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Neurosteroids Modulate Calcium Currents in Hippocampal CA 1 
Neurons via a Pertussis Toxin-Sensitive G-Protein-coupled 
Mechanism 

Jarlath M. H. ffrench-Mullen, Petra Danks, and Katherine T. Spence 
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The inhibition of Ca*+ channel currents by endogenous brain 
steroids was examined in freshly dissociated pyramidal neu- 
rons from the adult guinea pig hippocampal CA1 region. The 
steady-state inhibition of the peak Ca*+ channel current 
evoked by depolarizing steps from -80 to - 10 mV occurred 
in a concentration-dependent manner with the following IC,, 
values: pregnenolone sulfate (PES), 11 nM; pregnenolone 
(PE), 130 nu; and allotetrahydrocorticosterone (THCC), 298 
nM. THCC, PE, and PES depressed a fraction of the Ca*+ 
channel current with a maximal inhibition of 60% of the total 
current. However, substitution of an acetate group for the 
sulfate group on PES resulted in a complete loss of activity. 
Progesterone had no effect (4% inhibition at 100 PM). Intra- 
cellular dialysis of PES had no effect on the Ca*+ current; 
concomitant extracellular perfusion of PES showed normal 
inhibitory activity, suggesting that the steroid binding site 
can only be accessed extracellularly. Analysis of tail cur- 
rents at -80 mV demonstrated that THCC and PES slowed 
the rate of Ca*+ current activation and deactivation with no 
change in the voltage dependence of activation. Inhibition 
of the Ca*+ channel current by THCC and PES was voltage 
dependent. THCC primarily inhibits the w-conotoxin (CgTX)- 
sensitive or N-type Ca2+ channel current. PE was nonselec- 
tive in inhibiting both the CgTX- and the nifedipine (NIF)- 
sensitive Ca2+ channel current. These neurosteroids had no 
effect on the CgTX/NIF-insensitive current. 

In neurons isolated from pertussis toxin (PTX)-treated an- 
imals by chronic intracerebroventricular infusion (1000 ng/ 
24 hr for 48 hr), the Ca2+ channel current inhibition by PES, 
PE, and THCC was significantly diminished. Intracellular di- 
alysis with GDP-B-S (500 PM) also significantly diminished 
the neurosteroid inhibition of the Ca2+ channel current. In- 
tracellular dialysis with the general kinase inhibitors H-7 (100 
PM), staurosporine (400 nM), and a 20 amino acid protein 
kinase inhibitor (1 PM) also significantly prevented the THCC 
and PES inhibition of the Ca2+ channel current. Intracellular 
dialysis with the more specific inhibitors of protein kinase C 
(PKC), the pseudosubstrate inhibitor (PKCI 19-36) (l-2 FM) 

and bisindolylmaleimide (1 PM) significantly diminished the 
THCC and PE inhibition of the Ca*+ channel current. Rp- 
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CAMPS (100 AM), a specific inhibitor of CAMP-dependent 
protein kinase (PKA), had no effect on the THCC and PE 
inhibition of the Ca2+ current. These results demonstrate that 
neurosteroids, acting at a membrane receptor site, are po- 
tent modulators of either the CgTX- and/or the NIF-sensitive 
Ca*+ channel current but not the CgTX/NIF-insensitive cur- 
rent. Furthermore, the Ca2+ channel current inhibition is via 
a PTX-sensitive G-protein-coupled mechanism associated 
with the activation of PKC. Thus, inhibition of Ca*+ channel 
currents by neurosteroids may participate in the regulation 
of synaptic processes such as modulation of neuronal ac- 
tivity and/or neurotransmitter release-associated mecha- 
nisms via a G-protein mechanism(s). 

[Key words: calcium channel, neurosteroid, G-protein, pro- 
tein kinase C, w-conotoxin, nifedipine, hippocampus, patch 
clamp] 

The presence and action of steroids, both endogenous and syn- 
thetic, in the mammalian CNS are well documented. Steroids 
exert both genomic and nongenomic effects on cells, the latter 
reported as a direct action on neural membranes that is inde- 
pendent of the effects of nuclear transcription (McEwen, 199 1). 
Certain steroids and their sulfate derivatives, the neurosteroids, 
are synthesized de ylovo in brain from cholesterol, primarily in 
oligodendrocytes (Baulieu and Robel, 1990). These neuroster- 
oids may accumulate in the brain and serve as precursors to 
other steroids and their metabolites, and can be released in 
concentrations up to approximately 0.1 PM (Corpechot et al., 
1983; Lanthier and Patwardham, 1986). The neurosteroids that 
were originally discovered and characterized were pregnenolone 
(5-pregnen-3P-ol-20-one, PE), dehydroepiandrosterone (5-an- 
drosten-3@-ol- 17-one), and their sulfate derivatives, pregneno- 
lone sulfate (5-pregnen-3@-ol-20-one-sulfate, PES) and dehy- 
droepiandrosterone sulfate (5androsten-3P-ol- 17-one-sulfate) 
(Corpechot et al., 198 1, 1983). PE can be transformed into 
progesterone, which in turn can be partially converted into 5a- 
reduced metabolites in glial cells (Jung-Testas et al., 1989). 
Biochemical, electrophysiological, and behavioral evidence sug- 
gests a neuromodulatory role for steroids in the CNS (neuroac- 
tive steroids), particularly a bimodal regulation of certain neu- 
rotransmitter receptors. The ability of certain steroids and their 
metabolites to influence brain activity including the firing rate 
of neurons, induction of sedation, anesthesia, neurosecretion, 
and behavioral changes is well known (see McEwen, 1991). 
Considerable evidence exists indicating a stereoselective inter- 
action (potentiation or antagonism) of structurally different ster- 
oids with the GABA, receptor without altering the reversal 
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potential or conductance of the GABA receptor Cl channel. In 
addition, certain steroids appear to modulate other ligand-gated 
currents. PES antagonizes the GABA-activated (Mienville and 
Vicini. 1989) and glycinc-activated (Wu et al.. 1990) Cl- cur- 
rents and enhances the NMDA-gated current (Wu et al., I99 1; 
Bowlby, 1993) and the NMDA receptor-mediated increase in 
intracellular Ca’ I (Irwin et al., 1992) in cultured neurons. PES 
increases the firing rate of septo-preoptic neurons (Carctte and 
Poulain, 1984) and increases the convulsant potency of NMDA 
in mice (Maione et al., 1992). 

Hippocampal pyramidal neurons possess multiple types of 
high-threshold Ca2- channels classified into \-arious subtypes 
on the basis of their elcctrophysiological and pharmacological 
properties (Fisher et al., 1990; Mogul and Fox. 199 I; O’Dell 
and Alger. 1991; Regan et al., 1991; Mint/ et al., 1992). The 
high-voltage-activated (HVA) whole-cell Ca’ + channel current 
is pharmacologically separated into the w-conotoxin (GVIA; 
CgTX) or N-type current. the dihydropyridine (e.g.. nifedipine. 
NIF) or L-type current, and a fraction of current insensitive or 
resistant to both CgTX and NIF (Mogul and Fox, 1991; Regan 
et al., 199 1; Mints et al., 1992) but sensitive to w-agatoxin-IVA, 
the P-t)pe current (Mintz et al., 1992). It has been suggested 
that the CgTX-sensitive voltage-gated Ca? I channel may play 
a critical role in the control of neurotransmitter release (see 
Miller. 1987: Dutar et al.. 1989; Sher and Clementi, 199 1). 

Guanine nucleotide proteins (G-proteins) appear to regulate 
many cellular processes, including the regulation of ion channels 
and neurotransmitter release (see Hille, 1992). Several neuro- 
transmitters such as ACh. GABA, norepinephrine, opioids (for 
review, see Dolphin, 1990), and glutamate (Swartz and Bean, 
1992) and scvcral presynaptic receptors including A, adenosine, 
a,-adrenergic and GABA,, (Lipscombe et al., 1989; Scholz and 
Miller, 199 1) arc known to reduce Cal- currents. Evidence sug- 
gests that this reduction of Ca’+ currents is through surface 
receptors coupled to the Ca2+ channel via a G-proteinaepen- 
dent mechanism that may be direct (in a membrane-delimited 
manner; Brown and Bimbaumer, 1958) or via intracellular me- 
diators (for review, see Hillc, 1992). The involvement of protein 
kinase C (PKC) in transmitter-mediated modulation of neuronal 
calcium channels also is indicated in many cell types (Hille. 
1992; Divers&Pierluissi and Dunlap, 1993). 

In preliminary observations, we found that the neurosteroids 
allotetrahydrocorticosterone (THCC), PES, and PE inhibited 
the voltage-gated Ca’- channels in neurons acutely isolated from 
the CA1 region of the guinea pig hippocampus (ffrench-Mullen 
and Spence. 1 YY 1; Spence et al., 199 1). In this study, we further 
clarify the inhibition ofthese neurosteroids on the voltage-gated 
Ca’- channel currents in these neurons, and characterized their 
pharmacological profile and mechanism of action. We also dem- 
onstrate that these neurosteroids inhibit a fraction ofthe whole- 
cell Ca:- current via PTX-sensitil e G-protein(s) and activation 
of PKC. 

