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Abstract

We have recently shown that the neurosteroid allopregnanolone modulates anxiolytic effect of ethanol. In the present report, we attempted to
examine whether neurosteroids progesterone and dehydroepiandrosterone sulphate (DHEAS), which modulate y-aminobutyric acid (GABA )
receptor function, affects development of tolerance to ethanol anxiolysis and withdrawal anxiety. Rats on ethanol (6% v/v in nutritionally balanced
liquid diet) for prolong period (10 days) were injected twice daily either with vehicle, progesterone (a precursor of allopregnanolone, positive
GABA , receptor modulator), finasteride (5a-reductase inhibitor) or DHEAS (negative GABA 4 receptor modulator). During this period, rats were
acutely challenged periodically with ethanol (2 g/kg, i.p., 8% w/v) and subjected to the elevated plus maze test. For withdrawal studies, similar
treatment protocols (except ethanol challenge) were employed and on day 11, rats were subjected to the elevated plus maze test at different time
intervals post-ethanol withdrawal. While progesterone significantly advanced the development of tolerance to ethanol anxiolysis and enhanced
withdrawal anxiety, DHEAS and finasteride prevented such behavioral alterations. These data highlight the important role played by GABAergic
neurosteroids progesterone and DHEAS in the development of tolerance to ethanol anxiolysis and withdrawal anxiety in rats. Moreover, it points

to the potential usefulness of specific neurosteroids as targets in the treatment of alcoholism.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Prolonged ethanol (alcohol) consumption leads to the
development of tolerance and dependence. This induces long
lasting changes in the brain neuronal systems leading to adverse
behavioral consequences. Considerable evidences suggest that
the anxiolytic effect of ethanol may be one of the factors that
promote alcohol consumption (Henniger et al., 2002; Langen
and Fink, 2004). Anxiety is one of the most prominent
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subjective effects associated with ethanol dependence (Baldwin
et al., 1991; Koob, 2000). Although ethanol has many sites of
action in the central nervous system, recently effect on multiple
receptors operated ion channels including y-aminobutyric acid
(GABA,) receptors, N-methyl-d-aspartate (NMDA) receptors,
S-hydroxytryptamine (SHT3) receptors and voltage sensitive
calcium ion (Ca2+) channels (Ollat et al., 1988; Morrow et al.,
1990; Rossetti and Carboni, 1995; Devaud et al., 1997; Biggio
et al., 2003; Krystal et al., 2003) have been demonstrated.
However, it is doubtful whether all these contribute to the
ethanol reinforcement. GABAergic adaptations were consid-
ered as one of the important basis in the neurobiology of ethanol
dependence and withdrawal (Eravci et al.,, 2000; Alele and
Devaud, 2005). A number of preclinical studies have advocated
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the role of neurosteroids in the complex interaction of ethanol
with GABA 4 receptor system (Morrow et al., 1998; Barbaccia
et al., 1999; Vanover et al., 1999; VanDoren et al., 2000; Hirani
et al., 2002, 2005; Khisti et al., 2002, 2003). Several effective
treatments for anxiety target the primary inhibitory neurotrans-
mitter GABA and modulate the overall effect of GABAergic
system.

Neurosteroids can be synthesized de novo in the brain
independent of steroidogenic endocrine glands (Corpechot
et al., 1981). They interact with targets within the family of
ligand-gated ion channels mentioned above and rapidly alter the
neuronal excitability (Paul and Purdy, 1992; Lambert et al.,
1995). In variety of physiological conditions like anxiety, stress,
stages of estrous cycle, pregnancy, aggressive behavior and
seizures, pharmacologically relevant concentrations of some
neurosteroids including allopregnanolone (3a, Sa-tetrahydro-
progesterone) have been detected in brain (Bicikova et al., 1998,
2000; Herbison, 2001; Reddy and Rogawski, 2001). At this
concentration, allopregnanolone and related neurosteroids can
modulate the expression and function of GABA, receptor
(Follesa et al., 2004; Birzniece et al., 2006). Administration of
these neurosteroids exhibits myriad of behavioral effects
including anxiolysis, antistress, sedation, analgesia, antiseizure,
antidepressant and cognitive impairment in rodents (Zimmer-
berg and Blaskey, 1998; Khisti and Chopde, 2000; Khisti et al.,
2000; Hirani et al., 2002, 2005). Acute ethanol administration
differentially modifies cerebral concentrations of neurosteroids,
typically increasing allopregnanolone concentration (Morrow
et al., 1999; VanDoren et al., 2000) and preferentially reducing
dehydroepiandrosterone sulphate (DHEAS) levels (Baulieu and
Robel, 1996). The neurosteroid allopregnanolone is a potent
endogenous positive allosteric modulator of GABA 4 receptor,
whereas DHEAS is a negative modulator (Majewska et al.,
1990; Majewska, 1992). Pretreatment with finasteride, an
inhibitor of enzyme Sa-reductase, which is the rate-limiting
enzyme in the biotransformation of progesterone to allopregna-
nolone, attenuates several effects of ethanol (Morrow et al.,
1999; VanDoren et al., 2000) indicating that allopregnanolone
can modulate sensitivity to some but not all effects of ethanol.
We have demonstrated earlier that allopregnanolone accounts
for antidepressant and anxiolytic actions of ethanol (Hirani
et al., 2002, 2005). Allopregnanolone has been shown to
heighten ethanol reinforcement (Nie and Janak, 2003) and self-
administration (Janak et al., 1998). However, Morrow et al.
(2001) demonstrated that allopregnanolone administration
reduces ethanol consumption in dependent rats.

