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ABSTRACT
Recent work found that lower endogenous levels of the g-ami-
nobutyric acid-agonist, neuroactive steroid 3a-hydroxy-5a-
pregnan-20-one (3a,5a-THP) may be correlated with increased
ethanol withdrawal severity in the selectively bred Withdrawal
Seizure-Prone and -Resistant mice. The present studies were
conducted to determine whether decreased sensitivity to
3a,5a-THP was correlated with ethanol withdrawal hyperexcit-
ability in another genetic mouse model, namely the C57BL/6
(B6) and DBA/2 (D2) inbred strains. These strains also differ in
ethanol withdrawal severity (D2 .. B6). B6 and D2 male mice
were injected with 3a,5a-THP (0–10 mg/kg i.p.) 15 min before
the timed tail vein infusion of pentylenetetrazol. B6 mice were
more sensitive than D2 animals to the anticonvulsant effect of
3a,5a-THP. Subsequent studies measured sensitivity to sev-
eral of the pharmacological effects of 3a,5a-THP. B6 and D2
male mice were injected with 3a,5a-THP (0–32 mg/kg) before

testing for locomotor activation (total number of entries) and
anxiolysis (percent open arm entries) on the elevated plus
maze, muscle relaxation (impairment of forelimb grip strength),
ataxia (impairment of Rotarod performance) and seizure sus-
ceptibility to pentylenetetrazol. B6 mice were more sensitive
than D2 animals to the anxiolytic, locomotor stimulant and
anticonvulsant effects of 3a,5a-THP. In contrast, D2 mice were
more sensitive than B6 mice to 3a,5a-THP-induced muscle
relaxation and ataxia. Plasma 3a,5a-THP levels did not differ in
the B6 and D2 mice injected with this steroid, suggesting that
the strain differences were not pharmacokinetic. Collectively,
the results in selectively bred Withdrawal Seizure-Prone and
-Resistant mice and B6 and D2 inbred strains suggest that
genetic differences in neuroactive steroid sensitivity and bio-
synthesis may contribute to ethanol withdrawal severity.

Sex steroids were reported to influence brain excitability
as long ago as 1942 (Seyle, 1942). However, it was not until
1984 that the synthetic steroid alphaxalone (3a-hydroxy-5a-
pregnan-11,20-dione) was electrophysiologically demon-
strated to potentiate GABA-gated chloride conductance (Har-
rison and Simmonds, 1984). Subsequent studies determined
that the progesterone metabolite 3a,5a-THP and the deoxy-
corticosterone metabolite 3a,5a-THDOC were potent GABA-
agonist modulators of the GRC via a stereospecific interac-
tion at a unique steroid recognition site associated with the
GRC (for reviews, see Belelli et al., 1990; Paul and Purdy,
1992; Lambert et al., 1995). Both 3a,5a-THP and 3a,5a-
THDOC enhance GABA-stimulated chloride uptake in rat
brain synaptoneurosomes at nanomolar concentrations (Mor-
row et al., 1987) and interact with the known sites on the

GRC in a noncompetitive manner (for review, see Belelli et
al., 1990). These in vitro demonstrations provide evidence
that some steroid metabolites have rapid membrane actions
that are distinct from the genomic action of “classical” steroid
hormones.
Consistent with their GABA-agonist pharmacological pro-

files, exogenous administration of 3a,5a-THP or 3a,5a-
THDOC produces anesthetic (Mok et al., 1991), hypnotic
(Mendelson et al., 1987), anticonvulsant (Belelli et al., 1989;
Finn and Gee, 1994) and anxiolytic (Crawley et al., 1986;
Bitran et al., 1991; Weiland et al., 1995) effects. Both 3a,5a-
THP and 3a,5a-THDOC, as well as the synthetic steroid
anesthetic alphaxalone, were potent anxiolytics in several
animal models of anxiety, i.e., the light/dark transition test
(Crawley et al., 1986; Weiland et al., 1995), the open field test
(Weiland et al., 1991), the conflict test (Crawley et al., 1986;
Britton et al., 1991; Weiland et al., 1995) and the elevated
plus maze (Bitran et al., 1991; Britton et al., 1991). In addi-
tion, 3a,5a-THP was anticonvulsant against PTZ-, (1)-bicu-
culline- and picrotoxin-induced seizures, with maximum po-
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tency against (1)-bicuculline-induced convulsions (Belelli et
al., 1989). These behavioral responses closely follow the an-
ticipated pharmacological patterns based on in vitro evi-
dence.
Recent work has demonstrated that endogenous 3a,5a-

THP can reach pharmacologically relevant concentrations
(Paul and Purdy, 1992). After swim stress in male rats and
during the estrus cycle in female rats, brain 3a,5a-THP lev-
els increased to approximately 10 to 30 nM. Plasma 3a,5a-
THP levels also reached 100 nM during the third trimester of
pregnancy. These concentrations achieved in vivo have been
shown to potentiate the action of GABA by in vitro studies.
Therefore, the available evidence suggests, but does not
prove, that fluctuations in endogenous GABAergic steroids
can modify the functioning of central GABAA receptors in
vivo.
Based on recent results from our laboratory, we believed

that one way to provide support for the hypothesis that
3a,5a-THP represented a physiologically significant endoge-
nous neuromodulator would be to demonstrate that lower
endogenous levels of, or decreased sensitivity to, 3a,5a-THP
were correlated with genetic differences in basal or ethanol
withdrawal hyperexcitability. The B6 and D2 inbred strains
differ in a number of behaviors, including locomotor and
exploratory activity (Lhotellier et al., 1993), learning and
memory (Fordyce and Wehner, 1993; Rossi-Arnaud and Am-
massari-Teule, 1994), anxiety (Trullas and Skolnick, 1993)
and seizure susceptibility (Kosobud and Crabbe, 1990; Fer-
raro et al., 1995). When tested for susceptibility to a number
of convulsants, B6 mice are generally very seizure resistant,
in comparison with other inbred strains, whereas D2 animals
are relatively seizure prone (Kosobud and Crabbe, 1990). B6
and D2 mice also differ markedly in many ethanol-related
behaviors, of which ethanol preference, ethanol-induced lo-
comotor activation and ethanol withdrawal severity are the
most notable (for review, see Phillips and Crabbe, 1991). D2
mice exhibit more severe handling-induced convulsions than
do B6 animals after withdrawal from both acute (Roberts et
al., 1992) and chronic (Crabbe et al., 1983) ethanol adminis-
tration. Therefore, B6 and D2 mice represent useful animal
models to test the hypothesis that genetic differences in the
modulatory effects of 3a,5a-THP on ethanol withdrawal se-
verity might result from differences in 3a,5a-THP sensitivity
or biosynthesis.
Preliminary results suggested that B6 and D2 mice do not

