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The present series of experiments examined the involvement of the s1 receptor and related neuroactive steroids in the memory state

induced by a very low dose of cocaine. Using a modified passive avoidance procedure in mice, we examined whether cocaine induces

state-dependent (StD) learning. Animals trained and tested with saline or the same dose of cocaine (0.1 or 0.3mg/kg) showed correct

retention, measured using two independent parameters: the retention latency and a ratio between the retention latency and the last

training latency. Animals trained with cocaine (0.1mg/kg) and tested with saline or cocaine (0.03, 0.3mg/kg), or trained with saline and

tested with cocaine, showed altered retention parameters, demonstrating that StD occurred. Therefore, cocaine administered before

training produced a chemical state used as an endogenous cue to insure optimal retention. Since s1 receptor activation is an important

event during the acquisition of cocaine reward, we tested several s1 ligands and related neurosteroids. The s1 agonist igmesine or

antagonist BD1047 failed to produce StD, but modified the cocaine state. Among neuroactive steroids, pregnanolone and

allopregnanolone, positive modulators of the g-aminobutyric acid type A (GABAA) receptor, produced StD. However, steroids also

acting as s1 agonists, dehydroepiandrosterone (3b-hydroxy-5a-androsten-17-one (DHEA)), pregnenolone, or antagonist, progesterone,

failed to induce StD but modified the cocaine state. Furthermore, optimal retention was observed with mice trained with (igmesine or

DHEA) + cocaine and tested with a higher dose of cocaine, or with mice trained with (BD1047 or progesterone) + cocaine and tested

with vehicle. This study demonstrated that: (i) low doses of cocaine induce a chemical state/memory trace sustaining StD; (ii) modulation

of the s1 receptor activation, although insufficient to provoke StD, modulates the cocaine state; (iii) neuroactive steroids exert a unique

role in state-dependent vs state-independent learning, via GABAA or s1 receptor modulation, and are able to affect the cocaine-induced

mnesic trace at low brain concentrations.
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INTRODUCTION

An information or behavioral response acquired in a
particular affective, endocrine- or drug-induced, state will
be optimally recalled when the organism is in the same
state. In other words, recall in a different state will result
in a lower efficacy or complete blockade of the retrieval of
the response (Overton, 1978; Weingartner, 1978). This

phenomenon, identified for many years (Girden and Culler,
1937), is called state dependence (StD) and experimental
conditions have been defined allowing its reproducible
examination in memory processes. Procedures have been
defined using, for instance, classical operant conditioning
(Colpaert, 1990; Jackson, 1995; Colpaert and Koek, 1996) or
passive avoidance learning (Zarrindast et al, 2004; Zarrin-
dast and Rezayof, 2004). Drug-induced StD has been
observed when animals are administered with the same
drug before acquisition and/or retention session of the
operant or passive avoidance task. Indeed, animals receiv-
ing a repeated treatment (vehicle solution/vehicle solution
or drug/drug) before acquisition and retention showed
optimal retention capacities, whereas animals receiving
crossed treatments (vehicle/drug or drug/vehicle) showed
significant deficits in retention parameters. Several drugs
acting on specific neurotransmitter systems could elicit StD,
including naloxone (Oberling et al, 1993), morphine (Bruins
Slot and Colpaert, 1999a, b; Zarrindast and Rezayof, 2004),
pentobarbital (Overton, 1966), muscimol, diazepam (Naka-
gawa et al, 1993; Nakagawa and Iwasaki, 1996), chlordia-
zepoxide (Colpaert, 1990), or dizocilpine (Jackson et al,
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1992; Harrod et al, 2001). Endogenous agents may also
sustain StD, such as the 3a-hydroxy-5-reduced metabolite of
progesterone, pregnanolone (Bruins Slot et al, 1999), which
acts as a positive modulator of the g-aminobutyric acid type
A (GABAA) receptor (Paul and Purdy, 1992). Moreover,
two pharmacologically related drugs may allow transfer of
the memory trace and substitution may lead to optimal
retention, as recently observed between pregnanolone and
chlordiazepoxide (Bruins Slot et al, 1999). StD is now
considered as an efficient neurophysiological mechanism
allowing constraint of memory processes, in response not
only to exogenous drug-induced perturbations, but also to
various physiological conditions.
Addictive drugs, due to their reinforcing potential, are

expected to induce, even at low dosage, a strong chemical
state in the brain that may lead to effective StD. Indeed, StD
was observed for ethanol in several behavioral paradigms
(Swerdlow et al, 1983; Colpaert and Koek, 1995; Nakagawa
and Iwasaki, 1996). Heroin-induced conditioned place
preference was found to be significantly larger when
animals conditioned with heroin were tested in a drug-
treated state as compared to vehicle-treated ones (Bozarth,
1987), suggesting that the drug-induced state was used as
an endogenous cue participating in an optimal retention
performance.
StD has however not yet been described for cocaine,

although the drug acts as a potent reinforcer in laboratory
animals (Pickens and Thompson, 1968; Koob, 1992; Stoler-
man, 1992). While cocaine inhibits the reuptake of all
monoamines, it is widely accepted that the addictive and
reinforcing actions of cocaine are dependent on the drug
ability to block the dopamine transporter, thereby increas-
ing dopamine neurotransmission in both nigrostriatal and
mesocorticolimbic pathways (Ritz et al, 1987; Kuhar, 1992;
Woolverton, 1992). Cocaine self-administration and relapse
are also mediated by glutamate neurotransmission in the
nucleus accumbens (Cornish et al, 1999; Park et al, 2002). In
addition, cocaine interacts with the s1 receptor at a similar
dose range as observed for the dopamine transporter
(Sharkey et al, 1988), and the s1 receptor is implicated in
several of cocaine’s effects such as locomotor stimulation,
sensitization, acquisition and reactivation of conditioned
place preference, convulsions, and lethality (Reith et al,
1986; Menkel et al, 1991; Ujike et al, 1992; Ritz and George,
1993; Romieu et al, 2000, 2002, 2003, 2004; for a review, see
Maurice et al, 2002). This intracellular protein sharing some
characteristics of neuromodulatory receptors is also a target
for several neuroactive steroids, including pregnenolone,
dehydroepiandrosterone (3b-hydroxy-5a-androsten-17-one
(DHEA)), their sulfate esters, or progesterone, but not
pregnanolone or allopregnanolone (Su et al, 1988; Monnet
et al, 1995; Bergeron et al, 1996; Maurice et al, 1999).
The present study had a multiple purpose. First, after

determining the memory effect of a wide dose range of
cocaine (0.03–1mg/kg) using a step-down-type passive
avoidance memory test, we examined whether cocaine, at
a dose ineffective directly on memory processes, could
induce StD using a modified procedure of the test. Second,
we examined whether the s1 receptor and its endogenous
ligands, that is, neuroactive steroids, exhibited StD and/or
are involved in the cocaine-induced StD. We report that
cocaine, at low dosage, induces StD and that the selective s1

agonist igmesine or antagonist BD1047 failed to induce StD
alone but could, respectively, amplify or mask the cocaine-
induced chemical state. This effect is shared by s1 receptor-
interacting neuroactive steroids, but not by steroids acting
selectively as GABAA receptor modulators, which produced
StD by themselves.

