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Adolescent alcohol use may produce long-term changes in the receptors and neurosteroids that putatively
mediate alcohol's effects and consequently contribute to alcohol abuse and dependence as an adult. To test this
possibility, ethanol (0.18–1.8 g/kg) and two neurosteroids, pregnanolone (1–10 mg/kg) and dehydroepian-
drosterone (DHEA, 1–100 mg/kg), were administered alone and in combination to adult, male Long–Evans rats
discriminating 1 g/kgethanol (15%v/v)under afixed ratio (FR) 20 schedule of food presentation after adolescent
treatment with 15 injections of ethanol (n=9, 2 g/kg, 20% v/v) or saline (n=7). When compared as adults,
ethanol-treated adolescents (as opposed to saline-treated adolescents) had higher percentages of ethanol-lever
responding at doses smaller than the training dose, and higher response rates after both control and ethanol
injections. Neither pregnanolonenorDHEA substituted for ethanol in either adolescent-treated groupup to doses
that substantially decreased response rates. When administered with ethanol, 1 and 3.2 mg/kg of pregnanolone
enhanced the discriminative stimulus effects of small ethanol doses more in saline-treated adolescents than in
ethanol-treated adolescents. Unlike pregnanolone, 32 and 100 mg/kg of DHEA attenuated the discriminative
stimulus effects of ethanol modestly in both adolescent-treated groups. These results in adult rats suggest that
adolescent ethanol administration can enhance the discriminative stimulus effects of small ethanol doses and
affect the capacity of pregnanolone, but not DHEA, to interact with ethanol's discriminative stimulus effects.
© 2009 Elsevier Inc. All rights reserved.
1. Introduction

Onepossible behavioralmechanismbywhich adolescent alcohol use
in humans might contribute to the reported increase in alcohol abuse
and dependence in adults (Hawkins et al., 1997; Grant and Dawson,
1997) is by permanently altering the perception or composition of
ethanol's subjective effects. As stated by Holtzman (1990), “the
qualitative nature of the subjective effects that a drug produces is a
principal determinant of the abuse potential of that drug,” p. 193.
Therefore, there is the possibility that experience with the effects of
alcohol as an adolescent might alter the makeup of the interoceptive
stimuli that comprise the subjective effects. For example, several studies
have suggested that adolescent ethanol administration can produce
long-lasting tolerance (Silvers et al., 2003, 2006) or sensitivity (White
et al., 2000, 2002) to some of the physiological and behavioral effects of
alcohol. If such changes in the effects of ethanol persist, then there is also
the likelihood that adolescent ethanol administration could also
produce long-lasting changes to the subjective effects (or balance of
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subjective effects), essentially making the effects produced by ethanol
different in ethanol-experienced and ethanol-naïve individuals.

One method for investigating the subjective effects of a drug
experimentally is to have the subjective effects of a specific dose of
that drug serve as discriminative stimuli for responding in a drug
discrimination procedure. A powerful aspect of thismethodology is that
once the subjective (interoceptive) effects of a drug are conditioned to
serve as discriminative stimuli reliably, the experimenter has a
pharmacologically specific behavioral model for studying the compo-
nents of a drug's actions and these actions generally reflect events at the
neuronal level (Holtzman, 1990). Alcohol, in particular, has been shown
to have several pharmacological components using this methodology
(Grant and Colombo, 1993; Green and Grant, 1998; Stolerman and
Olufsen, 2001), and this has been corroborated by a variety of in vitro
studies (e.g., Crews et al., 1996). Recently, demonstrated similarities in
themechanisms of action of the 3α-hydroxy neurosteroids and ethanol
have raised the possibility that endogenous neurosteroids might play a
direct role in the effects of ethanol. For example, Morrow et al.(1999,
2001) aswell as others (Sanna et al., 2004) have suggested that ethanol-
induced changes in levels of endogenous neurosteroids, such as
allopregnanolone, may mediate some of the behavioral and subjective
effects of ethanol. These suggestions have also been supported by data
from drug discrimination studies showing that specific neurosteroids
including allopregnanolone and its epimer pregnanolone can substitute
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Fig. 1. Diagram showing the timeline of manipulations for the subjects in both
adolescent-treated groups.
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for ethanol (Ator et al., 1993; Bienkowski and Kostowski, 1997; Bowen
et al.,1999a; Hodge et al., 2001; Ginsburg and Lamb, 2005); however, in
terms of their discriminative stimulus effects, Gerak et al. (2008)
recently found evidence that there may be asymmetrical generalization
between ethanol and pregnanolone, because ethanol failed to substitute
for pregnanolone in a large number of individual subjects. This example
of asymmetrical generalization was similar to that frequently shown
between the barbiturates, benzodiazepines and ethanol (Kostowski and
Bienkowski, 1999). More specifically, ethanol generalizes reliably in
subjects trained to discriminate barbiturates or benzodiazepines, but
neither the barbiturates nor benzodiazepines generalize fully in subjects
trained to discriminate ethanol.