Materials and Methods 
Impluntation of‘ brain cannulas. Braln cannulas were implanted after 
several days of adaptation of the guinea pigs to their home cages as 
previously described (Plata-Salamln, 1992). Under intraperitoneal an- 
esthesia (sodium pentobarbital, 30-45 mg/kg), a small hole was made 
in the skull with an electric drill. Three other holes were made to fasten 
three jeweler’s screws into the skull that were used to anchor the cannula 
with dental acrylic. A guide cannula of 23-gauge stainless steel tubing 
(18.0 mm long. 0.64 mm o.d., 0.39 mm i.d.: with a ball ofsolder located 
at 10 mm) was centered over the middle of the superior sagittal sinus 

under microscope. using a dural hook. an incision was made through 
the dura, the superior sagittal sinus was carefully pulled, and the guide 
cannula was gently lowered. The implantation of the guide cannula into 
the third ventricle was at stereotaxic coordinates AI’ ~ 1.7 mm, L 0.0 
with respect to the bregma, and H 8.5-9.0 mm from the brain surface. 
This technique minimizes cortical damage because the guide cannula 
is lowcrcd vertically through the longitudinal fissure. The position of 
the tip of the guide cannula in the third ventricle was verified by the 
free outflow of cerebrospinal fluid through the cannula. A piece of Gel- 
foam was placed around the penetration site and dental acclic was used 
to anchor the cannula. A sterile 29-gauge stainless steel obturator with 
a polyethylene cap (18 mm long, 0.33 mm o.d.) flush with the tip of 
the guide cannula was used to ensure that the cannula remained patent. 
Guinea pigs were allowed to recover for 7-10 d after surgen before 
osmotic minipump implantation. 

Implantation cfosmotic mrnipumps. Al7et osmotic minipumps (Alza 
Corp.. CA) were used to accomplish the continuous intraccrebroven- 
tricular microinfusion of pertussis toxin (PTX; 1000 ng/24 hr for 48 
hr). The nominal pumping rate of the osmotic minipumps is I klVhr/7 
d (model 2001). For minipump implantation, the guinea pigs were 
anesthetized with sodium pentobarbital. The filled minipump was con- 
nected. by a short polyethylene tube (1.1 mm id.), to an insert cannula 
of 2Y-gauge stainless steel tubing. L-shaped so that when inserted into 
the guide cannula its terminal end just reached the tip of the guide 
cannula. The minipump was inserted into the subcutaneous intersca- 
pular space, and the L-shaped steel tubing was cemented in place with 
dental acrylic. 

Cell preparatron. Pyramidal neurons were acutely isolated from the 
CA1 region of the mature guinea pig hippocampus as previously de- 
scribed (ITrench-Mullen and Rogawski, 1992; ffrench-Mullen ct al., 1993) 
and immediately used in electrophysiological experiments. 

Whok-cell, putch-clamp recording. Macroscopic whole-cell Ca’- 
channel currents were recorded at room temperature (22-25°C) using 3 
rnM Ba2 ’ as the external charge-carrying divalent cation, and with the 
Ca’+ chelator Cs,-BAPTA (Molecular Probes, Eugene. OR) in the in- 
tracellular solution to reduce Ca’ --promoted Ca’ ’ channel inactivation 
(Eckert and Chad, 1984). The bath solution contained (in mM) BaC12, 
3; tetl-aethylammonium chloride, 140; MgCI,, 1; HEPES, 10; and glu- 
cose, 6. Tetrodotoxin (2 FM) was added to the bath solution to inhibit 
voltage-dependent Na+ channels, and the solution was adjusted to a 
oH of 7.4 with fresh CsOH solution and to an osmolahtv of 320 mOsm/ 
ig H,O. The pipette solution contained (in mM) N-methyl-D-glucamine 
chloride, 120; Cs,-BAPTA, 5; and Mg-ATP, 5. The ATP regeneration 
system Tris-phosphocreatinine (20 mM) and creatine kinasc (20 U/ml) 
was added to the internal solution to minimize rundown of the Ca:+ 
currents (Forscher and Oxford, 1985; Byerly and Yazejian, 1986). The 
internal solution was adjusted to pH 7.2 with fresh CsOH and to an 
osmolality of 315 mOsm!kg H,O. The rate of rundown under these 
conditions was <50/o over a 30 min period (ffrench-Mullen and Ro- 
gawski, 1992). 

Recordings were carried out using the whole-cell, patch-clamp tech- 
nique as previously described (ffrench-Mullen and Rogawski, 1992). 
Following seal formation and prior to entering the whole-cell mode. 
electrode capacitance was neutralized by using the capacitance com- 
pensation circuitry of the Axopatch 1 D (Axon Instruments, Foster City, 
CA). In the whole-cell mode. the Axopatch was further adjusted to 
correct for SO-85% of the series resistance. Command potential se- 
quences were delivered to the patch-clamp amplifier and data were 
simultaneously acquired under computer control. Evoked currents were 
filtered at 10 kHz (-3 dB, g-pole low-pass Bcsscl filter; Frequency 
Devices. Haverhill. MA), digitally sampled at 500 psec per point (50 
wsec per point for tail current measurements). and stored on magnetic 
media in digital form for later analysis. Capacitativc and leakage cur- 
rents were digitally subtracted from all records, which was carried out 
on line by using PCLAMP 5.5 I (Axon Instruments). Capacitative tran- 
sients decayed with a time constant of 100 psec. Neurosterold deliveo 
was 1 ia a rapid superfusion system consisting of a side-b! -side array of 
six 200 pm i.d. capillary tubes positioned approximately within 500 Km 
of the ccl1 under study. Drug solutions were applied by gravity feed, 
and flow was computer controlled via solenoid valves. Solution changes 
were accomplished within 300-500 msec. The recording chamber was 
continuously perfused (1 mlimin) with normal bath solution and only 
one cell per dish was used. 

Datu analysis. For the quantitation of inhibition. peak current values 
were used. Percentage inhibition was determined according to the for- 
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Fi:igure 1. Neurosteroid (allotetrahy- 
drocorticosterone, THCC’, pregneno- 
lone sulfate, PESJ inhibition of the 
whole-cell Ca’ channel peak and tail 
currents. Ca”+ channel currents (using 
3 rn~ Ba2+ as the charge carrier) were 
elicited by 10 msec depolarizing voltage 
steps over the range of - 80 to + 60 mV 
in two different neurons. The individ- 
ual (leak subtracted) step currents rc- 
corded at 10 mV are illustrated. .A, 
THCC inhibition of the Ca’. channel 
current at ~ 10 mV. B, Peak Cal+ cur- 

D rent (measured 0.5 msec prior to the 

-80 -60 -40 - -20 0 20 40 60 end of the step) plotted as a function of 
membrane potcntlal (current-voltage. 

1 1-v) in the absence (0) and presence of 
incrcasincl concentrations of0. I (u) and 
1.0 (A) pi THCC. I-Vvalues wkre ob- 
tained at stead>-state values acquired 
Lvith 200 msec voltage steps in this and 
all subsequent traces. c‘, Concentra- 
tlon-dependent inhibition of the Ca?+ 
channel current by PES. II, I-T’ rela- 
tionship of the concentration-depen- 
dent InhibitIon: control (O), 0.001 (m). 
0.1 (A). and 1.0 (v) PM PES. The in- 
terval between successive steps in each 
family was 6 sec. 

mula 100 x (1 ~ I,,,,,, I,,,,,,,), where I,,,,,,, is the leak-subtracted peak 
current amplitude prior to the drug application and I,,,, is the peak 
current amplitude in the presence of the test drug. During the drug 
applications, the Ca’ ’ current was repetitivel! evoked at intervals of 15 
and 30 set for the lo- and 200.msec-duration depolarirmg step pro- 
tocols, respectively. Peak current gradually diminished as the drug ap- 
plication continued and there was no evidence of use-dependent block. 
Steady-state inhibition was typically achieved within 30-240 set after 
the onset of the drug superfusion. The Idrug \ aluc used in the calculation 
ofpercentage inhibition was obtained after being at a steady-state value 
for 1 min. Concentratlon+ffect data were fitted with a nonlinear least- 
squares program (NRT, Island Products, Galveston, TX) according to 
the logistical equation B = lOO/ 1 t [IC,,I(DKUG)]n”, where [DRUG] 
is the drug concentration, IC,,, is the concentration resulting in 5OO:o 
inhibition. and nH is an empincal parameter that describes the steepness 
of the curve and has the same meaning as the Hill coeficient. Tail 
current amplitudes were estimated by fitting the falling phase of the 
current to a single exponential [double exponential in the presence of 
(&)-BAY K 86441 and extrapolating the curve to zero time. .4ctivation 
curxes were determined by plotting tail current at -80 mV following 
activation of currem by test pulses to different voltages and fit by the 
Boltzmann equation: { 1 + exp [(v,,,,, ~ I?/k’]i I, where v,‘,;, is the 
voltage for half-maximal activation, and K is the slope factor. Fitting 
was done by NFIT (Island Products) and/or TABLECURVE (Jandel Scien- 
tific, Carte Madera. (‘A). All tracts are the a\-erage of three steps and 
leak subtracted except where noted: current-boltage (1-C) data pomts 
at each potential are connected by a cubic spline. Final plottmg was 
performed with SIGMAPLOT (Jandel Scientific). All quantitative data arc 
expressed as mean i SEM; n indicates the number of cells examined. 
Statistical analysis was pcrformcd using the paired or unpaired Student’s 
f test or the Mann-Whitney test. Results were consIdered significant 
on11 for P i 0.05. 

