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Abstract
Recent evidence suggests that GABAA receptor ligands may regulate ethanol intake via effects at
both synaptic and extrasynaptic receptors. For example, the endogenous neurosteroid,
allopregnanolone (ALLO) has a similar pharmacological profile as ethanol, and it alters ethanol
intake in rodent models. Additionally, recent evidence suggests that δ-subunit containing
extrasynaptic GABAA receptors may confer high sensitivity to both ethanol and neurosteroids.
The purpose of the present study was to determine the effects of ganaxolone (GAN; an ALLO
analogue) and gaboxadol (THIP; a GABAA receptor agonist with selectivity for the extrasynaptic
δ-subunit) on ethanol intake, drinking patterns, and bout characteristics in operant and limited
access self-administration procedures. In separate studies, the effects of GAN (0 – 10 mg/kg) and
THIP (2 – 16 mg/kg) were tested in C57BL/6J male mice provided with two-hour access to a two-
bottle choice of water or 10% ethanol or trained to respond for 30 minutes of access to 10%
ethanol. GAN had no overall significant effect on operant ethanol self-administration, but tended
to decrease the latency to consume the first bout. In the limited-access procedure, GAN dose-
dependently decreased ethanol intake. THIP dose-dependently decreased ethanol intake in both
paradigms, altering both the consummatory and appetitive processes of operant self-administration
as well as shifting the drinking patterns in both procedures. These results add to literature
suggesting time-dependent effects of neurosteroids to promote the onset, and to subsequently
decrease, ethanol drinking behavior, and they support a role for extrasynaptic GABAA receptor
activation in ethanol reinforcement.

1. Introduction
The γ-aminobutyric acidA (GABAA) receptor is one target of alcohol (ethanol) in the central
nervous system (CNS; e.g., Kumar et al., 2009; Wallner et al., 2006), and many
pharmacological agents that alter GABAA receptor function have been shown to alter
ethanol intake in preclinical models (e.g., Chester and Cunningham, 2002; Finn et al., 2010).
Additional evidence for a contribution of GABAA receptor signaling to ethanol drinking
behaviors is provided by recent work utilizing site-specific knockdown of select GABAA
receptor subunits. Knockdown of the α1 subunit in the ventral pallidum (Yang et al., 2011)
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and of the α2 subunit in the central nucleus of the amygdala (Liu et al., 2011) significantly
decreased binge alcohol intake. Studies targeting extrasynaptic GABAA receptors found that
knockdown of the α4 (Rewal et al., 2011, 2009) and δ (Nie et al., 2011) subunit in the
nucleus accumbens shell significantly reduced moderate alcohol intake. Collectively, the
available data suggest that GABAA receptors may regulate ethanol intake via effects at both
synaptic and extrasynaptic receptors although the extent of the contribution of each class of
receptors remains unclear.

Alcohol use disorders encompass a class of complex traits and behaviors including alcohol
craving, escalation of alcohol use, tolerance, and development of physical dependence,
making it difficult for animal models to capture the totality of this human disease. Therefore,
it is important to test any potential therapeutic compound across a variety of procedural
paradigms and animal models. Our recent work showed a shift in ethanol drinking patterns
in mice across 24 hrs following administration of gaboxadol (THIP, a GABAA receptor
agonist with selectivity for extrasynaptic receptors containing δ subunits; Chandra et al.,
2006; Herd et al., 2009) and ganaxolone (GAN, a synthetic analogue of the neurosteroid
allopregnanolone, ALLO; Carter et al., 1997); the drinking pattern changes following THIP
and GAN were consistent with the involvement of synaptic and extrasynaptic GABAA
receptors in the modulation of moderate ethanol intake (Ramaker et al., 2011). Thus, the
purpose of the present study was to extend the examination of these two potent modulators
of the GABAA receptor for their effects on limited access ethanol self-administration in two
different paradigms that have been shown to produce physiologically relevant blood ethanol
concentrations (BECs) in mice: operant self-administration and 2-bottle choice limited
access drinking.

The neurosteroid ALLO is the most potent endogenous positive modulator of the GABAA
receptor identified to date (e.g., Belelli and Lambert, 2005), and ALLO levels are increased
in the periphery and brain following ethanol intake or administration (Barbaccia et al., 1999;
Finn et al, 2004; Torres and Ortega 2004, 2003; VanDoren et al., 2000; but also see
Holdstock et al., 2006; Porcu et al, 2010). ALLO has been shown to generalize to the
discriminative stimulus effects of ethanol (Bowen et al., 1999; Grant et al., 1996),
suggesting that the two compounds share similar subjective effects and that ALLO exhibits a
similar behavioral, physiological, and pharmacological profile as ethanol. For instance, both
compounds have anxiolytic, anticonvulsant, sedative-hypnotic, and muscle relaxant
properties (Finn and Gee, 1994; Finn et al., 1997, Gasior et al., 1999). This relationship
suggests that manipulation of neurosteroid levels may alter the reinforcing properties of
ethanol, with subsequent effects on ethanol intake. Indeed, multiple rodent studies have
shown that exogenous ALLO administration biphasically alters voluntary ethanol
consumption (Finn et al., 2010; Ford et al, 2007a, 2005a; Janak et al., 1998; Janak and Gill,
2003; Sinnott et al., 2002). Similarly, administration of the 5α-reductase inhibitor
finasteride, which decreases the metabolism of progesterone to ALLO, has been shown to
decrease ethanol self-administration (Ford et al., 2008, 2005b). The inhibition of ethanol-
induced increases in ALLO production by finasteride or adrenalectomy has also been shown
to block some of the behavioral and physiological properties that normally follow ethanol
administration (e.g., Khisti et al., 2003; Sanna et al., 2004; VanDoren et al., 2000), further
indicating that the increase in ALLO levels following ethanol intake may impact sensitivity
to some of ethanol’s reinforcing and behavioral properties.

One limitation to administering ALLO in an experimental procedure is its short half-life,
which leads to a transient pharmacological effect (T ½ in plasma ~30 minutes in rodents and
peak levels in brain within 10 min; maximum behavioral effect at 15 min post-injection is
reduced to 50% effectiveness at 60–90 min post-injection; Mellon et al., 2008; Kokate et al.,
1994). One way to circumvent this problem is by using GAN, a synthetic analogue with an
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added methyl group that extends the half-life to 3–4 fold that of ALLO, while retaining the
primary neuropharmacological properties of this neurosteroid (Belelli and Herd, 2003;
Carter et al., 1997). Though the research to date is limited, systemic GAN administration has
been shown to alter ethanol consumption in two models of rodent self-administration. The
first used rats in an operant self-administration paradigm (Besheer et al., 2010) and the
second used mice in a 24-hour 2-bottle choice study (Ramaker et al., 2011). These studies
support a similar biphasic effect on ethanol intake to that seen with ALLO, namely an
enhancement of ethanol intake with low doses of the drug and suppression of ethanol intake
with high doses of GAN. Therefore, the first goal of the present studies was to expand on
these earlier findings by examining the effect of GAN on operant and limited access ethanol
self-administration in mice.

