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Summary .  We recently described a cyclic AMP-activated current 
in the membrane of Leydig cells from mature rat testis by using 
the whole-cell configuration of the patch-clamp technique (Noulin 
& Joffre, 1992a). In the present study, further experiments were 
performed in symmetrical CsC1 solutions. We show that this 
current corresponds to a hyperpolarization-activated chloride 
conductance. Voltage jumps to negative potentials, applied from 
a holding potential of +60 mV, activated a time-dependent inward 
current. 

In control cells, the curve of steady-state current activation 
typically ranged from +60 mV (0) to -120 mV (1) and had its 
midpoint at - 40  inV. Deactivation at positive potential was char- 
acterized by an instantaneous outwardly rectifying current which 
decayed with time. The kinetics of activation and deactivation 
were described by a double and a single exponential, respectively. 

Cyclic AMP, added to the pipette solution, increased both 
the inward rectification and the amplitude of the steady-state 
current in the range of 0 to - 6 0  mV. The activation threshold 
was unchanged, while the V0.5 of the activation curve was shifted 
by 24 mV to more positive potentials. Consequently, the activa- 
tion curve was steeper. The two rate constants of activation were 
increased and were strongly voltage dependent. In parallel, the 
amplitude of the instantaneous outward current and the rate con- 
stant of deactivation were increased. 

The reversal potential of this current was close to Ecl. It 
did not change with equimolar replacement of cesium by TEA, 
and shifted with the chloride concentration gradient. This current 
was inhibited by chloride channel blockers. 

These results indicate a hyperpolarization-activated chlo- 
ride conductance in the membrane of Leydig cells which is modu- 
lated by cyclic AMP. This nucleotide acts by modifying the kinet- 
ics of inward current and both the kinetics and the amplitude of 
deactivating outward current. 

Key W o r d s  hyperpo lar iza t ion-ac t iva ted  �9 chloride �9 conduc- 
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Introduction 

The Leydig cells that secrete testosterone in mam- 
malian testes possess receptors for luteinizing hor- 
mone (LH). Numerous biochemical studies have 

contributed to elucidate the intracellular mecha- 
nisms involved in the stimulation by this pituitary 
gonadotropin: high LH or hCG (human Chorionic 
Gonadotropin) concentrations stimulate the Leydig 
cell steroidogenesis via a cyclic AMP-kinase A path- 
way (for review, s e e  Dufau, 1988). 

As the patch-clamp method has largely contrib- 
uted to clarify some cellular mechanisms of the ac- 
tion of messengers, we have used it to investigate 
the control of Leydig cells by LH or hCG. In unstim- 
ulated cells, the predominant ionic conductance is 
a voltage-dependent potassium conductance resem- 
bling the delayed rectifier potassium conductance of 
T-lymphocytes (Duchatelle & Joffre, 1987, 1990). 

Two different chloride currents are induced by 
depolarizations, applied to cells dialyzed with cal- 
cium and cyclic AMP (Duchatelle & Joffre, 1987, 
1990; Noulin & Joffre, 1992a). Both are sensitive to 
an Ecl displacement and are affected by 1 mM SITS 
or DIDS, two stilbene-derived chloride channel 
blockers (Noulin & Joffre, 1992a). In the presence 
of internal calcium, current traces showed the well- 
known "on"  and "off"  relaxations characteristic of 
the calcium-dependent chloride conductance. This 
conductance increases when the membrane voltage 
is stepped and thus gives rise to a current increase. 
By contrast, in the presence of cyclic AMP, voltage 
jumps to + 60 mV or above induced outward currents 
peaking instantaneously and then inactivating pro- 
gressively (Noulin & Joffre, 1992a). These relax- 
ations are also recorded when cells are dialyzed with 
GTP or stimulated by LH and hCG (Duchatelle & 
Joffre, 1990). 

At the holding potential of - 40  mV (close to 
the resting membrane potential), the cyclic AMP- 
dependent chloride conductance, but not the calci- 
um-dependent conductance, is activated. This leads 
us to record an inward holding current when cells 
are bathed in symmetrical chloride concentrations. 
In the present study, we examine more precisely 
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the properties of this current in symmetrical cesium 
chloride solutions. We show that this current corre- 
sponds to a hyperpolarization-activated chloride 
conductance, which is slowly activated by long hy- 
perpolarizing pulses and rapidly deactivated by large 
depolarizations. This conductance corresponds to a 
small conductance, sensitive to cyclic AMP, in rest- 
ing cells. Preliminary accounts of this work have 
been published in abstract form (Noulin & Joffre, 
1992b). 

Materials and Methods 

LEYDIG CELL PREPARATION 

Leydig cells were dispersed from the testes of mature rats as 
previously described (Duchatelle & Joffre, 1990). Briefly, the 
testes were removed from 60- to 90-day-old rats and incubated 
in a solution containing 0.5 mg/ml collagenase (Serva, 0.6-0.8 
U/mg) and 0.04 mg/ml trypsin inhibitor (Sigma, St. Louis, MO, 
soybean-type 1S). The dispersed cells were isolated by density 
centrifugation on Percoll | Cells were cultured during a period 
ranging from 4 hr to 2 day, on 35-mm plastic petri dishes in RPMI 
1640 medium (GIBCO, UK) supplemented as indicated by Sharpe 
and Cooper (1987). 