Chrmmzls. All reagents used in this study, except where noted, 
were obtained from Sigma (St. Louis, MO) and included the following: 
5&pregnan-3cu-ol-20.one (pregnanolone). 1 I rl.5ru-pregnane-3cu. 1 l$,Z!I - 
trio]-20-one (allotetrahydrocorticosterone. THCC‘). 3n.5,.pregnane-3a.2 l- 
diol-20-one (allotetrahydrodeoxycorticosterone. THDOC), 5-pregnen-3/l- 
ol-20-one (pregnenolone, PE), 5-pregnen-3&c&20-one-sulfate (pregnen- 
olone sulfate. PES). 5-pregnen-3P-ol-?O-one-acetate (prcgncnolone ace- 
tate). 5<u-pregnan-3ii-ol-2O-one (allopregnanolonc). nifedipine (NIF). PTX, 
5a-pregnan-3@-ol-20-one acetate (allopregnanolone acetate), guanosine 

5’-0.(2.thiodiphosphate) (GDP-&S). and the 20 amino acid protein kl- 
nase inhibitor (rabbit sequence); PTX A-protomer (List Biological Labs, 
Inc., Campbell. CA): I-(S-isoquinolinylsulfonyl)-2-methylpipera~ine (H- 
7). Rp-cyclic adenosine-3’,5’-monophosphorothioate (Rp-CAMPS), Sp- 
cyclic adenosine 3’.5’-monophosphorothioatc (Sp-CAMPS). and bisln- 
dolylmalcimide (BIS) OI- 3-[1-(3.dimethylaminopropyl)-indo-3-?-I]-3-(in- 
dol-3-yl)-maleimide (Calbiochcm, San Diego, CA); staurosporine (Fluka, 
Ronkonkoma, NY): PK(‘I 19-36 pseudosubstrate inhibitor (Sigma and 
Bachem Bioscience. Inc.. Philadelphia, PA), and u-conotoxin GVIA (CgTX: 
Peninsula Laboratories. Belmont. CA). Stock solutions (10 mM) of the 
steroids in ethanol were prepared daily; with steroid concentrations of 
100 PM, final ethanol volume never exceeded 0.1% and the latter had no 
effec! on the Ca2 ’ current. Stock solutions (10 mM) of nifedipine and 
o-conotoxin were prepared weekly in ethanol and H1O. respectively. 

Results 

The data presented in this report represent the results of wholc- 
cell recordings of Ca’- channel current from more than 190 
acutely dissociated adult guinea pig hippocampal CA 1 neurons. 
Macroscopic voltage-gated Ca* ’ channel currents were recorded 
using 3 IIIM Ba’ ’ as the external charge-carrying cation. 

Depolarizing voltage steps from ~80 mV to various potentials 
positive to ~60 mV elicited a high-threshold inward current 
that peaked rapidly and decayed gradually with maintained de- 
polarizations (see Fig. 4). Supcrfusion with 50 IIM Cd’. virtual11 
eliminated the inward current (97 ? 2% block, n = 3; not shown). 
demonstrating that it is carried by Ca’ ’ channels. Peak current 
was reduced in a concentration-dependent manner by the neu- 
rostcroids. Current inhibition acquired stead) -state values over 
the concentration range examined at 30-240 set with the fastest 
time to inhibition for the highest concentrations (l-1 00 FM). 
We examined the time course of action of 0.001 FM PE with 
200 msec depolarizing voltage steps at 30 set intervals. The 
time to achieve a steady-state inhibition (23 t 4% inhibition) 
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Figure 2. Voltage dependence of the 
Cay’ channel current inhibition b> 
TH(‘C and PES. Peak tail current am- 
plitudes at -80 mV following test po- 
tentials from -80 to +hO mV WCI-c 
measured Prom the neurons in Figure 
1. .A. Tail current versus \-oltage bcforc 
and during 0.1 and I .O @M THC‘C‘. n. 
Percentage inhibition of the tail current 
amplitude 7.ersus test potential for 
THCC. c‘. Tail current versus voltare 

-3000 

C 

before and during 0.1 and 1 PM PE?. 
D, Percentage inhibition of tail current 
versus test potential for PES. Smooth 
curve’s m A and C were fit to a Bolts- 
mann distribution; there was no change 
in the voltage dependence of activation 
for THCC and PES (xc Materials and 
Methods for details). The Ca’+ channel 
current inhibition by THCC and PES 
was greater at the more negative test 
potentials. 

. 1.0 /Ad PES 

. 0 I ” ” 

. CONTROL 

was 180 t 12 set, with a recovery in uash to 95.6% of control 
in 270 ? 15 set (n = 3). The concentration-dependent inhibition 
for the neurosteroids THCC and PES is illustrated in Figure I. 

Brief (10 msec) depolariring voltage steps \vcre acquired over 
the range of -80 to 160 mV to examine the current-voltage 
(Z-v) relationship of the peak and tail currents; respectively. 
Betueen generation of the Z-V traces. 200 msec depolarizing 
steps were acquired to assess control and steady-state drug \ al- 
ues; thus. I-Vvalues were generated at stead> -state \ alues. Fig- 
ure 1,4 illustrates the Ca2+ channel current recorded at ~ 10 mV 
in the presence of various concentrations of THCC. For this 
neuron. the peak current (measured 0.5 mscc prior to the end 
of the step) was depressed 134b and 33% b> 0.1 and I PM, 

respectively. Tail current amplitude, measured at -80 mV fol- 
lowing a step to - 10 mV. \+.as also depressed. Increasing con- 
centrations of THCC on the same cell gaye a concentration- 
dependent inhibition of peak current amplitude (Fig. 1B). PES 
also inhibited the Ca’- current in a concentration-dependent 
manner. as illustrated in Figure IC. In this cell. peak Ca?+ 
channel current was suppressed 12%, 36Olo. and 54Oio for 0.00 1 1 
0.1. and 1 PM PES. Similar to THCC, PES also induced a con- 
centration-dependent inhibition of the peak Ca2 I channel cur- 
rent amplitude (Fig. 1D). However, substitution of an acetate. 
pregnenolone acetate (10 PM). for the sulfate moiety had no 
effect on the Ca’m channels (!I z 3). Pregnanolone (II = 3) and 
THDOC (li = 3) also depressed the Ca’ current (range of 10 
nM to 50 PM; not shown) 

We evaluated the possible use dependence of the inhibition 
in experiments where the C‘a’ channel current was repetitive11 
activated with 5-lo-msec-duration voltage steps at stimulus 

L... 

inter\.als of I 1 5, 10. and 40 see applied follo\ving an equilibrium 
period of 2 min as previously described (ffrench-Mullen and 
Rogaw.ski. 1992). WC failed to observe an)’ progressive devel- 
opmcnt of block during the stimulus train for THCC’. PES. and 
I’E (n = 6; not shown). 

In an attempt to distinguish between an external membrane 
receptor pr-otcin and, or a channel protein site versus an intra- 
cellular site of action. lye internally dial! Led neurons with 0.1 
PM PES added to the intracellular solution. Following the runup 
of the Ca” channel current, comparison of PES-dial>-zed neu- 
rons (n = 4) with randomly selected neurons (n = 4) showed no 
significant difference in the peak Ca” channel currents (P > 
0.2; 1733 + 293 pA and 1653 i 189 p.L\ for normal and PES 
dialyzed, respecti\ els). Concomitant extracellular application 
of PES to PES-dialyzed neurons showed no significant difference 
in depressing the peak C‘a’- channel current: control. I2 i 40/o, 
17 -t 4%. 3 1 ? 3?& 46 i 5(/o. and 54 + 4O/o. compared to 
internal PES. 8 ? lo/o, 17 i 2(/o. 24 I l%o. 41 i 3Y0, and 46 i 
2% with 0.000 1. 0.00 1. 0.0 I. 1. and 10 FM PES, respectively (P 
> 0.2: n = 6 each). Together. these data suggest, but do not 
conclusively prove. that PES interacts Lvith its binding site from 
the external surface. A similar finding was reported by Lambert 
et al. (199 I), where intracellular dialysis of pregnanolonc or the 
steroid anesthetic alphaxalonc did not actI\-ate or inhibit the 
potentiation of the GXBA receptor-mediated currents. sug- 
gesting an extracellular site of action. 

The elimination of GABA, receptor involvement with the 
steroid inhibition of Ca’ ’ channel currents was pi-e\-iously re- 
ported, in that perfusion with 10 FM picrotoxin had no effect 
on the Ca’. channel current and did not preyent the inhibitor) 
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1 A ms 
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Figure 3. Rate of Ca” channel cur- 
rent activation is slowed by allotetrahy- 
drocorticosterone (THCC) and preg- 
nenolone sulfate (PES). A, Ca2+ channel 
currents and their tail currents evoked 
by depolarizing steps of various dura- 
tion (0.5-6 msec, 0.5 msec increments) 
in the absence (A,) and presence of 0.1 
PM THCC (A2)...The interval between 
successive steps was 1 sec. After equil- 
ibration of the preparation with THCC 
but before the acquisition of the traces 
shown in A, steady-state inhibition was 
achieved with several 200 msec pulses. 
For the graphs in Band C, extrapolated 
tail current amplitudes (at -80 mV) 
were normalized to the maximum tail 
current amplitude (6 msec step); the 
continuous curves are the best single- . ..*_ . . . . 1. 

0 I 2 3 4 5 6 exponenriat nrs to me control ana sre- 
STEP DURATION (ms) roid data. B, THCC. C, PES. 

action of THCC, PE, and PES (ffrench-Mullen and Spence, 199 1; 
Spence et al., 199 1). In the present study, this was further con- 
firmed with six additional neurons (not shown). 

