The synthetic enantiomer of pregnenolone sulfate is
very active on memory in rats and mice, even more
so than its physiological neurosteroid counterpart:

Distinct mechanisms?
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The demonstration that the neurosteroid pregnenolone sulfate
(PREGS) is active on memory function at both the physiological and
pharmacological levels led to us examining in detail the effects of
the steroid on spatial working memory by using a two-trial
recognition task in a Y-maze, a paradigm based on the natural drive
in rodents to explore a novel environment. Dose-response studies
in young male adult Sprague-Dawley rats and Swiss mice, after
the postacquisition intracerebroventricular injection of steroid,
showed an U-inverted curve for memory performance and indi-
cated a greater responsiveness in rats compared with mice. Re-
markably, the synthetic (—) enantiomer of PREGS not only also
displayed promnesiant activity, but its potency was 10 times higher
than that of the natural steroid. Intracerebroventricular coadmin-
istration experiments with pL-2-amino-5-phosphonovaleric acid, a
competitive selective antagonist of the N-methyl-p-aspartate re-
ceptor, abolished the memory-enhancing effect of PREGS, but not
that of the PREGS enantiomer, evoking enantiomeric selectivity at
the N-methyl-p-aspartate receptor and/or different mechanisms
for the promnestic function of the two enantiomers.
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Steroids found in the brain, of peripheral origin or locally
synthesized (neurosteroids), are known to exert modulatory
actions on several functions in the central nervous system. Among
them, the neurosteroid pregnenolone sulfate (3B-hydroxy-5-
pregnen-20—one sulfate, PREGS) has been well described as a
potent steroidal enhancer of learning and memory processes in
rodents (1-6). Of particular interest is the physiological role of
PREGS in the hippocampus, which was recently demonstrated for
the preservation of age-related spatial memory loss (4). With
regards to the mechanism(s) underlying the promnestic action of
this endogenous steroid, it is most likely occurring by regulating
neurotransmitter receptor function [particularly y-aminobutyric
acid type A (GABA,) and N-methyl-D-aspartate (NMDA) recep-
tor activities] in several brain regions (2, 3, 7-13).

Particularly relevant to the work here on enantiomeric steroids
are the structure-activity data that have demonstrated a marked
stereoselectivity for steroid regulation of neurotransmitter receptor
function. For example, the endogenous 3a-hydroxy ring A-reduced
steroids, such as the neurosteroid allopregnanolone (3a-hydroxy-
Sa-pregnan-20—one), display potent positive-allosteric modulation
of GABA,4 receptors (14-16) that may explain their anesthetic,
anxiolytic, hypnotic, and anticonvulsant effects in animals (17).
Conversely, epiallopregnanolone and pregnanolone, the respective
3B- and 5B-hydroxy- diastereomers of allopregnanolone (diaste-
reomers having the opposite configuration at only one of multiple
chiral centers, in this case at C-3 or C-5, also are known as epimers)
are ineffective in potentiating GABA, receptors (18). Cognate
evidence for a direct interaction between steroids and GABAA
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receptors has recently been provided with enantiomeric pairs of
steroids. As opposed to diastereomers, enantiomers (absolute
mirror-symmetric, nonsuperimposable images) have identical phys-
ical properties, but differ in shape (hence have different rotation of
plane-polarized light) and act dissimilarly only in a chiral environ-
ment (dissimilar binding to protein receptor sites). For example, the
non-natural enantiomer (—)3a-hydroxy-5a-pregnan-20—one has
been shown to display greatly reduced GABAA receptors’ modu-
latory and anesthetic potency in tadpoles and mice (19), and this
finding strongly supports the action of the steroid at a unique chiral
site on protein regions of GABAAa receptors (20, 21). Moreover, the
synthetic (—) enantiomers of dehydroepiandrosterone sulfate, but
not of pregnanolone sulfate (3a-hydroxy-5B-pregnan-20-one sul-
fate) and PREGS, showed weaker electrophysiological inhibitory
effects on GABA-mediated chloride ion currents in cultured hip-
pocampal neurons, as compared with the (+) natural enantiomers
(21). The extension of this strategy, exploring the enantioselectivity
of neuroactive steroids to other neurotransmitter receptors such as
NMDA receptors, and importantly to any central nervous system
function in vivo such as memory, has not been reported.

