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1 The modulation of the y-aminobutyric acidA (GABAAJ receptor by reduced metabolites of pro-
gesterone and deoxycorticosterone has been compared with that produced by depressant barbitu-
rates in: (a) voltage-clamp recordings from bovine enzymatically isolated chromaffin cells in cell
culture, and (b) an assay of the specific binding of [3H]-muscimol to a preparation of porcine brain
membranes.
2 The progesterone metabolites 5a- and 5f-pregnan-3a-ol-20-one (> 30 nM) reversibly and dose-
dependently enhanced the amplitude of membrane currents elicited by locally applied GABA
(100 gM), and over the concentration range 30nM-tOO pM stimulated the binding of [3H]-muscimol.
In contrast, 5a- and 5#-pregnan-3#-ol-20-one (30 nM-IOO OM) had little effect in either assay, indicat-
ing a marked stereoselectivity of steroid action.
3 Scatchard analysis of the ligand binding data suggested an apparent increase in the number,
rather than the affinity, of detectable [3H]-muscimol binding sites as the principle action of the
active steroid isomers.
4 GABA-evoked currents were also potentiated by androsterone (1 yM) and the deoxycorticoste-
rone metabolite 5a-pregnane-3a,21-diol-20-one (100nM).
5 Secobarbitone (1O-1OOjiM), pentobarbitone (10-3001pM) and phenobarbitone (100-500 pM)
reversibly and dose-dependently potentiated the amplitude of GABA-evoked currents in the
absence of any change in their reversal potential.
6 At relatively high concentrations (> 30pM) secobarbitone and pentobarbitone directly elicited a
membrane current. It is concluded that such currents result from GABAA receptor-channel activa-
tion since they share a common reversal potential with GABA-evoked responses (-OmV), are
reversibly antagonized by bicuculline (3pM), and potentiated by either diazepam (1 pM) or 5#-
pregnan-3a-ol-20-one (500 nM).
7 Secobarbitone (1 pM-1 mM) dose-dependently enhanced the binding of [3H]-muscimol. In
common with the active steroids, an increase in the apparent number of binding sites was
responsible for this effect.
8 A saturating concentration (1 mM) of secobarbitone in the ligand binding assay did not suppress
the degree of enhancement of control binding produced by 5#-pregnan-3a-ol-20-one (30nM-1001pM).
Similarly the steroid, at a concentration of 100pM, did not influence the enhancement of [3H]-
muscimol binding by secobarbitone (1 yM-1 mM). In all combinations of concentrations tested, the
effects of secobarbitone and 5#-pregnan-3a-ol-20-one on [3H]-muscimol binding were additive.
9 In conjunction with previously published observations, the present data indicate close simi-
larities in the GABA-mimetic and potentiating actions of barbiturates and steroids. However, the
results obtained with combinations of steroids and barbiturates in the ligand binding assay appear
inconsistent with the two classes of compound interacting with a common site to modulate the
GABAA receptor activity.
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Introduction

It is a generally held view that y-aminobutyric acid
(GABA) subserves an important inhibitory neuro-
transmitter function within the vertebrate central
nervous system. Through activating GABAA recep-
tors, GABA evokes an increase in membrane chlo-
ride conductance, an effect which usually leads to
membrane hyperpolarization and a decrease in
neuronal excitability. Such actions of GABA are
subject to modulation by a variety of structurally
diverse drugs which possess anxiolytic, hypnotic or
general anaesthetic properties, the most extensively
studied being certain barbiturate and benzodiazepine
compounds (Keane & Biziere, 1987; Martin, 1987;
Simmonds & Turner, 1987). By binding to distinct,
but interacting, regulatory sites upon the GABAA
receptor, some barbiturates and benzodiazepines
modulate the operation of the associated chloride-
selective ionophore, causing predominantly an
enhancement of channel open-time or an increase in
opening frequency respectively (Study & Barker,
1981).

Recently, it has been demonstrated that some
metabolites of progesterone and deoxy-
corticosterone enhance the effects of exogenously
applied GABA on cultured central neurones and
adrenomedullary chromafin cells (Majewska et al.,
1986; Callachan et al., 1987a; Lambert et al., 1987).
Furthermore, like barbiturates and benzodiazepines,
certain of these steroids potentiate inhibitory syn-
aptic transmission mediated by GABA (Harrison et
al., 1987ab).

Several lines of evidence indicate that the steroids
act in a 'barbiturate-like' manner at the GABAA
receptor (Majewska et al., 1986). Thus in radioligand
binding assays, both classes of compound enhance
the specific binding of GABAA receptor agonists and
benzodiazepine receptor ligands to rat brain mem-
branes (Leeb-Lundberg et al., 1980; Olsen &
Snowman, 1982; Whittle & Turner, 1982; Harrison
et al., 1987; Kirkness et al., 1987) and allosterically
inhibit the binding of the convulsant GABA antago-
nist t-butylbicyclophosphorothionate (TBPS)
(Squires et al., 1983; Ramanjaneyulu & Ticku, 1984;
Majewska et al., 1986; Harrison et al., 1987a). Fur-
thermore, in electrophysiological studies the poten-
tiation of GABA-evoked responses produced by
either barbiturates or steroids is insensitive to the
benzodiazepine receptor antagonist Rol5-1788
(Simmonds, 1985; Callachan et al., 1987a; Cottrell et
al., 1987) and appears to be due to a prolongation of
GABA channel burst duration (Barker et al., 1987;
Callachan et al., 1987a; Lambert et al., 1987).
However, despite these similarities, studies evalu-
ating the anaesthetic effect of binary mixtures of the
synthetic steroid alphaxalone and depressant barbi-

turates suggest that they do not act through a
common site or mechanism (Richards & White,
1981; Halsey et al., 1986).

