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Abstract
Alcoholism is a complex disorder that represents an important contributor to health problems
worldwide and that is difficult to encompass with a single preclinical model. Additionally, alcohol
(ethanol) influences the function of many neurotransmitter systems, with the interaction at γ-
aminobutyric acidA (GABAA) receptors being integral for ethanol's reinforcing and several
withdrawal-related effects. Given that some steroid derivatives exert rapid membrane actions as
potent positive modulators of GABAA receptors and exhibit a similar pharmacological profile to that
of ethanol, studies in the laboratory manipulated GABAergic steroid levels and determined the impact
on ethanol's rewarding- and withdrawal-related effects. Manipulations focused on the progesterone
metabolite allopregnanolone (ALLO), since it is the most potent endogenous GABAergic steroid
identified. The underlying hypothesis is that fluctuations in GABAergic steroid levels (and the
resultant change in GABAergic inhibitory tone) alter sensitivity to ethanol, leading to changes in the
positive motivational or withdrawal-related effects of ethanol. This review describes results that
emphasize sex differences in the effects of ALLO and the manipulation of its biosynthesis on alcohol
reward- versus withdrawal-related behaviors, with females being less sensitive to the modulatory
effects of ALLO on ethanol-drinking behaviors but more sensitive to some steroid manipulations on
withdrawal-related behaviors. These findings imply the existence of sex differences in the sensitivity
of GABAA receptors to GABAergic steroids within circuits relevant to alcohol reward versus
withdrawal. Thus, sex differences in the modulation of GABAergic neurosteroids may be an
important consideration in understanding and developing therapeutic interventions in alcoholics.
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Introduction
The present review describes results that were presented at a recent symposium entitled, “Sex-
Specific Therapeutic Strategies Based on Neuroactive Steroids: In Search for Innovative Tools
for Neuroprotection”. Certainly, the importance of sex and the impact of gonadal steroids on
brain function and behavior are being increasingly recognized (e.g., Young & Becker, 2009).
Given the sex differences in human disease, it is desirable to consider sex differences in
preclinical models. Sex differences in ethanol intake are well-documented in rodents, with
intake in females higher than that in males (e.g., Belknap et al., 1993; Chester et al., 2008;
Finn et al., 2004b; Lancaster et al., 1996; Yoneyama et al., 2008). Sex-dependent sensitivity
to other drugs also occurs, with females generally being more sensitive to the rewarding effects
of drug than males (see review by Carroll et al., 2004). For example, female rats acquire
intravenous self-administration of cocaine, methamphetamine and nicotine faster than males.
Female rats also self-administer more cocaine with longer duration of “binges” and greater
loss of circadian control over drug intake in an escalation model, and exhibit greater extinction
responding on the drug associated lever after drug removal and greater reinstatement after drug
priming than males (see Carroll et al., 2004 and references therein). Thus, research that
incorporates male and female subjects can identify sex-specific mechanisms as well as general
mechanisms underlying aspects of addiction.

Steroid hormones exert genomic effects via binding to their receptors and altering the
transcription of genes, but rapid membrane effects of steroids provide another level of diversity
in the mechanisms by which steroids can influence brain function and behavior (e.g., Brann et
al., 1995; Lösel & Wehling, 2003; McEwen, 1991; Rupprecht & Holsboer, 1999). For instance,
a vast variety of brain functions are affected by sex steroids (e.g., testosterone, Hajszan et al.,
2008; estrogen, Tokuyama et al., 2008; progesterone, Quesada & Micevych, 2008) and adrenal
steroids (e.g., corticosterone, Uchoa et al., 2009; aldosterone, Shen et al., 2009). Genomic or
rapid membrane effects have been observed via steroid interaction at androgen receptors (e.g.,
Claessens et al., 2008), glucocorticoid and mineralocorticoid receptors (e.g., Kawata et al.,
2008), liver X receptors (e.g., Matsumoto et al., 2009), estrogen receptors (e.g., Kelly &
Rønnekleiv, 2008) progesterone receptors (e.g., Brinton et al., 2008) and vitamin D receptors
(e.g., Garcion et al., 2002). Besides membrane effects of steroid hormones at their “classic”
receptor, some steroids and their derivatives have rapid membrane actions via an interaction
with ligand-gated ion channels (e.g., Belelli & Lambert, 2005; Finn et al., 2004a; Paul & Purdy,
1992; Rupprecht & Holsboer, 1999). This evidence for rapid non-genomic effects of steroids
gave rise to the term “neuroactive steroids.”

The term “neurosteroid” was introduced by Baulieu (1981) to designate a steroid hormone
derivative found in brain at concentrations that were independent of its plasma concentration,
and the story of their discovery and function has been reviewed recently (Baulieu et al.,
2001). Given that the enzymes identified in classic steroidogenic tissues are found in the brain
(Mellon & Vaudry, 2001), brain “neuroactive steroid” levels most likely reflect a combination
of neuroactive compounds produced de novo as well as peripherally derived steroids that are
metabolized to neuroactive compounds in the brain. Thus, it has been suggested that the term
“neurosteroid” be broadened to include both sources of “neuroactive steroids” (Mellon &
Griffin, 2002). Consistent with this idea, we will use the term neurosteroids to refer to both
sources of neuroactive steroids in this review and will focus on the effects of neurosteroids that
potentiate the action of γ-aminobutyric acid (GABA) at GABAA receptors (Figure 1).

