually 
invert direction, i.e. it should become an outward current. A 
sample recording is shown in the Fig. 4. The analysis of the I-V 
relationship of this experiment revealed that ATP, at -120 mV, 
increased the amplitude of the inward current from 46 to 137 pA, 
whereas the outward current remained practically unaltered 
(Fig. 4B, ctrl, ATP). In addition, ATP shifted the reverse 

A 
 
 
 
 
 
B 
 
 
 
 
 
 
 
Fig. 3. Recordings obtained in chloride-free medium. Arrows indi-

cate a 3-s application of ATP. (A) The patch pipette solution con-

tained gluconate, and Ringer solution was used in the perfusion 

system. (B) The patch pipette solution contained chloride, and the 

perfusion system was gluconate-based Ringer solution. 
 
 
potential of the current from -75 to -48 mV, generating a net 
ATP-current that reversed at -12 mV, near the equilibrium po-
tential for chloride (-10 mV) (Fig. 4B, dif). As expected, changing 
the holding potential of the cell caused ATP to elicit an outward 
current. Figure 4C shows a typical response of three experi-
ments in which a FC held at 10 mV responded to ATP by gen-
erating an oscillating outward current. This result strongly sug-
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gested that the current was carried by chloride. It was particu-
larly interesting that the membrane oscillated for 30-60 s after 
ATP was removed from the bath.  

In another set of experiments, we investigated whether ATP 
modified the voltage-activated K+ currents in the FCs by appl-
ying ATP during voltage-pulse protocols known to activate 
these K+ currents. It was found that the outward K+ currents 
were blocked, whereas the inward currents were potentiated 
(Fig. 5A, ctrl, ATP). These responses partially recovered after 
the ATP was removed from the bath (Fig. 5A, rec). In this case, 

the current induced by ATP reached 323 pA and returned to 
base line after the ATP was removed from the bath (Fig. 5B). 
Further analysis of the I-V relationship revealed that during the 
ATP response, the outward K+-currents were blocked, and the 
inward currents were increased, both effects were observed 
from -120 to 80 mV (Fig. 5C, ctrl, ATP). Interestingly, the cur- 
rent did not reverse at any voltage tested. Thus, these experi-
ments suggested that ATP (Fig. 5C, dif) blocked the outward 
K+-currents from 20 to 80 mV, and potentiated the inward cur-
rents from -120 to 80 mV. 

Fig. 4. Oscillating currents activated

by ATP in FC. In (A), the FC was

held at -60 mV; (B) illustrates the I-V

relationship. In (A), the vertical lines

show membrane currents activated

by voltage ramps. In (A) and (C) the

up arrows indicate the application of

ATP. (B) ctrl, rec, are the control and

recovery ramps; ATP represents the

voltage ramp applied during the in-

ward current; dif is the net effect

induced by ATP. (C) Oscillating out-

ward current generated by ATP in a

FC held at 10 mV. 

Fig. 5. ATP-current analyzed us-

ing I-V relationships. (A) Currents

activated by voltage-pulses in a

FC. Ctrl, rec, are control and re-

covery currents, respectively; ATP

indicates currents activated by

voltage-pulses in the presence of

ATP. In (B), the arrows indicate the

application of 200 µM ATP; the

vertical lines are voltage pulses

applied before, during, and after

the ATP response. (C) I-V rela-

tionship, dif refers to the net effect

produced by ATP. 
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Angiotensin II responses 

Ang II is an octapeptide that plays an important role in the oo-
cyte’s maturation process, but little is known about the electrical 
signal that it induces in the FCs. Hence, we tested if Ang II 
would induce ionic currents in the cultured FC itself. 

Application of 1 µM Ang II to 62 FC held at -60 mV yielded 10 
smooth-inward currents of 157 ± 45 pA. Here we show sample 
recordings of inward currents elicited by Ang II in the FC. In 
Figs. 1E and 6A, the Ang II-induced an inward current that 
reached 80 pA and began to decay even before removal of Ang 
II. In general, Ang II generates smaller inward currents than 
ATP in the FCs.  

The typical Ang II responses elicited in follicles and ooctyes 
are oscillatory chloride inward currents, as illustrated in Fig. 1F 
(Matute et al., 1994). In this sample recording, Ang II induced a 
maximal current of 180 nA that remained active even when Ang 
II was removed from the bath. Thus, the inward currents elicited 
by Ang II in the FC contrasted with the oscillatory characteri-
stics of the currents induced in the follicles and oocytes, al-
though they both move chloride.  

