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Abstract. The effects of angiotensin II (100 nM) on the
electrical membrane properties of zona fasciculata cells
isolated from calf adrenal gland were studied using the
whole cell patch recording method. In current-clamp
condition, angiotension II induced a biphasic membrane
response which began by a transient hyperpolarization
followed by a depolarization more positive than the con-
trol resting potential. These effects were abolished by
Losartan (10−5

M), an antagonist of angiotensin receptors
of type 1. The angiotensin II-induced transient hyperpo-
larization was characterized in voltage-clamp condition
from a holding potential of −10 mV. Using either the
perforated or the standard recording method, a transient
outward current accompanied by an increase of the mem-
brane conductance was observed in response to the hor-
monal stimulation. This outward current consisted of an
initial fast peak followed by an oscillating or a slowly
decaying plateau current. In Cl−-free solution, the out-
ward current reversed at −78.5 mV, a value close toEK.
It was blocked by external TEA (20 mM) and by apamin
(50 nM). In K+-free solution, the transient outward cur-
rent, sensitive to Cl− channel blocker DPC (400mM),
reversed at −52 mV, a more positive potential thanECl.
Its magnitude changed in the same direction as the driv-
ing force for Cl−. The hormone-induced transient out-
ward current was never observed when EGTA (5 mM)
was added to the pipette solution. The plateau current
was suppressed in nominally Ca2+-free solution (47% of
cells) and was reversibly blocked by Cd2+ (300 mM) but
not by nisoldipine (0.5–1mM) which inhibited voltage-
gated Ca2+ currents identified in this cell type. The pre-
sent experiments show that the transient hyperpolariza-

tion induced by angiotensin II is due to Ca2+-dependent
K+ and Cl− currents. These two membrane currents are
co-activated in response to an internal increase of [Ca2+] i

originating from intra- and extracellular stores.
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Introduction

Zona fasciculata cells isolated from the inner area of
bovine adrenal gland are known to secrete corticosteroid
hormones in response to adrenocorticotropic hormone
(ACTH). In bovine species, the secretory activity of this
cell type is also stimulated by angiotensin II (Ang II)
(Hepp et al., 1977). Specific receptors for Ang II iden-
tified in zona fasciculata cells (Penhoat et al., 1988; Val-
lotton et al., 1981) are divided into 2 subtypes: angio-
tensin receptors of type 1 (AT1 receptors) and of type 2
(AT2 receptors). AT1 receptors, which represent 80% of
angiotensin receptors in bovine zona fasciculata cells, are
selectively antagonized by Losartan (Ouali et al., 1992;
Ouali, Lebrethon & Saez, 1993) and appear to mediate
the biological effects of the hormone.

Various studies have investigated the secretion of
corticosteroids and its regulation in response to the hor-
monal stimulation of bovine zona fasciculata cells but
the electrophysiological properties underlying these
mechanisms are poorly documented. Different voltage-
activated ionic currents have been identified in this cell
type, namely, a transient inward Ca2+ current (Mlinar,
Biagi & Enyeart, 1993a), a maintained inward Ca2+ cur-
rent (Bilbaut, Chorvatova & Ojeda, 1993) and a large
transient outward K+ current (Bilbaut et al., 1996; Mlinar
& Enyeart, 1993) which dominates the total membraneCorrespondence to:A. Bilbaut
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current. On the other hand, Mlinar, Biagi & Enyeart
(1993b) have shown that the stimulation of bovine zona
fasciculata cells by ACTH or Ang II induced a dose-
dependent depolarization of the cell membrane. Volt-
age-clamp experiments performed on isolated cells using
the standard whole cell recording method indicated that
this depolarization resulted from the inhibition by Ang II
of a noninactivating K+ current named (IAC) displaying a
time-dependent growth (Mlinar et al., 1993b). In calf
adrenal zona fasciculata cells, Bilbaut et al. (1996) did
not report the presence of such a K+ current when volt-
age-clamp experiments were performed using either the
standard or the perforated recording method. However,
using the standard method, 30% of tested cells expressed
an instantaneously, noninactivating DPC-sensitive out-
ward current that developed during the course of the
experiments (Bilbaut et al., 1996).

In the present work, we describe the effects of Ang
II (100 nM) on membrane potential and membrane cur-
rent of isolated calf zona fasciculata cells in primary
culture using both perforated and standard whole cell
recording methods. Our results indicate that Ang II in-
duces a fast transient hyperpolarization followed by a
slow depolarization. We showed that the transient hy-
perpolarization was due to the increase of a Ca2+-
dependent potassium conductance together with a
smaller Ca2+-dependent chloride conductance. Part of
these results have been reported in an abstract form
(Chorvatova et al., 1995).

Materials and Methods

CELL PREPARATION

Adrenal glands were removed from 4–6-month-old calves. The corti-
cal tissue was dissociated as described by Crozat, Penhoat & Saez
(1986) by sequential trypsination of 0.5 mm thick slices obtained with
a Stadie-Riggs microtome. Only the second and possibly the third
slices were used for enzymatic dispersion. The dissociation medium
contained: trypsin (0.16%) in HAM F12/DMEM medium (1:1), gen-
tamycin (20mg/ml), nystain (10 U/ml), penicillin (50 U/ml), strepto-
mycin (50mg/ml), glutamate (5 mM) and NaHCO3 (14 mM) buffered
with HEPES (15 mM) at pH 7.4. Dispersed cells were then washed and
resuspended in culture medium containing HAM F12/DMEM (1:1),
glutamate (5 mM), penicillin (50 U/ml), streptomycin (50mg/ml),
NaHCO3 (14 mM) insulin (5 mg/ml), transferrin (10mg/ml), and vita-
min C (10−4 M) supplemented with foetal bovine serum (1%). To avoid
confluency, the cells were seeded at low density (4000 to 6000 cells/
cm2) in 35 mm Petri dishes and cultured in a humidified incubator at
37°C gassed with 5% CO2 in air. After 24 hr, the culture medium was
replaced with the same medium without serum.

