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DHEA, a Neurosteroid, Decreases Cocaine
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Dehydroepiandrosterone (DHEA), which can act as a potential antidepressant in both animals and humans, appears to lower distress
involved with cocaine withdrawal. In fact, a role for neurosteroids in modulation of substance-seeking behavior is becoming increasingly
clear. Therefore, we tested the effects of DHEA on the self-administration of cocaine (I mg/kg/infusion) by rats. At maintenance, a
relatively low dose of exogenous DHEA (2 mg/kg; i.p.) attenuated cocaine self-administration after several days of chronic treatment.
More than 2 weeks (19 days) of daily DHEA injections were required to decrease the cocaine-seeking behavior of rats to less than 20%
of their maintenance levels. DHEA does not seem to decrease cocaine self-administration by increasing the reinforcing properties of the
drug, as indicated by a cocaine dose—response determination. After being subjected to extinction conditions in the presence of DHEA,
rats demonstrated a minimal response to acute exposure to cocaine (10 mg/kg), which indicated a protective effect of DHEA on relapse
to cocaine usage. Our results suggest a potential role for the neurosteroid DHEA in controlling cocaine-seeking behavior, by reducing

both the desire for cocaine usage and the incidence of relapse.

INTRODUCTION

Effective treatments for cocaine addiction are not yet
available (Soares et al, 2003); Stephen and Jonathan,
1998). Herein, the effects of the neurosteroid DHEA on
self-administration of cocaine and reinstatement of cocaine-
seeking behavior in rats were examined with the goal
of facilitating and developing an effective treatment for
cocaine addiction.

Effects of steroid hormones on the nervous system are not
limited to transcriptional regulation through interaction
with nuclear receptors. Rapid, nongenomic and stereo-
specific steroid actions are also transmitted via specific
membrane receptors, such as y-aminobutyric-acid-type A
(GABA,), ionotrophic glutamate, and sigma receptors.
This type of rapid neuronal regulation is due to both the
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action of gonadal steroids on the brain and synthesis
of neurosteroids within the nervous system (Falkenstein
et al, 2000; Jung-Testas et al, 1989).

Neurosteroids, which are synthesized from cholesterol,
include 3a-hydroxy-compounds (eg, pregnenolone, DHEA,
and their sulfate derivatives) and metabolites of progester-
one (eg, 3a-hydroxy-5o-pregnan-20-one, also known as
allopregnanolone) (Corpechot et al, 1993). Controversy
surrounds the potential use of neuroactive steroids to
modulate the effects of substances of abuse. For example,
allopregnanolone and pregnanolone attenuate convulsant
and sensitizing properties of cocaine in mice (Kaminski
et al, 2003), whereas synthetically derived neuroactive
steroids attenuate cocaine-induced sucrose intake in rats,
but not cocaine-induced hyperactivity in mice (Vanover
et al, 2000). Furthermore, none of these steroids alone
induced conditioned place preference (CPP). However,
during conditioning with cocaine, pretreatment with DHEA
or pregnenolone increased the conditioned score, while
pretreatment with either progesterone or a 5a-reductase
inhibitor blocked acquisition of cocaine-induced CPP
(Romieu et al, 2003). Chronic, but not acute treatment
with the neurosteroids, allopregnanolone (0.5 mg/kg),



DHEA and cocaine addiction
R Doron et al

2232

pregnenolone sulfate (2 and 5mg/kg), or DHEA sulfate
(DHEA-S; 2 and 5mg/kg) prevents development of mor-
phine tolerance and dependence and relieves withdrawal
effects (Reddy and Kulkarni, 1997).

In humans, levels of DHEA and DHEA-S were recently
shown to be altered during addiction to substances of abuse.
Following discontinuation (1-3 weeks) of cocaine in
hospitalized chronic cocaine users, plasma levels of cortisol
were highest at the beginning of abstinence and then
subsequently decreased, whereas levels of DHEA-S were low
at the beginning and increased later (Buydens-Branchey
et al, 2002). Lingering neuroendocrine perturbations were
suggested to persist after discontinuation of cocaine use
in addicts. In another study of cocaine abusers (3 weeks
of in-hospital therapy for cocaine dependence and 10
weeks follow up), significantly lower levels of DHEA-S
were observed in abusers that relapsed (Shoptaw et al,
2004; Wilkins et al, 1997). A connection between levels
of DHEA-S and profile of mood states suggests that
increased circulating DHEA-S levels may provide enhanced
CNS resiliency during withdrawal by lowering distressed
mood levels (Wilkins et al, 2005). However, this result is
hard to accept, as it has been shown that preliminary treat-
ment with DHEA (albeit at high doses) of cocaine addicts
does not decrease cocaine usage (Shoptaw et al, 2004).
Therefore, we tested the effects of DHEA on cocaine intake
and reinstatement in a controlled experimental study using
the self-administration paradigm in rats.

