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MELCHIOR, C. L. AND P. M. ALLEN. Interaction of pregnanolone and pregnenolone sulfate with ethanol and pento-
barbital. PHARMACOL BIOCHEM BEHAV 42(4)605-611, 1992. —3-a-Hydroxy-5-8-pregnan-20-one [pregnanolone (Pa)}
and 3-8-hydroxy-5-pregnen-20-one 3-sulfate [pregnenolone sulfate (PS)] are steroids that have been shown in biochemical
studies to be active at the GABA-benzodiazepine-chloride receptor complex, Pa as a “barbiturate-like” agonist and PS as a
“picrotoxin-like” antagonist. Since other compounds that are active at this site interact with the effects of pentobarbital and
ethanol, the behavioral effects of these steroids alone and in combination with pentobarbital and ethanol were tested. Pa
blocks the convulsions caused by pentylenetetrazole (PTZ) and increases motor activity when given alone in low doses. In
combination with either pentobarbital or ethanol, it enhances the depression in motor activity, hypothermia, and hypnosis.
In contrast, PS has no effect on PTZ convulsions and depresses motor activity by itself. With pentobarbital, PS enhances the
depression in motor activity but has no effect on hypothermia or hypnosis. With ethanol, PS enhances the hypothermia but
does not affect motor activity or hypnosis. Therefore, Pa and PS show different but not opposite effects in interacting with

compounds active at the GABA-benzodiazepine-chloride receptor complex.
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MANY of the behavioral effects of ethanol are thought to be
related to the actions of ethanol on the GABA-benzodiaze-
pine-chloride receptor complex. Acutely, the incoordinating
and anesthetic effects of ethanol are enhanced by GABA-
mimetic agents and reduced by GABA antagonists. Recipro-
cally, the incoordinating effects of GABA mimetics are en-
hanced by ethanol while the actions of GABA antagonists are
blocked by ethanol (26). The depressant actions of benzodiaz-
epines and barbiturates are enhanced by ethanol, and cross-
tolerance between these substances and ethanol has been dem-
onstrated (36).

A great deal of attention has been focused on the benzodi-
azepine receptor inverse agonist Ro 15-4513. This compound
has been shown to reverse some, but not all, of the effects
of ethanol. It has been noted to be particularly effective in
modifying the behavioral effects of ethanol in tests of locomo-
tor activity, anxiety, exploration, and hypnosis, but not hypo-
thermia (3,18,19). In many tests, other inverse agonists are
also capable of influencing the response to ethanol (18,33).

Recently, several steroids have been shown in biochemical
and electrophysiological studies to interact with the GABA-
benzodiazepine-chloride receptor complex (9,20-22,24,25,27,
28,37). Majewska et al. (24) characterized these steroids as
“barbiturate-like,” with the notable exception of 3-8-Hy-

droxy-5-pregnen-20-one 3-sulfate [pregnenolone sulfate (PS)],
which acts as a “picrotoxin-like” antagonist at the chloride
channel and counteracts the electrophysiological responses to
pentobarbital (9,27). In vivo, Majewska et al. (23) found that
PS antagonized barbiturate-induced hypnosis in rats. In con-
trast, many of the barbiturate-like steroids are known to be
effective hypnotic agents (2,6,12,31).

In considering a possible interaction of these steroids with
ethanol, Majewska (9) demonstrated that the increase in
(H)muscimol binding in rat cortical synaptosomal mem-
branes produced by the barbiturate-like steroid 3-a-hydroxy-
5-a-pregnan-20-one (3A-OH-DHP) is markedly reduced in
the presence of 50 mM ethanol. Ethanol also alters the effects
of PS, which has biphasic effects on muscimol binding. In
the presence of S0 mM ethanol, the phase of augmentation
of binding is abolished and the decrement of binding is some-
what enhanced. At 5 mM ethanol, similar effects may occur
(21).