ELECTROPHYSIOLOGY

Patch-clamp recordings were made in whole cell configuration using
both standard (ruptured patch membrane) (Hamill et al., 1981) and
perforated patch recording methods (Rae et al., 1991). Current- and

voltage-clamp experiments were performed between 16 and 72 hr after
plating. Membrane responses were observed at a concentration of 100
nM Ang II which is a saturating concentration known to stimulate the
corticosteroid secretion of isolated cells in primary culture (Penhoat et
al., 1988). For experiments, a Petri dish was transferred from the in-
cubator onto the stage of an inverted microscope and the culture me-
dium was replaced by the control physiological solution. Further
changes of external solution were then performed using a gravity per-
fusion system at a rate of 0.5 ml/min placed close to the tested cell.
Recording chamber was grounded using an agar-KCl bridge. Fire pol-
ished pipettes, pulled from borosilicate glass (CG 150T-15 mm o.d.,
Clark Electromedical Instruments, Reading, G.B.) using a horizontal
puller (DMZ, Universal Puller, Zeitz Instrument, Augsburg, Germany),
were connected to the headstage of a patch-clamp amplifier RK 300
(Bio-Logic, Claix, France). Patch pipettes had a tip resistance of 2–4
MV and using the standard recording method, series resistance was in
the range of 4 to 6MV. For perforated patch recordings, the tip of the
pipette was dipped into the pipette solution for 15 sec then the pipette
was backfilled with the solution containing amphothericin B. Experi-
ments were started about 10 to 15 min after the seal was established
when the increase of the transient capacitive current reached a steady-
state value indicating a final series resistance of about 8 to 12MV.
Usually, the series resistance was not compensated because the voltage
error introduced during the agonist-induced membrane responses was
estimated to be lower than 2%. From a holding membrane potential of
−10 mV, membrane conductance was monitored by injecting 20 mV
hyperpolarizing pulses of 300 msec duration. Current-voltage curves
were determined either from voltage pulses of 40 msec duration deliv-
ered each 5 sec between +30 and −90 or −110 mV by 20 mV incre-
ments or from voltage ramps of 2-sec duration applied between −90
and +30 mV as indicated in the text. All experiments were performed
at room temperature (20–25°C) on single cells that adhered to the
bottom of the Petri dish. When the control holding current recorded
using the standard method displayed a time-dependent growth, the cells
were discarded from the experiments.

DATA ACQUISITION AND ANALYSIS

Pulse protocols were generated using the P-Clamp software (Axon
Instruments, Burlingame, CA) or a programmable stimulator SMP 300
(Bio-Logic). Current signals were filtered at 300 Hz, digitized at 1 kHz
with an analogue to digital converter (Labmaster TM 40, Scientific
Solutions, Solon, OH) and stored on the hard disc of a computer. For
current-clamp experiments, theIO device of the patch-clamp amplifier
was used. Voltage and current traces evoked in response to hormone
application were recorded on both pen (Brush 2400) and tape (DTR
1204, Bio-Logic) recorders. For data analysis, Bio-Logic softwares
were used. Results are presented as means ±SEM. Statistical data were
considered as significantly different whenP values obtained fromt-test
were lower than 0.05.

SOLUTIONS AND DRUG PREPARATION

The control external solution contained (in mM): NaCl, 130; KCl, 5;
CaCl2, 2.5; MgCl2, 2; glucose, 10; HEPES, 10 at pH 7.2 buffered by
NaOH. In high Ca2+ solution, CaCl2 (20 mM) was isosmotically sub-
stituted for NaCl in the control solution. Nominally Ca2+-free solutions
were prepared in plastic flasks from deionized water originating from
a double ion exchange column. Ca2+-selective electrode measurements
indicated that the free-Ca2+ concentration was lower than 0.5mM.
In these nominally Ca2+-free solutions, CaCl2was equimolarly replaced
by MgCl2. In K+-free solution, 5 mM KCl was substituted by 5 mM
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CsCl while in Cl−-free solutions, Cl− was exchanged with methanesul-
fonate ions. Tetraethylammonium (TEA) was added at the concentra-
tion of 5, 20 and 50 mM in the external solution in replacement of Na+.
Cd2+ (300 mM) was added to the control solution. 4-aminopyridine
(4-AP) stock solution (100 mM) was prepared at pH 7.2 just before use.
Charybdotoxin (Latoxan, Rosans, France) and apamin (a gift of G.
Romey, UPR 411 CNRS, Valbonne, France) were kept as stock solu-
tion at −20°C in control solution and distilled water respectively. Ni-
soldipine (a gift of Bayer-Pharma, Paris, France), DPC (diphenyl-
amine-2,28 dicarboxylic acid, Aldrich, Steinheim, RFA) and 9-AC (an-
thracene-9-carboxylic acid, Sigma, St. Louis, MO) were prepared as
stock solution in dimethylsulfoxide (DMSO) and kept at −20°C. The
final DMSO concentration which was 0.1% did not affect the mem-
brane properties of isolated cells. Human Ang II (Bachem, France)
was prepared at the final concentration of 10−7 M from aliquots of 100
ml at 10−3 M frozen in acetic acid (50 mM). Successive dilution were
made using the external solution. Stock solution of Losartan (DuPont
Pharmaceuticals, Wilmington, Delaware) at 10−2 M in control solution
was used at a final concentration of 10−5 M.

For the standard patch recording, the ionic composition of differ-
ent pipette filling solutions used in the present work is summarized in
Table 1. For the perforated patch recording, the ionic composition of
the pipette filling solution was similar to the solution E (Table 1) except
that ATP(Na2) was omitted. Amphothericin B at a concentration of
240 mg/ml was prepared as described by Rae et al. (1991): 6 mg of
amphothericin B (Sigma, St. Louis, MO) were solubilized in 100ml of
DMSO by sonication for a few seconds and 20ml of this solution were
then added to 5 ml of internal solution.

Results

EFFECTS OFANG II ON THE MEMBRANE POTENTIAL

Ang II-induced membrane potential changes were ob-
served using the perforated patch recording method un-
der current-clamp conditions. In the control solution, the
resting membrane potential was very variable from cell
to cell, ranging from −15 to −83 mV with a mean value
of −45 ± 2 mV (n 4 84). This membrane potential was
poorly dependent upon external K+ changes. When the
membrane potential was plotted against [K+]e changes on
a logarithmic scale, the relationship was linear between 5
and 135 mM K+ with a slope of 37 ± 3 mV (n 4 9) per
decade instead of 58 mV as expected for a K+ selective
electrode (not illustrated). By contrast, Mlinar et al.