METHODS

Subjects

Male Swiss OF1 mice (Breeding Center of the Faculty of
Pharmacy, Montpellier, France), aged 5–6 weeks and
weighing 3072 g, were housed in groups. They had free
access to laboratory food and water, except during
behavioral experiments, and were kept in a regulated
environment (23711C, 40–60% humidity) under a 12-h
light–dark cycle (light on at 0700 h). Experiments were
carried out between 1000 and 1700 h, in a sound-attenuated
and air-regulated experimental room, to which mice were
habituated at least 30min before each experiment. All
animal procedures were conducted in strict adherence
with the European Community Council Directive of 24
November 1986 (86-609/EEC).

Drugs

Cocaine was obtained from Cooper (Marseille, France).
( + )-N-cyclopropylmethyl-N-methyl-1,4-diphenyl-1-ethyl-
but-3-en-1-ylamine (igmesine) was provided by Dr François
J Roman (Pfizer GRD, Fresnes, France), N-[2-(3,4-di-
chlorophenyl)ethyl]-N-methyl-2-(dimethylamino)ethylamine
(BD1047) by Dr Wayne D Bowen (NIDDK/NIH, Bethesda,
MD). Pregnanolone (3a-hydroxy-5b-pregnan-20-one), allo-
pregnanolone (3a-hydroxy-5a-pregnan-20-one), pregneno-
lone (3b-hydroxy-5a-pregnen-20-one), DHEA, and proges-
terone (4-pregnene-3,20-dione) were from Sigma Aldrich
(Saint-Quentin Fallavier, France). Cocaine was dissolved in
physiological saline, s1 ligands were dissolved in distilled
water and steroids suspended in pure sesame oil. Cocaine
and s1 ligands were injected intraperitoneally (i.p.) and
steroids subcutaneously (s.c.), in a volume of 100 ml per 20 g
of body weight.

Passive Avoidance Apparatus

The apparatus consisted of a transparent acrylic cage
(30� 30� 40 cm3 high) with a grid-floor, inserted in an
outer box (35� 35� 90 cm3 high). A 15W lamp lit the
cage during the experimental period. A wooden platform
(4� 4� 4 cm3) was fixed at the center of the grid-floor.
Electric shocks (1Hz, 500ms, 35 or 43V DC) could be
delivered to the grid-floor using an isolated pulse stimulator
(Model 2100, AM Systems, Everett, WA, USA).

Two-Trial Acquisition (Classical Step-Down Passive
Avoidance Procedure)

The classical step-down type passive avoidance procedure
consisted in two training sessions, at 90-min time interval,
and a retention session, carried out 24 h after the first
training (Hiramatsu et al, 1992; Maurice et al, 1994, 1998).
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Cocaine was administered i.p. either 15min before or
immediately after the first training session, or 30min before
the retention session. During training sessions, each mouse
was placed on the platform. When it stepped down and
placed its four paws on the grid-floor, moderate intensity
shocks (35 V) were delivered for 15 s. The step-down latency
and number of vocalizations and flinching reactions were
measured. Shock sensitivity was evaluated by adding the
number of vocalizations and flinching reactions. Animals
that did not step down within 60 s during the second session
were considered as remembering the task and taken off,
without receiving further electric shocks. The retention
session was performed in a similar manner as training,
except that shocks were not applied to the grid-floor. Each
mouse was placed again on the platform and the latency
recorded, with an upper cut-off time of 300 s. Two
parametric measures were analyzed during the retention
session: (i) the step-down latency, expressed as median and
interquartile (25–75%) range (IR), since an upper cutoff
time was set, and (ii) the number of animals reaching an
avoidance criterion, expressed as percentage. The retention
criterion was considered as reached if the latency measured
during the retention session was greater than three-fold the
latency showed by the animal during the second training
session and, at least, greater than 60 s. Untreated animals
trained under this two-trial acquisition procedure showed a
median retention latency of 75 (16–216) s and a number of
animals to a criterion of 44% (n¼ 18). This procedure
allows the observation of significant deterioration or
improvement of retention parameters.

Same-State Multiple-Trial Acquisition
(State-Dependence Procedure)

StD was measured in animals trained by repetitive training
sessions that led to a similar, high level of acquisition.
Animals received injections 15min before the first training.
Then, they were trained repeatedly, with an intertrial time
interval of 5min, until they remained on the platform for
60 s. The number of session-to-criterion was determined
and considered as an index of the quality of memory
acquisition. Animals that did not reach the criterion after
10 sessions were discontinued. The retention session was
performed after 24 h in a similar manner as training, except
that shocks were not applied to the grid-floor. Each mouse
was again injected 15min before being placed on the
platform. The step-down latency was recorded, with an
upper cutoff time of 300 s. Two parametric measures of
retention were analyzed: (i) the step-down latency, ex-
pressed as median and interquartile (25–75%) range, and
(ii) the latency ratio, calculated as: (latency measured
during the retention session/latency measured during the
last trial before reaching the criterion). The ratio value was
log-transformed in order to normalize the data and allow
parametric analysis of variance. Untreated animals trained
under the multiple-trial acquisition procedure showed a
median retention latency of 300 (300–300) s and a mean
latency ratio of 20.571.9, leading to a log-transformed
mean of 1.3170.03 (n¼ 61). This procedure allows to
determine moderate but significant diminution of learning
quality, in terms of diminutions of latency and/or latency
ratio.