The GABAA receptor is a pentaheteromeric chloride channel comprised of a combination of
subunits consisting of α1–6, β1–3, γ1–3, δ, ε, θ, or Π. The specific combination of subunits
that make up the channel alter the pharmacology, physiology, and subcellular localization of
the receptors (e.g., Farrant and Nusser, 2005; Mody and Pearcy, 2004). For example, δ
subunit-containing receptors are thought to occur exclusively outside of the synapse and to
contribute to GABA-mediated tonic inhibition, in contrast to synaptic receptors which are
responsible for phasic inhibition (Nusser et al., 1998). In vitro studies of the effects of
ethanol on extrasynaptic GABAA receptors have produced inconsistent results. Some studies
have shown a highly selective effect of ethanol at δ-subunit containing receptors, while
other studies have been unable to replicate this effect (Borghese et al., 2006; Korpi et al.,
2007; Olsen et al., 2007; Santhakumar et al., 2007). Recent in vivo work has shown that
selectively modulating these extrasynaptic receptors either pharmacologically (Boyle et al.,
1993, 1992; Moore et al., 2007; Ramaker et al., 2011), with viral knockdown (Nie et al.,
2011; Rewal et al., 2011, 2009), or with subunit-specific knockout (Mihalek et al., 2001,
1999) can alter ethanol self-administration, indicating that these receptors may be important
in mediating ethanol’s reinforcing effects.

Evidence shows that although ALLO can potentiate both tonic and phasic inhibition,
extrasynaptic δ subunit-containing receptors may be especially sensitive to ALLO (Belelli
and Lambert, 2005; Brown et al., 2002; Fodor et al., 2005). To better isolate the contribution
of extrasynaptic GABAA receptors to ethanol’s reinforcing effects (which could eventually
elucidate the contribution of each class of receptors to neurosteroid effects on ethanol
intake), the second aim of this study was to utilize THIP, an agonist with selectivity for δ-
subunit containing receptors, to examine the role of enhanced tonic inhibition on operant
and limited access self-administration in mice.

In addition to examining effects on total ethanol intake, the present studies aimed to capture
patterns of drinking that are not reflected by analysis of total consumption alone. In the
current operant self-administration experiment, the use of a response requirement schedule
(see Methods 2.5.1) enabled us to procedurally separate the appetitive and the
consummatory phases of self-administration (e.g., Ford et al., 2007b; Samson et al., 1998).
Further, analysis of bout and bin data in both procedures allowed for the examination of the
shifts in the patterns of drinking and provided further insight into drug-induced effects on
the microarchitecture of the drinking episodes. This may have important therapeutic
relevance as human studies have shown that the pattern of drinking, for example, the size
and frequency of drinking bouts, rather than overall intake, may be more informative when
assessing problems associated with alcohol use and therapeutic efficacy of drugs (Anton et
al., 2004; Boback et al., 2004; Gmel et al., 2001). Thus, the present studies add to the current
literature by providing insight into the regulatory mechanisms in which GAN and THIP alter
ethanol intake.
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2. Materials and Methods
2.1. Animals

Fifty-four C57BL/6J (C57) male mice, approximately 8 weeks of age at the start of
experiments, were used (Jackson Laboratory, Bar Harbor, ME). Twenty-four mice were
single-housed in lickometer chambers (Exp 1; see below) and acclimated to a reverse 12-
hour light: 12-hour dark cycle (lights off at 0600). Thirty mice were pair-housed in standard
shoebox cages (Exp 2; see below) and acclimated to a 12-hour light: 12-hour dark cycle
(lights on at 0600). All mice were provided ad libitum access to rodent chow and water
(except where noted). Experiments were run Monday through Friday, and mice were
weighed and handled daily on those days. All efforts were made to minimize animal
suffering and to reduce the number of mice used. All procedures were approved by the local
Institutional Animal Care and Use Committee and complied with NIH guidelines.

2.2. Drugs
Ethanol (200 proof; Pharmco Products, Brookfield, CT) and sucrose (Sigma-Aldrich
Company, St. Louis, MO, USA) solutions were prepared by dilution in tap water. GAN was
purchased from Dr. Robert Purdy (VA Research Foundation, San Diego, CA) and was
solubilized in a solution of 3% (w/v) dimethyl sulfoxide (DMSO, Mallinckrodt Baker, Inc.,
Paris, KY) and 20% (w/v) 2-hydroxypropyl-β-cyclodextrin (β-cyclodextrin, Cargill Inc.,
Cedar Rapids, IA) in Millipore water. THIP (4,5,6,7-tetrahydroisoxazolo-[5,4-c]pyridine-3-
ol hydrochloride) was purchased from Tocris Bioscience (Ellisville, MO) and dissolved in
saline. Drugs were injected intraperitoneally (i.p) in a volume of 0.01 ml/g body weight.

2.3. Apparatus
Lickometer chambers were used as previously described by our lab (Ford et al., 2008,
2005a, 2005b; Ramaker et al., 2011). Briefly, the chamber was comprised of a 4-walled
plexiglas insert that was positioned on an elevated wire grid floor inside a shoebox cage with
bedding. The insert contained a hinged top and two small holes where the sippers of the
drinking bottles protruded into the cage. The wire floor of the chamber and each sipper
formed an open electrical circuit that was connected to a lickometer device (MED
Associates Inc., St. Albans, VT). Each time the circuit was closed by animal contact, a lick
was recorded for the respective sipper. Lickometers were interfaced to an IBM computer
running MED-PC IV software (MED Associates Inc.) to record time-stamped licks for each
individual animal and each fluid presented.

Operant self-administration sessions were carried out in eight sound and light-attenuating
mouse chambers as described previously (Ford et al., 2007a, 2007b). Each chamber
contained a stainless steel grid floor, house light, 2 retractable levers with a stimulus light
above each one, and a retractable sipper apparatus. The retractable sipper consisted of a 10
ml graduated pipette with a double ball-bearing metal sipper tube. Each metal sipper was
connected to a lickometer circuit, which interfaced to a computer operating with MED-PC
software (Med-Associates Inc.).

