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Some neuroactive steroids which positively modulate GABAA receptor
activity suppress cocaine-induced kindling but a possible involvement of
other neurochemical mechanism in their antiepileptogenic effect remains to
be elucidated. To this end, in the present study, we evaluated effects of allo-
pregnanolone, a positive modulator of the GABAA receptor; its isomer with-
out GABAergic activity – isopregnanolone and a negative-modulator of
GABAergic transmission – dehydroepiandrosterone sulfate on cocaine-indu-
ced kindling in mice. Animals were pretreated daily with either vehicle or
neuroactive steroid and then given cocaine (45 mg/kg) for 12 days. After
a 14-day washout period in which drugs were not administered, the mice
were challenged with the same 45 mg/kg dose of cocaine. Isopregnanolone
(5 mg/kg) and dehydroepiandrosterone sulfate (20 mg/kg) administered
daily with cocaine decreased number of mice exhibiting seizures. Allopreg-
nanolone (5 mg/kg) also showed strong tendency to suppress cocaine kin-
dling, however, its effect did not reach statistical significance. None of the
neuroactive steroids had effect on acute cocaine (75 mg/kg ip)-induced
clonic seizures. Further biochemical study showed that the veratridine- but
not K+-stimulated release of D-[3H]-aspartate in hippocampal slices was
higher in cocaine-kindled mice than in the control group. Isopregnanolone
(100 �M) significantly attenuated the veratridine-induced D-[3H]-aspartate
release in hippocampi of cocaine-kindled group. These data indicate that
positive modulation of the GABAA receptors is not a critical feature of neu-
roactive steroids that would determine their ability to prevent the cocaine-
induced kindling.
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INTRODUCTION

Anticonvulsant effects of some neuroactive ster-
oids have been well recognized. Neuroactive ster-
oids which are positive allosteric modulators of
GABAA receptors such as allopregnanolone or tetra-
hydrodeoxycorticosterone inhibit seizures induced
by GABAA receptor antagonists, e.g. pentetrazole,
bicuculline and picrotoxin, but are not efficient
against maximal electroshock-induced seizures [5,
12]. Moreover, neuroactive steroids attenuate seizu-
res evoked by excitatory amino acid agonists, such
as kainate and N-methyl-D-aspartate (NMDA) or by
pilocarpine, which indirectly activates glutamatergic
system [3, 11, 13]. Apart from their ability to sup-
press acutely evoked seizures, neuroactive steroids
proved to be active in experimental models of epi-
leptogenesis. They attenuate electrically- and pen-
tetrazole-induced kindling. Furthermore, allopreg-
nanolone (5�-pregnan-3�-ol-20-one), pregnanolone
(5�-pregnan-3�-ol-20-one) and ganaxolone (a syn-
thetic derivative of allopregnanolone; 5�-pregnan-
3�-ol-3�-methyl-20-one) suppress the expression of
cocaine-kindled seizures, whereas only allopreg-
nanolone and ganaxolone inhibit the development of
cocaine-induced kindling in mice [8]. Refractoriness
of cocaine-induced seizures to some antiepileptic
drugs, including those which enhance GABAergic
transmission [25], suggests that other neurochemical
mechanisms may contribute to anticonvulsant and
antiepileptogenic effects of neuroactive steroids. In
order to test this hypothesis, in the present study, we
evaluated effects of allopregnanolone, its isomer de-
void of GABA activity, isopregnanolone and a ne-
gative-modulator of GABAergic transmission, de-
hydroepiandrosterone sulfate on cocaine-induced
seizures and kindling in mice. Additionally, since
mechanism of anticonvulsant action of neuroactive
steroids may involve inhibition of excitatory amino
acid release [3], effects of isopregnanolone on
D-[3H]-aspartate release in hippocampal slices of
cocaine-kindled mice have been investigated.

MATERIALS and METHODS

Animals

The experiments were carried out on male al-
bino Swiss mice weighing 20–25 g. They were
housed with water and food available ad libitum
under a 12 h light-dark cycle (the light on at 7.00

a.m.), and at controlled temperature (20–23°C). All
experiments were conducted between 9.00 a.m. and
3.00 p.m. The experimental groups consisted of
12–14 animals. All experimental procedures using
animal subjects were approved by the Committee
for Animal Care and Use at the Institute of Pharma-
cology, Polish Academy of Sciences.