The purpose of the present study was first to establish an ethanol
discrimination in adult rats after administration of either saline or ethanol
during adolescence, and second, to determine if the neurosteroid
pregnanolone could reliably substitute in subjects trained to discriminate
ethanol. Given that chronic intermittent ethanol (CIE) administration has
been shown to produce long-lasting reductions in ethanol-induced in-
creases in allopregnanolone in specific brain areas such as the hippo-
campus (Silvers et al., 2006), and that ethanol can interfere with
allopregnanolone's positive modulatory effects at GABAA receptors
(Majewska, 1988), there is the possibility that adolescent ethanol admin-
istration might also reduce the capacity of pregnanolone to substitute for
ethanol, particularly if ethanol is releasing neurosteroids and they are
mediating some of ethanol's effects. For comparison purposes, dehydroe-
piandrosterone (DHEA), a neurosteroidwith negative GABAAmodulatory
effects (Corpechot et al., 1981; Demirgoren et al., 1991; Park-Chung et al.,
1999)was also administered both alone and in combinationwith ethanol
to the two adolescent-treated groups of subjects. Theoretically, a negative
allosteric modulator of the GABAA receptor complex should have the
capacity to attenuate the effects of a positive allosteric modulator of the
GABAA receptor complex like ethanol; however, neither DHEA nor its
sulfated form, DHEAS, has to date been shown to be effective in altering
the discriminative stimulus effects of ethanol in adult subjects (Bien-
kowski and Kostowski, 1997; Bowen et al., 1999a).

2. Materials and methods

2.1. Subjects

Sixteen male Long–Evans hooded rats were purchased from a
commercial vendor (Harlan, Indianapolis, IN) at 25 days of age and
served as subjects. Upon arrival, these subjects were housed 4 per cage
and provided a standard diet of rodent chow ad libitum (Rodent Diet
5001, PMI Inc., St. Louis, MO, USA) until postnatal day (PD) 70. From PD
71 forward, subjects were housed individually andmaintained at 95% of
their free-feeding weight. Water was provided ad libitum in the
homecage except during the experimental sessions. The colony room
was maintained at 21±2 °C with 50±10% relative humidity on a
14L:10D light/dark cycle (lights on 06:00 h; lights off 20:00 h). Ethanol
discrimination training and subsequent test sessions were conducted
daily during the light cycle between the hours of 12:00 h and 14:00 h.
Animals used in these studies were maintained in accordance with the
Institutional Animal Care andUse Committee, Louisiana State University
Health Sciences Center, and in compliancewith the recommendations of
the National Research Council in the Guide for the Care and Use of
Laboratory Animals (1996).

2.2. Adolescent ethanol treatment

While still housed 4 per cage, subjects were randomly divided into
two groups, a group that received ethanol between PD 35 and 63
(adolescent ethanol group) and a group that received saline during
the same postnatal period (adolescent saline group). The adolescent
ethanol group received 2 g/kg (20% v/v) of ethanol intraperitoneally
(i.p.) every other day, while the adolescent saline group received an
equal volume of saline every other day, for a total of 15 injections. This
pattern of chronic intermittent injections (one injection every 48 h)
has been shown to increase ethanol self administration as compared
to continuous ethanol administration in rats (O'Dell et al., 2004b), and
is considered to be a representative model of human alcohol
consumption (Olsen et al., 2005). At the beginning of adolescent
saline or ethanol administration (PD 35), the mean weights and
standard error for the means (SEM) for the groups were 155±4.4 g
and 163.7±3.6 g, respectively. At the end of adolescent saline or
ethanol administration (PD 63), the mean weights±SEM for the
groups were 312.3±4.5 g and 310.1±5.6 g, respectively.

2.3. Apparatus

Twelve operant test chambers (6 from MED Associates, Inc., St.
Albans, VT, and 6 from BRS/Foringer, Beltsville, MD) enclosed within
sound-attenuating cubicleswere used to conduct the experiments. Each
chamberwasequippedwithahouselight, pellet trough, pelletdispenser,
and two response levers with stimulus lights located above each lever.
White noisewas present in each chamber tomask extraneous noise and
a fan provided ventilation. Data were collected using MED-PC for
Windows, Version IV (MED Associates, Inc., St. Albans, VT).

2.4. Training procedure

Beginning on PD 71 (see Fig. 1), subjects in both adolescent treat-
ment groups were trained to discriminate ethanol from saline while
responding under a fixed ratio (FR) 20 schedule of food presentation.
During the initial training sessions, the house light was illuminated and
every response on the lever resulted in delivery of a 45-mg food pellet.
After rats reliably pressed both levers under this continuous reinforce-
ment schedule (CRF), the number of responses required for food
presentation on each lever was progressively increased from 1 to 20.
During the final phase of training, reinforcement under the FR-20
schedule was contingent on an injection of either saline or 0.56 g/kg of
ethanol administered before the session. As training progressed, the
doseof ethanolwas increased to thefinal trainingdoseof 1 g/kg. Forhalf
of the rats in each adolescent-treated group, respondingon the left lever
resulted in food presentation following the administration of ethanol,
and responding on the right lever resulted in food presentation
following the administration of saline; the lever designations were
reversed for the other half of the subjects. Responding on the incorrect
lever reset the response requirement on the correct lever.

