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Abstract

The neurosteroids allopregnanolone (ALLOP) and pregnanolone (PREG), like ethanol, potentiate y-aminobutyric acid, receptor function.
PREG-hemisuccinate (PREG-HS) is a negative modulator of N-methyl-D-aspartate (NMDA) receptors. Because C57BL/6J (B6) and DBA/2J
(D2) mice differ in ethanol preference, voluntary consumption of ALLOP and PREG-HS (50 pg/ml solution) versus tap water was measured
in B6 and D2 mice for a minimum of 8 days. Mice were acclimated to a reverse light—dark cycle prior to the initiation of experiments. In the
first study, both B6 and D2 mice exhibited preference for the PREG-HS solution. In the second study, neither strain exhibited significant
preference for the ALLOP solution versus water. However, the ALLOP-consuming B6 and D2 mice exhibited significant anxiolysis when
they were tested on the elevated plus maze following 8 days of ALLOP consumption, compared to separate animals that consumed only
water. A subsequent study determined that systemic administration of PREG-HS had significant anxiolytic effects in both B6 and D2 mice,
when assessed on the elevated plus maze. Plasma ALLOP levels in the steroid-consuming mice from both studies were significantly
increased versus basal levels only in the D2 strain. While the pattern of steroid intake or strain differences in steroid conversion may have
influenced the differential change in plasma ALLOP levels, it is noteworthy that both strains consumed doses of ALLOP, and presumably

doses of PREG-HS, that were anxiolytic.
© 2003 Elsevier Inc. All rights reserved.
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1. Introduction

The reduced A-ring metabolites of progesterone [i.e., 3a-
hydroxy-5a-pregnan-20-one or allopregnanolone (ALLOP)
and 3a-hydroxy-5p-pregnan-20-one or pregnanolone
(PREG)] and deoxycorticosterone (i.e., 3a,21-dihydroxy-
Sa-pregnan-20-one or 5a-THDOC) are potent positive
modulators of y-aminobutyric acidy (GABA,) receptors
(see reviews by Gasior et al., 1999; Lambert et al., 1995;
Paul and Purdy, 1992). Nanomolar concentrations of
ALLOP and 5a-THDOC potentiate the action of GABA
(Gee et al., 1988; Morrow et al., 1987) and interact with
sites on GABA , receptors in a noncompetitive manner (see
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review by Belelli et al., 1990). Administration of ALLOP
and PREG produce anxiolytic, locomotor stimulant, ataxic,
hypnotic and anticonvulsant effects (e.g., Finn et al., 1997b;
Gasior et al., 1999; Palmer et al., 2002; Weiland et al.,
1995). Taken in conjunction with the demonstration that
stress, estrous cycle and pregnancy can increase endogenous
ALLOP to levels that are pharmacologically relevant (see
Barbaccia et al., 1994, 1996; Concas et al., 1998; Paul and
Purdy, 1992), the available evidence suggests that GABAer-
gic steroids modify the functioning of central GABA4
receptors in vivo.

Drug discrimination studies demonstrated that ALLOP,
PREG and 5a-THDOC share discriminative stimulus effects
with pentobarbital, EtOH and diazepam (e.g., Ator et al.,
1993; Bowen et al., 1999; Grant et al., 1997; Rowlett et al.,
1999) and that PREG can function as a discriminative
stimulus (Vanover, 1997, 2000). Intravenous self-adminis-
tration of PREG maintained operant responding above
saline levels in rhesus monkeys, indicating that this steroid
can function as a positive reinforcer (Rowlett et al., 1999).
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Another study demonstrated a dose-dependent conditioned
place preference in ALLOP-treated DBA/2J (D2) mice,
which was evident by the greater amount of time spent on
a distinctive floor paired with ALLOP (Finn et al., 1997a).
These data suggest that ALLOP has the ability to enhance
the motivational value of environmental cues. Recent work
from our laboratory also indicated that rats preferred to
consume an ALLOP/tap water solution versus plain tap
water (Sinnott et al., 2002a). Collectively, these results
suggest that PREG and ALLOP possess positive motiva-
tional effects as well as similar subjective effects to drugs
with abuse liability that are GABA , receptor modulators.
Combined with the demonstration that ALLOP increases
voluntary EtOH consumption (Sinnott et al., 2002b) and
EtOH-reinforced operant responding (Janak et al., 1998) in
male rodents, these findings also raise the possibility that
endogenous steroids with GABA receptor-agonist proper-
ties may play a role in modulating the rewarding effects of
some drugs of abuse, including EtOH.

In contrast to the pharmacological profile for PREG, the
sulfated form of the neurosteroid PREG (i.e., PREG-S), is
a negative modulator of N-methyl-p-aspartate (NMDA)
receptors (Irwin et al., 1994; Park-Chung et al., 1994).
Additionally, sulfation of PREG at C-3 also reverses the
modulation of GABA, receptors from positive to negative
(Park-Chung et al., 1999). Inhibitory activity at GABA
receptors is retained when a hemisuccinate group is sub-
stituted for the sulfate at C-3, suggesting that it is the
negative charge, rather than the sulfate group, that confers
inhibitory activity (Park-Chung et al., 1999). While syn-
thetic steroids bearing a hemisuccinate group may be more
stable than sulfated steroids, due to their resistance to
sulfatases, it was recently demonstrated that hemisucci-
nated steroids are able to penetrate the blood—brain barrier
(Weaver et al., 1997). Specifically, systemic administration
of PREG-hemisuccinate (PREG-HS) produced peak levels
in brain at 10 min postinjection (Sadri-Vakili et al., 2003)
and exhibited sedative, anticonvulsant, and analgesic prop-
erties (Weaver et al.,, 1997). Thus, this synthetic steroid
may represent a new class of potentially useful therapeutic
agents.