The purpose of the present studies was to examine the
behavioral effects of both a barbiturate-like steroid, 3-a-hy-
droxy-5-3-pregnan-20-one [pregnanolone (Pa)], and the picro-
toxin-like steroid, PS, alone and in combination with ethanol.
For comparison, the interaction of these steroids with pento-
barbital was also evaluated.

' Requests for reprints should be addressed to C. L. Melchior, Ph.D., Department of Psychiatry, Olive View Medical Center, 14445 Olive

View Drive, Sylmar, CA 91342,
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METHOD

Subjects

Male C57B1/6 mice obtained from NCI and weighing 21-
30 g were used for all experiments. Mice were housed in
groups of five to six per cage and maintained in the Animal
Research Facilities under a 12 L:12 D cycle. Except in the
activity studies, all injections were administered between 0930
and 1130 h. Within the experiments on activity and tempera-
ture, mice were tested more than once (see below).

Drugs

Drugs were prepared in a vehicle of saline containing 0.4%
w/v Tween-80. Except where noted, drugs were administered
as a single injection of 0.01 ml/g body weight. Drugs used
were PS (Sigma Chemical Co., St. Louis, MO), PA (Sigma),
95% ethanol (Gold Shield, Hayward, CA), pentobarbital
(Nembutal; Abbott, North Chicago, IL), and pentylenetetra-
zole (PTZ; Sigma). PS and Pa were suspended in saline/
Tween, then sonicated 10-15 min and mixed with a vortex,
resulting in a fine dense suspension. Ethanol was prepared
with distilled water as a 20% w/v solution. When adminis-
tered with Pa and PS, the steroids were dissolved in this con-
centration of ethanol.

Convulsions

Because the ability of some compounds to interact with
the effects of ethanol has been attributed to their convulsant
properties, and because the biochemical profile of PS suggests
that it could be a convulsant, both Pa and PS were tested for
pro- and anticonvulsant activity with PTZ.

Presence or absence, as well as latency to onset, of my-
oclonic seizures was noted for animals injected intraperitone-
ally with 50 mg/kg PTZ given alone or in combination with a
dose of Pa or PS. To assess the possibility that PS might have
a proconvulsant effect, it was also tested with a dose of 25
mg/kg PTZ.

Activity

Activity measurements were made in an open-field setting
with a 10 x 18-in. plastic cage marked into six squares, set
on white paper in a brightly lit room. Immediately after drug
injection, the animal was placed in one corner and the number
of squares traveled in 5-min periods for 30 min were counted.
Data are presented as the sum of counts for the period 5-30
min after injection. Experiments were conducted between
0800 and 1400 h. Over the days of testing, the hour of testing
for each drug and dose was randomized to reduce any contri-
bution by time of day. Various doses of Pa and PS were tested
alone and in combination with pentobarbital and ethanol.

For this experiment, individual mice were tested six times
with at least 1 week between trials. The first test trial for each
mouse was performed with a saline injection (this data was
not included in the analyses) to reduce a novelty effect. Drugs
were administered in random order, with no animal receiving
the same drug combination more than once.

Temperature

Mice were anesthetized with 65 mg/kg pentobarbital to
implant Mini-Mitters (Mini-Mitter Co., Sun River, OR) in the
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peritoneal cavity. Experiments were begun approximately 1
week after surgery.

Mice were placed individually in cages set on receiver plat-
forms so that temperature could be recorded by the Dataquest
computer program every 2 min for 3 h. The first hour was
used to establish baseline. A dose-response curve for Pa and
PS was determined in one set of mice. In another set of mice,
animals were injected intraperitoneally with 50 mg/kg Pa or
PS, 2.0 g/kg ethanol, 20 mg/kg pentobarbital, or a combina-
tion of these doses of steroid and ethanol or steroid and pento-
barbital.