In the present study, the actions of barbiturates
and steroids were compared in voltage-clamp
recordings made from bovine chromaffin cells, which
possess GABAA receptors similar to those of central
neurones (Bormann & Clapham, 1985; Cottrell et
al., 1985), and in a radioligand binding assay using
[3H]-muscimol and a membrane preparation
derived from porcine cerebral cortex. Some structur-
al requirements for steroid activity at the GABAA
receptor were also examined. Whilst confirming a
number of similarities between the actions of the
barbiturates and steroids, the results of the radioli-
gand binding assay suggest that they modulate
GABAA receptor function through different sites. A
preliminary account of some of this work has
appeared in abstract form (Callachan et al., 1987b;
Kirkness et al., 1987).

Methods

Dissociation and culture ofchromaffin cells

Bovine adrenomedullary chromaffin cells were iso-
lated and cultured by the method of Fenwick et al.
(1982) with minor modifications (Cottrell et al., 1987)
and used in electrophysiological experiments 1-7
days after plating.

Electrical recordings

Agonist-activated currents were recorded using the
'whole cell' mode of the patch clamp technique, by
standard methods (Hamill et al., 1981), and a List
Electronics L/M EPC-7 converter headstage and
amplifier. To facilitate voltage-clamping, cells were
selected which were devoid of processes and 8 to
18 pm in diameter. Whole cell currents were low-pass
filtered (Bessel characteristic) at 500 Hz and recorded
on magnetic tape with an FM tape recorder (Racal
Store 4DS) for subsequent analysis. Cells were con-
tinuously superfused (3-5 ml min- ) with a solution
containing (in mM): NaCl 140, KCI 2.8, MgCl2 2,
CaCl2 1.0 and HEPES-NaOH 10 (pH 7.2). The
pipette solution employed to dialyse the cell interior
comprised (in mM): CsCl 140, MgCl2 2, CaC12 0.1,
EGTA 1.1 and HEPES-NaOH (pH 7.2). Cs was
employed as the predominant internal cation to
suppress the various K conductances of the cell
membrane (Marty & Neher, 1985). Drugs were
applied locally by pressure ejection (1.4 x 10iPa)
from modified patch pipettes; by diffusion from
coarse tipped (-201pM) micropipettes, or via the
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superfusion medium. All experiments were con-
ducted at room temperature (17-210C).

Radioligand binding assays

A crude preparation of synaptic membranes was pre-
pared from pig cerebral cortex essentially as
described previously (Kirkness & Turner, 1986). Pig
brain was obtained fresh from a slaughterhouse and
the cortex removed, chopped, frozen and stored at
-70'C until use. Cortex was thawed and homoge-
nized in 10vol of 10mM HEPES (pH 7.5) 300mM
sucrose containing the proteinase inhibitors EDTA
(1 mM), benzamidine (1 mM), phenylmethane-
sulphonyl fluoride (0.3mm), bacitracin (100mgl-1)
and trypsin inhibitors type II-S and 11-0 (10mgP1;
Sigma). After an initial centrifugation at 1000g for
10min, the supernatant was centrifuged at 20,000g
for 20min to obtain a crude synaptosomal pellet.
This pellet was washed twice by resuspension in 20
vol. of ice-cold 10mM HEPES (pH 7.5)/proteinase
inhibitors, followed by centrifugation at 48,000g for
20min. The resuspended pellet was stored frozen at
-20°C for up to 2months. Before assay of receptor
binding, the membranes were thawed, washed once
with 20mM potassium phosphate buffer (pH7.5)/
100mm KCI and dialysed for 20h against 500vol. of
the same buffer containing 0.1 mM EDTA and 0.02%
(w/v) NaN3.
The binding of [3H]-muscimol to the synaptic

membrane preparation was performed by a filtration
assay (Williams & Risley, 1979). Unless stated other-
wise, membranes (0.4-0.7mg) were incubated in a
total volume of 0.5 ml of 20mM potassium phosphate
buffer (pH 7.5)/100mM KCl for 30min at 0°C in the
presence of 5 nm [3H]-muscimol and various concen-
trations of drugs. Non-specific binding was measured
in the presence of 50pM muscimol. After incubation,
samples were diluted with 4 ml of assay buffer and
immediately filtered on GF/B filters (Whatman)
under suction. Filters were washed twice with 4 ml of
assay buffer, dried and counted for radioactivity in
5 ml of Optiphase Safe (LKB). All experimental
points were obtained in triplicate. Protein was deter-
mined by the method of Lowry et al. (1951) with
bovine serum albumin as standard.