The concentration-effect relationships for the steady-state in- 
hibition of the peak Ca2+ channel current by the neurosteroids 
was examined with 200 msec voltage steps to - 10 mV from a 
holding potential of -80 mV. PE and its sulfate ester, PES, had 
a maximal inhibition (64 ? 3% and 57 ? 4%, respectively) at 
100 1~ (control; see Fig. 84,B). The IC,, values were 11 and 
130 nM for PES and PE, respectively, with an nH of 0.3 for 
both compounds. THCC also gave a sigmoidal dose-effect curve 
with an IC,, = 298 nM and an nH of 0.7, suggesting a single 
binding site (control; see Fig. 8C). However, PES, PE, and THCC 
gave a maximal inhibition of the Ca2+ channel current at sat- 
urating concentrations that only inhibited a fraction of the total 
Ca*+ channel current. In addition, at these maximum concen- 
trations, there was essentially no reversibility of the inhibition 
of the Ca*+ channel current with wash, further suggesting that 
maximal inhibition had occurred. Allopregnanolone also inhib- 
ited the Ca*+ channel current in a concentration-dependent 
manner with a maximal 37 f 4% inhibition at 10 PM with some 
reversibility (64 -t 3% of control with wash; II = 5; not shown). 
Interestingly, allopregnanolone acetate (10 PM) had no effect on 
the Ca2+ channel current (n = 3). Progesterone, which is syn- 
thesized in brain from PE, had no effect on the Ca2+ channel 
current at 100 PM (4% inhibition, II = 9; not shown). 

Activation and deactivation kinetics 

We investigated the effect of THCC and PES on the voltage 
dependence of activation of the Ca2+ channel conductance. The 

smooth curves to the peak tail current amplitudes from Figure 
1, A and C, were fit according to a Boltzmann distribution (see 
Materials and Methods). There was a minimal depolarizing shift 
by THCC in this cell, where the voltage at which half the chan- 
nels are open (V,,,) was -8.5, -7, and -7 mV, and slope 
amplitude (k) was 14.4, 14.6, and 14.6 mV for control, 0.1, and 
1.0 PM THCC, respectively (Fig. 2A). For the cell with PES in 
Figure 2C, the V,,, was - 12, - 11.9, and - 11.4 mV and k was 
8.5, 8.7, and 8.6 mV for control and 0.1 and 1.0 WM PES, 
respectively. The voltage dependence of activation of the CaZ+ 
channel current was essentially unchanged by both THCC and 
PES. 

The Z-V relationships for THCC and PES (Fig. 1) suggested 
that the inhibition of the Ca2+ channel current was voltage de- 
pendent. The percentage inhibition of the peak tail current am- 
plitudes from Figure 2, A and C, was plotted versus test potential 
for THCC and PES. As illustrated in Figure 2, B and D, both 
THCC and PES, respectively, inhibited the CaZ+ channel current 
in a voltage-dependent manner, with the greatest amount of 
inhibition occurring at the more negative test potentials. 

To determine whether THCC and/or PES had an effect on 
the time course of deactivation of the Ca2+ channel current, we 
examined the tail currents generated at -80 mV following a 
depolarization to - 10 mV (not shown). THCC (n = 3) signif- 
icantly slowed the time course of deactivation (P < 0.03 from 
control): r = 182 ? 5, 213 t 8, 215 ? 7, and 216 -t 8 Fsec for 
control, 0.0 1,O. 1, and 1 PM THCC, respectively. Similarly, PES 
(n = 3) also significantly slowed (P < 0.05 from control) the 
time course: 7 = 192 ? 3, 223 * 4, 230 & 5, and 223 + 5 psec 
for control, 0.01, 0.1, and 1 PM PES, respectively. We also 
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Figure 4. Neurosteroid effects in the presence of the Ca2 * channel inhibitors w-conotoxin (CgTx) and nifedipine (NIF). Currents were evoked by 
a 200 msec voltage step to - 10 mV from a holding potential of -80 mV in different neurons. A, THCC depressed the Ca2+ channel current (26% 
inhibition peak current); application of CgTX in the continued presence of THCC had a minimal effect (1%). B, Following the THCC inhibition 
(21%) of the Ca*+ channel current, application of NIF inhibits the L-type current in the presence of THCC. Following inhibition of the Ca2+ channel 
current by NIF, perfusion with only THCC reversed the NIF inhibition of the L-type Ca2+ current. C, Perfusion with CgTX depresses a fraction 
(28%) of the Ca’+ channel current (N-type); subsequent perfusion of NIF with CgTX inhibited the (L-type current). The remaining current is the 
CgTX/NIF-insensitive current. Perfusion of PE (0.001 and 0.1 PM) in the presence of CgTX and NIF had no effect. 

examined whether the slowing of the time constant was voltage 
dependent or uniform across a range of potentials. The deac- 
tivation of the Ca*+ channel current is voltage dependent, with 
the speed of deactivation increasing as the repolarization level 
is brought to more negative potentials (ffrench-Mullen and Ro- 
gawski, 1992). Perfusion with THCC, PES, and PE slowed the 
time constants uniformly over the voltage range of -30 to 50 
mV (n = 2 each). 

We had previously observed that PE and PES slowed the time 
to peak of the Ca2+ channel current generated by 200 msec 
depolarizing steps in these CA 1 neurons (Spence et al., 199 1). 
Qualitative observations of other steroids in this study also 
suggested a similar mechanism of action. We therefore inves- 
tigated the effect of THCC and PES on the time course of ac- 
tivation of the Ca*+ channel current using the extrapolated tail 
current amplitudes (at -80 mV) as an estimate of the instan- 
taneous conductance at the end of the depolarizing step (ffrench- 
Mullen and Rogawski, 1992). 

Figure 3A, illustrates a family of Ca*+ channel currents and 
their tail currents evoked by depolarizing steps of increasing 
duration from 0.5 to 6 msec in 0.5 msec increments. The Ca2+ 
channel currents and tail currents were reduced in amplitude 
by 0.1 PM (Fig. 3A,) and 1 PM (not shown) THCC. However, 
as shown in Figure 3B, the rate of activation of the Ca2+ con- 

ductance as determined from the steady-state tail currents was 
slowed by THCC (T = 0.45, 0.5 1, 0.5 1 msec for control and 0.1 
and 1 I.LM THCC, respectively). Overall, THCC (n = 3) signif- 
icantly slowed the rate of activation (P < 0.04 from control, 
paired t test): 7 = 0.41 f  0.02, 0.48 & 0.02, and 0.52 +- 0.01 
msec for control and 0.1 and 1 @M THCC, respectively. PES 
also slowed the rate ofactivation as shown in Figure 3C. Similar 
to THCC, PES (n = 4) significantly slowed the rate of activation 
(P < 0.04 from control; paired t test): r = 0.48 f  0.02, 0.54 ? 
0.02, and 0.69 f  0.02 msec for control and 0.01 and 1 /IM, 

respectively. The differences in the rate of activation between 
control and drug at 1 ELM were 27% and 43% for THCC and 
PES, respectively. 

Neurosteroids and Cal+ channel subtypes 

Hippocampal neurons have multiple types of HVA Ca2+ chan- 
nels that at the whole-cell level can be pharmacologically clas- 
sified into various subtypes, including the T-, N-, L-, and P-cur- 
rent (Mogul and Fox, 199 1; O’Dell and Alger, 199 1; Regan et 
al., 1991; Mintz et al., 1992). The low-threshold or T-type cur- 
rent is not present in the adult guinea pig CA1 cells (Doemer 
and Alger, 1988; Thompson and Wong, 199 1). Similar to guinea 
pig CA3 (Mogul and Fox, 1991) and rat hippocampal CA1 
neurons (Regan et al., 199 1; Mintz, et al., 1992), the high-thresh- 
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Figure 5. Residual inhibition ofthe Ca’+ channel current by allotetrahydrocorticosterone (THCC) following inhibition of the N-type by w-conotoxin 
(Cgrx). Ca2+ channel current was evoked with a 10 msec voltage step from a holding potential of -80 mV to a test potential of - 10 mV. Tail 
currents, measured at -80 mV, were best fit to a single exponential. A,, Peak and tail currents in the presence of CgTX and I, 10, and 100 FM 

THCC. CgTX gave a 57% inhibition of the Ca’+ channel current; 10 and 100 FM THCC showed a minimal additional inhibition. A,, Difference 
current of the current remaining in CgTX from control illustrating the Ca2+ current (N-type) sensitive to CgTX that had a peak amplitude of 923 
pA. A !-A,, Difference currents of the records in A, illustrating the minimal effect of l-100 ELM THCC on the peak and tail currents. B,, Tail current 
of the CgTX-sensitive current with a decay time constant (7) of 154 psec (from the same neuron as in A). B,, Tail current in CgTX and 1 FM 
THCC. B,,, In 10 WM THCC. B,, In 100 FM THCC. While there was a small decrease in tail current amplitude, 8%, 1 lo/o, and 19% inhibition from 
the tail current with CgTX alone, there was no change in the decay time constant. Dotted line indicates the baseline current prior to depolarization; 
fitted solid line is superimposed on raw data. 

old current in guinea pig CA 1 neurons can be pharmacologically 
divided into CgTX-sensitive (N-type) and the dihydropyridine 
NIF-sensitive (L-type) currents, respectively, and a P-type cur- 
rent that is insensitive or resistant to CgTX and NIF (Fig. 4C). 
Similar to other hippocampal neurons (Mogul and Fox, 199 1; 
Regan et al., 1991) guinea pig CA1 neurons possess quite a 
large component of the high-threshold current (-40%) that is 
typically inhibited by the dihydropyridine NIF (Figs. 4B; 6B, 
hatched bars) and a fraction inhibited by CgTX (Figs. 4C, 5A, 
6A). The dihydropyridine agonist (+)-BAY K 8644 (0.1-l FM) 

increased the peak inward Ca*+ current at test potentials of -50 
to 10 mV, shifted the Z-V relationship in the hyperpolarizing 
direction that was inhibited by 10 PM NIF (n = 5; not shown). 
CgTX produced a maximal inhibition (32 +- 3%) of a fraction 
of the Ca*+ channel current at concentrations 2 1 WM (with no 
shift in the Z-P’ relationship; n = 6) with an IC,, of 48 nM and 
an nH of 0.7 (not shown). For this study, the resistant Ca2+ 
channel current reflects that CgTX/NIF-insensitive current. 