The progesterone derivative allopregnanolone (ALLO) is the most potent endogenous
modulator of GABAA receptors identified (reviewed in Belelli & Lambert, 2005; Belelli et al.,
1990; Finn et al., 2004a; Purdy et al., 1990; Rupprecht & Holsboer, 1999; Veleiro & Burton,
2009). Endogenous ALLO levels fluctuate within a range of concentrations previously shown
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to potentiate the action of GABA at GABAA receptors. Exposure to various stressors (including
injection or consumption of alcohol) increased brain ALLO levels to the equivalent of 10 – 30
nM in male rats (e.g., Barbaccia et al., 2001; Finn et al., 2004b; Paul & Purdy, 1992; VanDoren
et al., 2000). Similar concentrations are achieved in female rats at estrus, and increase to
approximately 100 nM during pregnancy (Paul & Purdy, 1992). These findings suggest that
fluctuations in endogenous ALLO levels could modify the functioning of central GABAA
receptors in vivo – an idea that is supported by the finding that increasing endogenous ALLO
levels in the dentate gyrus revealed a physiologically relevant neurosteroid tone that was
sufficient to modulate GABAA receptors (Belelli & Herd, 2003).

Alcohol (ethanol) has many pharmacodynamic properties (Spanagel, 2009; Vengeliene et al.,
2008;), but its ability to potentiate the action of GABA at GABAA receptors appears to be
integral for its reinforcing and discriminative stimulus effects (Chester & Cunningham,
2002; Grant, 1999) as well as its effects on withdrawal-related hyperexcitability (Devaud et
al., 2006; Grobin et al., 1998). Given that ethanol injection and consumption can increase
cortical ALLO to pharmacologically active levels in male rodents (Barbaccia et al., 1999; Finn
et al., 2004b; VanDoren et al., 2000), the ability of ethanol to increase endogenous ALLO
levels may potentiate or prolong ethanol's effect via dual (i.e., ethanol + ALLO) actions at
GABAA receptors. Likewise, a reduction in ethanol's steroidogenic effect (e.g., use of
finasteride (FIN), a 5α-reductase inhibitor that blocks the metabolism of progesterone to
ALLO) may reduce the action of ethanol at GABAA receptors. Consistent with this idea,
ethanol was found to have a direct and indirect effect on GABAA receptor function, with the
indirect effect being due to steroidogenesis, in that it was blocked by FIN (Sanna et al.,
2004). Thus, the underlying hypothesis of the studies summarized here is that fluctuations in
neurosteroid levels (and the resultant change in GABAergic inhibitory tone) alter sensitivity
to ethanol, due to parallel interactions of GABAergic neurosteroids and ethanol at GABAA
receptors, thereby leading to changes in the motivational- or withdrawal-related effects of
ethanol.

The present review discusses sex differences in two preclinical models of ethanol reward and
withdrawal following manipulation of GABAergic neurosteroid levels. Voluntary
consumption of ethanol by laboratory animals may be relevant to human consumption of
ethanol, and in any case is a tool that can be used to study learned associations between intake
and subjective effects of the drug. Seizure susceptibility during ethanol withdrawal is an
indication of neuroadaptation that occurs in response to ethanol, so studying the contribution
of neurosteroids in convulsive behavior during ethanol withdrawal can increase our
understanding about neural responses to ethanol (Finn et al., 2004a).

Neurosteroid Manipulation of Ethanol-Drinking Behavior
Investigations of sex differences in drug abuse and self-administration behavior have gained
momentum in the past decade (Becker & Hu, 2008; Carroll et al., 2004; Lynch et al., 2002;
Wiren et al., 2006). The literature indicates that marked sex differences in self-administration
patterns are observed at every stage throughout the time course of drug exposure history, from
acquisition to maintenance to relapse. This phenomenon also appears salient across multiple
classes of abused drugs, as sex differences in self-administration have been noted for
psychostimulants, opiates, nicotine, and ethanol. While the potential role of organizational
steroid effects in controlling sex differences in response to ethanol cannot be ruled out, the
leading hypothesis in our laboratory to explain these disparities in self-administration behavior
involves sex-dependent expression of the steroids testosterone, estrogen and progesterone, and
their neuroactive metabolites. The importance of arriving at a more complete understanding
of the neuroendocrine mechanisms underlying these sex differences is clear, as treatment
strategies and their effectiveness are likely to hinge upon sex differences in the endogenous
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neurosteroid environment. In addition, variations in neurosteroid physiology may also help to
explain individual differences in susceptibility to drug dependence as well as vulnerability to
relapse and negative health consequences of drug intake.

This section reviews research conducted over the past several years that queried whether
manipulations in endogenous GABAergic neurosteroids impact patterns of ethanol self-
administration in intact male and female C57BL/6 mice. The 3α,5α-reduced pregnane
neurosteroid ALLO was the focus of this work. Females demonstrate greater endogenous levels
of ALLO when compared to males, and they exhibit marked fluctuations of ALLO in an
estrous/menstrual cycle-dependent manner (Finn et al., 2004b; Genazzani et al., 1998; Paul &
Purdy, 1992). An earlier finding from our laboratory was that either an ethanol injection (2.0
g/kg) or ethanol self-administered (1.8 – 2.2 g/kg) over a 2-hr period elicited approximately a
1.7-fold elevation in brain ALLO concentrations in male, but not in female mice (Finn et al.,
2004b). Given the known sex differences in physiological ALLO levels and the observed
disparities in response to acute ethanol exposure, it was hypothesized that sex differences in
the ability of this neurosteroid to alter ethanol intake would be observed.

In an initial 2-bottle choice study in which a 10% v/v ethanol (10E) solution and water were
available, ALLO (3.2 and 10 mg/kg, administered IP) significantly increased ethanol intake in
male, but not in female mice, during the first hour of a 2-hr limited access session (Sinnott et
al., 2002). In subsequent experiments this apparent sex difference in ALLO modulation was
further examined by optimizing several experimental factors. First, the drinking session started
at 2-hr post dark phase onset when mice are the most active and demonstrate the highest level
of ethanol intake (Figure 2). Second, we have used a lickometer apparatus that records
individual licks from a sipper tube, allowing us to analyze drinking behavior with high temporal
resolution. Then, drinking patterns were examined following a more extensive range of acute
exogenous ALLO doses. In male mice, a biphasic response to ALLO was observed in which
the lowest dose tested (3.2 mg/kg) significantly increased total 10E intake but the highest dose
tested (24 mg/kg) suppressed consumption (Figure 3A; Ford et al., 2005b). For comparative
purposes, systemic administration of 3.2 mg/kg ALLO to male mice was previously shown to
generate steroid plasma concentrations in the physiological range (i.e., 34 ng/ml), whereas
doses ≥ 17 mg/kg produced supra-physiological levels of this neurosteroid (Finn et al., 1997).
This biphasic effect of ALLO on ethanol self-administration in males has been replicated by
alternate routes of ALLO administration (i.e., intracerebroventricular) with an operant self-
administration procedure (Ford et al., 2007), and in male rats (Janak et al., 1998; Janak & Gill,
2003).