Data analysis

Data stored on magnetic tape were analysed by
several methods. Whole cell currents elicited by
locally applied agonists were either played out at
reduced tape speed onto a pen recorder and subse-
quently inspected by eye, or analysed by a computer
programme (Dempster, 1988) run on a PDP 11-73
minicomputer. In the latter method, whole cell cur-
rents were digitised into 512-1024 points at 100Hz,

inspected on a display screen and edited. Four vali-
dated signal records were then averaged, analysed,
and for illustration, plotted on a Hewlett Packard
7470A plotter, Records of membrane noise evoked
by bath-applied agonists were low-pass filtered
(200Hz, Butterworth characteristic) and digitised
into 512 points at a sampling rate of 2.5 ms. The
mean current induced by the agonist was then calcu-
lated by computer programme (Dempster, 1988)
from the average of 16 such 512 point samples. All
quantitative results are expressed as the arithmetic
mean + s.e.mean.

Drugs used

The reagents used in the study were: y-aminobutyric
acid (GABA), (+)-bicuculline, muscimol, pic-
rotoxinin, 5a-androstan-3a-ol-17-one, 5a-pregnan-
3a-ol-20-one, 5a-pregnan-3f-ol-20-one, 5fi-pregnan-
3a-ol-20-one, 5fi-pregnan-3fi-ol-20-one, 5a-pregnane-
3a, 21-diol-20-one, phenobarbitone, sodium pento-
barbitone, sodium secobarbitone (quinalbarbitone)
(all obtained from Sigma), diazepam (Roche) and
[methylene-3H]-muscimol (8-13 Ci mmol- 1) (Amer-
sham International). Stock solutions of the steroids
and diazepam were prepared in ethanol. The final
concentrations of ethanol in the radioligand binding
assay and electrophysiological experiments never
exceeded 0.5% (vol/vol) and 0.1% (vol/vol) respec-
tively. At such concentrations, ethanol influenced
neither the specific binding of [3H]-muscimol mea-
sured in the absence of drugs, nor the amplitude of
transmembrane currents elicited by GABA.

Results

Potentiation ofGABA-evoked currents by
pregnane steroids

The structure of the four pregnane steroids examined
in detail in this study are indicated in Figure 1
together with traces illustrating their influence upon
responses to GABA, recorded under voltage clamp,
from a chromaffin cell. 5a-Pregnan-3a-ol-20-one and
5fi-pregnan-3a-ol-20-one, each bath-applied at con-
centrations of 30 and 100 nm, dose-dependently
enhanced the amplitude of inward currents evoked
by locally applied GABA (100pM) (Figure 1 and
Table 1). Such potentiation was rapid in onset,
occurring immediately upon the introduction of the
steroids to the bath, and was readily reversed upon
washout. There was no significant difference between
the degree of potentiation produced by 5a-pregnan-
3a-ol-20-one and 5fi-pregnan-3a-ol-20-one at either
dose tested (t test, P > 0.1).
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Figure 1 Stereoselective modulation of GABA-evoked responses by pregnane steroids. (a) The structure of the
progesterone metabolite Sf-pregnan-3a-ol-20-one. The broken line at C3 indicates that the hydroxyl group projects
below the plane of the molecule. In 51-pregnan-3fl-ol-20-one the 3-hydroxyl function lies above the plane of the
molecule. The position of the hydrogen at C5 determines whether the A and B rings of the molecule are in the cis or
trans conformation. In 5a-pregnan-3a-ol-20-one the hydrogen moiety projects below the plane of the molecule
(trans A/B), whereas in 5p-pregnan-3a-ol-20-one the hydrogen lies above the plane (cis A/B). (b) Membrane currents
elicited by locally applied GABA (100pM; 0.05 Hz, pressure applied at 1.4 x 105 Pa for 20ms) in control and in the
presence of pregnane steroids. (1 and 2) 5a-Pregnan-3a-ol-20-one (30nM) enhanced the amplitude and total charge
passed during the response to 219.5 and 352.5% of their control values, respectively. The corresponding values of
amplitude and charge passed with respect to control on the same cell in the presence of 5a-pregnan-3fi-ol-20-one
(30nM) were 89.9 and 97.5%. (3 and 4) Enhancement of response amplitude (200.9%) and total charge passed
(331.7%) by 5fl-pregnan-3a-ol-20-one (30nM). In comparison, on the same cell, the response amplitude and total
charge passed as a percentage of control in the presence of 511-pregnan-3f-ol-20-one (30nM) were 95.2 and 105.3%,
respectively. All currents were recorded at a holding potential of -60mV. The traces illustrated are computer
generated averages of 4 responses to GABA (see Methods).

In contrast to the 3a-ol isomers, pregnane steroids
in which the 3-hydtoxyl group is in the #-position
lack potency in potentiating GABA-evoked currents.
Thus low concentrations (30-100nM) of 5a-pregnan-
3fi-ol-20-one and 5fl-pregnan-3fi-ol-20-one had no
effect upon the amplitude of responses to locally
applied GABA (1001M) evoked from cells demon-
strably sensitive to the 3a-ol-isomers (Figure 1). Fur-
thermore, far greater concentrations (1-10.uM) of the
3#-ol-isomers produced relatively little potentiation
of GABA-evoked responses (Table 1). The hormone
progesterone (10puM) from which the pregnane
isomers are derived by reductive metabolism had no

effect on GABA-evoked currents (n = 7) confirming
earlier findings (Callachan et al., 1987a).
The deoxycorticosterone metabolite 5a-pregnane-

