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Voltage-dependent currents and modulation of calcium channel expression in zona fasciculata cells from rat adrenal gland

2. In freshly isolated cells, the A-type K+ current and the T-type Ca2+ current were predominant. The A-type current was activated at -50 mV and inhibited by 4-amino- pyridine with a half-maximal block (IC50) at 130 /bM while the T-type current was activated at -70 mV and blocked by Cd2+, Ni2+ and amiloride with IC50 values of 24-1, 132-4 and 518-9 uM, respectively.

3. Under current clamp, depolarizing current pulses produced a single Ca2+ action potential with Cs+ in the pipette internal solution. Upon replacement of Cs+ by K+, the half- amplitude width of the action potential was shortened and membrane potential oscillations were seen after the spike. 4. In freshly isolated cells and during the first 24 h after plating, the T-type current was observed in all cells, with L-type current being observed in < 2% of cells, even in the presence of (+)SDZ 202 791, a dihydropyridine Ca2+ channel agonist. With time in culture, the T-type current disappeared, and a high-voltage-activated L-type current became increasingly apparent. In cells tested after >2 days in culture, (+)SDZ 202 791 potentiated L-type current by 407 + 12% and the antagonist (-)SDZ 202 791 blocked this increase.

The L-type current was activated between -30 and -20 mV and was sensitive to nitrendipine and w-conotoxin GVIA. 5. Pre-incubation of cultured ZF cells with adrenocorticotrophic hormone (ACTH) or vaso- active intestinal peptide (VIP) for 3 days resulted in a high, sustained level of expression of T-type current, with a mean amplitude of 34-2 + 5.5 pA pF-t for ACTH-treated cells compared with 3 4 + 1 8 pA pF-' for untreated cells. Cycloheximide strongly inhibited this effect. Neither treatment affected L-type current expression. 6. The expression of both Ca2+ current types was unaffected by pre-incubation with 8-bromo- cAMP or forskolin. The protein kinase A antagonist, H89, did not inhibit the ACTHinduced upregulation of T-type Ca2+ currents.

7. It is concluded that the main voltage-dependent currents involved in cell excitability and steroidogenesis in rat adrenal ZF cells are an A-type K+ current and a T-type Ca2+ current.

The physiological role and control of expression of L-type Ca2+ channels in rat ZF cells remain less clear.

Zona fasciculata (ZF) cells are unique endocrine cells in that at the membrane level, it is generally accepted that ACTH secretagogues such as ACTH stimulate both synthesis and stimulation produces a depolarization which occurs within a release of steroids in a diurnal pattern (Simpson & few minutes in a concentration-dependent manner and Waterman, 1988). While the mechanisms underlying steroid which is associated with spiking of the cell (Matthews & secretion induced by ACTH are not completely understood, Saffran, 1973; Lymangrover, Matthews & Saffran, 1982; Mlinar, Biagi & Enyeart, 1993a). The depolarization probably results from an ACTH-mediated reduction of K+ conductance (Mlinar et al. 1993a).

Several lines of evidence suggest that consequently to membrane depolarization, voltage-activated Ca2+ currents play a major role in triggering corticosteroid secretion. For example, in bovine ZF cells, ACTH-induced steroid secretion is inhibited by the absence of extracellular Ca2P and by nifedipine, and is potentiated by Bay K 8644, consistent with the involvement of L-type Ca2P channels (Yanagibashi, Papadopoulos, Masaki, Iwaki, Kawamura & Hall, 1989; Yanagibashi, Kawamura & Hall, 1990). In agreement, specific dihydropyridine (DHP) binding sites were described in bovine ZF cell membranes (Yanagibashi et al. 1990;

Coyne & Pinkney, 1991), and L-type channels were reconstituted into planar lipid bilayers [START_REF] Coyne | Adrenocorticotropin activates barium-conducting channels from bovine zona fasciculata cells in lipid bilayers[END_REF]. However, a recent report shows that in cultured bovine ZF cells, Ca2P influx required for ACTH-stimulated steroid production is carried by T-type channels (Enyeart, Mlinar & Enyeart, 1993), consistent with the absence of L- type current in these cells (Mlinar, Biagi & Enyeart, 1993b). Nevertheless, L-type channels may represent a regulatory target, since they appear to trigger steroid secretion in forskolin-treated bovine ZF cells, although this was not the case in rat ZF cells (Yanagibashi et al. 1989). In addition, DHP antagonists were ineffective in rat ZF cells (Yanagibashi et al. 1990). Ionic currents are thus likely to be important in coupling ACTH action to secretion in ZF cells. However, whether the electrical excitability of ZF cells is important in the control of secretion is not yet known. A possible role of ZF cell excitability might be to synchronize depolarization, and thus secretion by a population of cortical cells, since these cells are electrically coupled together. We present here the biophysical and pharmacological properties of the major voltage-activated membrane ionic currents in cultured rat ZF cells. In freshly isolated cells, a transient T-type Ca2+ current was found, with characteristics fairly similar to those described for bovine ZF cells (Mlinar et al. 1993b), together with a slowly inactivating A-type K+ current, which differs in some respects compared with K+ currents in other adrenocortical cells (Mlinar & Enyeart, 1993; Mlinar et al. 1993a). These two currents are sufficient to account for rat ZF cell excitability. After a few days in culture, we observed that the T-type current progressively disappears, concomitant with the appearance of a sustained, L-type current, with some cells expressing both currents.

Pretreatment with ACTH and VIP in culture not only prevented T-type current disappearance but also enhanced levels of expression, while however being without effect on L-type currents. Our data indicate that in rat ZF cells, Ca2P influx through T-type channels is probably predominant, with ACTH playing a dual role, not only in stimulating steroidogenesis, but also in modulating the level of expression of this channel type.

