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Abstract

This report summarizes the proceedings of the symposium VI on the role of neuroactive steroids in
stress/alcohol interactions. The production of GABAergic neuroactive steroids, including (3a,5a)-3-
hydroxypregnan-20-one (3a,5a-THP) and (3a,50)-3,21-dihydroxypregnan-20-one (3a,5a-THDOC)
is a consequence of both acute stress and acute ethanol exposure. Acute, but not chronic ethanol
administration elevates brain levels of these steroids and enhances GABA receptor activity.
Neuroactive steroids modulate acute anticonvulsant effects, sedation, spatial memory impairment,
anxiolytic-like, antidepressant-like and reinforcing properties of ethanol in rodents. Furthermore,
these steroids participate in the homeostatic regulation of the hypothalamic-pituitary-adrenal (HPA)
axis. Therefore, it is not surprising that neuroactive steroids are involved in ethanol/stress
interactions. Nevertheless, the interactions are complex and not well understood. This symposium
addressed the role of neuroactive steroids in both stress and alcohol responses and their interactions.
Professor Giovanni Biggio of the University of Cagliari, Italy presented the effects of juvenile
isolation stress on neuroactive steroids, GABAA, receptor expression and ethanol sensitivity.
Professor Howard Becker of the Medical University of South Carolina, USA presented evidence for
neuroactive steroid involvement in ethanol dependence and drinking behavior. Professor Patrizia
Porcu of the University of North Carolina, USA described a potential neuroactive steroid biomarker
that may predict heavy drinking in monkeys and mice. These presentations provide a framework for
new theories on the nature of ethanol/stress interactions that may be amenable to therapeutic
interventions.
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Introduction

The production of GABAergic neuroactive steroids, including (3a,5a)-3-hydroxypregnan-20-
one (3a,50-THP) and (3a,5a)-3,21-dihydroxypregnan-20-one (3a,5a-THDOC) is a
consequence of both acute stress and acute ethanol exposure in rodents (Barbaccia et al.,
1999; Purdy et al., 1991). However, chronic ethanol exposure blunts the elevation of
neuroactive steroids observed following acute ethanol challenge (Khisti et al., 2005; Morrow
et al., 2001b). Neuroactive steroids modulate acute anticonvulsant effects (VanDoren et al.,
2000), sedation (Khisti et al., 2003), spatial memory impairment (Matthews et al., 2002;
Morrow et al., 2001b), anxiolytic-like (Hirani et al., 2005) antidepressant-like (Hirani et al.,
2002) and reinforcing properties of ethanol (Janak et al., 1998; Morrow et al., 2001b; Sinnott
et al., 2002b) in rodents. Similarly, neuroactive steroids contribute to the discriminative
stimulus effects of ethanol in rodents and monkeys (Bowen et al., 1999; Grant et al., 2008;
Shelton and Grant, 2002), as well as subjective effects of ethanol in humans (Pierucci-Lagha
etal., 2005).

GABAergic neuroactive steroids participate in the homeostatic regulation of the hypothalamic-
pituitary-adrenal (HPA) axis. The activation of the HPA axis in response to acute stress
increases the release of corticotropin releasing factor (CRF) from the hypothalamus that
stimulates the release of adrenocorticotropic hormone (ACTH) from the pituitary, which in
turn, stimulates the adrenal cortex to release glucocorticoids, neuroactive steroid precursors
and GABAergic neuroactive steroids. Glucocorticoids, mainly cortisol in humans and non-
human primates, and corticosterone in rodents, provide negative feedback upon the
hypothalamus and pituitary. Likewise, GABAergic neuroactive steroids inhibit CRF
production, release, ACTH release and subsequent corticosterone levels in rodents (Owens et
al., 1992; Patchev et al., 1996; Patchev et al., 1994). The ability of neuroactive steroids to
reduce HPA axis activation may play an important role in returning the animal to homeostasis
following stressful events. The HPA axis response to stress challenge appears to be critical for
mental health since it is dysregulated in various psychiatric disorders including alcoholism
(Adinoffetal., 2005a; b; Adinoff etal., 1990; Clarke et al., 2008; Costa et al., 1996; Ehrenreich
etal., 1997; Inder et al., 1995; Wand and Dobs, 1991), depression (de Kloet et al., 2005;
Nemeroff and Vale, 2005; Nestler et al., 2002; Pariante and Lightman, 2008), and premenstrual
dysphoric disorder (Girdler and Klatzkin, 2007). Considering the actions of ethanol to increase
neuroactive steroids and the role of neuroactive steroids in stress responses, it is not surprising
that neuroactive steroids are involved in ethanol/stress interactions.