Several inbred mouse strain comparisons of free-choice
EtOH consumption have demonstrated that C57BL/6J (B6)
mice are extreme EtOH preferrers, whereas D2 mice are
EtOH avoiders (e.g., Belknap et al., 1978, 1993; McClearn
and Rodgers, 1959; Phillips et al., 1994). Although neuro-
chemical differences between these strains have been iden-
tified, there has not been definitive evidence for an
association between activity of a specific enzyme or neuro-
transmitter system and the genetic differences in EtOH
preference (Phillips and Crabbe, 1991). B6 and D2 mice
also are well known for their difference in sensitivity to
EtOH’s locomotor stimulant effects, with D2 mice exhibit-
ing a larger stimulant response across a range of doses (e.g.,
Dudek et al., 1991). Recent work comparing the discrimi-
native stimulus effects of EtOH in B6 and D2 mice

suggested that, while the initial stimulus effects of 1.5 g/
kg EtOH might be more salient in the D2 strain, the
substitution profiles of several GABA, receptor-positive
modulators, including PREG, were similar in the two strains
(Shelton and Grant, 2002). This result would suggest that
B6 and D2 mice do not differ in sensitivity to PREG’s
stimulus effects. However, these strains have been found to
differ in behavioral sensitivity to ALLOP (Finn et al.,
1997b; Palmer et al., 2002). B6 mice were more sensitive
than D2 mice to the anxiolytic and anticonvulsant effects of
ALLOP, in that the behavioral effects occurred at lower
doses in B6 versus D2 mice (Finn et al., 1997b). B6 mice
also exhibited locomotor stimulation following administra-
tion of a lower dose of ALLOP, but peak stimulant response
was greater in D2 than in B6 mice (Palmer et al., 2002).
Thus, the pattern of differences in sensitivity to GABAA
receptor-agonist neurosteroids in these two strains appears
to differ, depending on the behavioral trait examined.

Since rats have recently been shown to exhibit preference
for an ALLOP solution (Sinnott et al., 2002a) and B6 and
D2 mice differ in EtOH preference (e.g., Belknap et al.,
1978, 1993; McClearn and Rodgers, 1959; Phillips et al.,
1994), we hypothesized that B6 and D2 mice might also
differ in their consumption of neurosteroid solutions. Due to
the different pharmacological profile between ALLOP and
PREG-HS in their action at GABA 4 receptors, the present
studies measured voluntary consumption of ALLOP and
PREG-HS in B6 and D2 mice. We also determined whether
the animals consumed pharmacologically active (i.e., anxi-
olytic) doses of ALLOP by assessing their behavior on the
elevated plus maze at the end of the drinking study. In
addition, a separate study assessed whether injection of
PREG-HS had anxiolytic properties in B6 and D2 mice,
measured by elevated plus maze behavior.

2. Materials and methods
2.1. 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 weeks of age and were
initially housed four per cage during 2-week acclimation to
a reverse 12:12-h light—dark cycle (lights off at 0900 h).
During this time all animals had free access to food and
water. The reverse light—dark cycle permitted the investi-
gators to collect drinking data during the animals’ dark
phase, the time when mice would be expected to engage in
the most consummatory behavior.

2.2. Preference testing: general procedures
Mice were individually housed in standard shoebox

cages with ad libitum access to food and two tubes (inverted
25-ml graduated cylinders) containing tap water for 2 days.
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For the subsequent 8—10 days, all mice were given a choice
between a bottle containing tap water and a neurosteroid-
containing bottle (50 pg/ml suspension in tap water). This
concentration was chosen because it was at the limit of
solubility and had the potential for mice to consume
pharmacologically active doses, once factors such as hepatic
metabolism and bioavailability were taken into account (Dr.
R. Purdy, personal communication). Every 2 days (PREG-
HS study) or every 4 days (ALLOP study), the position of
the bottles was switched to control for side preferences in
drinking. This is our common practice in drinking studies
(e.g., Phillips et al., 1994) because it gives the mice
adequate time to discern the position of the steroid-contain-
ing bottle and stabilize consumption from both sides of the
cage. Tube position alternation occurred less often in the
ALLOP study to improve the probability of higher intake,
assuming that intake was associated with detection of the
ALLOP-containing tube. Food was distributed in associa-
tion with both tubes to disrupt food-associated drinking.
Daily fluid consumption was recorded at 6 and 24 h follow-
ing lights off. Pairs of tubes containing the same solutions as
on experimental cages were monitored on two empty cages
to control for evaporation and leakage. Daily consumption
was corrected by subtracting the average depletion from
these control tubes. Corrected consumption (ml) was con-
verted to dose of neurosteroid (mg/kg), based on the
animal’s body weight (body weight was measured every 4
days). Preference ratios were calculated as the volume of
steroid consumed (ml) divided by the total volume con-
sumed from both tubes (ml). 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 the local Institutional Animal Care
and Use Committee.

2.3. Experiment 1: PREG-HS preference test

The initial study examined two-bottle choice voluntary
consumption of PREG-HS, because this compound was
reported to be water soluble and could readily cross the
blood—brain barrier (Sadri-Vakili et al., 2003; Weaver et al.,
1997). A 50 pg/ml suspension of PREG-HS (Steraloids,
Wilton, NH) was prepared in tap water and sonicated for 45
min prior to use. Suspensions were stored in the refrigerator
and stirred daily prior to use (i.e., filling of the drinking
tubes). Fresh suspensions were prepared every 2—3 days.
Neurosteroid drinking was monitored for eight consecutive
days (n=10/strain), as described above.

2.4. Experiment 2: ALLOP preference test

Once we had determined that mice would consume a
neurosteroid solution, we desired to ascertain whether they
would consume an anxiolytic dose under free-choice con-
ditions. Since finding preference for two neurosteroid sol-
utions would strengthen conclusions about neurosteroid

preference and consumption, this second study measured
voluntary ALLOP consumption.

