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Abstract

GABA receptor systems have long been implicated in alcoholism, and GABAergic drugs have demonstrated efficacy in altering alcohol intake
in some rodent models. The present study was designed to assess the effects of baclofen, muscimol, and gaboxadol (THIP) in a variation on a new
mouse model of binge-like ethanol intake. Three hours into their dark cycle, male and female C57BL/6J mice were given access to a 20%
unsweetened ethanol solution for 2 h each day, for four days. On day five, mice received varying doses of baclofen, muscimol or THIP and were
allowed access to 20% ethanol for 60 min. Baclofen dose-dependently increased binge-like ethanol intake, while both muscimol and THIP
reduced ethanol intake. Subsequent studies testing the effect of baclofen, muscimol and THIP on water intake using the same procedure revealed
that whereas baclofen had no significant effect, muscimol and THIP both reduced the measure. These results add to the growing literature
suggesting a role for GABA receptor systems in the modulation of ethanol intake. However, whereas the role of GABAB receptor systems seems
selective in the modulation of binge-like ethanol intake, the role for GABAA receptor systems appears to also extend to general fluid intake.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Alcoholism is a chronic disease that affects many individuals
and their families. One potential treatment for patients with
alcoholism is pharmacological intervention, and the gamma-
aminobutryic acid (GABA) receptor system is a promising target
for the treatment of the disease. However, a good animal model is
necessary to identify potential drugs for this purpose. The gold
standard for assessment of alcohol (ethanol) intake has been the
two-bottle choice model in which animals are given a choice
between an ethanol solution (generally in concentrations between
3 and 15%) or water over a twenty-four hour period. In this model,
C57B/6J inbred mice typically exhibit a preference for ethanol,
consuming most of their daily fluids from the ethanol solution.
However, there is wide variability in the blood ethanol concentra-
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tions (BECs) achieved over the course of the 24 hour period, and
mice rarely consume enough ethanolwithin a specified time period
to produce pharmacologically relevant BECs (Dole and Gentry,
1984). It is difficult to determine whether the mice ever drink
intoxicating amounts of ethanol (Dole and Gentry, 1984).

Recently, a new mouse model was developed by Rhodes
et al. (2005, 2007) called drinking in the dark (DID). This model
uses the C57BL/6J mouse, and takes advantage of the nocturnal
nature of this species by allowing the mice a limited access (2 or
4 h) to an unsweetened 20% ethanol solution at their peak
period of arousal, 3 h into the dark cycle. Using the DID model,
mice consistently drink to pharmacologically relevant BECs
that produce behavioral impairment (Rhodes et al., 2005, 2007).
DID may provide a useful means by which to screen potential
pharmaceuticals in the treatment of alcoholism (Kamdar et al.,
2007). Naltrexone, an opioid antagonist, has been demonstrated
to reduce relapse in human alcoholics (Volpicelli et al., 1992).
When tested for its effectiveness at modulating DID, the drug
reduced ethanol intake (Kamdar et al., 2007), an effect that
appeared to be specific to ethanol because it did not reduce
intake of sugar water or plain tap water.
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The GABA receptor system, the primary mediator of
inhibitory neurotransmission in the mammalian central nervous
system, has emerged as a potential target for pharmacological
intervention in drug abuse and dependence, and is clearly an
important receptor system underlying the effects of alcohol. The
role of GABA systems in the behavioral and pharmacological
effects of ethanol has been of particular interest. Genetic linkage
studies have consistently associated GABA systems with risk for
alcoholism in human populations (Korpi and Sinkkonen, 2006),
and clinical studies have demonstrated that GABAergic com-
pounds can alter ethanol intake in human alcoholics (Heilig and
Egli, 2006).

Two unique GABA receptor subsystems have been identi-
fied (Hill and Bowery, 1981). GABAA receptors are ionotropic
receptors that regulate chloride channels. In contrast, GABAB

receptors are metabotropic receptors that regulate potassium or
calcium conductance. Ethanol facilitates GABAA receptor
function by enhancing chloride conductance through the
channel. Both GABAA and GABAB receptor systems have
become targets for the treatment of alcoholism. However,
pharmacological studies examining the actions of both GABAA

and GABAB drugs on rodent ethanol self-administration or
intake have produced mixed results.

GABAA agonists have been demonstrated to both increase
and decrease ethanol intake. For example, the GABAA agonist
calcium acetylhomotaurine was shown to significantly reduce
voluntary ethanol intake (Boismare et al., 1984), and the
GABAA agonist muscimol was shown to decrease responding
for ethanol in an operant paradigm with 10% ethanol as the
reinforcer (Hodge et al., 1995). However, the agonist THIP was
instead shown to increase voluntary ethanol intake relative to
controls in a two bottle choice paradigm (Boyle et al., 1992,
1993; Smith et al., 1992). GABAA antagonists have been shown
to reverse the attenuating effects of calcium acetylhomotaurine
and muscimol when administered concurrently (Boismare et al.,
1984; Hodge et al., 1995). However, the opposite effect on
intake is observed when the GABAA antagonist bicuculine is
administered alone; it reduces responding for ethanol at high
doses (Boismare et al., 1984).