METHODS

Cell culture

Zona fasciculata cells were prepared daily from one 12-week-old male Wistar rat (380-450 g). Following anaesthesia (i.P. injection of 12 mg pentobarbitone in 0 2 ml 0 9 % NTaCl), rats were killed by cervical dislocation. Adrenal glands were collected in sterile Ca2, Mg2+-free Hank's balanced salt solution (HBSS; Eurobio, Paris, France) at 4 'C. The capsule and outermost cortical layers were removed with fine forceps under a dissecting microscope. The remaining cortical tissue was washed and then incubated for 1 h in 3 ml sterile Ca2+, Mg2+-free HBSS containing 0 3 % collagenase D (Boehringer) and 0-6% bovine serum albumin at 37 °C. To facilitate dispersion, tissue was gently triturated with a Pasteur pipette with a fine heat-polished tip and the cell suspension was then filtered through a cell strainer (70 ,um mesh; Falcon, Grenoble, France) into 15 ml Ca2+, Mg2+-free HBSS. Following centrifugation, the pellet was resuspended in 12 ml DMEM culture medium (Gibco), supplemented with 10% (v/v) fetal calf serum and 0-2% penicillin and streptomycin mixture (Gibco). Cells were plated in 1 ml aliquots in 35 mm culture dishes (Falcon) and maintained in a humidified (95% air-5% CO2) incubator at 37 'C.

'Freshly isolated' cells were used < 24 h after plating. Pre- incubation with ACTH (500 nM), VIP (500 nM), adrenaline

(10 /M), 8-Br-cAMP (50 uM), dibutyryl-cAMP (50 uM) or forskolin (10 /M) was started 24 h after plating and Ca2+ currents were studied 3 days later. Fasciculata cells had prominent lipophilic inclusions, and stained positively (not shown) for 3,J-hydroxysteroid dehydrogenase, a marker for steroid-synthesizing cells [START_REF] Levy | Visualization of steroid-3fl-ol-dehydrogenase activity in tissues of intact and hypophysectomized rats[END_REF]. Electrophysiology Conventional whole-cell patch-clamp recordings were made. Pipettes were made from thick-walled borosilicate glass (Hilgenberg, Malsfeld, Germany) using a vertical puller (D.Kopf 720), coated with beeswax to reduce associated capacitance and had resistances of 2-4 MQ. Cells were maintained in a 35 mm Petri dish at room temperature (20-25 'C) on an inverted microscope (Nikon Diaphot, Paris, France) and changed every 15-40 min. Small (10-30 ,um diameter), isolated, round cells were chosen for optimal space clamp. Series resistance compensation was usually not made, as the average series resistance of 12 2 + 3-4 MQi (n = 47) gives a voltage error of -1 mV for 100 pA currents. Generally, currents were elicited every 20-30 s. No attempt was made to correct for liquid junction potentials. Capacitive currents were minimized using the inbuilt compensation circuitry of the EPC-7 amplifier (List). Leak subtraction was usually not carried out. Data were usually filtered (4-pole Bessel) at 1 kHz (-3 dB) and acquired directly at 4 kHz using a Goupil 386DX computer and a CED 1401 interface; sampling frequency was always >4 x the filter corner frequency. Analysis was done 

Drug application

In most cases, local drug applications were made using a pressurized (0'1-0'3 bar) puffer pipette, located -50 ,um from the cell. Generally, currents before (with the puffer pipette out of the bath solution) and during 10 s drug application were recorded. Unless otherwise mentioned, block of currents was practically instantaneous, with 90% recovery being seen after -1 min washout in this case. Longer-lasting puffer applications or bath perfusion were used when drug actions were slower in onset.

Solution changes were usually made by perfusion (-1 ml min-') of the bath (volume, 1-5 ml) or sometimes by localized microperfusion using a puffer pipette. IA = [1 -exp(-t/r.)]4exp(-t/rh) 9K( Vm -E K)X

(1)

T = {exp[( Vm-81)/1P1] + exp[( V1 + 132)/1-2]F-' + 0'2, ( 2 
)
Th ={exp[( Vm-1'3)/600]+exp[( Vm+ 130)/-7 1]]}+ 120, (3) for Vm<-70 mV and Th= 300, for Vm >-70 mV, where Tn and Th are the kinetic functions for activation and inactivation, gK is the maximal K+ conductance, Vm, the membrane potential and Ex, the Nernst potential for K+. Similarly, the T-type Ca2+ current was described by: IT = [1-exp(-t/T7)]2exp(-t/r5)gTP( V), (4)

T = {exp[( Vm + 132)/-16m7] + exp[( Vm + 168)/-18-2]F1 + 0 6, (5) 
h= exp[( Vm + 467)/66 7],

(6)

for Vm < -80 mV and th = exp[( Vm + 22)/10 5] + 28, for Vm >-80 mV, where P( V) is the constant field equation (see Huguenard & McCormick, 1992), T,r and T,, are the kinetic functions for activation and inactivation, respectively, and 9T iS the maximal conductance. Action potentials were numerically calculated by solving eqn (7) with 5 uas intervals:

A V/At = (IinJ + IT + IA + IK,leak)/Cm, (7) 
where Iini is a constant current injected into the cell, Cm is the membrane capacitance and IK, leak the K+ leak current.

RESULTS

Voltage-activated whole-cell membrane currents A typical family of currents activated by depolarizing steps in a single, freshly isolated, rat adrenal ZF cell is shown in Fig. 1. The inward currents are due to activation of T-type Ca2+ channels. No evidence for inward voltage-dependent

Nae current was found. The outward currents are due to activation of transient A-type K+ channels. Both the T-type current and the slowly inactivating A-type current were present in all cells studied within 24 h after plating. In < 2% of these cells, a sustained high-voltage-activated Ca2+ current was observed.

Outward A-type potassium current Voltage-dependent properties of the slowly inactivating A-type currents were studied in cells in which inward Ca2+ currents were of small amplitude (Fig. 2A andB). With a -90 mV holding potential, the activation threshold was --50 mV. Steady-state inactivation was examined using 30 s prepulses between -90 and -10 mV. Voltage-activated currents in a freshly isolated ZF cell from rat adrenal cortex A, representative family of current traces for a cell bathed in standard external solution (2 mm Ca2+). The cell was depolarized from a -70 mV holding potential with a 10 mV test pulse increment up to 60 mV. Rs = 5 9 MQ2 and Cm = 7 pF. B, I-V relations for outward peak currents (0), end-pulse currents (V) and inward peak currents (0) after subtraction of outward end-pulse currents. The inward current I-V relation was fitted using I= ImGm(Vm -E)/[1 + exp(Vm -V%)/k]. Im and Gm are maximal current and conductance, respectively, and Vm is membrane potential.