In contradiction to acute ethanol, rats dependent on ethanol
exhibited reduced cerebral levels of allopregnanolone and
withdrawal from ethanol normalized cortical levels to control
values (Janis et al., 1998). Chronic ethanol exposure influences
the orchestration of GABA, receptor subunits and also its
functional properties (Morrow et al., 1990; Mhatre et al., 1993;
Devaud et al., 1997). Similar to GABA4 receptor modulators
(Holt et al., 1996; Devaud et al., 1997; Mahmoudi et al., 1997;
Follesa et al., 2001; Cagetti et al., 2003), repeated administration
of neurosteroids or withdrawal can regulate specific oy subunit
expression of the GABA 4 receptor (Smith et al., 1998a,b; Follesa

et al., 2001). Such increased a4 subunit peptide expression and
mRNA levels were also observed in cerebral region of the brain in
ethanol-dependent and withdrawn animals (Devaud et al., 1995,
1997; Follesa et al., 2002; Cagetti et al., 2003) and this subunit is
insensitive to benzodiazepines (Barnard et al., 1998). Recently it
has been shown that the variations in gene GABRAZ2, encoding
the o, subunit of GABA, receptor, influence susceptibility to
alcohol dependence by modulating the level of neural excitation
(Edenberg et al., 2004).

In view of close relationship between the endogenous
neurosteroid levels in central nervous system and the behavioral
actions of ethanol, we examined whether neurosteroids that
cause positive or negative modulation of GABA, receptors,
influence tolerance to anxiolytic effect of ethanol and
withdrawal anxiety. Here we report that chronic administration
of progesterone, the precursor of allopregnanolone and the
positive allosteric modulator of GABA 4 receptor promotes the
development of tolerance to ethanol anxiolysis and withdrawal
anxiety. In contrast, DHEAS, the negative GABA, receptor
modulator or finasteride, an inhibitor for conversion of
progesterone to allopregnanolone, prevents these effects.

2. Materials and methods
2.1. Subjects

Subjects were Sprague—Dawley rats, born and reared in the
animal house of Department of Pharmaceutical Sciences,
Rashtrasant Tukadoji Maharaj Nagpur University from a
stock originally purchased from National Institute of Nutrition,
Hyderabad, India. Young healthy male rats (220-250 g body
weight and 80—90 days old) were group housed (five per cage)
in opaque polypropylene cages (640x410x250 mm) and
maintained at 24+1 °C under 12:12 h light/dark cycle (lights
on 0700—1900 h) with rodent chow (Lipton, India) and water ad
libitum. Animals were brought to the experimental room and
were housed individually 12 h prior to treatments to minimize
nonspecific stress-induced steroid changes. The experimental
procedures were in strict accordance with the guidelines
approved by the Institutional Experimental Animal Ethical
Committee of Rashtrasant Tukadoji Maharaj Nagpur Universi-
ty, Department of Pharmaceutical Sciences, Nagpur, India.
Animals were naive to drug treatment and experimentation at
the beginning of all studies. Each experimental group had a
separate set of 6—7 animals.

2.2. Drugs

The drugs used were DHEAS, progesterone (RBI, USA),
finasteride (Dr. Reddy’s Laboratories, Hyderabad, India) and
absolute alcohol (MSSIDC, Mumbai, India). Finasteride, DHEAS
and progesterone were dissolved in 2-hydroxypropyl-3-cyclodex-
trin (45% w/v) solution and diluted with 0.9% saline. All drugs
were injected intraperitoneally (i.p.), with the exception of
finasteride that was given by the subcutaneous (s.c.) route. Ethanol
was diluted with 0.9% saline to a concentration of 8% w/v for i.p.
injection or to 6% v/v in a liquid diet for oral chronic consumption.
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2.3. Elevated plus maze test

This test exploits the conflict behavior between exploration
of a novel area and aversion to open areas and heights. The
plus maze was made up of Plexiglas painted black. The plus
maze consisted of opposite facing two open (50% 10 cm) and
two enclosed arms (50x 10x40 cm) connected by a central
platform (10x10 cm). The whole maze was raised 60 cm
above the floor. Rats were tested on the plus maze in a room
with low, indirect incandescent lighting (100-W lamp, fixed
2 m above the maze floor) and very low noise levels. On the
day of testing, rats were placed singly at the center of the maze,
head facing an open arm and allowed to explore for 5 min. The
number of entries into and time spent in each arm was recorded
by an observer blind to the treatment. An entry was registered
only when all four paws of the animal were placed on the arm.
The maze was wiped clean with damp cotton and dried after
testing each rat. Anxiogenic or anxiolytic effects were assessed
based on the frequency of open arms entries as well as time
spent in the open arms (Pellow et al., 1985). Decrease in time
spent on the open arms and a low frequency of open arms
entries relative to control animals was considered as an in-
crease in anxious behavior. Separate groups of animals were
used for each treatment and each subject tested was given a
single 5 min trial. All animals were tested between 0900—
1400 h to minimize circadian influences.