All experimental sessions during the later stages of training began
with a 10-min timeout period duringwhich the house light was off, and
responding on the levers had no programmed consequences. The
timeout period was followed by a 30-min period during which the
houselight was illuminated, and responding under the FR-20 schedule
resulted in food presentation. Ethanol and salinewere administered in a
fixed daily sequence (E,S,S,E,S,E,E,S,E,S) that was repeated throughout
the experiments. Training continued until the subjects met two criteria
on 9 out of 10 consecutive days: 95% responding on the appropriate
lever, and less than 20 responses on the incorrect lever prior to the first
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reinforcement. Substitution tests and tests involvingpretreatmentswith
the neuroactive steroids occurred thereafter, with the subjects required
tomeet these same criteria for 3 consecutive days between test sessions.

2.5. Test sessions

Test sessions were conducted similarly to daily training sessions;
however, 20 responses on either lever resulted in presentation of a food
pellet. Substitution tests with different doses of ethanol were conducted
first to determine a dose–effect curve for ethanol. After completing an
ethanol dose–effect curve for each subject (0.1–1.8 g/kg), doses of
pregnanolone (1–18 mg/kg) and DHEA (10–100 mg/kg) were tested
alone and in combination with ethanol. By the time testing occurred
with DHEA, however, 3 of the 7 subjects treated with saline as
adolescents had died of unknown causes. Vehiclewas also administered
prior to ethanol as a control for pregnanolone and DHEA pretreatments
throughout the study and to make sure the ethanol dose–effect curves
were not shifted as a result of testing with each neurosteroid.

2.6. Drugs

Ethanol (Pharmco Products Inc., Brookfield, CT) was diluted with
saline (15% v/v), and injected i.p.10min before training or test sessions.
Fig. 2. Percentage of ethanol-lever responding (upper panel) and overall response rate
(lower panel) after substitution of different doses of ethanol in adult rats that received
either saline (n=7, unfilled points) or ethanol (n=9, filled points) as adolescents. The
subjects in each group were discriminating a training dose of 1 g/kg (15% v/v) ethanol
while responding under a FR-20 schedule of food presentation. Ethanol was
administered i.p. 10 min before the start of the session, which began with a 10-min
timeout. Data points and vertical lines above “C” in each panel represent the grand
mean and SEM for each group, which was comprised of the means for 2 to 6 injections
of saline for each subject in that group. The data points and vertical lines in the dose–
effect curves for each group in each panel also represent a grand mean and SEM. The
grand mean and SEM for each dose was comprised of the means for 1 to 3
determinations of that dose in each subject. Numerical values in parentheses and
adjacent to a data point indicate the number of subjects represented by that point when
it differed from the total number of subjects for that group.

Fig. 3. Percentage of ethanol-lever responding (upper panel) and overall response rate
(lower panel) after substitution of different doses of pregnanolone in adult rats that
received either saline (n=7) or ethanol (n=9) as adolescents. The subjects in each
group were discriminating 1 g/kg (15% v/v) of ethanol while responding under a FR-20
schedule of food presentation. Doses of pregnanolone were administered i.p. 15 min
before the start of the session, which began with a 10-min timeout. Data points and
vertical lines above “C” in each panel represent the grandmean and SEM for each group,
which was comprised of the means for 1 to 5 injections of vehicle for each subject in
that group. The data points and vertical lines in the dose–effect curves for each group in
each panel also represent the grand mean and SEM. The grand mean and SEM for each
dose was comprised of the means for 1 to 5 determinations of that dose in each subject.
Ethanol solutions were prepared each day of administration. Pregnano-
lone (5β-pregnan-3α-ol-20-one, Steraloids, Inc., Newport, RI) and
dehydroepiandrosterone (DHEA; 5-androstene-3β-ol-17-one, Sigma-
Aldrich, Inc, St. Louis, MO) were dissolved in a 45% solution of
2-hydroxypropyl-γ-cyclodextrin (Sigma-Aldrich, St. Louis, MO) in
saline. The same vehiclewasused for control injections,which consisted
of injections of either vehicle alone or vehicle and saline. Pregnanolone,
DHEA or vehicle were injected i.p. 15 min prior to session, and the
injection volume for these drugs was always 0.1 ml/100 g body weight.

2.7. Data analyses

The data for each session were expressed as the percentage of
responses on the lever forwhich ethanolwas serving as a discriminative
stimulus (i.e., “ethanol-lever” responding) and overall response rate in
responses per second. Group data for each variable were tabulated by
averaging themean data for each subject and then expressed as a grand
mean and SEM; however, due to individual differences in sensitivity
(particularly at the larger doses) not all doses were studied in all
subjects, which led to occasional differences in the number of subjects
represented by each data point. For this study, full substitution was
defined as 80% ormore of ethanol-lever responding. Dosages of ethanol,
pregnanolone and DHEA were considered to have an effect when the
mean for ethanol-lever responding or overall response rate was not
within 20%of themeanestablished for control conditions. Combinations
of ethanol with either pregnanolone or DHEA were compared to the
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effects of each drug alone using the same criteria. The percentage of
ethanol-lever responses was not included in the analyses when the
response rate was less than 0.08 responses/s. In order to characterize
and compare the dose–effect curves that were determined, doses that
generated 50% ethanol-lever responding (ED50s) were estimated using
a non-linear sigmoidal regression model (SigmaPlot Software, SYSTAT
Software, Inc. Point Richmond, CA, USA).