The interactions of ethanol and stress are not well understood. This symposium proceeding
addresses the role of neuroactive steroids in both stress and alcohol responses and their
interactions. Professor Giovanni Biggio of the University of Cagliari, Italy described the effects
of social isolation stress on GABA receptor function and gene expression, and ethanol effects
on neuroactive steroids, as well as adaptations to chronic ethanol exposure. Professor Howard
Becker of the Medical University of South Carolina, USA described neuroactive steroid
involvement in the drinking behavior of ethanol dependent mice. Professor Patrizia Porcu of
the University of North Carolina, USA described a potential neuroactive steroid biomarker that
may predict heavy drinking in monkeys and mice. Together, these presentations elaborate
current theories on the nature of ethanol/stress interactions that may be amenable to therapeutic
intervention for treatment of alcoholism.

Alcohol. Author manuscript; available in PMC 2010 November 1.



Morrow et al. Page 3

Juvenile social isolation stress changes neuroactive steroid levels and
ethanol sensitivity
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Rats deprived of social contact with other rats at a young age experience a form of prolonged
stress that leads to long-lasting alteration in their behavioural profile. This chronic stress
paradigm is thought to be anxiogenic for these normally gregarious animals and their abnormal
reactivity to environmental stimuli, when reared under this condition, is though to be a product
of prolonged stress (Hilakivi et al., 1989; Parker, 1986; Serra et al., 2000; Voikar et al.,
2005; Wongwitdecha and Marsden, 1996). Social isolation of rats immediately after weaning
is associated with a reduction in the cerebrocortical and plasma concentrations of progesterone
and its metabolites 3a,5a-THP and 3a,50-THDOC (Serra et al., 2000).

The expression of specific GABA receptor subunit genes and the consequent subunit
composition of the receptor are affected by social isolation. The level of a4 subunit
immunoreactivity was also found to be increased throughout the hippocampus of socially
isolated rats compared with group-housed rats (Serra et al., 2006). An increase in transcription
of the gene for the a4 subunit in the hippocampus of isolated rats together with the prolonged
decrease in the level of 3a,5a-THP might contribute to the increase in seizure susceptibility
observed in isolated rats, as well as to the anxiety-like behaviour apparent in such animals
(Serra et al., 2000). Social isolation is also associated with small increases in the amount of
& subunit immunoreactivity in the hippocampus of rats (Serra et al., 2006). The increased
expression of both of these a4 and 6 subunits in the hippocampus of isolated rats likely results
in the formation of GABAa receptors that contain both these subunits (Sur et al., 1999). Given
that the & subunit substitutes for the y, subunit and that the latter subunit is essential for synaptic
localization of GABAA receptors (Essrich et al., 1998), receptors containing a4 and & subunits
would be expected to be extrasynaptic. Accordingly, we found that the amplitude of
GABA receptor-mediated tonic inhibitory currents in granule cells of the dentate gyrus was
markedly greater in hippocampal slices from socially isolated rats than in those from group-
housed animals (Serra et al., 2006). The reduction in tonic current noise induced by bath
application of the GABA receptor antagonist bicuculline was significantly greater in
hippocampal slices from isolated rats than in those from group-housed animals (Serra et al.,
2006). In addition, the enhancement of tonic current induced by 3o,5a-THP was markedly
greater in granule cells of the dentate gyrus from isolated rats than in those from group-housed
animals (Serra et al., 2006).

The increased expression of GABA receptors containing both a4 and & subunits associated
with social isolation might also be expected to have important consequences for the ability of
ethanol to directly modulate GABAergic inhibitory transmission, given that recombinant
GABA receptors containing these subunits are suggested to have a high and selective
sensitivity to low concentrations of ethanol (Sundstrom-Poromaa et al., 2002), although this
issue remains controversial (Borghese and Harris, 2007). We found that the potency of ethanol
in increasing the amplitude of miniature inhibitory postsynaptic currents (mIPSCs) is markedly
greater in hippocampal slices from isolated rats than in those from group-housed animals.
Indeed, whereas ethanol at a concentration of 50 mM significantly increased mIPSCs amplitude
in neurons from isolated animals, it proved ineffective in those from group-housed rats (Serra
etal., 2006). This action of ethanol is mediated by an increased production of 3a,5a-THP, and
was inhibited by finasteride, an inhibitor of 3a,5a-THP synthesis (Azzolina et al., 1997). This
conclusion is consistent with our observation that ethanol increases local neuroactive steroid
synthesis in the brain independent of the HPA axis (Sanna et al., 2004).