2.4. Chronic ethanol administration

Ethanol was administered to rats for prolonged period as
described previously with some modifications (Miller et al.,
1980; Lal et al., 1988; Jung et al., 2000; Hirani et al., 2002;
Kokare et al., 2006). Briefly, rats were assigned to different
treatment groups and housed individually in polypropylene
cages. Initially they received nutritionally balanced liquid diet
(Dextrose diet, ICN Biochemicals) for two days to allow ad-
aptation to novel food. Water was available ad libitum. From
third day onwards, ethanol was added to the liquid diet of some
groups (final concentration 6% v/v, ethanol-fed), while isoca-
loric amount of ethanol was substituted with dextrose in the
liquid diet of remaining groups (pair-fed control) and had free
access to it for 1, 3, 5, 7 or 10 days. Fresh aliquot (100 ml/rat) of
ethanol containing liquid diet was introduced in the respective
cages each morning at 0800 h. Diet of pair-fed groups was
unchanged but was restricted so that consumption matched the
mean amount of the ethanol-containing diet consumed. Rats
having access to ethanol diet for 10 days were discontinued from
ethanol on 11th day morning (0800 h) and received dextrose
containing diet until the termination of the experiment (ethanol
withdrawal).

The dietary consumption and body weight of each animal was
monitored daily (0800 h) for all the groups. The average daily
ethanol consumption was found to be 10.93+0.32 g/kg. Body
weights of ethanol-fed rats were not different in comparison to
pair-feds during initial drinking phase or throughout the course
of the experiment. The animals were subjected for 5 min to
elevated plus maze test at different time intervals, but individual

animal was tested only once to avoid ‘one trial tolerance’ to drug
effect (Bertoglio and Carobrez, 2002).

2.5. Tolerance to ethanol anxiolysis

These experiments were designed to examine the role of
neurosteroids in the development of tolerance to anxiolytic
effect of ethanol. Animals were randomly assigned to different
treatment groups. During chronic ethanol studies, ethanol-fed as
well as pair-fed rats were injected twice daily (1000 h and
2200 h) either with vehicle (5 mlkg, i.p. or 1 ml/kg, s.c.),
progesterone (5 mg/kg, i.p.), DHEAS (5 mg/kg, ip.) or
finasteride (25 mg/kg, s.c.) for 10 days. On days 1, 3, 5, 7 or
10 (0900 h), some of these rats were challenged with ethanol
(2 g/kg, 1.p., 8% w/v). Thirty minutes thereafter, individual rat
was subjected to elevated plus maze test for 5 min session.
Separate groups of animals were employed for different
experimental days and the group once challenged with ethanol
and tested for anxiety parameters, was discontinued from
further studies. The doses of neurosteroids or their modulators
used were based on preliminary experiments and previous
reports in literature (VanDoren et al., 2000; Khisti et al., 2002;
Reddy, 2003; Ren et al., 2004) such that they effectively
modulate endogenous neurosteroid levels without causing
motor dysfunction or affecting anxiety parameters.

2.6. Withdrawal anxiety

For this study, separate groups of animals were used. During
10 days chronic ethanol consumption, the ethanol-fed as well as
pair-fed groups were injected with progesterone, DHEAS,
finasteride or vehicle twice daily as per the protocol described
above. However, they were not challenged with i.p. ethanol
during 10 days program. On day 11 mornings (0800 h), ethanol
liquid diet was discontinued and replaced with control dextrose
containing liquid diet. At 1, 4, 8, 12 or 18 h post-withdrawal,
ethanol naive (pair-fed groups) as well as ethanol-dependent
rats were subjected to elevated plus maze test. The time spent in
open arms and entries into open and closed arms were recorded
for 5 min.

2.7. Data analysis

The results are presented as means+S.E.M. and analyzed by
Graphpad Prism 3.02. Data obtained from chronic ethanol
treatment and combination treatments of neurosteroid modula-
tors with ethanol were analyzed by two-way analysis of
variance (ANOVA). Post-hoc comparisons were performed
using Bonferroni test. Value of P<0.05 was considered
significant.

3. Results
3.1. Tolerance to ethanol-induced anxiolysis

As shown in Fig. 1, significant anxiolytic-like effect was
observed in pair-fed groups challenged with ethanol (2 g/kg, i.p.,
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Fig. 1. Effect of daily administration of progesterone on the development of
tolerance to ethanol-induced anxiolysis showing (A) % time spent in open arms,
(B) % entries into open arms and (C) number of closed arms entries in elevated
plus maze test. Several groups of rat consuming control liquid diet (pair-fed
groups) or ethanol (6% v/v) containing liquid diet (ethanol-fed groups) were
treated (twice daily 1000 and 2200 h) with vehicle (5 ml/kg, i.p.) or progesterone
(5 mg/kg, i.p.) for 10 days. Rats were challenged i.p. on days 1, 3, 5, 7 or 10 with
ethanol (2 g/kg, 8% w/v) or saline (5 ml/kg, i.p.) and 30 min thereafter individual
rat was placed on the central platform to explore the elevated plus maze for
5 min. Each bar represents means+S.E.M. of data from 6-7 rats per group.
*P<0.05 vs. vehicle+saline (pair-fed group); “P<0.05 vs. vehicle+ethanol
(pair-fed group); $P<0.05 vs. vehicle+ethanol (ethanol-fed group) (two-way
ANOVA followed by Bonferroni test).