Each mouse in this experiment was utilized five times with
at least 3 days between tests. Prior to any drug testing, each
mouse was given a trial with saline to reduce the influence of
novelty of the environment. Drugs were administered in ran-
dom order, with no animal receiving the same drug combina-
tion more than once.

Sleep Time

Sleep time was defined as the time between loss of righting
reflex and the time at which the mouse was again able to right
itself three times in 30 s. Duration of loss of righting reflex
was monitored following an injection of 50 mg/kg pentobar-
bital or 3.5 g/kg ethanol. To replicate Majewska et al.’s (23)
procedures, for one experiment PS was injected 15 min after
pentobarbital. In the other experiments, 50 mg/kg PS or Pa
was injected in combination with ethanol or pentobarbital.

In a replication of the ethanol experiments, 20-ul trunk
blood samples were obtained at the time righting reflex was
regained in mice given 3.5 g/kg ethanol alone or in combina-
tion with 50 mg/kg PS or Pa for the determination of blood
ethanol levels by a gas chromatographic procedure (35).

Statistical Analysis

An analysis of variance (ANOVA) followed by a Dunnett
test was employed in the dose-response activity measures. Stu-
dent’s t-test was used to analyze motor activity, temperature,
sleep time, and convulsion latency. For the nonparametric
data of seizure occurrence, a Fisher Exact Probability Test
was used. A level of p < 0.05 was considered significant.
Values are expressed as means + SEM.

TABLE 1
SEIZURES WITH 50 mg/kg PENTYLENETETRAZOLE
No. Seizing/
Dose Steroid No. Mice Latency (min)
0 mg/kg 12/12 2.48 + 0.21
12.5 mg/kg Pa 6/6 3.88 + 0.57*
25.0mg/kg Pa 2/6%
50.0 mg/kg Pa 0/5%
0 mg/kg 5/5 2.42 + 0.07
50.0 mg/kg PS 6/6 2.65 + 0.21
100.0 mg/kg PS 6/6 2.89 + 0.77

Pa, pregnanolone; PS, pregnenolone sulfate.
*p < 0.05, Student’s #-test.
tp < 0.05, Fisher Exact Probability Test.
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RESULTS

Convulsions

PTZ causes myoclonic seizures in all animals given 50 mg/
kg but none in animals given half that dose. Table 1 shows
that 25 or 50 mg/kg Pa protected animals from seizures in-
duced by 50 mg/kg PTZ and at 12.5 mg/kg Pa delayed the
onset of seizures. PS at 50 or 100 mg/kg had no effect on
seizures, neither protecting against seizures produced by 50
mg/kg PTZ (Table 1) nor initiating seizures when given with
25 mg/kg PTZ (data not shown).

Activity

A bell-shaped dose-response curve was obtained with Pa
(Fig. 1). Concentrations of Pa from 12.5-50 mg/kg cause an
increase in activity while 100 mg/kg results in a decrease in
activity. At 50 and 100 mg/kg, some mice exhibit a high-
frequency, low-amplitude tremor. For each dose, activity lev-
els were maximal within the first 15 min, then returned toward
the levels exhibited by control animals.

Increasing doses of PS from 25 to 100 mg/kg shows a
progressive decrease in activity (Fig. 1). The nadir in activity
at each dose occurred within 15 min, after which activity re-
turned to the level of control mice.

In the presence of 20 mg/kg pentobarbital plus 50 mg/kg
either of the steroids, the level of activity becomes signifi-
cantly less than that seen in mice given saline, pentobarbital,
or the respective steroid alone. The increased activity caused
by Pa alone is clearly abolished in the presence of pentobarbi-
tal (Fig. 2).

While 1.0 g/kg ethanol has no effect on motor activity in
this paradigm, 2.0 g/kg causes a significant depression in ac-
tivity (Fig. 3). Both doses of ethanol reduce the hyperactivity
caused by Pa. At 2.0 but not at 1.0 g/kg ethanol, the level of
activity with Pa is significantly less than that produced by
ethanol alone. In contrast, the reduced level of activity resuit-
ing from 50 mg/kg PS is not further diminished by ethanol.