These findings, together with results showing that socially isolated rats are more sensitive to
the effects of ethanol on the brain concentrations of 3u,5a-THP (Serra et al., 2003), suggest
that chronic stress may induce plastic adaptation of neuronal systems that contribute to a
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vulnerability to alcohol abuse. We have therefore recently examined whether chronic voluntary
ethanol consumption or ethanol vapours exposure modifies the effects of isolation on
neuroactive steroid concentrations, anxious behaviour, GABA receptor gene expression and
function and neuronal plasticity.

Immediately after weaning (PN21), isolated rats had 24-h access to increasing concentrations
of ethanol or water for four weeks (two bottle choice, ethanol: increasing concentrations
2.5-10% wi/v per week, or were exposed to ethanol vapour for 12 h/day for eight days (ethanol
concentration: 50 ml/h; air flow: 10 I/min; air pressure: 10 psi). Four experimental groups were
used: isolated control, isolated ethanol, group housed control, group housed ethanol. Animals
that had 24-hr access to ethanol were sacrificed between 9 and 10 a.m. Blood alcohol levels
(BALSs) in control animals were undetectable; rats exposed to ethanol vapor were sacrificed
immediately after their removal from the chambers (10.00 a.m.), BALs: 205.5 + 40.2 mg/dl.

Voluntary ethanol consumption by both group-housed and isolated rats slightly increased as
the concentration of the ethanol solution increased in the first three weeks, and doubled during
the 4t week when the ethanol concentration was 10%. During the 15tand 2" week, the amount
of ethanol consumed by isolated animals was less than that consumed by group-housed rats:
Week 1 (2.5% EtOH) grouped: 0.45+0.06, isolated: 0.26+0.04 g/kg/day, p<0.05; Week 2 (5%
EtOH) grouped: 0.67+0.07, isolated 0.42+0.04 g/kg/day, p<0.05. At Week 4, (10% EtOH)
there was no effect of rearing condition on ethanol intake (1.57+0.1 and 1.89+0.39 g/kg/day,
in isolated and grouped, respectively). Daily intake and ethanol preference (i.e. the ratio of
ethanol intake to total fluid intake) was related to kilogram of body mass. Although, the mean
intake of ethanol did not significantly differ between the two groups (isolated, 13.7+1.1;
grouped, 17.3+1.6 g/kg), isolated rats showed a significant decrease in ethanol preference
compared to group-housed animals (13.9£1.1% vs. 21.1+2.1%, respectively, p<0.01).

Similar to previous results (Janis et al., 1998), we found that voluntary ethanol consumption
induced a significant decrease in the cerebrocortical level of 3a,5a-THP both in social isolated
and in group-housed rats (-47% and -44% vs respective water drinking control). On the
contrary, ethanol vapour exposure resulted in an increase in the brain concentration of 3a,5a-
THP with the percentage increases markedly greater in isolated rats than in group-housed
animals (+211% and 91% vs respective air exposed control). Since at the time of the sacrifice,
blood ethanol concentration was 205 mg/dl, intermittent vapor exposure for 8 days did not
produce tolerance to the ability of ethanol to increase cortical 3a,5a-THP levels. Moreover, in
agreement with an earlier study (Serra et al., 2003), this result shows that socially isolated rats
are more sensitive to the effects of ethanol on the brain concentrations of 3a,5a-THP.

Both chronic ethanol treatments had no effect on o4 subunit levels in the hippocampus of group-
housed and socially isolated animals, whilst they induced an increase in immunoreactivity for
the ¢ subunit of the GABA receptor throughout the hippocampus of socially isolated and
group-housed rats respective to each control (socially isolated and group-housed water drinking
and air-exposed animals).

The increase in the expression of the & subunit of the GABAA receptor induced by voluntary
ethanol consumption correlates with the increase in GABA receptor mediated tonic inhibitory
currents in granule cells of the dentate gyrus. Moreover, the responsiveness of synaptic
GABA receptors to ethanol is reduced in the hippocampus of socially isolated animals with
free access to ethanol, as demonstrated by the observation that 50 mM ethanol increased the
amplitude of GABA receptor mediated mIPSCs in CA1 pyramidal neurons of control isolated
rats, but not in those of isolated rats that had free access to ethanol.

These results support the idea that the GABAergic neuroactive steroids play a crucial role in
the capability of specific brain areas to express selective GABAa receptor subunits in response
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to environmental changes. Alteration in this allostatic response may be an important factor that
increases vulnerability to drug abuse and mental disorders.