(1993b) reported in bovine adrenal zona fasciculata cells
a mean resting membrane potential of −71 mV that was
selectively dependent on K+.

Figure 1A shows the membrane response of an adre-
nal cell exposed to 100 nM Ang II. After an apparent
delay of 25 sec, the hormone induced a transient hyper-
polarization to −65 mV from a resting potential of −40
mV. This fast initial hyperpolarization was followed by
large oscillations of the membrane potential then by a
slow depolarization that reached a steady-state value
near −35 mV, about 200 sec after the beginning of the
response. In other cells, the depolarizing phase could
begin immediately after the initial hyperpolarization or
occur after a steady hyperpolarizing plateau of variable
duration. Such membrane responses were recorded in 12
different cells whose resting membrane potential ranged
from −17 to −54 mV. During the depolarizing phase or
the steady depolarizing plateau, no regenerative mem-
brane responses were detected in any of the studied cells.

These Ang II-induced membrane responses were
abolished by Losartan (10−5

M) (Ouali et al., 1992), a
nonpeptidic selective antagonist of AT1 receptors (Chiu
et al., 1990). In the presence of this antagonist, the cell
membrane potential was not modified after Ang II was
added (Fig. 1B). When Losartan was removed and the
hormone perfused alone, a fast hyperpolarization to −48
mV from a resting potential of −20 mV was followed by
a slow depolarization (Fig. 1B). Similar results were ob-
tained in 2 other cells.

EFFECTS OFANG II ON THE BACKGROUND

MEMBRANE CURRENT

Because we hypothesized that the Ang II-induced mem-
brane hyperpolarization could be caused by the increase
of a K+ membrane conductance, voltage-clamp experi-
ments were performed at a holding membrane potential
of −10 mV to strengthen the driving force (Em–EK) in
order to amplify the whole cell membrane current.

Using the perforated patch recording method, the
control membrane current (Icontrol) observed at this hold-
ing potential was a steady-state outward current, the

Table 1. Ionic composition (mM) of pipette filling solutions used for standard patch recording

K
Aspartate

K
(MSA)*

CsCl Cs
Aspartate

MgCl2 Mg
(MSA)*

ATP
(Na)2

EGTA TEA
Aspartate

Hepes

Solution A 130 2.5 2 10
Solution B 130 2 2 10
Solution C 110 2.5 2 20 10
Solution D 20 90 2.5 2 20 10
Solution E 130 2.5 2 5 10
Solution F 110 2.5 2 5 20 10

pH was adjusted at 7.2 by NaOH. (MSA)*: methanesulfonate acid.
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mean value of which was +15 ± 2 pA,n 4 77 (Table 2).
When the adrenal cells were exposed to 100 nM Ang II,
the membrane response began by a fast initial peak of
outward current (Fig. 2A) which was elicited after an
apparent delay of 33 ± 4 sec (n 4 84). This initial peak
of current was followed by an oscillating (Fig. 2A) or a
smooth (Fig. 3A) plateau current which declined more or
less slowly. The maximum amplitude (Imax) and the du-
ration of the transient outward current activated by the
hormone were very variable from cell to cell. The mean
value of the maximum outward current calculated as
DImax 4 Imax − Icontrol was +60 ± 5 pA,n 4 81 (Table
2). Determined from the cell capacitance measurements,
the magnitude ofDImax was not linearly related to the
cell size. The duration of the transient outward current
induced by Ang II (measured between the beginning of
the response and the time at which the current turned
back to the holding control value) was 172 ± 37 sec (n 4
64). This transient membrane response ended by a
steady late current (I late) that was more negative and less
noisy than the control holding current (Fig. 2A). At the
holding potential of −10 mV, the magnitude ofI late var-
ied between +10 and 0 pA and in 7 out of 40 cells,I late

was slightly inward (−2 to −4 pA). The averaged de-
crease of the late current (DI late4 Icontrol− I late) obtained
from 33 different cells was 7 ± 1 pA.

Figure 2B illustrates the evolution of the membrane
conductance during the increase of the Ang II-induced
outward current shown in Fig. 2A. From a resting mean
value of 1.4 nS, the membrane conductance calculated as
Gm4 Di/DV increased up to 3.1 nS. Averaged from 20
cells, the maximum membrane conductance was 2.4 ±
0.3 nS while the resting conductance was 0.8 ± 0.15 nS
(Table 2).

In Figure 3A, current-voltage relationships were per-
formed at different times during the long-lasting re-
sponse of a cell exposed to 100 nM Ang II. From the

holding potential of −10 mV, membrane currents acti-
vated by voltage steps of variable amplitude did not dis-
play voltage- or time-dependence (not illustrated). The
current-voltage relationships of the total membrane cur-
rent (Fig. 3B) were established in control condition (a)
then 40 (b), 400 (d), 990 (f), 1600 (h) and 2260 sec (j)
after the beginning of the response. By comparison with
the control (Fig. 3B, a), the reversal potential of the total
membrane current activated in response to the hormonal
stimulation was first shifted towards more negative val-
ues (Fig. 3B, b and d). Then, during the decay of the
outward current, this reversal potential was close to (Fig.
3B, f) and finally more positive (Fig. 3B, h and j) than
that of the control current. As revealed by the slopes of
the current-voltage curves of the total membrane current
established before (Fig. 3B, solid symbols) and during
hormone application (Fig. 3B, open symbols), the mem-
brane conductance was increased not only during the
early phase of the membrane response but also during the
late phase. Current-voltage relationship obtained by sub-
tracting procedures from curves illustrated in Fig. 3B
revealed that the reversal potential of the Ang II-induced
membrane current decreased continuously from −67 mV
at the beginning of the response to −7 mV at the end of
the recording (Fig. 3A andC).

When current-voltage curves established at the
maximum of the Ang II-induced transient outward cur-
rent were averaged, no obvious rectification was de-
tected. The mean value of the reversal potential of this
outward current was −67 ± 4 mV (n 4 7) (Table 2) while
the reversal potential of the steady-state late current was
−14 ± 3 mV (n 4 10). The positive shift of the reversal
potential from the beginning to the end of Ang II-
induced membrane responses indicates that this hormone
has likely multiple effects on the membrane conduc-
tances of this cell type and the next sections deal with the
characterization of ionic components of the increase of
the outward current in response to the hormonal stimu-
lation.