Temperature

Both steroids as well as ethanol and pentobarbital cause a
fall in body temperature. Unlike the other compounds, with
Pa the temperature did not begin to drop until approximately
15 min after injection (Figs. 4-6). As shown in Fig. 4, a dose-
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FIG. 1. Motor activity of mice following various doses of pregnano-
lone (Pa) or pregnenolone sulfate (PS). n = 6-25 except for the con-
trol group. Since saline mice run on different days were not different,
the groups were pooled for an n = 67. *p < 0.05, Dunnett test com-
pared to no steroid.

607
500
*  [J SAUNE

t 400 FL PENTOBARBITAL
= 300
—
(O 200
<

100 . +

0 N[
SALINE Pa PS

DRUG

FIG. 2. Motor activity of mice given 20 mg/kg pentobarbital in com-
bination with saline, 50 mg/kg pregnanolone (Pa), or 50 mg/kg preg-
nenolone sulfate (PS). n = 8-12. *p < 0.05, t-test compared to ste-
roid or pentobarbital alone; *p < 0.05, t-test compared to saline
alone.

dependent hypothermic response occurred with injections of
Pa. Following PS, a small hypothermic response of similar
magnitude occurred with doses of 50 and 100 mg/kg. Since
50 mg/kg of either steroid produced an effect on temperature,
this dose was selected for testing in combination with pento-
barbital and ethanol.

Pa in combination with 20 mg/kg pentobarbital (Fig. 5)
produced a greater fall in temperature than either compound
alone. In contrast, PS given with pentobarbital did not show
any differences from either substance given alone. When the
dose of pentobarbital was increased to 50 mg/kg to generate
a greater fall in temperature, PS again failed to interact with
the hypothermic response (data not shown).

The combination of Pa with 2.0 mg/kg ethanol (Fig. 6)
resulted in a greater fall in temperature than observed with
either compound alone. In this experiment, six of the eight
mice given Pa plus ethanol lost righting reflex. PS at 50 mg/
kg plus ethanol (Fig. 6) also generated a larger fall in tempera-
ture than with either substance alone.
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FIG. 3. Motor activity of mice given ecthanol in combination with
saline, 50 mg/kg pregnanolone (Pa), or 50 mg/kg pregnenolone sul-
fate (PS). n = 7-21. *p < 0.05, t-test compared to the same drug
without ethanol; *p < 0.05, t-test compared to saline alone; “p <
0.05, t-test compared to the same dose of ethanol alone.
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FIG. 4. Mean body temperature (°C) recorded every 2 min for 1 h
before and 2 h after an intraperitoneal injection of various doses of
pregnanolone (Pa; top) or pregnenolone sulfate (PS; bottom). n =
5-11.

Sleep Time

Pa at 50 mg/kg administered with either 50 mg/kg pento-
barbital or 3.5 g/kg ethanol significantly increased sleep time
(Fig. 7).

Following the procedure Majewska et al. (23) used with
rats, mice were injected with 50 mg/kg pentobarbital, fol-
lowed 15 min later with 16.8 mg/kg PS or saline. No differ-
ence in sleep time was seen. Administering a higher dose of
PS, 50 mg/kg, also failed to influence sleep time (Fig. 7).
Given with 3.5 g/kg ethanol, 50 mg/kg PS again failed to
affect sleep time.

In a separate experiment, blood ethanol levels were deter-
mined at regain of righting reflex. The blood ethanol level of
animals injected with 50 mg/kg PA, 252.8 + 9.4 mg/dl
(mean + SEM), was much lower than those of animals given
ethanol alone, 383.1 + 18.0 mg/dl, #7) = 5.92, p < 0.01.
Mice given 50 mg/kg PS had a blood ethanol level of 369.7
+ 4.8 mg/dl (N = 5) at regain of righting reflex. As with
sleep time, this was not different from the group given ethanol
alone.