Values of E (reversal potential), Gm, V% (half- activation potential) and k (slope factor) are, respectively, 38-5 mV, 2'75 nS, -24'2 mV and 5-2 mV. C, transient outward currents from the same cell as in A for voltage pulses to -10 and 50 mV at a longer time scale. D, inward currents for the same cell as in A for voltage pulses to -50, -40 and -30 mV at the same time scale as in C. Standard pipette internal solution. Inward currents are downwards. A, family of currents activated from a -90 mV holding potential to -50, -30, -10, 0, 20, 40, 70 and 90 mV. B, voltage dependence of activation and steady-state inactivation (data were normalized to the maximal conductance (Gm) at 100 mV and to the maximal current (Im) obtained with a -100 mV holding potential, respectively). Holding potential was -90 mV for the activation curves, with 30 s test pulse intervals. For the inactivation curves, 30 s prepulses were used, with test pulses to -10 mV and 2 min intervals between test pulses. Boltzmann-type equations having the form [1 + exp( Vm -V;)/k]were fitted to the data for I/Im and C/Gm, with V½ = -44 mV and k = 5-5 mV for the inactivation curve. C, an example of A-type current block by 2 mm 4-AP, for test depolarizarions to 100 mV, from a holding potential of -70 mV. D, concentration dependence of 4-AP block. A single-site model I/Im = (1 + ([X]/1C50)"}-1 was fitted to the data, with Im being the control current in absence of antagonist, IC50 (the [antagonist X] for half-block) = 130 /SM, and n (the apparent Hill coefficient) = 0 94. Error bars represent S.E.M. with a Boltzmann-type equation, with the half-inactivation potential (V%) and slope factor (k) being -44 and 5X5 mV, respectively. The A-type currents were blocked by 4-AP with an IC50 of 130 uM (Fig. 2C andD). We found no evidence for a non-inactivating 4-AP-insensitive K+ current in our cells. Current activation kinetics were studied using 10 ms command steps (Fig. 3A). As for other A-type currents, onset kinetics were fast and were well fitted by an exponential equation, I= [1 -exp(-t/r)]f. Using a minimal value of n = 4, fitted time constants were in the range 0 3-3 ms, and decreased with voltage between -30 and 50 mV (Fig. 3B). Inactivation of the A-current was slow, being complete after -1 s, and could be well fitted with a single exponential (Fig. 3C). This suggests that only a single A-type current component was present. Inactivation time constants were in the range 300-600 ms and were practically voltageinsensitive between 30 and 100 mV (Fig. 3D).

Transient T-type calcium current The transient inward Ca2+ current had an activation threshold -70 mV and a V4 for steady-state inactivation of -65 mV in standard external solution with 2 mM Ca2+ (Fig. 4A andB). Currents were fully inactivated in less than 100 ms at all command potentials. The dependence of peak current amplitude on external [Ca2+] was investigated.

Amplitudes were measured in external solutions containing various [Ca2+] values (Fig. 4C), and then normalized to those initially measured in 20 mm Ba2P (Fig. 4D).

Saturation of relative current amplitude was clearly not reached with 40 mm Ca2+, and an equal permeability for Ca2+ and Ba2+ was found, at least at 20 mm, consistent with previous descriptions of T-type currents [START_REF] Hess | Calcium channels in vertebrate cells[END_REF]). A single-site binding isotherm was fitted to the data, with half-maximal relative current at 3 1 mi Ca2+. The average peak whole-cell current in 20 mm Ba2P was 52-8 + 8-6 pA (n = 23) at-10 mV. to -50, -10, 20 and 40 mV from a -90 mV holding potential. B, corresponding voltage dependence of activation and steady-state inactivation for the cell shown in A. Boltzmann fits were made as in Fig. 2.

Values of V4 and k for the inactivation curve were -65 mV and -5 mV, respectively. C, superimposed currents from different cells activated by a test pulse to 0 mV from a holding potential of -60 mV in 20 mM Ba2P (*) and 5 mm Ca2P (upper), 20 mm Ca2P (middle) or 40 mm Ca2P (lower) external solutions.

D, dependence of peak current amplitude (normalized to that in 20 mm Ba2+) on [Ca2P]O. The equation I= Im/(I + K/[Ca2+]0) was fitted to the data, with K being the [Ca2P]. for half of Im, the maximum relative current. The fitted parameters were K = 3-1 mm and Im = 1 36 for data from 4-8 cells.

The voltage dependence of current decay kinetics is presented in Fig. 5A. The decay time course was well described by a single exponential at all potentials. Over the test pulse 'range -40 to 0 mV, decay time constants decreased in an exponential manner, with an e-fold change per 8S5 mV (Fig. 5B). Deactivation of T-type currents was studied using a 15 ms long test pulse to 0 mV followed by a variable repolarizing pulse between -160 and -30 mV (Fig. 5C). The tail current relaxations, which reflect the closing of transient Ca2+ channels (Matteson & Armstrong, 1986), had single exponential decay kinetics. Deactivation time constants plotted against repolarization potential were well described by a single exponential with an e-fold change per 16 5 mV (Fig. 5D). A linear relationship was found when logarithmic values of decay time constants were plotted against repolarization potential between -120 and -40 mV (not shown), indicative of a single voltage-dependent process in channel closure. Figure 5. Voltage dependence of T-type Oa2+ current decay and deactivation kinetics A, superimposed single exponential fits (continuous lines) to currents elicited by 100 ms test pulses to -30 and -10 mV from a holding potential of -60 mV. Decay time constants (T) are indicated. B, decay time constants plotted against test pulse potential. Data from 5-9 cells are fitted by a single exponential with an e-fold change per 8-5 mV over the range -40 to 0 mV. C, tail current kinetics of transient Ca2+ currents for a 15 ms test pulse to 0 mV from a -80 mV holding potential followed by a return to the indicated potentials. Filter 10 kHz with R. = 4-7 MQ and Cm = 15 pF in this cell. Inset shows a current from the same cell for a 100 ms test pulse to 0 mV (filter 2 kHz). D, tail current deactivation time constants plotted against return potential. Single exponential fit with an e-fold change per 16-5 mV (n = 3). Figure 6. T-type Ca2+ current block by Cd2", Ni2" and amiloride, but not by Aga IVA A, dose-effect curves for Cd2+ (0), Ni2+ (v) and amiloride (m). Data were fitted by a single-site model as in Fig. 2, with IC50 values for Cd2+, Ni2+ and amiloride being 24-1, 132-4 and 518-9 FM, respectively and values for n being 0-91, 0-83 and I 01, respectively (n = 3-4, 7-9 and 5-7 cells for Cd2+, Ni2+ and amiloride, respectively). B, an example of reversible blockade of T-type Ca2+ current by 850 FM amiloride. C, w-agatoxin IVA (1 AM bath applied for 10 min) had no effect on T-type Ca2+ currents (n = 4). Currents were elicited by 0 mV test pulses from a holding potential of -60 mV. 20 mm Ba2+ solution in A-C.