ELECTROPHYSIOLOGY 

Current recordings were obtained using the whole-cell configura- 
tion of the patch-clamp technique as described by Marty and 
Neher (1983), with a patch-clamp amplifier (EPC-7, List Medical, 
Darmstadt, Germany). Recording pipettes were formed from bo- 
rosilicate glass capillary tubing (GC 150-TF 10, Clark Electromed- 
ical Instruments, UK). They were coated with Sylgard 184 (Dow 
Coming, Seneffe, Belgium) and fire-polished. Their resistance 
ranged from 1 to 3 M12. The pipette solution was connected to 
the head stage of an amplifier through a Ag/AgC1 pellet. Seal 
resistances ranged from 3 to 15 GfL 

The voltage-clamp programs and data collection were per- 
formed with an IBM microcomputer (PC AT 286) equipped with 
a A/D-D/A conversion board (TM-40, Teckmar) and a specific 
software (pCLAMP 5.5.1, Axon Instruments). Cell currents were 
low-pass filtered at 3.3 kHz. They were then digitized on-line at 
4 kHz and stored on disc. Instantaneous current amplitudes were 
measured 7 msec after applying a voltage step. They were ana- 
lyzed off-line with the pCLAMP software after being filtered (cut- 
off frequency: 0.3 kHz). Electrode capacitance was compensated 
electronically in cell-attached mode. Membrane capacitance and 
series resistance were measured in the whole-cell mode by fitting 
a capacitance record with a first-order exponential and by integ- 
rating the surface of capacitance peaks. They were not compen- 
sated. Average series resistance and membrane capacitance for 
63 cells were respectively 7.7 -+ 0.5 Mf~ and 22.5 -+ 1.0 pF. 
Because large currents were measured, the test potentials given 
in the legends of figures were corrected for voltage drop across 
the series resistances. Liquid junction potentials were canceled 
before seal formation. To determine time constants for activation 
and deactivation, current traces were fitted with exponentials 
using Clampfit software (pCLAMP 5.5.1). Current traces illustrat- 

ing representative records, current-voltage curves and other data 
were drawn with a specific software (Fig.P 6, Biosoft, UK). 

SOLUTIONS 

At the beginning of each experiment, the petri dish was rinsed 
four times with the standard external solution to remove the 
remaining germinal cells. This solution consisted of (mM): 146 
CsCI, 2 CaCI2, 10 HEPES/CsOH, buffer pH 7.4. After rupturing 
the membrane, the cell was bathed in a stream of calcium-free 
control medium which flowed out of a capillary with an internal 
diameter of 250/xm. This solution consisted of (mM): 150 CsCI, 
10 HEPES/CsOH buffer, pH 7.4. To investigate the ionic nature 
of the currents, CsC1 was equimolarly replaced by 150 mM TEA 
(tetraethylammonium) chloride or by 130 mM Cs-glutamate. In 
the latter case, current voltage curves were corrected for liquid 
junction potentials. The pipette contained (raM): 144 CsC1, 2.9 
MgCI2, 3 ATP-MG, 5 EGTA, 10 HEPES/CsOH buffer, pH 7.2. 

Two methods were used to study the dependence of currents 
on internal cyclic AMP. (i) We compared results from different 
cells dialyzed either with ATP alone (control cells) or with ATP 
and 0.1 mM cyclic AMP. To estimate cell-to-cell variations, the 
experimental values are given as means -+ SEM, for n values. 
The statistical significance of the results was assessed by means 
of a Student's t-test for unpaired data. (ii) In the second method, 
we used a cyclic AMP analogue (8-[4-chlorophenylthio]cyclic 
AMP, PSC1 cyclic AMP), which penetrates easily into intact cells. 

All experiments were performed at room temperature 
(20-23 ~ 

CHEMICALS 

Glutamic acid, HEPES (N-[2-hydroxyethyl]-N'-[2-ethanesul- 
fonic] acid), 9-AC (anthracene-9-carboxylic acid), cyclic AMP 
(cyclic adenosine 3' 5' monophosphate-sodium salt), DIDS (4, 
4'-diisothiocyanatostilbene-2,2'-disulfonic acid) TEA (tetraethyl- 
ammonium chloride), EGTA (ethylene glycol-bis[fl-amino ethyl 
ether] N,N,N',N'-tetraacetic acid), ATP-Mg salt; (adenosine tri- 
phosphate magnesium salt) were purchased from Sigma (St. 
Louis, MO); DMSO (dimethylsulfoxide) from Merck (Darmstadt, 
Germany); PSCl-cyclic AMP (8-[4-chlorophenylthio]cyclic AMP) 
from Boeringher-Mannheim (Germany). DPC (diphenylamine-2- 
carboxylic acid) from Fluka (Buchs, Switzerland); cesium chlo- 
ride and cesium hydroxyde from Aldrich (Strasbourg, France). 
All these drugs were directly dissolved in the solutions except 
for 9-AC and DPC which were dissolved in DMSO as 50 mM 
stock solutions (Singh et al., 1991) and then added to the external 
medium at the final concentration of 1 mM. Currents in control 
experiments were not altered by DMSO (2%). 

Results 

VOLTAGE-CLAMP EXPERIMENTS 
AT A NEGATIVE HOLDING POTENTIAL 

This study was first performed on Leydig cells 
bathed in symmetrical CsCI solutions containing 
ATP-Mg salt. Short voltage steps were applied from 
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Fig. 1. Whole-cell currents from cells under 
control conditions (A) and in the presence of 
cyclic AMP (B). Pulses (375 msec) were 
applied every 10 sec from -40  mV to 
potentials varying from -120 to + 120 mV, at 
20-mV steps. The dashed line shows zero- 
current level. (C) Current amplitude (pA/pF) 
measured at the beginning [&, ~]  and end 
[I',  V] of the voltage pulse and plotted v s .  

voltage in two groups of cells as A and B. 
Mean values -+ SEM for 10 control [A, V] and 
cyclic AMP-stimulated [~', A] cells. 

a holding potential of - 40  mV, a value which is close 
to the resting membrane potential of unstimulated 
Leydig cells (Duchatelle & Joffre, 1990) (Fig. 1A). 
An inward current (holding current) averaging 
-113.!  + 26.7 pA (n = 10) was continuously re- 
corded at the holding potential. Hyperpolarizing or 
depolarizing voltage pulses (375 msec) elicited time- 
independent currents. No tail current was measured 
on clamping back to -40  mV. Mean current-voltage 
curves of the instantaneous current and of the cur- 
rent at the end of pulses, drawn from 10 cells, were 
quite linear. They only showed a slight inward recti- 
fication for potentials more negative than -60  mV 
(Fig. 1C). This current reversed at 0 mV. 