The effects produced by Ang II in the follicles and oocytes are 
mediated by activation of the AT1 receptor (Arellano et al., 
1996; Matute et al., 1994). For this reason, we decided to test 
the specific AT1 receptor antagonist ZD7155 in the FC and also 
to change the equilibrium potential of chloride to -40 mV. In this 
experiment, Ang II was applied for 16 min in a FC (Fig. 6B, 
continuous line), which generated an inward current that 
reached 124 pA. When Ang II and ZD7155 were co-applied 
(Fig. 6B, dashed line), we did not find evidence of any induced 
ion current. Then, the antagonist was removed from the bath 
while Ang II remained, which elicited an inward current that was 
reversibly blocked by 10 nM ZD7155 (n = 3). A voltage-ramp 
protocol was introduced before, during, and after the Ang II 
response. It was found that Ang II increased both the inward 
and outward currents as compared to the I-V relationships ob-
tained in the control solution (n = 3) (Fig. 6C, Ang II, ctrl). For 
instance, in the example shown, the inward current increased 
from 86 to 178 pA at -120 mV, and the outward current from 

423 to 528 pA at 80 mV. It was also noticed that the voltage-
dependent currents were higher after the application of Ang II 
(Fig. 6C, ctrl, rec). Additionally, Ang II shifted the reversal po-
tential of the current from -60 to -40 mV, towards the equili-
brium potential of chloride (Fig. 6C, Ang II). Thus, the net Ang II 
effect (obtained by subtracting the current generated in the 
presence of Ang II from the control current), revealed a current 
that reversed near the equilibrium potential of chloride (-10 mV) 
(Fig. 6D, ECl = -10 mV). As mentioned before, the equilibrium 
potential of chloride was moved experimentally to -40 mV (see 
section corresponding to Electrophysiology). In consequence, 
the net Ang II-current reversed at the expected equilibrium po-
tential of chloride (Fig. 6D, ECl = -40 mV). These experiments 
demonstrated that in the FC, Ang II generated a smooth chlo-
ride current by activating AT1 receptors.  

Together, these results suggest that ATP and Ang II gene-
rate chloride currents in cultured FCs as they do separately in 
follicles. 
 
DISCUSSION 

 
It is well known that the ovary has a local renin-angiotensin 
system, in which Ang II plays a crucial role in the processes of 
ovulation and oocyte maturation (Yoshimura et al., 1992). Here, 
we show that Ang II generates ion currents in isolated FCs in 
culture. So far, there is only scattered information related to the 
electrical currents generated by Ang II in FCs separated from 
the oocyte, although it is well accepted that the entire follicle 
responds electrically to Ang II (Arellano et al., 1996). We do not 
present a basic mechanism by which the chloride current is 
activated by Ang II in FCs, but it might involve intracellular cas-
cades similar to those in the whole follicles (Arellano et al., 
1996), because the FC and oocyte membranes diffuse signals 
and second messengers, such as Ca2+ and IP3, through gap 
junctions (Miledi and Woodward, 1989; Sandberg et al., 1990). 
Thus, Ang II could potentially induce the production of IP3 in the 
FC, and consequently, the release of intracellular Ca2+ from 
intracellular stores to finally activate a calcium-dependent chlo-

Fig. 6. Ang II responses

produced in the FC, and I-V

relationship. In (A), the verti-

cal lines show membrane cur-

rents induced by voltage-

ramp protocols; the arrows

indicate the application of

Ang II. In (B), the solid line

indicates the continuous appli-

cation of Ang II, and the

dashed line shows the times

of antagonist application. (C)

and (D) are the I-V relation-

ships. (C) ctrl, rec, are control

and recovery ramps, respec-

tively; Ang II is the voltage-

ramp applied during the Ang

II response; (D) ECl- = 0 mV

is the net effect induced by

Ang II in (A) ECl- = -40 mV is

the net effect induced by Ang

II when the chloride equilib-

rium potential was changed

to -40 mV. 
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ride current (Matute et al., 1994; Miledi, 1982; Sandberg et al., 
1990).  

Ang II responses were relatively rare in isolated follicular cells 
(∼16%). Thus, it may be that most Ang II responses found in 
follicles are mainly due to Ang II AT1 receptors located in the 
oocyte membrane (Arellano et al., 1996; Woodward and Miledi, 
1991). In follicles, Ang II activates an oscillating inward current, 
mainly carried by chloride ions, by stimulating the inositol pho-
sphate/Ca2+-dependent chloride channel (Matute et al., 1994; 
Miledi et al., 1989). This response could be coupled to the FC-
oocyte complex through gap junctions, since the connexins 
involved permit the access of small molecules and Ca2+ that 
influence this type of response (Sandberg et al., 1990). 