8% w/v) on days 1, 3, 5, 7 and 10 of liquid diet consumption as
compared to pair-fed rats with saline treatment (5 ml/kg, i.p.).
In particular, two-way ANOVA indicated significant effect of
factor ‘treatment’ [% time spent into open arms F (1, 50)=
696.2, P<0.0001) and % entries into open arms F (1, 50)=
1544, P<0.0001] but not of factor ‘day’ (P>0.05) and

interaction between factors ‘treatmentxday’ (P>0.05) on
open arms indices. However, on days 7 and 10 in ethanol-fed
rats (6% v/v), significant reduction in % time spent into open
arms [factor ‘treatment’ F' (1, 50)=59.81, P<0.0001, factor
‘day’ F (4, 50)=16.32, P<0.0001 and interaction ‘treatment x
day’ F' (4, 50)=23.34, P<0.0001] and % entries into open arms
[factor ‘treatment’ F (1, 50)=154.1, P<0.0001, factor ‘day’ F
(4, 50)=37.54, P<0.0001 and interaction ‘treatmentxday’ F
(4, 50)=44.48, P<0.0001] was observed as compared to pair-
fed rats with ethanol challenge (2 g/kg, i.p., 8% w/v) indicating
tolerance to ethanol’s anxiolytic action. There was no
significant change in closed arms entries during these treatment
schedules (P>0.05).

3.2. Chronic progesterone administration facilitated development
of tolerance to ethanol anxiolysis

As depicted in Fig. 1, daily progesterone administration
(5 mg/kg, i.p.; 1000 and 2200 h) to ethanol-fed groups (6% v/v)
resulted in early development of tolerance to antianxiety action
of ethanol (2 g/kg, i.p., 8% w/v). Significant reduction in % time
spent [factor ‘treatment’ F (1, 55)=105.2, P<0.0001, factor
‘day’ F (4, 55)=114.7, P<0.0001 and interaction ‘treatment X
day’ F (4, 55)=29.53, P<0.0001] and % entries [factor ‘treat-
ment” F (1, 55)=217.4, P<0.0001, factor ‘day’ F' (4, 55)=
252.5, P<0.0001 and interaction ‘treatmentxday’ F (4, 55)=
76.71, P<0.0001] into open arms was observed on days 3 and 5
in daily progesterone treated ethanol-fed groups as compared
to respective vehicle treated ethanol-fed groups. Progesterone
treatment at the dose used here per se did not alter open arms
activity (P>0.05). However, there was no significant change
in entries into closed arms (P>0.05) at any of the treatment
days.

3.3. Chronic DHEAS or finasteride administration prevented
development of tolerance to ethanol-induced anxiolytic effect

Daily DHEAS injections (5 mg/kg, i.p., 1000 and 2200 h) to
ethanol-fed rats (6% v/v) prevented tolerance to ethanol (2 g/kg, 1.
p., 8% wi/v)-induced anxiolysis. Two-way ANOVA followed by
Bonferroni test revealed significant increase in % time spent [factor
‘treatment’ F' (1, 50)=59.72, P<0.0001, factor ‘day’ F' (4, 50)=
32.30, P<0.0001 and interaction ‘treatmentxday’ F' (4, 50)=
12.40, P<0.0001] and % entries into open arms [factor ‘treatment’
F (1, 50)=352.7, P<0.0001, factor ‘day’ F (4, 50)=110.2,
P<0.0001 and interaction ‘treatmentxday’ F (4, 50)=144.1,
P<0.0001] with acute ethanol challenge (2 g/kg, i.p.) in DHEAS
injected ethanol-fed rats as compared to ethanol-fed rats on
days 7 and 10 (Fig. 2). Similarly, as shown in Fig. 3, daily
treatment with finasteride (25 mg/kg, s.c.; 1000 and 2200 h) to
ethanol consuming rats altered open arms activity, as signifi-
cant increase in % time spent [factor ‘treatment’ F' (1, 50)=
51.13, P<0.0001, factor ‘day’ F (4, 50)=36.19, P<0.0001
and interaction ‘treatment x day’ F (4, 50)=16.11, P<0.0001]
and % entries into open arms [factor ‘treatment’ F (1, 50)=
159.2, P<0.0001, factor ‘day’ F (4, 50)=103.8, P<0.0001 and
interaction ‘treatment x day’ F (4, 50)=57.29, P<0.0001] was
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Fig. 2. Effect of daily administration of DHEAS on the development of tolerance
to ethanol-induced anxiolysis showing (A) % time spent in open arms (B) %
open arms entries and (C) number of closed arms entries. Different groups of rats
were treated either with DHEAS (5 mg/kg, i.p.) or vehicle control (5 ml/kg, i.p.)
(twice daily 1000 and 2200 h) consuming ethanol (6% v/v) containing liquid
diet (ethanol-fed groups) or control liquid diet (pair-fed groups) for 10 days.
Rats were challenged on days 1, 3, 5, 7 or 10 with ethanol (2 g/kg, i.p.) and
30 min thereafter, individual rat was placed on the central platform to explore the
elevated plus maze for 5 min. Each bar represents means+S.E.M. of data from 6
rats per group. *P<0.05 vs. vehicle+saline (pair-fed group); “P<0.05 vs.
vehicle+ethanol (pair-fed group); $P<0.05 vs. vehicle+ethanol (ethanol-fed
group) (two-way ANOVA followed by Bonferroni test).