3a,21-diol-20-one and the sex hormone androsterone
(5a-androstan-3a-ol-17-one) have previously been
shown to potentiate responses to exogenously
applied GABA recorded from rodent central neu-
rones (Simmonds et al., 1984; Harrison et al., 1987a).
In the present study, 5a-pregnan-3a,21-diol-20-one
(100 nM) and androsterone (1 pM) enhanced the
amplitude of GABA-evoked currents to
201.6 + 16.9% (n = 9) and 202.2 + 12.8% (n = 11) of
their control values, respectively, a degree of poten-

a

HO'

b

1



BARBITURATES AND STEROIDS ON GABAA RECEPTORS

Table 1 Stereoselective potentiation of GABA-evoked currents by steroids

Steroid

Amplitude of GABA-evoked
Concentration current as a percentage

(pM) of control

5a-Pregnan-3a-ol-20-one

5f-Pregnan-3a-ol-20-one

5a-Pregnan-3fi-ol-20-one

51i-Pregnan-3#-ol-20-one
5a-Pregnane-3a,21-diol-20-one
5a-Androstan-3a-ol-17-one

0.03
0.10
0.03
0.10
1.00

10.00
1.00

10.00
0.10
1.00

204.8 + 12.6 (8)
292.3 + 26.7 (9)
207.5 ± 14.3 (6)
254.0 + 28.9 (9)
102.7 ± 2.3 (4)
110.6 + 8.7 (3)
113.9 + 5.1 (6)
116.7 ± 4.8 (5)
201.6 ± 16.9 (9)
200.2 + 12.8 (11)

Results shown are the mean + s.e.mean of n (number in parentheses) observations.

tiation similar to that observed with either 5a- or
5fi-pregnan-3a-ol-20-one at a lower concentration
(30 nM) (Table 1).

Potentiation ofGABA-evoked currents by depressant
barbiturates

Pentobarbitone, within the concentration range 10-
300 ym, dose-dependently enhanced the amplitude of
transmembrane currents evoked by locally applied
GABA (100pM). A qualitatively similar potentiation
of GABA-evoked responses occurred with bath-
applied secobarbitone (10-100.pM) or phenobarbi-
tone (100-500 pM) (Figure 2a, b). The dose-effect
curves presented in Figure 2b indicate that the 3
barbiturates potentiate the amplitude of GABA-
evoked currents with the order of potency:
secobarbitone > pentobarbitone > phenobarbitone.
By comparing equieffective concentrations of the
various modulators, secobarbitone and pentobarbi-
tone were estimated respectively to be 130 and 400
fold less potent than the steroid 5#-pregnan-3a-ol-
20-one in potentiating responses to GABA. As the
dose-effect curves for these 3 drugs are approx-
imately parallel (Figure 2b), such estimates should be
independent of the level of potentiation at which the
comparison is performed. Since the range of pheno-
barbitone concentrations examined was limited, no
attempt was made to quantify its relative potency.
The potentiating effect of the barbiturate compounds
was not associated with any change in the reversal
potential of the GABA response, this being illus-
trated for pentobarbitone in Figure 2c. Similarly, the
potentiation of GABA-evoked currents due to 5fl-
pregnan-3a-ol-20-one does not involve any shift in
their reversal potential (Callachan et al., 1987a).

Direct agonist action ofbarbiturates

Secobarbitone and pentobarbitone, when bath-
applied at concentrations greater than those neces-
sary for substantial potentiation of GABA-evoked
currents, directly activated a membrane conductance
in bovine chromaffin cells. Representative records of
the inward currents evoked by pentobarbitone and
secobarbitone, each applied to a chromaflin cell at a
concentration of 100pM are illustrated in Figure
3a,b. Although the relative potencies of these two
barbiturates were not assessed in detail, secobarbi-
tone (1001Mm) consistently evoked a larger current
response (-22.4 + 10.9 pA, n = 4) than an equi-
molar concentration of pentobarbitone (-3.3 +
1.2 pA, n = 4) in the same sample of cells. Pheno-
barbitone (100 pM) was ineffective when applied to
cells demonstrably sensitive to secobarbitone
(100 Mm). The agonist actions of these barbiturates
thus appear to parallel their potencies as poten-
tiating agents.

Relatively high concentrations (1 mM) of bath-
applied pentobarbitone or secobarbitone elicited a
complex response consisting of an initial peak
inward current which gradually declined to a plateau
level. During washout of the barbiturate, a transient
increase in inward current was often observed. This
phenomenon was particularly pronounced when
pentobarbitone (5mM) was rapidly applied to cells
by the microperfusion technique, as shown in Figure
3c. Indeed, under such conditions, the current
observed during wash off was of a greater amplitude
than the initial response to pentobarbitone. Similar
currents in response to pentobarbitone have been
recorded from frog sensory neurones and may poss-
ibly be attributed to blockade of the GABAA
receptor-linked chloride ion channel by pentobarbi-
tone at high concentrations, a notion supported by

1261
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Figure 2 Enhancement of GABA-evoked responses by depressant barbiturates. (a) Dose-dependent potentiation of
responses to locally applied GABA (100pM) by secobarbitone (10 and 30M), pentobarbitone (30 and 100PM) and
phenobarbitone (100 and 500pM). The results illustrated are from 3 different cells voltage-clamped at a holding
potential of -60 mV. (b) Graph comparing the potencies of secobarbitone (M), pentobarbitone (A), phenobarbitone
(A) and the pregnane steroid 5fi-pregnan-3a-ol-20-one (LI) as potentiators of GABA-induced currents. The ampli-
tude of the GABA-evoked current, expressed as a percentage of its control value, is plotted against the log of the
concentration of the modulating drug in the bathing medium. Data points are the mean values of the number of
observations indicated adjacent to each symbol. Vertical lines indicate the s.e.mean. (c) Relationships between
response amplitude (IGABA) and holding potential (Vs) for GABA (100.M) applied locally in the absence (0) and
presence (-) of pentobarbitone (30M). The curves, fitted to the data points by eye, yield interpolated reversal
potentials of 1.0 and 2.0mV in the absence and presence of pentobarbitone, respectively.