Neuroactive steroid 3a,5a-THP involvement in ethanol dependence and
drinking behavior in C57BL/6J mice

Prolonged excessive ethanol consumption can lead to the development of dependence. Ethanol
dependence represents the culmination of a complex and dynamic process that has been shown
to involve a host of neuroadaptive changes that are integral to brain reward and stress systems
(for reviews see (Hansson et al., 2008; Heilig and Koob, 2007; Koob and Le Moal, 2008;
Vengeliene et al., 2008)). Among many biological and environmental factors that play a role
in governing drinking behavior, stress has been generally viewed as a significant factor in
influencing ethanol drinking and, in particular, relapse (Brady and Sonne, 1999; Pohorecky,
1990; 1991; Sillaber and Henniger, 2004). Additionally, chronic ethanol exposure and
withdrawal experience has been shown to profoundly alter brain stress systems, including HPA
axis dysregulation and activation of CRF (neuroendocrine-independent) pathways (Heilig and
Koob, 2007; Rivier, 2000; Wand, 2000). Resultant changes in extra-hypothalamic CRF activity
as well as circulating levels of glucocorticoids may have ramifications for ethanol’s
motivational properties through interaction with brain reward circuitry (Fahlke et al., 1996;
Piazza and Le Moal, 1997). HPA axis activation also is known to impact both circulating and
brain levels of neuroactive steroids (e.g., 3a,50-THP), which are potent GABA receptor
positive modulators that are known to interact with ethanol.

A large body of evidence indicates that neuroactive steroids modulate a variety of ethanol
effects, including anticonvulsant, anxiolytic, ataxic/sedative, cognitive impairing effects, and
the discriminative stimulus and reinforcing effects of ethanol (Finn et al., 2004a; Khisti et al.,
2002; Morrow et al., 2001a). Further, acute ethanol administration has been shown to increase
brain and plasma concentrations of neuroactive steroids in a dose-, time- and sex-dependent
manner in rodents (Barbaccia et al., 1999; Finn et al., 2004a; Khisti et al., 2003; Morrow et al.,
1999; O’Dell et al., 2004a; VanDoren et al., 2000), with somewhat similar findings reported
in adolescent humans (Torres and Ortega, 2003; 2004). Similarly, exposure to various stressors
increases brain and plasma concentrations of neuroactive steroids in both rodents and humans
to levels sufficient to enhance GABA receptor function and produce corresponding
behavioral effects (Barbaccia et al., 1996; Droogleever Fortuyn et al., 2004; Purdy et al.,
1991). In rodents, chronic ethanol exposure results in decreased brain and plasma neuroactive
steroid levels while at the same time enhancing sensitivity to some (e.g., anticonvulsant), but
not all (e.g., ataxia) effects of neuroactive steroids (Cagetti et al., 2004; Devaud et al., 1996;
Janis et al., 1998). The magnitude and duration of this effect appears to be influenced by
genotype and sex as well as the extent of chronic ethanol exposure (Alele and Devaud, 2007;
Finn et al., 2004a; Finn et al., 2000). Additionally, neuroactive steroids have been shown to
possess reinforcing properties (Finn et al., 1997a; Sinnott et al., 2002b) and to increase (Janak
et al., 1998; Nie and Janak, 2003; Sinnott et al., 2002a) or decrease (Morrow et al., 2001b;
O’Dell et al., 2005) ethanol self-administration, depending on dose and whether the subjects
are dependent upon ethanol. Thus, alterations in neuroactive steroids following chronic ethanol
exposure and withdrawal may contribute to enhanced propensity to drink in dependent subjects.

Since alcoholism is a chronic relapsing disease, many ethanol dependent individuals
experience multiple bouts of heavy drinking followed by intervening periods of abstinence
(withdrawal). Numerous studies using animal models have demonstrated increased ethanol
responding and/or drinking in dependent compared to non-dependent subjects. For example,
a history of ethanol dependence and repeated withdrawal experiences has been reported to
increase voluntary ethanol consumption in mice (Becker and Lopez, 2004; Dhaher et al.,
2008; Finn et al., 2007; Lopez and Becker, 2005) and rats (Rimondini et al., 2002; Sommer et
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al., 2008). Likewise, studies using operant procedures have demonstrated increased ethanol
self-administration in mice (Chu et al., 2007; Lopez et al., 2008) and rats (O’Dell et al.,
2004b; Roberts et al., 1996; Roberts et al., 2000) with a history of repeated chronic ethanol
exposure and withdrawal experience. Given that chronic ethanol exposure and withdrawal
experience represent potent stressors and neuroactive steroids are responsive to a variety of
stressful stimuli (including ethanol exposure/withdrawal), dependence-related perturbations in
brain neuroactive steroid activity may have significant implications regarding motivation for
ethanol self-administration behavior. The present study examined whether stress associated
with repeated cycles of chronic ethanol exposure and withdrawal produces changes in brain
3a,50-THP levels that relate to enhanced ethanol drinking in a mouse model of ethanol
dependence and relapse drinking.