Pilot studies determined that ALLOP (purchased from
Dr. R. Purdy, custom synthesis) could be prepared as a 50
ng/ml suspension in 0.5% v/v EtOH in tap water and that B6
and D2 mice did not differ in consumption from a 0.5% v/v
EtOH/tap water bottle versus a bottle containing tap water.
The mean = S.E.M. 24-h preference ratio for the 0.5%
EtOH solution was 0.44 £0.09 for B6 mice and
0.54 £ 0.07 for D2 mice. These values were not significant-
ly different. Therefore, tap water was used in the alternate
bottle.

ALLOP suspensions (50 ug/ml) were stored in the
refrigerator and stirred daily prior to use (i.e., filling of the
drinking tubes). Fresh suspensions were prepared every 2—3
days. Steroid preference drinking was monitored for 9—10
consecutive days, as a span of 2 days was required for
subsequent elevated plus maze testing. One group of mice
was given unlimited access to tap water and the 50 pg/ml
ALLOP solution in a two bottle choice paradigm (n=12/
strain). A separate group of animals (n=12/strain) was
individually housed with two water bottles from which to
drink. This group of animals served as the control, non-
ALLOP exposed group for the elevated plus maze testing
upon completion of the drinking portion of the study.

2.5. Elevated plus maze testing

Because we could test only 24 mice on a single day for
anxiety-like behavior on the elevated plus maze, it was
necessary to complete testing on two consecutive days. Half
of the neurosteroid-consuming and half of the water-con-
suming mice were tested on each day. Thus, mice were
given access to their appropriate drinking tubes for 1 or 2
days following our evaluation of preference to maintain
neurosteroid access until plus maze testing was completed.
Tube positions were not switched from those of the four
preceding days. Half of the animals were tested after the 6-
h consumption measurement on Day 9 and the other half at
the same time on Day 10. Mice were individually removed
to an adjacent room and tested on the elevated plus maze for
a 5-min trial. Plus maze testing occurred between 1500 and
1700 h. The elevated plus maze was used, based on its
documented ability to detect both anxiolytic- and anxio-
genic-like drug effects in mice (Lister, 1987).

Briefly, the elevated plus maze was constructed of clear
Plexiglas and consisted of two open (0.5 cm lip) and two
walled (15.5 cm high) horizontal perpendicular arms
extending from a central platform (5 X 5 cm), 50 cm above
the floor. Each mouse was placed on the central platform
and allowed to explore the entire apparatus freely for 5 min.
The number of entries into the open and closed arms as well
as the amount of time spent in each arm was recorded. An
arm entry was recorded when all four paws entered an arm.
With this apparatus and the moderate lighting conditions
utilized in the present study, mice prefer the closed arms of
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the plus maze. Anxiolytic drugs typically increase the
proportion of open arm entries and the time spent on the
open arm. In the present study, the percent of open arm
entries and open arm time were taken as indices of anxiety,
whereas the total number of entries and number of closed
arm entries were taken as estimates of locomotor activity
(e.g., Rodgers and Johnson, 1995). Choice of these variables
also was based on earlier work in which 16 inbred mouse
strains, including B6 and D2, were assessed for their
performance on the elevated plus maze (Trullas and Skol-
nick, 1993).

2.6. Experiment 3: Assessment of PREG-HS on the elevated
plus maze

In this study, male B6 and D2 mice (n=40/strain) were
housed in a colony room on a regular light—dark cycle
(lights on at 0600) for a minimum of 1 week before
behavioral testing. Testing on the elevated plus maze
occurred over 2 days, between 0900 and 1200 h. On the
morning of behavioral testing, mice were moved to the
procedure room 1 h preceding the testing and weighed.
Then, B6 and D2 mice (n=10/dose) were injected intra-
peritoneally with vehicle (20% w/v 2-hydroxypropyl p-
cyclodextrin; PB-cyclodextrin; Sigma, St. Louis, MO) or
PREG-HS (5, 10, or 20 mg/kg in B-cyclodextrin). At 20
min postinjection, the mouse was placed on the plus maze in
the center area for a 5-min test, as described above. Total
number of entries into the open and closed arms, as well as
time spent in open arms, closed arms and center area were
recorded.

2.7. Radioimmunoassay (RIA)

Upon completion of the 8-day drinking study (Experi-
ment 1) or 5-min test on the elevated plus maze (Experiment
2), each mouse was euthanized and trunk blood collected for
subsequent analysis of plasma for ALLOP concentration by
RIA. A separate group of naive B6 and D2 mice was
euthanized to serve as the control group for the PREG-
HS-consuming animals in Experiment 1, since there was no
separate group of animals that consumed only water as in
Experiment 2. The RIA for ALLOP was adapted from the
method of Purdy et al. (1990) and is described in detail
elsewhere (Finn and Gee, 1994). The RIA utilized a
polyclonal antiserum, which was kindly provided by
CoCensys (Irvine, CA) and [*H]allopregnanolone (54 Ci/
mmol; New England Nuclear, Boston, MA). Counts per min
were normalized and fit to a least-squares regression equa-
tion produced by log-logit transformation of the standards.
Mass of samples was calculated by interpolation of the
standards and correction for recovery. The minimum detect-
able limit in the present assay was 25 pg. The intraassay
coefficient of variation averaged 14%, and the interassay
coefficient of variation in seven assays averaged 15%.
While the RIA for ALLOP is not as quantitative or as

sensitive as more recently published methods such as gas
chromatography—mass spectrometry (GC-MS; Alomary et
al., 2001; Uzunov et al., 1996), at the time that these assays
were conducted, the sensitivity of the antibody was high
(IC59=0.185 ng) and the minimum detectable limit in the
present assays (amount of ALLOP causing a significant
displacement of binding relative to total binding) was 25 pg.
Additionally, cross-reactivity of the antibody with proges-
terone (5%) and the majority of other endogenous steroids
(<2%) was low (Finn and Gee, 1994). However, cross
reactivity with 3a-hydroxypregn-4-ene-20-one, another
GABA A-receptor active neurosteroid (Morrow et al.,
1990), was 84%. While significant levels of the major
cross-reactant steroid are not reported in circulation, this
steroid could be formed by alternate pathways when the
major So-reductase pathway is inhibited (Morrow et al.,
2001). Thus, it is not known whether low levels of 3a-
hydroxypregn-4-ene-20-one contributed to the detection of
ALLOP by RIA in the present studies.