Lickometer analysis of the drinking pattern microarchitecture revealed that ALLO altered
levels of 10E consumption primarily via an increase (following the 3.2 mg/kg dose) and
significant decrease (following the 17 and 24 mg/ kg doses) in bout frequency (Figure 3B &
3C; Ford et al., 2005b). Although not mirroring the general trend in overall 10E intake
consumed, the 10-mg/kg ALLO dose elicited a notable enlargement of the average bout size
in male mice. Interestingly, when the 3β-epimer of ALLO, epipregnanolone, was tested under
the same conditions in male mice, no effects on g/kg intake or drinking patterns were observed
(Ford et el., 2005b), demonstrating the stereospecificity of ALLO's behavioral influence.

In contrast to ALLO modulation of ethanol drinking behavior in males, a subsequent evaluation
in females revealed a relative insensitivity to ALLO pretreatment on 10E intake, as well as the
drinking patterns expressed (Ford et al., 2008). A sex comparison on response magnitude with
regard to 10E dose consumed, bout frequency, and bout size is illustrated in Figure 3 as percent
change from baseline values. When challenging the female mice with exogenous ALLO,
additional doses were selected to ensure that a potentially narrower effective dose range of
ALLO was not overlooked. Multiple interpretations can be furnished to explain the sex-
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dependent fashion in which exogenous ALLO differentially modulated 10E consumption.
First, the higher endogenous levels of ALLO expressed in females may coincide with
GABAA receptor subunit compositions that confer relative insensitivity to modulation of this
ethanol-related behavior (Follesa et al., 2004; Lambert et al., 2003). A second explanation
could involve a sex-dependent difference in the phosphorylation state of GABAA receptors
within the neural substrates mediating ethanol intake regulation, as sensitivity to neurosteroid
is contingent upon the balance between net phosphatase versus kinase activities (Brussaard
and Koksma, 2003).

Since a marked sex difference was observed following exogenous challenge with ALLO,
subsequent experiments then sought to determine the role of endogenous neurosteroid tone in
supporting the ongoing maintenance of established limited access 10E drinking in male and
female mice. As depicted in Figure 1, the 5α-reductase enzyme represents a rate-limiting step
in the biosynthesis of 5α-reduced metabolites of progesterone (i.e., ALLO),
deoxycorticosterone (i.e., tetrahydrodeoxycorticosterone; THDOC) and testosterone (i.e.,
androstanediol). The activity of the 5α-reductase enzyme can be blocked with the use of the
non-competitive inhibitor, FIN (reviewed in Finn et al. 2006a). In male mice, acute
pretreatment (i.e., days 1-3) with 50 mg/kg FIN resulted in a 33% decrease in 10E intake
throughout the 2-hr limited access session (Ford et al., 2005a). While exogenous ALLO
administration primarily affected bout frequency in males, the FIN-induced suppression of
consumption maintenance was attributable mainly to attenuation in bout size. In comparison,
female mice were relatively insensitive to the ability of 50 mg/kg FIN to suppress 10E intake.
Neither the 10E dose consumed nor the drinking patterns in females exhibited significant
changes from vehicle treatment (Ford et al., 2008). A sex comparison of the effects of 50 mg/
kg FIN on 10E dose consumed, bout frequency, and bout size is illustrated in Figure 4 as percent
change from baseline values during days 1-3 of treatment. Since these studies were conducted
in intact animals, we should note that preliminary evidence suggested that 50 mg/kg FIN was
more efficacious in reducing endogenous ALLO levels in males when compared to females.
Specifically, our earlier work in male mice suggested that systemic administration of 50 mg/
kg FIN suppressed ALLO levels by greater than 50%, whereas only a 30% decline in this
steroid was observed in females following the same pretreatment (Ford et al., 2008).

Because females exhibit higher basal levels of ALLO and the suppression in levels with the
50-mg/kg dose of FIN was less than that in males, it was rationalized that a higher dose of FIN
pretreatment would be necessary to elicit significant alterations in the drinking patterns of
female mice. In fact, acute pretreatment with 100 mg/kg FIN resulted in a pronounced 35%
decrease in the 10E dose consumed, a decrease that was primarily attributable to a significant
drop in bout frequency (Ford et al. 2008). Although inhibition of 5α-reductase decreased 10E
drinking in both males and females with differential efficacy, it is noteworthy that this
modulation was achieved in a sex-dependent fashion. While FIN suppressed ethanol intake in
males via a decrease in bout size, this enzyme inhibitor achieved a similar result in female mice
by significantly reducing frequency. The differential modulation of drinking patterns between
male and female mice may point to sex-dependent divergence in the mechanism of action
(details in Conclusions section). The variation in mechanism of ethanol intake modulation may
also reflect the influence of FIN treatment on 5α-reduced neurosteroids other than ALLO, such
as THDOC and androstanediol. Unfortunately, these neuroactive steroids and their potential
role in modulating ethanol-related behaviors remain under-studied, and will need to be
examined in future research efforts.