the observation that such currents are suppressed by
bicuculline (Akaike et al., 1987).
The membrane currents evoked by the barbitu-

rates were more conveniently studied using the tech-
nique of local, pressure application. Figure 4a
illustrates current responses to locally applied pento-
barbitone (1 mM), recorded over a range of holding
potentials (-60 to 60mV). From such experiments
the reversal potential of the pentobarbitone-induced
response was estimated, by interpolation, to be
+ 1.0 + 0.5mV (n = 4), a value similar to that found
for GABA (+3.0mV, Cottrell et al., 1985) when the
internal and external concentrations of chloride ions
are essentially equal. Additionally currents elicited
by pentobarbitone were reversibly suppressed by the
GABAA receptor antagonist bicuculline (3 pm;

Figure 4b) and potentiated to 190 + 12% (n = 6) of
their control value by diazepam (1 ,M; Figure 4b). In
common with responses to GABA, currents evoked
by pentobarbitone were greatly enhanced in ampli-
tude by the pregnane steroid 5fi-pregnan-3a-ol-20-
one. At a concentration of 500 nm, this steroid poten-
tiated currents elicited by GABA (100 uM) and pento-
barbitone (1 mM) to 789 + 129% (n = 7) and
1156 + 199% (n = 6) of their control values, respec-
tively (Figure 4c,d). Collectively, these data reinforce
the prevalent notion that certain barbiturates, at
relatively high doses, may activate the chloride ion
channel associated with the GABAA receptor,
perhaps by their association with an allosteric modu-
latory site (Barker & Ransom, 1978; Higashi &
Nishi, 1982; Owen et al., 1986; Akaike et al., 1987).
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Wash
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Pentobarbitone
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Figure 3 Direct agonist action of pentobarbitone and
secobarbitone. Bath application of (a) pentobarbitone
(100 #M) and (b) secobarbitone (100 uM) evoked a large
increase in membrane noise corresponding to a mean
inward current of -6.4pA and -28.4pA, respectively.
Agonist-induced currents were quantified by a com-
puter programme as described in Methods. The delay in
the onset of barbiturate-evoked currents is due to the
dead space of the perfusion system. (c) Trace illustrating
a response to pentobarbitone (5mM) applied by the
microperfusion technique. Note that a current occurs
upon termination of agonist application. All currents
were recorded at a holding potential of -60 mV.

Pentobarbitone (10-4-10-3M) has been shown to
depolarize directly cat primary afferent neurones, an

effect partly due to a suppression of potassium con-
ductance in some cells (Higashi & Nishi, 1982). In
the present experiments the direct effects of barbitu-
rates were investigated using a caesium-based pipette
solution to suppress the various potassium conduc-
tances of the chromaffin cell (Marty & Neher, 1985)
and, hence, the possibility that barbiturates exert an

influence on chromaffin cell potassium channels
remains to be determined.

Enhancement of [3H]-muscimol binding by pregnane
steroids

The specific binding of [3H]-muscimol to a crude
preparation of cerebral cortex membranes was

enhanced, in a dose-dependent manner, by both 5a-
pregnan-3a-ol-20-one and 5fi-pregnan-3a-ol-20-one
(30nM-100pM). The stimulation of binding observed
with the highest concentration of steroid tested
(100puM), was approximately 55% of control for
either of the 3a-ol isomers (Figure 5a). Through
out the concentration range examined, 5a-pregnan-
3a-ol-20-one and 5fi-pregnan-3a-ol-20-one were
approximately equipotent in stimulating [3H]-
muscimol binding, reinforcing the observation that
the 3a-ol-isomers produce a similar degree of poten-
tiation of the GABA-evoked current. In further
corroboration of the results obtained with electro-
physiological techniques, 5a-pregnan-3fi-ol-20-one
and 5f-pregnan-3fi-ol-20-one (30nM-tOOpM) were
only weakly active in the ligand binding assay,
producing only a 10-15% enhancement of [3H]-
muscimol binding at a concentration of 100yM
(Figure 5a). The effect of the active 3a-ol isomers was
dependent upon the presence of chloride ions in the
assay. Hence the [3H]-muscimol binding activity of
membranes prepared and assayed in the absence of
KCl was insensitive to 5a-pregnan-3a-ol-20-one or
5fi-pregnan-3a-ol-20-one (10yM). Addition to the
assay medium of KCl (100mM) or NaCl (100mM),
but not K2SO4 (50mM), restored the ability of the
3a-ol isomers to stimulate control binding. The
GABAA antagonist picrotoxinin (10pM) reduced the
stimulation of control binding by 3m 5f#-pregnan-
3a-ol-20-one from 137.0 + 5.0% to 110.0 + 4.0%
(n = 4). Scatchard analysis of control [3H]-muscimol
binding indicated a single class of high affinity
binding sites (Figure 5b). At concentrations of 3yM,
5a-pregnan-3a-ol-20-one or 5fi-pregnan-3a-ol-20-one
had little effect on the affinity of [3H]-muscimol
binding but significantly increased the apparent total
number of high-affinity binding sites in the mem-
brane (Figure Sb).