Dose-effect curves for block of T-type currents by Cd2

Ni2+ and amiloride were made (Fig. 6A). When these antagonists were applied locally using puffer pipettes, a practically instantaneous block was seen, with recovery to 80-100% of initial values after 1 min washout. An example of reversible block of T-type currents by 850 /M amiloride is illustrated in Fig. 6B. The toxin, Aga IVA, was also tested, and after 10 min bath application, no effect on T-type currents was seen (n = 4; Fig. 6C).

A 50 pA 50 ms

Action potentials Spiking activity of isolated ZF cells was studied under current clamp using a resting potential of -70 mV. When K+ conductances were blocked using a Cs+ internal solution,

only T-type currents were observed under voltage clamp (Fig. 7A, left panel), and injection of a small depolarizing current pulse elicited a single action potential under current clamp (Fig. 7A, middle panel). Such Ca2+ spikes shared the same pharmacology as described above for T-type currents, The T-type COa2+ current and A-type KE current form the ionic basis for action potentials A, whole-cell T-type currents in a cell with a Cs+-containing internal solution (left panel). Injection of a depolarizing current step triggers a single Ca2P spike from the same cell under current clamp (middle panel; holding potential -70 mV). Modelled Ca2+ spike (see Methods) using only T-type current (right panel). B, whole-cell T-type Ca2P and A-type K+ currents in another cell with a K+-containing internal solution (left panel). In the same cell under current clamp (middle panel), a Ca2P spike is triggered followed by repolarization and membrane potential oscillations upon injection of a depolarizing current pulse (holding potential, -70 mV). Similar computed response in a model cell containing both T-type Ca2+ and slowly inactivating A-type K+ currents (right panel). A St Q.5 being blocked by appropriate doses of Ni2+, Cd'+ and amiloride (not shown). When both T-type Ca2+ and A-type K+ currents were present (Fig. 7B, left panel), depolarization under current clamp elicited a single Ca2+ spike, which, upon repolarization, was followed by small membrane potential oscillations (Fig. 7B, middle panel). Such oscillations were 5-10 mV in amplitude and lasted over tens of seconds (n = 12; not shown). Comparison of spikes obtained using either Cs+ or K+ internal solutions showed that the A-type current contributed importantly to repolarization, shortening the width of the spike at half- amplitude (not shown). This enabled partial recovery of T- type channels, leading to the oscillatory membrane potential behaviour. Since it has been reported that ACTHinduced depolarization is slow [START_REF] Lymangrover | Membrane potential changes of mouse adrenal zona fasciculata cells in response to adrenocorticotropin and adenosine 3',5'-monophosphate[END_REF]), linear ramps of current injection lasting 10-50 s were used under current clamp. Under these conditions, membrane potential oscillations were also seen and lasted tens of seconds (not shown). In some cells (n = 4), a sustained Ca2P current component was present together with the T-type current, and in such cells, action potentials had a significant plateau phase, very probably attributable to the Aa 12 h Ba 60 h observed sustained Ca2+ current component (not shown). Rat ZF cell action potentials were modelled (Fig. 7A andB, right panels) using a model excitable cell programme (see Methods; Huguenard & McCormick, 1992). These results

show that a T-type Ca2+ current together with a slowly inactivating A-type K+ current are sufficient for the generation of action potentials and the subsequent pattern of voltage oscillations observed here in rat ZF cells. Differential expression of Ca2+ current types with time in cell culture Depending on time in culture, both T-type and sustained Ca2+ channel currents were observed in rat ZF cells. As pointed out above, for cells studied < 1 day after plating, only T-type currents were observed in a large majority of cells. This is illustrated in Fig. 8A for cells 12 h after dissociation, where the activation threshold was -50 mV in 20 mm Ba2+. With time in culture, the T-type current diminished both in observed frequency and maximal amplitude, and a sustained Ca2+ current appeared (Fig. 8B andC). The activation threshold for this current was 10-20 mV more depolarized than for the T-type current, as type and sustained Ca2' currents from a cell 60 h after plating for test pulses to -40, -30, -20 and -10 mV. Sustained current activates at -10 mV. Bb, average I-V relation of peak (0) and end-pulse currents (0) from 3 cells expressing both current types after 2-3 days in culture. Ca, sustained Ca2+ currents from a cell 108 h after plating for test pulses to 0, 10,20,24,26,30,34,36,40 and 50 mV. Cb, average I-V relation of sustained currents from 4 cells after 4-5 days in culture. I-V curves were fitted as in Fig. 1 after normalization of currents to maximal amplitudes. g, E, Vl and k values are, respectively, 4X8 nS, 46X7 mV, -26X6 mV and 5.8 mV for A; 6'2 nS, 51t6 mV, -19 mV and 7 9 mV for B (0) and 6-3 nS, 49 mV, -2 mV and 5.3 mV for B (0); 6-5 nS, 47 mV, -15 mV and 4 9 mV for C. External solution, 20 mm Ba2+; Cs+ internal solution; holding potential, -60 mV throughout; test pulse duration was the voltage for peak current. As seen in Fig. 8B, after 2-3 days in culture, both T-type and sustained Ca2+ current components were observed together in some cells (n = 6). After > 4-5 days in culture, T-type currents were no longer present, with only sustained Ca2Pcurrents being seen (Fig. 8C).