2.4. Exp. 1: Two-hour Two-bottle Preference Procedure in Lickometer Chambers
2.4.1. Acclimation—Mice were acclimated to lickometer chambers for 2 weeks where
they had ad libitum access to food and two 50 ml bottles of water. For the rest of the
experiment, the 50 ml water bottles were removed and weighed 1.5 hours into the dark
cycle, the respective injection was given, and 30 minutes later each mouse was given access
to both a 10 ml bottle of a 10% (v/v) ethanol solution (10E) and a 10 ml bottle of tap water
for the next 2 hours. The 10E bottles were counterbalanced between the left and right sides
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across lickometer chambers to minimize the influence of side preference; each individual
animal had its ethanol bottle on the same side for the duration of the experiment to allow
consistent drinking routines to become established. We have used this strategy consistently
in our previous lickometers studies (Ford et al., 2008, 2005a, 2005b; Ramaker et al., 2011).
At the conclusion of the 2 hours of access, fluid consumed was measured (to the nearest
0.05 ml), and the 10 ml bottles were replaced with 50 ml water bottles. To control for
leakage, two control cages were set up with no animals present, and the amount lost from
those bottles was averaged and subtracted from the amount consumed from each bottle.
Mice received 2 hours of access to 10E or water for approximately 5 weeks, and were then
divided into two groups, balanced for their ethanol intake and ethanol bottle side. Starting
during the 8th week, group 1 (GAN group) received daily 20% β-cyclodextrin injections at
30 minutes prior to the session start, while group 2 (THIP group) received daily saline
injections at 30 minutes prior to the session start. Daily 22-hour water intake was also
measured throughout the experiment in order to assess any alterations in overall fluid
balance following drug treatment.

2.4.2. Exp. 1a: GAN—Prior to drug treatment, mice (group 1; n = 12) received 14 days of
i.p. 20% β-cyclodextrin injections in order to habituate them to injection and handling stress.
Mice then received a weekly injection of GAN in 3% DMSO/20% β-cyclodextrin in the
following order: 0 mg/kg, 5 mg/kg, 10 mg/kg, and 0 mg/kg. 20% β-cyclodextrin was given
on all intervening days to maintain stable drinking routines under injection conditions.
Baseline drinking values were calculated by averaging the two vehicle treatment (0 mg/kg,
which contained 3% DMSO/20% β-cyclodextrin) days.

2.4.3. Exp. 1b: THIP—Following 14 days of saline injections, separate mice (group 2; n =
12) were given a weekly injection of THIP in the following order: 8 mg/kg, 4 mg/kg, 2 mg/
kg, and 16 mg/kg. Saline was given on all intervening days. Baseline values (0 mg/kg) were
calculated by averaging the 4 saline days that immediately preceded each THIP treatment
day.

2.5. Exp. 2: Operant self-administration of ethanol or sucrose
2.5.1. Acquisition—Self-administration was assessed with the “sipper” procedure (Ford et
al., 2007b; Samson et al., 1998). For 10 days mice were water restricted for 16 hours
preceding the training sessions and were trained to respond for 10% sucrose (10S) on a
Fixed Ratio (FR) 1 schedule during 60-minute sessions. A response on the “active” lever
resulted in retraction of both levers, the house light turning off and the respective stimulus
light turning on for 5 seconds, and the sipper extending into the chamber for 60 seconds.
Responses on the “inactive” lever were recorded but had no scheduled consequence. The
position of the active lever was counterbalanced between chambers. Sipper access was
reduced from 60 to 30 seconds, and session length was decreased from 60 to 30 minutes
over successive training sessions. After the initial 10 sessions, fluid restriction was lifted and
the FR schedule was gradually increased across sessions until mice were consistently
responding on FR-4. At this point, the animals were divided into two groups. An ethanol-
reinforced group had 10% v/v ethanol (10E) added to the 10S solution and then sucrose was
faded out in a step-wise manner to eventually yield a 10E solution (3 sessions each with
10S/10E, 5S/10E, and 2.5S/10E solutions). The sucrose-reinforced group had the 10S
solution incrementally reduced to eventually yield a 2% sucrose solution (2S; 3 sessions
each with 10S, 7.5S, 5S, 2.5S). Once the final concentration of each reinforcer solution was
reached, the FR schedule was further raised in a step-wise fashion (3–4 sessions each at
FR-4, FR-6, FR-8), and then a Response Requirement (RR) schedule was instituted,
whereby all appetitive responding preceded a consummatory phase that involved 30 minutes
of continuous fluid access. The RR schedule was also raised in a step-wise fashion (3–4
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sessions each at RR-8, RR-10, RR-12, RR-14, RR-16). The final contingency was RR-16,
where mice had up to 20 minutes to make 16 responses on the active lever, followed by 30
minutes of fluid access.

2.5.2. Exp. 2a: GAN—Mice were maintained on the RR-16 schedule for 3 weeks prior to
any treatment to establish baseline drinking. During the third week, they received daily
saline injections at 30 minutes prior to the start of the session to habituate them to handling.
At this time, 9 mice in the 10E group and 14 mice in the 2S group consistently earned the
reinforcer and licked over 100 times per session and were therefore included in the
experiment. Mice who licked less than 100 licks on any baseline or pretreatment days (~
0.25 g/kg) were excluded from statistical analysis as we estimated that this was the
minimum an animal could drink to experience a pharmacological effect of the 10E (Ford et
al., 2007a). Every 2–3 days, all mice received a systemic injection of GAN in 3% DMSO/
20% β-cyclodextrin in the following order: 0 mg/kg, 5 mg/kg, 10 mg/kg, 0 mg/kg. 20% β-
cyclodextrin was given on all intervening days. Baseline data was calculated by averaging
the two vehicle treatment (0 mg/kg) days.

2.5.3. Exp. 2b: THIP—For 2 weeks following the conclusion of the GAN study, the same
mice were weighed and run in a daily session without injections. After 2 weeks, daily saline
injections with a 30 minute pretreatment time were resumed. In the week preceding THIP
treatment and on all saline days, 12 mice in the 10E group and 17 mice in the 2S group
consistently earned the reinforcer and licked over 100 times per session and were therefore
used in the statistical analysis. One day each week, the saline injection was replaced with an
injection of THIP in the following order: 2 mg/kg, 4 mg/kg, and 8 mg/kg. Baseline (0 mg/
kg) data was calculated by averaging the 3 saline days that immediately preceded the THIP
treatment days.