3. Results

All of the subjects successfully acquired the ethanol discrimination
in 43–81 days, with a mean of 55.44 days until they met the criteria
indicating that stimulus control was established. With respect to the
two adolescent-treated groups, the mean number of days to establish
stimulus control in the subjects treated with saline during adoles-
cence was 54 with a range of 43–69 days. Similarly, the mean number
of days to establish stimulus control in the subjects treated with
ethanol during adolescence was 57 with a range of 45–81 days.

As shown in Fig. 2, increasing doses of ethanol (0.18–1.8 g/kg)
produced dose-dependent increases in ethanol-lever responding in
both adolescent-treated groups; however, there were clear differences
between the two groups in ethanol-lever responding and the overall
response rate. More specifically, the dose–effect curve for the subjects
that received ethanol as adolescents was shifted to the left of the curve
for the subjects that received saline as adolescents, indicating that the
ethanol-treated adolescent group had higher percentages of ethanol-
lever responding as an adult at doses smaller than the training dose. The
leftward shift in the ethanol dose–effect curves was also reflected in the
ED50s for each group; the ED50 for the group that received saline as
Fig. 4. Interaction of two doses of pregnanolone with increasing doses of ethanol on the pe
panels) in adult rats that received either saline (left-hand panels) or ethanol (right-hand pa
measure are also shown for comparison purposes. The subjects in each group were discrimin
Pregnanolone and ethanol were administered i.p. 15 and 10min before the start of the session
mean and SEM for the respective control injections in each group, which were comprised of
points above “P” in each panel represent the grandmean and SEM for at least two determinat
and vertical lines in the dose–effect curves for each group in each panel also represent a grand
1 to 4 determinations of that dose in each subject.
adolescents was 0.55 mg/kg, whereas the ED50 for the group that
received ethanol as adolescents was 0.41 mg/kg. In addition, subjects
that received ethanol as an adolescent also had a greater tendency to
respond on the ethanol lever when saline was administered instead of
the training dose (data above C). Specifically, ethanol-lever responding
after a saline injection in the group that received saline as adolescents
was 5.25%, whereas ethanol-lever responding after a saline injection in
the group that received ethanol as adolescents was 23.07%.

In terms of the overall response rate, the group that received ethanol
as adolescents had higher overall response rates after control injections
and after the substitution of ethanol doses smaller than the training dose
(i.e., 0.18–0.56 g/kg) when compared to the group that received saline as
adolescents. Doses of ethanol larger than the training dose (i.e., 1.33–
1.8 g/kg) decreased the response rates below20%of the respectivemeans
forbothgroups. Forexample,1.33g/kgof ethanol decreased response rate
from 2.6 to 1.94 (ethanol-treated) and from 1.57 to 1.18 (saline-treated)
responses per second, whereas 1.8 g/kg decreased response rates further
to 0.42 (ethanol-treated) and 0.34 (saline-treated) responses/s.

Fig. 3 shows that when subjects in both adolescent-treated groups
received the vehicle for pregnanolone prior to testing sessions, they
responded on the saline-appropriate lever and response rates were
similar to those obtained for the respective groups when saline was
administered (compare Figs. 2 and 3). Substitution of pregnanolone
(1–18 mg/kg) for the training dose of ethanol dose-dependently
increased ethanol-lever responding in both adolescent-treated groups
similarly when compared to their respective vehicle administrations.
However, the mean percentage of ethanol-lever responding never
exceeded 80% for either group and the slopes of the dose–effect curves
were quite shallow over an almost 20-fold increase in dose. For
rcentage of ethanol-lever responding (upper panels) and overall response rate (lower
nels) as adolescents. The effects of pregnanolone and ethanol alone on each dependent
ating 1 g/kg of ethanol while responding under a FR-20 schedule of food presentation.
, respectively. Data points and vertical lines above “C” in each panel represent the grand
the means for 2 to 8 injections of saline, or vehicle in combination with saline. The data
ions of pregnanolone alone or pregnanolone and saline in every subject. The data points
mean and SEM. The grandmean and SEM for each dosewas comprised of themeans for



Fig. 5. Effects of substituting 180–1800 mg/kg of ethanol, 1–18 mg/kg of pregnanolone
or 10–180mg/kg of DHEA on the percentage of ethanol-lever responding (upper panel)
and overall response rate (lower panel) in a group (n=13) of rats discriminating
1000 mg/kg of ethanol while responding under a FR-20 schedule of food presentation.
The group was comprised of rats that received saline or ethanol as adolescents. Data
points and vertical lines above “C” in each panel represent the grand mean and SEM for
each control condition (i.e., injections of saline or vehicle). The data points and vertical
lines in the dose–effect curves for this group also represent a grand mean and SEM for
each dose of each drug.