DISCUSSION

The profile of effects of Pa is consistent with previous
reports of its anticonvulsant activity (11) and what might be
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expected of an anesthetic agent. It enhances the depressant
effects of both pentobarbital and ethanol on measures of mo-
tor activity, body temperature, and hypnosis.

Given by itself at low doses, Pa causes an increase in activ-
ity, an effect that has not previously been noted. Both pento-
barbital and ethanol, when tested under appropriate condi-
tions, are also known to have a biphasic affect on motor
activity (29), with low doses causing an increase in activity
and high doses causing sedation. Other studies utilizing Pa
tested for hypnotic (2,6,12) or anticonvulsant actions (11) and
did not have appropriate conditions for observing increased
locomotor activity. It has also been administered in a vehicle
such as propylene glycol that could obscure this behavioral
effect (12). However, it has been reported that other steroids
with similar effects on the GABA-benzodiazepine-chloride
receptor complex, namely, 3A-OH-DHP and 3-a,5-a-tetrahy-
droxycorticosterone (16,17), do not increase locomotor ac-
tivity.

Blood ethanol levels at regain of righting reflex are a mea-
sure of sensitivity to ethanol (1,15). Since the levels of ethanol
in mice treated with Pa are lower than controls at regain of
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FIG. 5. Mean body temperature (°C) recorded every 2 min for 1 h
before and 2 h after an intraperitoneal injection of 50 mg/kg Pregna-
nolone (Pa; top), 50 mg/kg pregnenolone sulfate (PS; bottom), 20
mg/kg pentobarbital (PB), or 50 mg/kg steroid plus 20 mg/kg PB.
Symbols indicate the mean + SEM of the nadir in temperature.
n = 8-9. *p < 0.01, r-tests compared to other groups.
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FIG. 6. Mean body temperature (°C) recorded every 2 min for 1 h
before and 2 h after an intraperitoneal injection of 50 mg/kg pregna-
nolone (Pa; top), 50 mg/kg pregnenolone sulfate (PS; bottom), 2.0 g/
kg ethanol (EtOH), or 50 mg/kg steroid plus 2.0 g/kg EtOH. Symbols
indicate the mean + SEM of the nadir in temperature. n = 7-10.
*p < 0.01, t-tests compared to other groups.

righting reflex, Pa increases sensitivity to ethanol. With right-
ing reflex reappearing at a much later time in the Pa group,
allowing more time for the elimination of ethanol, it does not
appear that Pa alters ethanol metabolism.

A compound such as PS with properties of a picrotoxin-
like antagonist at the GABA-benzodiazepine-chloride recep-
tor complex might be expected to have convulsant or procon-
vulsant effects. However, Gee et al. (5) demonstrated that
PS has anticonvulsant activity at 100 mg/kg in mice against
convulsions induced by f-butylbicyclophosphorothionate
(TBPS). No anticonvulsant or proconvulsant activity was ob-
served in the doses tested in the experiments reported here
against convulsions produced by PTZ.

Although Majewska et al. (23) were able to attenuate pen-
tobarbital-induced sleep time with PS in rats, no affect of PS
on either pentobarbital- or ethanol-induced sleep time was
noted in this study. The different subjects used, rats vs. mice,
may be one explanation for this discrepancy. In Majewska et
al.’s experiments, a dose-dependent effect of PS on pentobar-
bital hypnosis was reported for the doses utilized (8.4, 12.6,
and 16.8 mg/kg). Of the doses tested in the present study,
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16.8 mg/kg was selected to match the range Majewska et al.
tested. When this proved ineffective, a higher dose (50 mg/
kg) was tested, but it also had no effect. If an ability to inter-
act with the TBPS receptor site is important for altering anes-
thetic actions (13), and Gee et al. (5) showed that 100 mg/kg
attenuated TBPS-induced convulsions in mice, a higher dose
would not be likely to inhibit hypnosis in mice.