2.6. Blood Ethanol Concentrations
BECs were assessed at the end of the 2-hour lickometer experiment on a drug and vehicle
day for each group (after 5 mg/kg GAN and the final vehicle treatment for group 1; after 4
mg/kg THIP and the final baseline treatment for group 2). A 20 μL sample was taken from
the retro orbital sinus of each mouse. Blood samples were processed according to previously
published methods (Finn et al., 2007). Briefly, each blood sample was added to 500 μL of a
solution containing 4 mM n-propanol (internal standard) in deionized water, vortexed, and
analyzed using head-space gas chromatography. Six pairs of external standards with known
ethanol concentrations (from 0.5 to 3.0 mg/ml) were used in parallel to construct a standard
curve from which unknown concentrations were interpolated. Blood samples were not taken
in the operant mice as these cohorts were especially sensitive to any handling outside of the
daily systemic injections.

2.7. Statistical Analysis
Ethanol intake (g/kg) was calculated based on the ml of 10E solution depleted and the pre-
session body weight of each mouse. Patterns of 10E and water licks, as well as ethanol bout
parameters were recorded using MED-PC IV software, and SoftCR version 4 (MED
Associates, Inc.) was used to access the time-stamped data. A 10E bout was defined as a
minimum of 20 licks with no more than a 60-s pause between successive licks (Ford et al.,
2008, 2005a, 2005b; Ramaker et al., 2011). A similar strategy was used for the analysis of
the 2S data. All statistical analyses were performed using SYSTAT 11. For intake and bout
analysis, a repeated-measures ANOVA was used with dose as the factor. In the event of a
significant main effect, pairwise differences against vehicle were determined by the Fisher’s
Least Significance Difference multiple comparisons test. For bin analysis, a two-way
repeated-measures ANOVA factored by bin and dose was conducted. For bin and bout

Ramaker et al. Page 6

Neuropharmacology. Author manuscript; available in PMC 2013 September 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



analysis, data were excluded from statistical analysis for any animal whose licks/ml fell
outside 2.5 standard deviations from the average across 5 pretreatment days. For all
analyses, statistical significance was set at p ≤ 0.05. Graphs were made using GraphPad
Prism 4 for Windows.

3. Results
3.1. Exp. 1a: Effect of GAN on limited access ethanol intake in lickometer chambers

3.1.1. Intake—On the average of the 2 vehicle days, mice drank 3.39 ± 0.18 g/kg ethanol.
Repeated-measures ANOVA revealed an effect of GAN treatment to significantly alter 10E
intake versus vehicle [F(2,22) = 7.69, p < 0.01]; specifically, 10E intake was significantly
decreased following 10 mg/kg GAN (p < 0.01; Fig. 1A). During the 2-hours of 2-bottle
choice drinking, mice exhibited strong preference for the ethanol solution (>97% ethanol
preference on all days). Two-hour water intake measurements were: 0.02 ± 0.01 ml (39 ± 13
licks) following 0 mg/kg GAN, 0.03 ± 0.01 ml (22 ± 7 licks) following 5 mg/kg GAN, and
0.02 ± 0.01 ml (32 ± 9 licks) following 10 mg/kg GAN. Because 2-hour water intake was
negligible and below the level of reliable detection, statistical analyses were not performed
on these data and they could not be used as a measurement of non-specific effects on fluid
intake. There was a dose effect of GAN on 22-hour water intake [F(2,22) = 4.13, p < 0.05],
with a slight increase following both doses (Table 1). BECs at the end of the 2 hr limited
access session were 1.37 ± 0.17 mg/ml after DMSO vehicle and 1.22 ± 0.17 mg/ml after 5
mg/kg GAN. There was a significant positive correlation between BEC and g/kg consumed
(r = 0.61, n = 24, p = 0.001; data not shown).

3.1.2 Bin analysis—Seven data points (out of 48) throughout the entirety of the
experiment were removed from bin and bout analysis due to discordances in licks per ml
correlation. For the remainder of the animals, licks and g/kg intake were highly correlated
across all treatment days (Pearson’s r ranged from 0.86 to 0.95; p ≤ 0.001 for all days; data
not shown). There was a dose-dependent effect of GAN on total 10E licks [F(2,16) = 12.17,
p = 0.001; Table 1], consistent with the g/kg data. To better understand the pattern of ethanol
intake, we examined lick patterns by sorting the data into 20-minute bins (Fig. 1B). There
was a dose effect of GAN, consistent with the overall lick data, and no treatment by time
interaction, suggesting that the GAN-induced decreases in 10E intake were consistent
throughout the 2 hour time period (dose effect: [F(5,40) = 4.37; p < 0.01]). Based on our a
priori hypothesis that GAN and ALLO would promote the onset of drinking, even when
there was no change or a decrease in overall intake (Ford et al., 2005a; Ramaker et al., 2011,
Sinnott et al, 2002), we examined the first 20 minutes of the session, split into 5-minute
bins. The main effect of GAN dose did not reach statistical significance across the first 20-
minute bin and there was no significant dose by bin interaction (data not shown), suggesting
that GAN did not differentially alter intake across the first 20 minute bin.

3.1.3. Bout analysis—Analysis with ANOVA revealed a trend for GAN to decrease bout
frequency [F(2,16) = 3.29, p =0.06], suggesting that the decrease in intake was primarily due
to a 20% reduction in the number of bouts. There was no significant effect of GAN on
latency to first bout, latency to first lick, first bout size, average bout size, average lick rate,
average bout length, or average inter-bout interval (IBI; see Table 1).

3.2. Exp. 1b: Effect of THIP on limited access ethanol intake in lickometer chambers
3.2.1. Intake—In the absence of THIP treatment (average of 4 baseline days), mice drank
an average of 3.08 ± 0.21 g/kg over the 2-hour period. THIP dose dependently decreased 2-
hour 10E intake [F(4,44) = 31.63, p < 0.001; Fig. 2A]. During the 2-hours of 2-bottle choice
drinking, mice exhibited strong preference for the ethanol solution (>98% ethanol
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preference on all days). Water intake was: 0.013 ± 0.005 ml (65 ± 18 licks) following 0 mg/
kg THIP, 0.001 ± 0.001 ml (36 ± 13 licks) following 2 mg/kg THIP, 0.004 ± 0.009 ml (62 ±
19 licks) following 4 mg/kg THIP, 0.008 ± 0.006 ml (106 ± 46 licks) following 8 mg/kg
THIP, and 0.004 ± 0.004 ml (27 ± 14 licks) following 16 mg/kg THIP. As in the GAN
study, water intake was below the level of reliable detection, and therefore not used in
statistical analyses. There was a dose dependent increase in the 22-hour water intake
following the conclusion of the 2-hour drinking session after THIP administration [F(4,44) =
2.53, p = 0.05; Table 2]. BECs upon the conclusion of a limited access session were 1.25 ±
0.21 mg/ml after one saline day and 0.98 ± 0.17 mg/ml after 4 mg/kg THIP. There was a
significant positive correlation between BEC and g/kg consumed (r = 0.80, n = 24, p <
0.001; data not shown).