The present study was thus designed to examine the influence
of the administration of the synthetic (—) enantiomer of PREGS
(ent-PREGS) in comparison with that of the (+) natural PREGS
on short-term memory performances of rats and mice tested in
a Y-maze two-trial recognition task, a paradigm based on the
innate tendency of rodents to explore novel environments (22).
Particular attention was made toward the detailed quantitative
investigation of steroid potency after intracerebroventricular
(ICV) injection. Moreover, in an attempt to elucidate the
enantioselectivity of the steroids’ action at the NMDA receptor
in vivo, ICV coadministration of either PREGS or ent-PREGS
with the competitive NMDA receptor antagonist DL-2-amino-
5-phosphonovaleric acid (APS5) were performed.

Materials and Methods

Animal Housing and Surgery. Male Sprague—Dawley rats and Swiss
mice (Janvier, Le Genest St-Isle, France), 2 months of age and
weighing 250-300 g for rats and 30-32 g for mice at the time of
surgery, were used. They were grouped-housed in a tempera-
ture-controlled (22°C = 1°C) and humidity-controlled (50% =
5%) room. They were maintained on a 12-h light/12-h dark
(08.00-20.00) schedule and had access to food and water ad
libitum. All animals were treated as approved by the local

Abbreviations: PREGS, pregnenolone sulfate; ent-PREGS, PREGS enantiomer; ICV, intrace-
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committee and in accordance with the European Communities
Council guidelines for care and use of laboratory animals.

Rats were anesthetized with a mixture of 5% ketamine
(Imalgene 1000, Merial, France) and 0.1% acepromazine
(Vetranquil 1%, Sanofi, Libourne, France) in saline, adminis-
tered i.p. at 1.5 ml/kg. Mice were anesthetized with a mixture of
0.5% ketamine and 0.1% xylazine, under the volume of 15
ml/kg. Animals were mounted in a stereotaxic apparatus (model
900, Kopf Instruments, Tujunga, CA) and implanted with uni-
lateral stainless steel cannula guides (23 gauge, 7 mm long) above
the lateral ventricle, according to the following coordinates from
the atlas of Paxinos and Watson (23) for rats: —0.8 mm posterior
from bregma, = 1.6 mm lateral to the midline, and —2.7 mm
below the skull surface and from the atlas of Franklin and
Paxinos (24) for mice: —0.5 mm posterior from bregma, * 1.0
mm lateral to the midline, and —1.5 mm below the skull surface.
Cannulas were secured to the skull with stainless steel screws and
dental cement. Animals were used for experiments after a 7-day
postrecovery period. Each animal was handled daily for 3 days
before the experiments, and on the day before each experiment,
cannula function was confirmed by gravity flow of isotonic
saline.

Treatment and Injection Procedures. PREGS was obtained from
Steraloids (Newport, RI), ent-PREGS was synthesized as de-
scribed (20), and AP5 was provided by Sigma. All compounds
were dissolved in 0.30% saline (vehicle). For dose-response
studies, PREGS was administered ICV at doses of 0 (vehicle),
0.05, 0.25, 0.5, 2.5, 5.0, and 12.5 nmol in rats and mice; ent-
PREGS was injected ICV at doses of 0 (vehicle), 0.025, 0.05,
0.25, and 0.5 nmol in rats and 0 (vehicle), 0.025, 0.05, 0.25, 0.5,
and 2.5 nmol in mice. For ICV coadministration studies, 0.5
nmol PREGS or 0.05 nmol ent-PREGS was given in conjunction
with 10 nmol APS in rats and 0.5 nmol PREGS or 0.05 nmol
ent-PREGS in conjunction with 2 nmol APS5 in mice. Drug and
control-vehicle solutions were injected unilaterally through the
cannula guide. A total volume of 5 ul in rats and 2.5 ul in mice
was infused by using a KDS pump (Fisher Scientific), at a
constant rate of 1 ul/min, through a 30-gauge stainless steel
injector attached to a 10-ul microsyringe (Hamilton) by poly-
ethylene tubing. The injectors were 1.5 mm and 0.8 mm longer
in rats and mice, respectively, than the cannula guides and were
left in place an additional 40 s to allow diffusion of solutions away
from the tip.

Behavioral Apparatus and Testing. The two-trial memory task
based on spontaneous exploration of novelty was adapted from
the ones described by Dellu et al. (22) in rats and Ladurelle et al.
(6) in mice. Experiments were performed in a gray polyviny-
chloride Y-maze. The size of each arm was 40 cm long, 15 cm
wide, and 35 cm high for rats and 30 cm long, 10 cm wide, and
17 cm high for mice. The floor of the maze was covered with
odor-saturated sawdust that was mixed after each trial. The maze
was placed in a sound-attenuated room under dim illumination.
Numerous visual cues were placed on the walls of the testing
room and kept constant during the entire behavioral testing.