2.8. Data analysis

Data are expressed as mean £ S.E.M.. Separate analyses
were conducted on the 6 h and 24 h consumption determi-
nations (i.e., volume, dose and preference ratio). For the
PREG-HS and ALLOP drinking studies, the average dose,
preference ratio, and fluid consumption for each animal
were calculated from the values obtained on each day of
steroid drinking.

One-way analysis of variance (ANOVA) was used to
assess strain effects on the drinking variables average
volume, average dose and average preference ratio for
PREG-HS and ALLOP consumption. Two-way ANOVA
assessed strain and treatment (Exp. 2) or dose (Exp. 3)
effects on the plus maze variables total arm entries, closed
arm entries, percent of open arm entries, and percent of
open arm time. Plasma ALLOP concentration also was
analyzed for strain differences. Two-way ANOVA was
used to compare average water versus neurosteroid intake
(ml) between the inbred strains. Significant interactions
were followed up with Simple Main Effects analysis. Since
we had a priori reasons for determining whether neuro-
steroid consumption would differentially increase endoge-
nous ALLOP levels, the effect of treatment on plasma
ALLOP concentration was compared within each strain.
The requirement for statistical significance was set at
P <.05.

3. Results
3.1. Experiment 1: PREG-HS preference test
At the beginning of this drinking study, B6 mice weighed

25.9+0.49 g and D2 mice weighed 24.6 £ 0.61 g. These
values did not differ significantly.
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There was no strain difference in 24-h fluid consump-
tion. However, a strain difference was found for the
amount consumed from the water versus PREG-HS tubes
[F(1,36)=6.31, P<.02]; the average intake from the
PREG-HS-containing bottle was 2 X that of water intake
in B6 mice, but only 1.4 X that of water intake in D2 mice
(Fig. 1A). Simple Main Effects analysis indicated that both
strains consumed more fluid from the PREG-HS- versus
water-containing tube [Ps<.01]. However, B6 mice con-
sumed more of the PREG-HS suspension than did the D2
mice [ P<.02], whereas tap water consumption was similar
in the two strains.

During the first 6 h of the dark phase, the strains also
differed in the amount that they consumed from the water
versus PREG-HS bottles [ F(1,36)=10.91, P<.003] (Fig.
1B). Simple Main Effects analysis indicated that only the B6
mice consumed more fluid from the PREG-HS- versus
water-containing tube (P <.0001). Comparisons between
the two strains indicated that tap water consumption did
not differ, and that B6 mice consumed more of the PREG-
HS suspension than did the D2 mice (P <.0003). These data
suggest that B6 mice had a greater avidity for the PREG-HS
suspension than D2 mice.

The average dose (mg/kg) of PREG-HS consumed dur-
ing the first 6 and 24 h also was significantly greater in B6
versus D2 mice [ Fs(1,18)>4.87 Ps<.05] (Fig. 1C). Pref-
erence ratios for 24-h intake were 0.68 + 0.04 for the B6
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24 T K
0 S
B6 D2
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!
e |
=]
4a
2A
0; X
B6 D2
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and 0.60 & 0.03 for the D2 mice and did not differ signif-
icantly. However, preference ratios were 0.67 & 0.03 for B6
and 0.57 £ 0.04 for D2 mice during the first 6 h of intake
and were significantly different [ F(1,18)=4.29, P=.05].
Overall, both strains exhibited preference for the PREG-
HS-containing suspension, although B6 mice exhibited a
greater preference than did D2 mice during the early
segment of the dark phase.

Plasma ALLOP concentration was measured in the
neurosteroid-consuming and naive B6 and D2 mice upon
completion of the 8 days of steroid drinking (Fig. 1D).
Whereas there was no overall effect of strain or treatment on
ALLOP levels, there was a trend for a significant interaction
between strain and treatment [ F(1,32)=2.80, P=.10]. Sub-
sequent analyses indicated that consumption of PREG-HS
significantly increased plasma ALLOP levels in D2 mice,
when compared with values in naive mice [ P <.05], where-
as this increase in plasma ALLOP levels was not seen in the
B6 mice consuming PREG-HS.

3.2. Experiment 2: ALLOP preference test

At the beginning of this drinking study, B6 mice weighed
23.06 £ 0.41 g and D2 mice weighed 22.64 + 0.53 g. These
values did not differ significantly.