Fig. 6. Interactionof twodoses ofDHEAwith increasingdoses of ethanol on the percentage
of ethanol-lever responding (upper panel) and overall response rate (lower panel) in a
group of adult rats. The group was comprised of rats that received saline or ethanol as
adolescents. All of the subjects were discriminating 1 g/kg of ethanol while responding
under a FR-20 schedule of food presentation. DHEA and ethanol were administered i.p. 15
and 10min before the start of the session, respectively. Data points and vertical lines above
“C” in each panel represent the grand mean and SEM for the group, which was comprised
of themeans for 1–8 injections of saline or vehicle and saline for each subject in this group.
The data points above “D” in each panel represent the grandmean and SEM for at least two
determinations of DHEA alone or DHEA and saline in every subject. The data points and
vertical lines in the dose–effect curves for each group in each panel also represent a grand
mean and SEM. The grandmean and SEM for each dose was comprised of themeans for 1
to 4 determinations of that dose in each subject.
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example, after substituting 10 mg/kg of pregnanolone, ethanol-lever
responding for subjects from the saline-treated adolescent group was
67.27%, whereas the mean percentage for the ethanol-treated adoles-
cent group was 62.64%.

Similar to the effects of ethanol on response rate, increasing doses of
pregnanolone dose-dependently decreased response rate in both
adolescent-treated groups. Specifically, 10 mg/kg of pregnanolone
decreased the response rate from a mean of 2.52 to 1.95 responses/s in
the ethanol-treated group, whereas the same dose decreased response
rate from a mean of 1.65 to 1.27 responses/s in the saline-treated group,
whichwas less than20%of themean for both groups. Although18mg/kg
of pregnanolone producedmuch larger decreases in the overall response
rate of both groups, the rate-decreasing effects in the ethanol-treated
group were somewhat smaller than those for the saline-treated group
(i.e., 4 subjects in the ethanol-treated group had response rates large
enough to plot their percentage of ethanol-lever responding).

The top panels of Fig. 4 show the effects of 1 and 3.2 mg/kg of
pregnanolone administered in combination with ethanol on ethanol-
lever responding in the saline- and ethanol-treated groups. As shown,
pregnanolone dose-dependently shifted the dose-effects for ethanol in a
complexmanner thatwas dependenton the adolescent treatment.More
specifically, 1 mg/kg of pregnanolone shifted the ethanol dose–effect
curve to the left approximately two fold in the saline-treated group,
whereas it did not shift the ethanol dose–effect curve in the ethanol-
treated group. Unlike 1 mg/kg of pregnanolone, 3.2 mg/kg shifted the
ethanol dose–effect curves for both groups similarly; that is, this dose
increased ethanol-lever responding when it was administered with
small doses of ethanol, but it did not uniformly increase ethanol-lever
responding when it was administered with large doses of ethanol. For
example, in the group treated with ethanol as adolescents, 3.2 mg/kg of
pregnanolone in combinationwith 0.56 g/kg of ethanol did not produce
greater ethanol-lever responding than either 0.56 g/kg of ethanol alone
or 0.56 g/kg of ethanol in combination with 1 mg/kg of pregnanolone.

The effects of pregnanolone in combinationwith ethanol on response
rate are shown in the bottom panels of Fig. 4. Taking into account the
aforementioned differences in the control rates of responding between
the two groups, neither the 1- nor 3.2-mg/kg dose of pregnanolone had
an effectwhen administered alone (data above C). However, 3.2mg/kgof
pregnanolone in combination with ethanol produced small, but con-
sistent, rate-increasing effects in the saline-treated group compared to
ethanol alone or ethanol in combination with 1 mg/kg of pregnanolone.
For example, the response rate obtained after 3.2mg/kg of pregnanolone
combined with 0.18 g/kg of ethanol was 2.13 responses/s, whereas the
response rate obtained after 0.18 g/kg of ethanol alone was
1.62 responses/s. In contrast, in the group treated with ethanol as
adolescents, no rate-increasing effects were evident when 3.2 mg/kg of
pregnanolone was administered in combination with ethanol.

Fig. 5 depicts the effects obtained when DHEA (10–180 mg/kg) was
substituted for the training dose of ethanol in a group of 13 subjects, 9 of
which were treated with ethanol as adolescents and 4 of which were
treated with saline as adolescents. For comparison purposes, ethanol-
lever responding after ethanol (180–1800 mg/kg) and pregnanolone
(1–18 mg/kg) administration are also shown for the same 13 subjects.
The data for the two adolescent-treated groups were combined in this
figure because DHEA did not substitute for ethanol in either of the
groups. In fact, mean ethanol-lever responding did not exceed 15% for
the subjects in either adolescent-treated group and only one dose (i.e.,
10mg/kg) for one of the thirteen subjects producedmean ethanol-lever
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responding greater than 80% (data not shown). Similar to the individual
subject data, the combined data for the subjects administered DHEA
showthat it didnot producemore than10%ethanol-lever respondingup
to doses that substantially decreased the overall rates of responding. For
example, ethanol-lever responding after 100mg/kg of DHEAwas 3.93%
while decreasing response rate to 63% of the control rate, whereas
ethanol-lever responding after 180 mg/kg was 1.48% while decreasing
response rate to 25% of the control rate.

The effects of DHEA in combination with ethanol in subjects
trained to discriminate ethanol from saline are shown in Fig. 6. In
contrast to pregnanolone, the combination of DHEA and ethanol
shifted the dose–effect curves for the discriminative stimulus effects
of ethanol to the right modestly (i.e., less than two fold). This
rightward shift was largely due to the decrease in ethanol-lever
responding when 32 and 100 mg/kg of DHEA were administered in
combination with 0.56 g/kg of ethanol. For example, the ED50 for the
dose–effect curve for ethanol alonewas 0.41mg/kg, whereas the ED50s
for the curves for ethanol in combination with 32 and 100 mg/kg of
DHEA were 0.48 and 0.62 mg/kg, respectively.