Experimental Design

Examination of the direct effect of cocaine on memory
abilities. In order to determine the putative memory effects
of low doses of cocaine, a first series of experiments
examined the effect of cocaine (0, 0.03, 0.1, 0.3, 1mg/kg i.p.)
in mice submitted to the normal two-trial acquisition
passive avoidance procedure. Cocaine was administered
either 15min before the first training, or immediately after,
or 30min before the retention session. These different
administration schedules allowed to determine whether the
drug affected the acquisition, consolidation, or retention
phase, respectively.

Determination of the cocaine-induced state-dependent
learning. The StD induced by cocaine was examined using
the modified, same-state multiple-trial acquisition, passive
avoidance procedure. Animals were administered with
either saline or cocaine (0.1, 0.3mg/kg i.p.) before the first
training session and/or before the retention session in
repeated or crossed treatments, and the quality of retention
was examined.

Examination of the ability of s1 ligands to induce state-
dependent learning. The doses of each compound used in
this study were selected according to a series of preliminary
experiments or previous results from our team. In order to
examine specifically StD, through the impact of the drug-
induced chemical state and without interference from any
memory effects, the highest dose subactive in the classical
two-trial acquisition passive avoidance procedure was
selected. The s1 receptor agonist igmesine (Roman et al,
1990) exerted significant antiamnesic effects in several
models of amnesia at the dose of 1mg/kg i.p. (Maurice et al,
1996). BD1047 is a selective s1 antagonist (Matsumoto et al,
1995) blocking several s1 agonist-mediated behaviors at
doses of 3 and 10mg/kg i.p. (Romieu et al, 2000, 2002; Urani
et al, 2001). Therefore, the doses of 0.5 and 1mg/kg were
selected for igmesine and BD1047, respectively. Animals
were administered with either saline or s1 ligands before the
first training session and/or before the retention session in
repeated or crossed treatments, and the quality of retention
was examined. The effect of igmesine and BD1047 on the
cocaine-induced StD was then examined. Animals were
simultaneously injected i.p. with igmesine and cocaine or
BD1047, and cocaine either before the first training session
and/or before the retention session.

Examination of the ability of neuroactive steroids to
sustain state-dependent learning. Pregnanolone and allo-
pregnanolone are two steroids acting as positive modulators
of the GABAA receptor complex and devoid of affinity for
the s1 receptor. Pregnenolone, DHEA, and progesterone
have been shown to interact with the s1 receptor, in parallel
to the direct effects on GABAA or NMDA receptors (for
reviews, see Maurice et al, 1999, 2001). Pregnanolone was
tested at the dose of 10mg/kg, previously used to show StD
in an operant procedure in rats (Bruins Slot et al, 1999). In
preliminary experiments, we observed that allopregnano-
lone and progesterone impaired significantly learning at the
dose of 10mg/kg s.c., but not 5mg/kg (data not shown).
Pregnenolone or DHEA showed antiamnesic effects at the
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dose of 20mg/kg s.c. (Urani et al, 1998; Maurice et al, 1997).
Therefore, the following doses were used: 5mg/kg for
allopregnanolone and progesterone, and 10mg/kg for
pregnenolone and DHEA. The effects of the steroids
interacting with the s1 receptor on the cocaine-induced
StD were also examined. Animals were simultaneously
injected with DHEA+ cocaine or progesterone + cocaine,
either before the first training session and/or before the
retention session.

Determination of the agonist/antagonist effect. We finally
examined the nature of the chemical state induced by
coadministration of the s1 ligands or steroids with cocaine.
First, we compared the learning quality following coadmini-
stration of BD1047 + cocaine or progesterone + cocaine
with administration of the vehicle solutions. Second, we
compared the learning quality following coadministration
of igmesine + cocaine or DHEA+ cocaine with the admini-
stration of a higher dose, 0.3mg/kg, of cocaine.

Data Analysis

The number of session-to-criterion was analyzed using the
Student’s t-test. Latencies measured during the passive
avoidance test retention did not show a normal distribution,
since cutoff times were set. They were thus analyzed using
the Kruskal–Wallis nonparametric analysis of variance
(KW values), group comparisons being made with Dunn’s
nonparametric multiple comparisons test. Log-transformed
latency ratios were analyzed using one-way ANOVA (F
values). Post hoc comparisons were performed using the
Newmann–Keuls’ test for multiple comparisons. Statistical
significance was defined as Po0.05.

RESULTS

Effect of Cocaine on Normal Acquisition of Passive
Avoidance

A first series of experiments examined the direct effect of
cocaine, in a large dose range, on the learning capacities in
the classical two-trial acquisition passive avoidance proce-
dure. Cocaine, administered at 0, 0.03, 0.1, 0.3, and 1mg/kg
to Swiss mice, failed to affect the passive avoidance
response when it was administered 15min before the first
training session (latencies: KW¼ 2.49, P40.05, n¼ 15–18,
data not shown) or immediately after the first training
session (latencies: KW¼ 2.92, P40.05, n¼ 12 each group,
data not shown). Therefore, the drug did not affect the
acquisition and consolidation phases of the memory
process. Noteworthy, the pre-training administration of
cocaine failed to affect the shock sensitivity, whatever the
dose (F(4,81)¼ 0.77, P40.05). When cocaine was adminis-
tered 30min before the retention session, examined 24 h
after training, the drug significantly improved the quality of
retention, with a significant effect in latency (KW¼ 9.15,
Po0.05; Figure 1a) and percentage of animals to criterion
(Figure 1b). The dose of 0.3mg/kg led to significant
differences as compared with the vehicle-treated group.
This observation indicated that a low dose of cocaine
ameliorated memory retrieval in Swiss mice.

Cocaine-Induced State-Dependent Learning

The StD was examined using the modified passive avoi-
dance procedure. A narrow dose range was intentionally
selected, 0.1–0.3mg/kg, in order to limit the interference
with direct drug effects on memory. The cocaine treatments
failed to affect acquisition, since the number of session-to-
criterion was not significantly different among treatment
groups (Table 1a). However, significant differences were
observed in retention parameters, both in terms of latency

Figure 1 Cocaine-induced memory-enhancing properties in the two-
trial passive avoidance acquisition procedure: (a) median step-down latency
and (b) percentages of animals to criterion during the retention session.
Animals were trained twice at 90-min interval and retention was examined
after 24 h. Cocaine (0.03–1mg/kg) or vehicle solution (V, 0.9% saline) was
administered 30min before retention. The drug is ineffective when
administered before or after training (data not shown). The number of
animals per group is indicated within columns in (b). *Po0.05; Dunn’s test
in (a) or w2 test in (b).