MATERIALS AND METHODS

Subjects

Male Sprague-Dawley rats (250-280g; obtained from the
Animal Breeding Center of Bar-Ilan University) were
maintained on a 12-12h light-dark cycle with free access
to food and water. Catheters were implanted under
anesthesia (chloral hydrate, 400mg/kg, i.p.; Merck,
Germany) into the jugular vein of some rats as described
previously (Roth-Deri et al, 2003). All experimental
procedures were approved by the Animal Care and Use
Committee of the University and were performed in
accordance with the guidelines of the National Institute of
Health.

Administration of DHEA

DHEA (Sigma Chemicals; St Louis, MO) was dissolved in
1-2 drops of DMSO and then diluted to 1 mg/ml of saline
(final DMSO concentration was 1%). Depending on the
experimental protocol, rats were injected i.p. with DHEA
(2mg/kg) or vehicle (saline containing 1% of DMSO),
90 min prior to exposure to the operant chamber. According
to a report by Wilkins et al (2005), cocaine addicts that had
a two-fold increase in plasma DHEA-S levels compared to
other addicts were less prone to relapse. Based on prior
evaluation of the effect of DHEA injections on DHEA-S
plasma levels in rat, we found that the optimal DHEA dose
to achieve a two-fold increase in DHEA-S plasma levels was
2mg/kg (2.3+0.4ng/ml in cocaine self-administrating rats,
vs 5.2+ 1.2 ng/ml in cocaine self-administrating rats treated
concomitantly with 2 mg/kg DHEA; n =15, p<0.05).
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Intravenous Catheterization

The rats were implanted with intravenous silastic catheters
(Dow Corning, Midland, MI) into the right jugular vein
(Roth-Deri et al, 2003). The catheter was secured to the vein
with silk sutures and was passed subcutaneously to the top
of the skull where it exited into a connector (a modified 22
gauge cannula; Plastics One, Roanoke, VA) mounted to the
skull with MX-80 screws (Small Parts, Inc., Miami Lakes,
FL) and dental cement (Yates & Bird, Chicago, IL). Catheter
potency was tested daily by injecting sterile saline.

Cocaine Self-Administration

Rats (n=42) were trained to self-administer cocaine as
previously described (Roth-Deri et al, 2003). Briefly, 5 days
after catheterization, rats were transferred to operant
conditioning chambers (Med-Associates, Inc.; St Albans,
Vermont) for 1h daily until stable maintenance levels were
attained (at least 3 days of 15-25 lever presses for cocaine
reinforcement; <20% deviation from the mean), during
their dark cycle, and were allowed to self-administer cocaine
iv. (0.13 ml/infusion; 1.0mg/kg/20s; obtained from the
National Institute on Drug Abuse, Research Technology
Branch, Rockville, MD) via a lever press under an FR-1
schedule of reinforcement. During the infusion, a light
located above the active lever was lit for 20 s. During the 20s
intervals of cocaine infusion, active lever presses were
recorded, but no additional cocaine reinforcement was
provided. The number of cocaine infusions was limited to
15/h to minimize cocaine overdose. Presses on the inactive
lever were recorded, but did not activate the infusion pump.

Sucrose Self-Administration

Rats (n=10) were trained to self-administer sucrose (10%
sucrose solution; 0.13 ml/infusion) delivered into a liquid
drop receptacle for oral consumption (ENV-200R3AM,
Med-Associates, Inc.). Rats were daily transferred into the
operant conditioning chambers (Med-Associates, Inc.;
St Albans, Vermont) for 30 min sessions, during their dark
cycle. The operant chambers and reinforcement schedule
were the same as those used for cocaine self-administration.
The number of rewards earned was limited to 50/session.
The limitation was imposed because, as rats find sucrose to
be highly palatable, they will self-administer at rates high
enough to empty syringes during the sessions if given
unlimited access. Rats were returned to home cages at the
end of the daily session.

