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MELCHIOR, C. L. AND R. F. RITZMANN. Pregnenolone and pregnenolone sulfate, alone and with ethanol, in mice
on the plus-maze. PHARMACOL BIOCHEM BEHAYV 48(4) 893-897, 1994. — The neurosteroids pregnenolone and pregneno-
lone sulfate were tested for anxiogenic/anxiolytic effects in mice on the elevated plus-maze. Pregnenolone in a dose of 0.01
ng/kg increased motor activity and caused an anxiogenic response, i.e., a decreased number of entries onto the open arms of
the plus-maze. Pregnenolone sulfate had no effect on motor activity in the doses tested but showed a biphasic response on the
plus-maze: at 10.0 and 1.0 pg/kg pregnenolone sulfate caused an anxiogenic response but at 0.1 ug/kg it produced an
anxiolytic response. When administered with 1.5 g/kg ethanol, neither neurosteroid altered the depression in motor activity
caused by ethanol. However, all doses of pregnenolone tested blocked the anxiolytic effect of ethanol on the plus-maze while
one dose of pregnenolone sulfate, 1.0 ug/kg, attenuated the response to ethanol. These results support the suggestion that
these neurosteroids could play a role in the initial response to stress and indicate that further work needs to be done to

determine the mechanism for the interaction with ethanol.
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IT HAS been suggested (21,22) that neurosteroids may con-
tribute to a variety of behaviors or mood states. With knowl-
edge that neurosteroids act at the GABA-benzodiazepine-
chloride receptor complex, it is, of course, reasonable to
suspect that they could play a role in stress and potentially
have antianxiety effects. Several studies have recently sup-
ported this idea, showing that neurosteroids that demonstrate
GABA agonist properties in biochemical assays have anxio-
Iytic effects in a variety of behavioral tests (1,5-7,32,39).
Upon finding that some of these steroids are increased during
stress, Purdy et al. (32) suggested they form a novel feedback
loop for decreasing the enhanced activity of the hypothalamic-
pituitary-adrenal axis after stress.

In the exploration of the biochemical effects of neuroste-
roids, one compound, pregnenolone sulfate, was described as
an antagonist at the GABA receptor, although it does show
some biphasic effects (11,23,24). In electrophysiological ex-
periments, several investigators have noted that pregnenolone
sulfate reduces the amplitude of responses to GABA (12,

27,28) in a variety of preparations. In membrane patches of
rat cortical neurons in primary cultures, Mienville and Vicini
(27) demonstrated that both the neurosteroid pregneno-
Ione sulfate and the GABA antagonist picrotoxin selectively
decreased the opening frequency of the GABA activated chlo-
ride channels.

In tests of memory in mice, Flood and his colleagues (9)
demonstrated dose-response curves for both pregnenolone
sulfate and its parent compound, pregnenolone. The maxi-
mum improvement in memory occurred at very low doses,
indicating that a low dose range of these neurosteroids has
interesting behavioral effects. These behavioral effects are
consistant with GABA antagonist activity (8).

In reviewing the neurochemistry of pregnenolone sulfate,
Majewska (21,22) concluded that this excitatory compound
could play a role in the initial arousal phase of the stress
response. However, there have as yet been no reports of be-
havioral effects of this nature.

As with the neurosteroids, many of the effects of ethanol
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are thought to be mediated by the potentiation of GABA,
receptor function (14,18,35,36). Given that ethanol and neu-
rosteroids both act on the GABA system, one would expect an
interaction between the neurosteroids and ethanol. We have
shown that a GABA agonist steroid, pregnanolone, enhances
the depressant effects of ethanol (25). In contrast, previous
studies of high doses of pregnenolone sulfate have demon-
strated little interaction with high (anesthetic) doses of ethanol
(3,25). Recently, Korneyev et al. (17) reported that an anesthe-
tic dose of ethanol produced an increase in brain levels of
pregnenolone and progesterone in rats, but this did not con-
tribute to the anesthetic actions of ethanol. In contrast, ear-
lier, preliminary studies indicated that a moderate dose of
ethanol did not alter pregnenolone and pregnenolone sulfate
levels in rat brain (33,38).

The purpose of the current study is to explore the behav-
ioral effects of low doses of pregnenolone sulfate and its par-
ent compound, pregnenolone, alone and with ethanol in a test
of anxiety, the elevated plus-maze. These experiments directly
address the question of whether or not these neurosteroids can
enhance anxiety and, thus, support their possible role in the
initial phase of a stress reaction, and explore their interaction
with an anxiolytic agent, ethanol. Because the interaction of
ethanol with the GABA receptor is different at lower than
higher doses (14), a low dose of this drug, in the range that
is anxiolytic, might have a different interaction with these
neurosteroids than a high dose.