differ in biosynthesis of 3a,5a-THP after 24-hr exposure to
ethanol vapor (Finn et al., 1995a). In both B6 and D2 mice,
plasma 3a,5a-THP levels were unchanged during peak eth-
anol withdrawal and were increased in only the animals that
were scored hourly for withdrawal. Therefore, the present
studies were conducted to test the hypothesis that differences
in 3a,5a-THP sensitivity may contribute to ethanol with-
drawal hyperexcitability differences in B6 and D2 animals
(i.e., B6 and D2 mice would differ in sensitivity to 3a,5a-THP
in a manner that was consistent with their genetic difference
in ethanol withdrawal severity). Because ethanol withdrawal
is characterized by multiple behavioral changes in addition
to convulsions, a number of other behaviors were evaluated,
i.e., anxiolytic effects and locomotor activity (measured on an
elevated plus maze), ataxic effects (measured by Rotarod
performance), muscle relaxation (measured in a test of grip
strength) and anticonvulsant effects (measured by tail vein

infusion of PTZ), to determine whether a difference between
B6 and D2 mice in sensitivity to 3a,5a-THP could be gener-
alized to all pharmacological properties of 3a,5a-THP.

Methods
Subjects

Drug-naive male B6 and D2 mice were used in all experiments.
The animals were purchased from The Jackson Laboratory (Bar
Harbor, ME) at 5 to 6 weeks of age, housed four per cage with ad
libitum access to food and water and acclimated to a 12/12-hr light/
dark cycle for a minimum of 1 week before experimentation. All
procedures adhered to the United States Public Health Service/
National Institutes of Health Guidelines for the Care and Use of
Laboratory Animals and were approved by two local institutional
Animal Care and Use Committees.

Experiment 1: Anticonvulsant Sensitivity to 3a,5a-THP

The anticonvulsant effect of 3a,5a-THP was measured by admin-
istering 3a,5a-THP (5 or 10 mg/kg) or an equivalent volume of
vehicle (20% w/v 2-hydroxypropyl-b-cyclodextrin; Research Bio-
chemicals International, Natick, MA) by i.p. injection 15 min before
timed tail vein infusion of PTZ (5 mg/ml in saline, 0.5 ml/min; Sigma
Chemical Co., St. Louis, MO). The 3a,5a-THP was prepared as a 0.5
or 1.0 mg/ml solution in 20% 2-hydroxypropyl-b-cyclodextrin and
injected in a volume of 0.01 ml/g body weight. The apparatus and
procedure for tail vein infusion have been described in detail (Ko-
sobud and Crabbe, 1990). The infusion was terminated when the
animals exhibited THE. The animals were euthanized by decapita-
tion, and trunk blood was collected for subsequent analysis of plasma
3a,5a-THP concentration by RIA.
The convulsion end-points are described in detail elsewhere (Ko-

sobud and Crabbe, 1990). Briefly, clonus indicates rapid rhythmic
movements due to alternating contraction and relaxation of muscles,
whereas tonus indicates rigidity due to contraction of muscles. Four
convulsion signs, which occur in progression, characterize PTZ-in-
duced convulsions, i.e., MC twitch (sudden involuntary muscle
jerks), FF clonus (rapid writhing movements of the head and neck
and forelimb clonus), RB clonus (violent whole-body clonus, includ-
ing running and explosive jumps) and THE (extreme rigidity, with
forelimbs and hindlimbs extended caudally). Latency to each sign
was recorded in seconds and subsequently converted to threshold
convulsant dosage (i.e., milligrams of drug per kilogram of body
weight).

Experiment 2: Behavioral Sensitivity to 3a,5a-THP

We recently established a procedure for measuring a series of
behaviors, taking advantage of our experience with the individual
behavioral protocols and validating the accuracy of repeated testing
of individual animals (E. J. Gallaher, unpublished observations). The
anticonvulsant effect of 3a,5a-THP was reexamined in this study for
two reasons; 1) an expanded dose range was evaluated and 2) the
timed tail vein infusion of PTZ occurred at the end of this series of
behavioral tests, so that comparisons between experiments would
yield a measure of the reliability of repeated behavioral testing in a
single animal.
Each mouse was pretested for forelimb grip strength (three trials;

time 220 min) and Rotarod baseline performance (three trials; time
210 min) and then weighed and injected with 3a,5a-THP (0, 1, 3.2,
10, 17 or 32 mg/kg in 20% 2-hydroxypropyl-b-cyclodextrin i.p.) at
time 0. At time 120 min the mouse was placed on the plus maze for
a 5-min trial. Total arm entries (locomotor activation) and percent
open arm entries (anxiolysis) were recorded. At time 130 min the
mouse was tested for forelimb grip strength (compared with base-
line). At time 140 min the mouse was tested for impairment on the
accelerating Rotarod (compared with baseline). At time 150 min the
mouse was infused, via a lateral tail vein, with the convulsant PTZ
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and was observed for latency to MC twitch, FF clonus, RB clonus and
THE. The threshold dose of PTZ for each sign was calculated from
the infusion rate, body weight and latency. The infusion was termi-
nated when the animals exhibited THE or at 4 min (in cases where
the mice were protected by 3a,5a-THP). The animal was then eutha-
nized by decapitation, and trunk blood was collected for subsequent
analysis of plasma 3a,5a-THP concentration by RIA.