While there was no strain difference in overall fluid
consumption for the 24 h measures, the strains did differ

B. Fluid Intake in 6 hrs

5 -
| [ water
B2R PREG-HS
h——
D2
D. Plasma ALLOP levels
24 .
[Jnaive *
T B2 PREG-HS s
S
o0 1| R
@1
0 AAAAAAAA
D2
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Fig. 1. PREG-HS consumption in B6 and D2 mice. Depicted is the average fluid consumption from the tap water- and PREG-HS-containing bottles across 24 h
(A) or the first 6 h of the dark cycle (B), the corresponding dose of PREG consumed (C), and plasma ALLOP levels upon completion of the 8-day drinking
study (D). Values represent the mean + S.E.M. for n= 10 mice per strain, except for the naive mice depicted in panel D, where the n =8 per strain. * P<.05,
** p< (1, ***P<.001 versus respective water-containing bottle (panels A and B) or naive group (panel D), Simple Main Effects analysis. ©P<.05,
T P<.001 versus D2 mice, ANOVA.
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in the amount consumed from the water versus ALLOP
bottles [ F(1,44)=4.69, P<.05] (Fig. 2A). Average neuro-
steroid intake was 0.8 X that of water intake in the B6 mice,
whereas neurosteroid intake was 1.3 X that of water intake
in the D2 mice. D2 mice tended to consume more from the
bottle containing the ALLOP suspension versus tap water
[P<.07]. Simple Main Effects analysis also indicated that
D2 mice consumed more of the ALLOP suspension than did
the B6 mice [ P<.02], whereas tap water consumption was
similar in the two strains.

Similar results were found from analysis of data from the
initial 6 h of the dark phase (Fig. 2B); there was a trend for
the strains to differ in fluid consumption from the tap water-
and ALLOP-containing bottles [ F(1,44)=3.50, P<.07]. D2
mice tended to consume more ALLOP suspension than
water [ P=.09]. D2 mice drank more ALLOP than B6 mice
[ P<.03], whereas the water consumption of the two strains
was similar.

The dose (mg/kg) of ALLOP consumed in 24 h also was
significantly greater in D2 versus B6 mice [ (1,22)=10.78,
P<.005] (Fig. 2C). There was a significant difference in
preference ratios between the two strains [ F(1,22)=4.56,
P <.05]; preference ratios were 0.58 &+ 0.06 for the D2 and
0.45 £0.02 for the B6 mice. Similar results were found
from the analysis of the 6 h consumption data. Dose of
ALLOP consumed was significantly greater in D2 versus
B6 mice [ £(1,22)=9.10, P<.01] (Fig. 2C), and there was a
trend for a strain difference in preference ratio [ F(1,22)=
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5_
1 I water
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2.92, P=.10]. Six-hour preference ratios were 0.54 £ 0.05
for the D2 mice and 0.45 + 0.02 for the B6 mice. Overall,
neither strain showed evidence of a preference for the
ALLOP suspension.

Assessment of ALLOP dose and preference ratio in the
mice prior to plus maze testing yielded comparable results to
those described above following the 8 days of voluntary
consumption (see also Fig. 2C). The dose of ALLOP
consumed during the first 6 h of the dark phase on Day 9
or 10, immediately prior to plus maze testing, was signif-
icantly higher in D2 versus B6 mice [F(1,22)=4.78,
P<.04]; the ALLOP dose consumed was 3.69 £ 0.67 mg/
kg for D2 and 2.06 £ 0.31 mg/kg for B6 mice. There was no
significant strain difference in preference ratio; ratios were
0.61 £0.10 for D2 and 0.49 £ 0.07 for B6 mice.

Since the ALLOP was prepared as a suspension in a
0.5% EtOH solution, we also calculated the EtOH dose (g/
kg) that was consumed in the ALLOP suspension. Both
the 6 and 24 h EtOH doses consumed were significantly
greater in D2 versus B6 mice [Fs(1,22)>9.1, Ps<.01]
(Fig. 2D), consistent with the strain difference in consump-
tion of the ALLOP suspension at these times. Additionally,
the dose of EtOH consumed during the first 6 h of the
dark phase immediately prior to testing on the elevated
plus maze was significantly greater in D2 versus B6 mice
[F(1,22)=4.78, P<05]; the EtOH dose consumed was
0.16 £0.025 g/kg for B6 and 0.29 £ 0.05 g/kg for D2
mice.
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Fig. 2. ALLOP consumption in B6 and D2 mice. Depicted is the average fluid consumption from the tap water- and ALLOP-containing bottles across 24 h (A)
or the first 6 h of the dark cycle (B), and the corresponding dose of ALLOP (C) and EtOH (D) that was consumed from the ALLOP suspension. Values represent
the mean + S.E.M. for n=12 mice per strain. * P<.05 versus B6 ALLOP-containing bottle, Simple Main Effects analysis. *"P<.01 versus B6 mice,

ANOVA.
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3.3. Elevated plus maze
There was a significant increase in percent of open arm

entries in the ALLOP-consuming mice versus mice that
consumed only water [F(1,44)=7.09, P<.02] (Fig. 3A).
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Fig. 3. ALLOP consumption produces anxiolytic effects on the elevated
plus maze in B6 and D2 mice. Depicted are percent of open arm entries (A)
and total entries (B) during a 5-min test on the elevated plus maze following
9-10 days of neurosteroid preference drinking and the corresponding
plasma ALLOP levels (C). Water bars refer to separate groups of animals
that consumed only tap water during the preference-drinking phase of the
study. ALLOP consumption had significant anxiolytic-like effects, regard-
less of strain. Values represent the mean + S.E.M. for n=12 mice per strain
and treatment for the behavioral data and n=9—12 per strain and treatment
for the plasma ALLOP data. * P<.05, ** P<.01 versus water-consuming
D2 mice, ANOVA and Simple Main Effects analysis. "P<.05 versus
water-consuming B6 mice, ANOVA.

The percent of open arm entries was greater in D2 versus
B6 mice [F(1,44)=21.31, P<.0001], but there was no
interaction between strain and treatment. Similar results
were found for the analysis of percent of open arm time
(data not shown); consumption of the ALLOP solution
significantly increased percent of open arm time
[F(1,44)=4.11, P<.05], and the percent of time spent in
the open arms was significantly greater in D2 versus B6
mice [F(1,44)=3.89, P=.05]. These findings indicate that
neurosteroid-consuming mice drank doses of ALLOP that
had anxiolytic effects, when compared with animals that
drank only water.