METHOD

Subjects

Male C57BL/6 mice obtained from NCI weighing 20-25 g
were used. The animals were housed five per cage in tempera-
ture (22 + 1°C)- and light (0600-1800 h)-controlled rooms.
Food (Purina Laboratory Chow) and water were available ad
lib. Mice were housed in the animal facility for at least 7 days
prior to the initiation of any experiment.

Drugs

Pregnenolone and pregnenolone sulfate (Sigma Chemical
Co., St. Louis, MO) were prepared daily as a suspension in a
vehicle of saline containing 0.4% Tween 80. All intraperito-
neal neurosteroid injections were made at a volume of 0.1 cc/
10 g b.wt. Control subjects received a similar injection of
vehicle. Ethanol was prepared for intraperitoneal injection as
a 20% w/v solution from 95% ethanol and saline. Saline was
administered in place of ethanol as a control in the neuroste-
roid alone groups.

Procedure

Pregnenolone and pregnenoclone sulfate were examined for
their effects on two tests. Locomotor activity was assessed
initially to determine whether sedation or hyperactivity oc-
curred. This was followed by a test for anxiety, the elevated
plus-maze (19,26).

To evaluate the effect of the neurosteroids on motor activ-
ity an individual animal was placed in a large plastic cage
(25 x 48 X 16 cm, W x L x H), which was placed on a
platform of an activity monitor (Stoelting Instruments, Colum-
bus, OH). After a 20-min acclimation period, subjects were
injected with a neurosteroid or a neurosteroid plus ethanol
and activity was recorded for 20 min.

Upon completing the activity measure, the animal was
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tested on the elevated plus-maze (19,26). The elevated plus-
maze is made of black Plexiglas consisting of two opposite-
facing open arms (30 X 5 cm) and two opposite-facing closed
arms (30 X 5 X 15 c¢m). The walls of the closed arms are
clear Plexiglas and are separated by a central area which is §
X 5 cm. The whole plus-maze is mounted on a base, raising it
38 cm above the floor. Testing involves placing a mouse at
one end of one of the open arms. The time the mouse takes to
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FIG. 1. A dose-response curve for pregnenolone (PE) alone (solid
circles) or with 1.5 g/kg ethanol (open circles) in mice on an activity
monitor (top) or on the elevated plus maze (bottom). n = 7-14 per
group except for 0 ug/kg PE alone group in which n = 20. *p <
0.05, Dunnett test.
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leave the start position (the first 10 cm of the open arm) is
recorded (start time). The time it takes until the mouse enters
half way into one of the closed arms is also recorded (run
time). At this time the 3-min test session was begun. The
number of times the mouse enters onto the open arms was
recorded. An entry was defined as placing at least two paws
onto the open arm. This modified procedure has been used
previously for testing C57BL/6 mice (26).

Statistical Analysis

Data for a given test was subjected to analysis of variance
followed by a Dunnett test. Specific paired comparisons were
done with a Student’s t-test. Statistically significant differ-
ences were noted at the 0.05 level. Because all testing could
not be done on one day, at least two doses of a neurosteroid
plus vehicle controls were run on a given day. Data for each
group was comprised of animals tested on at least 2 separate
days. There were 7-14 mice used in each group except for the
vehicle controls, which did not differ over days and were
pooled for an n = 20. Each mouse was tested only once.

RESULTS

Pregnenolone

Motor activity. As shown in Fig. 1, top, a high dose of
pregnenolone, 100 ug/kg, suppressed motor activity, whereas
a lower dose, 0.01 ug/kg, increased activity above the level of
the vehicle controls.

At 1.5 g/kg, ethanol by itself decreased motor activity,
1(21) = 2.827, p < 0.05. Pregnenolone did not influence this
effect of ethanol.

Plus-maze. On the plus-maze (Fig. 1, bottom), 100 ug/
kg pregnenolone decreased the number of open arm entries,
probably because of its effect on motor activity. However, at
0.01 ug/kg, a decrease was again observed.

Ethanol by itself, at 1.5 g/kg, increased the number of
open arm entries, #(29) = 8.286, p < 0.05. All doses of preg-
nenolone given with ethanol blocked this response.