Behavioral Assessments

Muscle relaxation. In this test, mice are placed on a tray, al-
lowed to grasp a horizontal bar connected to a strain gauge and then
pulled gently until they lose their grip. For comparative purposes,
grip strength decreases in a dose-dependent manner after graded
doses of chlordiazepoxide (3, 9 and 27 mg/kg) and phenobarbital (20,
40 and 80 mg/kg). The lowest doses produce a 10 to 20% decrease in
grip strength and the higher doses a 50 to 60% decrease (Meyer et al.,
1979).
Ataxia. The Rotarod test for ataxia was first described by Dun-

ham and Miya (1957). The Rotarod is a horizontal rotating dowel (5
cm in diameter) suspended 60 cm above a bed of sawdust. It is
divided into six segments (10.2-cm wide) by means of opaque white
disks 28 cm in diameter. The surface of the dowel is covered with
320-grit, wet-dry sandpaper to ensure a uniform surface. Typically,
mice are placed on the Rotarod and observed for ability to remain on
the dowel as it turns. In the present experiment, each mouse was
placed on a stationary Rotarod, which began to accelerate linearly
(20 rpm/min) until the mouse fell off. The latency to fall was then
used to calculate the speed (rpm) at which the mouse could no longer
remain on the Rotarod. This procedure allowed each mouse to be
tested for baseline ability. The drug effect was then expressed as a
change from baseline ability.
Anxiolysis. The animal model of anxiety that was used was the

elevated plus maze method (Pellow et al., 1985; Lister, 1987; Trullas
and Skolnick, 1993; Cole and Rodgers, 1994), which is based on a
rodent’s natural avoidance of open elevated alleys (Montgomery,
1958). The elevated plus maze consists of two open and two enclosed
horizontal perpendicular arms extending from a central platform
(5 3 5 cm), 50 cm above the floor. Each mouse was placed on the
central platform and allowed to explore freely for 5 min. During the
5-min test period, the number of entries into the open and closed
arms and the amount of time spent in the open and closed arms were
measured. For an arm entry to be measured, all four paws had to be
within the arm. Mice normally prefer the closed arms of the plus
maze. Anxiolytic drugs typically increase the proportion of open arm
entries and the time spent on the open arm (anxiolysis). The elevated
plus maze is able to detect both anxiolytic and anxiogenic agents in
mice (Lister, 1987).
Low-dose locomotor activation. Sedative/hypnotic drugs com-

monly cause locomotor activation after low doses. This has been
ascribed to an anxiolytic effect, because locomotion may be an ex-
pression of increased exploration in the absence of anxiety. The
information obtained from elevated plus maze testing (i.e., total
number of arm entries) was used as the estimate of locomotor acti-
vation.
Seizure protection.Mice were administered the convulsant PTZ

(5 mg/ml in saline) via timed tail vein infusion into a lateral vein (0.5
ml/min infusion rate). Latencies to each convulsion measure were
recorded in seconds and subsequently converted to threshold convul-
sant dosage (i.e., milligram of drug per kilogram of body weight).
This method allowed for observation and qualitative analysis of
several different endpoints (i.e., MC twitch, FF clonus, RB clonus
and THE). Drugs that alter seizure threshold can be tested for pro-
or anticonvulsant activity by pretreating mice and observing the
effect on PTZ seizure threshold. A decreased PTZ seizure threshold
indicates proconvulsant activity, whereas an increased PTZ thresh-
old suggests anticonvulsant activity. This simple method has been
used to demonstrate the anticonvulsant efficacy of 3a,5a-THP (Finn
and Gee, 1994; Finn et al., 1995a,b).

RIA

The RIA for 3a,5a-THP was adapted from the method of Purdy et
al. (1990) and is described in detail elsewhere (Finn and Gee, 1994).
The RIA used a polyclonal antiserum, which was kindly provided by
CoCensys, Inc. (Irvine, CA), and [3H]3a,5a-THP (54 Ci/mmol; New
England Nuclear, Boston, MA). Counts per minute were normalized
and fit to a least-squares-fit regression equation produced by log-
logit transformation of the standards. The mass of samples was
calculated by interpolation of the standards and correction for recov-
ery. The minimum detectable limit in the present assay was 25 pg.
The intraassay coefficient of variation averaged 14%, and the inter-
assay coefficient of variation in seven assays averaged 15%.

Data Analysis

The data are expressed as the mean 6 S.E. Analysis of variance
was used to assess strain and dose effects on the dependent variables
muscle relaxation (change in baseline forelimb grip strength), ataxia
(change in baseline Rotarod performance), locomotor activity (total
arm entries on the elevated plus maze), anxiolysis (percent open arm
entries on the plus maze), seizure protection (threshold dose for
onset to MC twitch, FF clonus, RB clonus and THE) and plasma
3a,5a-THP concentration. When appropriate, simple main-effects
analyses followed by post hoc comparisons were used to examine
significant dose effects within each strain. Because the results of
experiment 1 indicated that B6 and D2 mice differed in sensitivity to
3a,5a-THP, statistical analyses for experiment 2 were conducted on
each strain separately.

Results
Experiment 1: anticonvulsant sensitivity to 3a,5a-

THP. To evaluate whether differences in sensitivity to an
endogenous anticonvulsant steroid (i.e., 3a,5a-THP) contrib-
ute to the genetic differences in ethanol withdrawal severity
found in B6 and D2 mice, it was important to first investigate
anticonvulsant sensitivity to 3a,5a-THP in ethanol-naive an-
imals. The results indicated that vehicle-treated D2 mice
were more sensitive to PTZ than B6 animals, as illustrated in
figure 1 for all convulsion measures (compare with vehicle-
treated animals in fig. 1). More importantly, B6 mice were
more sensitive than D2 mice to the anticonvulsant effect of
3a,5a-THP, as measured by the increase in PTZ seizure
threshold for onset to MC twitch (fig. 1A) and FF clonus (fig.
1B). There were significant main effects of strain [F(1,54) .
94.3, P , .0001] and dose [F(2,54) . 28.7, P , .0001], with
significant interactions between strain and dose [F(2,54) .
6.5, P , .005]. Post hoc tests indicated that both doses of
3a,5a-THP significantly increased PTZ seizure threshold in
B6 mice, whereas only the 10 mg/kg dose significantly in-
creased seizure threshold in D2 mice. Analysis of the RB
clonus (fig. 1C) and THE (fig. 1D) results indicated that there
were significant main effects of strain [F(1,52) . 9.5, P ,
.005] and dose [F(2,52) . 21.7, P , .0001]. The interaction
between main effects was a nonsignificant trend for RB clo-
nus [F(2,52) 5 2.73, P 5 .07] and was not significant for THE
[F(2,52) 5 1.18], suggesting that the anticonvulsant effects of
3a,5a-THP against PTZ-induced RB clonus and THE were
similar in B6 and D2 mice.
Plasma samples were taken approximately 30 min after

