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DEUTSCH, S. I., R. B. ROSSE, K. STEINBERG, C. MORN, L. KOETZNER, R. RIGGS AND J. MASTRO- 
PAOLO. Evaluation of in viva interactions in mice between flurazepam and two neuroactive steroids. PHARMACOL 
BIOCHEM BEHAV 55(3) 323-326, 1996.-The development of neuroactive steroids as anticonvulsant medications may 
be useful both as a primary treatment and as an adjuvant to other anticonvulsants. They may be limited, however, by 
sedative and ataxic side effects. In the current study, 3alpha -hydroxy-5,,,,-pregnan-20.one and alfaxalone, two prototypic 
neuroactive steroids, were shown to potentiate the ability of flurazepam to antagonize electrically precipitated tonic hindlimb 
extension in mice at doses that by themselves had little antiseizure efficacy. While alfaxalone alone lacked motor incoordinating 
effects at a dose (18.0 mg/kg) that potentiated the antiseizure efficacy of liurazepam, the same dose of 3,,,,,,-hydroxy-Sk,,- 
pregnan-20-one possessed both the ability to potentiate flurazepam’s anticonvulsant effect and disrupt mouse rotorod 
performance. The data suggest that allosteric interactions that have been described in vitro between neuroactive steroids 
and other modulators of the GABAA receptor complex may have relevance for the intact animal. Finally, the data also 
suggest that neuroactive steroids could be developed as short-lived adjuvant antiseizure medications in certain critical 
situations (e.g., medication-refractory status epilepticus). However, the motor incoordinating effects resulting from the 
combination of neuroactive steroids and flurazepam suggest that their usefulness as adjuvant medications in the chronic 
therapy of seizure disorders may be limited. Copyright 0 1996 Elsevier Science Inc. 
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NATURALLY occurring 3,,,,,-hydroxy ring-A reduced me- 
tabolites of progesterone and deoxycorticosterone have been 
shown to act as allosteric modulators of the GABAA receptor 
complex (2,8). These neuroactive steroids bind to a distinct 
site within the hydrophobic channel domain of this penta- 
merit protein complex. Steroids that are positive allosteric ef- 
fectors potentiate GABA-stimulated chloride ion conduc- 
tance, enhance 3H-muscimol and 3H-flunitrazepam binding, 
and inhibit the binding of 35S-t-butylbicyclophosphorothionate 
(35S-TBPS), a channel ligand that is a specific marker of the 
GABA-associated chloride ionophore (3). There is consider- 
able interest in the development of these GABA-positive neu- 
reactive steroids as anticonvulsants, as well as anxiolytic, seda- 
tive, and anesthetic medications (1). 

There are preliminary data suggesting that naturally oc- 
curring and synthetic neuroactive steroids antagonize seizures 
at doses that are associated with neurotoxicity (i.e., sedation 
and motor incoordination) (6). Moreover, the anticonvulsant 
efficacy of neuroactive steroids in mice appears to be more 
easily detected by the assessment of their abilities to protect 
against pentylenetetrazol (PTZ)-induced seizures, rather than 
their abilities to protect against tonic hindlimb extension in 
the maximal electroshock seizure (MES) test (6). Therefore, 
we wondered if the incremental electroconvulsive shock 
(IECS) seizure paradigm might afford a better opportunity to 
detect efficacy against electrically precipitated tonic hindlimb 
extension than the MES test. Moreover, we studied doses of 
the two prototypic neuroactive steroids that would be theoreti- 
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tally less likely to be associated with sedation and motor 
incoordination (i.e., doses less than 20 mg/kg) for their abilities 
to not only protect from seizures alone, but also to potentiate 
flurazepam’s antiseizure efficacy (6). Other investigators re- 
ported that the TD,,, (i.e., the dose that resulted in at least 
50% of the animals showing motor impairment in the hori- 
zontal screen test) for a series of nine neurosteroids was above 
20 mg/kg (6). 

The current study evaluated the abilities of 3,,,,,,-hydroxy- 
5,,,,-pregnan-20-one (3a5B-P) and alfaxalone, prototypic natu- 
rally occurring and synthetic neuroactive steroids, respec- 
tively, to antagonize electrically precipitated seizures in mice 
using an IECS procedure (10). Furthermore, the abilities of 
these two compounds to potentiate the antiseizure efficacy of 
flurazepam, a benzodiazepine agonist representing another 
class of positive allosteric effector of the GABA* receptor 
complex, in this paradigm were also examined. Also, the motor 
incoordinating effects of these neuroactive steroids alone and 
in combination with flurazepam were evaluated at a dose of 
each that was devoid of a significant anticonvulsant effect 
(i.e., 18.0 mg/kg). The latter experiments were performed to 
evaluate potential sedative-ataxic effects of the neuroactive 
steroids alone and in combination with flurazepam; sedative- 
ataxic effects would limit the clinical usefulness of the neuroac- 
tive steroids as adjuvant maintenance antiseizure medications. 