IONIC COMPONENTS OF THEANG II- INDUCED TRANSIENT

OUTWARD CURRENT

Two organic blockers of K+ currents, 4-AP and TEA,
were tested during the hormone-induced membrane re-
sponse obtained by the perforated patch recording
method. The control outward current was reversibly di-
minished by 8 ± 2 pA (n 4 9) in the presence of 20 mM
TEA but was insensitive to 5 mM 4-AP. In 3 different
cells, 4-AP (5 mM) did not modify the outward mem-
brane current evoked by hormonal stimulation (not illus-
trated). The effects of TEA were observed for different
concentrations. At a concentration of 5 mM, TEA inhib-
ited the transient outward current by 64 ± 8% (n 4 6).
At a concentration of 20 mM, the inhibition of the plateau

Fig. 1. (A) Typical membrane potential changes evoked in response to
100 nM Ang II in control solution. (B) Inhibition of the Ang II-induced
membrane response in the presence of 10−5 M Losartan. This effect was
reversible. The control resting membrane potential (−20 mV) was not
affected by Losartan. Perforated patch recording. Dashed lines give
different values reached by the membrane potential during the re-
sponses. C: control solution. L: Losartan.
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current was more pronounced but was always partial as
illustrated in Fig. 4 (representative of 5 cells) where 84%
of the membrane current was suppressed during the ap-
plication of this blocker. This figure also shows that the
late current was sensitive to TEA (20 mM). No further
inhibition of the plateau current was detected when the
concentration of TEA was increased up to 50 mM. The
effects of external potassium concentration changes were
examined on the same cell during the decaying phase of
the Ang II-induced transient outward current (Fig. 4).
When 50 mM K+ were superfused in the bath, the out-
ward current induced by Ang II was decreased as ex-
pected from the positive shift of the K+ equilibrium po-
tential (EK). Similar observations were obtained from 2
other cells.

These results reveal that Ang II would activate at
least two distinct outward ionic currents, one of them
being a TEA-insensitive current. To better characterize
the components of the transient outward current, experi-
ments were performed using the standard recording
method that allowed control of the ionic composition of
the internal medium.

POTASSIUM COMPONENT OF THEANG II- INDUCED

TRANSIENT OUTWARD CURRENT

Using the standard whole cell recording method, the
membrane responses of isolated adrenal cells elicited by
100 nM Ang II from a holding potential of −10 mV were
qualitatively similar to those obtained by the perforated
patch recording method. A typical response to the hor-

Table 2. Summary of the main characteristics of the Ang II-induced transient outward current recorded in different experimental conditions

I Cont
(pA)

DIAng max
(pA)

Gm control
(nS)

Gm max
(nS)

Erev (IAng)
(mV)

Perforated patch 15 ± 2 60 ± 5 0.8 ± 0.15 2.4 ± 0.3* −67 ± 4
Control solution n 4 77 n 4 81 n 4 20 n 4 20 n 4 7

Standard patch 17 ± 4.5 53 ± 6 0.8 ± 0.15 1.9 ± 0.3* −64 ± 2.5
Control solution n 4 12 n 4 12 n 4 12 n 4 12 n 4 6

Standard patch 12 ± 2 44 ± 4.5 0.6 ± 0.15 1.4 ± 0.2* −78.5 ± 4
Cl−-free solution (in-out) n 4 26 n 4 26 n 4 15 n 4 15 n 4 4

Standard patch 13 ± 2 14 ± 2 0.7 ± 0.15 1 ± 0.2 −52 ± 2.5
K+-free solution (in-out) n 4 21 n 4 21 n 4 12 n 4 12 n 4 5

(*) indicates that compared to Gm control, Gm Max was significantly higher withP < 0.05.

Fig. 2. (A) Membrane current changes induced in the presence of 100
nM Ang II from a holding potential of −10 mV. Perforated patch re-
cording. In this and the following figures, C indicates control solution
and dashed line gives the zero current level. (B) Membrane conduc-
tance changes induced by 100 nM Ang II during the increase of the
outward membrane current illustrated inA.

Fig. 3. (A) Changes of the reversal potential during the time course of
the Ang II-induced membrane current. Large vertical lines superim-
posed on the current traces correspond to membrane currents evoked by
voltage steps of variable amplitude applied in control condition (a) and
at different times during the membrane response (b–j). Er gives the
value of the reversal potential of the hormone-induced membrane cur-
rent from current-voltage curves presented inC. Current traces in (i)
and (j) are separated by a gap of 465 sec. Arrowhead shows the initial
peak current. Perforated patch recording. (B) Current-voltage relation-
ships of the total membrane current determined from recordings per-
formed in a, b, d, f, h and j. (C) Current-voltage relationship of the Ang
II-induced membrane current obtained by subtracting procedures from
current-voltage curves illustrated inB.

43A. Chorvatova et al.: Ca2+-dependent K+ and Cl− Currents in Gland Cells



monal stimulation recorded in control solution after the
cell membrane was ruptured (internal solution:A, Table
1) is shown in Fig. 5A. Averaged from 12 cells,Icontrol,
DImax (Table 2) and duration of the membrane responses
were +17 ± 4.5 pA, +53 ± 6 pA and 149 ± 26 sec
respectively. Compared to data obtained by the perfo-
rated-patch recording method, statistical analysis indi-
cated that these parameters were not significantly differ-
ent (P > 0.5). As reported in Table 2, the membrane
conductance was multiplied by a factor of 2.4 during the
maximum outward current. Usually, the magnitude of
the late current was lower than that of the control current
by 7 ± 2 pA (n 4 8) except in 4 out of 12 cells where this
steady late current was more positive by 10 ± 3 pA than
the control current. Averaged from 6 cells, current-
voltage relationships of the membrane current in control
condition (Fig. 5B, solid symbols) and of the maximum
outward current activated by Ang II (Fig. 5B, open sym-
bols) show that the reversal potential of this outward
current was 21 mV more negative than the reversal po-
tential of the control current. In Fig. 5C, the current-
voltage relationship of the Ang II-induced outward cur-
rent was determined by subtracting procedures (Imax −
Icontrol) from curves presented in Fig. 5B. This curve did
not display obvious rectification and intercepted the volt-
age axis at −64 ± 2.5 mV (Table 2). This value was close
to that obtained using the perforated-patch recording
method (−67 ± 4 mV, n 4 7).