injection of 3a,5a-THP. Analysis of the RIA data (fig. 2)
showed that the dose of 3a,5a-THP [F(2,47) 5 165.62, P ,
.0001], but not the strain [F(1,47) 5 1.41], significantly al-
tered plasma 3a,5a-THP levels. The interaction between
strain and dose was also not significant [F(2,47) 5 .05],
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suggesting that injection of 3a,5a-THP produced similar in-
creases in plasma 3a,5a-THP concentrations in both B6 and
D2 mice.
Experiment 2: behavioral sensitivity to 3a,5a-THP.

The results of experiment 1 indicated that B6 mice were
more sensitive than D2 animals to the anticonvulsant effect
of 3a,5a-THP and that this difference in sensitivity was not
pharmacokinetic. Subsequent studies evaluated whether this
strain difference in sensitivity to the anticonvulsant effect of
3a,5a-THP was generalized across several of the pharmaco-
logical effects of 3a,5a-THP.
The results of these series of tests are shown in figures 3 to

5. Administration of 3a,5a-THP produced locomotor stimu-
lation and anxiolysis (measured on the elevated plus maze)
(fig. 3), varying amounts of seizure protection (fig. 4) and
muscle relaxation and ataxia (fig. 5). The differences between
the two strains in the doses of 3a,5a-THP producing phar-
macological effects suggested that B6 mice were more sensi-
tive than D2 mice to the anxiolytic, locomotor stimulant and
anticonvulsant effects of 3a,5a-THP. In contrast, D2 mice

appeared to be more sensitive than B6 mice to the muscle
relaxation and ataxia produced by 3a,5a-THP.
Administration of 3a,5a-THP before testing on the ele-

vated plus maze produced locomotor stimulation, as mea-
sured by the total number of entries, in B6 [F(5,39) 5 3.28,
P , .02] and D2 [F(5,39) 5 2.28, P , .07] mice, although the
effect was marginally significant in D2 animals (fig. 3A). Post
hoc analyses indicated that the 10 mg/kg dose of 3a,5a-THP
significantly increased the total number of entries for B6
animals vs. vehicle. In addition, the number of entries for B6
mice injected with 3.2 and 10 mg/kg was significantly greater
than for animals injected with the 1 mg/kg dose. Exogenous
administration of 3a,5a-THP also produced anxiolysis, as
measured by the percent open arm entries on the plus maze,
in both B6mice [F(5,36)5 2.55, P, .05] and D2mice [F(5,39)
5 2.80, P , .05] (fig. 3B). Post hoc tests found that there was
a significant increase in the percent open arm entries in B6
mice administered 3.2 and 10 mg/kg 3a,5a-THP and a non-
significant trend for an increase in percent open arm entries
in D2 animals injected with 17 and 32 mg/kg 3a,5a-THP vs.

Fig. 1. Anticonvulsant effects of 3a,5a-THP against PTZ-induced MC twitch (A), FF clonus (B), RB clonus (C) and THE (D) in B6 and D2 mice.
Administration of 3a,5a-THP 15 min before tail vein infusion of PTZ significantly increased the threshold dose of PTZ for onset for all four
convulsion measures. Values represent the mean 6 S.E. for 8 to 10 animals per dose and strain. In cases where the S.E. is not visible, it is
contained within the symbol. *P , .05, **P , .01, ***P , .001 vs. respective vehicle-treated group.
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the respective vehicle-treated animals. Thus, the dose-re-
sponse curve for B6 mice appeared to be shifted to the left of
that for D2 mice (i.e., greater sensitivity to 3a,5a-THP in B6
vs. D2 mice).
Consistent with the results of experiment 1, B6 mice were

more sensitive than D2 animals to the anticonvulsant effect
of 3a,5a-THP against PTZ-induced convulsions (fig. 4).
3a,5a-THP significantly increased the PTZ-induced thresh-
old dose for onset to MC twitch (fig. 4A) and FF clonus (fig.
4B) in both B6 mice [F(5,33) . 4.97, P # .002] and D2 mice
[F(5,37) . 3.70, P , .01]. Post hoc tests for the B6 mice found
a dose-dependent increase in PTZ seizure threshold for onset
to MC twitch and FF clonus in the animals injected with
doses ranging from 3.2 to 32 mg/kg 3a,5a-THP. In the D2
animals, administration of 32 mg/kg 3a,5a-THP significantly
increased the threshold dose for onset to MC twitch, whereas
17 and 32 mg/kg 3a,5a-THP significantly increased the
threshold dose for FF clonus. Analysis of the RB clonus (fig.
4C) and THE (fig. 4D) data indicated that 3a,5a-THP pro-
duced similar significant increases in PTZ seizure threshold
in B6 mice [F(5,32 . 8.84, P , .0001] and D2 mice [F(3,33) .
15.75, P , .0001]. In both strains, the threshold dose for
onset to RB clonus and THE was significantly higher in
animals administered the 17 and 32 mg/kg doses of 3a,5a-
THP, compared with the respective vehicle-treated animals
as well as with the animals administered the 1, 3.2 and 10
mg/kg doses.
In contrast to the anticonvulsant and anxiolytic results, D2

animals appeared to be more sensitive than B6 mice to the
muscle relaxant (fig. 5A) and ataxic (fig. 5B) effects of 3a,5a-
THP. Administration of 3a,5a-THP produced significant
muscle relaxation, measured by the percent change in base-
line grip strength (fig. 5A), in both B6 mice [F(5,39) 5 3.92,
P , .01] and D2 mice [F(5,39) 5 36.05, P , .0001]. Both the
17 and 32 mg/kg doses of 3a,5a-THP significantly decreased
baseline grip strength in D2 mice, whereas only the 32 mg/kg
dose significantly decreased grip strength in B6 animals.
Injection of 3a,5a-THP also significantly affected Rotarod
performance (fig. 5B) for both B6 mice [F(5,37) 5 2.86, P ,