Table 1 Effects of the Different Treatments on Acquisition in
the Same-State Multiple-Trial Acquisition Passive Avoidance
Procedure, Measured in Terms of Numbers of Session-to-Criterion

Treatment
(mg/kg)

Session-to-
criterion n

ANOVA or
t-test

(a) Saline solution 3.570.2 64

Cocaine (0.1) 4.070.2 46

Cocaine (0.3) 4.270.4 38 F(2,147)¼ 1.75, P40.05

(b) Saline solution 3.370.2 39

Igmesine (0.5) 3.870.3 36 t¼ 1.62, P40.05

(c) Saline solution 3.170.3 34

BD1047 (1) 2.770.2 36 t¼ 1.56, P40.05

(d) Vehicle solution 4.370.4 33

Pregnanolone (10) 3.970.2 37 t¼ 0.80, P40.05

Vehicle solution 3.670.2 36

Allopregnanolone (5) 3.770.2 36 t¼ 0.18, P40.05

(e) Vehicle solution 3.070.2 30

Pregnenolone (10) 3.270.2 29 t¼ 1.06, P40.05

Vehicle solution 2.970.1 30

DHEA (10) 3.170.2 30 t¼ 0.77, P40.05

Vehicle solution 2.770.2 30

Progesterone (5) 2.770.2 30 t¼ 0.14, P40.05
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(KW¼ 35.56, Po0.0001; Figure 2a) and latency ratio
(F(6,148)¼ 7.36, Po0.0001; Figure 2b). Animals receiving
crossed treatments, that is, trained with cocaine and tested
with vehicle or vice-versa, showed significantly lower
retention parameters than animals treated with the re-
peated, vehicle/vehicle or cocaine/cocaine, treatments. This
observation denoted a lower quality of learning (Figure 2a
and b). Therefore, cocaine, at 0.1 and 0.3mg/kg, induced
state-dependent learning that could be demonstrated using
the modified passive avoidance procedure in mice.
Moreover, the cocaine-induced StD appeared dose-

dependent. Animals trained with 0.1mg/kg cocaine were
tested with 0.03, 0.1 or 0.3mg/kg cocaine. Latency measures
failed to show a significant difference (Table 2). However,
latency ratio calculations significantly differed among
groups, and particularly animals trained with 0.1mg/kg
cocaine and tested with 0.3mg/kg cocaine showed a
significant diminution of the latency ratio (Table 2).

Effects of r1 Receptor Ligands on Cocaine-Induced StD

The igmesine (0.5mg/kg) treatment did not affect acquisi-
tion, since the number of session-to-criterion was similar in
vehicle- or igmesine-treated groups (Table 1b). Moreover,

the drug did not induce state-dependent learning, since the
repeated (vehicle/vehicle or igmesine/igmesine) or crossed
(vehicle/igmesine or igmesine/vehicle) treatments led to
optimal retention performances with no significant varia-
tion of latency or latency ratio (Table 3a). Similarly, the
BD1047 treatment did not affect acquisition, since the
number of session-to-criterion was similar in BD1047- or
vehicle-treated animals (Table 1c). The repeated or crossed
treatment with BD1047 showed that the drug did also not
induce state-dependent learning. Optimal retention was
observed whatever the pre-acquisition or pre-retention
treatments, both in terms of latency or latency ratio
(Table 3b). These observations indicated that neither the
s1 agonist nor the s1 antagonist induced a chemical state
within the brain sufficient to sustain StD.
The effect of each drug on the cocaine-induced StD was

then examined. Animals received co-treatments of igmesine
(0.5mg/kg) plus cocaine (0.1mg/kg) or BD1047 (1mg/kg)
plus cocaine (0.1mg/kg), either before the first training
session or before the retention session. The retention para-
meters were compared with animals receiving a repeated
cocaine (0.1mg/kg) treatment. As shown in Figure 3, both
igmesine and BD1047 interfered with the cocaine-induced
chemical state. Administration of igmesine+ cocaine resulted

Figure 2 Cocaine-induced state-dependent learning in the multiple trial passive avoidance procedure: (a) step-down latency and (b) log-transformed
latency ratio. Animals were injected with either cocaine (0.1 or 0.3mg/kg) or saline (V), 15min before the first passive avoidance training session (Acq.), and
then trained every 5min until they reach the learning criterion. After 24 h, animals were injected with either cocaine (0.1 or 0.3mg/kg) or saline (V) in
repeated or crossed treatments, and retention was examined. The latency was expressed as median and IR. The latency ratio is the ratio of the latency found
in the test session to the latency found in the last training session before reaching the criterion, expressed as log-transformed. The number of animals per
group is indicated within columns in (b). *Po0.05, **Po0.01; Dunn’s test in (a) or Newmann–Keuls’ test in (b).

Table 2 Cocaine-Induced State-Dependent Learning is Dose Dependent

Acquisition treatment Retention treatment n Latency median (IR) (s) Latency ratio (log-transformed)

Cocaine (0.1) Cocaine (0.03) 30 259 (159–300) 1.0570.07

Cocaine (0.1) Cocaine (0.1) 36 300 (171–300) 1.1970.07

Cocaine (0.1) Cocaine (0.3) 36 145 (139–300) 0.9470.08*

Animals were injected with 0.1mg/kg cocaine 15min before the first passive avoidance training session and then trained every 5min until they reached the learning
criterion. After 24 h, animals were injected with 0.03, 0.1, or 0.3mg/kg cocaine and retention was examined. The latency was expressed as median and IR. The latency
ratio was caluclated as the ratio of the latency measured during the retention session to the latency measured during the last training session before reaching the
criterion, expressed as log-transformed. ANOVA analyses: KW¼ 4.04, P40.05 for latencies; F(2,101)¼ 3.31, Po0.05 for latency ratios. *Po0.05 vs the cocaine
(0.1mg/kg) repeated treatment; Newmann–Keuls’ test.
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in significant diminutions of the retention parameters,
observed for latency (KW¼ 15.18, Po0.01; Figure 2a) or
latency ratio (F(3,69)¼ 5.43, Po0.01; Figure 2b). Similarly,
the modification of the cocaine-induced chemical state by
the BD1047 pretreatment altered the quality of retention,
for both parameters (KW¼ 15.91, Po0.01; Figure 2c;
F(3,118)¼ 2.72, Po0.05; Figure 2d).