When Cl− was omitted from the external and inter-
nal solutions (internal solution: B, Table 1), an outward
current was activated in response to 100 nM Ang II as
illustrated in Fig. 6A. Averaged from 26 cells,Icontrol

was +12 ± 2 pA andDImax was +44 ± 4.5 pA (Table 2).
In 20 out of 25 cells, the magnitude of the late current
was either similar or more positive than that of the con-
trol holding current and in some cells, this late current
could again increase in outward direction. In 5 other
cells, the late current was less positive than the control
holding current. Compared to the control conductance,
the mean membrane conductance determined at the peak
of the outward transient current was increased by a factor

of 2.3 (Table 2). In Cl−-free solution, the Ang II-induced
plateau current was entirely inhibited by 20 mM TEA
(Fig. 6A). This record reveals that this blocker inhibits
not only the hormone induced outward current but also a
K+ component of the outward background current. Cur-
rent-voltage relationships averaged from 4 different cells
were established in control condition (Fig. 6B, solid sym-
bols) and at the maximum of the hormone-induced out-
ward current (Fig. 6B, open symbols). These curves
show the increase of the membrane conductance and the
negative shift of the reversal potential of the membrane
current activated by Ang II. The current-voltage curve
of the Ang II-induced transient outward current obtained
by subtracting procedures (Imax − Icontrol) (Fig. 6C) was
nearly linear and intercepted the voltage axis at −78.5 ±
4 mV (Table 2). This potential was close to the calcu-
latedEK (−82 mV) and was more negative by 14.5 mV

Fig. 4. Effects of TEA (20 mM) on the outward plateau current and the
late current induced by 100 nM Ang II. The outward plateau current was
also sensitive to external potassium concentration changes ([K+]e 4 50
mM). Perforated patch recording.

Fig. 5. (A) Ang II-induced membrane current changes recorded by the
standard recording method (compare with Fig. 2A). (B) Current-voltage
relationships (n 4 6) of the total current in control solution (solid
symbols) and in the presence of 100 nM Ang II (open symbols). (C)
Current-voltage relationship of the Ang II-induced transient outward
current obtained by subtracting procedures (Imax − Icontrol) from curves
illustrated inB.

Fig. 6. (A) Effect of TEA (20 mM) on the control and the Ang II
induced-outward current obtained using the standard recording method
in Cl−-free solution (compare with Fig. 4). (B) Current-voltage rela-
tionships (n 4 4) of the total current in control solution (solid symbols)
and in the presence of 100 nM Ang II (open symbols). Cl−-free solution.
(C) Current-voltage relationship of the Ang II-induced transient out-
ward current constructed by subtracting procedures (Imax− Icontrol) from
curves illustrated inB (compare to Fig. 5C).
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than that determined in control Cl−-containing solution
(compare with Fig. 5C).

CHLORIDE COMPONENT OF THEANG II- INDUCED

TRANSIENT OUTWARD CURRENT

When the experiments were carried out in the absence of
K+, replaced by Cs+ in the external and internal medium
(internal solution: C, Table 1), the control membrane
current averaged from 21 different cells at a holding
potential of −10 mV was +13 ± 2 pA (Table 2). Ang II
(100 nM) induced a transient increase of the outward
current as illustrated in Fig. 7A. The maximum peak
current (DImax) averaged from 21 experiments was +14 ±
2 pA (Table 2). These membrane responses which lasted
47 ± 7 sec (n 4 25) were reversibly inhibited in 4 out of
7 cells by 400mM DPC (Fig. 7B), a nonspecific blocker
of Cl− conductances, but not by 300mM 9-AC, another
blocker of Cl− conductances. The control current was
also sensitive to DPC (400mM) and was diminished by
about 4 pA in two cells (not illustrated). In all the stud-
ied cells, the transient outward current activated by Ang
II ended by a late current less positive than the control
current. The decrease of the membrane current (Icontrol −
I late) during this late phase was 8 ± 12 pA (n 4 17).

The present results suggest that Ang II activates a

component of outward current that is carried by Cl−.
The current-voltage relationships shown in Fig. 7C were
averaged from 5 different experiments. These curves
were constructed from voltage ramp protocols applied
during the membrane responses as indicated in Fig. 7A
(arrowheads). Compared to control (Fig. 7C, dashed
line), the current-voltage curve determined at the peak of
the transient outward current (Fig. 7B, solid line) was
steeper indicating an increase of the membrane conduc-
tance as reported in Table 2. This curve intercepted the
voltage axis at a potential 8 mV more negative than that
of the control current. In Fig. 7D, the current-voltage
curve of the Ang II-induced outward current obtained by
subtracting procedures (Imax − Icontrol) from curves illus-
trated in Fig. 7C crossed the voltage axis at −52 ± 2.5
mV (Table 2), a value 33 mV more positive than the
calculated chloride equilibrium potential (ECl 4 −85
mV). When ECl was modified (internal solution: D,
Table 1;ECl 4 −44 mV), the reversal potential of the
Ang II-induced outward current was shifted in a positive
direction but was more positive thanECl, −29.5 ± 8 mV
(n 4 6) instead of −44 mV. However, withECl 4 −44
mV, DImax was +7 ± 1 pA (n 4 8) against +14 ± 2 pA
(n 4 21) whenECl was −85 mV. Statistical analysis
indicated that these two values were marginally different
(P 4 0.07).

INVOLVEMENT OF INTERNAL Ca2+
IN THE OUTWARD

CURRENT ACTIVATION

In bovine zona fasciculata cells, Viard et al., (1990) have
reported that Ang II activated the metabolic pathway of
phospholipase C which produced an increase of inositol
trisphosphate (InsP3) correlated with an increase of the
cytosolic free Ca2+ concentration. To determine whether
changes in the internal Ca2+ concentration could be in-
volved in the increase of the outward current in response
to the hormonal stimulation, experiments were per-
formed using the standard recording method in the pres-
ence of EGTA added to the pipette filling solution (in-
ternal solution: E, Table 1). We remind that the mem-
brane responses to the hormonal stimulation described in
the above sections using the standard recording method
were obtained in the absence of EGTA in the pipette
filling solution (zero Ca2+ nominal). In the 6 tested cells
where 5 mM EGTA was added to inner solution, Ang II
never induced a transient increase of outward current.
In 4 of these 6 cells no significant change in the mem-
brane current was observed while in the 2 other cells, a
transient decrease of the outward current was detected as
illustrated in Fig. 8A.