Adult male C57BL/6J mice were first trained to drink 15% (v/v) ethanol in a two-bottle choice
(with water as the alternative fluid) limited access (2 hr/day) procedure. Mice were never food
or water deprived during the experiment. After stable baseline daily intake was established,
mice were then exposed to either chronic intermittent ethanol vapor (EtOH) or air (CTL) in
inhalation chambers (16 hr/day for four days). At 72 hr following chronic intermittent ethanol
(or air) exposure, all mice were given the opportunity to again drink ethanol in the limited
access paradigm for five consecutive days. This procedure was repeated for a second cycle,
and EtOH and CTL mice were sacrificed either immediately upon final withdrawal (HR-0), or
at later times following withdrawal (HR-8 and HR-72), or after four days access to ethanol
(Day-5). Brains were rapidly removed and cortex was dissected and shipped frozen to Prof. A.
L. Morrow (UNC-Chapel Hill) for later determination of 3a,50-THP levels using an established
radioimmunoassay (RIA) procedure. At time of sacrifice, trunk blood samples were collected
for measuring plasma corticosterone (CORT) levels by RIA. A separate group of EtOH-naive
mice were included for baseline cortical 3a,5a-THP and plasma CORT determinations.

Results indicated that EtOH mice consumed significantly more ethanol (3.1 £ 0.1 g/kg)
compared to CTL mice (2.6 £ 0.1 g/kg) during test sessions. Additionally, ethanol consumption
was significantly increased in EtOH mice above their own baseline level of intake (2.5 £ 0.1
a/kg), whereas ethanol consumption remained relatively stable in CTL mice throughout the
study when compared to their own baseline intake (2.7 + 0.1 g/kg). These results demonstrating
enhanced voluntary ethanol consumption in dependent mice compared to non-dependent mice
are in agreement with our previous findings using this same model of dependence and relapse
drinking (Becker and Lopez, 2004; Lopez and Becker, 2005). These results are also in
agreement with previous reports of elevated voluntary ethanol intake in ethanol dependent
mice (Dhaher et al., 2008; Finn et al., 2007) and rats (Rimondini et al., 2002; Sommer et al.,
2008).

Plasma CORT levels (collapsed across the different sacrifice time points) did not significantly
differ between CTL mice (9.18 + 0.62 ug/dl) and EtOH-naive mice (8.63 £ 1.15 pg/dl).
Immediately following chronic intermittent ethanol exposure (HR-0), plasma CORT levels
were elevated above control levels (12.41 + 0.10 ug/dl). At peak withdrawal (HR-8), plasma
CORT levels were significantly higher in EtOH mice (23.07 = 1.04 ug/dl), with levels returning
to baseline control levels at 72 hr post-withdrawal (6.97 + 1.26 ug/dl). Additionally, elevated
ethanol drinking over four days did not change CORT levels in EtOH mice (Day-5: 7.21 + 1.0
ug/dl). Overall, these results are congruent with findings indicating that chronic ethanol
exposure and withdrawal activate the HPA axis, as measured by elevated circulating levels of
glucocorticoids (Rivier, 2000; Wand, 2000).

30,5a-THP concentrations in cortex were unchanged in EtOH mice immediately following