.05] and D2 mice [F(5,39) 5 3.27, P , .02]. Whereas the 32
mg/kg dose significantly decreased Rotarod performance in
D2 mice, the 10 mg/kg dose significantly increased Rotarod
performance in B6 mice. The apparent enhancement of base-
line Rotarod performance in B6 mice after 10 mg/kg 3a,5a-
THP may be related to the locomotor activation also found in
B6 mice after this dose of 3a,5a-THP (fig. 3A).
Analysis of the plasma samples (fig. 6), which were taken

upon completion of the behavioral testing (i.e., at approxi-
mately 60 min after injection of 3a,5a-THP), indicated that
exogenous administration of 3a,5a-THP produced a dose-
dependent increase in plasma 3a,5a-THP concentrations in
both B6 mice [F(5,30) 5 26.36, P , .0001] and D2 mice
[F(5,30) 5 14.71, P , .0001]. In B6 mice, plasma 3a,5a-THP
levels were significantly higher in the animals injected with
10, 17 and 32 mg/kg vs. vehicle. The plasma 3a,5a-THP
concentration in the 32 mg/kg-treated mice was also signifi-
cantly higher than in all other 3a,5a-THP-injected animals,
whereas the plasma 3a,5a-THP level in the 17 mg/kg-treated
animals was significantly higher than in the animals injected
with the 1, 3.2 and 10 mg/kg doses. In D2 mice, plasma
3a,5a-THP levels were significantly higher in the 17 and 32
mg/kg-treated animals, compared with vehicle-treated ani-
mals and animals injected with the 1, 3.2 and 10 mg/kg doses.

Discussion
The results of the present studies suggest that B6 mice

were more sensitive than D2 animals to the anxiolytic, loco-
motor stimulant and anticonvulsant effects of 3a,5a-THP. In
contrast, D2 mice appeared to be more sensitive than B6mice
to the muscle relaxation and ataxia produced by 3a,5a-THP.
Although these results do not indicate that increased sensi-
tivity to endogenous 3a,5a-THP in B6 mice is the factor
responsible for their decreased seizure susceptibility, relative
to D2 animals, the enhanced sensitivity to the anticonvulsant
effect of exogenous 3a,5a-THP in B6 vs. D2 mice is consistent
with their genetic differences in seizure susceptibility and
ethanol withdrawal severity (i.e., decreased seizure suscep-
tibility and ethanol withdrawal severity in B6 vs. D2 mice).
More important, the genetic differences in sensitivity to the
pharmacological effects of 3a,5a-THP were not pharmacoki-
netic, because plasma 3a,5a-THP levels did not differ in B6
and D2 mice after injection of this neuroactive steroid.
The conclusion that B6 mice were more sensitive than D2

mice to the anxiolytic and locomotor stimulant effects of
3a,5a-THP was based on the results obtained from testing on
the elevated plus maze (i.e., percent open arm entries and
total entries). Recent work has indicated that additional be-
havioral measures, collectively referred to as “risk assess-
ment,” may enhance the sensitivity of the elevated plus maze
as an animal model of anxiety (Cole and Rodgers, 1994).
Although these behavioral assessments were not evaluated
in the present study, the 3a,5a-THP-induced anxiolysis in B6
and D2 mice is consistent with published results, which have
used several animal models of anxiety (Bitran et al., 1991;
Weiland et al., 1991, 1995). Nonetheless, future studies that
incorporate these risk assessment behaviors may yield more
information about differences between genotypes in 3a,5a-
THP-induced anxiolysis.
Administration of 3a,5a-THP significantly increased

plasma 3a,5a-THP concentrations in both inbred strains.

Fig. 2. Plasma 3a,5a-THP levels in B6 and D2 mice. Plasma samples
were taken upon completion of the behavioral testing (i.e., approxi-
mately 30 min after injection of 3a,5a-THP). Administration of 3a,5a-
THP significantly increased plasma 3a,5a-THP concentrations in a
dose-dependent manner. Values represent the mean 6 S.E. for the
animals depicted in figure 1.
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Depending on the experiment, doses of 3a,5a-THP of $5
mg/kg produced a significant increase in plasma 3a,5a-THP
levels, compared with the respective vehicle-treated animals.
Even though the highest dose of 3a,5a-THP administered
(i.e., 32 mg/kg) produced significant ataxia and plasma con-
centrations ranging from 450 to 480 ng/ml, these levels are
considerably lower than the anesthetic levels recently re-

ported for mice (Mok et al., 1991). Brain 3a,5a-THP levels
were not measured in the present study. However, the data
reported by Mok et al. (1991) indicated that i.v. administra-
tion of 3a,5a-THP produced peak brain levels within 1 min of
injection. Because the animals in the present studies were
euthanized for determination of plasma 3a,5a-THP concen-
trations at approximately 30 or 60 min after injection of

Fig. 3. Locomotor stimulant (A) and an-
xiolytic (B) effects of 3a,5a-THP in B6
and D2 mice. Mice were administered
3a,5a-THP 20 min before testing on the
elevated plus maze. The total number of
entries was used as an estimate of loco-
motor activity, and the percent open arm
entries was used as a measure of anxi-
olysis. Values represent the mean 6 S.E.
for five to eight animals per strain and
dose, except for D2 mice injected with
32 mg/kg 3a,5a-THP (n 5 3). *P , .05,
**P , .01 vs. respective vehicle-treated
mice.