Enhancement of [3H]-muscimol binding by
barbiturate/steroid combinations

Depressant barbiturates and pregnane steroids exert
strikingly similar actions on the GABAA receptor in
electrophysiological and ligand binding assays. In
order to examine the possibility that these two
classes of compounds act through a common regula-
tory site on the receptor, the effect of their combined
action on [3H]-muscimol binding was determined.
Enhancement by secobarbitone alone was detectable
at 1-10 um and was maximal (65% enhancement) at
a concentration of 1 mm (Figure 6a). It is notable
that the lowest concentration at which enhancement
could be observed with secobarbitone was 10-100
fold greater than for 5fi-pregnan-3a-ol-20-one; a dif-
ference in potency comparable to that observed in
the electrophysiological studies. The magnitude of
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5P-Pregnan-3a-ol-20-one
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Figure 4 The direct agonist action of pentobarbitone and its modulation by compounds acting at GABAA recep-
tors. (a) Traces illustrating the currents evoked by locally applied pentobarbitone (1 mM) at holding potentials (VH)
ranging from -60 to + 60mV. The relationship between holding potential and response amplitude is also shown
graphically, and indicates that the pentobarbitone-induced current has a reversal potential of +2.0mV in this
example. (b) Upper panel: traces illustrating the blockade of the current induced by locally applied pentobarbitone
(1 mM) by bicuculline (3pM). Lower panel: enhancement by diazepam (1 pM) of the response to locally applied
pentobarbitone (1 mM). All currents were recorded at a holding potential of -60mV. (c) Reversible enhancement of
responses to locally applied GABA (100pM) by 5fi-pregnan-3a-ol-20-one (500nM). In (d) a similar effect of 5(1-
pregnan-3a-ol-20-one upon membrane currents induced by locally applied pentobarbitone (1 mM) is illustrated.
Currents evoked by agonists were recorded at a holding potential of -60 mV.
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Figure 5 The influence of pregnane steroids upon the
specific binding of [3H]-muscimol. (a) Binding of [3H]-
muscimol to crude synaptic membranes was measured
in the presence of 5a-pregnan-3a-ol-20-one (0), 5a-
pregnan-3p-ol-20-one (@), 5fi-pregnan-3a-ol-20-one (0)
and 5fi-pregnan-3f-ol-20-one (-). Each point rep-
resents the mean of three separate observations which,
in all cases, varied by less than 5% from the mean. (b)
Scatchard analysis of [3H]-muscimol binding to mem-
branes in the absence of steroid (-) and in the presence
of 3 pM 5a-pregnan-3a-ol-20-one (0) or 3piM 5fi-
pregnan-3a-ol-20-one (]). The concentration of [3H]-
muscimol was varied from 1.0 to 100nM using 50.uM
muscimol at each point to determine background
binding. The mean value (and range) of the binding
coefficients (KD, B,.) were, respectively: control, 18.1
nM (17.9-18.3), 1.2pmolmg-1 (1.1-1.3); 3 iM 5a-preg-
nan-3a-ol-20-one, 17.9nM (17.1-18.4), 1.6 pmol mg-1
(1.5-1.7); 3 pM 5fi-pregnan-3a-ol-20-one, 17.7nM (17.2-
18.0), 1.6pmol mg- (1.4-1.7).
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Figure 6 The influence of 5fl-pregnan-3a-ol-20-one
and secobarbitone upon specific [3H]-muscimol
binding. Binding of [3H]-muscimol to crude synaptic
membranes was measured; (a) over a range of secobarb-
itone concentrations in the absence (0) and presence
(@) of 100pM 5f-pregnan-3a-ol-20-one and (b) over a

range of 5fi-pregnan-3a-ol-20-one concentrations in the
absence (0) and presence (0) of 1 mM secobarbitone.
Each point represents the mean of four separate obser-
vations which, in all cases, varied by less than 10%
from the mean. (c) Scatchard analysis of [3H]-muscimol
binding to membranes in the absence of modulators
(O), and in the presence of 100pM 5f-pregnan-3x-ol-20-
one (0), 1mM secobarbitone (El), or 100pM 50-
pregnan-3a-ol-20-one and 1 mM secobarbitone (M). The
concentration of [3H]-muscimol was varied from 1.0 to
lOOnM using 5OpM muscimol at each point to deter-
mine background binding. The binding coefficients are
listed in Table 2.
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Table 2 Binding coefficients determined by Scatchard analysis of [3H]-muscimol binding as described in the
legend to Figure 6

KD (nM) B... (pmolmg 1) B.. (% control)

Control
5fi-Pregnan-3a-ol-20-one 100pM
Secobarbitone 1mM
5fi-Pregnan-3a-ol-20-one 100pM
plus secobarbitone 1 mM

18.7 (16.4-22.0)
19.8 (18.2-20.8)
20.1 (19.5-20.9)
16.9 (16.4-17.8)

1.42 (1.22-1.59)
2.12 (2.07-2.14)
2.24 (2.08-2.32)
2.65 (2.49-2.82)

149
158
187

The data represent the mean and range of values from three separate observations.