Current traces were then recorded in cells dia- 
lyzed with 0.1 mM cyclic AMP-Na salt, added to 
the ATP-Mg-enriched solution. Within 5 sec of 
achieving the whole-cell recording configuration, the 
magnitude of both inward and outward currents in- 
creased progressively. A plateau response was al- 
ways recorded within 1-5 rain following the expo- 
sure to cyclic AMP, so that the inward holding 
current averaged -351.4 + 46.6 pA (n = 10; P < 
0.01). Long (375 msec)-hyperpolarizing or depolariz- 
ing voltage steps from -40  mV to voltages ranging 
from -120 to +40 mV only elicited time-indepen- 
dent currents. For potentials over +60 mV, how- 
ever, the currents peaked instantaneously after 
applying the voltage steps and then decayed with 
time (Fig. 1B). Tail currents were measured upon 
repolarization to - 40  inV. In any given cells, the 
tail currents were increased and the rate of decay 
was always faster at + 120 than at +60 inV. The 
mean current-voltage relationship averaged from 10 
cells is illustrated in Fig. 1C. Instantaneous current 
was quite linear from - 120 to -40  mV, then showed 
a strong outward rectification for potentials over 

-40  mV. The reversal potential of this cyclic AMP- 
activated current is close to 0 mV. 

In order to investigate whether the currents elic- 
ited in unstimulated cells might directly contribute 
to the effects of cyclic AMP, 500/XM (8-[4-chlorophe- 
nylthio]cyclic AMP, PSCl-cyclic AMP), a cyclic 
AMP analogue which diffuses through the mem- 
branes of intact cells, was added to the external 
medium perifused on the test cell. Figure 2 illustrates 
one of these experiments (n = 4). Depolarizing volt- 
age steps to +80 mV were applied, every 10 sec, 
from a holding potential of -40  mV, to cells which 
were initially perifused with the control medium. 
Within 4 rain of achieving the whole-cell recording 
configuration, the holding and the instantaneous out- 
ward currents swiftly increased and then slightly 
decreased to reach a steady-state level. Both cur- 
rents remained constant more than 30 rain, indicat- 
ing that the pipette solution had equilibrated with 
the cell's cytoplasm. This run-up/run-down phenom- 
enon was a systematic finding in control cells, inde- 
pendently of the presence of internal ATP, but did 
not appear in cells dialyzed with ATP and cAMP 
(Duchatelle & Noulin, unpublished data). Within 2 
rain following the exposure to PSCl-cyclic AMP, the 
outward and the holding currents increased simulta- 
neously. Concomitantly, the current traces at +80 
mV progressively decayed with time (Fig. 2B). This 
long-lasting response appeared slowly reversed 
upon withdrawal of PSCl-cyclic AMP. 

In the presence of cyclic AMP, the current 
traces decayed with time, at potentials over +60 
mV, and were always followed by tail currents on 
clamping back to the holding potential (Fig. IB). 
We investigated the effects of the duration of depo- 
larizing pulses on this tail current. Figure 3A illus- 
trates the effects of different pulse durations when 
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Fig. 2. Effect  of 500 /zM 8-[4-Chlorophenylthio]cyclic AMP, 
PSCl-cyclic AMP) perifusion on whole-cell currents from a cell 
under control conditions. (A) Current traces at - 4 0  mV (holding 
potential) [~'] and +80 mV [&], in response to 375-msec pulses, 
applied every 10 sec. (B) current traces recorded before (A), 
during (B) and after (C) the perifusion with PSCl-cyclic AMP. 
The dashed line shows zero-current level. 

stepping from a holding potential of -40  to + 120 
mV, on the subsequent tail currents at -40  mV. The 
magnitude of the outward currents measured at the 
end of the pulses decreased, and that of the inward 
tail currents increased, as the duration of the + 120- 
mV test pulses was longer. The data shown in Fig. 
3B quantify these observations for 16 cells. The in- 
crease in the tail current amplitudes at -40  mV par- 
alleled the decrease of outward current at + 120 mV 
when the +120-mV test pulses were increased in 
duration. 

V O L T A G E - C L A M P  E X P E R I M E N T S  

AT A POSITIVE H O L D I N G  P O T E N T I A L  

The results in Fig. 3 strongly suggest that the tail 
currents were related to an inward current activated 
by hyperpolarization, and deactivated by clamping 
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Fig. 3. Effect of pulse duration on whole-cell currents from a 
cell in the presence of cyclic AMP. (A) Pulses were applied every 
10 sec from - 4 0  mV (holding potential) to + 120 mV by increments 
of 50 msec. The dashed line shows zero-current level. (B) Normal- 
ized amplitudes (see inset) of outward [E2] and inward [11] currents 
vs. pulse duration. Mean values -+ SEM for 16 cells. 

to positive potentials over +60 mV. Evidence for 
this was obtained from experiments illustrated in 
Fig. 4, where the holding potential was held at +60 
mV and voltage steps to - 60  mV were applied for 
various durations. On clamping to + 120 mV, out- 
ward tail currents were recorded. The time courses 
of current activation and of the envelopment of in- 
stantaneous outward tail currents were compared 
(Fig. 4C and D). It can be seen that the envelopment 
of tail currents matches closely the time course of 
the onset of inward current. The time constants of 
activation and of the envelopment of deactivation 
were fitted by a double exponential. The time con- 
stants of activation, at +60 mV, were 330 and 3,422 
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Fig. 4. Effect of cyclic AMP on kinetic properties of hyperpolarization-activated inward currents. (A and C) control cell; (B and D) 
cyclic AMP-stimulated cell. (A and B) six different current traces recorded at various intervals. Current was activated by hyperpolariza- 
tion from a holding potential of +60 to -60 mV and was deactivated at the potential of + 120 mV. The dashed line shows zero-current 
level. (C and D) Time courses of current activation [V3, I ]  and of the envelope of deactivation [O, 0]. Both curves are well fitted 
by a double exponential (see text). 

msec while the time constants of the deactivation, 
envelopment at + 120 mV, were 331 and 3,397 msec 
in control cells. They were greatly decreased in the 
presence of  internal cyclic AMP (33 and 287 msec; 
51 and 250 msec, respectively). 