The test consisted of two trials, separated by a 6-h intertrial
interval. During the first trial (acquisition phase), one arm of the
Y-maze (subsequently called novel arm) was closed with a
guillotine door, thus allowing the animal to explore only the
other two arms, for 5 min and 3 min for rats and mice,
respectively. During the second trial (retention phase), the
animals had access to the three arms for 5 min. The time spent
in each arm of the maze was recorded manually every minute.
Recognition was assumed to have occurred when the animal
spent more time in the novel arm compared with the familiar
ones. The total number of arm visits provided a measure of
general motor activity.
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Drugs were administered immediately after the acquisition
phase, which thus was not affected, and retention was then tested
after a long intertrial interval (6 h), the time at which vehicle-
control animals did not show any discrimination in the explo-
ration duration of the three arms of the Y-maze (chance level is
33%). The influence of steroids on retention performance are
thus interpreted as being the result of changes in memory
processing and neurotransmitter receptor activity occurring
shortly after acquisition and during the consolidation phase as
demonstrated earlier (3, 8).

Data Analysis. A between-subjects design was used where each
observation was made for a separate animal. Data were reported
as the amount of time spent in the novel arm relative to the total
duration of visits in the three arms (novel/total X 100) during
the first 3 min. They were expressed as mean * SEM and
analyzed by using one-way ANOVA followed by Newmann-—
Keuls posthoc test. Significance was defined as P < 0.05 or
P < 0.01.

The dose—effect curves of steroids and the coadministration
studies required 2-3 experiments. The data were pooled between
the different experiments because the variation was low for the
values of control or same-drug doses-treated animals. When the
Z score test was run there were at the most two outlying values

per group.

Results

Animals were injected ICV with drug and vehicle solutions
immediately after the acquisition trial of the test, and their
memory recognition performances were evaluated after a 6-h
intertrial interval, as described above. The retention test score
was defined as the % time spent in the novel arm relative to that
in the three arms of the Y-maze. The total number of visits in
the three arms of the maze during the retention phase did not
differ between controls and drug-injected groups of rats and
mice in any experiment (data not shown).

Spatial Memory Performances of Rats and Mice After ICV Adminis-
tration of PREGS. The effect of the neurosteroid PREGS on
spatial memory recognition was analyzed by using several doses
of the steroid (0.025-12.5 nmol, ICV), and U-inverted dose—
response curves were obtained in both rats and mice (Fig. 1).
Overall group comparison indicated that PREGS had a signif-
icant treatment effect in the two species [one-way ANOVA,
F(6,56) = 6.34; P = 0.0001 for rats and F(7,53) = 3.66; P =
0.0027 for mice]. Detailed analysis using the Newman—Keuls test
revealed that the % time spent in the novel arm was significantly
higher in the steroid-injected groups at the PREGS doses of 0.5
nmol in rats (Fig. 14) and 5.0 nmol in mice (Fig. 1B) relative to
vehicle-control groups (P < 0.05). The other doses of PREGS
did not significantly improve performance compared with the
control groups.

Spatial Memory Performances of Rats and Mice After ICV Adminis-
tration of ent-PREGS. The effect of the synthetic ent-PREGS on
spatial memory retention was examined at doses of 0.025-2.5
nmol ICV. ent-PREGS was found to affect spatial recognition
performances of rats and mice in a dose-dependent and bell-
shaped manner (Fig. 2). One-way ANOVA showed a significant
effect of treatment, F(4,52) = 6.34, P = 0.0073 for rats and
F(6,38) = 4.97, P = 0.0008 for mice. Posthoc Newman—Keuls test
indicated that performance was significantly increased in groups
given ent-PREGS at the doses of 0.05 nmol in rats (P < 0.05; Fig.
2A) and 0.5 nmol in mice (P < 0.01; Fig. 2B) compared with
vehicle-control groups. The other doses of ent-PREGS did not
significantly improve performance compared with the control
groups.
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Fig. 1. Dose-response curves of PREGS administered ICV on the retention
performances of rats (A) and mice (B) tested in the Y-maze. Data were
expressed as the percentage of time spentin the novel arm relative to the total
duration of visits in the three arms during the first 3 min of the test (mean +
SEM). *, P < 0.05 vs. vehicle group, Newman-Keuls test. Veh, vehicle.
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ICV Coadministration of Steroids with AP5 and Cognitive Perfor-
mance. Fig. 3 shows the effects of the ICV injection of the
competitive and selective NMDA receptors antagonist AP5, at
ICV doses of 2 and 10 nmol in mice and rats, respectively, on the
memory-enhancing effects of PREGS and ent-PREGS.