In cultured FCs, Ang II induced smooth chloride currents 
through activation of AT1 receptors; in contrast, in the follicle the 
currents activated by Ang II are oscillatory (Matute et al., 1994; 
Woodward and Miledi, 1991). Acting on the receptors of either 
the FCs or the oocyte, Ang II generates second messengers 
that can pass through through gap-junctions connecting the 
cells of the follicular complex (Miledi, 1982; Sandberg et al., 
1990), thus influencing some of the oocyte processes, such as 
maturation. 

ATP induced chloride currents in cultured FCs. Most of the 
electrophysiological studies performed in FCs have focused on 
KATP currents, which are blocked by sulphonylureas and 
pinacidil derivatives (Guillemare et al., 1995). The present study 
revealed that ATP currents (Fin and Sin) are more abundant 
(∼60%) in the cultured FCs than in defolliculated oocytes, since 
ATP responses were lost after defolliculation (Arellano et al., 
1996). Thus, activation of ATP currents that originated in the FC 
membranes could induce the production of second mes-
sengers that travel through gap junctions between the FC and 
the oocyte membranes (Sandberg et al., 1990). 

ATP responses obtained in FCs show characteristics similar 
to those observed in follicles (Arellano et al., 1996; Miledi et al., 
1989), in which ATP induces a fast, inward chloride current (Fin-
current). This process is followed by a slow, Ca2+-independent, 
inward chloride current (Sin-current) that depends on the FCs 
and their coupling to the oocyte membrane (Arellano et al., 
1996; Miledi et al., 1989). 

The results presented here strongly suggest that the ATP re-
sponses found in the follicles originate in the enveloping FC 
monolayer, as has been proposed for ATP-eliciting K+ currents 
in follicles (Arellano et al., 1996). It is important to emphasize 
that ATP blocked voltage-dependent K+ currents in the FC 
membranes. However, only five FCs showed outward K+ cur-
rents associated with a decrease in the membrane conduc-
tance (data not shown) (Sout, see Arellano et al., 1996). This could 
be explained by the variety of ATP receptor subtypes that can 
potentially be expressed in the FC membranes (Arellano et al., 
1998). It was of particular interest to find that ATP induced 
mainly chloride currents in the FCs, whereas in the epithelial 
cells, ATP generated cationic currents, even when chloride ions 
were replaced by aspartate (Wu and Mori, 1999). Our observa-
tions suggest the existence of cell type-dependent roles for 
ATP. The balance of ions across the membrane is important 
throughout oogenesis, and hyperpolarization of the oocyte 
plasma membrane by activation of ATP receptors may contrib-
ute to restarting meiosis (Fujita et al., 2001; Wibrand et al., 
1992). In addition, the activation of ATP receptors can depress 
the facilitating action of cAMP, a second messenger produced 
in the FCs by several stimuli (e.g. adenosine, FSH). Thus, the 
depression of the K+ currents by ATP in the FC could lead to 
maintaining the resting membrane potential, thus controlling 
hyperpolarization of the oocyte membrane. The main effect 

produced by ATP found in this study was the activation of a 
chloride current that depolarizes the FC membranes and can, 
therefore, play important roles in diverse physiological states of 
the oocyte. 

In summary, this study shows that ATP and Ang II generate 
ion currents in FCs in culture. The results presented provide a 
better understanding of how these substances participate in the 
physiology of the FC, and potentially in the maturation of the 
oocyte. 
 

ACKNOWLEDGMENTS 
We are grateful to Martín García-Servín and Efrén Ruíz-Alcíbar 
for taking care of the frogs, and to MSc. Leonor Casanova Rico 
and Bertha Esquivel Quiroz for their technical advice. We thank 
Dr. D.D. Pless for editing the manuscript. This work was sup-
ported with the Grants provided by the Dirección General de 
Asuntos del Personal Académico UNAM, IN 224604 to J.G.C.; 
Consejo Nacional de Ciencia y Tecnología (CONACYT), 
México G2575N to J.G.C. and R.M.; and 35033N to J.G.C. IN 
202609 and IN 205308 to RM. M.M-H held stipends from 
CONACYT and CIAD AC. 
 