chronic intermittent ethanol exposure (1.77 £ 0.13 ng/g) compared to pooled control levels
(1.85 + 0.10 ng/g) and the EtOH-naive group (1.86 + 0.11 ng/g). During peak withdrawal
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(HR-8), 30,50-THP levels were slightly higher (2.05 £ 0.09 ng/g), but did not significantly
differ from control levels. However, at the 72-hr time point, cortical 3a,5a-THP levels were
significantly elevated above control levels (2.47 £ 0.16 ng/g). 30,5a-THP levels in cortex
returned to control baseline levels after four days of voluntary ethanol drinking in the model
(1.75+0.12 ng/g). This pattern of change in brain 30,5a-THP levels following chronic ethanol
exposure in our model differs from other reports, but this is not surprising given a number of
significant methodological differences among the studies. For example, a small but significant
decrease in cortical 3a,5a-THP levels was reported in rats chronically exposed to ethanol in a
liquid diet (Janis et al., 1998). However, brain 3a,50-THP levels returned to control levels at
peak withdrawal (Janis et al., 1998). Similarly, no change in plasma 3a,5a-THP levels at peak
withdrawal was reported in another study involving rats fed ethanol in a liquid diet (Devaud
etal., 1996). In the present study, we found no significant change in cortical 3o,50-THP levels
compared to controls either immediately upon withdrawal or at peak withdrawal from chronic
intermittent ethanol vapor exposure. However, brain 3a,5a-THP levels were significantly
elevated at 72 hours post-withdrawal. To our knowledge, this is the first report of a change in
brain 30,50-THP levels at a later stage during ethanol withdrawal. After four days of limited
access drinking, cortical 3a,5a-THP levels returned to control levels. Ethanol intake under a
limited access schedule has been reported to increase brain 3a,5a-THP levels in C57BL/6J
mice (Finn et al., 2004b). In the present study, brain tissue was collected 24 hours (not
immediately) following the last limited access drinking session. Further, it can not be
determined from the present study whether return to control levels of the neuroactive steroid
was due to prior ethanol intake in the dependent mice.

Overall, these results indicate that repeated cycles of chronic intermittent ethanol exposure
activate the HPA axis, with elevated plasma CORT levels registered at peak withdrawal.
Repeated cycles of chronic intermittent ethanol exposure also produced significant increases
in 3a,50-THP concentrations in cortex at 72 hours post-withdrawal relative to controls.
Interestingly, this increase in cortical 30,5a-THP levels in EtOH mice coincides with the time
point when these animals typically demonstrate enhanced voluntary ethanol drinking
(compared to CTL mice). Further, while greater ethanol consumption in EtOH mice compared
to CTL mice over four days following the final withdrawal did not alter plasma CORT levels,
this drinking experience was associated with 3a,5a-THP levels in cortex that approximated
control levels. Whether elevated ethanol intake in dependent mice contributed to normalization
of cortical 30,5a-THP levels is unclear at present. Ongoing studies in our laboratory are aimed
at addressing this question. As previously noted, the effects of chronic ethanol exposure and
withdrawal on neuroactive steroids in brain are complex (Cagetti et al., 2004; Devaud et al.,
1996; Finn et al., 2004a; Finn et al., 2000; Janis et al., 1998). Studies will need to examine the
effects of chronic intermittent ethanol exposure on 30,5a-THP levels in other brain regions, as
well as evaluate the relationship of such changes to resultant HPA axis activation. Additionally,
future studies will need to determine the extent to which changes in brain 3a,5a-THP levels
influence excessive ethanol drinking in this model of ethanol dependence and relapse drinking.

Identification of a potential neuroactive steroid biomarker of alcohol
consumption in monkeys and mice

Animal models of ethanol dependence show adaptations in HPA axis function and stimulated
neuroactive steroid concentrations. Chronic ethanol consumption in rodents decreases
corticosterone responses to stress (Spencer and McEwen, 1990) and blunts challenge-induced
elevations of plasma and brain levels of 3a,5a-THP and deoxycorticosterone (Khisti et al.,
2005; Morrow et al., 2001b). Similar alterations in the HPA axis are observed in cynomolgus
monkeys after long-term ethanol self-administration (Porcu et al., 2006b) and in actively
drinking or alcohol dependent human subjects (Adinoff et al., 2005a; b; Wand and Dabs,
1991).
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We have recently demonstrated that plasma deoxycorticosterone and pregnenolone levels in
ethanol naive cynomolgus monkeys are differentially regulated by various challenges to the
HPA axis (Porcu et al., 2006a; Porcu et al., 2006c). Plasma deoxycorticosterone levels are
sensitive to hypothalamic and pituitary activation of the axis and to negative feedback
mechanisms assessed by the dexamethasone test. Thus, administration of naloxone at the doses
of 125 and 375 pg/kg, increased plasma deoxycorticosterone levels up to 86 and 97%,
respectively. This is consistent with data showing an activation of the HPA axis and increased
cortisol and ACTH levels in humans and non-human primates (Jackson et al., 1995; Wand et
al., 1998; Williams et al., 2003). CRF (1 ng/kg) increased plasma deoxycorticosterone levels
up to 111% while dexamethasone (130 pg/kg) decreased deoxycorticosterone levels by 42%,
in agreement with a suppression of HPA axis activity. In contrast, administration of ACTH
(10 ng/kg) 4-6 hours after 0.5 mg/kg dexamethasone had no effect on plasma
deoxycorticosterone levels, suggesting that deoxycorticosterone synthesis is independent of
ACTH stimulation of the adrenals.