The dihydropyridine Ca2P channel agonist, (+)SDZ 202 791, was used on cells within 1 day after plating to test for the presence of any initially negligible sustained, L-type Ca2+ current. All these cells expressed T-type currents (mean peak amplitude, 46-9 + 13-5 pA; n = 12) and in one cell, a 20 pA sustained current was also present. In six of nine cells tested which had only T-type currents, (+)SDZ 202791

(1 /M) did not cause appearance of sustained current, whereas in the remaining three cells an additional sustained current component of 51P7 + 24-2 pA was revealed. Figure 9A shows a cell with T-type current alone where (+)SDZ 202 791 had no effect, together with the corresponding I-V curve below (in 2 cells, a -30% inhibition of T-type currents was observed). The antagonist enantiomer (-)SDZ 202 791 (1 AM) inhibited T-type currents, on average by 38-7 + 9 5% (n = 3; Fig. 9B). This inhibition occurred within -30 s and was almost fully reversible. In a cell expressing both T-type and sustained currents (Fig. 9C), application of (+)SDZ 202 791 poten- tiated sustained current and was without effect on T-type current, whereas subsequent exposure to the antagonist (-)SDZ 202 791 resulted in complete or partial inhibition of the sustained and T-type currents, respectively. In all eight cells tested (4 of which initially expressed sustained current of 60 + 23 pA and the others < 10 pA) after >2 days in culture, application of the agonist (+)SDZ 202 791 caused large potentiation (407 + 120%) of sustained currents, which was blocked by subsequent exposure to the antagonist (-)SDZ 202 791 (Fig. 9D).

The voltage dependence of activation and steady-state inactivation for the two Ca2+ current types is presented in Fig. 10. With 20 mm Ba2+, the Vq inactivation values were -51 mV and -34 mV for T-and L-type currents, respectively. The absolute values of the slope factors were similar for the activation and inactivation curves of both current types. In 20 mm Ba2+, the activation threshold and half-inactivation potential for T-type current were shifted rightward (Fig. 1OA andB) compared with 2 mm Ca2+ external solution (Fig. 4A andB). This is probably w-CgTX, both at 1 ,UM, blocked the L-type current with a mean block of 76-2+9-1% (n=3) and 77-3+119% (n = 3), respectively (Fig. lOD), while T-type currents were unaffected (n = 3 for each drug; Fig. lOC). Block with wo-CgTX reached a steady state after 10 min bath application and no recovery was seen. With 10 ,UM nitrendipine, an inhibition of 41 6 + 9-8% (n = 4) of T-type currents was observed (not shown).

Modulation of the transient T-type Ca2+ current

We tested whether the T-type current could be modulated by acute applications of angiotensin II (10 ,UM) and ACTH (1 /SM). Neither had any effect on the amplitude or kinetics of currents when puffer applied for up to 20 min (not shown). The membrane-permeant cAMP analogue, 8-Br- cAMP (50 /SM) was also without effect (not shown). Also, we observed no increase in steady inward holding current consistent with a depolarizing action of these agents, which may be due to washout of critical intracellular factors under whole-cell patch clamp (Mlinar et al. 1993a). Figure 11A summarizes the progressive disappearance of T-type current and the concomitant appearance of L-type current with time in culture mentioned above. In another series of experiments, we then investigated the effects of long-term exposure to ACTH and vasoactive intestinal peptide (VIP) on Ca2+ current expression. Cells were pre- incubated with ACTH or VIP (500 nM) and studied 3 days later. With this treatment, the disappearance of T-type currents was prevented. Typical T-type currents from control and ACTH-treated cells are presented in Fig. llB. After pretreatment, all cells recorded from expressed T-type current, with mean amplitudes of 34-4 + 5.5 (n = 43) and 41P4 + 4-4 pA pF-1 (n = 11) for ACTH-and VIP-treated cells, respectively, compared with 3 4 + 1 8 pA pF1 (n = 46) for control, untreated cells (Fig. 11 C andD). The voltage dependence of activation and inactivation of T-type currents after pretreatment were unchanged compared with controls (not shown). Co-incubation with 500 nM cycloheximide was effective in reversing the effects of ACTH or VIP pretreatment (Fig. 11 C).

Since cAMP is the principal second messenger reported for both ACTH and VIP [START_REF] Saez | Mediators of the effects of ACTH on adrenal cells[END_REF], we tried to mimick their effects using permeant cAMP analogues. However, neither 8-Br-cAMP (50 ,UM), dibutyryl- cAMP (50 ,UM, not shown) nor forskolin (10 /SM) reproduced the effects of ACTH (Fig. 11D). Adrenaline (10 uM) pre- incubation was also without effect (not shown). Furthermore, addition of the protein kinase A inhibitor, H89, at concentrations of 0 1, 0 4, 2, 5 and 10/SM, before ACTH pre-incubation or simultaneously with ACTH, did not inhibit the effect of ACTH (only data for 10 #UM H89 are shown in Fig. 1 A, values of V% and k from Boltzmann fits for T-type current inactivation are -51P3 and -5 0 mV (n = 9-11 and 6-8 cells for the activation and inactivation curves, respectively), all < 1 day after plating.

B, values of V17 and k from Boltzmann fits for sustained current inactivation are -34 mV and -50 mV (n = 3; all > 4 days after plating). Voltage protocols for the activation and inactivation curves and Boltzmann fits were as in Fig. 4B. C, T-type currents were unaffected by 1 ,UM nitrendipine and 1 /,M w-CgTX. D, sustained currents were blocked by both drugs. The block by nitrendipine was reversible, while no recovery was seen with wo-CgTX upon washout. Currents were elicited by test pulses to 0 mV from a -60 mV holding potential. External solution, 20 mm BaP; Cs' internal solution. support that ACTH and VIP modulate the levels of T-type channel expression in a manner dependent on protein synthesis but apparently not involving the cAMP-protein kinase A pathway.

DISCUSSION

We report here a description of the ionic conductances which are responsible for rat ZF cell excitability and which probably contribute importantly in steroidogenesis. The biophysical and pharmacological properties of these currents are compared below to others from various cell types, together with a discussion of the resultant excitable properties in the context of adrenocortical physiology. The observed differential expression and regulation of rat ZF Ca2+ channel types in culture may represent another possible mechanism of action for the known steroidogenic effect of ACTH.