PS exhibited different interactions with pentobarbital and
ethanol on the other measures examined. PS enhanced the
depression in motor activity with pentobarbital but not with
ethanol. In examining hypothermia, PS did not alter the effect
of pentobarbital while the same dose enhanced the fall in
temperature caused by ethanol. Biochemical differences in the
actions of pentobarbital and ethanol at the chloride channel
or on GABA or benzodiazepine binding (1,7,8) may contrib-
ute to the different interactions of PS with the behavioral
effects of the drugs. Differences in the systems by which pen-
tobarbital and ethanol influence the behavioral outcomes
monitored may also contribute to these observations.

Studies of the central mechanisms of the thermic effects of
ethanol (14) and the lack of effect of benzodiazepine antago-
nists and inverse agonists, as well as the GABA antagonist
picrotoxin, on ethanol-induced hypothermia in mice (10,26,
34) suggest that the GABA-benzodiazepine-chloride receptor
complex is not critical to this action of ethanol. Therefore,
the enhanced hypothermia observed when PS was adminis-
tered with ethanol may reflect the fact that the drugs act at
different sites to influence temperature. In contrast, the inhi-
bition of the hypothermic effect of pentobarbital by the ben-
zodiazepine receptor inverse agonist Ro 15-4513 does indicate
that this complex may be involved in the hypothermic effect
of pentobarbital (10).
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FIG. 7. Sleep time in mice given 50 mg/kg pentobarbital or 3.5 g/kg
ethanol in combination with 50 mg/kg pregnanolone (Pa; top) or 50
mg/kg pregnenolone sulfate (PS; bottom). PS was given 15 min after
pentobarbital; in all other experiments, steroid and drug were admin-
istered at the same time. n = 9 -14. *p < 0.05, t-test compared to
saline.
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Although certain steroids have been characterized as barbi-

turate- or picrotoxin-like, they have been shown not to act at
the same site as barbiturates (4,5). In fact, more than
one steroid binding site has been indicated (30). In addition,
PS has, for example, been shown to bind to the g-receptor
(32) and to inhibit glycine-induced current in a patch clamp
preparation (38). The behavioral effects observed with ste-
roids may therefore be influenced by actions in a variety of

1.
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systems. Taken together, the behavioral data in mice fail to
substantiate the characterization of PS as a picrotoxin-like
antagonist at the GABA-benzodiazepine-chloride receptor
complex.

ACKNOWLEDGEMENT

This work was supported by the Veterans Administration and by

NIAAA Grant AA 08709.

REFERENCES

. Allan, A. M.; Harris, R. A. Sensitivity to ethanol hypnosis and

modulation of chloride channels does not cosegregate with pento-
barbital sensitivity in HS mice. Alcohol. Clin. Exp. Res. 13:428-
434; 1989.

. Atkinson, R. M.; Davis, B.; Pratt, M. A.; Sharpe, H. M,;

Tomich, E. G. Action of some steroids on the central nervous
system of the mouse. II. Pharmacology J. Med. Chem. 8:426-
432; 1965.

. Bonetti, E. P.; Burkard, W. P.; Gabl, M.; Hunkeler, W.; Lorez,

H.-P.; Martin, J. R.; Moehler, H.; Osterrieder, W.; Pieri, L.;
Polc, P.; Richards, J. G.; Schaffner, R.; Scherschlicht, R.;
Schoch, P.; Haefeley, W. E. Ro 15-4513: Partial inverse agonism
at the BZR and interaction with ethanol. Pharmacol. Biochem.
Behav. 31:733-749; 1988.

. Callachan, H.; Cottrel, G. A.; Hather, N. Y.; Lambert, J. J.;

Nooney, J. M,; Peters, J. A. Modulation of the GABA , receptor
by progesterone metabolites. Proc. Royal Soc. Lond. 231:359-
369; 1987.