VOLTAGE- AND CYCLIC AMP-DEPENDENCE 
OF THE INWARD CURRENT 

Steady-State Parameters of  Current Activation 

In these experiments, the holding potential was held 
at +60 mV and the whole-cell currents were ana- 

lyzed during hyperpolarizations applied from +60 
mV. Figure 5A shows superimposed current traces 
elicited by hyperpolarizing or depolarizing voltage 
pulses. An outward holding current, averaging 
53 - 10 pA (n = 13), was recorded. Depolarizations 
beyond + 60 mV induced time-independent outward 
currents. In contrast, hyperpolafizations lasting for 
7 sec beyond 0 mV activated an inward current, 
which increased with time to reach a steady-state 
level. Increasing the hyperpolarization to - 1 2 0  mV 
speeded up the time course of currents and enhanced 
their amplitude. Mean steady-state currents aver- 
aged from different cells are plotted against voltages 
in Fig. 6A. The steady-state current reversed near 



6 J.-F. Noulin and M. Joffre: Chloride Conductance in Rat Leydig Cells 

A 

500 pA L__ 
1 s 

Control 

B 

,4 

500 pA 
500 ms 

AMP 

|' 'L 
1 L 

,I l . . . . . . . . . . . . . . . . . . . . .  

Fig. $. Whole-cell currents from cells under control conditions 
(A) and in the presence of cyclic AMP (B). Superimposed current 
traces recorded with depolarizing and hyperpolarizing pulses be- 
tween +80 and -120 mV from a holding potential of +60 mV, 
at +20-mV increments. Step durations were held for 7 sec (A) 
and 3 sec (B). They were enough to reach steady-state levels of 
current. Membrane was then clamped back to +120 mV for 7 
see (A) and 3 see (B). The dashed line shows zero-current level. 
Recordings are representative of six (A) and eight (B) cells. Stimu- 
lation frequency: 0.1 Hz (A) and 0.03 Hz (B). 

0 mV, showing a strong inward rectification for po- 
tentials below 0 mV. In these experiments, the cur- 
rent activation was always followed by a depolariza- 
tion to + 120 mV, which led to an instantaneous 
rapidly deactivating outward current. The amplitude 
of the tail currents was normalized and plotted 
against the prepulse potential (Fig. 6B). The activa- 
tion curve extended from +60 mV [0] to -120 mV 
[ 1]. It was fitted according to the following equation: 

A = 1/[1 + exp{(V-Vo.JS}], 

where A is the activation parameter, V is the mem- 
brane potential, V0. 5 is the potential of the half- 
maximum activation and S is the slope factor of the 
curve. In control conditions, S averaged 20 mV and 
Vo. 5 was close to - 40  mV. 

Effects of Cyclic AMP 

The sensitivity of the hyperpolarization-activated 
currents to this nucleotide was first studied by dia- 
lyzing the cells with 100/XM cyclic AMP (Fig. 5B). 
In this case, the holding current at +60 mV was 
enhanced (169 --- 18 pA; n = 15; P < 0.01). Positive 
voltage pulses still induced time-independent out- 
ward currents, which showed an increased ampli- 
tude. Inward currents were also recorded in re- 
sponse to hyperpolarizing pulses. In a first 
approximation, their steady-state amplitude was 
quite similar to that of the control values, while the 
kinetics of their activation appeared to be acceler- 
ated at all negative voltage pulses. Increasing the 
hyperpolarization to -120 mV speeded up the time 
course of the currents. 

Cyclic AMP flattened the I-V curve (Fig. 6A). 
The mean amplitude of the outward current (n = 6) 
was increased between 0 and +80 inV. The inward 
current was unchanged below -60  mV, but was 
enhanced between 0 and -60  mV. The reversal po- 
tential was maintained at 0 mV. Cyclic AMP did not 
alter the threshold potential of activation (Fig. 6B). 
It shifted the mid-activation curve (V0.5) by about 
24 mV, and induced an increase of its steepness (S 
near 16 mV). 

These cyclic AMP-induced changes could be 
mimicked, although to a lesser extent, by applying 
500/xM PSCl-cyclic AMP to the external medium 
(Fig. 7). 

Steady-State Parameters of Current Deactivation 

Figure 5 suggests a steady-state conductance in- 
crease during current activation by the membrane 
potential. This is illustrated in Fig. 8A, where the 
steady-state conductance is plotted against mem- 
brane potential. In control ceils, this conductance 
was progressively enhanced by hyperpolarizations 
from +60 to -120 mV. This effect was further in- 
creased by 0.1 mM cyclic AMP, in the range of +20 
to -40  mV. The maximal steady-state conductance 
appeared to be similar in unstimulated and cyclic 
AMP-stimulated cells. 

Figure 8B illustrates the relationships between 
the instantaneous (outward) conductance at +120 
mV and the prepulse potential value. This shows the 
progressive increase in this conductance in control 
cells and demonstrates its substantial increase in 
cyclic AMP-stimulated cells. Despite similar steady- 
state (inward) conductances recorded in both cells 
below -80  mV, the instantaneous (outward) con- 
ductance of stimulated cells was 3.5 times higher 
than that of control cells. 
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Fig. 6. Effect of cyclic AMP on the amplitude and the steady-state activation of whole-cell current from cells under control conditions 
([3) and in the presence of cyclic AMP (I) .  (A) Current amplitudes (pA/pF) measured at the end of the voltage pulse are plotted vs .  

potential in two groups of cells. (B) Activation curve of hyperpolarization-activated inward current. The normalized amplitudes o f  
the tail current are plotted vs .  membrane potential (prepulse potential). (A and B) Mean values -+ SEM for six control [23] and eight 
cyclic AMP-stimulated [ I ]  cells. 