The effects of DHEA on the overall rate of responding were also
different from those of pregnanolone in that the high dose of DHEA
(100 mg/kg) produced rate-decreasing effects both alone (above “D”)
and in combination with ethanol. More specifically, the only dose
combination that did not produce a marked rate-decreasing effect was
100 mg/kg of DHEA and 1 g/kg of ethanol, which was the training dose
of ethanol. The effects of 32 mg/kg of DHEA on the overall rate of
respondingwerenot substantially different than those for ethanol alone.

4. Discussion

The first aim of the present studywas to administer ethanol or saline
during adolescence to determine if early experience with the effects of
alcohol could affect the establishment of an ethanol discrimination in
adult rats. Based on the results obtained, chronic intermittent admin-
istration of 2 g/kg of ethanol to adolescent rats did not affect the
establishment of the discrimination, but it did enhance the sensitivity of
adult subjects to the discriminative stimulus effects of ethanol without
affecting the rate-decreasing effects of ethanol when compared to
adolescent saline administration. In addition, 2 g/kg during adolescence
also increased responding under control conditions in adulthood,
suggesting that ethanol-treated adolescents were not only differentially
sensitive to the effects of ethanol as adults, but that their early
experiencewith these effects altered conditioned responding in general.
For example, ethanol-treated adolescents as a group had consistently
higher percentages of ethanol-lever responding and higher rates of
responding after saline injections than saline-treated adolescents.
Moreover, these differences in rate under the FR-20 schedule occurred
even though both groups were kept at constant weights as adults and
the mean weight for the groups was comparable before and after
adolescent treatment. With respect to ethanol-lever responding,
ethanol-treated adolescents had a much higher percentage of false
alarms (i.e., responding on the ethanol-appropriate lever after a saline
injection) as adults than the saline-treated adolescents as adults, which
is difficult to explain given that both groups were trained identically
using the same operant chambers, and both groups acquired the
discrimination over a comparable number of sessions.

One possible explanation for these differences might be that
adolescents administered CIE develop persistent or perseverative
response patterns (Santucci et al., 2004) in the absence of strong
stimulus control. Theoretically, such persistent response patterns could
contribute to the repeated selection of one of two levers in a two-lever
discrimination procedure, and to higher rates of responding under FR
schedules where the repetition of a similar response (i.e., lever press)
results in reinforcement. In one study, for example, Walker et al. (1981)
found that rats administered an ethanol containing diet for 5 months
responded poorly in a spontaneous alternation task in a T-maze when
tested after a 2-month ethanol-free period. More specifically, ethanol-
treated rats alternated correctly at only chance levels (48%), whereas
rats in a control group alternated correctly on 83% of the trials. File and
Mabbutt (1990) also identified perseverative responding after chronic
alcohol administration in a habituation task and a passive avoidance
task. Interestingly, this same type of perseveration and resistance to
extinction in laboratory animals has been associatedwith damage to the
orbital frontal cortex (Volkow and Fowler, 2000).

Although the development of perseverative response patterns
after CIE can help explain the differences obtained under control
conditions in the ethanol-treated subjects, such patterns would not
entirely explain the increased sensitivity to doses of ethanol smaller
than the training dose. This type of dose dependency in drug
discrimination procedures suggests that the dose of ethanol was a
critical variable even though responding is usually quantal in nature
(Colpaert et al., 1976). That is, as was the case in the present study,
medial levels of responding in these procedures usually reflect
differences among subjects rather than medial levels of drug-lever
responding by individual subjects. Thus, the data from the two
adolescent-treated groups suggests that 2 g/kg of ethanol during
adolescence produced adult subjects with perseverative response
patterns in the absence of ethanol, increased response rates under a FR
schedule, and an increased sensitivity to the discriminative stimulus
effects of small ethanol doses.

The second aim of this study was to determine if pregnanolone
would substitute for ethanol, and thereby demonstrate an asymme-
trical generalization between pregnanolone and ethanol that is similar
to the one that occurs when benzodiazepines and barbiturates are
administered to subjects trained to discriminate ethanol (Kostowski
and Bienkowski, 1999). In a previous study from this laboratory, Gerak
et al. (2008) found that ethanol did not produce greater than 80%
pregnanolone-lever responding despite these drugs' similarly com-
plex discriminative stimulus effects, and the fact that some of the
same receptors (e.g., GABAA and NMDA receptors) have been shown
to play prominent roles in mediating the discriminative stimulus
effects of these drugs (Kostowski and Bienkowski, 1999). Therefore,
Gerak et al. (2008) concluded that the capacity of ethanol to substitute
for pregnanolone likely varied among individuals because the
discriminative stimulus effects substantially overlapped, but were
not identical under the experimental conditions established. The
medial levels of ethanol-lever responding in each adolescent group
after pregnanolone substitution in this study would seem to support a
similar conclusion and would be consistent with discrimination data
from Vanover et al. (1999). In addition, even in those studies where
pregnanolone and other positive GABAA modulators at the neuroster-
oid site have been reported to substitute for ethanol (Ator et al., 1993;
Bienkowski and Kostowski, 1997; Bowen et al., 1999b), the results
were not entirely different from those reported in this study for
pregnanolone. For example, Bienkowski and Kostowski (1997) found
that 1.3–12 mg/kg of tetrahydrodeoxycorticosterone (5β-THDOC)
produced less than 80% ethanol-lever responding at doses that had no
effect on responding and only 87% ethanol-lever responding at the
highest dose, which markedly decreased responding.