We had previously observed that in the presence of CgTX, 
THCC had no inhibitory effect on the Ca2’ channel current 
(ffrench-Mullen and Spence, 1991); we therefore examined 
whether THCC inhibited the same fraction of current as did 
CgTX. In Figure 4A, 1 HM THCC inhibited the peak Ca2+ chan- 
nel current by 26%. Perfusion of 10 FM CgTX with 1 PM THCC 
essentially demonstrated no effect (lo/o) by CgTX, suggesting 
that THCC had occluded the inhibitory effect of CgTX. How- 
ever, if THCC and CgTX inhibited the same fraction of current, 

the N-type, then NIF would inhibit the L-type in the presence 
of THCC. This is illustrated in Figure 4B, where having inhib- 
ited a fraction of the Ca*+ channel current with 1 PM THCC 
(21%) subsequent perfusion with 10 PM NIF in the presence of 
THCC gave an additional (30%) inhibition of the L-type Ca’+ 
channel current. Perfusion of THCC alone reversed the inhib- 
itory effect of NIF (Fig. 4B, NIF wash). Final wash with control 
solution, reversed the peak Ca’+ channel current to 80% of 
control (not shown). The same protocol yielded the same results 
in two other neurons; the reverse protocol, application of NIF 
then THCC, also demonstrated further inhibition by THCC (n 
= 3; not shown). 

To determine further whether CgTX and THCC modulated 
the same fraction of Ca2+ channel current, we examined the 
difference and tail currents in the presence of CgTX and THCC. 
This is illustrated in Figure 5.4,, where following the application 
of 10 PM CgTX (43% inhibition), subsequent perfusion ofTHCC 
(l-100 PM) plus CgTX showed no or minimal inhibition of the 
remaining current, best illustrated by examining the difference 
currents. 

The difference currents for this particular neuron illustrate 
the current sensitive to inhibition (Fig. 5A,-A,). The peak CgTX- 
sensitive current had an amplitude of 923 pA (Fig. 5A,) and the 
decay of the tail current had a time constant (T) = 184 psec and 
an amplitude of 2 100 pA (Fig. 5B,). The difference current for 
1 PM THCC demonstrated that this concentration had no effect 
on the peak current (Fig. SA,) and a very small effect on the tail 
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Figure 6. Pregnenolone (PE) inhibits 
both the o-conotoxin-GVIA (CgT>)- 
and nifedioine (NW)-sensitive CaL+ 
channel currents. Data were taken from 
the peak current evoked by 200 msec 
voltage steps from a holding potential 
of -80 mV to a test potential of 10 
mV. A, In the presence of IO PM CgTX 
(inhibition of the N-type Ca’+ channel 
current: hatched bars). PE inhibits an 
additional fraction but not all the re- 
maining current (open bars). B, In the 
presence of 10 ELM NIF (inhibition of 
the L-type Ca’+ channel current; hatched 
bars), PE continues to inhibit a sub- 
stantial, but not all of the remaining 
current (open harx). Number ofcells ex- 
amined is given in each column. 

current, 1933 pA versus 2 100 pA in the presence of CgTX (Fig. 
5B,). At 10 PM, THCC gave a small additional inhibition, as 
indicated by the difference current (amplitude of 27 pA; Fig. 
5.4,) and a small reduction in the tail current amplitude by 233 
pA (Fig. 5B,). At 100 @M THCC. there was an additional in- 
hibition where the diference current had an amplitude 90 pA 
(Fig. 5‘4,): the tail current amplitude decreased by 400 pA (Fig. 
5Bj). The deactivation kinetics of the tail currents during per- 
fusion with the increasing concentrations of THCC showed no 
difference when treated with CgTX alone (Fig. 5B,-B,). The 
experiments in Figures 4 and 5 suggested that while CgTX for 
the most part occluded the THCC inhibition. the higher con- 
centrations of THCC (10 and 100 FM) demonstrated a small. 
partial inhibition of the L-type current. THCC had no effect on 
the CgTX/NIF-insensitive current (n = 7; not shown). 

PE (0.00 l-l FM) had no effect on the CgTX/NIF-insensitive 
current (n = 5; Fig. 4C). In contrast to this lack of effect by PE, 
in the presence of either 10 FM CgTX or 10 WM NIF, PE con- 
tinued to inhibit a fraction of the remaining current. as illus- 
trated in Figure 6. In Figure 6A, the hatched bars represent the 
inhibition by 10 FM CgTX. Increasing concentrations of PE 
(open bars) m the presence of CgTX inhibited the Ca’+ channel 
current. Increasing concentrations ofPE (open bars) (I? = 4) also 
inhibited the Ca’+ channel current in the presence of 10 /.LM NIF 
(hatched bars) (Fig. 6B). These results suggested that PE was 
nonselective in that it could inhibit either the N- and L-type 
currents, but not the resistant current. 

WC also observed that another neurosteroid, allopregnano- 
lone. had no inhibitory effect in the presence of 10 PM CgTX 
(2 +- 2% inhibition at 1 PM; n = 3) but inhibited a fraction of 
the Ca*+ channel current in the presence of 10 PM NIF (n = 3; 
18 i 2O/o, 23 +- 4%, 25 -t 7%, and 33 i So/o at 0.00001, 0.0001, 
0.0 1, and 1 WM) with a maximal inhibition equal to that ofCgTX 
(32 i 3%) and no effect on the resistant current (n = 3; not 
shown). These results suggested that this steroid. like THCC. 
appeared primarily to inhibit the N- but not the L-type current. 

G-protein mediution oj’neurosteroid inhibition 

We tested for the involvement of G-proteins in the neurosteroid 
inhibition of the Cal’ channel current by examining neurons 
that had been incubated with PTX. Ofthe G-proteins expressed 
in neurons, some are sensitive to PTX (such as Gcu, and GcY,,). 

which prevents their interaction by catalyzing their ADP ri- 
bosylation (Gilman. 1987). Animals were pretreated for 48 hr 
with PTX at 1000 ng/24 hr; following this, neurons were then 
acutely isolated from the CA1 region. The characteristics of 
neurons isolated from the PTX-treated animals were the same 
as normal animals for there was no significant difference in peak 
current amplitudes (P > 0.5). For example, following the normal 
runup of the Ca’+ channel current, the peak current from ran- 
domly selected neurons from untreated animals was 1423 i 99 
pA (n = 15) compared with the peak current from PTX-treated 
animals, 1409 ? 93 pA (n = 15). 

An example of the effect of PTX on the PES inhibition of the 
Ca*+ channel current is illustrated in Figure 7A, where the peak 
current inhibition at IO PM was 10% compared to 54% (see Fig. 
8-A, control). PTX signihcantly diminished the effect of PES at 
all concentrations (P < 0.02; maximum 13.8% inhibition at 10 
PM) (Fig. %I). Inhibition of the Ca?+ channel current by THCC 
was also significantly diminished (P < 0.02; maximum 13% 
inhibition at 10 FM) (Fig. SC). Inhibition by PE was also sig- 
nificantly diminished (P < 0.03) in PTX-treated neurons (max- 
imum 22% inhibition at 10 WM) (Fig. 8B). 

To confirm PTX’s cffccts on the neurosteroids in these cells, 
we compared the effect NIF on the Ca”’ channel current in 
untreated and PTX-treated neurons. NIF is an L-type Ca2’ 
channel blocker but at higher concentrations (Z 10 FM) also 
inhibits voltage-dependent sodium and potassium channels 
(Jones and Jacobs, 1990) and therefore should be unaffected by 
PTX. In the untreated neurons, inhibition of the L-type Ca’+ 
channel current was 14 + 3%, 26 ir 4%, and 42 ? 3% for 0.01. 
1, and 10 PM NIF, respectively (n = 5). In PTX-treated neurons. 
there was no significant difference observed (P > 0.2), where 
the current inhibition was 15 i l%, 24 ? lo/o, and 38 i 1% 
for 0.0 1, 1, and 10 FM NIF, respectively (n = 5). 