Drugs

Allopregnanolone (5�-pregnan-3�-ol-20-one),
isopregnanolone (5�-pregnan-3�-ol-20-one), dehy-
droepiandrosterone sulfate (5-androsten-3�-ol-17-
one sulfate) and 2-hydroxypropyl-�-cyclodextrin
were purchased from Research Biochemicals Inc.
(–)-Cocaine hydrochloride was purchased from
Merck, Germany. D-[3H]-aspartate (11.5 Ci/mmol)
was obtained from the New England Nuclear-
Research Products.

Cocaine-induced seizures

The animals were injected ip (10 ml/kg) with
the vehicle (20% 2-hydroxypropyl-�-cyclodextrin)
or a neuroactive steroid 10 min before cocaine (75
mg/kg) administration. Then, the animals were
placed singly in a glass cylinder (26 cm high, 15 cm
in diameter) and observed for 60 min for the occur-
rence of clonic seizures. The administered doses of
neuroactive steroids were based on previous ex-
periments showing their anticonvulsant activity
against NMDA-induced seizures in mice [3].

Cocaine-induced kindling

Animals were pretreated daily either with vehi-
cle or neuroactive steroid and then given cocaine
(45 mg/kg) for 12 consecutive days. After a 14-day
washout period in which drugs were not adminis-
tered, the mice were challenged with the same 45
mg/kg dose of cocaine. Neuroactive steroids were
given before every injection of cocaine including
the challenge dose, while control animals always
received vehicle. The endpoint of cocaine-induced
convulsions in the kindling paradigm was the oc-
currence of clonic seizures accompanied by the
loss of righting reflex lasting at least 5 s.

Estimation of isopregnanolone effect on D-[3H]-

aspartate release from the mouse hippocampal

slices

The mice were sacrificed by decapitation, their
brains were rapidly removed, and hippocampi were
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dissected and cut with a McIlwain tissue chopper
into slices that were 400 �m thick. The slices were
preloaded by incubation for 30 min at 37°C with
0.1 �M 2,3-D-[3H]-aspartate in a Krebs-Henseleit
buffer (118 mM NaCl, 4.7 mM KCl, 25 mM
NaHCO3, 1.2 mM MgSO4, 1.2 mM KH2PO4, 2.3
mM CaCl2, 11 mM D(+)glucose, pH 7.4), which
was gassed with 95%O2/5%CO2. Then, the slices
were transferred to a multi-chamber superfusion
apparatus (3 slices per chamber) (Brandel Suprafu-
sion 1000) and superfused with a well-gassed
Krebs-Henseleit buffer for 40 min, at a rate of 0.5
ml/min, and then twenty 2-min samples were col-
lected. Transmitter release was evoked by addition
of 50 mM KCl or 50 �M veratridine to the medium
at 45 and 69 min after the start of superfusion. The
stimulation lasted 1 min. Isopregnanolone, dissolved
in 2-hydroxypropyl-�-cyclodextrin solution, was in-
troduced into the superfusion medium 12 min be-
fore the second pulse of elevated K+ or veratridine.
At the end of experiment, hippocampal slices were
dissolved in 30% trichloroacetic acid and the
amount of the radioactivity in the slices and super-
fusate samples was determined by liquid scintilla-
tion counting (Beckman). The amount of radioac-
tivity released into each fraction was expressed as a
percentage of the total radioactivity remaining in
the tissue prior to collection of this sample. Iso-
pregnanolone was assayed for its effect on the ratio
of aspartate release evoked by the second exposure
to K+ or veratridine (the S2–K+ or veratridine-
evoked release in the presence of steroid) to the
first exposure (S1–K+ or veratridine-evoked release
in the absence of steroid), i.e. S2/S1. The impact of
isopregnanolone on spontaneous release was deter-
mined as the ratio of aspartate release with steroid
(B2) to that without steroid (B1), i.e. B2/B1.

Data analysis

The results obtained in experiments with co-
caine-induced seizures were expressed as percent-
age of animals showing seizures on each day of co-
caine administration. Fisher’s exact probability test
was used for evaluation of their statistical signifi-
cance. The data obtained from experiment on
amino acid release were subjected to a one-way
analysis of variance (ANOVA), followed by Dun-
can’s multiple-range test. Differences were consid-
ered significant when p < 0.05.