Neurosteroid Manipulation of Ethanol Withdrawal
Neuroadaptations occur with a history of dependence to offset the acute depressant effects of
ethanol and include a recruitment of corticotropin releasing factor systems (Heilig & Koob,
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2007) as well as a shift in the central excitation-inhibition balance toward excitation (i.e.,
decrease in GABAergic inhibitory transmission and increase in glutamatergic excitatory
transmission; Devaud et al., 2006; Morrow, 1995; Tabakoff & Hoffman, 1996). In many cases,
dependence is inferred from the expression of a withdrawal syndrome that transpires upon
removal of ethanol, and which is characterized by a rebound hyperexcitability of the nervous
system. In humans, the withdrawal syndrome peaks about 72 hours after the cessation of
ethanol intake and consists of a wide range of symptoms including: agitation, anxiety, auditory,
tactile and/or visual disturbances, disorientation, headache, nausea, vomiting, sweats, and
tremors or convulsions (e.g., Ballenger & Post, 1978; Sellers, 1988). While men experience
more severe withdrawal from chronic ethanol exposure than women (Deshmukh et al., 2003;
Wojnar et al., 1997), such as an increased risk in experiencing withdrawal-induced convulsions
(Brathen et al., 1999; Wojnar et al., 1997), women are more vulnerable than men to some of
the medical consequences of ethanol abuse (see Devaud et al., 2006; Hashimoto & Wiren,
2008). These observations led to investigations on the potential contribution of the hormonal
milieu to sex differences in ethanol withdrawal.

This section reviews information related to the impact of GABAergic steroids on ethanol
withdrawal severity. Available data in humans are suggestive of an inverse relationship
between endogenous GABAergic neurosteroid levels and behavioral changes in excitability
during ethanol withdrawal. Specifically, increased subjective ratings of anxiety and depression
during the early withdrawal phase (i.e., 4 – 5 days of withdrawal) corresponded to a significant
decrease in ALLO and THDOC levels in a small cohort of alcoholic patients, when compared
with control subjects (Romeo et al., 1996). Similar to what has been reported for patients
suffering from depression (Romeo et al., 1998; Ströhle et al., 2000; Uzunova et al., 1998),
treatments that normalized plasma ALLO levels in the alcoholic patients reduced the reports
of anxiety and depression during early withdrawal (Hill et al., 2005; Romeo et al., 2000).

The preclinical models described below focused on measuring changes in seizure susceptibility
during ethanol withdrawal, since chronic ethanol exposure and withdrawal elicited symptoms
in rodents that were similar to the human condition (e.g., Goldstein & Pal, 1971). In parallel
to the human condition, seizure susceptibility during ethanol withdrawal was increased in male
versus female rodents (e.g., Veatch et al., 2007) and remained elevated for a longer duration
in the male rodents (Alele & Devaud, 2007; Devaud & Chadda, 2001), which was indicative
of a faster recovery from ethanol withdrawal in the female rodents. Additional studies
determined that male rats displayed motor incoordination during ethanol withdrawal, while
female rats were not impaired (Koirala et al., 2008), suggesting that sex differences in
susceptibility and duration of convulsive behavior during withdrawal extended to other
withdrawal-related behaviors.

Studies in our laboratory examined seizure susceptibility during ethanol withdrawal after
pretreatments aimed at manipulating endogenous GABAergic neurosteroid levels in male and
female mice from two different genetic animal models of ethanol withdrawal severity: the
Withdrawal Seizure-Prone (WSP) and Withdrawal Seizure-Resistant (WSR) selected lines and
the C57BL/6 and DBA/2 inbred strains. Selective breeding involves the systematic mating of
individuals with extremes in the phenotype of interest [in this case, an increase (WSP) or no
change (WSR) in handling-induced convulsions (HIC) during withdrawal]. This selection
pressure alters the allele frequencies for genes important for the selected behavior (i.e.,
withdrawal-induced HICs) so that all trait-relevant loci become homozygously fixed.
Following equivalent exposure to 72 hr of ethanol vapor (i.e., the method to induce physical
dependence), withdrawal-induced HICs were more than 10-fold greater in two independent
replicates of the WSP versus WSR selected lines, with negligible withdrawal in the WSR lines
(Crabbe et al., 1985). WSP mice also exhibit significant elevations in withdrawal-induced HICs
several hours after a single injection of a sedative dose of ethanol (i.e., acute withdrawal; see
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Metten & Crabbe, 1996). A major advantage of selected lines is that they can be used to study
correlated responses to selection. That is, if lines selected for alcohol withdrawal severity differ
on other traits, it can be inferred that those traits are influenced by some of the same genes
affecting withdrawal (discussed in Crabbe et al., 1990). With regard to inbred strain differences,
by conducting more than 20 generations of brother-sister matings, virtually all genetic
variability has been eliminated (i.e., all genes are homozygously fixed). Each member of an
inbred strain is essentially a clone of all others (although males and females differ on XX and
XY chromosomes), so differences in behavior or neurobiology between inbred strains are
attributed to genetic differences. Relevant to the present review, acute (Roberts et al., 1992)
and chronic (Crabbe, 1998; Crabbe et al., 1983) ethanol withdrawal-induced HICs are
significantly greater in the DBA/2 versus the C57BL/6 inbred strains. A detailed discussion of
the effects of GABAergic neurosteroids on ethanol withdrawal in male mice from both genetic
animal models as well as a comparison of the withdrawal HIC profile has recently been
reviewed (Finn et al., 2004a).

The underlying hypothesis for the withdrawal-related studies in our laboratory is that the
modulatory effects of GABAergic neurosteroids on ethanol withdrawal severity are due, in
part, to alterations in sensitivity of GABAA receptors to the neurosteroids or alterations in their
biosynthesis/metabolism (see Figure 1). Although sex differences in hormone levels during
ethanol withdrawal have yet to be examined, data in the WSP and WSR selected lines indicate
that plasma ALLO is significantly decreased whereas plasma corticosterone (CORT) is
significantly increased during ethanol withdrawal in male WSP versus WSR mice (Tanchuck
et al., in press). These results in WSP mice are consistent with data indicating that CORT
exhibits proconvulsant effects and that ALLO exhibits anticonvulsant effects in some
preclinical models (discussed in Gililland & Finn, 2007;Gorin-Meyer et al., 2007). That is, a
significant decrease in an anticonvulsant steroid and significant increase in a proconvulsant
steroid could contribute to the high ethanol withdrawal in the WSP selected line. However, it
is not known whether sex differences in steroid levels during ethanol withdrawal contribute to
the observed disparities in the severity and duration of ethanol withdrawal in male and female
rats (reviewed in Devaud et al., 2006). This possibility is worthy of future investigation.