observed when compared to experimental days 7 and 10 ethanol-
fed rats. DHEAS or finasteride daily administration at the doses
used here per se did not significantly alter open arms indices in

elevated plus maze test (P>0.05). Moreover, there was no
significant effect of these treatments on number of closed arms
entries (P>0.05).
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Fig. 3. Effect of daily administration of finasteride on the development of
tolerance to ethanol-induced anxiolysis showing (A) % time spent in open arms
(B) % open arms entries and (C) number of closed arms entries. Different groups
of rats were treated either with finasteride (25 mg/kg, s.c.) or vehicle control
(5 ml/kg, i.p.) (twice daily 1000 and 2200 h) consuming ethanol (6% V/v)
containing liquid diet (ethanol-fed groups) or control liquid diet (pair-fed
groups) for 10 days. Rats were challenged on days 1, 3, 5, 7 or 10 with ethanol
(2 g/kg, i.p.) and 30 min thereafter individual rat was placed on the central
platform to explore the elevated plus maze for 5 min. Each bar represents means +
S.E.M. of data from 6 rats per group. ¥*P<0.05 vs. vehicle+saline (pair-fed
group); “P<0.05 vs. vehicle+ethanol (pair-fed group); $P<0.05 vs. vehicle+
ethanol (ethanol-fed group) (two-way ANOVA followed by Bonferroni test).
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Fig. 4. Concomitant progesterone administration precipitates early ethanol
withdrawal-induced anxiety in elevated plus maze test showing (A) % time spent
in open arms (B) % open arms entries and (C) number of closed arms entries. Several
groups of rats were treated with progesterone (5 mg/kg, i.p.) (twice daily 1000 and
2200 h) consuming ethanol (6% v/v) containing liquid diet (ethanol-fed groups) or
control liquid diet (pair-fed groups) for 10 days. On day 11 (0800 h), ethanol was
replaced with control liquid diet aliquot. Separate groups of withdrawn rats naive to
plus maze were subjected to elevated plus maze for S minat 1,4, 8, 12 or 18 h post-
withdrawal. Each point represents means+S.E.M. of data from 6 rats per group.
*P<0.05 vs. vehicle+saline (pair-fed group); *P<0.05 vs. vehicle+ethanol
(ethanol-fed group) (two-way ANOVA followed by Bonferroni test).

3.4. Early induction of ethanol withdrawal anxiety in
progesterone treated rats

As shown in Fig. 4, significant anxiety was observed by 8 h
and 12 h of ethanol (6% v/v) withdrawal as evident from
significant reduction in % time spent [factor ‘treatment’ F'(1, 50)=

97.11, P<0.0001, factor ‘hours’ F' (4, 50)=19.23, P<0.0001 and
interaction ‘treatment x hours’ F (4, 50)=14.37, P<0.0001] and
% entries into open arms [factor ‘treatment’ F (1, 50)=91.84,
P<0.0001, factor ‘hours’ F (4, 50)=21.05, P<0.0001 and
interaction ‘treatmentxhours’ F' (4, 50)=26.73, P<0.0001] in
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Fig. 5. Concomitant DHEAS administration prevents ethanol withdrawal-
induced anxiety in elevated plus maze test showing (A) % time in open arms
(B) % open arms entries and (C) number of closed arms entries. Several groups
of rats were treated with DHEAS (5 mg/kg, i.p.) or vehicle control (5 ml/kg, i.p.)
(twice daily 1000 and 2200 h) consuming ethanol (6% v/v) containing liquid
diet (ethanol-fed groups) or control liquid diet (pair-fed groups) for 10 days. On
day 11 (0800 h), ethanol was replaced with liquid diet aliquot. Separate groups
of withdrawn rats that were naive to plus maze, were subjected to elevated plus
maze test for Smin at 1, 4, 8, 12 or 18 h after withdrawal. Each point represents
means+S.E.M. of data from 6-7 rats per group. ¥*P<0.05 vs. vehicle+saline
(pair-fed group); “P<0.05 vs. vehicle+ethanol (ethanol-fed group) (two-way
ANOVA followed by Bonferroni test).
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Fig. 6. Concomitant finasteride administration prevents ethanol withdrawal-
induced anxiety in elevated plus maze test showing (A) % time in open arms
(B) % open arms entries and (C) number of closed arms entries. Several groups
of rats were treated with finasteride (25 mg/kg, s.c.) or vehicle control (5 ml/kg,
i.p.) (twice daily 1000 and 2200 h) consuming ethanol (6% v/v) containing
liquid diet (ethanol-fed groups) or control liquid diet (pair-fed groups) for
10 days. On day 11 (0800 h), ethanol was replaced with liquid diet aliquot.
Separate groups of withdrawn rats that were naive to plus maze, were subjected
to elevated plus maze test for 5 min at 1, 4, 8, 12 or 18 h after withdrawal. Each
point represents means+S.E.M. of data from 6-7 rats per group. *P<0.05 vs.
vehicle+saline (pair-fed group); “P<0.05 vs. vehicle+ethanol (ethanol-fed
group) (two-way ANOVA followed by Bonferroni test).