Analysis of total entries, an index of locomotor activity,
indicated that there was no significant effect of treatment
(Fig. 3B). However, total entries in B6 mice were
significantly greater than in D2 mice [F(1,44)=17.22,
P<.0003]. The interaction between strain and treatment
was not significant, even though total entries in neuro-
steroid-consuming D2 mice were somewhat greater than in
their respective water-consuming controls. Closed arm
entries, another index of activity, also were significantly
influenced by strain (i.e., B6>D2) [F(1,44)=68.39,
P<.0001], but not by treatment (data not shown). These
results suggest that consumption of the ALLOP suspension
did not significantly alter activity levels on the elevated
plus maze.

Plasma ALLOP concentration was measured in the
neurosteroid- and water-consuming B6 and D2 mice upon
completion of the plus maze testing (Fig. 3C). Consumption
of ALLOP significantly increased plasma ALLOP levels
[F(1,38)=7.72, P<.01]. There was a trend for a strain
difference in plasma ALLOP concentration (i.e., B6>D2)
[F(1,38)=3.20, P=.08], and a trend for a significant inter-
action between strain and treatment [ F(1,38)=3.63, P=.06].
Subsequent analyses indicated that plasma ALLOP levels
were significantly higher in water-consuming B6 versus D2
mice [P<.03]. Consumption of ALLOP significantly in-
creased plasma ALLOP levels only in D2 mice, when
compared with values in the respective water-consuming
mice [ P<.003].

3.4. Experiment 3: Assessment of PREG-HS on the elevated
plus maze

There was no significant difference in body weight of the
B6 and D2 mice prior to testing on the elevated plus maze.
B6 mice weighed 23.8 £ 0.3 g and D2 mice weighed
23.7+03 g.

Systemic injection of PREG-HS significantly increased
percent of open arm entries in both B6 and D2 mice
[F(3,72)=8.54, P<.001] (Fig. 4A). The 10 and 20 mg/kg
doses of PREG-HS significantly increased percent of open
arm entries in D2 mice, while only the highest dose of
PREG-HS produced a significant increase in percent of
open arm entries in B6 mice. Similar results were found
for the analysis of percent of open arm time (data not
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Fig. 4. Systemic administration of PREG-HS produces anxiolytic effects on
the elevated plus maze in B6 and D2 mice. Depicted are percent of open
arm entries (A) and total entries (B) during a 5-min test on the elevated plus
maze at 20 min postinjection of the designated dose of PREG-HS or
vehicle. Values represent the mean + S.E.M. for n=10 mice per strain and
dose of PREG-HS. * P<.05, ** P<.01 versus respective vehicle-injected
mice, Dunnett’s multiple comparison test.

shown); injection of PREG-HS significantly increased
percent of open arm time [F(3,72)=8.74, P<.001], and
the percent of time spent in the open arms was signifi-
cantly greater in D2 versus B6 mice [F(1,72)=11.34,
P<.001]. These findings indicate that administration of
PREG-HS produced anxiolytic effects in both B6 and D2
mice, when compared with respective vehicle-injected
animals.

Analysis of total entries, an index of locomotor
activity, was significantly influenced by PREG-HS dose
[F(3,72)=4.40, P<.01] (Fig. 4B). While there was not a
significant strain difference in total arm entries in this
study, administration of the 20 mg/kg dose of PREG-HS
significantly increased total entries in D2, but not B6
mice. Closed arm entries, another index of activity, was
significantly influenced by treatment [F(3,72)=3.40,
P<.03] and tended to be influenced by strain (i.e.,
B6>D2) [F(1,72)=3.07, P=.08] (data not shown). These
results suggest that systemic administration of PREG-HS
significantly altered activity levels on the elevated plus
maze only in D2 mice.

4. Discussion
4.1. Neurosteroid preference

The present findings showed that B6 and D2 male mice
preferentially consumed PREG-HS in an unlimited access
two-bottle choice paradigm. Both inbred mouse strains
exhibited preference for the PREG-HS solution; however,
preference was significantly greater in B6 than in D2 mice
during the first 6 h of access. Thus, a greater EtOH
preference in B6 versus D2 mice corresponds with greater
PREG-HS preference in the B6 strain. In contrast, neither
strain exhibited preference for the ALLOP solution. The
basis for the differential consumption of the neurosteroid
suspensions in D2 and B6 mice is unclear, but could be
related to their pharmacological properties (i.e., ALLOP is a
positive modulator of GABA 5 receptors, while PREG-HS is
a negative modulator of GABA, and NMDA receptors).
Additionally, when one considers that mice may regulate
their neurosteroid dose as well as total fluid intake, prefer-
ence may not be seen even when a solution has motivational
or reinforcing effects.

Overall preference ratios for the neurosteroid solutions in
the present study were lower than recent findings in which
male rats displayed a strong preference for an equivalent
ALLOP suspension (i.e., 50 pg/ml), when tested in an
unlimited access two-bottle choice paradigm (Sinnott et
al., 2002a). In that study, rats consumed approximately
80% of their total fluid from the ALLOP-containing bottle
over the last 3 days of the 10-day drinking study, and
exhibited significant preference for the ALLOP suspension
beginning on Day 6 of the study. In the present studies,
neurosteroid consumption had stabilized by Days 4—5 of the
8-day drinking studies. The species difference in preference
ratio for ALLOP could be due to differences in body weight
and the fact that in both studies, the rats and mice were
drinking the same concentration of ALLOP (i.e., 50 pg/ml).
In other words, it would be necessary for rats to consume a
greater volume of the ALLOP solution than mice to achieve
a comparable dose, and presumably pharmacological effect,
of ALLOP. Consistent with this idea, the average dose of
ALLOP consumed by rats during the 24-h access period
ranged from 2.44 to 3.75 mg/kg (Sinnott et al., 2002a). This
dose range of ALLOP is similar to that consumed by the B6
and D2 mice during the first 6 h of access to the neuro-
steroid suspension in the present study, and which was
subsequently shown to be anxiolytic in both inbred strains.