Effects of Neuroactive Steroids

Some neuroactive steroids have been reported to interact
with the s1 receptor (Maurice et al, 1999, 2001) and to
sustain StD (Bruins Slot et al, 1999). Therefore, their ability
to induce state-dependent learning in the modified passive
avoidance procedure was examined.
Animals were treated with pregnanolone (10mg/kg) or

allopregnanolone (5mg/kg) and vehicle before the first
training session and/or before the retention session in
repeated and crossed treatments. The treatments with each
steroid failed to affect acquisition, since the number of
session-to-criterion was similar between steroid- and
vehicle-treated groups (Table 1d). Each steroid, however,
induced a marked StD. For pregnanolone, significant
differences were observed in retention parameters, both
in terms of latency and latency ratio (Table 4a). For
allopregnanolone, significant differences were also observed
for latency, when the steroid was substituted for vehicle
before retention and latency ratio, when vehicle was sub-
stituted for allopregnanolone before retention (Table 4b).
These results confirmed that GABAA receptor-interacting
steroids could provoke a significant StD.
The treatments with pregnenolone, DHEA, or pro-

gesterone failed to affect acquisition, since the number
of session-to-criterion was similar between steroid- and
vehicle-treated groups (Table 1e). The repeated or crossed
treatment with each steroid led to similar memory
parameters, as shown in Table 5a for pregnenolone,
Table 5b for DHEA, and Table 5c for progesterone. These
observations indicated that the steroids failed to induce a
chemical state in the brain sustaining state-dependent
learning.

Table 3 Selective s1 Receptor Ligands Failed to Induce State-Dependent Learning

Acquisition treatment Retention treatment n Latency median (IR) (s) Latency ratio (log-transformed)

(a) s1 receptor agonist igmesine

Vehicle Vehicle 19 247 (150–300) 1.1970.10

Vehicle Igmesine (0.5) 20 262 (60–300) 1.1470.13

Igmesine (0.5) Vehicle 16 300 (146–300) 1.0470.10

Igmesine (0.5) Igmesine (0.5) 20 293 (87–300) 1.0570.10

(b) s1 receptor antagonist BD1047

Vehicle Vehicle 18 300 (300–300) 1.1870.11

Vehicle BD1047 (1) 16 300 (220–300) 1.2370.14

BD1047 (1) Vehicle 18 300 (250–300) 1.2270.10

BD1047 (1) BD1047 (1) 18 300 (277–300) 1.3270.11

Drug injections were performed 15min before the acquisition or test session (see legend of Table 2 for details). ANOVA analyses: (a) KW¼ 0.87, P40.05, for
latencies and F(3,74)¼ 0.43, P40.05 for latency ratios; (b) KW¼ 2.01, P40.05 for latencies and F(3,72)¼ 0.26, P40.05 for latency ratios.

Figure 3 s1 Receptor ligands affected the cocaine-induced state-
dependent learning. Pretreatment with the s1 receptor ligands affected
the cocaine-induced state-dependent learning. Animals received: (a, b)
igmesine (I, 0.5mg/kg) or vehicle solution or (c, d) BD1047 (B, 1mg/kg) or
vehicle solution, simultaneously with cocaine (c, 0.1mg/kg) in repeated or
crossed treatments before the acquisition (Acq.) and retention (Ret.)
sessions. The number of animals per group is indicated in (b, d). *Po 0.05,
**Po0.01, Dunn’s test in (a, c) and Newmann–Keuls’ test in (b, d).
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Administration of DHEA before cocaine led, how-
ever, to a modification of the chemical state induced by
cocaine alone. Significant diminutions of the retention
parameters were measured for latency (KW¼ 19.11,
Po0.001; Figure 4a) or latency ratio (F(3.77)¼ 5.37,
Po0.01; Figure 4b). Progesterone also affected the co-
caine-induced chemical state. When the steroid was
administered before cocaine during retention, animals
showed a correct transfer to cocaine, suggesting that the
cocaine-induced state was not modified. However, when

progesterone was administered before cocaine during
training, significant diminutions of the retention para-
meters were observed (KW¼ 32.82, Po0.0001; Figure 4c;
F(3,77)¼ 9.35, Po0.0001; Figure 4d).

Nature of the r1 Receptor Ligand-Induced Modification
of the Cocaine-Induced Chemical State

As shown in Table 6a, co-treatment of cocaine with the s1
receptor antagonist BD1047 or progesterone, administered

Table 4 StD Induced by Pregnanolone or Allopregnanolone, Two Reduced Metabolites of Progesterone

Acquisition treatment Retention treatment n Latency median (IR) (s) Latency ratio (log-transformed)

(a) Pregnanolone

Vehicle Vehicle 19 300 (220–300) 1.1070.09

Vehicle Pregnanolone (10) 18 135 (130–212)** 0.8470.08*

Pregnanolone (10) Vehicle 15 159 (90–300)# 0.7870.08#

Pregnanolone (10) Pregnanolone (10) 18 300 (190–300) 1.0070.05

(b) Allopregnanolone

Vehicle Vehicle 16 300 (300–300) 1.1470.10

Vehicle Allo (5) 20 232 (100–300)* 0.9270.07

Allo (5) Vehicle 20 176 (122–300) 0.8670.07#

Allo (5) Allo (5) 16 294 (186–300) 1.1670.10

Drug injections were performed 15min before the acquisition or test session (see legend of Table 2 for details). ANOVA analyses: (a) KW¼ 11.17, Po0.05, for
latencies and F(3,69)¼ 3.40, Po0.005 for latency ratios; (b) KW¼ 13.58, Po0.01 for latencies and F(3,71)¼ 2.95, Po0.05 for latency ratios.
*Po0.05, **Po0.01 vs the vehicle repeated treatment; #Po0.05 vs the steroid repeated treatment; Dunn’s test for latency and Newmann–Keuls’ test for ratio.