Other evidence of the internal Ca2+ involvement on
the Ang II-induced outward membrane current was ob-
tained using pharmacological tools. In many cell types,
Ca2+ concentration changes are known to activate differ-

Fig. 7. (A) Transient outward current induced by Ang II (100 nM) in
K+-free solution. Vertical lines (arrowheads) correspond to membrane
currents evoked by voltage ramps. (B) Effect of DPC (400mM) on the
plateau current of the Ang II-induced transient outward current re-
corded in K+-free solution. Standard recording method. (C) Current-
voltage relationships (n 4 5) determined for the membrane current in
control solution (dashed line) and for the transient outward current
activated in response to the hormonal stimulation (solid line). (D) Cur-
rent-voltage relationship of the Ang II-induced transient outward cur-
rent obtained by subtracting procedure (Imax − Icontrol) from current-
voltage curves illustrated inC.
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ent classes of Ca2+-sensitive K+ channels which can be
selectively inhibited by different toxins (Latorre et al.,
1989). Two toxins, charybdotoxin known to selectively
block Ca2+-dependent K+ channels of large unitary con-
ductance (Miller et al., 1985) and apamin known to se-
lectively inhibit Ca2+-dependent K+ channels of small
unitary conductance (Romey & Lazdunski, 1984), were
tested on our preparation. Charybdotoxin did not affect
the Ang II-induced plateau current (not illustrated) of
isolated adrenal cells when used to a concentration of
100 nM (3 cells). The control current was insensitive to
50–100 nM apamin (8 cells) while, used at a concentra-
tion of 50 nM in Cl−-free solution, this toxin irreversibly
inhibited the transient outward current activated by the
hormonal stimulation (6 cells). This is shown in Fig. 8B
where the effects of apamin on the Ang II-induced pla-
teau current are illustrated together with the effects of 20
mM TEA on the control and late currents. Apamin
blocks only the membrane current activated by the hor-
mone while the TEA-sensitive component of the back-
ground current was not affected.

INVOLVEMENT OF EXTERNAL Ca2+
IN THE OUTWARD

CURRENT ACTIVATION

To discriminate between different Ca2+ stores that could
be involved in the Ca2+ mobilization, the effects of the
hormonal stimulation on the adrenal cells were recorded
in the absence of Ca2+ in the external solution (zero Ca2+

nominal) or in the presence of different blockers of Ca2+

entry. In zero Ca2+ solution, two types of response were
observed during the hormonal stimulation. In 8 out of 15
cells, the membrane responses were similar to those re-
corded in control solution. An initial peak of current was
followed by a decaying plateau current, the mean dura-
tion of which was 126 ± 26 sec. In the remaining 7 cells,

the membrane responses consisted only of a rapidly de-
caying peak current (Fig. 9A). The mean amplitude of
this outward peak current (DImax) was +91 ± 12.5 pA (n
4 6) while its duration was 29 ± 5 sec (n 4 7). By
comparison, only 3% of the cells produced such a signal
in control solution against 47% in zero Ca2+ solution.
In this situation, the re-exposure of the preparation to 2.5
mM Ca2+-containing solution provoked a large increase
in the outwardly directed membrane current which could
again be suppressed by Ca2+ withdrawal (Fig. 9A). The
Ang II-induced plateau current was also reversibly in-
hibited in 4 out of 5 cells by 300mM Cd2+ (Fig. 9B) while
used at a similar concentration, this blocker did not
modify the control holding current (11 cells).

When the cells were exposed to a control solution
containing 100 nM Ang II and 150 or 300mM Cd2+, the
membrane response consisted only of a rapidly decaying
peak of outward current while the late current did not
seem to be modified (Fig. 9C). Such an effect was ob-
served in 2 out of 3 cells experimented using the perfo-
rated-patch recording method and in 3 cells experi-
mented using the standard recording method in the ab-
sence of EGTA in the pipette filling solution. In these 5
cells, the averaged peak current (DImax) was +35 ± 9.6
pA while its duration was 48.4 ± 17 sec suggesting that
the effects of Cd2+ on the membrane response induced by
Ang II were similar to those observed in 7 out of 15 cells
experimented in Ca2+-free solution. In these two situa-
tions, the initial peak current was present while the pla-
teau current failed to be produced.

The fact that the plateau current of responses in-
duced by Ang II was blocked by Cd2+ leads us to sup-
pose that voltage-gated Ca2+ channels described in this
cell type (Bilbaut et al., 1993; Mlinar et al., 1993a) could
be the pathway by which Ca2+ entered the cell. Although
no exhaustive study was made, two types of voltage-
gated inward Ca2+ currents, maintained and transient
(Fig. 10A), were identified in our preparation. These two
different types of inward current were characterized us-
ing the standard recording method after the voltage-gated
transient outward current was blocked in the presence of
Cs+ and TEA in the pipette filling solution (internal so-
lution: F, Table 1). In 20 mM Ca2+-containing solution,
both voltage-gated inward current, maintained (Fig. 10A,
left record) and transient (Fig. 10A, right record), were
sensitive to 300mM Cd2+ (not illustrated) and to 0.5–1
mM nisoldipine (Fig. 10A). However, in 5 tested cells,
this dihydropyridine (DHP) used at the same concentra-
tion did not affect the Ang II-induced transient outward
current (Fig. 10B). As illustrated on this figure, when
nisolidipine was applied for 90 sec during the Ang II-
induced transient outward current, there was no change
in the time course of the decaying plateau current. This
result was clearly different from the effect of Cd2+ shown
in Fig. 9B.

Fig. 8. (A) Membrane current activated in response to the hormonal
stimulation in the presence of 5 mM EGTA in the pipette filling solution
(compare with Fig. 5A). (B) Effect of apamin (50 nM) on the Ang
II-induced transient outward current recorded in Cl−-free solution. Note
that 20 mM TEA blocked also a K+ component of the control holding
membrane current. Standard recording method. APA: apamin.
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Discussion

The above results show that the isolated zona fasciculata
cells in primary culture respond to Ang II (100 nM) by a
biphasic membrane potential change. These effects are
mediated by the binding of the hormone to AT1 recep-
tors since Losartan (10−5

M) blocks membrane responses
evoked by hormonal application. The combination of
both current- and voltage-clamp recordings reveals that
the hyperpolarizing phase is caused by the activation of
a transient outward current while the steady depolarizing
phase is correlated with a late current less positive than
the control holding current.