Comparison between the recognition performances of all
drug-treated groups (AP5, PREGS, ent-PREGS, PREGS +
APS, ent-PREGS + APS) revealed a significant effect of treat-
ment [F(5,71) = 9,39; P = 0.0001 in rats; F(5,57) = 6,14; P =
0.0001 in mice]. Detailed posthoc Newman-Keuls test analysis
indicated that performance did not significantly differ between
vehicle-control and AP5-treated groups of rats and mice (P >
0.05). As observed previously, the ICV effective doses of
PREGS and ent-PREGS alone significantly increased recogni-
tion performances in rats (Fig. 34) and mice (Fig. 3B) compared
with vehicle-controls (P < 0.05).

When AP5 (rat: 10 nmol; mice: 2 nmol) was administered
together with PREGS, the memory performances were signif-
icantly reduced in rats (Fig. 34) as well as in mice (Fig. 3B)
compared with the groups treated with the neurosteroid alone
(P < 0.05). However, the animals coinjected with ent-PREGS
and APS5 did not perform differently from those receiving
ent-PREGS alone (P > 0.05). Preliminary results indicated that
a higher dose of APS5 (25 nmol) was also ineffective on the
promnestic effect of ent-PREGS (0.05 nmol) in rats (data not
shown).

Akwa et al.
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Fig. 2. Dose-response curves of ent-PREGS administered ICV on the reten-
tion performances of rats (A) and mice (B) tested in the Y-maze. Data were
expressed as the percentage of time spentin the novel arm relative to the total
duration of visits in the three arms during the first 3 min of the test (mean =
SEM). *, P < 0.05; **, P < 0.01 vs. vehicle-control group, Newman-Keuls test.
Veh, vehicle.

Discussion

The important finding of this study refers to the activity on
memory of the non-natural enantiomer of the neurosteroid
PREGS. Our findings demonstrate a positive action of a non-
natural enantiomer of a natural steroid on memory.

Physiological PREGS and Spatial Memory. Whereas the preventive
effect of ICV-injected PREGS on experimental amnesia has
been reported in several studies (25), only one report, to the best
of our knowledge, has mentioned a promnestic effect of the
neurosteroid after ICV administration in rats tested in a spatial
recognition task (5). In the present study, results are supportive
of a direct improvement by ICV injection of PREGS on memory
retention. The effect of PREGS displays U-inverted shape
dose-response relationship with the most robust effect at 0.5
nmol and 5 nmol for rats and mice, respectively. Although much
of the research has pointed to the relevant role played by PREGS
in enhancing learning and memory functions (see references in
the Introduction), there are some discrepancies mostly related to
the dose of the steroid, its route of administration (peripheral vs.
central), and the behavioral paradigm tested. Results may,
indeed, be difficult to interpret in the case of peripheral admin-
istration (9, 26) because hydrophilic-acidic compounds such as
sulfated steroids poorly cross the blood-brain barrier (27, 28). In
addition, in studies using foot-shock avoidance-based paradigms,
results may not only reflect the specific modulation of memory
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Fig.3. EffectsofICVadministration of AP5 on promnestic responsesinduced
by PREGS or ent-PREGS in rats (A) and mice (B) tested in the Y-maze. The
following doses were used for rats: AP5, 10 nmol; PREGS, 0.5 nmol; ent-PREGS,
0.05 nmol; and for mice: AP5, 2 nmol; PREGS, 5.0 nmol; ent-PREGS, 0.5 nmol.
Data were expressed as the percentage of time spent in the novel arm relative
to the total duration of visits in the three arms during the first 3 min of the test
(mean = SEM). *, P < 0.05 vs. vehicle group; **, P < 0.01 vs. vehicle group; t,
P < 0.05vs. AP5 group; 1, P<0.01 vs. AP5 group; #, P < 0.05 vs. PREGS group;
§, P < 0.05 vs. ent-PREGS group; Newman-Keuls test. Veh, vehicle.