Table 5 Neuroactive Steroids Pregnenolone, DHEA, and Progesterone Failed to Induced State-Dependent Learning

Acquisition treatment Retention treatment n Latency median (IR) (s) Latency ratio (log-transformed)

(a) Pregnenolone

Vehicle Vehicle 14 259 (126–300) 1.1970.10

Vehicle Pregnenolone (10) 15 300 (131–300) 1.0070.11

Pregnenolone (10) Vehicle 15 300 (188–300) 1.2170.13

Pregnenolone (10) Pregnenolone (10) 15 300 (190–300) 1.2270.13

(b) DHEA

Vehicle Vehicle 20 300 (212–300) 1.2870.12

Vehicle DHEA (10) 20 300 (114–300) 1.0970.12

DHEA (10) Vehicle 20 300 (180–300) 1.1670.08

DHEA (10) DHEA (10) 20 300 (164–300) 1.1370.09

(c) Progesterone

Vehicle Vehicle 15 300 (225–300) 1.2770.12

Vehicle Progesterone (5) 15 300 (240–300) 1.1070.11

Progesterone (5) Vehicle 15 300 (171–300) 1.0270.12

Progesterone (5) Progesterone (5) 15 300 (175–300) 1.1270.08

Drug injections were performed 15min before the acquisition or test session (see legend of Table 2 for details). ANOVA analyses: (a) KW¼ 1.95, P40.05, for
latencies and F(3,58)¼ 0.77, P40.05 for latency ratios; (b) KW¼ 0.58, P40.05 for latencies and F(3,79)¼ 0.60, P40.05 for latency ratios; (c) KW¼ 0.28, P40.05 for
latencies and F(3,59)¼ 0.90, P40.05 for latency ratios.
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before training or retention, showed transfer to vehicle
solutions, since similar retention parameters were measured
in all groups (KW¼ 10.07, P40.05 for latency; F(6,135)¼
0.96, P40.05 for latency ratio; Table 6a).
Co-administration of the s1 receptor agonist igmesine

or DHEA before 0.1mg/kg cocaine, administered before
training or retention, showed transfer to 0.3mg/kg cocaine,
since similar retention parameters were measured in
all treatment groups (KW¼ 7.03, P40.05 for latency;
F(6,122)¼ 0.39, P40.05 for latency ratio; Table 6b). Thus,
the co-treatment with BD1047 or progesterone allowed
a complete ‘masking’ of the cocaine-induced chemical
state, since transfer was observed with the vehicle
solution, whereas a co-treatment with igmesine or DHEA
allowed to ‘amplify’ the chemical state induced by
cocaine, since transfer was observed with a higher dose of
the drug.

DISCUSSION

Cocaine-Induced StD

The preliminary observation described herein showed that a
low dose of cocaine ameliorated memory retrieval in Swiss
mice submitted to a classical passive avoidance procedure.
The effect appeared bell-shaped and limited to a narrow
dose range. No effect was observed on the acquisition or
consolidation phase. This observation confirmed previous
reports showing memory-enhancing effects for cocaine
(Introini-Collison and McGaugh, 1989; Janak et al, 1992;
Weinberger et al, 1992; White et al, 1995). Noteworthy, at a
higher dosage, 10–40mg/kg i.p., cocaine was reported to
produce learning deficits (Branch and Dearing, 1982;
Hudzik and Wenger, 1993; Wenger and Wright, 1990;
Baron et al, 1998; Quirk et al, 2001). The observation that
0.3mg/kg of cocaine allowed to improve a memory
parameter, the retention quality, led us to select 0.1mg/kg
for the further examination of the ability of cocaine to
produce state-dependent learning.
The present study demonstrated for the first time that

cocaine produces StD, since cocaine/saline or saline/cocaine
crossed treatment between acquisition and retention
sessions of a passive avoidance response resulted in
significant diminutions of the memory quality. On the
contrary, when animals were trained and tested under the
same cocaine state, they showed optimal retention para-
meters, similar to animals treated repeatedly with saline,
that is, presumably in normophysiological conditions.
This cocaine-induced StD, resulting from the modification
of the brain chemical state, occurred at low doses, in the
0.03–0.3mg/kg range, whereas hyperlocomotion, learning
impairments, and reward properties are observed in the
10–40mg/kg dose range, depending on mouse strains
(Romieu et al, 2000, 2002, 2004; Quirk et al, 2001; Phan
et al, 2002). This StD was dose-dependent and animals
trained with 0.1mg/kg cocaine showed an adequate transfer
when tested at the same dose and not at 0.03 or 0.3mg/kg.
Such narrow bell-shaped dose range for StD was already
observed for morphine-induced StD in rats (Bruins Slot and
Colpaert, 1999a, b). It was proposed that the morphine-
induced memory trace is specific to a particular magnitude
of opiate receptor activation (Bruins Slot and Colpaert,
1999a, b). Similarly, cocaine, at the doses used, may induce
only a partial blockade of the dopamine transporter,
and conceivably discretely modify the rate of dopamine
reuptake, resulting in a particular physiological state for
both the pre- and post-synaptic neurons in monoaminergic
target structures, such as the nucleus accumbens, striatum,
amygdala, or frontal cortex. The observation of a clear StD
for cocaine confirmed that acute administration of the drug
provoked rapid and intense pharmacological effects in the
brain. It is thus conceivable that the abused drug provoked
at higher doses, even after acute administration, an intense
adaptative plasticity, as already described electrophysio-
logically, in terms of modification of the NMDA/AMPA
receptor long-term potentiation responses in the ventral
tegmental area (Ungless et al, 2001). The cocaine ability
to change the chemical state after acute injection may
also contribute to its potent and long-term reinforcing
effect. For instance, self-administration induced by a
single exposure to cocaine in food-trained rats could

Figure 4 s1 Receptor-interacting steroids affected the cocaine-induced
state-dependent learning. Pretreatment with DHEA or progesterone
affected the cocaine-induced state-dependent learning. Animals received:
(a, b) DHEA (D, 10mg/kg) or (c, d) progesterone (P, 5mg/kg)
simultaneously with cocaine (c, 0.1mg/kg) or only cocaine (0.1mg/kg) in
repeated or crossed treatments before the acquisition (Acq.) and retention
(Ret.) sessions. Retention was analyzed in terms of median step-down
latency (a, c) and log-transformed latency ratios (b, d). The number of
animals per group is indicated within columns in (b, d). *Po0.05,
**Po0.01, Dunn’s test in (a, c) and Newmann–Keuls’ test in (b, d).
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be reactivated after several months, as recently reported
(Ciccocioppo et al, 2004). However, it must be noted that, if
addictive effects of cocaine are largely believed to be
mediated by dopamine transporter blockade, StD observed
in our results can also ensue from cocaine’s actions on other
targets, with comparable or higher affinity such as other
monoamine transporters or s1 receptor.