Pregnenolone levels in the same cynomolgus monkey subjects were differentially regulated
from deoxycorticosterone. Naloxone administration (125 and 375 pg/kg) increased plasma
pregnenolone up to 222 and 216%, respectively. In contrast, CRF (1 ng/kg) and dexamethasone
(130 ug/kg) had no effect on pregnenolone levels, while ACTH (10 ng/kg), 4-6 hours after 0.5
mg/kg dexamethasone, decreased plasma pregnenolone levels by 43%. CRF and ACTH
administration decreased the ratio of plasma pregnenolone/deoxycorticosterone suggesting
increased metabolism of pregnenolone into deoxycorticosterone or other neuroactive steroids
(Porcu et al., 2006c). Thus, circulating pregnenolone levels are subject to complex regulation
involving factors other than direct HPA axis modulation.

We also found a specific neuroactive steroid response to HPA axis challenge in ethanol naive
monkeys that was predictive of subsequent alcohol consumption. Dexamethasone suppression
of plasma deoxycorticosterone levels in ethanol-naive monkeys was negatively correlated with
daily average ethanol consumption over the subsequent twelve months of alcohol self-
administration (Pearson’s r = -0.78, p=0.006). That is, the highest alcohol drinking was found
in the monkeys that showed the lowest suppression of deoxycorticosterone levels in response
to dexamethasone (Porcu et al., 2006a). In contrast, no other deoxycorticosterone responses to
HPA axis stimulation in ethanol naive monkeys were correlated with subsequent voluntary
drinking. Thus, the dexamethasone suppression of plasma deoxycorticosterone levels may
have the potential to become a trait marker of risk for high alcohol consumption in cynomolgus
monkeys. More studies are needed to further explore this finding.

The relationship between dexamethasone suppression of deoxycorticosterone and subsequent
voluntary alcohol consumption has not yet been explored in other species. Therefore, we
investigated if dexamethasone suppression of deoxycorticosterone would predict alcohol
consumption in two strains of mice that have been widely used in drinking behavior models,
the C57BL/6J and DBA/2J mice.

C57BL/6J and DBA/2J mice are well characterized in terms of drinking phenotype. When
using the two-bottle choice paradigm, C57BL/6J mice avidly drink alcohol, while DBA/2J
mice avoid it (Belknap et al., 1977; Phillips et al., 1994). However, both strains will self-
administer similar amounts of ethanol via the intravenous route (Grahame and Cunningham,
1997). These two strains also differ in many alcohol-related behavioral traits such as ethanol-
induced locomotor activity and ethanol withdrawal severity (Phillips and Crabbe, 1991). DBA/
2J mice have more severe handling-induced convulsions after withdrawal from both acute
(Roberts et al., 1992) and chronic (Crabbe et al., 1983) ethanol. Furthermore, these mice show
differences in the behavioral response to neuroactive steroids. C57BL/6J mice are more
sensitive to the anxiolytic, locomotor stimulant, and anticonvulsant effects of 30,5a-THP
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compared to the DBA/2J mice (Finn et al., 1997b). We hypothesized that dexamethasone
suppression of plasma and/or brain deoxycorticosterone levels may be correlated with
consumption and/or preference for alcohol measured using the two-bottle choice paradigm.

Male C57BL/6J and DBA/2J mice (eight weeks old) were purchased from The Jackson
Laboratories (Bar Harbor, ME, USA). After arrival at the animal facility, they were allowed
to acclimate for one week. They were housed four/six per cage under 12h light, 12h dark cycle
(light on from 0700 to 1900 h) and at a constant temperature of 22 + 2°C and relative humidity
of 65%. They had free access to water and standard laboratory food at all times.

Mice were injected with dexamethasone sodium salt (0.075, 0.1 or 0.13 mg/kg,
subcutaneously) or saline at 8:00 am (beginning of the light cycle). They were sacrificed six
hours later by decapitation. This method has been adapted from previous published papers that
have shown a suppressed corticosterone response in C57BL/6J mice after dexamethasone
(Bartolomucci et al., 2004; Groenink et al., 2002). Deoxycorticosterone responses to
dexamethasone were measured in plasma and cerebral cortical samples by radioimmunoassay
as previously described (Khisti et al., 2005; Porcu et al., 2006a).