METHOD 

Animals 

An outbred strain of experimentally naive, male NIH Swiss 
mice purchased from the National Cancer Institute was used 
throughout all experiments. Animals weighed approximately 
30 g and were housed in hanging wire cages (five mice/cage). 
Animals were maintained in a temperature and humidity con- 
trolled vivarium with a 12 L:12 D cycle with free access to 
food and water. Animals were transported to the laboratory 
on the day of the experiment. 

Drugs 

3 B,pha-Hydroxy-5h,,,-pregnan-20-one (3a5B-P; a generous 
gift of Dr. Nancy C. Lan, CoCensys, Inc., Irvine, CA) and 
alfaxalone (a generous gift of Glaxo Group, Middlesex, UK) 
were dissolved in 4.5% wlv 2-hydroxypropyl-beta-cyclodextrin 
in distilled water. Flurazepam HCl (Hoffmann-LaRoche, Nut- 
ley, NJ) was dissolved in 0.9% saline. All drugs were injected 
intraperitoneally in a volume of 0.01 ml/g of body weight. 
3a5B-P was always injected 10 min prior to the IECS or ro- 
torod procedures. When studied alone, alfaxalone was injected 
20 min prior to the IECS or rotorod procedures; however, 
when its interaction with flurazepam was studied, it was in- 
jected 5 min before flurazepam. Flurazepam was always in- 
jected 20 min prior to the IECS or rotorod procedures. 

Incremental Electroconvulsive Shock (IECS) Procedure 

In the IECS procedure, a Hittman electroconvulsive shock 
generator (Medcraft model B24-II) was utilized to administer 
0.3 s of voltage via earclip electrodes (4,9). To determine 
the threshold voltage for the precipitation of tonic hindlimb 
extension, the procedure began with 70 V and was increased 
in 10-V increments every 2 s until maximal tonic hindlimb 
extension occurred or 170 V was reached. A voltage of 180 
was recorded for animals that did not show tonic hindlimb ex- 
tension. 

Rotorod Procedure 

To evaluate possible sedative/ataxic properties of 3a5B-P 
and alfaxalone alone and in combination with flurazepam, we 
used a rotorod apparatus (Biological Research Apparatus, 
Model 7600, Comerio Varese, Italy) rotating at a constant 
speed of 12 rpm. Rotorod assessment was divided into two 
phases: a baseline period of 5 min, during which the animals 
were replaced on the rotating rod in the event of failure to 
maintain balance. Subsequent to this, a 5-min testing period 
began following the administration of either 3a5B-P, alfaxa- 
lone, or their vehicle, in combination with a dose of flurazepam 
or flurazepam vehicle. 

Analysis 

In all experiments, groups of at least 12 mice were tested 
in each of the experimental conditions. Data from the experi- 
ments were analyzed with either a one-way or two-way analy- 
sis of variance (ANOVA) and subsequent post hoc tests when 
appropriate. All reports of statistical significance were based 
upon a value of p < 0.05. 

RESULTS 

As illustrated in Fig. la, a one-way ANOVA revealed a 
significant main effect for alfaxalone in terms of raising the 
threshold voltage required for the electrical precipitation of 
tonic hindlimb extension, F( 1,4) = 4.15. Post hoc comparisons 
(Scheffe test) showed that although vehicle and the 5.6 mgi 
kg dose of alfaxalone did not differ significantly from each 
other, the 32.0 mg/kg dose of alfaxalone differed significantly 
from both vehicle and the 5.6 mgikg dose. As illustrated in 
Fig. lb, a one-way ANOVA revealed a statistically significant 
main effect for 3a5B-P in terms of antagonizing electrically 
precipitated tonic hindlimb extension, F(1, 4) = 3.85. How- 
ever, post hoc comparisons (Scheffe test) failed to detect statis- 
tically significant differences between any of the 3a5B-P doses 
and vehicle. As illustrated in Fig. 2a, an ineffective or margin- 
ally effective dose of alfaxalone (18.0 mg/kg) was able to 
potentiate the antiseizure efficacy of flurazepam. A two-way 
ANOVA revealed a significant main effect for fluraze- 
pam, F(2, 5) = 34.28, a significant main effect for alfaxalone, 
61, 1) = 36.56, and the absence of a significant interaction, 
F(12, 5) = 2.06. As illustrated in Fig. 2b, an ineffective dose 
of 3a5B-P (18.0 mgikg) potentiated the antiseizure efficacy of 
flurazepam. A two-way ANOVA revealed a significant main 
effect for flurazepam, F( 1,5) = 24.71, a significant main effect 
for 3aSB-P, F(2, 1) = 17.21, and no significant interaction, 
F(12, 5) = 1.57. 