The r1 Receptor and Cocaine-Induced StD

The s1 receptor is presently considered to be an essential
component of the intracellular regulation and trafficking
mechanisms (Su and Hayashi, 2001). The receptor regulates
several neuronal functions and particularly intracellular
Ca2+ mobilization, Ca2+ channel activity, neurotransmitter
release, and neuronal firing (Hayashi et al, 2000; Maurice
et al, 2002). However, even at large, physiologically relevant
dosages, acute or chronic administration of s1 ligands,
agonists, as well as antagonists failed to induce notable
effects in control animals. At the behavioral level, as well as
in numerous physiological tests, s1 receptors act as pure
neuromodulatory receptors, devoid of effect in control
conditions, but highly effective when a pharmacological or
pathological unbalanced state is induced. Here, we extended
these observations to the notion of state-dependent learn-
ing. Selective s1 receptor ligands failed to induce a
particular memory trace by their own, at a dose subactive
in terms of direct effects on memory abilities. Larger dose
remains to be tested. However, compounds, at the dose
tested, induced a partial activation or antagonism of the s1
receptor, sufficient to modify the cocaine-induced StD, thus

clearly involving the s1 receptor in the acquisition of the
drug-induced state.
The s1 receptor plays an important role in several

pharmacological effects induced by cocaine. The drug
presents a low micromolar affinity for the s1 receptor
(Sharkey et al, 1988), but whether its interaction could be
direct or indirect is still under controversy (Maurice et al,
2002). However, its involvement in the drug-induced acute
locomotor effect and stereotypies, in the sensitization of
these behavioral responses, and toxic effects after high
doses of the drug were already reported (for a review, see
Maurice et al, 2002). The s1 receptor activation is also
involved in the acquisition, expression, and reactivation of
cocaine-induced conditioned place preference (Romieu
et al, 2000, 2002, 2004), suggesting that the rewarding
effects of the drug and relapse to drug craving is highly
influenced by this intraneuronal modulatory system. The
present study showed that if modulation of the s1 receptor
alone, using the agonist igmesine or antagonist BD1047, did
not result in a particular chemical state, its activation was
involved in the memory state induced by cocaine admin-
istration. As said above, cocaine-induced StD is likely to
involve the rate of occupancy of monoamine transporters
and therefore to result from an increase in monoaminergic
neurotransmission. However, the co-treatment with the s1
agonist igmesine + cocaine resulted in an amplification of
the cocaine-induced memory state, since transfer of the
retention quality was observed to the higher, 0.3mg/kg,
dose of cocaine. On the contrary, the co-treatment with the
s1 antagonist BD1047+ cocaine resulted in a complete
blockade of the cocaine-induced memory state, since
transfer to the vehicle solution was observed. Therefore,

Table 6 Modification of the Cocaine-Induced Chemical State by s1 Ligands or s1 Receptor-Interacting Steroids

Acquisition treatment Retention treatment n Latency median (IR) (s) Latency ratio (log-transformed)

(a) Transfer between s1 antagonists+cocaine and vehicle solution

Vehicle Vehicle 20 300 (233–300) 1.0870.09

Vehicle BD1047+cocaine 20 300 (240–300) 1.2570.12

BD1047+cocaine Vehicle 20 208 (146–300) 1.1670.13

BD1047+cocaine BD1047+cocaine 20 300 (300–300) 1.2670.12

Vehicle Progesterone+cocaine 18 300 (218–300) 1.2170.10

Progesterone+cocaine Vehicle 18 300 (219–300) 1.1770.14

Progesterone+cocaine Progesterone+cocaine 20 300 (229–300) 1.3170.11

(b) Transfer between s1 agonists+cocaine (0.1mg/kg) and cocaine (0.3mg/kg)

Cocaine (0.3) Cocaine (0.3) 18 300 (200–300) 1.2270.14

Cocaine (0.3) Igmesine+cocaine (0.1) 18 300 (206–300) 1.1670.16

Igmesine+cocaine (0.1) Cocaine (0.3) 18 300 (225–300) 1.0670.06

Igmesine+cocaine (0.1) Igmesine+cocaine (0.1) 15 300 (300–300) 1.1170.13

Cocaine (0.3) DHEA+cocaine (0.1) 16 300 (219–300) 1.1770.21

DHEA+cocaine (0.1) Cocaine (0.3) 20 300 (252–300) 1.2270.14

DHEA+cocaine (0.1) DHEA+cocaine (0.1) 18 300 (145–300) 1.1670.18

(a) Animals were injected with BD1047 (1mg/kg) or progesterone (5mg/kg) or vehicle solution immediately before cocaine (0.1mg/kg), 15min before the first
training session, and/or before the retention session in repeated or crossed treatments. (b) Animals were injected with igmesine (0.5mg/kg) or DHEA (10mg/kg)
immediately before cocaine (0.1mg/kg) or with cocaine (0.3mg/kg), 15min before the first training session, and/or before the retention session in repeated or crossed
treatments. No statistically significant difference was observed.
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the fact that both the agonist and antagonist modified the
cocaine-induced memory state was not the reflection of a
similar behavioral effects, but an amplification for the
agonist vs a masking effect for the antagonist. A similar
involvement of the s1 receptor was previously observed for
the acquisition of cocaine-induced appetitive properties
(Romieu et al, 2000, 2002). Conceivably, the abused drug
seems to misappropriate a natural neuromodulatory system
to acquire and amplify its effects, from the subtlest ones, the
memory trace (this study), to the most drastic, including
hyperlocomotion, convulsions, and lethality (Reith et al,
1986; Menkel et al, 1991; Ujike et al, 1992; Ritz and George,
1993). As such, the receptor appeared as a very important
component mediating the neuroplastic changes induced by
cocaine.