Another implication of the partial substitution of pregnanolone for
ethanol in both adolescent-treated groups is that prior experience
with the effects of ethanol, or a history of ethanol administration, does
not increase or decrease the likelihood that complete substitution of
pregnanolone will occur. Because ethanol has been shown to increase
the release of specific neurosteroids (O'Dell et al., 2004a; Sanna et al.,
2004) and change the sensitivity of GABAA receptors to other allosteric
modulators after chronic treatment (Negro et al., 1993; Mehta and
Ticku, 1998; Kang et al., 1998; Mehta and Ticku, 2001), there was
reason to suspect that adolescent administration of ethanol might
potentially have long-term consequences or effects on neurosteroid
sensitivity. However, this was not the case in terms of pregnanolone's
capacity to substitute for ethanol's discriminative stimulus effects in
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either adolescent-treated group, or in terms of pregnanolone's rate-
decreasing effects, although the rate-decreasing effects of the highest
dose of pregnanolone (18 mg/kg) were smaller in the group that was
treated with ethanol as adolescents than the group that was treated
with saline as adolescents. One study has shown that CIE reduced the
sleep time produced by the neuroactive steroid alphaxolone (Cagetti
et al., 2003), but to date, there has been little or no data to indicate
that CIE has the capacity to attenuate pregnanolone's rate-decreasing
effects in rats. One reason for the absence of such data may be that
most studies showing an interaction between protracted ethanol
administration and the neuroactive steroids examined the interaction
either during withdrawal (e.g., Devaud et al., 1996; Mehta and Ticku,
1998) or shortly after the last injections of ethanol (e.g., Negro et al.,
1993;Mehta and Ticku,1998). At these time points, ethanol was found
to enhance the effects of certain neuroactive steroids.

One effect of pregnanolone that was clearly evident in the present
study was its capacity for potentiating the discriminative stimulus
effects of lowdoses of ethanolwhen the twodrugswere administered in
combination. In addition, pregnanolone produced a leftward shift in the
curve for ethanol-lever responding at a smaller dose in saline-treated
adolescents than in ethanol-treated adolescents (Fig. 4). If pregnanolone
administration was serving to enhance a component or components of
ethanol's discriminative stimulus effects, then this would indicate that
adolescent ethanol administration reduced the capacity of pregnano-
lone to enhance that component or components when the subject was
an adult. Such an effect would be consistent with the notion that
neuroactive steroids have many overlapping effects with ethanol and
suggests that adolescent ethanol administrationnot only produces long-
lasting tolerance as suggested by some investigators (Silvers et al., 2003,
2006; Tokunaga et al., 2006), butmay also produce cross tolerancewith
pregnanolone as well because CIE reduced pregnanolone's capacity to
enhance a potentially shared effect of the two drugs.

Another possible explanation for the positive interaction data
obtained between pregnanolone and ethanol is that the baseline
sensitivity of the ethanol-treated subjects to the discriminative stimulus
effects of ethanol was already enhanced compared to saline-treated
subjects (Fig. 2). In many ways, these data conform to the law of initial
values (Wilder, 1967), which would predict that an increase in
sensitivity to a drug is more readily observable when the sensitivity
under control conditions is low. Thus, 1 and 3.2 mg/kg of pregnanolone
produced both leftward and upward shifts of the ethanol dose–effect
curves, respectively, for the adult group treated with saline as
adolescents, whereas 3.2 mg/kg only produced an upward shift in the
ethanol dose–effect curve for the adult group treated with ethanol as
adolescents (Fig. 4). This type of differential effect for pregnanolone in
rats discriminating ethanol would seem to indicate that drug history,
along with training dose (Bowen et al., 1999a), can be an important
variable in themagnitudeof this drug interaction. These interactiondata
would also seem to suggest that there is a limit to which pregnanolone
can potentiate ethanol's discriminative stimulus effects, just as there
was limited substitution of pregnanolone for ethanol and vice versa
(Gerak et al., 2008).

Although CIE administration has been shown to produce long-term
changes in ethanol-induced impairments of motor coordination (White
et al., 2002), and acute ethanol administration has been shown to
increase levels of the endogenous 3α-hydroxy neurosteroid allopreg-
nanolone (Barbaccia et al.,1999; O'Dell et al., 2004a; Silvers et al., 2006),
administration of pregnanolone in combination with ethanol did not
potentiate the rate-decreasing effects of ethanol. To the contrary,
3.2 mg/kg of pregnanolone in combination with several doses of
ethanol actually increased response rate under the FR-20 schedule
above control levels in subjects that received saline as adolescents. This
finding is interesting because it indicates that the potentiation of
ethanol's discriminative stimulus effects by pregnanolone was largely
independent of either drug's rate-decreasing effects, and supports the
notion that certain combinations of these drugs are as capable of
increasing response rate as decreasing it. Melchior and Allen (1992)
reported that pregnanolone could increase activity in mice and
suggested that it might have biphasic effects on locomotor activity
similar to those for ethanol and pentobarbital; however, they also stated
that many of the studies already in the literature at that time involving
the neurosteroids and ethanol may not have had the appropriate
conditions for observing increases in activity.