. Gee, K. W.; Bolger, M. B.; Brinton, R. E.; Coirini, H.; McEwen,

B. S. Steroid modulation of the chloride ionophore in rat
brain: Structure-activity requirements, regional dependence and
mechanism of action. J. Pharmacol. Exp. Ther. 246:803-812;
1988.

. Gyermek, L.; Soyka, L. F. Steroid anesthetics. Anesthesiology

42:331-344; 1975.

. Harris, R. A. Distinct actions of alcohols, barbiturates and ben-

zodiazepines on GABA-activated chloride channels. Alcohol 7:
273-275; 1990.

. Harris, R. A.; Allan, A. M. Alcohol intoxication: lon channels

and genetics. FASEB J. 3:1689-1695; 1989.

. Harrison, N. L.; Majewska, M. D.; Harrington, J. W.; Barker,

J. L. Structure-activity relationships for steroid interaction with
the gamma aminobutyric acid, receptor complex. J. Pharmacol.
Exp. Ther. 241:346-353; 1987.

. Hoffman, P. L.; Tabakoff, B.; Szabo, G.; Suzdak, P. D.; Paul,

S. M. Effect of an imidazobenzodiazepine, Ro 15-4513, on the
incoordination and hypothermia produced by ethanol and pento-
barbital. Life Sci. 41:611-619; 1987,

Hogskilde, S.; Wagner, J.; Carl, P.; Anker, N.; Angelo, H. R.;
Sorensen, M. B. Anticonvulsive properties of pregnanolone emul-
sion compared with althesin and thiopentone in mice. Br. J. An-
aesth. 61:462-467; 1988.

. Holzbauer, M. Physiological aspects of steroids with anaesthetic

properties. Med. Biol. 54:227-242; 1976.

. Huidobro-Toro, J. P.; Bleck, V.; Allan, A. M.; Harris, R. A.

Neurochemical actions of anesthetic drugs on the gamma-
aminobutyric acid receptor-chloride channel complex. J. Phar-
macol. Exp. Ther. 242:963-969; 1987.

. Kalant, H.; Le, A. D. Effects of ethanol on thermoregulation.

Pharmacol. Ther. 23:313-364; 1984.

. Kalant, H.; LeBlanc, A. E.; Gibbins, R. J. Tolerance to, and

dependence on, some non-opiate psychotropic drugs. Pharmacol.
Rev. 23:135-191; 1971.

. Kavaliers, M. Inhibitory influences of the adrenal steroid, 3-al-

pha,5-alpha-tetrahydroxycorticosterone on aggression and de-
feat-induced analgesia in mice. Psychopharmacology (Berl.) 93:
226-229; 1988.

17.

18.

20.

21.

22.

23.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Kavaliers, M.; Wiebe, J. P. Analgesic effects of the progester-
one metabolite 3-alpha-hydroxy-5-alpha pregnan-20-one, and
possible modes of action in mice. Brain Res. 415:393-398;
1987.

Lister, R. G. Interactions of ethanol with benzodiazepine receptor
ligands in tests of exploration, locomotion and anxiety. Pharma-
col. Biochem. Behav. 31:761-765; 1989.

. Lister, R. G.; Nutt, D. J. Antagonizing the behavioral effects of

ethanol using drugs that act at the benzodiazepine/GABA recep-
tor macromolecular complex. Pharmacol. Biochem. Behav. 31:
731; 1989.

Majewska, M. D. Steroids and brain activity: Essential dialogue
between body and mind. Biochem. Pharmacol. 36:3781-3788;
1987.

Majewska, M. D. Interaction of ethanol with the GABA, recep-
tor in the rat brain: Possible involvement of endogenous steroids.
Alcohol 5:269-273; 1988.

Majewska, M. D_; Bisserbe, J.- C.; Eskay, R. L. Glucocorticoids
are modulators of GABA, receptors in brain. Brain Res. 339:
178-182; 1985.