We also included the A-protomer of PTX in the patch pipette 
at a concentration of 2 pg/ml; the cells were dialyzed for 15-50 
min before drug application. The responses to PES and THCC 
were significantly diminished by the A-protomer, as illustrated 
for PES in Figure 711, where at IO PM PES showed a 1 lo/o in- 
hibition of the peak current. For PES (n = 6), the percentage 
inhibition was 3 * 3O/o, 4 ? 2%, 5 ? 1%. 13 ? 4O/o, and 26 I 
5% for 0.00 1, 0.01, 0.1, 1, and 10 PM, and was significantly 
diIIercnt from control (P ( 0.0 1 for all concentrations). A similar 
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Figure 7. Diminution ofthe neuroste- 
roid Ca*+ channel current inhibition by 
modulators of G-proteins. A, Pertussis 
toxin (PZY) greatly diminished the 
pregnenolone sulfate @‘Es) inhibition 
of the Desk Ca2+ channel current (8% 
inhibition). Neurons were acutely iso- 
lated from PTX-treated animals; see 
Materials and Methods for details. B, 
Internal dialysis of the A-protomer of 
PTX (50 min for this cell) also greatly 
reduced the PES inhibition (10% inhi- 
bition peak current). C, Internally di- 
alyzed GTP-P-S also greatly reduced the 
amount of inhibition by THCC (5 and 
10% inhibition peak current at 0.1 and 
10 GM, respectively). 

result was obtained in three cells with THCC, where there was the latter, as our experiments were conducted in 3 mM Ba2+ 
a significant (P < 0.01) reduction in the percentage inhibition: with 5 mM Cs,-BAPTA for rapid buffering of any internal cal- 
5 * l%, 5 f 2%, 4 + 2%, and 12 * 2% inhibition for 0.0 1, cium, thus minimizing calcium-triggered internal calcium re- 
0.1, 1, and 10 WM compared with control. lease (if any) as a second messenger involvement. 

To verify further the possible involvement of a G-protein(s), 
neurons were dialyzed with the nonhydrolyzable GTP analog 
GDP-P-S (500 KM), which inhibits the activation of G-proteins 
(Eckstein et al., 1979); initial experiments showed no effect of 
this compound on the Ca2+ channel current (n = 5). An example 
of the GDP-P-S diminution of the THCC inhibition of the Ca*+ 
current at 6% and 11% at 0.1 and 10 PM, respectively (compare 
with control, Fig. 8C), is illustrated in Figure 7C. The PES 
inhibition of the CaZ+ channel current was also significantly 
prevented (P < 0.04) by GDP-P-S (16% inhibition at 10 FM) 

(Fig. 8.4). The PE inhibition of the Ca*+ channel current was 
only significantly reduced (P < 0.04) at 1 and 10 MM by GDP- 
P-S (32% at 10 PM) compared with control (Fig. 8B). GDP-P-S 
also significantly prevented (P < 0.03) the THCC inhibition of 
the Ca*+ channel current (12% inhibition at 10 WM) (Fig. 8C). 

To determine whether THCC, PES, and PE activation of a 
G-protein(s) and coupling to Ca2+ channels involved intracel- 
lular mediators such as PKC and the CAMP-dependent protein 
kinase (PKA), we first dialyzed neurons with broad-spectrum 
protein kinase inhibitors: H-7, which is a nonspecific PKA and 
PKC inhibitor (Hidaka et al., 1984); staurosporine, a PKC in- 
hibitor, which is also relatively nonselective (Ru&g and Burgess, 
1989); and the synthetic 20 amino acid protein kinase inhibitor, 
which inhibits the phosphorylating units of CAMP-dependent 
kinase in skeletal muscle (Cheng et al., 1986). 

Involvement of PKC with the neurosteroid action 
We concluded from these experiments that THCC, PES, and 
PE inhibited the Ca*+ channel current(s) via a G-proteinxou- 
pled mechanism. The modulation of Ca*+ channels by G-pro- 
tein-coupled receptors involves a variety of mechanisms. This 
mediation can be either by direct action of the activated oc-sub- 
unit (Brown and Birnbauer, 1988; Lipscombe et al., 1989; To- 
selli et al., 1989; Bernheim et al., 1991), or via intracellular 
modulators (for review, see Hille, 1992). Neurotransmitter re- 
lease may also involve PKC activation (Rane et al., 1989; Div- 
ersC-Pierlussi and Dunlap, 1993) or the release of calcium from 
internal stores (Kramer et al., 1991). We did not directly test 

Both staurosporine (400 nrq n = 6 cells per data point) and 
H-7 (100 PM; n = 4-6 cells per data point) significantly dimin- 
ished (P < 0.03) the THCC-induced Ca’+ channel current in- 
hibition (12% and 20% inhibition at 10 FM, respectively) (Fig. 
9A; control data taken from Fig. 8C). Staurosporine (400 nM; 
n = 4-5 cells per data point) also significantly diminished the 
PES-induced Ca*+ channel current inhibition at 0.1 FM (P < 
0.04; 17% inhibition), 1 and 10 FM (P < 0.03; 22% and 29% 
inhibition, respectively) (Fig. 9B). In H-7 (100 WM; n = 7 cells 
per data point)-dialyzed neurons, the PES-induced Ca2+ current 
inhibition was only significantly (P < 0.04) diminished at 1 and 
10 PM (22% and 19% inhibition, respectively) (Fig. 9B). The 
PE-induced inhibition of the Ca2+ channel current was also 
significantly (P < 0.03) diminished by staurosporine (n = 3), 
where the amount of inhibition was 8 + l%, 11 -t 2%, 11 -t 
2%, 15 k l%, and 16.8 ? 0.5% for 0.001, 0.01, 0.1, 1, and 10 
FM PE, respectively (compare with control in Fig. 8B). 

The 20 amino acid protein kinase inhibitor (1 FM) significantly 
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Figure 8. A G-protein mechanism 5 * 20 
couples the neurosteroid CaZ+ channel 
current inhibition. A, Pregnenolone 
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PES, PE, and THCC with IC,, values 
of 11 PM, 130 PM, and 298 nM and nH 
of 0.3, 0.3, and 0.7, respectively (n = 
5-9 cell per point). Neurons were iso- 
lated from PTX (n = 4-5 cells per data 
point)-treated animals (1000 r&24 hr 
for 48 hr; see Materials and Methods 
for details). GDP-B-S (500 PM; n = 5- 
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6 cells per data point) was internally 
dialyzed through the patch pipette. PTX 
significantly reduced the PES, THCC (P 
< 0.02), and PE (P < 0.03) CaZ+ chan- 
nel current inhibition. GDP-P-S also 
significantly reduced the PES (P < 0.04), 
PE (P i 0.03), and THCC (P <c 0.03) 
Ca2+ channel current inhibition. 

diminished the THCC inhibition of the Ca*+ channel current 
(P < 0.03; n = 4-5 cells per point) (Fig. 9A). This protein kinase 
inhibitor also significantly diminished the PES (P < 0.03; n = 

4-5 cells per point) inhibition of the Ca2+ channel current: P < 

0.02, 16 * 3% inhibition at 0.01 KM; P < 0.04, 17 f 2% 
inhibition at 0.1 PM; P < 0.02, 20 + 3% inhibition at 1 FM, 

and P < 0.02, 2 1 f 3% inhibition at 10 PM (Fig. 9B). 
These results suggested the involvement of protein phos- 

phorylation involving PKC and/or PKA. However, as these 
compounds display a relatively nonselective for either PKC or 
PKA, we therefore examined the effects of the more recently 
available specific inhibitors of PKA and PKC. 

We examined the effects of two specific inhibitors of PKC 
and one specific inhibitor of PKA on THCC and PE. A specific 
inhibitor of PKC, the synthesized pseudosubstrate inhibitor 

PKCI 19-36 (House and Kemp, 1987) is believed to be effective 
against all forms of PKC (Bell and Burns, 199 1; Orr et al., 1992). 
Bisindolylmaleimide (BIS), a compound structurally related to 
staurosporine, is a potent and highly selective inhibitor of PKC 
(Toullec et al., 199 1). As illustrated in Figure 10.4, internal 
dialysis of both BIS (1 PM) and PKCI 19-36 (1 or 2 FM) signif- 
icantly diminished (P i 0.02, respectively) the THCC inhibition 
of the Ca2+ channel current. BIS also significantly diminished 
(P < 0.02) the PE inhibition of the Ca*+ channel current (Fig. 
10s). We next examined Rp-CAMPS, a specific membrane- 
permeable, competitive inhibitor of PKA that competes with 
CAMP for the binding site on the regulatory subunit of PKA, 
and the membrane-permeable analog of CAMP, Sp-CAMPS, 
which activates PKA (Dostmann et al., 1990 Frey et al., 1993). 
Inhibition of PKA by bath application of Rp-CAMPS (100 WM, 

Table 1. Lack of effect of specific inhibitors of CAMP-dependent protein kinase on the THCC-induced 
Ca2+ channel current inhibition 

THCC 
0.01 UM 0.1 UM 1 UM 10 UM 100 UM 

Control 722 19 k 3 38 f 7 53 f 5 57 f 3 

(7) (8) (9) (7) (7) 
Rp-CAMPS (loo PM) 6k2 17 * 2 36 k 2 50 2 3 54 + 4 

(5) (6) (5) (5) (5) 
Sp-CAMPS (loo PM) 6a3 17 + 2 38 f 2 52 k 2 56 + 3 

(4) (4) (4) (4) (4) 

Data are the percentage inhibition of the peak Cal+ channel current; control data were taken from Figure SC. Rp-CAMPS 
(Rp-cyclic adenosine-3’,5’-monophosphorothioate) and Sp-CAMPS (Sp-cyclic adenosine-3’,5’-monophosphorothioate) 
were applied extracellularly. Values are means 5 SEW, numbers of cells are in parentheses. 
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staurosporine (400 nM) and the syn- 
thetic 20 amino acid protein kinase in- 
hibitor (20 AA KINASE INHIBITOR) 
(1 PM) were internally dialyzed through 
the patch pipette. A, THCC-induced 
Ca*+ channel current inhibition is sig- 
nificantly reduced (P < 0.03) by the ki- 
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nase inhibitors. B, PES-induced Ca*+ 
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channel current inhibition is also sig- 
nificantly reduced (P < 0.04). 

a concentration that inhibits late long-term potentiation in the 
hippocampal slice; Frey et al., 1993) showed no significant dif- 
ference on either the THCC and PE inhibition of the Ca2+ 
channel current (Table 1 and Fig. 1 OB, respectively). Activation 
of PKA by bath application of Sp-CAMPS (100 KM) also had no 
significant effect on the THCC (Table 1) or PE inhibition of the 
Ca2+ channel current (not shown; n = 4). These results strongly 
suggested that both THCC and PE inhibited the Ca2+ channel 
current via activation of PKC. 