the enhancements produced by a range of secobarbi-
tone concentrations was little affected by the inclu-
sion of 5fi-pregnan-3a-ol-20-one (100pM) in the assay
(Figure 6a). Similarly, the extent to which a range of
5#-pregnan-3a-ol-20-one concentrations stimulated
control binding was not altered significantly by the
presence of a saturating concentration (1 mM) of
secobarbitone (Figure 6b). In all combinations of
concentrations examined, the enhancements by the
barbiturate and the steroid were additive. Using
mixtures of secobarbitone, 5fi-pregnan-3a-ol-20-one
and another active steroid, alphaxalone (Harrison &
Simmonds, 1984), it was found that only com-
binations of barbiturate and steroid produced
enhancing effects which were additive. [3H]-musci-
mol binding was enhanced by 1 mm secobarbitone
(64 + 4%; n = 3), 10Mm 5fi-pregnan-3ax-ol-20-one
(36 + 2%; n = 3) and 10pM alphaxalone (34 ± 3%;
n = 3) acting individually. In combination, stimu-
lation by secobarbitone and alphaxalone was strictly
additive (98 ± 6%; n = 3), whereas a combination of
the two steroids was no more effective than either
agent alone (37 ± 6%; n = 3).
Scatchard analysis of [3H]-muscimol binding in

the presence of secobarbitone and 5fi-pregnan-3a-ol-
20-one, indicated that both compounds, acting either
alone or together, stimulated binding principally by
increasing the number of detectable high-affihrity
binding sites in the membrane (Figure 6c, Table\2).
The [3H]-muscimol binding affinity, as indicated by
the KD values, was little affected by either agent
either alone or in combination.

Discussion

The results of the present study indicate that modu-
lation of the GABAA receptor by pregnane steroids
is a highly stereoselective phenomenon. Whilst 5a-
and 5f-pregnan-3a-ol-20-one were potent in stimu-
lating [3H]-muscimol binding and enhancing the
membrane currents evoked by GABA, their corre-
sponding 3fi-ol-isomers were virtually devoid of

activity. It has been demonstrated previously that
the steroid anaesthetic alphaxalone, which differs
from 5a-pregnan-3a-ol-20-one in its possession of a
ketone group at Cll, is effective in potentiating
responses to GABA (Harrison & Simmonds, 1984;
Barker et al., 1987; Cottrell et al., 1987). In accord
with the relative inactivity of the 3fi-ol pregnane
steroids examined here, the f-hydroxy isomer of alp-
haxalone (betaxalone) is ineffective in potentiating
responses to GABA (Harrison & Simmonds, 1984;
Barker et al., 1987) and at relatively high concentra-
tions (10-100pM) acts as an antagonist (Cottrell et
al., 1987). Electrophysiological and radioligand
binding experiments performed on cultured rodent
central neurones and rat brain synaptosomal mem-
branes, respectively, by Harrison et al. (1987a) also
show the a configuration of the C3 hydroxyl group
to be an essential structural feature and, addi-
tionally, demonstrate the requirement for a saturated
pregnane skeleton and the presence of a ketone
group at C20 for steroid modulation of the GABAA
receptor.
The strict structural requirements for activity

suggest an interaction of the steroid with a specific
protein binding site. However, in the case of these
highly lipophilic steroids, other interpretations are
also plausible. Although the isomeric pairs
alphaxalone/betaxalone and 5a-pregnan-3a-ol-20-
one/5a-pregnan-3fi-ol-20-one do not vary signifi-
cantly in their lipid solubility or molecular volume,
they do differ in the degree of disorder which they
induce in model membranes, the isomers which are
potent in potentiating GABA being the most effec-
tive in this respect (Lawrence & Gill, 1975). Hence it
is conceivable that the stereoselective effects dis-
played by the steroids derive from a perturbation of
the lipid structures adjacent to the GABAA receptor.
Alternatively, an interaction between the steroids
and a hydrophobic pocket of the GABAA receptor
complex itself may be postulated (Lambert & Peters,
1988). In this respect it is known that a range of
general anaesthetics competitively inhibit the activity
of the purified protein firefly luciferase, and such an
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action is well correlated with their anaesthetic
potency (Franks & Lieb, 1987). However, although
some progesterone metabolites share this ability to
inhibit a luciferase enzyme, their effect lacks appro-
priate stereoselectivity and does not correlate with
their potency as anaesthetics (Banks & Peace, 1985).
We are presently internally perfusing bovine chro-
maffin cells with the active steroids in an attempt to
elucidate their site of action.
Whatever the physical nature of the 'site' with

which the steroids interact may be, there are close
similarities between their actions and those of some
barbiturates upon the GABAA receptor. Both classes
of compound potentiate membrane currents elicited
by exogenously applied GABA and prolong the
decay of inhibitory postsynaptic currents mediated
by GABA in cultured neurones of hippocampal
origin (Segal & Barker, 1984; Harrison et al., 1987b).
A prolongation of the GABA channel burst duration
by barbiturates and steroids is likely to underlie such
effects (Study & Barker 1981; Barker et al., 1987;
Callachan et al., 1987a; Lambert et al., 1987).