In accordance with the literature, DHEA did not substitute for
ethanol at any dose tested (Bienkowski and Kostowski, 1997; Bowen
et al., 1999b), and pretreatment with DHEA prior to ethanol
administration did not shift the ethanol dose–effect curve for the
discriminative stimulus effects more than two fold (Bienkowski and
Kostowski,1997; Bowen et al., 1999a). The rationale for examining this
interaction is that, in theory, negative modulators of the GABAA

receptor complex may have the capacity to antagonize the effects of
positive GABAA modulators like ethanol, even though the allosteric
sites on the GABAA receptor complex are different. For example, RO
15-4513, which is a negative allosteric modulator that binds to the
benzodiazepine binding site on the GABAA receptor complex, has been
shown to block a variety of the effects of ethanol (e.g., Suzdak et al.,
1986; Samson et al., 1987; Rassnick et al., 1993). Similarly, O'Dell et al.
(2005) found that the neuroactive steroids epipregnanolone and PCA
([3α,5α]-20-oxo-pregnane-3-carboxylic acid), which are considered
to be negative modulators of the GABAA receptor complex, can
decrease ethanol self administration. With respect to the neuroactive
steroids, however, there remains a good deal of confusion regarding
the exact nature of their interaction because both can interact with
GABAA receptors directly (Grobin et al., 1998; Losel et al., 2003), both
have effects at other ion channels, such as the NMDA receptor (Crews
et al., 1996; Rupprecht and Holsboer, 1999), and ethanol could affect
the GABAA and NMDA receptor complexes indirectly by increasing
plasma and brain concentrations of specific neuroactive steroids such
as allopregnanolone (Barbaccia et al., 1999; VanDoren et al., 2000;
Sanna et al., 2004). With regard the discriminative stimulus effects of
ethanol though, the findings from the present study along with those
from Bowen et al. (1999a) indicate that DHEA is rather ineffective at
antagonizing these particular effects, just as RO 15-4513 was shown to
be ineffective at blocking the discriminative stimulus effects of
ethanol (Hiltunen and Jarbe, 1988; 1989).

In summary, CIE administration of a behaviorally disruptive dose
(i.e., 2 g/kg) during adolescence produced long-term effects that were
manifest in adult subjects as perseverative response patterns in the
absence of ethanol, increased response rates under a FR schedule, and
an increased sensitivity to the discriminative stimulus effects of small
doses of ethanol. CIE administration of the same dose, however, did
not increase the capacity of pregnanolone to substitute for ethanol,
suggesting that neither the training drug nor the experience of
ethanol's effects as an adolescent can alter this outcome readily. CIE of
2 g/kg also did not alter the rate-decreasing effects of pregnanolone in
adult subjects except at the largest dose (18 mg/kg) in some subjects
suggesting that CIE during adolescence can produce some changes in
the sensitivity to certain effects of the neurosteroids independent of
their discriminative stimulus effects. In terms of the interaction of
ethanol and pregnanolone, a small dose of pregnanolone (1 mg/kg)
produced a larger potentiation of the discriminative stimulus effects of
ethanol in saline-treated adolescents than in ethanol-treated adoles-
cents, but this effect may be attributable to initial differences in
sensitivity between the two adolescent-treated groups as suggested
by the limited interactive effects obtained with a larger dose of
pregnanolone (3.2 mg/kg) in both groups. Finally, DHEA did not
substitute for ethanol in adult subjects that had been treated with
either saline or ethanol as adolescents and its rate-decreasing effects
were similar in both groups of subjects. Administered in combination
with ethanol, however, a dose of DHEA that substantially decreased
overall rates of responding shifted the ethanol dose–effects curves for
ethanol-lever responding modestly to the right by attenuating the



89O.V. Gurkovskaya, P.J. Winsauer / Pharmacology, Biochemistry and Behavior 93 (2009) 82–90
discriminative effects of a dose smaller than the training dose (i.e.,
0.56 g/kg).

When considered together these results show that adolescent
ethanol administration can have long-term effects on conditioned
behavior, both in the presence and absence of ethanol, and affect the
interaction between ethanol and neuroactive steroids such as pregna-
nolone with overlapping effects. To what extent these effects serve to
facilitate abuse of, or dependence on, alcohol as an adult remains to be
determined. However, what seems to be clear from this and other
research is that adolescent administrationmay set the occasion for adult
abuse and dependence, but adolescent ethanol administration alone
does not appear to be sufficient for producing this response (i.e., abuse
or dependence). Future research will also need to focus on achieving a
greater understanding of ethanol's interaction with the neuroactive
steroids, especially if this understanding could lead to additional
advances in the alcohol field and the development of novel pharma-
cotherapies for alcoholism (Morrow et al., 2001; Ford et al., 2007).
Certainly, data from the present study would suggest that the
androstane steroids are more likely to block the discriminative effects
of alcohol than the pregnane steroids.
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