Fig. 4. Anticonvulsant effects of 3a,5a-THP against PTZ-induced MC twitch (A), FF clonus (B), RB clonus (C) and THE (D) in B6 and D2 mice.
3a,5a-THP was administered 50 min before the timed tail vein infusion of PTZ and significantly increased the threshold dose of PTZ required for
onset for all four convulsion measures. Values represent the mean 6 S.E. for the animals depicted in figure 3. *P , .05, **P , .01, ***P , .001 vs.
respective vehicle-treated mice.
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3a,5a-THP, the plasma levels should reflect brain 3a,5a-THP
levels. Therefore, it is unlikely that differences in brain
3a,5a-THP levels between B6 and D2 mice administered
3a,5a-THP contributed to the differences in sensitivity to the
pharmacological effects of 3a,5a-THP.
Comparisons between endogenous 3a,5a-THP levels and

plasma 3a,5a-THP concentrations after injection suggest
that exogenous administration of low doses of 3a,5a-THP
may lead to physiologically relevant concentrations. Doses of
3a,5a-THP ranging from 3.2 to 32 mg/kg were significantly
anticonvulsant in B6 mice, with doses of 3.2 and 10 mg/kg
producing significant anxiolysis in these animals. Although
data are limited, endogenous plasma 3a,5a-THP levels of
$30 ng/ml or $100 nM have been reported to occur under
some conditions (Paul and Purdy, 1992). Therefore, the 3.2
mg/kg dose of 3a,5a-THP, which produced a 34 ng/ml plasma
level in B6 mice and was anxiolytic and anticonvulsant in
these animals, might be physiologically relevant. Adminis-

tration of the 5 or 10 mg/kg doses produced plasma 3a,5a-
THP concentrations that were at least 2- to 3-fold higher
than published endogenous levels measured after swim
stress or during pregnancy (Paul and Purdy, 1992). Because
recent work demonstrated that endogenous 3a,5a-THP levels
were higher in brain than in plasma (Corpechot et al., 1993),
the possibility exists that the plasma 3a,5a-THP concentra-
tions achieved after exogenous administration of 5 or 10
mg/kg 3a,5a-THP in the present studies may more closely
reflect values attainable in the brain under some circum-
stances.
The strain differences in sensitivity to the anticonvulsant

effect of 3a,5a-THP were similar in the two experiments, in
which animals were injected 15 min (experiment 1) vs. 50
min (experiment 2) before infusion of PTZ. Although there
was a slight decrease in the protection provided by 3a,5a-
THP in the animals tested at 50 min after injection, the
dose-dependent increase in PTZ threshold was still evident
in B6 mice and lacking in D2 mice. This time-dependent
decrease in sensitivity to the anticonvulsant effect of the
same dose of 3a,5a-THP in experiment 2 vs. experiment 1 is
exemplified by the differences between the two experiments
in plasma 3a,5a-THP concentrations after the same dose of
3a,5a-THP (e.g., 10 mg/kg). These results also are consistent
with recent work, which determined that protection by
3a,5a-THP against PTZ-induced convulsions peaked at 15
min after injection of 3a,5a-THP, had decreased to approxi-
mately 60% by 60 min after injection and was no longer
apparent at 180 min after injection (Kokate et al., 1994).
More importantly, there was no difference in the PTZ thresh-
olds of vehicle-treated animals tested at 15 or 50 min after
injection. This emphasizes that the series of behavioral tests
did not alter basal seizure susceptibility to PTZ.
The strain difference in sensitivity to the anticonvulsant

effect of 3a,5a-THP was not generalized across all seizure
measures. B6 mice were more sensitive than D2 mice to the
3a,5a-THP-induced increase in the threshold dose of PTZ for
onset to MC twitch and FF clonus. The two strains had
similar increases in the threshold dose for onset to PTZ-

Fig. 5. Effect of 3a,5a-THP on forelimb grip strength (A) and Rotarod performance (B) in B6 and D2 mice. Animals were injected with 3a,5a-THP
and then tested for forelimb grip strength (compared with baseline) at 30 min after injection and tested for performance on the accelerating Rotarod
(compared with baseline) at 40 min after injection. Values represent the mean 6 S.E. (percent change from baseline) for the animals depicted in
figures 3 and 4. *P , .05, **P , .01, ***P , .001 vs. respective vehicle-treated group.

Fig. 6. Plasma 3a,5a-THP levels in B6 and D2 mice. Plasma samples
were taken upon completion of the behavioral testing (i.e., approxi-
mately 60 min after injection of 3a,5a-THP). Values represent the
mean 6 S.E. for the animals depicted in figures 3 to 5. See “Results” for
details regarding group differences.
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induced RB clonus and THE after administration of 3a,5a-
THP. These strain differences in anticonvulsant sensitivity
to 3a,5a-THP, which vary with the seizure measure, may be
related to the different anatomical systems that are believed
to underlie the two major types of convulsions. Specifically,
forebrain substrates (predominantly limbic) appear to be im-
portant in mediating MC twitch and FF clonus, whereas
brainstem circuitry (e.g., caudal midbrain and pontine retic-
ular formation) appears to be important for RB clonus and
THE (for review, see Gale, 1988). Because there are brain
regional variations in the distribution of GABAA receptor
subunit mRNAs (Vicini, 1991; Laurie et al., 1992; Wisden et
al., 1992) and in the potency of 3a,5a-THP as a modulator of
the GRC (Gee and Lan, 1991; Sapp et al., 1992), it is possible
that the potency of 3a,5a-THP at its site on the GRC in these
two strains may differ within specific brain regions. In other
words, increased sensitivity of GABAA receptors in the hip-
pocampus, amygdala and other limbic structures to 3a,5a-
THP in B6 vs. D2 mice would be consistent with the in-
creased sensitivity to 3a,5a-THP-induced anxiolysis and
anticonvulsant effects, as measured by the threshold dose for
onset to MC twitch and FF clonus, in B6 vs. D2 mice. Like-
wise, the similar increase in threshold dose for onset to RB
clonus and THE in B6 and D2 mice suggests that the sensi-
tivities of GABAA receptors to 3a,5a-THP in brainstem cir-
cuitry are similar in these animals.
It is noteworthy that administration of the 10 mg/kg dose