Figure 9 confirms these findings. Inward cur- 
rent, which was previously activated by hyperpolar- 
izations to -120 mV, was then deactivated by 
clamping back to different potentials beyond 0 inV. 
The characteristics of the corresponding current- 
voltage curves were similar to those of experiments 
in which depolarizations were applied from a holding 
potential of - 40  mV (Fig. 1). 

Kinetics of  Current Activation and Deactivation 

The activation curve was steepened by dialysis with 
cyclic AMP (Fig. 6B). These results suggest that the 
kinetics of activation is different between the two 
groups of cells. To test this hypothesis, the time 
constants for current activation were calculated 
from current traces shown in Fig. 5A and B. Current 
traces could be well fitted by a double exponential. 
Both the fast and slow components were weakly 
voltage dependent in control cells (Table and Fig. 
10). They were greatly decreased, and the slope of 
the voltage dependence increased, in the presence 
of cyclic AMP (P < 0.01). 

The kinetics of current deactivation was esti- 
mated from current traces such as those displayed 
in Fig. 9A and B. The current deactivation was well 
fitted by a single exponential function. The rate con- 
stant had a high value and was voltage independent 
in control cells, but was much lower and strongly 

voltage dependent in stimulated cells (P < 0.01) 
(Table and Fig. 10). 

IONIC SELECTIVITY AND PHARMACOLOGY 

Reversal Potential 

The hyperpolarization-induced inward current 
slowly deactivated below +60 mV, making it diffi- 
cult to measure the reversal potential by the standard 
tail current procedure. Since the inward current did 
not inactivate, we have applied a voltage ramp (dV/ 
dt -- 1.6 V/sec) in which the hyperpolarization- 
induced current was first activated by a long square 
pulse to - 100 inV. Examples of these I-V curves are 
shown in Fig. 11. To demonstrate the ionic nature of 
the current flowing through membrane channels, we 
replaced either cesium or chloride ions. In the latter 
case, the liquid junction potential induced by substi- 
tuting glutamate for chloride ions was measured 
(+6.5 mV) and canceled. Cells were first bathed in 
control medium, then perifused with test solutions. 
The I-V relationships for the inward current were 
essentially similar to those obtained by the square 
pulse stimulus, with a more pronounced outward 
rectification recorded at positive potentials in some 
cyclic AMP-stimulated cells (Fig. 11D). The rever- 
sal potential (Erev) obtained from cyclic AMP-stimu- 
lated cells bathed in control medium was: 
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Fig. 7. Effects of 500/zM 8-(4-Chlorophenylthio)cyclic AMP on the amplitude (C) and the steady-state activation (D) of whole-cell 
currents. Whole-cell currents under control conditions (A) and at the plateau response to cyclic AMP (B). Superimposed current 
traces recorded at +30, -60  and -90  mV, as in Fig. 5. (C) Current amplitudes measured at the end of the voltage pulse are plotted 
v s .  potential. (D) Activation curve of the hyperpolarization-activated inward current. The normalized amplitudes of the tail current 
are plotted v s .  membrane potential (prepulse potential). (C and D) control [[~] and cyclic AMP-stimulated [11] cell. 

-1 .9  --- 1.0 mV (n = 4). Neither Ere v ( -1 .5  -+ 1.1 
mV; n = 4), nor the slope conductance were affected 
by the complete replacement of cesium chloride with 
equimolar TEA-chloride salt (Fig. l lC). By con- 
trast, the cesium chloride substitution by cesium 
glutamate, which induced an increase in Ecl from 0 
to +50.9 mV, shifted Erev (+28.5 +- 4.1 mV; n = 5; 
P < 0.01) and decreased the slope conductance (Fig. 
l lD) .  

Similar results were obtained in control cells 
(Fig. l l A  and B). Ere v was -5 .4  -+ 1.3 mV (n = 10) 
in control medium. Neither E~e v ( -5 .7  - 1.5 mV; 
n = 10), nor the slope conductance were affected 
by the complete replacement of cesium ions with 
equimolar TEA-chloride salt (Fig. l lA). By con- 

trast, Ere v was shifted (+25.5 --- 3.1 mV; n --- 6; P < 
0.01) by the cesium chloride substitution by cesium 
glutamate (Fig. 11B). 

SENSITIVITY TO CHLORIDE CHANNEL BLOCKERS 

Specific channel blockers are extensively used to 
identify a membrane current. Since the responses 
to TEA and glutamate did not differ between control 
and cyclic AMP-stimulated cells, we decided to ex- 
amine the effects o fa  disulfonic-stilbene acid deriva- 
tive (DIDS [4,4'-diisothiocyanatostilbene-2,2'-disul- 
fonic acid]) and of two carboxylic acid analogues 
(9-AC [anthracene-9-carboxylic acid] and DPC 
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Fig. 8. Effects of cyclic AMP on steady-state (A) and instantaneous (B) conductances from cells under control conditions [0] and 
in the presence of cyclic AMP [11]. Data were obtained from Fig. 5. The steady-state conductance, calculated from Gx = I x / ( V x  - 

E~q), and the instantaneous conductance, calculated from G]~0 = 112o/(V12o - E~q), are plotted v s .  membrane potential (prepulse potential). 
They are expressed as mean values -+ SEM for six control [[]] and eight cyclic AMP-stimulated [11] cells. 
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Fig. 9. Effect of cyclic AMP on instantaneous outward currents from cells bathed in symmetrical cesium chloride and dialyzed with 
3 mM ATP [[]] and 0.1 mM cyclic AMP [ i ] .  ( A - B )  Current traces recorded in a control cell [upper panel] and in the presence of 0.1 
mM cyclic AMP [lower panel]. Four superimposed current traces recorded with hyperpolarizations from +60 to -120  mV. Membrane 
was then clamped back to + 10, +50, +80 and + 120 inV. The dashed line shows zero-current level. Recordings are representative 
of six (A) and five (B) cells. (C) Instantaneous current amplitudes (pA/pF) are plotted v s .  membrane potential in two groups of cells. 
Data are expressed as mean + SEM for six control [[~] and five cyclic AMP-stimulated [11] ceils. 