3.2.2. Bin analysis—Four data points (out of 84) throughout the entirety of the
experiment were removed from bin and bout analysis due to discordances in licks per ml
data. For the remaining data points, there was a significant correlation between licks and g/
kg on each baseline and drug day (Pearson r’s ranged from 0.76 to 0.95; p ≤ 0.01 for all
days; data not shown). There was a dose-dependent effect of THIP on total 10E licks
[F(4,36) = 10.29, p < 0.001; Table 2], consistent with the g/kg intake data. To better
understand the pattern of ethanol intake, we examined lick patterns by 20-minute bins (Fig.
2B). Examining the data in 20-minute bins revealed a significant dose by bin interaction
[F(20,180) = 1.65, p < 0.05]. Main effect analysis showed a significant effect of dose during
bins 1 (minutes 0–20, p < 0.001), 2 (minutes 20–40, p < 0.001), 3 (minutes 40–60, p =
0.001), 4 (minutes 60–80, p = 0.05), and 6 (minutes 100–120, p = 0.005). Post hoc tests
revealed that the 16 mg/kg THIP dose exerted a suppressive effect on 10E intake across bins
1–4. The 8 mg/kg THIP dose significantly decreased 10E intake during bin 1. There was a
trend for an increase in licks during bin 1 with the 4 mg/kg THIP dose, and this dose
significantly decreased licks during bin 4. Further analysis of the first 20 minutes examined
by 5-minute intervals revealed a bin by dose interaction [F(12,108) = 2.19; p < 0.005]. Post
hoc analysis revealed a dose effect during the first 5 minutes [F(4,36) = 6.91, p < 0.001]
with 8 m/kg (p < 0.01) and 16 mg/kg (p < 0.001) significantly decreasing licks. There was
also a dose effect during minutes 10–15 [F(4,36) = 3.28, p < 0.001] with a trend for a
decrease in licks at 8 mg/kg (p = 0.10) and 16 mg/kg THIP (p = 0.08; data not shown).

3.2.3. Bout analysis—Following treatment with 16 mg/kg THIP, 5 mice did not drink a
complete bout so their lick data was removed from all bout analysis (except bout frequency).
THIP significantly increased latency to first 10E lick [F(4,20) = 34.38, p < 0.001] and
latency to first 10E bout [F (4, 20) = 35.57, p < 0.001; Table 2]. The 16 mg/kg THIP dose
increased latency to first lick and first bout and caused some noticeable sedative effects.
Interestingly, 8 mg/kg THIP increased latency to first bout but had no effect on latency to
first lick (Table 2), suggesting a lack of a confounding sedative effect. Further, 4 mg/kg
THIP led to no change in latency to first bout, and a trend for a decrease in latency to first
lick, again indicating a lack of a sedative effect at this dose. THIP significantly altered bout
frequency [F (4, 36) = 17.50, p < 0.001] and IBI [F(4,20) = 5.92, p < 0.001]. There was no
effect of THIP on average bout size, average bout length, lick rate, or first bout size.

3.3. Exp. 2a: Effect of GAN on operant self-administration of ethanol or sucrose
Pretreatment intakes were 0.70 ± 0.03 g/kg ethanol and 0.40 ± 0.03 g/kg sucrose for the
10E-and 2S-reinforced mice, respectively. Analyses of the 10E-reinforced mice indicated
that GAN did not affect 10E intake to the level of significance, but caused a slight dose-
dependent increase in intake (Fig. 3A); 5 mg/kg GAN increased 10E intake by 21% and 10
mg/kg GAN increased 10E intake by 33%. Latency to reinforcer (Fig. 3B) was decreased by
25% and 43% with 5 mg/kg and 10 mg/kg GAN, but this did not reach the level of
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significance. There was, however, a trend for GAN to decrease latency to first bout [F(2,16)
= 2.65, p = 0.10; Table 3], consistent with a modest increase in the initiation of drinking.
GAN also significantly reduced IBI [F(2,12) = 5.91, p < 0.05]. There was no effect of GAN
on average bout size, first bout size, average lick rate, bout frequency, or average bout
length.

Analyses of the 2S-reinforced mice indicated that GAN significantly altered 2S intake
[F(2,26) = 4.83, p < 0.05]. However, no dose was significantly different than vehicle; 5 mg/
kg GAN decreased 2S intake by 11%, whereas 10 mg/kg GAN increased 2S intake by 12%
(Fig. 3A). There was a dose-dependent effect of GAN to decrease the latency to acquire the
reinforcer [F(2,26) = 9.14, p = 0.001], which was decreased by 55% and 64% with 5 mg/kg
and 10 mg/kg GAN, respectively (Fig. 3B). Similar to the effect on latency to acquire the
reinforcer, GAN pretreatment decreased latency to the first bout [F(2,26) = 6.46, p < 0.01]
and increased first bout size [F(2,26) = 4.604, p < 0.05], consistent with an enhancement in
the initiation of drinking (see Table 3). There was also a significant effect of GAN on bout
frequency [F(2,26) = 6.46, p < 0.01]. There was no effect of GAN on average bout size, lick
rate, IBI, or average bout length.

3.4. Exp 2b: Effect of THIP on operant self-administration of ethanol or sucrose
Pretreatment intakes were 0.81 ± 0.08 g/kg ethanol and 0.41 ± 0.03 g/kg sucrose in the 10E-
and 2S- reinforced mice, respectively. For both groups of mice, there was a dose-dependent
effect of THIP on appetitive responding, which prevented some mice from attaining the
reinforcer (see Table 4).

For the mice that earned the reinforcer, THIP also altered the consummatory phase of 10E
self-administration; THIP dose dependently reduced g/kg 10E intake [F(2,18) = 16.49 p <
0.001; Fig. 4A]. The 12% decrease in intake following 2 mg/kg THIP was not significant,
but 4 mg/kg THIP significantly decreased 10E intake by 38%. THIP also produced a dose
dependent increase in the latency to acquire the 10E reinforcer [F(2,18) = 10.94, p = 0.001;
Fig. 4B] and in latency to first bout [F(2,16) = 16.08, p < 0.001; Table 4]. The decrease in
10E intake could not be attributed to one specific parameter, but there was a trend for THIP
to decrease first bout size [F(2,18) = 2.89; p = 0.08; Table 4]. There was no effect of THIP
on average bout size, bout frequency, average lick rate, average bout length, or IBI.