Discussion 

These results demonstrate that the neurosteroids THCC, PE, 
and PES have a potent, concentration-dependent inhibitory ac- 
tion on the HVA Ca*+ channel current in adult mammalian 
guinea pig hippocampal CA1 neurons. These compounds inhibit 
only a fraction of the total whole-cell Ca*+ channel current; PE 
nonselectively inhibits both the N- and L-type Ca*+ channel 
current while THCC is primarily more selective for the N-type. 
This inhibition of the respective fractions of the Ca2+ channel 

1 CONTROL 
3 BIS 
m PKCI 19-36 

10 nM 100 nM 1 pM 10 pM 100 FM 

THCC 

effects on GABA. 

current is mediated via a PTX-sensitive G-protein(s) mecha- 
nism associated with the activation of PKC. 

Steroid inhibition of the Ca2+ channel current 
The neurosteroids inhibited the whole-cell Ca2+ channel current 
with IC,, values in the nanomolar range (1 l-300 nM). The iso- 
therms gave Hill coefficients that suggested multiple binding 
sites. PES and PE inhibit the voltage-gated Ca2+ channel current 
in CA 1 neurons, with IC,, values of 11 and 130 nM, respectively. 
In contrast, PES’s inhibition of GABA-induced currents and 
potentiation ofNMDA-induced currents (Wu et al., 199 1; Bowl- 
by, 1993) and increased intracellular calcium (Irwin et al., 1992) 
begins at concentrations 2 1 FM in cultured neurons. While the 
progesterone metabolite allopregnanolone reversibly and dose 
dependently enhances the amplitude of the GABA-induced in- 
ward Cl- current over a range of 30-300 nM (Peters et al., 1988), 
it exerts a weaker inhibition of the voltage-gated Ca*+ channel 
current. To date, THCC has not been examined for any potential 

1 hM 10'nM lob nM I pM ld pM 

PREGNENOLOi?E 

Figure 10. Neurosteroid inhibition of Ca *+ channel current involves activation of PKC. The specific PKC inhibitor bisindolylmaleimide (BIS) 
(1 PM) and the pseudosubstrate inhibitor PKCI 19-36 (1 or 2 PM) were internally dialyzed through the patch pipette. The specific membrane- 
permeable PKA inhibitor Rp-cyclic adenosine 3’,5’-monophosphorothioate (Rp-CAMPS) was bath applied (100 FM). Control data were taken from 
Figure 8. A, BIS and PKCI 19-36 significantly reduced (*, P < 0.02) the THCC inhibition of the Ca *+ channel current. B, BIS significantly reduced 
(*, P < 0.02) the PE inhibition of the Ca 2+ channel current; Rp-CAMPS had no effect. 
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The interaction of the steroids with the GABA receptor ap- 
pears to be stereospecilic (Harrison et al., 1986; Wu et al., 1990) 
and the structure-activity requirement for steroid interaction 
with the GABA and glycine receptors also appears to be different 
(Wu et al., 1990). A similar structure-activity relationship ap- 
pears to exist on these neurons with regard to voltage-gated 
Ca’- channels. Progesterone, which is derived from PE in brain. 
had no effect on the Ca’- channel current in hippocampal CA 1 
neurons. Other studies have shown that progesterone enhances 
GABA-induced responses on Purkinje and spinal cord neurons 
(Smith et al., 1987; Wu et al., 1990), antagonizes glycine-in- 
duced responses (Wu et al., 1990) and reversibly inhibits the 
nicotinic ACh response (Bertrand et al., 199 1). PES and PE differ 
from progesterone at C-3 in that there is a sulfate and an alcohol 
group, respectively, instead of a carbonyl group for progesterone. 
Furthermore, substitution of an acetate for the sulfate group on 
PE resulted in complete loss ofactivity with regard to inhibition 
of the Ca’ + channel current. The fact that the acetate moiety is 
inactive suggests that the carbonyl is not sufficient to serve the 
same binding function as the hydroxyl or sulfate moiety. Inter- 
estingly, substitution of an acetate on allopregnanolone to give 
allopregnanolone acetate also showed no inhibitory action on 
the Ca2+ channel current. 

The effect of certain neurosteroids on several parameters of 
CaL ’ channel gating indicated that there was a slowing of certain 
gating systems. Modulation of CaZ+ channel currents in nu- 
merous cell types is known to change both the time course and 
voltage dependence of Ca2+ currents (Carbonne and Swandulla, 
1989). There was no change in the shape of the I-Vrelationship 
by these compounds with maximal inhibition ofthe peak inward 
current at more negative step potentials. A similar voltage-de- 
pendent inhibition has been shown in dorsal root ganglion cells, 
where dynorphin and epinephrine inhibit the CaZ’ channel cur- 
rent more at negative than at positive potentials (Bean, 1989), 
and also for norepinephrine on superior cervical ganglion cells 
(Beech et al., 1992). THCC and PES did not alter the voltage 
dependence of activation of the Ca’. channel current. A similar 
finding was reported in dorsal root ganglion cells. where the 
GABA,, agonist (-)-baclofcn inhibition of the CaZi channel 
current was not due to shift in the voltage dependence ofchanncl 
availability (Dolphin and Scott, 1990). THCC and PES signif- 
icantly slowed the rate of activation and deactivation of the 
Ca’+ channel current, which would suggest that these com- 
pounds bind and block the open (conducting) state of the Ca’ + 
channel(s). However. there was no use-dependent block by 
THCC, PE, and PES. Interestingly, the progesterone inhibition 
of the nicotinic ACh current was also not mediated by an open 
channel block mechanism (Valera et al., 1992). The data suggest 
that the steroids bind to an extracellular receptor site on the cell 
membrane surface or a site within the lipid-protein interface as 
opposed to some site in the channel protein. and that modu- 
lation of the gating kinetics (slowing) could occur due to G-pro- 
tein and/or intracellular mediators (see below). If  PES depressed 
the CaL+ channel current by perturbing the membrane structure 
or by binding to a hydrophobic region of the Ca” channel(s) 
bounded to a membrane lipid, then intracellular PES would 
strongly reduce the runup of the Ca’+ channel current under 
normal internal recording conditions. Additionally, intracellular 
PES would be expected to reduce dramatically the effect of 
externally applied PES. The lack of effect of internally dialyzed 
PES on the peak CaL ’ channel current, and that externally ap- 
plied PES gave a comparable inhibition of the Ca:’ channel 

current with internal PES suggest that the steroid(s) can only 
access their binding site from the extracellular surface. Similar 
observations were made for the steroids alphaxalone and 
THDOC, where intracellular dialysis of these compounds had 
no effect on the GABA response (Lambcrt et al.. 1990). 

Guinea pig CA1 neurons in this study have a whole-cell Ca’- 
channel current consisting of three pharmacologically distin- 
guished components, a CgTx-sensitive (N-type) current, a NIF 
(dihydropyridine)-sensitive (L-type) current, and a fraction re- 
sistant to both inhibitors (CgTX/NIF insensitive). similar to 
guinea pig CA3 (Mogul and Fox, 1991) and rat CA1 neurons 
(Regan et al., 199 1). This CgTX/NIF-insensitive current is also 
inhibited in these neurons (n = 5; not shown) by the toxin 
w-agatoxin-IVA, as previously reported by Mintz et al. (1992). 
None of these steroids inhibited the CgTX/NIF-insensitive or 
-I-esistant current. However. the data suggest that endogenous 
compounds can indeed inhibit particular fractions of the whole- 
cell Ca’ ’ channel current. While PE had no effect on the resistant 
current, it was nonselective in that it inhibited both the CgTX- 
and NIF-sensitive currents. THCC and allopregnanolone pri- 
marily inhibited a fraction of the Ca2+ channel current in the 
presence of NIF, however, in the presence of CgTX, THCC and 
allopregnanolone essentially inhibited no current. With long 
(200 msec) voltage steps, CgTX totally prevented the THCC 
inhibition of the CaL+ current. Brief (10 msec) voltage steps and 
tail current analysis further confirmed that THCC and CgTX 
inhibited the same fraction of Ca’- channel current for THCC 
at 1 PM. However. CgTX did not completely occlude the THCC 
inhibition, because at higher concentrations of 10 and 100 PM. 