comparison to pair-fed groups. On the other hand, repeated
progesterone treated rats (5 mg/kg, i.p. twice daily for 10 days)
with chronic ethanol (6% v/v) intake experienced persistent
withdrawal anxiety as evident from significant reduction in %
time spent in open arms [factor ‘treatment’ F (1, 50)=113.9,

P<0.0001, factor ‘hours’ F (4, 50)=24.08, P<0.0001 and
interaction ‘treatment x hours’ F' (4, 50)=14.30, P<0.0001] and
% entries into open arms [factor ‘treatment’” F (1, 50)=298.2,
P<0.0001, factor ‘hours’ F (4, 50)=35.26, P<0.0001 and
interaction ‘treatment X hours’ F' (4, 50)=32.52, P<0.0001] at 1,
4 and 18 h post-withdrawal as compared to ethanol-fed rats.
Further, progesterone withdrawal per se did not significantly alter
exploration of elevated plus maze as compared to pair-fed rats
(P>0.05). Moreover, there was no significant effect of any of
these treatments on number of closed arms entries as compared to
pair-fed controls (P>0.05).

3.5. Reduced ethanol withdrawal anxiety in DHEAS or
finasteride treated rats

Two-way ANOVA followed by Bonferroni test revealed
significant attenuation of ethanol withdrawal-induced anxiety in
DHEAS treated rats as statistically significant increase in %
time spent [factor ‘treatment’ F (1, 55)=87.11, P<0.0001,
factor ‘hours’ F (4, 55)=14.07, P<0.0001 and interaction
‘treatment X hours’ F' (4, 55)=17.91, P<0.0001] and % entries
into open arms [factor ‘treatment’ F' (1, 55)=175.2, P<0.0001,
factor ‘hours’ F' (4, 55)=53.10, P<0.0001 and interaction
‘treatment X hours’ F' (4, 55)=39.07, P<0.0001] was evident at
8 h and 12 h post-withdrawal when compared with DHEAS
naive ethanol-fed rats (Fig. 5). Similar results were obtained
with repeated finasteride and ethanol co-treatment as significant
increase in % time spent [factor ‘treatment’ F' (1, 55)=115.2,
P<0.0001, factor ‘hours’ F (4, 55)=16.75, P<0.0001 and
interaction ‘treatmentxhours’ F (4, 55)=10.47, P<0.0001]
and % entries into open arms [factor ‘treatment’ F (1, 55)=
149.1, P<0.0001, factor ‘hours’ F' (4, 55)=17.23, P<0.0001
and interaction ‘treatment x hours’ F' (4, 55)=16.43, P<0.0001]
was observed at 8 h and 12 h post-withdrawal when compared
with finasteride naive ethanol-fed rats (Fig. 6). Additionally,
DHEAS or finasteride withdrawal per se did not significantly
alter exploration of elevated plus maze as compared to pair-fed
rats (P>0.05). However, there was no significant change in
entries into closed arms at any point of withdrawal interval
(P>0.05) (Figs. 5 and 6).

4. Discussion

Present study provides evidence for the differential role of
GABAergic neurosteroids in development of tolerance to
anxiolytic effect of ethanol and withdrawal anxiety. Prolonged
ethanol consumption led to the development of tolerance to
acute ethanol (2 g/kg, i.p., 8% w/v) anxiolysis as compared to
pair-fed liquid diet group. This effect was further augmented by
chronic concomitant treatment with the sub-effective doses of
progesterone (5 mg/kg, i.p.), the precursor of allopregnanolone
(Paul and Purdy, 1992; Rupprecht et al., 1993; Prasad et al.,
1994; Lambert et al., 1995). Conversely, neurosteroid DHEAS
(5 mg/kg, i.p.), the negative allosteric modulator of GABA
receptor (Majewska et al., 1990) or allopregnanolone biosyn-
thesis blocker, finasteride (25 mg/kg, s.c.) (Morrow et al., 1999;
VanDoren et al., 2000) attenuated the development of tolerance
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to ethanol anxiolysis. At the doses employed herein, these drugs
given for 10 days did not significantly alter elevated plus maze
behavior in pair-fed control groups per se. Indeed, it is difficult
to perform this kind of study in group-housed rats and hence
isolation of subjects is widely practiced for ethanol tolerance
studies. However, we observed no significant differences in the
basal anxiety parameters of pair-fed control rats isolated for
either days 1, 3, 5, 7 or 10 ruling out the impact of social
isolation for the outcome of the present study. Moreover, as
reported earlier (Dong et al., 2001, Guidotti et al., 2001, Hirani
et al., 2005), social isolation for 4—6 weeks, but not 2 weeks (as
in present study), is required to induce anxiety-like behavior.
Interestingly, previous studies have shown that social isolation
of rodents for 6-10 weeks and not for 2 weeks decreases
cerebro-cortical content of allopregnanolone (Matsumoto et al.,
1999; Dong et al., 2001).