Intake of 2S was also significantly altered by THIP [F(2,26) = 9.39, p = 0.001; Fig. 4A],
with post-hoc tests revealing that 4 mg/kg THIP significantly decreased 2S intake by 29%.
For the mice that earned the reinforcer, THIP significantly increased latency to acquire the
reinforcer [F (2,26) = 6.44, p = 0.001; Fig. 4B] and latency to first bout [F (2,26) = 5.39, p <
0.01; Table 4]. The decrease in intake appeared to be due to a decrease in average bout size
[F (2,26) = 7.02, p < 0.01]. THIP also exerted significant effects on IBI [F(2,26) = 7.02, p <
0.01], first bout size [F(2,26) = 6.39; p < 0.01], and bout frequency [F(2,26) = 4.10, p <
0.05]. There was no effect of THIP on average bout length or lick rate.

4. Discussion
The current study demonstrates that a neurosteroid analogue (GAN) and a GABAA receptor
agonist with selectivity for extrasynaptic receptors (THIP) alter ethanol self-administration
in mice, as measured with limited-access 2-bottle choice and operant self-administration
paradigms. These studies expand on the existing literature by providing analysis of lick
patterns and shifts in drinking patterns following administration of GAN and THIP, as well
as providing insights into the appetitive and consummatory contributions of these drugs to
ethanol self-administration.
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Previous studies have shown a biphasic effect of ALLO on ethanol intake under limited
access procedures; that is, low physiologically relevant doses of ALLO increased ethanol
intake while supraphysiological doses of ALLO decreased ethanol intake (e.g., Finn et al.,
2010; Ford et al., 2007a, 2005a, Janak et al., 1998). Besheer et al. (2010) reported a similar
biphasic effect of GAN on operant self-administration in rats trained on a concurrent FR
schedule. They found that 1 mg/kg and 3 mg/kg GAN produced a non-significant increase in
ethanol intake (g/kg estimated by number of reinforcers) of 62% and 25%, respectively.
Whereas the 10 mg/kg GAN dose produced a non-significant decrease in ethanol intake of
30% (Besheer et al., 2010), we found that 10 mg/kg GAN caused a significant 18% decrease
in 2 hr ethanol intake in the present study. This pattern of decrease in ethanol consumption is
consistent with data from a continuous access study in mice, where the 10 mg/kg GAN dose
significantly decreased ethanol intake during the 2nd and 3rd hour of ethanol access
(Ramaker, et al, 2011). Besheer and colleagues (2010) also found that 30 m/kg GAN
significantly decreased ethanol intake by 87%, but that it also produced a motor-impairing
effect. Thus, in order to prevent the motor impairment seen at high doses, the present studies
used a more restricted dose-response range. Lick analysis at these doses revealed an effect of
GAN throughout the entire 120 minute period, consistent with similar but extended actions
as previously reported following ALLO administration (Ford et al., 2005a). A previous
lickometer study using ALLO found that high doses of ALLO primarily decreased intake via
reductions in bout frequency (Ford et al., 2005a). In the current study there was a trend for a
reduction in bout frequency following GAN administration and a slight increase in time
between bouts. These findings are consistent with our earlier work with ALLO and suggest
that the significant decrease in 10E intake following GAN was primarily due to a 20%
reduction in the number of bouts.

It should be noted that within the current 30 min operant self-administration sessions,
ethanol intake was modestly increased by administration of 5 and 10 mg/kg doses of GAN
(↑ 21% and 32%, respectively). This result is consistent with the significant increase in
ethanol intake during the 1st hour of continuous ethanol access (Ramaker et al., 2011).
Interestingly, previous studies have shown that ALLO promotes the initiation of drinking
even at doses that produce no change or decreases in overall 2 hr ethanol intake (Ford et al.,
2007a, 2005a; Ramaker et al., 2011). For example, our early work (Sinnott et al., 2002)
found that ALLO injections in mice led to an increase in ethanol intake in the first hour of
access and a decrease in the second hour. Likewise, our subsequent study that utilized
lickometers (Ford et al., 2005a) revealed that ALLO exerted a biphasic and time-dependent
effect on ethanol intake, with increases in ethanol intake primarily observed within the first
60 min of ethanol access (and in most cases, within the first 20 min of access). With this in
mind, the slight increase in ethanol intake in the 30-minute operant session is therefore
consistent with only capturing the initial increase in ethanol intake. In harmony with this
idea was the current findings in the operant procedure that GAN trended to decrease latency
to first bout, and appeared to modestly increase the appetitive drive to consume ethanol, as
seen by a non-significant 25% and 43% decrease in time to acquire the reinforcer with 5 and
10 mg/kg GAN, respectively.

In addition to the different lengths of ethanol access in the current experiments, it is also
possible that the different times of testing within the light/dark cycle contributed to the
seemingly differing effects of GAN between the two current experimental paradigms.
Analysis of the circadian rhythm of ALLO and other neurosteroids has shown that brain
levels peak at the start of the dark cycle in rodents (Corpéchot et al., 1997). Because the
limited-access experiment was conducted during the early phase of the circadian dark cycle
(which should correspond to higher endogenous levels), it is possible that the addition of
exogenous GAN produced the equivalent of supraphysiological levels of neurosteroid with a
resultant decrease in 10E intake (Finn et al., 2010; Ford et al., 2005a). However, the operant
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experiment was run during the light cycle when endogenous ALLO levels should be at their
lowest. Although speculative, the addition of exogenous GAN at this time point may have
resulted in neurosteroid levels on the ascending portion of the biphasic dose and time
response curve. Thus, it is possible that the divergent time of testing during the circadian
cycle and interaction with fluctuations in endogenous neurosteroid levels, as well as the
different length of experimental sessions, contributed to the dissimilar direction of GAN’s
effect on 10E intake. Overall, the present results with GAN in two different procedures and
lengths of ethanol access, in conjunction with existing information on the effects of GAN
and ALLO on ethanol intake, provide strong support for time-dependent effects of
neurosteroids to promote the onset, and to subsequently decrease, ethanol drinking behavior.

Research examining the role of extrasynaptic GABAA receptors in ethanol sensitivity and
reinforcement has produced inconclusive results. Some in vitro studies suggest that these
extrasynaptic receptors exhibit enhanced sensitivity to ethanol, while others have failed to
show a direct action of physiologically-relevant levels of ethanol (Borghese et al., 2006;
Korpi et al., 2007; Olsen et al., 2007; Santhakumar et al., 2007). The δ-subunit is thought to
occur primarily outside of the synaptic space (Nusser et al., 1998), making it a potential
target of pharmacological intervention to exclusively alter tonic inhibition. δ-subunit
knockout mice show decreases in ethanol self-administration and preference, a decrease in
ethanol’s anticonvulsant effect, and decreases in neurosteroid sensitivity (Mihalek et al.,
2001,1999), indicating that the δ-subunit may be important for some of the reinforcing and
behavioral properties of both ethanol and neurosteroids. Because ALLO and GAN can act at
both synaptic and extrasynaptic GABAA receptors, experiments with THIP aimed to isolate
the effects on ethanol intake that were specific to extrasynaptic GABAA receptors. If both
THIP and GAN altered the microarchitecture of ethanol intake in a similar manner, this
would provide some indirect evidence that neurosteroids were altering ethanol intake via an
action at extrasynaptic GABAA receptors.