As mentioned above, ethanol dependence reduces GABAergic neurotransmission (e.g., Grobin
et al., 1998; Morrow, 1995), so sex differences in the effects of GABAergic steroids at
GABAA receptors during withdrawal may represent another potential mechanism contributing
to the discrepancy in the withdrawal profile of male versus female rodents. While ethanol
withdrawal produces cross-tolerance to the anticonvulsant effect of benzodiazepines (Devaud
et al., 1996), male and female rodents exhibited enhanced sensitivity to the anticonvulsant
effects of ALLO and pregnanolone (PREG, 5β isomer with a similar pharmacological profile
to ALLO; Alele & Devaud, 2007; Devaud et al., 1996). Sensitization to the anticonvulsant
effect of ALLO and PREG was greater in female versus male rats (Alele & Devaud, 2007;
Devaud et al., 1996) when tested at peak withdrawal (i.e., 8 hrs), and this enhanced behavioral
sensitivity corresponded to an increase in functional sensitivity of GABAA receptors to ALLO
(males; Devaud et al., 1996) and to THDOC (males and females; Devaud et al., 1998). An
interesting finding was that sensitization to the anticonvulsant effect of PREG persisted at 3
days of ethanol withdrawal only in the male rats (Alele & Devaud, 2007), consistent with the
longer duration of withdrawal in male rodents and with the idea that sensitization to
GABAergic steroids during ethanol withdrawal may represent a compensatory neuroadaptive
mechanism.

In the WSP and WSR selected lines, female and male WSR mice from the replicate-1 line
exhibited sensitization to ALLO's anticonvulsant effect during ethanol withdrawal (Figure 5C
& 5D; Beckley et al., 2008). However, when data were collapsed across both replicates of the
WSR line, sensitivity to the anticonvulsant effect of ALLO was unchanged in male WSR mice
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(Finn et al., 2006b). Although not identical, this finding is consistent with the enhanced
sensitivity to ALLO's anticonvulsant effect in female versus male rats (Devaud et al., 1996).
In contrast, female WSP mice exhibited cross-tolerance to the anticonvulsant effect of ALLO
during ethanol withdrawal (Figure 5B; Beckley et al., 2008). Male WSP mice also exhibited
cross-tolerance to the anticonvulsant effect of ALLO during ethanol withdrawal, and this
decrease in behavioral sensitivity corresponded to a right-ward shift in the functional sensitivity
of GABAA receptors to ALLO during withdrawal (Figure 5A; Finn et al., 2006b). These results
indicate that cross-tolerance to ALLO is a correlated response to selection in the male and
female WSP and WSR mice. In other words, the results suggest that some of the genes that
confer reduced sensitivity of GABAA receptors to ALLO during ethanol withdrawal also
impart increased severity of ethanol withdrawal.

To further characterize the influence of GABAergic neurosteroids on ethanol withdrawal, the
5α-reductase inhibitor FIN was used as a tool to decrease levels of ALLO and other GABAergic
steroids (Figure 1; reviewed in Finn et al., 2006a). We hypothesized that a FIN-induced
reduction in GABAergic neurosteroid levels would significantly increase ethanol withdrawal
severity, and that there would be sex and genotype differences in FIN's effect. In contrast to
our prediction, systemic administration of FIN (50 mg/kg) to male and female C57BL/6 and
DBA/2 mice during the development of physical dependence significantly decreased ethanol
withdrawal severity in female DBA/2 mice, produced a non-selective suppressive effect on
HICs in male DBA/2 and C57BL/6 mice, and did not significantly alter HICs in female C57BL/
6 mice (Table 1;Finn et al., 2004c). In male WSP and WSR mice, systemic FIN pretreatment
significantly reduced chronic withdrawal severity, measured by HICs and anxiety-related
behavior, but only in the WSP line (Gorin et al., 2005). However, in both of these studies, FIN
pretreatment also significantly decreased blood ethanol concentration (BEC) upon the
initiation of withdrawal (Finn et al., 2004c;Gorin et al., 2005), suggesting that the suppression
in chronic ethanol withdrawal severity was due to an indirect effect on ethanol
pharmacokinetics.

In an effort to minimize the effect of FIN on ethanol metabolism, a subsequent study examined
the effect of FIN on acute ethanol withdrawal severity (i.e., a model of acute hyperexcitability
or “hangover” – Prediger et al., 2006). Depending on the sex or genotype of the mouse, total
clearance time for a 4-g/kg dose of ethanol ranges from 4.2 – 8.5 hrs, with the appearance of
increased anxiety or HICs occurring after ethanol elimination (Gililland & Finn, 2007; Gorin-
Meyer et al., 2007; Prediger et al., 2006). For this study, male and female C57BL/6 and DBA/
2 mice were pretreated with FIN (50 mg/kg) or vehicle prior to a single injection of ethanol (4
g/kg) or saline, with HIC scores measured over 24 hrs. In both strains of mice, FIN pre-
treatment increased acute ethanol withdrawal severity in females, while decreasing it in males
(Table 1; Gorin-Meyer et al., 2007). FIN did not alter BECs, ethanol clearance, estradiol or
CORT levels in a manner that appeared to contribute to the sex difference in FIN's effect on
acute ethanol withdrawal severity. These findings suggest that male and female C57BL/6 and
DBA/2 mice differ in their sensitivity to changes in ALLO or other endogenous GABAergic
steroid levels during acute ethanol withdrawal.