10 J.-F. Noulin and M. Joffre: Chloride Conductance in Rat Leydig Cells 

Table. Effect of cyclic AMP on time constants of activation and deactivation 

Time constant of activation 
(msec) 

Time constant of 
deactivation (msec) 

-40 mV -100 mV +60 mV +100 mV 

z fast r slow r fast z slow ~- 

0 cAMP 491 +- 113 4,103 • 714 383 • 45 2,791 • 264 2,316 • 293 2,399 • 668 
(5) (6) (11) (11) (6) (6) 

+ cAMP 38 • 7 364 • 44 8 • 1 180 • 43 1,863 • 172 423 • 77 
(14) (14) (16) (16) (5) (5) 

Hyperpolarization-activated inward currents were obtained from cells bathed in symmetrical cesium 
chloride and dialyzed with 3 mM ATP alone [0 cAMP] and 0.1 mu cyclic AMP [+ cAMP]. The time 
constants of activation and deactivation are obtained from exponential fits of recordings as in Figs. 
5, 9. They are expressed as mean values • SEM for (n) values. 
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~.,.4.-4-4-.~-4 

0.1 . . . . .  
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Fig. 10. Effects of cyclic AMP on kinetic properties of hyperpo- 
larization-activated inward current. Cells were under control con- 
ditions [open symbols] and in the presence of cyclic AMP [filled 
symbols]. The rate constants of activation and deactivation are 
plotted vs. membrane potential in two groups of cells on a semilog- 
arithmic graph. Data are obtained from exponential fits of re- 
cordings. They are expressed as mean • SEM for n cells given in 
the Table. Activation rate constants were calculated from current 
traces illustrated in Fig. 5; deactivation rate constants from cur- 
rent traces in Fig. 9. 

[d iphenylamine-2-carboxyl ic  acid]) on  currents  in- 
duced  by  hyperpo la r iza t ion  in cycl ic  AMP-d ia lyzed  
cells. Figure  12 shows  represen ta t ive  I -V  curves  ob- 
ta ined in the p resence  o f  these three channel  block-  
ers. T h e y  demons t r a t e  that  an external  perifusion 
with 1 mM D I D S  (n = 3), d isso lved in the control  
medium,  or  with 1 m u  9-AC (n = 3), or  with 1 mM 
DPC (n = 3), d isso lved in D M S O  then in the cont ro l  
med ium (2% DMSO) ,  inhibited the currents .  The  
inhibition was  fast  with D I D S  and was  de layed  (from 

1 to 2 rain) with the carboxyl ic  acid derivat ives.  The  
s teady-s ta te  inward currents  were  largely dec reased  
in the p resence  o f  D I D S  and D P C  (Fig. 12A and C). 
T h e y  were  little affected by  9-AC (Fig. 12B). Despi te  
this difference,  all drugs substant ial ly dec reased  the 
ins tan taneous  ou tward  currents  r eco rded  on c lamp- 
ing back  to +120 mV.  Consequen t ly ,  the corre-  
sponding  I -V  curves  were  different ly affected.  

Discussion 

IDENTIFICATION OF A HYPERPOLARIZATION- 
ACTIVATED CHLORIDE CONDUCTANCE 
IN LEYDIG CELLS 

A cycl ic  A M P - d e p e n d e n t  chlor ide  c o n d u c t a n c e  is 
involved  in the r e sponse  o f  rat Leyd ig  cells to lutein- 
izing h o r m o n e  (LH).  (Duchatel le  & Joffre,  1990). 
Recent ly ,  the cur rents  induced  by  depola r iza t ions  
and their sensit ivity to chlor ide  channe l  b lockers  
have  been  c o m p a r e d  in cells d ia lyzed  e i ther  with 
cycl ic  A M P  or with ca lc ium (Noul in  & Joffre,  
1992a). In cells d ia lyzed with cycl ic  A M P ,  depolar-  
izations f rom a holding potent ia l  o f  - 4 0  mV,  the 
value o f  the rest ing m e m b r a n e  potent ia l  o f  Leyd ig  
cells, induced ou tward  currents  peak ing  ins tantane-  
ous ly  and decay ing  with t ime at vol tages  a b o v e  +6 0  
inV. This cur rent  d isp layed a s t rong ou twa rd  recti-  
fication for  potent ials  b e y o n d  0 inV. Similar results  
have now been  obta ined  in cells d ia lyzed  with cyc l ic  
AMP,  and ba thed  in a ces ium chlor ide solut ion iden- 
tical to the pipet te  solut ion (Fig. 1B and C). 

Since this cur rent  r eve r sed  near  Ecl and was  
inhibited by  D I D S  and SITS,  we  conc luded  (Ducha-  
teUe & Joffre,  1990; Nou l in  & Joffre,  1992a) tha t  a 
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Fig. 11. Effects of external TEA (A and C) and glutamate (B and D) on the current-voltage relationships measured by ramp voltage 
pulses in cells under control conditions (A and B) and in the presence of cyclic AMP (C and D). Holding potential was set at +60 
mV. Inward current was first activated by a 3-sec long square pulse to -120 mV and a ramp pulse (dV/dt = 1.6 V/sec) was then 
applied. (A and C) I-V relationships in the control medium [(3] and in the presence of 150 mM external TEA-C1 [0]. (B and D) I-V 
relationships in the control medium [(3] and in the presence of 130 mM external Cs-glutamate [O] corrected for the liquid junction 
potential (see text). These curves are representative of four different experiments. 