RESULTS

Single administration of cocaine at high dose
(75 mg/kg) induced clonic seizures in 80% of mice.
Allopregnanolone (5, 10 and 20 mg/kg), isopreg-
nanolone (5, 15 and 20 mg/kg) and dehydroepian-
drosterone sulfate ( 10, 20 and 40 mg/kg) had no
effect on clonic seizures induced by acute cocaine
treatment (Tab. 1). Daily administration of cocaine
at 45 mg/kg resulted in gradual increase in seizure
sensitivity and by day 10 cocaine caused over
2-fold increase in seizure incidence in comparison
with the value observed on day 1. This enhance-
ment in seizure sensitivity was maintained through-
out the 14-day washout period during which no
drugs were administered. (Fig. 1). No lethal effects
were observed when the cocaine dose of 45 mg/kg
was used for induction of kindling in mice. Iso-
pregnanolone (5 mg/kg) and dehydroepiandroster-
one sulfate (20 mg/kg) administered daily with co-
caine decreased the number of mice exhibiting sei-
zures on days 10, 11, 12 and following 14 days of
cocaine washout when tested with cocaine chal-
lenge on day 26 (Fig. 1). Allopregnanolone (5 mg/kg)
showed tendency to reduce cocaine-induced kin-
dling, however, this effect was not statistically sig-
nificant.

Table 1. Effects of some neuroactive steroids on cocaine-
induced seizures in mice

Treatment and dose (mg/kg) Cocaine 75 mg/kg

Control 80

5�-pregnan-3�-ol-20-one 5

10

20

90.9 NS

100.0 NS

83.3 NS

5�-pregnan-3�-ol-20-one 5

15

20

75.0 NS

75.0 NS

83.3 NS

Dehydroepiandrosterone sulfate 10

20

40

66.7 NS

66.7 NS

75.0 NS

The results are shown as percentage of mice convulsing within
60 min after cocaine administration. The obtained values were
evaluated by a Fisher’s exact probability test. NS – non signifi-
cant

The basal and K+-evoked D-[3H]-aspartate re-
lease in the hippocampi of cocaine-kindled group
did not differ from that of controls. On the other
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hand, the veratridine-induced release of D-[3H]-as-
partate was higher in cocaine-kindled animals than
in the control group. Isopregnanolone had no effect
on K+-stimulated D-[3H]-aspartate release but sig-
nificantly attenuated the veratridine-induced efflux
of this amino acid (Tab. 2).

DISCUSSION

Repeated injection of cocaine at high doses re-
sults in development of long-lasting increase in
sensitivity of animals to convulsive effect of this
drug. This so-called cocaine kindling is a useful

1134 Pol. J. Pharmacol., 2003, 55, 1131–1136

M. Leœkiewicz, B. Budziszewska, L. Jaworska-Feil, M. Kubera, A. Basta-Kaim, W. Lasoñ

Table 2. Effect of isopregnanolone on the basal (B2/B1) and K+- or veratridine-evoked (S2/S1) D-[3H]-aspartate release from the
mouse hippocampal slices

Treatment and concentration Basal (B2/B1) K+-evoked (S2/S1) Veratridine-evoked (S2/S1)

Control 0.69 ± 0.07 0.96 ± 0.06 3.09 ± 0.85

5�-pregnan-3�-ol-20-one 100 �M 0.67 ± 0.13 0.92 ± 0.04 2.26 ± 0.76

Cocaine 0.84 ± 0.11 1.19 ± 0.31 4.57 ± 0.84*

Cocaine + 5�-pregnan-3�-ol-20-one 100 �M 0.75 ± 0.08 1.18 ± 0.51 2.81 ± 0.95#

The basal D-[3H]-aspartate release is expressed as the ratio of aspartate efflux with steroid (B2) to that without it (B1). The K+- or
veratridine-evoked release is presented as the ratio of K+- or veratridine-evoked release in the presence of steroid (S2) to the value in
the absence of steroid (S1). The data are expressed as a mean ± SEM from 3 experiments (n = 3–6). The obtained values were evalu-
ated by a one-way analysis of variance (ANOVA), followed by Duncan’s multiple-range test. * p < 0.05 vs. control group, # p < 0.05
vs. cocaine group
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Fig. 1. Effects of allopregnanolone, isopregnanolone and dehydroepiandrosterone sulfate upon seizures during cocaine kindling. The
vehicle or neuroactive steroid was administered 10 min before cocaine (45 mg/kg) on days 1 to 12. After a 14 day washout period in
which drugs were not administered, the mice were challenged with the same 45 mg/kg dose of cocaine. * p < 0.05 (Fisher’s exact
probability test)