At a holding potential of −10 mV, the control cur-
rent was always outwardly directed. This current was
sensitive to TEA and DPC indicating the existence of a
membrane permeability to K+ and Cl−. On the other
hand, in all tested cells, no detectable effect was ob-
served on the control current in the presence of Cd2+

which blocked the two types of voltage-activated Ca2+

currents identified in this cell type. Such a result indi-
cates that the participation of these Ca2+ channels in the
control current can be discarded and that the membrane
responses elicited by the hormonal stimulation at this
holding potential were not contaminated by a steady in-
flux of Ca2+. This was strengthened by the fact that the
control current was a steady current that was not modi-
fied by apamin while, as discussed in another section,
Cd2+ and apamin inhibited the Ang II-induced plateau
current. Furthermore, in contrast with other reports (see
for example Akaike & Uneyama, 1994 or Ward & Giles,
1997), the present results indicated that, in our experi-
mental conditions, the Ang II-induced membrane cur-
rents were not dependent on the recording method used.

IONIC NATURE OF THE ANG II- INDUCED TRANSIENT

OUTWARD CURRENT

Our observations reveal that the hormone-induced tran-
sient outward current consists of two distinct ionic cur-
rents, K+ and Cl− currents sensitive to changes of cyto-
solic free Ca2+.

In Cl−-free solutions, this outward current which re-
versed at −78.5 mV, a value close toEK, was completely
inhibited by 20 mM TEA and by apamin. The blocking
effect of this toxin indicates that this Ang II-induced
outward current is likely caused by the activity of small
conductance K+ channels which are dependent on cyto-
solic Ca2+ changes (SKCa2+ channels). Apamin-sensitive
K+ current activated by various agonists have been de-
scribed in other gland cells as bovine adrenal glomeru-

Fig. 9. (A) Ang II-induced membrane current in the
absence of Ca2+ in the external solution. An increase
of the outward current was observed when external
Ca2+ was re-admitted which stopped rapidly after
Ca2+ was withdrawn. (B) Blocking effect of Cd2+

(300 mM) on the Ang II-induced outward plateau
current recorded in control solution. This effect was
reversible. (C) Effect of Ang II (100 nM) on the
membrane current in the presence of 150mM Cd2+

added to the control solution. Perforated patch re-
cording.

Fig. 10. (A) Effect of nisoldipine on the voltage-activated Ca2+ cur-
rents in response to voltage steps at −10 mV applied from a holding
potential of −90 mV. In the left panel, the inward current was drasti-
cally increased after 2.5 mM Ca2+ were replaced by 20 mM Ca2+. This
maintained Ca2+ inward current was diminished in the presence of 1
mM nisoldipine. In the right panel, the transient Ca2+ current recorded
in 20 mM Ca2+-containing solution was sensitive to 0.5mM nisoldipine.
Further current inhibition was obtained in the presence of 1mM nisol-
dipine. In these two records, the blocking effect of the inward current
was partially reversible. Standard recording method. Nis: nisolidipine.
(B) The decaying plateau current induced by 100 nM Ang II was not
modified in the presence of nisoldipine (1mM) (compare with Fig. 9B).
Perforated patch recording.
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losa cells (Lobo & Marusic, 1986), bovine chromaffin
cells (Artalejo, Garcia & Neher, 1993), or pituitary go-
nadotrophs (Kukuljan et al., 1992). In the present work,
the current-voltage relationship of the Ang II-induced
apamin-sensitive K+ current did not display voltage de-
pendence, in agreement with the properties of SK(Ca2+)

channels characterized in other cells (Capiod & Ogden,
1989). The sensitivity of this current to TEA agrees with
different reports (Cook & Haylett, 1985; Lang & Ritchie,
1988) indicating that the apamin-sensitive K+ currents
can be inhibited by high concentrations of K+ channel
blocker.

In K+-free-solutions, the only permeant ion whose
the equilibrium potential was more negative than the
holding potential (−10 mV) was Cl−. The Ang II-
induced outward current was sensitive to DPC, a non-
specific inhibitor of Cl− channels and its magnitude
changed as the driving force for Cl− ions changed. How-
ever, in such solutions, the reversal potential of the Ang
II-induced transient outward current was more positive
than ECl. The reasons for this discrepant observation
were not elucidated but can be at least related to the
presence of the late current. In the control solution, this
late current that reversed at about −10 mV, was corre-
lated with an increase in the membrane conductance.
As in rat zona glomerulosa cells where an Ang II-
induced cationic current has been characterized by Lot-
shaw & Li (1996), the late current described in this study
could be caused by the activation of an inward current.
The fact that, in Cl−-free solution, most of the tested cells
did not display a late current suggests that it could cor-
respond to a Cl−-sensitive Ca2+ current as reported by
Hosoki & Iijima (1994) in endothelial cells.

The present results do not agree with those reported
by Mlinar et al. (1993b) who described, in bovine zona
fasciculata cells, the inhibition by Ang II of a noninac-
tivating K+ current (IAC). This current was not detected
in our experimental conditions using either the standard
or the perforated patch recording method (Bilbaut et al.,
1996). However, the absence of hyperpolarization dur-
ing the Ang II-induced membrane responses obtained by
Mlinar et al. (1993b) can be explained by the resting cell
polarization which was −71 mV, a value close toEK.
In voltage-clamp conditions, the presence of BAPTA in
the pipette solution (Mlinar et al., 1993b) could prevent
the internal calcium concentration from raising. Con-
cerningIAC, a possible explanation which would concili-
ate these discrepant observations is the age of the cattle
used. Indeed, bovine adrenal glands were obtained from
calves (4–6 months) in the present experiments while
Mlinar et al. (1993b) worked on adrenal glands obtained
from steers (1–3 years). In these conditions, a difference
in the cell maturation of adrenal glands cannot be dis-
carded.