processes, but also interfering emotional factors: for instance,
the ICV administration of PREGS at 0.84-1680 pmol in rats and
1-100 pmol in mice has been found ineffective on retention
performances in avoidance learning tasks (7, 8), whereas doses
of the steroid between 2.4 X 1078 mol and 10~'* mol infused
into mice amygdala and hippocampus increased retention in the
same paradigm (2). Our study extends previous work by showing
that the natural PREGS directly improves short-term memory
retention when injected centrally, in a task that exploits the
innate tendency of rodents to explore a novel environment.
The NMDA receptor function is known to play a crucial role
in information processing during spatial learning and memory
(29, 30). This receptor complex has received most attention in
behavioral pharmacology caused, in part, by availability of
selective competitive antagonists, such as the most potent and
widely used APS5 (31-33). Under our behavioral conditions,
which specifically addressed drug effects on memory retention
phase (and not on learning), the injection of AP5 alone did not
significantly affect spatial memory performances because the

14036 | www.pnas.org/cgi/doi/10.1073/pnas.241503698

values of AP5-treated animals did not significantly differ from
the vehicle-control ones. In contrast, PREGS stimulated spatial
memory retention, a result that was antagonized by the coad-
ministration of APS5. Thus, evidence is shown here for an
improvement of spatial recognition by PREGS (rather than
reversal of amnesia) that is consistent with the known interaction
of this neurosteroid with NMDA receptors.

Nonphysiological ent-PREGS and Spatial Memory. Results presented
here indicate that ent-PREGS is not only very active on spatial
memory performances, but it is even more active than PREGS,
the efficient ICV doses being roughly 10 times lower than that
of PREGS, in both rats and mice, respectively. Interestingly, rats
are more sensitive than mice to the action of ent-PREGS, as also
observed for PREGS. More importantly, AP5 does not obliter-
ate this effect under our behavioral conditions. These data
suggest strongly the implication of a steroid binding site at the
NMDA receptor that can discriminate between the molecular
shapes of PREGS enantiomers. Thus, enantioselectivity is dem-
onstrated for the in vivo action of PREGS at the NMDA
receptors. In recent electrophysiological studies, ent-PREGS
and PREGS (both at doses of 30 mM and 100 mM) similarly
augmented the currents gated by NMDA (20 mM) in cultured
neonatal rat hippocampal neurons, suggesting no enantioselec-
tivity at NMDA receptors in vitro (Charles F. Zorumski, personal
communication). These results may not be easily extrapolated to
in vivo behavioral action and a complex pharmacological picture
might be envisaged to explain the mechanism(s) underlying
improvement of memory by ent-PREGS.

Because the memory-enhancing effect of ent-PREGS, in
contrast to that of PREGS, does not involve the AP5 antagonist
recognition site of the NMDA receptor complex, one can
hypothesize that ent-PREGS and PREGS may act by distinct
mechanisms. The activity of ent~-PREGS may implicate, among
other possibilities, either (i) a binding site specific for steroid
enantiomer on the same or independent class of NMDA receptor
or (ii) a steroid binding site on another class of glutamate
receptors, such as «—amino-3-hydroxy-5-methyl-4-isoxazolepro-
pionic acid and kainate receptors, or other neurotransmitter
receptors, in particular Sigmal and GABA4 receptors. However,
recent electrophysiological studies with cultured rat hippocam-
pal neurons have shown that ent-PREGS and PREGS bind to the
same site on GABA, receptor, suggesting that a chiral recog-
nition site does not exist for these steroids (21). Besides different
affinities for glutamate receptors, the larger effect of ent-
PREGS on memory may result as well from another mechanism
related to differences in brain metabolism between ent-PREGS
and PREGS.

In summary, the work described here demonstrates the pos-
itive effects of ent-PREGS on memory function in rat and
mouse, and thus proposes the enantioselective behavioral prop-
erties of PREGS. It is also a valuable step toward elucidating the
molecular interactions between enantiomeric steroids and
NMDA receptors for which a critical role in memory function
and synaptic plasticity associated with long-term potentiation
has been established (34-36). Further characterization of the
nature of PREGS and ent-PREGS binding site(s) on these
receptors is required, as well as the brain structures and neuronal
pathways involved in the memory-improvement effect of the
enantiomers. Moreover, it would be of great interest to address
the pathophysiological significance and potential therapeutic use
of such potent steroid memory enhancers in humans having mild
cognitive impairment or neurodegenerative diseases such as
Alzheimer’s disease and other dementias.
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