As mentioned in the Introduction, both central and peripheral sources of steroids can contribute
to neurosteroid concentrations in the brain, but it is not known whether the contributions of
these sources differ between the sexes. Previous work found that removal of the peripheral
sources of neurosteroids in male rats eliminated the ability of an acute ethanol injection to
increase cortical ALLO levels (O'Dell et al., 2004) and altered several behavioral measures of
ethanol intoxication (Hirani et al., 2002, 2005; Khisti et al., 2003), suggesting that peripheral
sources of GABAergic steroids are important for the ability of ALLO to modulate ethanol
sensitivity. To determine the relevance of these findings toward withdrawal-related behavior,
male and female C57BL/6 and DBA/2 mice were tested for acute ethanol withdrawal following
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removal of the adrenals (ADX), gonads (GDX), both organs (ADX+GDX), or a sham surgery
(SHAM). We hypothesized that peripheral sources of steroids (i.e., adrenal and gonads) were
important during withdrawal from a single high dose of ethanol (4 g/kg) and that the direction
of change in acute ethanol withdrawal severity would provide insight into the relative
importance of pro- versus anti-convulsant steroids to the acute withdrawal profile in intact
animals. In other words, an increase in withdrawal following organ removal would suggest
that endogenous anticonvulsant steroids were protective against HICs during withdrawal in
intact animals, whereas a decrease in withdrawal following organ removal would suggest that
endogenous proconvulsant steroids were important for the withdrawal profile in intact animals.

The results indicated that the magnitude of acute ethanol withdrawal was significantly
increased by ADX and ADX+GDX surgeries in male mice from both genotypes (Table 1;
Gililland & Finn, 2007). In female DBA/2 mice, the duration of acute ethanol withdrawal was
increased by ADX+GDX surgery, whereas surgical status did not alter acute ethanol
withdrawal severity in female C57BL/6 mice (Gililland & Finn, 2007). Surgical status had
negligible effects on ethanol pharmacokinetics, indicating that the increases in acute ethanol
withdrawal severity were not due to a change in ethanol metabolism. Overall, the results
indicate the removal of peripherally-derived steroids with anticonvulsant properties
contributed to the increase in acute ethanol withdrawal severity in male and female DBA/2
mice and in male C57BL/6 mice. Removal of the adrenals was sufficient for this effect in male
C57BL/6 and DBA/2 mice (i.e., similar effect with ADX versus ADX+GDX), whereas removal
of both the adrenals and gonads was necessary for this effect in female DBA/2 mice. These
findings suggest that testosterone and its GABAergic metabolites may exert a minor role in
the acute withdrawal profile in intact animals (i.e., since GDX alone was ineffective).
Consistent with this idea, preliminary results from steroid replacement studies indicate that
pretreatment with progesterone or deoxycorticosterone to ADX+GDX male and female DBA/
2 mice significantly restored the acute ethanol withdrawal profile to that seen in intact animals,
and that this effect was reversed when FIN was co-administered with progesterone or
deoxycorticosterone to block metabolism to GABAergic neurosteroids (Kaufman et al.,
2009). Thus, endogenous GABAergic derivatives of progesterone and deoxycorticosterone
may be more important than derivatives of testosterone in contributing to acute ethanol
withdrawal severity in intact animals.

Discussion and Conclusions
The present review focused on animal models relevant to two aspects of addiction: alcohol
self-administration, which is dominated in the early stage by positive reinforcement, and
alcohol withdrawal, which is dominated by negative reinforcement (e.g., Le Moal and Koob,
2007; Spanagel, 2009). Given that alcohol addiction develops across time, one should consider
that the addictive behavior is the result of cumulative responses to alcohol exposure (e.g.,
sensitivity) and a complex interaction of genetic and environmental variables (Bevilacqua and
Goldman, 2009; Spanagel, 2009). Additionally, sex differences exist in all phases of drug
abuse, with females generally more sensitive to the rewarding effects of drugs than males (see
Carroll et al., 2004). As described earlier, female rodents exhibit increased ethanol
consumption and decreased withdrawal severity versus male rodents. The fact that these
differences are eliminated by gonadectomy (Alele and Devaud, 2007; Almeida et al., 1998;
Cailhol and Mormède, 2001) argues that the hormone milieu contributes to these sex
differences.

Sex differences exist in ethanol-related behaviors as well as in endogenous levels of
GABAergic neurosteroids. When one considers that ethanol injection and consumption can
increase GABAergic steroid levels in rodent models (Barbaccia et al., 1999; Eva et al., 2008;
Finn et al., 2004b; VanDoren et al., 2000), that there can be sex differences in the steroidogenic
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effect of ethanol (Finn et al., 2004b), and that the steroidogenic effect of alcohol consumption
is controversial in humans (Holdstock et al., 2006; Pierucci-Lagha et al., 2006; Torres &
Ortega, 2003, 2004), it is likely that the interaction of ethanol and GABAergic steroids at
GABAA receptors and the concomitant behavioral outcome is multi-faceted. An additional
layer of complexity is provided by recent observations regarding the correspondence between
estrous cycle- and pregnancy/post-partum- related changes in the plasticity of GABAA
receptors and behavioral measures of seizure susceptibility, anxiety, or depression in mice
(Maguire et al., 2005; Maguire & Mody, 2008), although differences in this relationship have
been reported (Sanna et al., 2009). Finally, it is conceivable that voluntary ethanol consumption
(as with ethanol drinking studies) and forced chronic ethanol administration (to induce physical
dependence) may differentially alter GABAergic neurosteroid levels in males and females. If
this is the case, sex differences in endogenous neurosteroid tone may interact with the ethanol-
induced plasticity of GABAA receptors and contribute to the discrepancies between sexes in
the effects of neurosteroid manipulations on ethanol drinking- versus withdrawal-related
behaviors (Figure 6).