cyclic AMP-act iva ted  chloride conductance is pres- 
ent in the membrane  of  Leydig cells, as described 
in many  epithelial and nonepithelial cells (Matthews,  
Neher  & Penner,  1989; Mc Cann, Li & Welsh, 1989, 
Solc & Wine, 1991; Wine et al., 1991). We initially 
considered that this conductance  is first activated 
by depolarization,  and that voltage jumps  to +60 
mV or more  subsequent ly  inactivated the channels. 
However ,  the observat ion of  a sustained holding 
current  (Fig. 1) now leads us to consider instead 
a conductance  which is act ivated at the negative 
potential,  and subsequent ly  deact ivated on clamping 
to posit ive potentials.  Two groups of data support  

this proposal .  First, when stepping the voltage to 
+ 120 mV for different durations,  the longer the volt- 
age is maintained at + 120 mV,  the greater  the cur- 
rent decays and the values of  the tail current  ob- 
served upon returning to - 4 0  mV increases (Fig. 
3). Second, the time course of  current  act ivat ion 
upon stepping to - 6 0  mV matches  closely that  at 
the onset  of  instantaneous outward tail currents  (Fig. 
4). Thus,  we conclude by confirming that a cyclic 
AMP-dependent  and hyperpolar izat ion-act ivated 
chloride conductance  is present  in the membra n e  of  
Leydig cells, as it is in the epithelial cells f rom the 
human airways (Mc C a n n e t  al., 1989). 
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Fig. 12. Effect of three chloride channel blockers on hyperpolarizarion-activated inward current in cells bathed in the presence of 
cyclic AMP. (A-C) Current traces recorded in the control medium [ I ]  and in the presence of 1 mM external blocker [ 0 ]  with 
hyperpolarizing pulses at - 90  mV for 1 sec from a holding potential of +60 mV and clampled back to + 120 mV for 2.5 sec. The 
dashed line shows zero-current level. (D-F)  Fully activated current u s .  membrane potential drawn for left panel. These curves are 
representative of three different experiments. (A and D) DIDS; (B and E) 9-AC; (C and F) DPC. 

To study this conductance, the holding potential 
was held at +60 mV, the value at which the time- 
dependent decay of outward current was recorded, 
and the pulse duration was increased from 375 msec 
to 3 or 7 sec. Current relaxations were then revealed 

(which are not apparent in most traces of Fig. I; s e e  

Fig. 5). Hyperpolarizations below 0 mV induced the 
activation of time-dependent inward currents, which 
increased in amplitude as a function of time to reach 
a steady-state level (Fig. 5). Large hyperpolariza- 



J.-F. Noulin and M. Joffre: Chloride Conductance in Rat Leydig Cells 13 

tions speeded up the time course of this time- 
dependent component and increased the steady- 
state amplitude. Consequently, the I-V curves 
showed inward rectification properties (Fig. 6A). 
Moreover, clamping to +120 mV was always fop 
lowed by outward tail currents, which peaked in- 
stantaneously and then decayed with time. These 
currents resembled the outward currents recorded 
in the first part of this study, when cells were depo- 
larized from a holding potential of -40  mV (Fig. I). 

The time course, the voltage dependence and 
the inward rectification properties of this current 
resemble qualitatively those of the well-known pace- 
maker current (If or Ih) of sino-atrial or Purkinje 
cells from mammalian heart and of frog sinus veno- 
sus cells (Callawaert, Carmeliet & Vereecke, 1984; 
DiFrancesco et al., 1986; Hagiwara & Irisawa, 1989; 
Bois & Lenfant, 1990; Van Ginneken & Giles, 1991). 
Both exhibited a time- and voltage-dependent acti- 
vation and showed large outward tail currents upon 
returning to a depolarized level. But these two cur- 
rents are distinct in many respects. In this study, 
the currents were recorded in a solution of cesium 
chloride which strongly blocks Iy, and without 
potassium and sodium ions, known to be involved 
in the pacemaker current (see review, DiFrancesco, 
1985). They were insensitive to cesium substitution 
for TEA (Fig. 11A and C). Their reversal potentials 
were quite near Ec~ and were shifted with the 
chloride concentration gradient, providing strong 
evidence for currents which were mainly carried 
by chloride ions (Fig. l lB  and D). These currents 
were also inhibited by nonspecific and specific 
chloride channel blockers (Fig. 12) (G6gelein, 
1988). Further differences were also apparent from 
kinetics of activation and deactivation. Although 
the Leydig cell conductance and If were fully 
activated near - 120 mV, their thresholds of activa- 
tion were near +60 and -70  mV, respectively. 
The activation and deactivation of Iy follow a single 
exponential (DiFrancesco, 1984). In contrast, the 
deactivation of the conductance in Leydig cells 
varied as a single exponential, whereas the activa- 
tion curve was well fitted with a double exponen- 
tial. Consequently, all these findings agree with the 
presence of a hyperpolarization-activated chloride 
conductance different from ly in the membrane of 
mature rat Leydig cells. 

Voltage-clamp experiments carried out on 
whole ceils have previously shown hyperpolariza- 
tion-activated inward chloride currents in Aplysia 
neurons (Chesnoy-Marchais, 1982, 1983; Lotshaw & 
Levitan, 1987), Xenopus oocytes (Parker & Miledi, 
1988), a human colonic cell line (T84) (Worrel et al., 
1989) and hippocampal neurons (Madison, Malenska 
& Nicoll, 1986; Mager, Ferroni & Schubert, 1990). 