As illustrated in Fig. 3, a one-way ANOVA revealed a 
significant main effect for flurazepam dose, F(2, 4) = 128.75, 
and a significant main effect for treatment with each of the 
neuroactive steroids, F(2,4) = 18.18, on rotorod performance. 
In addition, there were significant interactions between the 
nemoactive steroids and flurazepam, F(4, 99) = 6.22. How- 
ever, whereas post hoc comparisons (Scheffe test) showed that 
both 3a5B-P and alfaxalone potentiated the motor incoordi- 
nating effects of flurazepam, only 3a5B-P possessed sedative/ 
ataxic effects at a dose of 18.0 mgikg when administered alone. 

DISCUSSION 

In addition to the adrenal cortex and gonads, the brain 
serves as an additional source of neuroactive steroids, endoge- 
nous modulators of the GABAA receptor complex (2,8). These 
steroids are derived from the translocation of cholesterol 



IN VIVO INTERACTIONS BETWEEN FLURAZEPAM AND STEROIDS 325 

180 

170 

160 

150 

140 

130 

120 

110 

A 180 

170 

180 

150 

140 

T 130 

100 

90 

80 

10 

0 / I 

V 5.6 10.0 18.0 

Alfaxalone (mg/kg) 

B 

I .I/, I / 

32.0 V 3.2 5.6 10.0 18.0 

3 alpha-hydroxy-5 beta-pregnan-20-one (mg/kg) 

FIG. 1. (A) Depicts the mean seizure voltage (2 SEM) of groups of mice injected with cyclodextrin vehicle 
(point above V) or various doses of alfaxalone. Details of B are identical and portray the data for 3a5B-P. 

across the mitochondrial membranes of glial cells to the site 
of the cytochrome P450 side-chain cleavage enzyme. The rate 
of this translocation is controlled by the mitochondrial benzo- 
diazepine receptor and is the rate-limiting step for steroid 
biosynthesis. The mitochondrial benzodiazepine binding site 
is independent of the GABA-associated chloride ionophore. 
Neuroactive steroids synthesized locally near sites of the GA- 
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BAA receptor complex may provide another intermediate 
level of regulatory control of GABA-gated chloride ion con- 
ductance (2). 

The current data suggest that at doses that are by them- 
selves devoid of antiseizure efficacy in the IECS paradigm, 
neuroactive steroids may be able to potentiate the antiseizure 
efficacy of flurazepam. Interestingly, alfaxalone alone was es- 
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FIG. 2. (A) Depicts the mean seizure voltage (2 SEM) of groups of mice injected with cyclodextrin vehicle 
(closed circles) or 18 mg/kg of alfaxalone (open circles) prior to an injection of saline (points above V) or 
various doses of flurazepam. Details of B are identical except that closed circles represent groups injected 
with 3aSB-P and 3a5B-P was injected 10 min after flurazepam or the flurazepam vehicle. 
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FIG. 3. The figure depicts the mean (2 SEM) time on rotorod for 
groups of animals treated with either alfaxalone (squares), 3a5B-P 
(triangles) or their vehicle (circles), in addition to an injection of 
either the flurazepam vehicle (points above vehicle) or one of two 
doses of flurazepam (5.6 or 18.0 mg/kg). 
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sentially devoid of motor incoordinating effects, whereas 
3a5B-P, at the same dose, disrupted mouse rotorod perfor- 
mance. Thus, a detailed evaluation of structure-activity rela- 
tions could lead to the design and development of neuroactive 
steroids with selective therapeutic effects, while devoid of 
unwanted side effects. For example, the allosteric modulatory 
properties of 3a5B-P with its c&-fused configuration of the 
steroid A-ring differed in several regions of bovine brain from 
the molecule with the steroid A-ring in the trans-fused config- 
uration (5). The behavioral consequences of these structural 
changes are under investigation. Furthermore, the interactions 
between the neuroactive steroids and flurazepam with respect 
to the potentiation of antiseizure efficacy and motor incoordi- 
nating effects suggest that allosteric interactions described 
using in vitro paradigms may be relevant to the intact animal. 
Finally, the data support consideration of the development of 
neuroactive steroids as adjuvant antiseizure medications in 
certain acute situations (e.g., medication-refractory status epi- 
lepticus). Unfortunately, the possibility of allosteric interac- 
tions between neuroactive steroids and other modulators of 
GABA-gated chloride ion conductance may limit the consid- 
eration of these combinations in the maintenance pharmaco- 
therapy of seizure disorders. 
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