With regard to ethanol drinking behavior, established limited access 10E intake in male C57BL/
6 mice was sensitive to manipulations in endogenous GABAergic neurosteroid levels. In
contrast, female C57BL/6 mice were insensitive to the effects of exogenous ALLO challenge
and required a higher FIN dose to suppress 10E intake than male mice. Taken in conjunction
with the finding that ethanol consumption increased cortical ALLO levels only in male mice
(Eva et al., 2008; Finn et al., 2004b), the sex differences in the ability of exogenous ALLO
challenge to manipulate ethanol intake likely is due to the sex and estrous cycled-related
differences in the plasticity of GABAA receptors to ALLO in combination with the concomitant
effects of ethanol drinking on ALLO levels. Another possible explanation is that the
insensitivity of the female mice to ALLO challenge was due to a more rapid metabolism of
ALLO within neurocircuitry fundamental to the regulatory processes underlying ethanol intake
than in males. This suggestion is based on the finding that regional differences in the potency
of ALLO to enhance GABAergic transmission in the dentate versus CA1 of the hippocampus
was due to alterations in ALLO metabolism, since preventing the metabolism of ALLO
unmasked an endogenous neurosteroid tone (Belelli & Herd, 2003). In this circumstance, use
of a synthetic neurosteroid analog such as ganaxolone (Beekman et al., 1998; Carter et al..,
1997; Gasior et al., 1997; Reddy & Rogawski, 2000), which has a similar pharmacological
profile to ALLO but an additional 3β-methyl group to protect the steroid from metabolic attack
at the 3α position and prolong availability, might avoid the potential confound of ALLO
metabolism. Consistent with this idea, preliminary data found that a 10 mg/kg dose of
ganaxolone significantly decreased 24 hr ethanol intake in male mice (Finn & Ford,
unpublished).

Another consideration is that full dose effect curves are not conducted in ethanol self-
administration studies, so one does not know whether a drug manipulation is producing a
leftward (i.e., ethanol more reinforcing) or rightward (i.e., ethanol less reinforcing) shift in the
dose effect curve. Depending on the point of manipulation in the inverted U dose effect curve,
both an agonist and antagonist can decrease ethanol self-administration. Since data to date are
consistent with ALLO producing a leftward shift in the ethanol dose effect curve, the predicted
outcome of a high dose ALLO challenge would be to decrease ethanol intake (which is what
we observe in male mice). Likewise, a FIN-induced decrease in ethanol reinforcement could
produce a decrease in ethanol intake (also what we observe in male and female mice). Even
though both high dose ALLO and FIN decreased ethanol intake, the suppression occurred via
distinct effects on the regulatory processes influencing ethanol consumption (i.e., ↓ bout
frequency versus ↓ bout size). Importantly, the examination of bout parameters in the mouse
is analogous to the quantity and frequency determinations that are considered “gold standards”
for the assessment of drinking in humans (Feunekes et al., 1999). Furthermore, efficacy of
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treatment (e.g., naltrexone) can be contingent upon the demonstration of a drinking pattern that
is susceptible to manipulation (Anton et al., 2004). Although additional studies are necessary,
it is possible that either high dose ganaxolone or FIN may be a useful pharmacotherapeutic
strategy to decrease ethanol consumption.

With regard to ethanol dependence and withdrawal, female mice were sensitive to several
GABAergic steroid manipulations, suggesting that the insensitivity of female mice to effects
of exogenous ALLO challenge on ethanol drinking behavior did not extend to all ethanol-
related phenotypes. The results summarized above (section on ethanol withdrawal) clearly
indicate that there are sex differences in the severity and duration of ethanol withdrawal, yet
it is not known whether these differences are due to sex differences in the expression of specific
GABAA receptor subunits in dependent animals (Devaud et al., 1998), sex differences in
expression or activity of biosynthetic enzymes and the concomitant alteration in endogenous
levels of steroid hormones that can be altered during dependence and withdrawal, sex
differences in the sensitivity of GABAA or other receptors to steroids during withdrawal, or
other factors.

Sex differences may also interact with genetic background, as genotypes with mild versus
severe withdrawal exhibit marked differences in sensitivity to ALLO during ethanol
withdrawal (sensitization with mild withdrawal, cross-tolerance with severe withdrawal).
Taken in conjunction with the finding that other seizure-prone genotypes, such as the DBA/2
inbred strain (Finn et al., 2000) also exhibit cross-tolerance to ALLO during ethanol
withdrawal, an understanding of the GABAergic neural differences that underlie ethanol
withdrawal severity may lead to improved therapies for the treatment of ethanol dependence
and withdrawal. However, it also should be noted that expression profiling of male and female
WSP and WSR mice indicated that the transcriptional response following dependence and
withdrawal correlated with sex rather than the selected withdrawal phenotype at a time point
corresponding to peak withdrawal (Hashimoto & Wiren, 2008), but correlated with selected
withdrawal phenotype at a time point corresponding to 3 weeks of withdrawal (Hashimoto et
al., 2008). These results suggest that sex differences in distinct neuroadaptive responses are
more important than withdrawal severity, at least in the early phase of withdrawal, and may
guide sex specific strategies for the treatment of early versus late phases of withdrawal.