The slowly inactivating A-type K+ current The activation threshold of the A-type current in rat ZF cells was close to that found in bovine ZF cells (Mlinar & Enyeart, 1993) and other non-neuronal cell types [START_REF] Rogawski | The A-type current: how ubiquitous a feature of excitable cells is it?[END_REF]. The half-inactivation potential was also comparable, being close to -40 mV, with the exception of bovine ZF cells where a value of -58-7 mV was reported (Mlinar & Enyeart, 1993). Activation kinetics were fast in our cells, with current being activated within a few milliseconds, as described for most other A-type currents [START_REF] Rogawski | The A-type current: how ubiquitous a feature of excitable cells is it?[END_REF], and were well fitted by a single exponential raised to the power n = 4. Similarly a minimum value of n = 4 was also reported in bovine ZF cells (Mlinar & Enyeart, 1993). The inactivation kinetics were described by one exponential here while, however, more complex kinetics have generally been observed in other cells [START_REF] Rogawski | The A-type current: how ubiquitous a feature of excitable cells is it?[END_REF], consistent with the simultaneous occurrence of different types of A-type K+ channels. The inactivation time constants found here were 100-200 times greater than in bovine ZF cells (Mlinar & Enyeart, 1993). A similar discrepancy is observed in zona glomerulosa (ZG) cells where A-type current inactivation is faster in bovine compared with rat cells (Brauneis, Vassilev, Quinn, Williams & Tillotson, 1991). In fact, the transient K+ current in rat ZF cells most resembles the D-type K+ current in hippocampal neurones [START_REF] Storm | Temporal integration by a slowly inactivating K current in hippocampal neurons[END_REF]. Distinct properties common to these currents are slow inactivation, with > 1 s required for full inactivation and high sensitivity to 4-AP. It is not entirely clear whether the transient outward K+ current found here represents a slowly inactivating A-type current or a slowly inactivating, 4-AP-sensitive, delayed rectifier type K+ current. In any case, there was no evidence for the presence of the 4-AP- insensitive IAc potassium current recently described in bovine ZF cells (Mlinar et al. 1993a).

Transient T-type Ca2+ current

The T-type current characterized here resembles that from other secretory and neuronal cells (Carbone & Lux, 1987; Akaike, Kostyuk & Osipchuk, 1989b; Mlinar et al. 1993b), with similar values for the activation threshold and half- inactivation potential [START_REF] Hess | Calcium channels in vertebrate cells[END_REF]). The decay kinetics were close to those found in bovine ZF cells (Mlinar et al. 1993 b) and the voltage dependence of current decay agrees with previous descriptions of T-type currents in CAl pyramidal neurones [START_REF] Takahashi | Kinetic properties of T-type Ca currents in isolated rat hippocampal CAl pyramidal neurons[END_REF], Purkinje cells [START_REF] Kaneda | Lowthreshold calcium current in isolated Purkinje cell bodies of rat cerebellum[END_REF]) and aortic myocytes (Akaike, Kanaide, Kuga, Nakamura, Sadoshima & Tomoike, 1989a). Our current deactivation studies revealed a voltage dependence of channel closing similar to that found in bovine ZF cells (Mlinar et al. 1993b). We observed an equal relative permeability to Ba2+ and Ca2+, which is a common feature of T-but not L-type currents (Hess, 1990). In addition, our IC50 values for Ni2+, Cd2+

and amiloride are all in the range of those observed for Ttype curents from various preparations [START_REF] Hess | Calcium channels in vertebrate cells[END_REF][START_REF] Herrington | Kinetic and pharmacological properties of low voltage-activated Ca2' current in rat clonal (GH3) pituitary cells[END_REF]. Here, Cd2+ (IC50, 24-1 uM) was more potent than Ni2+ (IC50, 132-4 /M), as also found in all the preparations cited by [START_REF] Herrington | Kinetic and pharmacological properties of low voltage-activated Ca2' current in rat clonal (GH3) pituitary cells[END_REF].

However, Ni2+ is more potent than Cd2+ in blocking T-type currents in other cell types [START_REF] Hess | Calcium channels in vertebrate cells[END_REF][START_REF] Serebryakov | Voltage-dependent calcium current and the effects of adrenergic modulation in rat aortic smooth muscle cells[END_REF]. A detailed comparison requires that divalent cation concentration be taken into account, as blocker potency may be affected. A sensitivity to DHPs (nitrendipine and (±)SDZ 202 791) was also observed, as described by others [START_REF] Boll | Action of organic antagonists on neuronal calcium currents[END_REF]Akaike et al. 1989a,b). The biophysical and pharmacological properties of the T-type current of rat ZF cells are quite close to those reported in bovine ZF cells (Mlinar et al. 1993 b) and in ZG cells from rat [START_REF] Matsunaga | Transient Ca2+-channel current characterized by a low-threshold voltage in zona glomerulosa cells of rat adrenal cortex[END_REF] and bovine adrenals (Durroux, Gallo-Payet & Payet, 1988; Quinn, Brauneis, Tillotson, Cornwall & Williams, 1992). However, a common difference compared with neuronal T-type currents is that the latter generally activate and inactivate at more negative potentials (Carbone & Lux, 1987; Akaike et al. 1989a; Kaneda et al. 1990).

Action potentials

The A-type K+ current together with the T-type Ca2P

current described here are sufficient to enable action potential generation and long-lasting membrane potential oscillations in rat ZF cells. These findings were confirmed using computer modelling of a neurone possessing only A- and T-type currents. Previous descriptions of adrenocortical cell excitability using microelectrodes have been made [START_REF] Matthews | Ionic dependence of adrenal steroidogenesis and ACTH-induced changes in the membrane potential of adrenocortical cells[END_REF]Quinn, Cornwall & Williams, 1987a,b). Single Ca2P spikes elicited under current clamp in the presence of K+ channel blockers (TEA and 4-AP) or angiotensisn II in rat ZF and ZG cells (Quinn et al. 1987a,b) were similar to those observed here. Notably, no evidence for Na+ conductance was found, and the activation threshold and steady-state inactivation behaviour [START_REF] Quinn | Electrical properties of isolated rat adrenal glomerulosa and fasciculata cells[END_REF] were consistent with a T-type current being responsible for regenerative activity. However, in rabbit adrenocortical tissue, action potentials elicited by ACTH application in K+-free solution had a much slower time course (Matthews coupling between ZF cells. Another difference was that repetitive firing was observed upon stimulation with ACTH in K+-free solution [START_REF] Matthews | Ionic dependence of adrenal steroidogenesis and ACTH-induced changes in the membrane potential of adrenocortical cells[END_REF], as was the case in mouse ZF cells in normal K+-containing external solution (Lymangrover et al. 1982). Such results were not obtained here, possibly because of washout of cytosolic factors involved in responses to ACTH, as previously suggested for bovine ZF cells (Mlinar et al. 1993a). Clearly, T-type Ca2+ and A-type K+ currents underly rat ZF cell excitability. In perhaps allowing synchronized, repetitive electrical activity (Lymangrover et al. 1982; Quinn et al. 1992), and thereby maintained Ca2P influx [START_REF] Quinn | Calcium channels and control cytosolic calcium in rat and bovine zona glomerulosa cells[END_REF]), these currents probably play a key role in adreno- cortical steroidogenesis.