THCC showed an additional 19% inhibition of the tail current 
amplitude. This additional inhibition in the presence of CgTX 
could account for the difference in the amount ofinhibition seen 
under control conditions; that is, the maximal inhibition was 
32% and 55O/o for CgTX and THCC, respectively. Thus, while 
THCC primarily inhibits the N-type channel current, the data 
also imply a partial inhibition of the L-type channel current at 
higher concentrations. Typically, NIF exhibited a 40% inhibi- 
tion of the peak CaL ’ current (see Fig. 6B, hatched bars) and 
showed a 309/o inhibition in the presence of 1 PM THCC (see 
Fig. 4B). This partial inhibition on the L-type by THCC is 
further verified by the complete lack of effect of THCC on the 
CgTX/NIF-insensitive current, In contrast to the maximal in- 
hibition obtained by 100 ,UM THCC, NIF (100 FM) totally in- 
hibits the Ca2’ channel current (n = 4; J. M. H. ffrench-Mullen, 
P. Danks, and K. T. Spence, unpublished observations). Indeed, 
NIF, which is commonly used to identify the L-type at l-10 
FM, is nonselective in that at higher concentrations (> 10 MM) it 
will also inhibit other voltage-gated currents (Jones and Jacobs, 
1990). 

G-protein mediation 

The actions of the neurosteroids THCC, PES, and PE on their 
respective Ca’+ channel current appear to be mediated through 
a PTX-sensitive G-protein(s) since their inhibitory effects were 
drastically reduced by intracellular dialysis of GDP-P-S and by 
pretreatment with PTX. 13ecause PTX blocks the actions ofboth 
Ga, and Gtu, subclasses, the identity of the G-protein(s) and the 
specific subclasses cannot, at present, be determined from these 
data. Biochemical binding studies examining whether G-protein 
activation modulated the CgTX recognition site using PTX and 
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the specific antisera to Ga, suggested that this is the G-protein 
responsible (Bergamaschi et al., 1992). Thus, it is possible that 
Gcu, is the same G-protein responsible for the THCC inhibition 
of the N-type Ca2+ current in these CA1 neurons. 

The modulation of Ca*+ channels by G-proteins may involve 
a variety of mechanisms, including a direct action or via intra- 
cellular mediators, and more than one G-protein may be in- 
volved (Hille, 1992). There are many reports in the literature 
describing the actions of PKC and PKA activators and inhibitors 
on Ca2+ channel currents using the whole-cell recording tech- 
nique (e.g., Doemer et al., 1988, 1990; Beech et al., 1992; Doer- 
ner and Alger, 1992; Diverse-Pierluissi and Dunlap, 1993). Spe- 
cifically, with guinea pig hippocampal CA1 neurons, using both 
dialyzed (whole cell) and undialyzed (nystatin-perforated patch 
technique) preparations, Doemer and Alger (1992) found that 
the depression of the CaZ+ current by PKC activators was in- 
distinguishable between the two recording techniques. The in- 
volvement of PKC in transmitter modulation of neuronal Ca2+ 
channels has recently been reported for some systems (see Div- 
erse-Pierlussi and Dunlap, 1993). In guinea pig hippocampal 
CA 1 neurons it has been shown that PKC regulates CaZ+ chan- 
nels, where phorbol esters that activate PKC reversibly de- 
pressed the peak whole-cell Ca2+ current (Doemer and Alger, 
1988, 1993; Doerner et al., 1988, 1990). The G-protein+lepen- 
dent neurosteroid inhibition of Ca2+ channels appears to be 
coupled to an intracellular kinase mediator. The protein kinase 
inhibitors H-7, staurosporine, and the 20 amino acid peptide 
inhibitor significantly reduced the THCC and PES inhibition of 
the Ca*+ channel current, which suggested the involvement of 
PKC and/or PKA. However, the more specific inhibitors of 
PKC, namely, PKCI 19-36 and BIS, significantly diminished 
the inhibitory effect of both THCC and PE. Rp-CAMPS, a spe- 
cific competitive inhibitor of PKA, had no effect on the THCC 
and PE inhibition of the Ca2+ channel current, even at a con- 
centration (100 WM) known to inhibit late long-term potentiation 
in hippocampal slices (Frey et al., 1993). As it was previously 
reported that CAMP (1 mM) slightly enhances the amplitude of 
the whole-cell Ca2+ current in acutely isolated hippocampal 
neurons (Doemer and Alger, 1988) we did not test CAMP di- 
rectly. However, bath application ofSp-CAMPS to activate PKA 
had no effect on the THCC inhibition of the CaZ+ channel cur- 
rent. 

These findings suggest that these neurosteroids inhibit and 
modify the gating properties of the CgTX- and NIF-sensitive 
Ca2+ channels via a PTX-sensitive G-protein(s) involving PKC 
activation. It is possible that THCC and PES may interact with 
the same or separate PTX-sensitive G-protein(s). An additional 
scenario is that THCC and PES may act through different G-pro- 
teins (or subclasses of one G-protein) to modulate the same 
Ca2+ current. For example, at least three different G-proteins 
can transduce receptor-mediated inhibition of the CgTX-sen- 
sitive Ca*+ channel current in NG108- 15 cells (Taussig et al., 
1992). The CgTX inhibition is direct and thus a relatively fast 
action, and THCC is indirect, slower to occur, and thus pro- 
ducing a more long-lasting effect. 

In the hippocampus, the distribution ofthe N-type Ca2+ chan- 
nels along CAl-CA3 pyramidal neurons is dense in the den- 
drites relative to the cell bodies (Westenbroek et al., 1992) and 
synaptic transmission involves activation ofCgTX-sensitive Ca*+ 
channels (Kamiya et al., 1988). L-type Ca2+ channels in hip- 
pocampus appear to be predominantly localized in cell bodies 
and the proximal portion of the dendrites on neurons (Westen- 

broek et al., 1990). THCC could feasibly have a more long- 
lasting regulatory effect on synaptic transmission, as N-type 
channels are probably important contributors to the generation 
of dendritic action potentials. PES, while affecting synaptic 
transmission, would also have a major regulatory effect on L-type 
channels, mediating Ca2+ influx into cell bodies, hence having 
a dual regulatory role. The effects of THCC, PE, and PES on 
synaptic transmission remain to be explored. 

Physiological signijicance 

PE and PES are synthesized, and found in intact brain and glial 
cultures (Corpechot et al., 1983; Lanthier and Patwardham, 
1986). Steroid concentrations in the brain present temporal vari- 
ations during physiological (such as the diurnal cycle) and patho- 
physiological (such as stress) conditions (for review, see Ma- 
jewska, 1992). It is possible that the behavioral changes induced 
by neurosteroids (e.g., anxiolytic and anesthetic effects) may be 
related to modulation of receptor (GABA and NMDA) and/or 
ion channel (Ca*+ ) activity. PES exhibits a wide range of effects 
on membrane channels that are selective, and differ for each 
particular channel type. PES potentiates NMDA currents (Wu 
et al., 199 1; Irwin et al., 1992; Bowlby, 1993) depresses GABA 
and glycine currents (Mienville and Vicini, 1989; Majewska et 
al., 1990; Wu et al., 1990; Woodward et al., 1992) and inhibits 
Ca2+ channel currents (present study). These studies all suggest 
a rapid and direct action on a receptor, and with the exception 
of Ca2+ channel currents, PTX does not block the effect. Ad- 
ditionally, PES potentiation of NMDA occurs in both cell-at- 
tached and outside-out patch configurations, with a greater en- 
hancement seen with cell-attached patches (Bowlby, 1993). 
Although a variety of in vitro actions for PE and PES are known, 
little data exist at the supracellular level. PES has been shown 
to modulate NMDA receptors in the intact animal by increasing 
the convulsant potency of NMDA but not pentylenetetrazol in 
mice, but when administered alone was unable to induce sei- 
zures (Maione et al., 1992). PES and PE have demonstrated 
memory-enhancing effects in mice over a wide dosage range 
(Flood et al., 199 1). In man, a low dose (1 mg) of PE increased 
the amount of time spent in slow wave sleep and depressed the 
EEG power spectra, which was not associated with any changes 
in sleep-associated growth hormone and cortisol secretion (Steiger 
et al., 1993). While gross brain region tissue levels of PE and 
PES have been determined (Corpechot et al., 1983) it is still 
unknown whether they are released into the extracellular space. 
It was recently shown that there were brain region-specific ef- 
fects of neuroactive steroids on the affinity and density of the 
GABA-binding site (Jussofie, 1993). A similar situation might 
exist regarding the neurosteroid binding site for voltage-gated 
CaZ+ channels. These diverse actions, such as an enhancement 
of NMDA currents, depression of GABA/glycine currents, and 
depression of Ca*+ channel currents by PES, raise the possibility 
of a variety of functional roles, such as regulation of brain ex- 
citability. Inhibition of voltage-gated Ca2+ channel currents in 
combination with the modulation of the NMDA and GABA 
responses in specific brain regions could contribute to the sed- 
ative and anesthetic properties of these steroids. This depression 
of the Ca2+ channel currents may participate in the regulation 
of synaptic processes such as modulation of neuronal excit- 
ability, and modulation of neurotransmitter release-associated 
mechanisms. 

In conclusion, these studies demonstrate that certain neuros- 
teroids, acting via a PTX-sensitive G-proteinxoupled mecha- 
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nism involving PKC activation, are endogenous modulators of synaptic transmission in the CA1 field of the hippocampus. Em J 
specific CaZ+ channel currents. Further studies are required to Pharmacol 174:26 l-266. 

clarify the physiological and/or pathophysiological significance 
Eckert R, Chad JE (1984) Inactivation of Ca channels. Prog Biophys 

of the modulation of neuronal Ca’+ channels by steroids. 
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