In conclusion, male and female mice differ in their sensitivity to changes in ALLO or other
GABAergic neurosteroid levels with regard to the effects on alcohol's motivational- and
withdrawal-related properties, suggesting interesting sex differences in the sensitivity of
GABAA receptors to GABAergic steroids within circuits relevant to alcohol reward versus
withdrawal. Thus, sex differences in the modulation of GABAergic neurosteroids may be an
important consideration in understanding and developing therapeutic interventions in
alcoholics. This unique approach will advance our understanding of risk for alcohol abuse as
well as probe the feasibility of targeting neurosteroid biosynthesis or developing neurosteroid
analogs for therapeutic intervention in the treatment of alcoholism.
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Figure 1. The biosynthesis of select steroids with genomic and non-genomic effects
Depicted is the biosynthetic pathway for ALLO, 5α-THDOC, and androstanediol, which are
potent positive modulators of GABAA receptors and are formed from the two step reduction
of the parent steroids, progesterone, deoxycorticosterone, and testosterone, respectively. The
rate-limiting enzyme in GABAergic steroid biosynthesis is 5a-reductase. Also depicted are the
sulfated derivatives of pregnenolone and DHEA, which are negative modulators of GABAA
receptors, and corticosterone, which has been shown to have excitatory effects. The broken
lines indicate that 17-OH pregnenolone and 17-OH progesterone are omitted from the figure
in the formation of DHEA and androstenedione, respectively.
Abbreviations: DHEA, dehydroepiandrosterone; DHDOC, dihydrodeoxycorticosterone;
THDOC, tetrahydrodeoxycorticosterone; DHP, dihydroprogesterone; DHT,
dihydrotestosterone; 3α-HSD, 3α-hydroxysteroid dehydrogenase. (Adapted from Finn et al.,
2006a)
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Figure 2. Lickometer assessment of continuous access ethanol drinking patterns
Consumption of 10% v/v ethanol (10E) versus water was examined in male C57BL/6 mice
with the use of lickometers, an experimental method that allows for the analysis of self-
administration behavior at a fine or microstructure levels by recording individual licks. Based
on the hourly distribution, studies examining neurosteroid effects on 10E intake focused on 2
hr limited access sessions, beginning 2-3 hrs after lights out. Values are the mean ± SEM for
24 mice.
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Figure 3. Sex differences in ALLO modulation of (A) ethanol intake, (B) bout frequency, and (C)
bout size
All data are presented as % change from baseline values derived from vehicle treatment
throughout the dose-response assessment, and are reported as the mean ± SEM of 18 male and
24 female mice. The dashed line depicts the within-subject baseline values for each
experimental variable. Graphs depict transformations of previously published data (Ford et al.,
2005b, 2008).
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Figure 4. Sex differences in FIN modulation of (A) ethanol intake, (B) bout frequency, and (C) bout
size
All data are presented as % change from baseline values derived from vehicle treatment prior
to acute FIN pretreatment (3-days), and are reported as the mean ± SEM of 16 male and 14
female mice. The solid line depicts within-subject baseline values for each experimental
variable. Graphs depict transformations of previously published data (Ford et al., 2005a,
2008).
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FIGURE 5. Genotype (but no sex) difference in the change in sensitivity to the anticonvulsant effect
of ALLO, measured by the percent change in pentylenetetrazol (PTZ) threshold dose for onset to
MC twitch, in (A) WSP male, (B) WSP female, (C) WSR male, and (D) WSR female mice
PTZ was administered at 20 min post-injection of ALLO or vehicle. Since ethanol withdrawal
significantly decreased the PTZ dose, these data were transformed to % change in PTZ
threshold dose (i.e., for each line, sex, treatment and steroid group, the % change was calculated
for each animal as the change from the mean for the respective vehicle-injected group – air or
ethanol). An increase in PTZ threshold dose following ALLO injection indicated that the dose
of ALLO was anticonvulsant. Values represent the mean (± SEM) for the number of animals
in parentheses. Data (from replicate-1 animals) were adapted from previously published data
(Beckley et al., 2008; Finn et al., 2006b).
+P < 0.10, *P < 0.05 vs. respective air-exposed mice
#P < 0.05, §P < 0.01 vs. respective vehicle-injected mice
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Figure 6. Hypothetical model for interaction of alcohol intoxication- versus alcohol withdrawal-
related effects on endogenous ALLO levels and brain excitability
The effect of acute intoxication or alcohol withdrawal on endogenous ALLO levels is depicted
by the solid line, while the subsequent change in brain excitability is depicted by the dashed
line. In general, the impact of endogenous neurosteroid tone on GABAA receptor-mediated
inhibition exhibits an inverse relationship on brain excitability (i.e., ↑ ALLO = ↓ excitation; ↓
ALLO = ↑ excitation). Disparate influences of alcohol intoxication and withdrawal on ALLO
levels, in conjunction with differential alterations in GABAA receptor plasticity within discrete
brain regions, likely underly sex differences in the effects of GABAergic neurosteroid
manipulations on measures of alcohol self-administration and withdrawal.
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TABLE 1

Neurosteroid Manipulations Alter the Severity of Acute and Chronic Ethanol Withdrawal in C57BL/6 and DBA/
2 Inbred Strains: Sex Differences

Strain Sex

Change in Withdrawal (versus Control Group)

Systemic FINa
Chronic Withdrawal

Systemic FINb
Acute Withdrawal

ADX + GDXc
Acute Withdrawal

DBA/2J male Non-selective ↓ Significant ↓ Significant ↑

female Significant ↓ Significant ↑ Significant ↑

C57BL/6J male Non-selective ↓ Significant ↓ Significant ↑

female No change Significant ↑ No change

Data are summarized for the effects of experimental manipulations designed to deplete GABAergic neurosteroids (50 mg/kg dose of finasteride, FIN)
or to deplete peripherally-derived steroids (adrenalectomy and gonadectomy, ADX + GDX) versus the respective control group (i.e., vehicle injection
or SHAM surgery). Withdrawal was indexed by measuring handling-induced convulsions (HICs) and calculating the area under the withdrawal curve.

a
Mice were pretreated with FIN (4 daily injections) during the development of physical dependence. The non-selective decrease refers to a decrease

in HICs in air- and ethanol-exposed mice. Adapted from Finn et al. (2004c).

b
Mice were pretreated with FIN (1 injection) prior to a single high dose of ethanol. Adapted from Gorin-Meyer et al. (2007).

c
Mice received a single high dose of ethanol at least 1 week following SHAM or ADX +GDX surgery. Adapted from Gililland and Finn (2007).
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