Effect of DHEA Treatment on Maintenance of
Cocaine Self-Administration

Rats were allowed to self-administer cocaine (1 mg/kg/
0.13 ml/lever press) until stable maintenance levels were
attained. On the following days, rats were subjected to
DHEA (n=10) injections (2mg/kg i.p. 90min prior to
placement in the operant chambers) on a daily basis until
lever-pressing behavior resembled extinguished values (<6
responses/h). When the rats pressing on the active lever
decreased to <6 responses/h (<20% deviation from the
mean) for at least 3 consecutive days, it was assumed to be



nonreinforced by cocaine. A control group at maintenance
(n=13) was treated with vehicle using the same procedure.
Active lever responses, reinforcements, and inactive lever
responses were recorded.

DHEA-treated rats that have met the nonreinforced
criterion and rats in the control group that were at
maintenance were placed in the conditioning chamber and
allowed to self-administer either a lower dose of cocaine
(0.5 mg/kg/lever press) or no cocaine (0 mg/kg/lever press).
Active and inactive lever responses were recorded. This
test was conducted to assess the possibility that DHEA
treatment increases sensitivity to cocaine.

Effect of DHEA Treatment on Reinstatement to
Cocaine-Seeking Behavior

A separate group of rats were trained to self-administer
cocaine (1 mg/kg/0.13 ml/lever press) until stable mainte-
nance levels were attained. On the following days, rats were
exposed to cocaine extinction phase. The conditions during
the extinction phase were the same as during training with
the exception that the cocaine syringes were removed, and
that 90 min prior to placement in the operant chambers
rats were injected either with DHEA (2 mg/kg i.p.) (n=38)
or with vehicle (same volume) (n=7). Rats whose lever
presses decreased to five or less per session for at least 3
consecutive days received a priming injection of cocaine
(10 mg/kg, i.p.), 10min before placement in the self-
administration chambers. In order to verify that the
injection did not affect the number of lever presses,
both groups of rats were i.p. injected with saline, 10 min
before placement in the self-administration chambers, for
2 consecutive days before cocaine priming. Active lever
responses, reinforcements, and inactive lever responses
were recorded.

Effect of DHEA Treatment on The Maintenance
of Sucrose Self-Administration

Rats were allowed to self-administer sucrose (10% sucrose
solution/0.13 ml/lever press) until stable maintenance levels
were attained (at least 3 days of stable lever presses for
sucrose reinforcement; <20% deviation from the mean).
On the following 19 days, rats were subjected to daily DHEA
(n=6) or vehicle (n=4) injections (2mg/kg i.p.), 90 min
prior to placement in the operant chambers. Active lever
responses, reinforcements, and inactive lever responses
were recorded. This experiment was used as a control for
assessing DHEA effects on operant behavior.

Statistical Analysis

A one-way ANOVA with repeated measures (between-
subjects factor of DHEA or saline; within-subjects factor of
days) was employed to examine the effect of DHEA
administration on active lever presses for the self-admin-
istration of cocaine or sucrose. The Student-Newman-
Keuls post hoc test was used to determine days on which the
treatment groups differed. The effect of DHEA administra-
tion on the cocaine dose-response was analyzed by a two-
way ANOVA (two between-subject factors, cocaine dose

DHEA and cocaine addiction
R Doron et al

(1, 0.5, 0) and DHEA treatment (DHEA, vehicle)). Data are
presented as mean + SEM. Results were considered signifi-
cantly different if p<0.05.