There have been contradictory results related to the effects of THIP on ethanol self-
administration. Early work (Boyle et al., 1993, 1992) found that 16 mg/kg THIP increased
the acquisition and intake of ethanol in male Long Evans rats. We recently found that 8 and
16 mg/kg THIP significantly decreased ethanol intake in C57BL/6J mice during the first 5
hrs of a continuous access procedure (Ramaker et al., 2011). A decrease in 1 hr binge
ethanol intake following 8 and 16 mg/kg THIP also was reported in C57BL/6J mice (Moore
et al., 2007). The current limited-access study showed no effect on 2 hr ethanol intake with 2
or 4 mg/kg THIP, and a decrease in intake with 8 and 16 m/kg THIP, while the current
operant self-administration study revealed a significant decrease in ethanol intake following
administration of 4 mg/kg THIP (and as mentioned previously, administration of 8 mg/kg
resulted in only a small subset of mice gaining access to the sipper). The effect of the high
THIP doses (e.g., 8 & 16 mg/kg) to suppress ethanol intake in various mouse models is
therefore consistent across studies. Since the 4 mg/kg THIP dose only decreased operant
ethanol self-administration, it is possible that the instrumental responding that was required
to gain access to the ethanol solution enhanced the sensitivity to the behavioral effects of
this dose of THIP. Certainly, the 38% decrease in ethanol self-administration corresponded
to a 192% increase in the latency to acquire the reinforcer and a 238% increase in the
latency to complete the first ethanol bout.

One potential explanation for this sensitivity shift between experiments is that local levels of
GABA and extrasynaptic receptor density can alter the potency of THIP and neurosteroids
(Houston et al., 2012). Thus, although speculative, it is possible that the different
experimental parameters (i.e., instrumental versus free access) employ slightly divergent
brain regions and neural networks and that local differences in GABA levels or receptor
density may contribute to differences seen in sensitivity to drugs across paradigms. Another
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potential explanation for the variation between procedures in the effect of the 4 mg/kg THIP
dose may be a shift in the dose-response curve due to differences in sensitivity to
pharmacological manipulation across intake levels. Importantly, at the end of the 2 hr
lickometer study, mice achieved physiologically relevant BECs of > 100 mg/dl that are
associated with the criteria for binge drinking (i.e., > 80 mg/dl), whereas data from our
laboratory suggest that BECs likely would be much lower following a 30 min operant self-
administration session (e.g., average BECs of 30 or 37 mg/dl, range of BECs from 0 – 107
mg/dl; Ford et al., 2007a, 2007b). Further work is necessary to elucidate shifts in sensitivity
between paradigms, but together, the current studies corroborate earlier findings of a
suppressive effect of THIP on ethanol intake and support a role for the involvement of
extrasynaptic GABAA receptors in ethanol reinforcement.

One of the advantages of the current experiments was the ability to examine bouts of
consumption and individual lick patterns that have not been represented in previous
paradigms that merely measure overall intake. Additionally, the RR schedule contingency
provided insight into the appetitive and consummatory processes and their respective
contributions to changes in ethanol intake. Specifically, in the limited access study, the
latency to first bout was increased following 8 and 16 mg/kg THIP, indicating a decrease in
the initiation of drinking following THIP treatment. Also, latency to acquire the reinforcer
(and also latency to first bout) was increased by 4 mg/kg THIP in the operant study.
Together these studies indicate that the decreases in intake following THIP in the current
procedures may be partly explained by THIP’s effect to decrease the appetitive drive to
consume ethanol, as well as to decrease the onset of ethanol consumption.

Potential complications that arise with the use of GABAA receptor-specific drugs involve
sedative and non-specific motor effects that may confound interpretations of effects on
ethanol drinking behavior. We deliberately limited our range of GAN doses to test, based on
locomotor suppressive effects that were reported following 30 mg/kg GAN (Besheer et al.,
2010). With regard to THIP, ataxia has been reported following 5 mg/kg THIP in CF1 mice
(Madsen et al., 2011), while another study showed an effect of THIP on ataxia after 10 and
30 mg/kg, but not 5 mg/kg THIP (Herd et al., 2009). In the present studies, locomotor
activity was not directly measured, and low baseline responding on the inactive lever (<1 per
animal per session) precluded its use as a tool to assess non-specific motor effects, so we
cannot exclude an effect of THIP-elicited motor impairment on the intake of ethanol in the
operant paradigm. However, given that there was no effect on latency to first lick following
8 mg/kg THIP and a trend for a decrease in latency to first lick at 4 mg/kg THIP, it is
unlikely that the decrease in intake in the lickometer experiment was confounded by
locomotor suppression at either of these doses. On the other hand, administration of the 16
mg/kg THIP dose caused observable sedative effects that likely contributed to the decrease
in ethanol intake.

Another consideration in the interpretation of the THIP data is whether the doses employed
produced concentrations that would selectively activate extrasynaptic GABAA receptors. In
the present study, injections of 16 mg/kg THIP caused a strong sedative effect and likely led
to activation of both synaptic and extrasynaptic receptors, consistent with data showing that
15 mg/kg THIP caused ataxia, analgesia, and sedation in both wild-type and δ-subunit
knockout mice (Chandra et al., 2006). On the other hand, injections of THIP doses of up to
10 mg/kg in rats produced peak CNS levels within minutes, and levels were in the low
micromolar range by 30 minutes post-injection (Cremers and Ebert, 2007). Given that these
low micromolar THIP concentrations (2–5 μM) act very selectively, if not exclusively, at δ-
containing receptors (Stórustovu and Ebert, 2006), we are confident that the 2 – 8 mg/kg
doses of THIP that were employed in the present study exerted selective effects at
extrasynaptic GABAA receptors. Importantly, these studies extend existing information to
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indicate that doses of THIP that act preferentially at extrasynaptic GABAA receptors
modulate ethanol intake in multiple paradigms, including a 24-hour access and limited-
access 2-bottle choice procedure, a single bottle drinking in the dark procedure, and operant
self-administration procedure (Moore et al., 2007; Ramaker et al., 2011).