Appearance of an L-type Ca2+ current in rat ZF cells in culture A sustained Ca2+ current became more apparent, after 2-3 days in culture, coincident with a gradual disappearance of T-type current. L-type channels may have been initially absent or present in very low density, perhaps because they are more sensitive than T-type channels to enzymatic dissociation. This appears unlikely, as rat chromaffin cells cultured in the same way have L-type currents within the first 24 h after plating (J.-G. Barbara & K. Takeda, unpublished observations). Alternatively, L-type current may be poorly expressed in rat ZF cells in vivo, and such phenotypic modulation perhaps represents a physiologically relevant regulatory mechanism, as proposed for bovine ZF cells [START_REF] Yanagibashi | Forskolin activates voltagedependent Ca2+ channels in bovine but not rat fasciculata cells[END_REF]. For the moment we cannot distinguish between these possibilities. No changes in expression of L-type current were apparent here following pretreatment with ACTH, VIP, adrenaline or forskolin. Similar results were found in bovine ZF cells (Mlinar et al. 1993 b). In contrast, for freshly dissociated bovine ZF cells, it was proposed that ACTH and forskolin stimulate steroidogenesis, partly by acting on L-type channels [START_REF] Yanagibashi | Forskolin activates voltagedependent Ca2+ channels in bovine but not rat fasciculata cells[END_REF][START_REF] Yanagibashi | Voltagedependent Ca2P channels are involved in regulation of steroid synthesis by bovine but not rat fasciculata cells[END_REF]. However, the same workers concluded that, in freshly isolated rat ZF cells, L-type channels were absent, as Bay K 8644 did not potentiate ACTH-induced steroid secretion and forskolin alone was inactive (Yanagibashi et at. 1989, 1990). Other changes in phenotype, for example steroidogenic responsiveness, of adrenocortical cells in culture have been described (Bird, Clyne, Lightly, Williams & Walker, 1992), with ACTH (or other cAMP-elevating agents) being required for long-term maintenance of the steroidogenic pathway (Simpson & Waterman, 1988). This may, in part, account for conflicting reports as to the stimulated steroidogenic capacity of rat ZF cells in culture compared with those freshly dispersed.

In any case, the factors regulating L-type current expression in rat ZF cells require further study.

Our sustained current component is very probably L-type, as seen from the data with the DHP stereoisomers (±)SDZ 202791. The antagonist effect of w-CgTX is & Saffran, 1973), which may partially reflect electrical attributed to its blocking action on L-type channels, as reported previously by some but not all investigators. The activation threshold was more depolarized than for the T-type current, as was V1t for inactivation. Compared with the L-type current of bovine ZG cells (Durroux et al. 1988; Matsunaga, Yamashita, Maruyama, Kojima & Kurokawa, 1987 b), the activation threshold and half-inactivation potential are 20 mV more depolarized for rat ZF cells, while in both cell types, DHP antagonists and agonists were active. L-type currents are very labile in ZG cells [START_REF] Durroux | Three components of the calcium current in cultured glomerulosa cells from rat adrenal gland[END_REF]) and were at first not seen by some investigators (Matsunaga et al. 1987a,b). L-type currents were seen in < 3% of cultured bovine ZF cells (Mlinar et al. 1993 b), somewhat unexpectedly [START_REF] Coyne | Adrenocorticotropin activates barium-conducting channels from bovine zona fasciculata cells in lipid bilayers[END_REF]. Nevertheless, if present, they may contribute to Ca2+ influx in ZF cells upon persistent depolarization, for example during ACTH exposure [START_REF] Lymangrover | Membrane potential changes of mouse adrenal zona fasciculata cells in response to adrenocorticotropin and adenosine 3',5'-monophosphate[END_REF]). This is because ZF cells with L-type current have action potentials with a plateau phase (not shown), like ZG cells (Durroux et al. 1988). Such a role was proposed for bovine ZF cells [START_REF] Yanagibashi | Forskolin activates voltagedependent Ca2+ channels in bovine but not rat fasciculata cells[END_REF][START_REF] Yanagibashi | Voltagedependent Ca2P channels are involved in regulation of steroid synthesis by bovine but not rat fasciculata cells[END_REF][START_REF] Coyne | Adrenocorticotropin activates barium-conducting channels from bovine zona fasciculata cells in lipid bilayers[END_REF] and rat and bovine ZG cells (Kojima, Kojima & Rasmussen, 1984; Quinn et al. 1992). Modulation of T-type Ca2+ current expression in rat ZF cells in culture T-type currents were unaffected by short-term application (< 20 min) of ACTH or angiotensin II. Similarly, in bovine ZF cells, ACTH, forskolin, and a permeant cAMP analogue were without effect on T-type currents (Mlinar et al. 1993 b). In contrast, T-type current in bovine ZG cells is positively modulated by angiotensin II (Cohen, McCarthy, Barrett & Rasmussen, 1988). During cell culture, progressive disappearance of T-type and appearance of L-type currents was reported in hippocampal CAl neurones [START_REF] Yaari | Development of two types of calcium channels in cultured mammalian hippocampal neurons[END_REF], and upregulation of L-type current was also found in embryonic hippocampal neurones (Meyers & Barker, 1989). A somewhat similar situation has been described for rat aortic myocytes where T-type currents may be transiently expressed (Akaike et al. 1989a; Richard, Neveu, Carnac, Bodin, Travo & Nargeot, 1992; cf. Serebryakov & Takeda, 1992). We found here that ACTH and VIP exert a long- term modulatory influence on the level of T-type current expression but not on the sustained component. This was inhibited by cycloheximide, indicating that protein synthesis is required to maintain T-type current expression. The lack of effects of 8-Br-cAMP, dibutyryl-cAMP, forskolin, adrenaline and H89 argue strongly against the cAMP protein kinase A pathway being involved in the upregulation of T-type current. Such cAMP-independent effects of ACTH have not been frequently reported (Saez et al. 1981) and suggest that another type of protein kinase may be involved, as proposed for the antimitogenic effect of ACTH on rat adrenocortical cells (Arola, Heikkila & Kahni, 1993).