It is believed that GABAergic inhibitory neurotransmission
is reduced as opposed to the increase in glutamatergic excitatory
transmissions after prolong ethanol consumption (Morrow,
1995; Tabakoff and Hoffman, 1996). Some deleterious effects
of ethanol, like tolerance and withdrawal symptoms, are also
thought to be mediated, at least in part via glutamate NMDA
receptors (Kumari and Ticku, 2000). However, there are
considerable evidences that acute ethanol administration
enhances the GABA, receptor mediated chloride channel
opening (Suzdak et al., 1986; Allan and Harris, 1987), while
chronic ethanol consumption reduces sensitivity of GABA
receptor, which in turn alters pharmacological and behavioral
sensitivity characteristic of ethanol tolerance and dependence
(Morrow et al., 1988; Samson and Harris, 1992; Follesa et al.,
2006). It is noteworthy that endogenous neurosteroids are
thought to be implicated in certain effects of ethanol on GABA 5
receptors (Randall et al., 1995; Khisti et al., 2002, 2003; Sanna
et al., 2004; Hirani et al., 2002, 2005). Likewise, acute
allopregnanolone enhances the GABA-induced opening of
GABA, receptor associated chloride flux in the rat brain
synaptoneurosomes at nanomolar concentrations (Morrow
et al., 1987), while its chronic treatment downregulates
GABA, receptor functioning (Gulinello et al., 2002) and
produces anxiogenic effect (Gulinello et al., 2001, 2002).

In vitro studies revealed that chronic treatment with GABA 5
receptor agonistic neurosteroid allopregnanolone resulted in
reduced efficacy of benzodiazepines, GABA and neurosteroids
themselves at the GABA, receptor complex in mammalian
cortical neurons (Yu and Ticku, 1995). Allopregnanolone
decreased the E-max value of benzodiazepine agonists to
potentiate, and of inverse agonists to inhibit, GABA-induced
[*°C17] influx. Such decreased efficacy of GABA and
allopregnanolone at the GABA 4 receptor complex was reversed
by concomitant chronic exposure of cortical neurons to
competitive GABA 5 receptor antagonist, R5135 (3a-hydroxy-
16-imino-5-3-17-androstan-11-one) (Yu and Ticku, 1995).
Tolerance to ethanol-induced anxiolysis following its chronic
consumption, and further earlier manifestation of this effect by
prolonged progesterone treatment, may result from compensa-
tory decrease in GABA 4 receptor mediated neurotransmission.
Further, withdrawal symptoms perhaps are associated from

unmasking this decrease in GABA, receptor function or
receptor trafficking (Grobin et al., 1998). Moreover, progester-
one is lipophilic and readily crosses the blood brain barrier. It is
known that peripheral sources of precursor steroids are required
for the increases in brain allopregnanolone levels following
ethanol administration (Khisti et al., 2003; O’Dell et al., 2004).

Ethanol dependence arising from chronic ethanol exposure is
associated with adaptation of GABA, receptor and/or its
subunit gene expression (Petrie et al., 2001; Sanna et al., 2003;
Smith and Gong, 2004; Marutha Ravindran and Ticku, 2006).
Chronic treatment with progesterone resulted in similar changes
in the gene expression and function of GABA, receptor
assembly as that of ethanol in rat cerebellar granule cells in
culture (Biggio et al., 2003). Such prolong treatments have been
shown to decrease the expression of «; and «, subunits of
GABA,4 receptor and a parallel increase in other subunits
including o4 subunit at mRNA and protein levels in various
brain regions (Grobin et al., 2000). Such changes might be
responsible for tolerance and withdrawal reactions associated
with ethanol alone or in presence of GABA 4 receptor agonistic
neurosteroids. The a4 subunits of GABA, receptors are
insensitive to the classical benzodiazepines (Cagetti et al.,
2003) and are positively modulated by competitive benzodiaz-
epine antagonists and inverse agonists (Smith et al., 1998b).
The coupling between inverse agonist benzodiazepine sites or
its agonist sites and the Cl~ channel is reported to be increased
or decreased respectively following chronic ethanol exposure
(Buck and Harris, 1990). GABA 4 receptor agonists or positive
modulators are known to increase both acquisition of drinking
behavior (Smith et al., 1992; Petry, 1997) and volume of ethanol
consumed (Pohorecky and Brick, 1988; Boyle et al., 1993).
Additionally, GABA receptor agonist neurosteroid allopreg-
nanolone has been shown to increase ethanol intake in
nondependent rats (Janak et al., 1998) and mice (Sinnott
et al., 2002).

In contrast to this, the negative modulator of GABA,
receptor, DHEAS prevented the development of tolerance to
ethanol-induced anxiolysis and also withdrawal anxiety. In fact
some workers have proposed that the persistent ethanol
exposure affects receptor density (Ticku and Burch, 1980),
post-translational modifications (Kumar et al., 2002) and
subunit expression (Mhatre et al., 1993; Devaud et al., 1995,
1997; Follesa et al., 2003; Sanna et al., 2003) in the
development of tolerance and dependence. Paradoxically, in
spite of being a negative GABA 4 receptor modulator or positive
modulator of NMDA receptor, DHEAS at low doses has
anxiolytic effect (Melchior and Ritzmann, 1994).