REFERENCES 

 
Arellano, R., Woodward, R., and Miledi, R. (1996). Ion channels 

and membrane receptors in follicle-enclosed Xenopus oocytes. 
In Ion Channels, T. Narahashi, ed. (Plenum Press, New York), 
pp. 203-259. 

Arellano, R.O., Garay, E., and Miledi, R. (1998). Cl
-

 currents acti-
vated via purinergic receptors in Xenopus follicles. Am. J. 
Physiol. 274, C333-340. 

Fujita, R., Kimura, S., Kwasaki, S., Takashima, K., Matsumoto, M., 
Hirano, H., and Sasaki, K. (2001). ATP suppresses the K+ cur-
rent responses to FSH and adenosin in the follicular cells of 
Xenopus oocyte. Jpn. J. Physiol. 51, 491-500. 

Guillemare, E., Lazdunski, M., and Honoré, E. (1995). Glibencla-
mide opens ATP-sensitive potassium channels in Xenopus oo-
cyte follicular cells during metabolic stress. Mol. Pharmacol. 47, 
588-594.  

Hamill, O.P., Marty, A., Neher, E., Sakmann, B., and Sigworth, F.J. 
(1981). Improved patch clamp techniques for high resolution 
current recording from cells and cells free membrane patches. 
Pflug. Arch. 391, 85-100. 

Honoré, E., and Lazdunski, M. (1993). Single-channel properties 
and regulation of pinacidil/glibenclamide-sensitive K channels in 
follicular cells from Xenopus oocyte. Pflug. Arch. 424, 113-121.  

King, B.F., Pintor, J., Wang, S., Ziganshin, A.U., Ziganshina, L.E., 
and Burnstock, G. (1996). A novel P1 purinoreceptor activates 
an outward K

+

-current in follicular oocytes of Xenopus laevis. J. 
Pharmacol. Exp. Ther. 276, 93-100.  

Marty, A., and Neher, E. (1995). Tight-seal whole-cell recording. In 
Single-Channel Recording, E. Neher and B. Sakmann, eds. 
(Plenum Press, New York), pp. 45.  

Matute, C., Pulakat, L., Río, C., Valcárcel, C., and Miledi, R. (1994). 
Properties of angiotensin II receptors in glial cells from the adult 
corpus callosum. Proc. Natl. Acad. Sci. USA 91, 3774-3778. 

Miledi, R. (1982). A calcium-dependent transient outward current in 
Xenopus laevis oocytes. Proc. R. Soc. Lond. B Biol. Sci. 215, 
491-497. 

Miledi, R., and Woodward. R.M. (1989). Effects of defolliculation on 
membrane current responses of Xenopus oocytes. J. Physiol. 
416, 601-621. 

Miledi, R., Parker, I., and Sumikawa, K. (1989). Transplanting re-
ceptors from brains into oocytes, In: Fidia Research Foundation 
Neuroscience Award Lectures. (Raves Press, New York), pp. 
57-90. 

Neher, E., and Sakmann, B. (1995). Single-channel recording (Ple-
num Press, New York).  

Oldham, A.A., Allott, C.F., Major, J.S., Pearce, R.J., Roberts, D.A., 
and Russell, S.T. (1993). Zeneca ZD 7155. A novel, potent and 
orally-effective angiotensin II receptor antagonist. Br. J. Pharma-
col. 109(S), 136P. 



404 ATP and Ang II Currents from Follicular Cells 

 

 

 

 

Sandberg, K., Bor, M., Ji, H., Markwick, A., Millan, M.A., and Catt, 
K.J. (1990). Angiotensin II-induced calcium mobilization in oo-
cytes by signal transfer through gap junctions. Science 249, 
298-301. 

Wibrand, F., Honoré, E., and Lazdunski, M. (1992). Opening of 
glibenclamide-sensitive K

+

 channels in follicular cells promotes 
Xenopus oocyte maturation. Proc. Natl. Acad. Sci. USA 89, 
5133-5137. 

Woodward, R.M., and Miledi, R. (1991). Angiotensin II receptors in 

Xenopus oocytes. Proc. R. Soc. Lond. B. 244, 11-19. 
Wu, D., and Mori, N. (1999). Extracellular ATP-induced inward 

current in isolated epithelial cells of the endolymphatic sac. Bio-
chim. Biophys. Acta 1419, 33-42. 

Yoshimura, Y., Karube, M., Koyama, N., Shiokawa, S., Nanno, T., 
and Nakamura, Y. (1992). Angiotensin directly induces follicle 
rupture and oocyte maturation in the rabbit. FEBS Lett. 307, 
305-308. 

 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