In rat ZF cells, A-type K+ and T-type Ca2+ channels underly cell excitability and very probably contribute in steroidogenesis. This agrees with recent data from bovine ZF cells (Enyeart et al. 1993) and with the long known Ca2+ requirement for the steroidogenic effect of ACTH in rat ZF cells (Birmingham, Elliot & Valere, 1953). We suggest that one possible way in which ACTH acts chronically is to maintain elevated levels of expression of T-type channels, similar to the cycloheximide-sensitive, long-term effect of ACTH on the biosynthesis of steroidogenic enzymes (Simpson & Waterman, 1988). Finally, whether L-type Ca2+ current may also be important, as in ZG cells, appears to be presently an open question, given the reported species differences and the contradictory results found for bovine ZF cells.

  Figure1. Voltage-activated currents in a freshly isolated ZF cell from rat adrenal cortex A, representative family of current traces for a cell bathed in standard external solution (2 mm Ca2+). The cell was depolarized from a -70 mV holding potential with a 10 mV test pulse increment up to 60 mV. Rs = 5 9 MQ2 and Cm = 7 pF. B, I-V relations for outward peak currents (0), end-pulse currents (V) and inward peak currents (0) after subtraction of outward end-pulse currents. The inward current I-V

Figure 2 .

 2 Figure 2. Voltage dependence of activation and inactivation of the A-type K+ current and 4-aminopyridine block

Figure 3 .

 3 Figure3. Kinetic analysis of the onset and decay of the A-type K+ current A, currents were fitted (continuous lines) with an exponential equation I= [1 -exp(-t/T)]". The parameter n was first fitted and the most appropriate value (n = 4) was used for determining values of 7 (activation time constant). B, voltage dependence of r. C, examples of current inactivation with time for depolarizations to -10 and 70 mV. Inactivation was well fitted with a single exponential (continuous lines), with the indicated decay time constants. D, voltage dependence of decay time constants.

Figure 4 .

 4 Figure 4. Voltage and [COa2+] dependence of the T-type Ca2O current A, an example of transient inward Ca2+ currents recorded in 2 mm Ca2' external solution for 200 ms steps

  Figure 7. The T-type COa2+ current and A-type KE current form the ionic basis for action

Figure 8 .

 8 Figure 8. Transient T-type and sustained Ca2+ channel currents in rat ZF cells Aa, transient T-type currents from a cell 12 h after plating for test pulses to -50, -40, -38, -30, -25, -20 and -10 mV. A b, average I-V relation for transient currents for 11 cells < 1 day after plating. Ba, T-

Figure 9 .

 9 Figure9. Effects of dihydropyridines (+)SDZ 202 791 and (-)SDZ 202 791 on T-type and sustained Ca2+ currents Both stereoisomers were used at 1 /uM. A, the agonist (+)SDZ 202 791 was without effect on T-type currents. B, the T-type current was inhibited partially in a reversible manner by the antagonist (-)SDZ 202791. C, effects of (+)SDZ 202 791 followed by (-)SDZ 202 791 on a cell with both T-type and sustained currents. The agonist potentiates only the sustained current, with the antagonist partially and almost completely blocking T-type and sustained currents, respectively. D, potentiation by (+)SDZ 202 791 and consecutive block by (-)SDZ 202 791 of sustained currents. Currents illustrated were elicited by test pulses to 0 mV from a -60 mV holding potential. The corresponding I-V relations below were fitted as in Fig.1, and for C and D, show the sustained end-pulse current amplitudes. External solution, 20 mm Ba2+; Cs+ internal solution.

Figure 10 .

 10 Figure 10. Different properties of the T-type and sustained Ca2O currents

Figure 11 .

 11 Figure 11. Modulation of T-type Ca2O current expression in culture A, the percentage of cells having T-type currents decreases and the percentage of cells with sustained currents inversely increases with time in culture (data are expressed as the indicated number of cells having T-type currents compared with the total number of cells having either Tor L-type or both currents). B, typical examples of Ca2P currents elicited from a -70 mV holding potential for a step to 0 mV in an untreated cell 5 days after plating (top trace) and in a cell pretreated with ACTH (500 nM) for 3 days. C, effect of pretreatment with ACTH and VIP (both 500 nM) alone (a), or together with 500 nM cycloheximide (A) on normalized T-type current density; open columns represent control, untreated cells. Data are from 8 separate cultures. Normalized current density was calculated using observed peak inward T-type current amplitude and the measured whole-cell membrane capacitance. D, effects of pretreatment with 50 #M 8-bromo-cAMP (Br), 10 /M forskolin (Fk) and 500 nM ACTH (A) alone or together with 10/SM H89 (A + H), a protein kinase A inhibitor, on normalized T-type current density; CT, control untreated cells. Data are from 9 different cultures. External solution, 20 mm Ba2+; Cs' internal solution. The numbers above the columns indicate the number of cells.

  using CED and Sigmaplot software. Non-linear least-square fits were done using the Marquardt-Levenberg algorithm. Where appropriate, data are presented as mean + S.E.M., and error bars in the figures indicate S.E.M. when larger than the symbols.

	Solutions
	The standard external solution contained (mM): 140 NaCl, 5 KCl,
	2 CaCl2, 2 MgCl2, 10 Hepes, 11 glucose, pH 7-3 adjusted with
	NaOH. For the study of Ca2+ channel currents, a 20 mm Ba2+
	external solution was used, which contained (mM): 20 BaCl2, 122
	NaCl, 5 KCl, 2 MgC12, 10 Hepes, 11 glucose, pH 7 3 adjusted with
	NaOH. While 10/M tetrodotoxin (TTX) was often added,
	voltage-dependent inward Nae currents were never observed, even
	in the absence of TTX. BaCl2 was replaced by CaCl2 and NaCl
	added or removed isosmotically for 2, 5, 10, 20 and 40 mm Ca2P
	external solutions. The standard pipette internal solution
	contained (mM): 140 KCl, 2 MgCl2, 1 CaCl2, 11 EGTA, 20 Hepes,
	5 MgATP, 0-2 GTP, pH 7 3 adjusted with KOH. KCl was replaced
	by CsCl and KOH by CsOH for the study of Ca2' channel currents.
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