Further similarities between the actions of barbi-
turates and steroids are apparent in the results of
radioligand binding experiments, where representa-
tives of each class of compound have been shown to
displace the binding of [35S]-TBPS and to enhance
[3H]-flunitrazepam and [3H]-muscimol binding
(Harrison & Simmonds, 1984; Simmonds et al.,
1984; Harrison et al., 1987a; Kirkness et al., 1987).
In addition, the types of [35S]-TBPS binding inhibi-
tion caused by the depressant steroid, 5o-pregnan-
3a-ol-20-one (mixed) and the putative excitatory
steroid, pregnenolone sulphate (competitive) are
similar to that described for depressant and convul-
sant barbiturates, respectively (Ticku et al., 1985;
Trifiletti et al., 1985; Majewska & Schwartz, 1987).
Thus there is considerable experimental evidence
which is consistent with the notion that barbiturates
and steroids may exert their effects upon the GABAA
receptor through a common site.

In the present study this possibility was evaluated
by examining secobarbitone and 5fl-pregnan-3a-ol-
20-one, either alone or in combination, for their
effects on [3H]-muscimol binding to a crude mem-
brane preparation. Over the concentration ranges
examined, each compound increased binding, in a
dose-dependent manner, by a maximum of 50-70%.
Scatchard analysis indicated that, in both cases, the
stimulation resulted principally from an increase in
the number of detectable high-affinity binding sites
in the membrane. Enhancement of [3H]-muscimol
binding by the barbiturate, pentobarbitone and the
steroid, alphaxalone has also been shown to occur
by this mechanism (Olsen & Snowman, 1982, Harri-
son & Simmonds, 1984). Although enhancement by
secobarbitone appears to reach a maximum value at

the highest concentrations examined (Figure 6), the
saturating concentration of 5fl-pregnan-3a-ol-20-one
could not be established owing to its limited solu-
bility. The extent by which secobarbitone stimulated
control binding was unaffected by the presence of
100pM 5,B-pregnan-3a-ol-20-one, i.e. the magnitudes
of the enhancements caused by each compound were
additive. Similarly, a saturating concentration of
secobarbitone did not affect the degree of stimu-
lation by the steroid. In contrast, the stimulatory
effects of combinations of pentobarbitone and seco-
barbitone or alphaxalone and 5f,-pregnan-3a-ol-20-
one were not additive. Collectively, these results
suggest that, under the conditions of the radioligand
binding assay, secobarbitone and 5,B-pregnan-3a-ol-
20-one stimulate [3H]-muscimol binding by inter-
acting with distinct modulatory sites.
A previous study, describing stimulation of GABA

receptor binding by the hypnotic agent etomidate,
also indicated that binding enhancement by this
compound was additive with that produced by the
barbiturate, pentobarbitone (Thyagarajan et al.,
1983). Although additive effects of etomidate and
pentobarbitone were not detected by other workers
(Quast & Brenner, 1983), this discrepancy may result
from the binding assay conditions which varied con-
siderably between the two investigations. Studies
aimed at clarifying the nature of the interactions
between the GABAA receptor and combinations of
barbiturates, steroids and other depressant agents
are currently in progress. Several observations made
in electrophysiological studies are consistent with the
barbiturates and steroids interacting with distinct
sites to modulate GABAA receptor function. It has
previously been demonstrated that the direct
'agonist' action of alphaxalone, 5fi-pregnan-3a-ol-20-
one or 5a-pregnan-3a-ol-20-one is potentiated by
phenobarbitone (Cottrell et al., 1987; Callachan et
al., 1987a; Lambert & Peters, 1988), and in the
present study 5fl-pregnan-3a-ol-20-one was found to
enhance greatly the amplitude of membrane currents
elicited by pentobarbitone. However, conclusive elec-
trophysiological evidence for separate sites of inter-
action will require a quantitative assessment of the
effects of a range of barbiturate and steroid concen-
trations upon GABA-evoked responses.

It has been shown previously that at concentra-
tions (>300nM) greater than those required for a
demonstrable potentiation of GABA-evoked
responses, the steroids 5fi-pregnan-3a-ol-20-one and
alphaxalone directly activate a transmembrane
current in cultured chromaffin cells (Cottrell et al.,
1987; Callachan et al., 1987; Lambert et al., 1987).
Such currents are antagonized by bicuculline, poten-
tiated by diazepam, and from measurements of their
reversal potential appear to be mediated by chloride
ions. The present study demonstrates that currents
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elicited by high concentrations of the barbiturates
secobarbitone and pentobarbitone share all of these
features, confirming data obtained in studies of the
postsynaptic actions of pentobarbitone in other
systems (e.g. Owen et al., 1986; Akaike et al., 1987).
In addition to the barbiturates and steroids, GABAA
agonist actions have been found for the hypnotic
anticonvulsant chlormethiazole (Hales & Lambert,
1988a) and the general anaesthetics propofol (Hales
& Lambert 1988b) and propanidid (Lambert &
Peters, unpublished observations). It seems unlikely
that such chemically diverse structures bind to the
GABA recognition site to activate the associated
chloride ion channel, but alternatively they may act
to perturb the membrane around the GABA ion
channel and in some way alter the rate constants
governing ion channel opening and closing.

In conclusion, the present study emphasizes the

similarities between the depressant barbiturates and
steroids in both radioligand and electrophysiological
experiments, but interaction studies suggest such
sites may be distinct. Whatever the nature of the
barbiturate/steroid binding site(s), the demonstration
of the potent modulation of GABAA receptors by
endogenous steroids offers the future prospect of the
development of new steroidal general anaesthetics
and anticonvulsants, and a better understanding of
the influence of the endocrine system on central
nervous system function.
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