RESULTS

Effect of DHEA Treatment on Maintenance of
Cocaine Self-Administration

After 14-16 consecutive days of cocaine self-administration
(1 mg/kg/infusion), rats achieved maintenance of cocaine
self-administration (>3 days of 15-25 lever presses for
cocaine reinforcement; <20% deviation from the mean).
There were no significant differences in active lever presses
and reinforcements between the group to be treated with
DHEA and the group to be treated with vehicle. Once
maintenance was achieved, rats received daily i.p. injections
of either DHEA (2mg/kg) or vehicle 90 min before being
allowed to self-administer cocaine. In the DHEA-treated
rats, there was a gradual decrease in the number of active
lever responses, with 19 days needed to lower the number to
about 6/h (Figure la). In rats receiving daily injections of
vehicle instead of DHEA, both the number of active lever
responses and cocaine reinforcements remained stable
(Figure 1b). A one-way ANOVA with repeated measures
for the active lever responses revealed a main effect
of DHEA treatment (F (1,21)=8.2; p<0.01), days
(F (20,420) =4.8; p<0.001), and an interaction of treatment
by days (F (20,420) =4.57; p<0.001). For number of
reinforcements, there was a main effect of DHEA treat-
ment (F (1,21) =25.55; p<0.001), day (F (20,420) =3.97;
p<0.001), and an interaction of treatment by days
(F(20,420) =10.63; p<0.001). There was no change in the
number of inactive lever responses during the experiment
(data not shown).

Vehicle-treated rats that achieved stable maintenance
levels throughout the experiment, and rats that upon
daily injections of DHEA had lowered their active lever
pressing to five per session were again placed into the
conditioning chambers where they were exposed to either a
lower dose of cocaine (0.5 mg/kg/lever press) or no cocaine.
As expected, decreasing the dose of cocaine, infused by
pushing the lever, in rats that had achieved stable
maintenance levels resulted in an increase in lever
responses (200-500%). In DHEA-treated rats, no significant
differences were observed in their low levels of attempts to
receive cocaine (Figure 1c). A two-way ANOVA analysis for
the active lever responses revealed a main effect of DHEA
treatment (F(1,55)=37.2; p<0.0001), a main effect of
cocaine dose (F(2,55) =20.2; p<0.0001), and an interaction
between treatment and cocaine dose (F(2,55)=16.3;
p<0.0001). A similar effect was seen with reinforcements,
where decreasing the dose of cocaine in rats that had
achieved stable maintenance levels resulted in an increase in
reinforcements (180-300%).

As with the number of lever presses, no significant
differences were observed in the number of reinforcements
of the DHEA-treated group (Figure 1d). A two-way ANOVA
analysis revealed a main effect of DHEA treatment
(F(1,55) =56.7; p<0.0001), a main effect of cocaine dose
(F(2,55) =18.08; p<0.0001), and an interaction between
treatment and cocaine dose (F(2,55) =16.26; p<0.0001).
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Effect of chronic DHEA treatment on self-administration of cocaine. Rats that reached maintenance upon self-administration of cocaine received

a daily injection of DHEA (2 mg/kg; n=9; panel a) or a vehicle (n= |3; panel b) 90 min prior to placement in the conditioning chamber. Last 3 days of
maintenance before injection of DHEA or vehicle are included. After 19 days of treatment (day 23), rats of both groups were allowed to self-administer a
lower dose of cocaine (panels c and d, respectively). The mean+ SEM numbers of active and inactive lever responses, and of cocaine reinforcements are
presented. *p <0.01, main effect of DHEA treatment vs maintenance in panel a or vs vehicle-treated rats in panels ¢ and d. **p <0.001, main effect of

treatment (Student-Newmann—Keuls post hoc test).

Effect of DHEA Treatment on Reinstatement to
Cocaine-Seeking Behavior

Cocaine priming did not induce reinstatement in the
DHEA-treated rats, as opposed to vehicle-treated con-
trols (Figure 2). A two-way ANOVA analysis for the
active lever responses (Figure 2a) revealed a main effect
of DHEA treatment (F (1,17)=17.1; p<0.001), a main
effect of cocaine reinstatement (F (1,17) =22.9; p<0.001),
and an interaction between treatment and reinstatement
(F (1,17) =20.4; p<0.001). Similarly, for the number of
reinforcements (Figure 2b), there was a main effect
of DHEA treatment (F (1,16) =21.6; p<0.001), a main
effect of cocaine reinstatement (F (1,16) =27.7; p<0.001),
and an interaction between treatment and cocaine relapse
(F (1,16) =24.7; p<0.001). No group differences were
observed for the number of sessions to reach the extinction
criterion.

Effect of Chronic DHEA Treatment on Maintenance
of Sucrose Self-Administration

We evaluated whether DHEA treatment disrupts general
operant behavior by testing its effect on sucrose intake.
Numbers of active lever responses and sucrose reinforce-
ments remained stable before and during the 19 days of
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DHEA treatment (Figure 3). A one-way ANOVA with
repeated measures for the active lever responses and for
the number of reinforcements found no main effect of
DHEA treatment, days, and interaction of treatment by
days.