It is possible that differences in the pharmacological
properties of the two neurosteroid suspensions were inter-
acting with assessments of neurosteroid preference and thus,
contributing to the difference in preference ratios for the two
neurosteroids that were found in the present study. While the
anxiolytic properties of ALLOP are well documented (e.g.,
Finn et al., 1997b; Gasior et al., 1999; Weiland et al., 1995),
the results from the present study also demonstrated that
PREG-HS has anxiolytic properties. It is likely that the
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anxiolytic properties of these two neurosteroids are due to
their distinct pharmacological profile (i.e., positive modula-
tion of GABA, receptors by ALLOP and negative modu-
lation of NMDA and GABA, receptors by PREG-HS).
Since ALLOP is at least 100 times more potent than PREG-
HS (Gee et al., 1988; Morrow et al., 1987; Park-Chung et
al., 1999; Weaver et al., 2000), it is possible that consump-
tion of a lower ALLOP versus PREG-HS dose was required
to produce a pharmacological effect in the present drinking
studies, and hence, contributed to the differences in prefer-
ence for the two neurosteroid suspensions.

EtOH drinking studies indicate that the B6 and D2
strains are among the extremes in voluntary EtOH con-
sumption (e.g., Belknap et al., 1978, 1993; McClearn and
Rodgers, 1959; Phillips et al., 1994), with B6 mice
voluntarily consuming >10 g/kg of EtOH per day and
D2 mice consuming <2 g/kg EtOH per day. When trying
to compare results from neurosteroid drinking studies with
EtOH preference studies, it should be noted that a number
of factors could influence EtOH preference, such as central
nervous system sensitivity to alcohol, taste, smell, caloric
value, polydipsia, and acetaldehyde metabolism (discussed
in McBride and Li, 1998; Phillips and Crabbe, 1991). D2
mice are much more sensitive to the aversive taste and
odor properties of EtOH, when compared to B6 mice
(Belknap et al., 1978, 1993), two factors that contribute
to the EtOH aversion exhibited by the D2 strain in EtOH
drinking studies. Yet, other animal models of EtOH rein-
forcement suggest that EtOH has positive motivational
effects in D2 mice, such as conditioned place preference
(e.g., Cunningham et al., 1992), intravenous EtOH self-
administration (Grahame and Cunningham, 1997), and
EtOH-stimulated locomotor activity (e.g., Dudek et al.,
1991). Recent drug discrimination studies indicate that
both B6 and D2 mice will acquire a 1.5 g/kg EtOH and
saline discrimination, but that D2 mice may have an
enhanced sensitivity to the initial discriminative stimulus
effects of EtOH (Shelton and Grant, 2002). Because the D2
strain is very sensitive to the aversive taste and odor
properties of EtOH, we ensured that neither the D2 nor
B6 mice exhibited preference or aversion for a 0.5% EtOH
solution versus tap water prior to initiating the ALLOP
drinking study (see Materials and methods). Thus, it is
unlikely that the presence of EtOH in the ALLOP suspen-
sion significantly influenced preference for this neuroste-
roid, particularly since neither strain exhibited preference
or aversion for the 0.5% concentration of EtOH. We
attempted to minimize potential aversive taste and odor
properties in the present drinking studies so these factors
would not confound our assessment of preference for the
two neurosteroid suspensions.

4.2. Elevated plus maze

With regard to the ALLOP drinking study, both strains
of mice consumed doses of ALLOP that were anxiolytic,

when the animals were subsequently tested on the elevated
plus maze. There was a significant increase in percent of
open arm entries and time in the ALLOP-consuming
animals versus animals that consumed tap water. Thus,
consumption of ALLOP produced a significant decrease in
the natural tendency of rodents to avoid the open arms of
the elevated plus maze, which is considered to represent an
alteration in anxiety or emotionality. Treatment did not
significantly alter total entries or closed arm entries,
suggesting that the anxiolytic effect of ALLOP was not
associated with a concomitant change in general activity
level. These findings are consistent with previous work in
which injection of ALLOP produced anxiolytic effects at
doses that did not affect activity in B6 and D2 mice, when
they were tested on the elevated plus maze (Finn et al.,
1997b; Rodgers and Johnson, 1998). Importantly, the dose
of EtOH that was consumed in the ALLOP suspension
was 10-fold lower than the doses that produce anxiolytic
effects in mice (i.e., 1.5-2.5 g/kg; Boehm et al., 2002; D.
Finn, unpublished) or the doses that can enhance the ataxic
effect of GABAergic neurosteroids (Vanover et al., 1999).
Thus, it is unlikely that the dose of EtOH consumed
contributed to the anxiolytic effect of ALLOP that was
observed in the present study.

Systemic administration of PREG-HS also had anxiolytic
effects in both B6 and D2 mice, which was evident by the
significant increase in percentage of open arm entries and
time on the elevated plus maze. But, in contrast to the results
with consumption of ALLOP, injection of PREG-HS sig-
nificantly altered total entries and closed arm entries. While
the highest dose of PREG-HS significantly increased total
entries only in D2 mice, the 10 mg/kg dose of PREG-HS
was anxiolytic without altering activity in this strain. Thus,
these findings suggest that PREG-HS can produce anxio-
lytic effects at doses that do not affect activity in both B6
and D2 mice. Since it has been hypothesized that the
anxiolytic properties of a drug may contribute to its rein-
forcing effects (discussed in Grant, 1995), it is possible that
ALLOP (and PREG-HS) may have been consumed volun-
tarily and in some instances preferentially, due to its
reinforcing properties.