Pregnenolone by itself did not effect start time, F(7, 66)
= 0.91, nor did it alter run time, F(7, 66) = 2.00. Pregneno-
lone, in combination with ethanol, also did not alter start
time, F(3, 61) = 1.69, nor run time, F(3, 61) = 2.34.

Pregnenolone Sulfate

Motor activity. Figure 2, top, shows that pregnenolone sul-
fate had no effect on motor activity in the dose range tested.
Given with 1.5 g/kg ethanol, pregnenolone sulfate had no
effect on the decrease in activity caused by ethanol.

Plus-maze. Pregnenolone sulfate exhibited a biphasic dose
response curve on the plus-maze (Fig. 2, bottom), decreasing
the number of open arm entries on the plus-maze at doses of
10.0 ug/kg and 1.0 ug/kg, and increasing the number of open
arm entries at 0.1 ug/kg.

As noted earlier, a dose of 1.5 g/kg ethanol increased the
number of open arm entries, #(22) = 7.967, p < 0.05. This
effect was attenuated only by the 1.0 ug/kg dose of pregneno-
lone sulfate.

Pregnenolone sulfate did not alter start time, F(5, 55) =
1.15, nor run time, F(5, 55) = 2.05. Pregnenolone sulfate, in
combination with ethanol, also did not alter start time, F(5,
60) = 2.28, nor run time, F(5, 60) = 2.02.
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FIG. 2. A dose-response curve for pregnenolone sulfate (PS) alone
(solid circles) or with 1.5 g/kg ethanol (open circles) in mice on an
activity monitor (top) or on the elevated plus maze (bottom). n = 8-
13 per group. *p < 0.05, Dunnett test.

DISCUSSION

This study shows that both pregnenolone and pregneno-
lone sulfate have interesting behavioral effects at exceedingly
low doses. Pregnenolone, at 0.01 ug/kg, increases anxiety (as
reflected in the behavior on the plus-maze). Pregnenolone sul-
fate, depending on the dose, can be either anxiogenic (10.0 or
1.0 ug/kg) or anxiolytic (0.1 ug/kg). In examining the interac-
tion with ethanol, pregnenolone sulfate attenuated the anxio-
lytic effect of ethanol on the plus-maze at one dose. In con-
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trast, pregnenolone blocked the anxiolytic effects of ethanol
on the plus-maze in a wide range of doses (0.001-10.0 ug/kg).

The mixed agonist/antagonist effect of pregnenolone sul-
fate on the receptors associated with the GABA, receptor
complex (22) could account for the biphasic dose-response
curve seen in the plus-maze data. The GABA antagonist prop-
erties of the neurosteroid could explain the attenuation of the
effect of ethanol. However, the recently reported effects of
pregnenolone sulfate as a positive allosteric modulator at the
NMDA receptor complex (4,15,20,40) could also contribute to
the anxiogenic responses observed with pregnenolone sulfate
alone. Because ethanol has been shown to inhibit the actions
of NMDA agonists (13), the limited influence of pregnenolone
sulfate on the effects of ethanol would be consistent with the
actions of the drugs in this system.

Much less has been reported on the neurochemical activity
of pregnenolone than pregnenolone sulfate. Pregnenolone has
not shown activity in binding assays relative to the receptors
associated with the GABA receptor complex (10,31,37). The
one neurochemical effect reported for pregnenolone, as well
as pregnenolone sulfate, is an inhibition of voltage gaited
Ca®* current in hippocampal cells (34). However, there is evi-
dence that calcium channel inhibitors have a modest anxiolytic
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effect (30), and the calcium channel antagonist nifedipine has
been reported to be ineffective in influencing the anxiolytic
action of ethanol in the elevated plus-maze in rats (16). There-
fore, an action on voltage gaited calcium channels is not a
likely mechanism to explain the data obtained here. Clearly, a
further exploration of the actions of pregnenolone is required
to determine the mechanism by which it blocks the effects of
ethanol.

Pregnenolone is a steroid which is an initial step in a meta-
bolic pathway that leads to the production of other com-
pounds that have anxiolytic activity (2,26,29,33), as well as
pregnenolone sulfate, which this study indicates has biphasic
effects. In considering the suggestion that neurosteroids play
a role in stress, these results support the speculation that preg-
nenolone and higher levels of pregnenolone sulfate, which are
anxiogenic, participate in the initial response to stressful stim-
uli, which is then terminated by the action of lower levels
of pregnenolone suifate and the other metabolites that are
anxiolytic (21,22,32).
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