Ca2+-DEPENDENCE OF THEANG II- INDUCED TRANSIENT

OUTWARD CURRENT

As reported in other preparations (seefor example Nilius
et al., 1997), the transient increase of the outward current
observed in response to the hormonal stimulation of
adrenal cells failed to be produced in the presence of
EGTA in the pipette-filling solution indicating that the
activation of both K+ and Cl− component of the outward
current was dependent on internal free Ca2+ changes.
This conclusion is in concordance with the observations
of Viard et al. (1990) which described in isolated bovine
zona fasciculata cells, an Ang II-induced rise of the cy-
tosolic Ca2+. Pharmacological data strengthened the in-
volvement of cytosolic Ca2+ changes in the activation of
the Ang II-induced transient outward current since the
K+ component of this current was sensitive to apamin.
However, it remains to be determined whether K+ and
Cl− channels are directly activated by Ca2+ or via Ca2+-
dependent enzymes such PKC or PLC. Ca2+-activated
K+ and Cl− currents are commonly co-expressed in many
cell types. For example, in isolated hepatocytes Capiod
& Ogden (1989) have described K+ and Cl− currents
induced by various agonists such as noradrenaline, ATP
and Ang II. In bovine zona fasciculata cells, the Ang
II-induced transient outward current was largely domi-
nated by the apamin-sensitive Ca2+-dependent K+ cur-
rent. This current was co-activated with a small compo-
nent of Ca2+-dependent Cl− current which represented
about 30% of the total membrane current.

Ca2+-dependent outward currents were regarded as a
biological indicator of changes in [Ca2+] i (Akaike &
Uneyama, 1994; Kukuljan et al., 1992). Although in the
present study, [Ca2+] i was not measured during hormonal
application, we could consider that the Ca2+-dependent
outward current reflected [Ca2+] i increase induced by the
binding of Ang II to AT1 receptors. Nevertheless, we
cannot ascertain that the transient time course of this Ang
II-activated outward current closely paralleled changes
in [Ca2+] i because other mechanisms can exist. Thus, at
least three distinct ionic currents were induced in re-
sponse to the hormonal stimulation,IK(Ca2+), ICl(Ca2+) and
an inward current. All these currents have different equi-
librium potentials and probably a different time course of
activation that could explain the complex time course of
the total membrane current. Finally, another mechanism
such as the inhibition of Ca2+-dependent outwards cur-
rents by an intracellular metabolic pathway activated in
response to Ang II stimulation cannot be excluded.

In many cell types, the Ca2+ mobilization in re-
sponse to hormonal exposure occurs in two distinct
phases, an initial transient release of Ca2+ sequestered in
internal compartment followed by an entry of extracel-
lular Ca2+. In our preparation, the plateau current but not
the initial peak current was reversibly suppressed in
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nominally Ca2+-free solution or in the presence of Cd2+

added to the control solution before Ang II was applied.
As far as the transient outward current is assumed to
reflect changes in the [Ca2+] i, these results confirm that
mechanisms similar to those described above govern the
Ca2+ movement induced in response to the hormonal
stimulation. Because the outward current was activated
by cytosolic Ca2+ changes, the long-lasting membrane
responses recorded in about half the tested cells in zero
Ca2+ solution could be dependent on the amount of Ca2+

stored in internal compartments prior to hormonal stimu-
lation which could vary from cell to cell.

These observations also reveal that the plateau of the
outward current was produced by a Cd2+-sensitive influx
of Ca2+. While Cd2+ and nisoldipine reduced both tran-
sient and maintained voltage-activated Ca2+ currents
identified in our preparation, the time course of the Ca2+-
dependent outward plateau current evoked by hormonal
application was not modified by nisoldipine. In addition,
Chorvatova et al. (1995) have described in bovine zona
fasciculata cells exposed to 100 nM Ang II, a transient
increase of the membrane conductance for K+ at a po-
tential as negative as −60 mV. This suggests that if volt-
age-gated Ca2+ channels participate in the influx of Ca2+

during the hormonal stimulation, their role could be not
preponderant. Thus, we propose that a class of Cd2+-
sensitive Ca2+ channels (Hoth & Penner, 1993) distinct
from voltage-gated DHP-sensitive Ca2+ channels is
likely to be involved in the entry of Ca2+ that sustains the
plateau phase of the transient outward current evoked in
response to hormone application. We thought that one of
the pathways by which Ca2+ enters the cell during this
plateau phase could correspond to voltage-insensitive
channels activated by the depletion of Ca2+ stores (Ber-
ridge, 1997).

PHYSIOLOGICAL RELEVANCE

From observations reported by Capponi et al. (1988), the
hormone-stimulated secretory activity of zona fascicu-
lata cells needs a high level of internal free Ca2+. One
way by which these cells could increase their [Ca2+] i,
could be the hormone-triggering of repetitive Ca2+ action
potentials. However, a striking feature drawn from the
present results was the absence of action potentials
evoked during the hormonal response while voltage-
gated Ca2+ channels were characterized in this cell type.
In pituitary gonadotrophs Tse & Hille (1993) have
shown that the hyperpolarization induced by the activa-
tion of IK(Ca2+) in response to agonist application, re-
moves the inactivation of voltage-dependent Ca2+ and
Na+ channels that allows action potentials to fire and
Ca2+ to enter the cell. Such a mechanism cannot be ap-
plied to isolated bovine zona fasciculata cells because if

hyperpolarization removes the inactivation of the volt-
age-dependent Ca2+ channels, the inactivation of theIA-
like K+ channels is also removed and the net inward
current may be too weak to elicit action potentials. In
addition, the activation of the voltage-dependent chan-
nels can be hindered because of the very slow time
course of the membrane depolarization induced by Ang
II in these cells.

The physiological role of the complex membrane
potential changes induced by Ang II stimulation of iso-
lated bovine zona fasciculata cells is yet hypothetical.
As reported in other cell types (Manabe, Matsuda &
Noma, 1995), the agonist-induced hyperpolarization may
provide an electrochemical driving force to enhance the
Ca2+ influx participating in the replenishing of Ca2+

stores and in the internal Ca2+ homeostasis. However, in
these adrenal gland cells, this hyperpolarization is only
transient and the question of a functional role of the
voltage-dependent Ca2+ and K+ channels and of the Ang
II-induced sustained membrane depolarization may be
raised.
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