The present findings also are consistent with earlier work
indicating that B6 and D2 mice differ in basal levels of
anxiety and activity, measured on the elevated plus maze
(Trullas and Skolnick, 1993). In both studies, closed arm
entries and total entries were significantly greater in B6
versus D2 mice, suggesting that general activity level is
greater in B6 mice. A similar strain difference in basal level
of activity has been reported by others using automated
activity monitors (e.g., Phillips et al., 1995; Wenger, 1989).
For the basal level of anxiety measures, the percent of open
arm entries and time were significantly decreased in B6
versus D2 mice in the ALLOP drinking study, suggesting
that anxiety level was greater in B6 mice. However, the
strain difference in basal level of anxiety was not as
pronounced in the study with PREG-HS. It is not known



460 D.A. Finn et al. / Pharmacology, Biochemistry and Behavior 76 (2003) 451-462

if these differences reflect the time of day at which the
animals were tested (i.e., during dark phase in ALLOP study
and during light phase in PREG-HS study).

4.3. Plasma ALLOP levels

Plasma ALLOP concentrations in the animals consuming
water indicate that basal ALLOP levels were significantly
lower in D2 versus B6 mice. Plasma ALLOP levels also
were lower in naive D2 versus B6 animals from the PREG-
HS drinking study, but the difference was not significant.
Overall, this finding for a strain difference in basal ALLOP
concentration is consistent with recent results from our
laboratory (Finn et al., 1997b). Basal performance on the
plus maze appeared to be inversely related to endogenous
ALLOP levels (compare values in water-consuming animals
in Fig. 3). This finding would suggest that there is no
correlation between endogenous ALLOP levels and basal
levels of anxiety or that additional factors unrelated to
endogenous ALLOP level are contributing to basal perfor-
mance on the elevated plus maze.

There was no strain difference in plasma ALLOP levels
in the neurosteroid-consuming B6 and D2 mice from both
drinking studies. The significant increase in plasma ALLOP
levels in the D2 mice consuming the PREG-HS suspension
was surprising in light of the fact that PREG-HS consump-
tion was significantly lower in this strain (i.e., 24-h dose was
6.5 mg/kg for D2 and 7.65 mg/kg for B6). Thus, we cannot
rule out at the present time whether or not strain differences
in neurosteroid conversion contributed to the significant
increase in plasma ALLOP levels in the D2 mice consuming
the PREG-HS suspension. Since brain ALLOP levels were
not determined in the present study, it is also possible that
plasma ALLOP concentration does not adequately reflect
brain ALLOP levels following consumption of neurosteroid
suspensions.

However, the significant increase in plasma ALLOP
levels in the ALLOP-consuming D2 mice most likely
reflects the greater neurosteroid consumption of this strain
(i.e., 3.7 mg/kg for D2 and 2.1 mg/kg for B6 prior to plus
maze testing), rather than a strain difference in metabolism
of ALLOP or in stability of the neurosteroid solution.
Previous work has demonstrated that B6 and D2 mice did
not differ in plasma ALLOP levels following injection of
ALLOP at doses ranging from 1 to 32 mg/kg (Finn et al.,
1997b), suggesting that the strains do not differ in ALLOP
metabolism. With regard to stability of the neurosteroid
solution, the same solution was used for both inbred strains
and was verified daily to be in suspension. Additionally,
solutions were prepared fresh every 2—3 days, stored in the
refrigerator and stirred daily prior to use (i.e., filling of the
drinking tubes). Even though aqueous steroid solutions can
be subject to some oxidation (Dr. R. Purdy, personal
communication), a pilot study determined that the concen-
tration of ALLOP in the solution did not change signifi-
cantly over 7 days of measurement. There was an 8%

decrease in the concentration of ALLOP on the first day
after the solution was prepared, which decreased to 15%
when the solution was tested 1 week later (D. Finn,
unpublished), confirming the stability of the neurosteroid
solution during the time frame that it was utilized in the
present study.

Even though the neurosteroid-drinking B6 and D2 mice
consumed different doses of ALLOP and had similar
plasma ALLOP levels, ALLOP consumption had anxio-
Iytic effects in B6 and D2 mice. This suggests that either a
threshold concentration of endogenous ALLOP was nec-
essary for anxiolysis, the pattern of ALLOP intake differed
between B6 and D2 mice in the 6-h period prior to plus
maze testing, or that B6 mice could consume a lower dose
of ALLOP to achieve an anxiolytic effect. This third
possibility is consistent with the recent finding that B6
mice were more sensitive than D2 to the anxiolytic effect
of exogenously administered ALLOP (Finn et al., 1997b).
Additionally, since we do not know the pattern of intake
of the ALLOP solution in the 6 h prior to plus maze
testing, it is also possible that the plasma ALLOP levels
do not reflect the true endogenous concentration of
ALLOP as accurately as the values in the water-consum-
ing animals, since brain ALLOP levels were not measured
in this study.

5. Conclusion

The present results are consistent with a growing body of
evidence suggesting that neurosteroids possess mildly rein-
forcing properties and discriminative stimulus effects that
are similar to drugs with abuse liability (Ator et al., 1993;
Bowen et al., 1999; Finn et al., 1997a; Grant et al., 1997;
Rowlett et al., 1999; Sinnott et al., 2002a; Vanover, 1997,
2000). The fact that two inbred strains of mice, which differ
markedly in EtOH preference, exhibited preference for a
PREG-HS suspension and voluntarily consumed anxiolytic
doses of ALLOP (without exhibiting preference for the
ALLOP suspension) is noteworthy. The difference in pref-
erence for these two neurosteroids most likely reflects their
different actions at GABA, and NMDA receptors, even
though both compounds have anxiolytic properties. These
findings indicate that further investigation of the interaction
of neurosteroids with alcohol consumption is warranted.
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