C57BL/6J and DBA/2J mice did not differ in basal deoxycorticosterone levels measured after
saline administration. Average (ng/ml) = SEM for plasma deoxycorticosterone was 4.65 + 0.39
(n=14) and 4.18 + 0.59 (n=13) in C57BL/6J and DBA/2J mice, respectively; unpaired t-test p
= 0.50. Average (ng/g) = SEM for cerebral cortex deoxycorticosterone levels was 3.37 + 0.46
(n=13) and 2.47 £ 0.46 (n=12) in C57BL/6J and DBA/2J mice, respectively; unpaired t-test p
=0.18.

Following dexamethasone administration, plasma deoxycorticosterone levels in DBA/2J mice
were decreased by 61, 55 and 58%, at 0.075, 0.1 and 0.13 mg/kg, respectively (p<0.001). In
contrast, plasma deoxycorticosterone levels in C57BL/6J mice were not altered by
administration of dexamethasone 0.075 and 0.1 mg/kg; only the dose of 0.13 mg/kg induced
a significant decrease (-62%, p<0.05).

Similar to plasma, cerebral cortical deoxycorticosterone levels in DBA/2J mice were decreased
by 68, 85 and 82%, at 0.075, 0.1 and 0.13 mg/kg, respectively (p<0.001). In contrast, cerebral
cortical deoxycorticosterone levels in C57BL/6J mice were decreased by about 30% following
administration of dexamethasone 0.075 and 0.1 mg/kg, but the effect was not statistically
significant; only the dose of 0.13 mg/kg induced a significant decrease (-80%, p<0.05).

These results suggest that C57BL/6J and DBA/2J mice differ in their sensitivity to
dexamethasone suppression of deoxycorticosterone levels in a manner that relates to their
drinking behavior under the two-bottle choice paradigm. Similar to monkeys, the high alcohol
drinking and high alcohol preferring C57BL/6J mice show a weaker dexamethasone
suppression of plasma and brain deoxycorticosterone levels relative to DBA/2J mice. Studies
are under way to evaluate dexamethasone suppression of deoxycorticosterone in relation to
alcohol consumption, preference, and alcohol-induced place preference across the BXD
recombinant inbred strains of mice.

The BXD recombinant inbred mice were generated using C57BL/6J and DBA/2J as parental
strains. Several parameters related to ethanol behavior have already been characterized across
some of the BXD lines. The BXD mice show a wide pattern of ethanol consumption that spans
between the two parental strains (Phillips et al., 1994). Data on blood ethanol concentration
(Crabbe, 1998; Grisel et al., 2002), ethanol withdrawal handling-induced convulsions (Buck
et al., 1997), ethanol-induced place preference (Cunningham, 1995), acute locomotor activity
(Phillips et al., 1995) and ethanol-induced loss of righting reflex (Rodriguez et al., 1995) are
also available.
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Future studies will provide an analysis on the role of deoxycorticosterone and HPA axis
suppression across different strains of mice, in relation to alcohol-related behaviors. These
studies will contribute to species comparisons of neuroactive steroid responses. Furthermore,
these studies may have the potential to identify neuroendocrine and genetic biomarkers for
alcohol preference and consumption in mice that can potentially persist across different species.

Symposium Conclusions

GABAergic neuroactive steroid levels are elevated by acute stress or ethanol administration.
Such responses to stress challenges are altered in opposing ways following to chronic social
isolation stress and chronic ethanol exposure in rats. Alcohol dependence is characterized by
increased drinking which can be associated with blunted neuroactive steroid responses to stress/
ethanol challenges as observed in ethanol dependent rats. However, socially isolated rats
exhibit elevated neuroactive steroid responses to ethanol challenge as well as increased ethanol
preference. Following repeated ethanol withdrawals, relapse drinking in mice is associated
with elevations in basal levels of the GABAergic neuroactive steroid, 3o,5a-THP. Finally, the
ability of dexamethasone to suppress deoxycorticosterone in ethanol naive cynomolgus
monkeys accounts for more than half the variance in subsequent voluntary alcohol drinking.
The studies presented in this symposium clearly indicate a role for GABAergic neuroactive
steroids in stress/alcohol interactions. Future studies are needed to determine cause and effect
relationships that may influence ethanol drinking in animal models of ethanol dependence and
relapse drinking.
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Abbreviations
GABA y-aminobutyric acid

30,50-THP (3050)-3-hydroxypregnan-20-one
3a,50-THDQBou5a)-3,21-dihydroxypregnan-20-one

HPA hypothalamic-pituitary-adrenal
CNS central nervous system

CRF corticotropin releasing factor
ACTH adrenocorticotropic hormone

Alcohol. Author manuscript; available in PMC 2010 November 1.