model for studying neurochemical mechanism of
both sensitizing and epileptogenic effects of re-
peated cocaine administration [19]. Neuroactive
steroids allopregnanolone and ganaxolone, which
are positive modulators of GABAA receptors were
reported to have protective effects against cocaine-
induced seizures [5] and against development and
expression of cocaine kindling [8]. In the present
study, allopregnanolone showed strong tendency to
reduce cocaine-induced kindling, however, this ef-
fect was not statistically significant. Better efficacy
of allopregnanolone in attenuation of cocaine-
kindled seizures in Kamiñski’s study was probably
due to the fact that these investigators used higher
doses (17 and 30 mg/kg) of allopregnanolone,
whereas 5 mg/kg has been used in our study. How-
ever, since cocaine-induced kindling is resistant to
another positive modulator of GABAA receptor, i.e.
diazepam [9], a possible involvement of some other
neurochemical mechanism in antiepileptogenic ef-
fects of neuroactive steroids should be considered.
The present data showed that both dehydroepian-
drosterone sulfate, a negative modulator of this re-
ceptor [6, 16] and isopregnanolone which has weak
affinity for the GABAA receptor [6] were effective
against the expression of seizures in animals kin-
dled with cocaine.

Since cocaine-induced kindling is suppressed
by NMDA receptor antagonists [7], a possible par-
ticipation of this receptor in the mechanism of ac-
tion of neuroactive steroids is worth investigating.
Indeed, dehydroepiandrosterone sulfate was shown
to afford some protection against NMDA-induced
seizures, being without effects against kainate-
induced seizures [3, 13]. Moreover, dehydroepian-
drosterone sulfate was reported to protect both in

vitro and in vivo hippocampal neurons against exci-
tatory amino acids-induced toxicity [10]. Further,
both NMDA receptor antagonists and chronic treat-
ment with this neurosteroid attenuated signs of
morphine dependence in mice [20]. On the other
hand, dehydroepiandrosterone sulfate did not change
the threshold for pentetrazole, but when adminis-
tered chronically, it significantly increased sensitiv-
ity of mice to this chemoconvulsant [21], and icv

injection of this compound had pro-convulsive ac-
tivity [4]. Thus, interaction of dehydroepiandros-
terone sulfate with excitatory amino acid transmis-
sion is rather complex and may result both in pro-
convulsive and neuroprotective effects. Apart from

its negative modulation of GABAA receptors, de-
hydroepiandrosterone sulfate interacts with central
sigma receptors [18]. Sigma receptor ligands were
reported to block the locomotor stimulant effects of
cocaine [17, 24] and interfere with rewarding ef-
fects of this psychostimulant. Moreover, a selective
ligand of sigma binding site prevented the develop-
ment of cocaine sensitization [24]. It has been re-
ported that panamesine, a selective sigma ligand
with preference for sigma 1 receptor subtype and
potential antagonistic activity inhibited cocaine-
induced convulsion in mice, whereas two other
compounds with agonistic activity showed oppo-
site effects [23]. Since dehydroepiandrosterone sul-
fate has sigma 1 receptor agonistic activity [1],
a possible involvement of sigma receptor in inhibi-
tory effect of this steroid on cocaine kindling re-
mains questionable. The inhibitory effect of iso-
pregnanolone on cocaine-induced kindling was sur-
prising, since this compound was reported to inhibit
allopregnanolone-induced potentiation of GABAA
receptor activity [15]. Isopregnanolone did not show
any beneficial effects against NMDA-induced sei-
zures in mice [3] and remained without any protec-
tive activity upon withdrawal syndrome in morphi-
ne-dependent mice [2]. However, the present bio-
chemical data showed that isopregnanolone might
interfere with excitatory amino acid release in hip-
pocampi of kindled animals. Cocaine kindling re-
sulted in higher sensitivity of hippocampal tissue to
depolarizing effects of veratridine, but not to K+-in-
duced depolarization as compared with controls.
This is in agreement with a report of other investi-
gators who found transient increase in K+-evoked
D-[3H] aspartate release in hippocampal tissue of
pentetrazole-kindled animals which was normal-
ized upon completion of kindling [22]. Isopreg-
nanolone significantly attenuated the veratridine-
induced D-[3H]-aspartate release in hippocampi of
cocaine-kindled mice. Interestingly, dehydroepian-
drosterone sulfate has been reported to suppress the
voltage-gated Na+ channels but not the Ca+ chan-
nels [14 ]. However, since there are no data sug-
gesting that isopregnanolone might interact with
sodium ion influx, mechanism of its effect on
veratridine-induced excitatory amino acid release
in kindled animals awaits further study.

Summing up, this study confirmed and extended
previous findings suggesting that some neuroactive
steroids can suppress cocaine-induced kindling in
mice. Furthermore, these data indicate that positive
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modulation of the GABAA receptors is not a critical
feature of neurosteroids that would determine their
ability to prevent the cocaine-induced kindling.
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