of 3a,5a-THP to B6 mice was anxiolytic and anticonvulsant
and stimulated activity but did not produce muscle relax-
ation or ataxia. This result is consistent with recent findings
in both genetically heterogeneous and inbred mouse strains
(Weiland et al., 1995) and suggests that the pharmacological
effects of 3a,5a-THP can be dissociated in some genotypes.
However, in the present studies D2 animals were sensitive to
the anxiolytic and anticonvulsant effects of 3a,5a-THP only
at doses that also produced muscle relaxation and ataxia.
Overall, the present results suggest that there are genetic

differences in sensitivity to 3a,5a-THP, which vary, depend-
ing on the pharmacological effect. Coupled with recent re-
sults obtained in the selectively bred Withdrawal Seizure-
Prone and -Resistant mice, indicating that chronic ethanol
treatment significantly decreased endogenous 3a,5a-THP
levels only in Withdrawl Seizure-Prone mice (Finn et al.,
1994), these results are consistent with the hypothesis that
genetic differences in neuroactive steroid sensitivity and bio-
synthesis may contribute to ethanol withdrawal severity. In
addition, the differences in sensitivity to 3a,5a-THP found in
B6 and D2 mice can be further evaluated, because these
animals are the progenitor strains from which 26 recombi-
nant inbred strains have been derived by F2 crosses (i.e.,
BXD Recombinant Inbred strains). Therefore, future studies
can use this genetic animal model to determine genetic cor-
relations between measures of 3a,5a-THP sensitivity and
ethanol-related traits, including withdrawal severity.

Acknowledgments

We thank Guy Jones for expert technical assistance. The 3a,5a-
THP was synthesized by Robert H. Purdy, Ph.D. The antibody to
3a,5a-THP was a generous gift from CoCensys (Irvine, CA).

References

BELELLI, D., BOLGER, M. B. AND GEE, K. W.: Anticonvulsant profile of the
progesterone metabolite 5a-pregnan-3a-ol-20-one. Eur. J. Pharmacol. 166:
325–329, 1989.

BELELLI, D., LAN, N. C. AND GEE, K. W.: Anticonvulsant steroids and the
GABA/benzodiazepine receptor-chloride ionophore complex. Neurosci.
Biobehav. Rev. 14: 315–322, 1990.

BITRAN, D., HILVERS, R. J. AND KELLOGG, C. K.: Anxiolytic effects of 3a-hydroxy-
5a[b]-pregnan-20-one: Endogenous metabolites that are active at the
GABAA receptor. Brain Res. 561: 157–161, 1991.

BRITTON, K. T., PAGE, M., BALDWIN, H. AND KOOB, G. F.: Anxiolytic activity of
steroid anesthetic alphaxalone. J. Pharmacol. Exp. Ther. 258: 124–129,
1991.

COLE, J. C. AND RODGERS, R. J.: Ethological evaluation of the effects of acute and
chronic buspirone treatment in the murine elevated plus-maze test: Com-
parison with haloperidol. Psychopharmacology 114: 288–296, 1994.

CORPECHOT, C., YOUNG, J., CALVEL, M., WEHREY, C., VELTZ, J. N., TOUYER, G.,
MOUREN, M., PRASAD, V. V. K., BANNER, C., SJOVALL, J., BAULIEU, E. E. AND
ROBEL, P.: Neurosteroids: 3a-hydroxy-5a-pregnan-20-one and its precursors
in the brain, plasma and steroidogenic glands of male and female rats.
Endocrinology 133: 1003–1009, 1993.

CRABBE, J. C., JR., YOUNG, E. R. AND KOSOBUD, A.: Genetic correlations with
ethanol withdrawal severity. Pharmacol. Biochem. Behav. 18: suppl. 1,
541–547, 1983.

CRAWLEY, J. N., GLOWA, J. R., MAJEWSKA, M. D. AND PAUL, S. M.: Anxiolytic
activity of an endogenous adrenal steroid. Brain Res. 398: 382–385, 1986.

DUNHAM, N. W. AND MIYA, T. S.: A note on a simple apparatus for detecting
neurological deficit in rats and mice. J. Am. Pharm. Assoc. 46: 208–209,
1957.

FERRARO, T. N., GOLDEN, G. T., SMITH, G. G. AND BERRETTINI, W. H.: Differential
susceptibility to seizures induced by systemic kainic acid treatment in ma-
ture DBA/2J and C57BL/6J mice. Epilepsia 36: 301–307, 1995.

FINN, D. A., CRABBE, J. C., MERRILL, C., YOUNG, E., LOTRICH, F., JONES, G. AND
GALLAHER, E. J.: Genetic differences in sensitivity to a neuroactive steroid.
Alcohol. Clin. Exp. Res. 19: 11A, 1995a.

FINN, D. A. AND GEE, K. W.: The estrus cycle, sensitivity to convulsants and the
anticonvulsant effect of a neuroactive steroid. J. Pharmacol. Exp. Ther. 271:
164–170, 1994.

FINN, D. A., ROBERTS, A. J. AND CRABBE, J. C.: Neuroactive steroid sensitivity in
Withdrawal Seizure Prone and Resistant mice. Alcohol. Clin. Exp. Res. 19:
410–415, 1995b.

FINN, D. A., ROBERTS, A. J., KEITH, L. D., MERRILL, C., YOUNG, E. AND CRABBE, J.
C.: Chronic ethanol differentially alters neurosteroids in Withdrawal Sei-
zure Prone and Resistant mice. Alcohol. Clin. Exp. Res. 18: 448, 1994.

FORDYCE, D. E. AND WEHNER, J. M.: Physical activity enhances spatial learning
performance with an associated alteration in hippocampal protein kinase C
activity in C57BL/6 and DBA/2 mice. Brain Res. 619: 111–119, 1993.

GALE, K.: Progression and generalization of seizure discharge: Anatomical and
neurochemical substrates. Epilepsia 29: suppl. 2, S15–S34, 1988.

GEE, K. W. AND LAN, N. C.: g-Aminobutyric acidA receptor complexes in rat
frontal cortex and spinal cord show differential responses to steroid modu-
lation. Mol. Pharmacol. 40: 995–999, 1991.

HARRISON, N. L. AND SIMMONDS, M. A.: Modulation of the GABA receptor
complex by a steroid anesthetic. Brain Res. 323: 287–292, 1984.