Influence of Neuro(active) Steroids on
Cocaine-Induced StD

The s1 receptor represents one of the particular targets by
which some neuroactive steroids act to exert their rapid
nongenomic effects in the brain (Su et al, 1988; Maurice
et al, 1999). These steroids are synthesized in the periphery
or centrally in the brain by glial cells and neurons,
and modulate the brain activity through both genomic
and nongenomic rapid neuromodulatory actions affecting
several neurotransmitters and second messenger sys-
tems (Baulieu, 1981; Paul and Purdy, 1992). In vitro and
in vivo pharmacological tests, as well as behavioral studies,
demonstrated that pregnenolone, DHEA, and their sulfate
esters act as s1 receptor agonists, whereas progesterone
acts as a potent antagonist (Monnet et al, 1995; Bergeron
et al, 1996; Maurice et al, 1997; Maurice and Privat, 1997).
These steroids also interact with excitatory and inhibitory
neurotransmitter receptors. The reduced metabolites of
progesterone, including pregnanolone and allopregnano-
lone, are devoid of effect on the s1 receptor, but are efficient
positive modulators of the GABAA receptor (Schumacher
and McEwen, 1989).
In the present study, we observed that pregnanolone and

allopregnanolone produced StD in mice, while pregneno-
lone, DHEA, and progesterone failed to provoke a reliable
memory state sustaining StD. GABAA receptor modulators,
including benzodiazepines, like diazepam or chlordiazep-
oxide, have been shown to produce strong memory traces,
resulting in StD in rodents and allowing transfer of
retention quality to pregnanolone (Colpaert, 1990; Colpaert
and Koek, 1996; Bruins Slot and Colpaert, 1999a, b). This
notion has even been proposed as a unique concept for the
psychophysiological effects of exogenous benzodiazepines
or GABA receptor-modulating endogenous neuroactive
steroids (Colpaert, 1990; Bruins Slot et al, 1999b). The
latter steroids, like pregnanolone or allopregnanolone, may
thus produce StD through their GABAA receptor interac-
tion. They, interestingly, showed plasma and brain levels
varying considerably with exogenous conditions. In parti-
cular, stressful events lead to marked increases in steroid
levels that in turn are able to constraint the memory for
particular environmental conditions (Healy and Drugan,
1996; Bruins Slot and Colpaert, 1999b). Such a role for these
GABAergic steroids in the constraint of memory must be
taken into account and deserves more extensive studies.

Moreover, in the present study, we observed that other
precursor steroids, like pregnenolone, DHEA, or even
progesterone, failed to induce an observable memory trace
in the brain, at the doses tested. If these steroids interacted
mainly with GABAA receptors, or even NMDA receptors,
blockade of which is also known to sustain StD (Jackson
et al, 1992; Harrod et al, 2001), they would be expected to
modify the brain chemical state in a way allowing the
observation of StD. Their interaction with the s1 receptor,
known to occur at the dosage tested in the present study
(Maurice et al, 2001), may explain the lack of memory trace,
further suggesting that acting through the s1 receptor could
also allow to modulate the chemical states induced by
GABAergic or glutamatergic drugs. Indeed, DHEA behaved
as igmesine. It failed to induce a memory state by itself,
but amplified the cocaine (0.1mg/kg)-induced memory
state and produced transfer to the higher dose of drug.
Progesterone behaved also similarly as BD1047, by produ-
cing a clear masking effect of the cocaine-induced memory
state. These observations bring a physiological substratum
for the involvement of the s1 receptor activation in the
cocaine StD and suggest, together with previous condi-
tioned place preference results (Romieu et al, 2003, 2004),
that the endogenous neurosteroid tonus may influence
cocaine vulnerability.

Role of Neuro(active) Steroids in Physiological StD

Noteworthy, the observation that neuroactive steroids
differentially sustained StD by themselves, besides their
putative involvement in cocaine-induced memory trace,
suggests a particular physiological role for this neuro-
modulatory system involved in controlling the excitatory/
inhibitory balance in the brain. Depending on physiological
conditions and neuroendocrine responses, neurosteroids
may contribute to the constraint of memory according to
StD concept or not. For instance, in stressful situations,
steroid biosyntheses led to very high levels in reduced
metabolites of progesterone as compared to precursor
steroids (Paul and Purdy, 1992; Barbaccia et al, 1996; Urani
et al, 2001), and thus to state-dependent memory processes,
whereas, in normophysiological conditions, state-indepen-
dent processes may prevail. In addition, basal levels in
neuroactive steroids and life-long variations in biosyntheses
levels vary considerably among individuals. Their involve-
ment in the memory trace induced by cocaine, as well as in
the acquisition of appetitive properties as recently reported
(Romieu et al, 2003), confirmed their importance as a factor
of vulnerability to develop drug addiction. Indeed, it has
been demonstrated that pre-administration of DHEA or
pregnenolone during the conditioning phase of place
preference protocol enhanced cocaine-rewarding proper-
ties. In contrast, administration of progesterone or treat-
ment with finasteride, a 5a-reductase inhibitor which
accumulates endogenous progesterone by blocking the
formation of reduced progesterone metabolites, led to
abolition of cocaine place preference (Romieu et al, 2003).
It could then be suggested that some neuro(active) steroids
could interfere with cocaine subjective effects. DHEA is able
to reinstate cocaine-seeking behavior in a place preference
reactivation procedure (Romieu et al, 2004). The memory
state induced by cocaine, and its physiological effects, may
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therefore largely depend on the endogenous neurosteroid
tonus. It could be proposed that neurosteroids, that is,
glucocorticoids, sexual hormones, or reduced progesterone
metabolites, may be involved in the stress-induced regu-
lation of drug intake, in a state-dependant recall of
consumption behavior. In other less stressful situations,
cocaine use could be maintained by state-independent
memory processes, where s1 receptor-related neurosteroids
would be more effective in altering the subjective effects of
the drug.
In conclusion, the present study showed that cocaine

induced in the brain, at very low doses, a memory trace
sufficient to sustain StD, in a passive avoidance response.
This state of memory was dependent upon s1 receptor
activation, although a selective agonist administered alone
was not sufficient to provoke any particular chemical state.
This observation confirmed the major involvement of the s1
receptor as a neuromodulatory system for the drug of abuse
and for the resulting adaptative plastic changes in the brain
structures. Neuroactive steroids played a particular role in
the involvement of StD in learning and memory processes.
On the one hand, the GABAA receptor-related steroids
pregnanolone or allopregnanolone sustained StD. On the
other hand, the s1 receptor-interacting steroids pregneno-
lone, DHEA, or progesterone failed to sustain StD, although
they also interacted with GABAA or NMDA receptors. Two
major physiological consequences for these observations
are proposed. First, variations among steroid levels, in
normophysiological vs stressful conditions, for instance,
may switch physiological memory processes, from state-
independent to state-dependent learning, with major
consequences on the intensity of the memory trace. Second,
variations in steroid levels and particularly the DHEA/
progesterone ratio, among individuals or neuroendocrine
conditions, may markedly influence the intensity of the
chemical state induced by an acute injection of cocaine.
Therefore, neurosteroids may conceivably play a major
influence on the differential propensity to develop addiction
among individuals.
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