Majewska, M. D.; Bluet-Pajot, M.- T.; Robel, P.; Baulieu, E.- E.
Pregnenolone sulfate antagonizes barbiturate-induced hypnosis.
Pharmacol. Biochem. Behav. 33:701-703; 1989.

. Majewska, M. D.; Harrison, N. L.; Schwartz, R. D.; Barker, J.

L.; Paul, S. M. Steroid hormone metabolites are barbiturate-
like modulators of the GABA receptor. Science 232:1004-1007;
1986.

Majewska, M. D.; Schwartz, R. D. Pregnenolone-sulfate: An
endogenous antagonist of the gamma-aminobutyric acid receptor
complex in brain? Brain Res. 404:355-360; 1987.

Martz, A.; Deitrich, R. A.; Harris, R. A. Behavioral evidence
for the involvement of gamma-aminobutyric acid in the actions
of ethanol. Eur. J. Pharmacol. 89:53-62; 1983.

Mienville, J.- M.; Vicini, S. Pregnenolone sulfate antagonizes
GABA, receptor-mediated currents via a reduction of channel
opening frequency. Brain Res. 489:190-194; 1989.

Peters, J. A.; Kirkness, E. F.; Callachan, H.; Lambert, J. J.;
Turner, A. J. Modulation of the GABA, receptor by depressant
barbiturates and pregnane steroids. Br. J. Pharmacol.. 94:1257-
1269; 1988.

Pohorecky, L. A. Biphasic action of ethanol. Biobehav. Rev. 1:
231-240; 1977.

Purdy, R. H.; Morrow, A. L.; Blinn, J. R.; Paul, S. M. Synthe-
sis, metabolism, and pharmacological activity of 3-alpha-hydroxy
steroids which potentiate GABA-receptor-mediated chloride ion
uptake in rat cerebral cortical synaptoneurosomes. J. Med.
Chem. 33:1572-1581; 1990.

Selye, H. Anesthetic effect of steroid hormones. Proc. Soc. Exp.
Biol. Med. 46:116-121; 1941.

Su, T.- P.; London, E. D.; Jaffe, J. H. Steroid binding at sigma
receptors suggests a link between endocrine, nervous, and im-
mune systems. Science 240:219-221; 1988.

Suzdak, P. D.; Paul, S. M.; Crawley, J. N. Effects of Ro 15-4513
and other benzodiazepine receptors inverse agonists on alcohol-
induced intoxication in the rat. J. Pharmacol. Exp. Ther. 245:
880-886; 1988.

Syapin, P. J.; Jones, B. L.; Kobayashi, L. S.; Finn, D. A.;



NEUROSTEROIDS, ETHANOL, AND PENTOBARBITAL

3s.

Alkana, R. L. Interactions between benzodiazepine antagonists,
inverse agonists, and acute behavioral effects of ethanol in mice.
Brain Res. Bull. 24:705-709; 1990.

Tabakoff, B.; Anderson, R. A.; Ritzmann, R. F. Brain acetalde-
hyde following ethanol administration. Biochem. Pharmacol. 25:
1305-1309; 1976.

36. Ticku, M. K.; Kulkarni, S. K. Molecular interactions of etha-

nol with GABAergic system and potential of Ro 15-4513 as an

37.

38.

611

ethanol antagonist. Pharmacol. Biochem. Behav. 30:501-510;
1988.

Turner, J. P.; Simmonds, M. A. Modulation of the GABA, re-
ceptor complex by steroids in slices of rat cuneate nucleus. Br. J.
Pharmacol. 96:409-417; 1989.

Wu, F.- S.; Gibbs, T. T.; Farb, D. D. Inverse modulation of
gamma-aminobutyric acid- and glycine-induced currents by pro-
gesterone. Mol. Pharmacol. 37:597-602; 1990.