KOKATE, T. G., SVENSSON, B. J. AND ROGAWSKI, M. A.: Anticonvulsant activity of
neurosteroids: Correlation with g-aminobutyric acid-evoked chloride current
potentiation. J. Pharmacol. Exp. Ther. 270: 1223–1229, 1994.

KOSOBUD, A. E. AND CRABBE, J. C.: Genetic correlations among inbred strain
sensitivities to convulsions induced by 9 convulsant drugs. Brain Res. 526:
8–16, 1990.

LAMBERT, J. J., BELELLI, D., HILL-VENNING, C. AND PETERS, J. A.: Neurosteroids
and GABAA receptor function. Trends Pharmacol. Sci. 16: 295–303, 1995.

LAURIE, D. J., SEEBURG, P. H. AND WISDEN, W.: The distribution of 13 GABAA
receptor subunit mRNAs in the rat brain. II. Olfactory bulb and cerebellum.
J. Neurosci. 12: 1063–1076, 1992.

LHOTELLIER, L., PEREZ-DIAZ, F. AND COHEN-SALMON, C.: Locomotor and explor-
atory activity in three inbred strains of mice from young adulthood to
senescence. Exp. Aging Res. 19: 177–187, 1993.

LISTER, R. G.: The use of a plus-maze to measure anxiety in the mouse.
Psychopharmacology 92: 180–185, 1987.

MENDELSON, W. B., MARTIN, J. V., PERLIS, M., WAGNER, R., MAJEWSKA, M. D. AND
PAUL, S. M.: Sleep induction by an adrenal steroid in the rat. Psychophar-
macology 93: 226–229, 1987.

MEYER, O. A., TILSON, H. A., BYRD, W. C. AND RILEY, M. T.: A method for the
routine assessment of fore- and hindlimb grip strength of rats and mice.
Neurobehav. Toxicol. 1: 233–236, 1979.

MOK, W. M., HERSCHKOWITZ, S. AND KRIEGER, N. R.: In vivo studies identify
5a-pregnan-3a-ol-20-one as an active anesthetic agent. J. Neurochem. 57:
1296–1301, 1991.

MONTGOMERY, K. C.: The relation between fear induced by novel stimulation
and exploratory behavior. J. Comp. Physiol. Psychol. 48: 254–260, 1958.

MORROW, A. L., SUZDAK, P. D. AND PAUL, S. M.: Steroid hormone metabolites
potentiate GABA receptor-mediated chloride ion flux with nanomolar po-
tency. Eur. J. Pharmacol. 142: 483–485, 1987.

1997 Neurosteroid Behavioral Sensitivity 827



PAUL, S. M. AND PURDY, R. H.: Neuroactive steroids. FASEB J. 6: 2311–2322,
1992.

PELLOW, S., CHOPIN, P., FILE, S. E. AND BRILEY, M.: Validation of open:closed arm
entries in an elevated plus-maze as a measure of anxiety in the rat. J. Neu-
rosci. Methods 14: 149–167, 1985.

PHILLIPS, T. J. AND CRABBE, J. C.: Behavioral studies of genetic differences in
alcohol action. In The Genetic Basis of Alcohol and Drug Actions, ed. by J. C.
Crabbe, Jr. and R. A. Harris, pp. 25–104, Plenum Press, New York, 1991.

PURDY, R. H., MOORE, P. H., Jr., RAO, N., HAGINO, N., YAMAGUCHI, T., SCHMIDT, P.,
RUBINOW, D. R., MORROW, A. L. AND PAUL, S. M.: Radioimmunoassay of
3a-hydroxy-5a-pregnan-20-one in rat and human plasma. Steroids 55: 290–
296, 1990.

ROBERTS, A. J., CRABBE, J. C. AND KEITH, L. D.: Genetic differences in hypotha-
lamic-pituitary-adrenal axis responsiveness to acute ethanol and acute eth-
anol withdrawal. Brain Res. 596: 296–302, 1992.

ROSSI-ARNAUD, C. AND AMMASSARI-TEULE, M.: Radial maze performance in in-
bred mice: Evidence for strain-dependent neural nets subserving spatial
learning abilities. Psychobiology 22: 320–327, 1994.

SAPP, D. W., WITTE, U., TURNER, D. M., LONGONI, B., KOKKA, N. AND OLSEN, R. W.:
Regional variation in steroid anesthetic modulation of [35S]TBPS binding to
g-aminobutyric acidA receptors in rat brain. J. Pharmacol. Exp. Ther. 262:
801–808, 1992.

SEYLE, H.: Correlation between the chemical structure and the pharmacologi-
cal actions of the steroids. Endocrinology 30: 437–453, 1942.

TRULLAS, R. AND SKOLNICK, P.: Differences in fear motivated behaviors among
inbred mouse strains. Psychopharmacology 111: 323–331, 1993.

VICINI, S.: Pharmacological significance of the structural heterogeneity of the
GABAA receptor-chloride ion channel complex. Neuropsychopharmacology
4: 9–15, 1991.

WEILAND, S., BELLUZZI, J. D., STEIN, L. AND LAN, N. C.: Comparative behavioral
characterization of the neuroactive steroids 3a-OH,5a-pregnan-20-one and
3a-OH,5b-pregnan-20-one in rodents. Psychopharmacology 118: 65–71,
1995.

WEILAND, S., LAN, N. C., MIRASEDEGHI, S. AND GEE, K. W.: Anxiolytic activity of
the progesterone metabolite 5a-pregnan-3a-ol-20-one. Brain Res. 565: 263–
268, 1991.

WISDEN, W., LAURIE, D. J., MONYER, H. AND SEEBURG, P. H.: The distribution of
13 GABAA receptor subunit mRNAs in the rat brain. I. Telencephalon,
diencephalon, mesencephalon. J. Neurosci. 12: 1040–1062, 1992.

Send reprint requests to: Deborah A. Finn, Ph.D., Research Service (151W),
Department of Veterans Affairs Medical Center, 3710 SW U.S. Veterans
Hospital Road, Portland, OR 97201.

828 Finn et al. Vol. 280