DISCUSSION

A successful therapy for prevention of cocaine addiction has
not yet been found (Carroll et al, 1999). The present study
tested the effect of a natural neurosteroid, DHEA, on
cocaine-seeking behavior using a controlled self-adminis-
tration paradigm in rats.

Several days of chronic exposure to exogenous DHEA
(2mg/kg) attenuated cocaine self-administration. A longer
period (19 days) of daily DHEA treatment decreased the
cocaine-seeking behavior of the rats to <20% of their
maintenance levels. As indicated by decreasing the cocaine
dose, DHEA does not seem to decrease cocaine self-
administration by increasing sensitization to the reinforcing
effects of a dose of cocaine.

The effect of DHEA on cocaine-induced reinstatement of
drug seeking in rats exposed to extinction conditions
was also examined. Rats receiving DHEA (2 mg/kg) daily
showed a minimal response to acute priming with cocaine,
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which suggests that DHEA can protect against relapse to
cocaine usage following re-exposure to the drug. It will be
interesting to further examine the effect of DHEA treatment
in other models of reinstatement such as cue and stress.

No surge in active lever response accompanied initiation
of DHEA treatment, which would have been expected if
DHEA blocked the reward effect of cocaine. This result is
interesting, since most difficulties of addicts to stay on an
anti-drug program occur during the first weeks, when
expectation for reward is highest (Self and Choi, 2004).
Indeed, when higher doses of DHEA (10-20 mg/kg) were
coadministered with cocaine for a short period of time
(4 days), a markedly increased cocaine-induced CPP was
reported (Romieu et al, 2003).

Extinction of responding maintained by appetitive
rewards has been suggested to induce multiple stress events
including activation of the hypothalamus-pituitary-adrenal
axis, glucocorticoid secretion, and central fS-endorphin
release (Vescovi et al, 1992; Shaham et al, 2003). Hence,
it was previously suggested that alleviation of distress
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associated with cocaine withdrawal may facilitate achieving
abstinence (Self and Choi, 2004; Wilkins et al, 2005).
Furthermore, during withdrawal, cocaine addicts have high
plasma cortisol levels, which peak 6 days after initiation of
the withdrawal and then gradually decrease (Buydens-
Branchey et al, 2002). As the levels of plasma cortisol
decrease, the levels of DHEA-S gradually increase. Only
patients in which a spontaneous increase in DHEA-S levels
was observed were identified as being successful at
abstaining from cocaine usage over time (Wilkins et al,
2005). Although a connection between DHEA/DHEA-S, low
distressed mood levels, and enhanced CNS resiliency during
withdrawal was suggested (Wilkins et al, 2005), it seems that
selecting their exogenous dose is critical to avoid relapse
(Shoptaw et al, 2004).

The effect of exogenously applied DHEA (2mg/kg) on
cocaine-seeking behavior may be due to its conversion to
DHEA-S in the serum and brain (Maayan et al, 2005), in
addition to increases in other bioactive neurosteroids
(Dubrovsky, 2005). These neurosteroids may interact
with various neurosystems involved in mood and drug-
seeking behaviors, such as glutamatergic, GABAergic, and
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dopaminergic systems. Since DHEA can function as an
antidepressant in both animals and humans (Maayan et al,
2005; Wolkowitz et al, 1997), it may lower distress involved
with cocaine withdrawal (Self and Choi, 2004), similar to the
p-endorphin-induced lowering of frustration during extinc-
tion (Roth-Deri et al, 2003, 2004).

An additional possible mechanism for the DHEA-induced
attenuation of cocaine-seeking behavior suggests the
involvement of sigma-1 receptors. The sigma-1 receptor is
critically involved in the rewarding effect of cocaine, as was
shown using the CPP (Romieu et al, 2003, 2001). Based on
data indicating that DHEA acts as an agonist of these
receptors (Maurice et al, 1999), it is possible that long
administration of DHEA downregulates sigma-1 receptors
as a compensatory neuroadaptation that leads to attenua-
tion of cocaine-seeking behavior.

Even though the precise mechanism by which DHEA
facilitates abrogation of cocaine-seeking behavior is not yet
known, the potential of DHEA for facilitating rehabilitation
of cocaine addicts is promising.
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