Moreover, instantaneous outwardly rectifying cur- 
rents resembling the present outward currents have 
been recorded in cells of the human airway epithe- 
lium, in T84 cells and in human sweat glands and 
trachea (Mc Cann et al., 1989; Worrel et al., 1989; 
Solc & Wine, 199l; Valverde, Mintenig & Sept]l- 
veda, 1991). These currents show several properties 
in common with the chloride current in Leydig cells. 
They are activated by cyclic AMP and blocked by 
disulfonic stilbene and carboxylic acids. Further- 
more, they demonstrate outward rectification prop- 
erties and an important decay with time for positive 
potentials. In these latter cells, the currents are re- 
lated to an outward rectifying, depolarization- 
induced chloride channel (ORDIC) (Mc Cann et al., 
1989; Solc & Wine, 199l). All these considerations 
might argue for an "ORDIC channel" type in the 
membrane of Leydig cells, a channel which is acti- 
vated by hyperpolarization and deactivated by 
strong depolarization. 

Low outward and holding currents were mea- 
sured in response to depolarizations, applied to con- 
trol Leydig cells from -40  mV (Fig. 1A). In these 
cells, applying hyperpolarizations from +60 mV be- 
yond 0 mV, induced inward currents, and clamping 
back to + 120 mV was followed by outward tail cur- 
rents which peaked instantaneously, then decayed 
with time. This current resembled qualitatively those 
recorded in the presence of cyclic AMP and was in- 
sensitive, too, to cesium replacement by TEA (Fig. 
11A). Its reversal potential was near Ecl and shifted 
with the chloride concentration gradient (Fig, 11B). 
That is in agreement with the view that cyclic AMP 
did not activate a new chloride conductance, but 
rather modulated a background chloride conduc- 
tance. This proposal was confirmed by the progres- 
sive increase in the outward and inward currents ob- 
served when cells were perifused with (8-[4- 
Chlorophenylthio]cyclic AMP, PSCl-cyclic AMP) 
(Figs. 2 and 7). 

MODULATION OF THE BACKGROUND CHLORIDE 
CONDUCTANCE BY CYCLIC AMP 

Our conclusion of similarities between this current 
and Iy was strengthened by the fact that both are 
sensitive to cyclic AMP. The effects of this nucleo- 
tide on If have been extensively analyzed in cardiac 
cells (Tsien, 1974; Callawaert et al., 1984; DiFran- 
cesco et al., 1986; Hagiwara & Irisawa, 1989; Di- 
Francesco & Tortora, 1991). In Leydig cells, as in 
cardiac cells, cyclic AMP shifts the steady-state acti- 
vation curve to a more positive potential and in- 
creases the steepness of the activation curve without 
modifying the threshold of activation. 
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Cyclic AMP strengthened the steady-state cur- 
rent-voltage relationship. With maximal responses, 
the I -V  curves were more frequently linear in the 
range of 0 to - 120 mV. This response varied from 
cell to cell and was probably dose dependent. Al- 
though no dose-dependent effect has yet been inves- 
tigated, curvilinear I -V  curves were nevertheless ob- 
served in the presence of 500/zM PSCl-cyclic AMP. 

On Leydig cells, cyclic AMP increased the in- 
ward current activation by acting on the current 
kinetics rather than on its amplitude (Fig. 6). This 
nucleotide increased the  current toward the half- 
activation range and accelerated the rate of current 
activation on pulsing to more negative levels. Both 
activation constants were increased and became 
highly voltage dependent as the membrane potential 
was changed toward more negative values. These 
results largely agree with a control of the chloride 
conductance in Leydig cells quite similar to I s in 
cardiac cells. Cyclic AMP might increase the inward 
chloride current by increasing either the number of 
active channels or their mean open time. 

The rate constants of deactivation were largely 
increased and became voltage dependent in the pres- 
ence of cyclic AMP. Surprisingly, despite quite simi- 
lar " inward" conductances in control and in cyclic 
AMP-dialyzed cells, the instantaneous outward cur- 
rents and the related "outward" conductance were 
much higher in the presence of cyclic AMP. (Figs. 
8B and 9). Two hypotheses can be put forward to 
explain these results. Depolarizations might induce 
either an activation of a new outward chloride cur- 
rent, or an increase in the outward rectification. The 
first proposal implies that this new current is acti- 
vated instantaneously, and subsequently inacti- 
vated. As a consequence, such a hypothesis leads 
us to consider the decrease of current that follows 
the activation from -40 to + 120 mV, as the sum 
of two currents corresponding to the deactivation 
of the hyperpolarization-activated current and the 
inactivation of a depolarization-induced current. 
However, that is not the case since the current deac- 
tivation is well fitted by a single exponential and 
since the time course of the envelopment of the 
instantaneous outward tail current and that of the 
onset of current activation are the same (Fig. 4). 
Moreover, when stepping the voltage to + 120 mV 
for different durations, the longer the voltage was 
maintained at + 120 mV, the more the current de- 
cayed and the values of the tail current increased 
upon returning to -40 mV (Fig. 3). Moreover, the 
activation curve reflects the I -V  curve of the hyper- 
polarization-activated current exactly (Fig. 6), a fact 
which is in agreement with the view (second pro- 
posal) that cyclic AMP increases the depolarization- 
induced outward rectification subsequently to an 

increase in the "outward" unitary conductance of 
channels. 

PHYSIOLOGICAL ROLE OF THE 
HYPERPOLARIZATION-ACTIVATED 

CHLORIDE CONDUCTANCE 

This conductance is involved in the responses to 
LH, to hCG and GTP stimulation (Duchatelle & 
Joffre, 1990). A membrane depolarization was mea- 
sured when Leydig cells were exposed to hCG or 
dibutyryl cyclic AMP (Joffre et al., 1984), a result 
which may now be explained by an increase in the 
chloride conductance allowing chloride ions to exit 
the cell. Recently, Choi and Cooke (1990), on the 
basis of our preliminary data (Duchatelle & Joffre, 
1987), have demonstrated an active chloride path- 
way in the membrane of Leydig cells that is involved 
in low LH-stimulated testosterone secretion. But, 
if these results agree with a role of chloride ions in 
the physiology of LH-stimulated Leydig cells, the 
coupling between this conductance and steroidogen- 
esis remains to be specified. Additional experiments 
are now required to investigate the role of this chlo- 
ride conductance in stimulus-response coupling. 
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