One important consideration in studying drugs that affect ethanol intake is the
generalizability to other calorie containing solutions or to sweetened solutions. In the present
operant self-administration study, GAN appeared to enhance the appetitive phase of sucrose
self-administration, based on the significant decrease in the latency to access the reinforcer.
While sucrose intake was not systematically affected by GAN in the present study, a study
in NSA mice found a biphasic effect of GAN on sucrose intake (↑ with a 4 mg/kg dose, no
change with 8 mg/kg, and ↓ at a 16 mg/kg dose, Vanover et al., 2000). Thus, use of a larger
range of doses in the present study may have revealed significant effects on sucrose intake.
None the less, this is the first study directly comparing the effect of GAN on ethanol
reinforcement to that of a non-drug natural reinforcer. Similarly, there is also conflicting
evidence on the specificity of ALLO to alter intake of sucrose and saccharin, which may be
influenced by species differences (rat versus mouse), procedural differences (operant versus
2-bottle choice), or availability of a concurrent reinforcer (Janak and Gill 2003; Sinnott et
al., 2002). There is some evidence to suggest that local increases in GABA concentration
and administration of GABAA receptor agonists stimulate feeding behavior, so the
nonspecificity of drugs that potentiate the release of GABA could be due to stimulation of
systems that trigger increases in caloric intake. Since sucrose has a caloric value similar to
that of ethanol, potentiation of the GABAA receptor could be partially responsible for the
non-specific effects on both ethanol and sucrose intake (Kelley et al., 2005; Stratford and
Kelley, 1997). Similarly, the effect of THIP to decrease intake in the present study was not
specific to ethanol reinforcement, as intake of sucrose and latency to acquire the sucrose
reinforcer were altered by THIP in a comparable manner to that of ethanol. Consistent with
this, Moore et al. (2007) also found that 8 and 16 mg/kg THIP decreased 1-hour water intake
in mice. To our knowledge, this is the first study examining the generalizability of THIP to
intake of a sweetened reinforcer. However, data following brain region-specific knockdown
of extrasynaptic GABAA receptor subunits (i.e., α4 and δ) have illustrated that the subunit
knockdown produced a selective decrease in ethanol intake that did not extend to sucrose
intake in rats (Nie et al., 2011; Rewal et al., 2011, 2009). Clearly, further studies examining
the specificity of the regulatory role of extrasynaptic GABAA receptors in ethanol versus
general reinforcement are necessary.

4.1. Conclusions
The present results add to an abundance of data showing a relationship between neurosteroid
levels, ethanol reinforcement and ethanol-induced behaviors. Further, these data corroborate
a growing body of literature suggesting that extrasynaptic GABAA receptors may be an
important target of ethanol and may regulate ethanol intake. Further investigation into the
contribution of neurosteroids and extrasynaptic GABAA receptors to the reinforcing
properties of ethanol are necessary. GAN is currently in phase II clinical trials for treatment
of convulsions and post-traumatic stress disorder. Until recently, THIP was in phase III
clinical trials for use as a treatment for insomnia, but it currently is in a phase II clinical
trials as a combination therapy with escitalopram in major depressive disorder. Therefore,
continued investigation of these (or similarly acting) drugs as possible therapeutic agents is
valuable. A more complete profile of the manner in which GAN and THIP affect ethanol
reinforcement and intake in various preclinical models could lead to novel therapeutic
strategies for the treatment of alcohol use disorders.
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Highlights

• THIP dose dependently decreased ethanol intake in two drinking paradigms in
C57BL/6J male mice.

• Ganaxolone shifted the pattern of drinking and time and dose-dependently
altered ethanol intake.

• GABAA receptors may regulate ethanol intake at both synaptic and
extrasynaptic receptors.
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Figure 1.
Effect of ganaxolone (GAN) on 2 hour intake of 10% ethanol (10E), measured in A) g/kg
and as B) number of licks per 20-minute bin. The 0 mg/kg treatment is the average of two
vehicle injections. Values represent the mean ± SEM for 12 mice. **p < 0.01 versus within-
subjects vehicle.
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Figure 2.
Effect of gaboxadol (THIP) on 2 hour intake of 10% ethanol (10E), measured in A) g/kg and
as B) number of licks per 20-minute bin. The 0 mg/kg treatment is the average of the four
saline days that immediately preceded a drug day. Values represent the mean ± SEM for 12
mice. +p < 0.10, *p < 0.05, **p < 0.01, ***p < 0.001 versus within-subjects vehicle.
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Figure 3.
Effect of ganaxolone (GAN) on 30 minute operant self-administration of 10% ethanol (10E)
or 2% sucrose (2S), measured in A) g/kg. B) The effect of GAN on latency to complete the
RR-16 and acquire access to the reinforcer is shown in seconds. Values represent the mean ±
SEM for 14 mice (10E) and 9 mice (2S). *p < 0.05, **p < 0.01 versus within-subjects
vehicle.
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Figure 4.
Effect of gaboxadol (THIP) on 30 minute operant self-administration of 10% ethanol (10E)
or 2% sucrose (2S), measured in A) g/kg. B) The effect of THIP on latency to complete the
RR-16 and acquire access to the reinforcer is shown in seconds. Values represent the mean ±
SEM for 17 mice (10E) and 12 mice (2S) following vehicle (see Table 4 for n/group
following each dose of THIP). *p < 0.05, **p < 0.01, ***p < 0.001 versus within-subjects
vehicle.
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Table 1

Effects of ganaxolone (GAN) on bout parameters for 2 hr limited access consumption of 10% ethanol (10E).

DOSE GAN 0 mg/kg 5 mg/kg 10 mg/kg

2-hr 10E licks 1322 ± 91 1043 ± 94** 886 ± 93***

22-hr water intake (ml) 3.25 ± 0.2 3.85 ± 0.2* 3.58 ± 0.2+

Latency to first lick (min) 1.7 ± 0.7 4.7 ± 3.9 3.4 ± 2.3

Latency to first bout (min) 2.5 ± 1.1 4.7 ± 3.9 7.7 ± 4.4

First bout size 152 ± 23 133 ± 15 177 ± 20

Ave bout size 113 ± 6 116 ± 10 108 ± 17

Bout frequency 12.1 ± 1.1 9.6 ± 1.2 9.5 ± 1.7

Ave lick rate (licks/min) 366 ± 16 346 ± 21 324 ± 24

Ave bout length (s) 34.7 ± 4 34.0 ± 5 35.0 ± 8

IBI (min) 10.8 ± 1.0 14.8 ± 3.0 14.1 ± 1.9

Values represent the mean ± SEM for mice depicted in Fig. 1.

First and average bout size = licks/bout; bout frequency = bouts/session; IBI = interbout interval.

+
p < 0.10,

*
p < 0.05,

**
p < 0.01,

***
p < 0.001 versus within-subjects vehicle.
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