Withdrawal from chronic ethanol consumption resulted in a
decrease in percent time and entries into open arms in elevated
plus maze test indicating anxiety-like effect (Kokare et al., 2006).
The maximum withdrawal anxiety was evident at 8 h and
disappeared by 18 h. This 6—8 h post-cthanol withdrawal duration
characterized the peak behavioral withdrawal symptoms (Morrow
et al., 1992; Devaud et al., 1997). Interestingly during chronic
ethanol consumption, co-administration of progesterone enhanced
while DHEAS prevented the development of ethanol withdrawal-
induced anxiety. Similarly, finasteride that inhibits the formation
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of allopregnanolone from progesterone (VanDoren et al., 2000;
Dazzi et al., 2002) also prevented the withdrawal anxiety.
Finasteride treatment during chronic ethanol consumption
significantly decreased blood ethanol concentration by altering
pharmacokinetics of ethanol (Finn et al., 2004; Gorin et al., 2005)
and also reduced the allopregnanolone levels in blood or brain
(Matsumoto et al., 1999; Pinna et al., 2000; Gorin et al., 2005).
This perhaps leads to decrease in GABAergic adaptive responses
involved in the development of tolerance (Gorin et al., 2005).
Although there are no direct preclinical evidences affecting the
pharmacokinetics of ethanol by progesterone or DHEAS
(Crippens et al., 1999; Robinson et al., 2002), some clinical
studies demonstrated that progesterone could enhance ethanol
elimination at low blood concentrations (<0.025%) (King and
Hunter, 2005). On the other hand, Mumenthaler et al. (1999)
observed no such alterations in ethanol pharmacokinetics with
varying progesterone levels. However, a possibility of altered
ethanol pharmacokinetic by these neurosteroids cannot be
excluded. It is also possible that finasteride in addition to inhib-
iting the allopregnanolone biosynthesis, may affect other hormonal
systems or pathways including testosterone and deoxycorticoster-
one (Gorin et al., 2005). Finasteride treatment has been reported to
prevent changes in mRNA expression of GABA, receptor oy
subunit elicited by chronic progesterone treatment (Biggio et al.,
2003). Chronic ethanol treatment leading to reduction in GABA 5
receptor sensitivity to allopregnanolone (Sanna et al., 1993;
Faingold et al., 1998; Chandler et al., 1998) may heighten sen-
sitivity to the negative allosteric action of DHEAS at GABA
receptors in ethanol dependent animals. Such altered sensitivity of
GABA 4 receptors for endogenous neurosteroids may serve here as
the prevalent factor for differential modulation of tolerance to
ethanol anxiolysis and withdrawal anxiety.

It cannot be excluded that neurosteroids in addition to allosteric
interaction and alterations in subunit composition of GABA,
receptors may affect other intracellular transduction cascades
including protein kinase C isomers (Hodge et al., 1999, 2002).
Recent reports suggested that neurosteroid modulation of GABA 5
receptors depends on endogenous balance between Ca®'-
dependent phosphatase and protein kinase C activity (Brussaard
and Koksma, 2003; Koksma et al., 2003). Shifting this balance
towards high levels of protein kinase C and low levels of
phosphatase activity results in insensitivity of GABA, receptors
to allopregnanolone and vice versa (Brussaard and Koksma,
2003). Further, altered sensitivity of GABA, receptors to its
allosteric modulators was observed in transgenic mice lacking
protein kinase C isomer (Harris et al., 1995) or protein kinase C,
isomer (Hodge et al, 1999, 2002). It is plausible that
neurosteroids, apart from allosteric interaction with GABA,
receptors, may have alternative mechanism, translocating specific
protein kinase C isomer towards membrane, which in turn may
affect GABA, receptor sensitivity (Brussaard and Koksma,
2003). It is also unlikely that the alterations in anxiety levels
during chronic administration evident here are mere functions of
the allopregnanolone and DHEAS concentration. These neuro-
steroids in the pair-fed rats per se did not affect the behavioral
indices in elevated plus maze test. If endogenous levels of
neurosteroids were the only major factor regulating anxiety, one

would expect progesterone-injected rats to be significantly less
anxious than controls, and DHEAS or finasteride treated rats to be
more anxiogenic. However, it was not the case with present study.
Recently, Gorin et al. (2005) reported that pretreatment with
allopregnanolone biosynthesis inhibitor, finasteride reduced
ethanol withdrawal severity, measured by handling-induced
seizures, and anxiety-related behavior in the withdrawal seizure
prone selected line of mice.

In summary, we report that co-administration of progesterone
during chronic ethanol consumption facilitates tolerance to
anxiolytic action of ethanol and its withdrawal-induced anxiety.
On the other hand, neurosteroid DHEAS, the negative modulator of
GABA 4 receptor or finasteride treatment that inhibits allopregna-
nolone synthesis prevents such behavioral effects of ethanol.
Further studies are needed to delineate the role of neurosteroids in
ethanol dependent adaptations to GABA 4 receptors.
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