The picture for GABAB receptor modulation of ethanol self-
administration and intake has also been complicated. The
GABAB agonist baclofen has been reported to reduce ethanol
self-administration in rodents (Besheer et al., 2004; Anstrom
et al., 2003; Colombo et al., 2003; Janak and Gill, 2003; Liang
et al., 2006; Walker and Koob, 2007), and oral ethanol intake
(Stromberg, 2004; Colombo et al., 2000) as well as withdrawal
severity in alcohol preferring P rats (Colombo et al., 2000).
However, others have reported that systemic administration of
baclofen instead increases ethanol administration and intake
(Smith et al., 1999, 1992; Petry, 1997; Czachowski et al., 2006).

The goal of the present study was to investigate the effects of
several GABAergic compounds on ethanol intake in C57BL/6J
mice using the DID model. Our first goal was to demonstrate
that C57BL/6J mice would indeed drink sufficient amounts of
ethanol to achieve pharmacologically relevant blood ethanol
concentrations that produce behavioral impairment. We then
used the model to assess the actions of muscimol, THIP and
baclofen on binge-like ethanol intake. Based on the larger body
of literature, we predicted that baclofen and muscimol would
dose-dependently reduce ethanol intake, while THIP would
increase the behavior.

2. Materials and methods

2.1. Animals

Seven-week old male and female C57BL/6J inbred mice
were purchased from the Jackson Laboratory and shipped to the
animal facility at Binghamton University. Mice were individ-
ually housed in standard shoebox mouse cages and were
approximately 9 weeks old at the time of testing. Lighting was
maintained on a 12 h reverse light–dark cycle with lights out at
11 AM, and the temperature of the colony room was maintained
at 21±1 °C. Animals had free access to food and water at
all times except during ethanol presentation when only food
was freely available. All procedures were approved by the
Binghamton University Institutional Animal Care and Use
Committee and conformed to the Guidelines for the Care and
Use of Mammals in Neuroscience and Behavioral Research
(The National Academies Press, 2003).

2.2. Drugs

Ethanol (200 proof) was obtained from Pharmco, Inc
(Brookfield, CT). Ethanol solutions (20% v/v) were made
with tap water. Baclofen, muscimol and THIP were obtained
from Sigma Aldrich (St. Louis, MO) and were dissolved in
0.9% saline. Solutions were delivered by intraperitoneal
injection in a volume of 0.1 ml per 10 g body weight.

2.3. Procedure

2.3.1. Experiment 1: Drinking in the dark
Our drinking in the dark procedure was similar to that of

Rhodes et al. (2005). During the dark phase of the light–dark
cycle, male C57BL/6J mice (n=23–25) were given a 2 h access
to a 20% ethanol solution 3 h after lights out (2 PM). A 10 ml
plastic tube affixed to a ball-bearing sipper filled with the
ethanol solution was placed in the cage where the water bottle
was normally located. To prevent the mice from moving the
sipper tube and producing potential leakage, the animals’ water
bottle was placed on top of the sipper tube to hold it steady.
Sipper tube volumes were recorded both before and after the 2 h
access period for five consecutive days. On the final day, retro-
orbital blood samples were taken from the animals at the end of
the 2 h access period to assess BECs.

A three day DID procedure was utilized to determine whether
naïve male C57B/6J mice (n=25 per group) would consume
enough ethanol to show motor impairment on a balance beam
apparatus. On the first two days of the procedure mice were
allowed access to the 20% ethanol solution for 2 h, 3 h into the
dark cycle. These first two days allowed the mice to achieve
stable ethanol drinking patterns. On the third day mice were
trained to walk on the balance beam apparatus and were
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subsequently given access to either ethanol or water and
assessed for motor impairment.

The balance beam apparatus consisted of a 122 cm long by
2 cm wide by 4 cm tall wood block placed on top of two ring
stands measuring 48 cm high. The balance beam apparatus was
situated on top of a table so that the wood block was a total of
130 cm off the floor. On the third day of the procedure mice were
trained to walk across the balance beam apparatus. Training
commenced approximately 2 h before lights out (9 AM) and
involved encouraging the mouse to traverse the balance beam,
down one way and then back again. In cases where a mouse
became distracted and stopped moving it was encouraged to
continue by gently nudging its hind quarters with the eraser end
of a pencil. Immediately after training, mice were returned to
their home cages (and the colony) until the time of fluid
presentation (2 PM). Preliminary data indicated that such
training was sufficient to ensure that mice would rapidly
traverse the beam without the aid of the eraser in the subsequent
impairment test (data not shown).

Prior to fluid presentation (and after training) on day 3 mice
were randomly assigned to one of two groups: one group would
be allowed access to sipper tubes containing the 20% ethanol
solution, and the other would be allowed access to sipper tubes
containing tap water. Starting 3 h after lights out, each group
received 2 h access to its respective fluid, and was immediately
tested on the balance beam. A researcher blind to the treatment
groups stood behind the balance beam so that both of the
mouse's hind paws were in full view, and counted hind foot
slips as the animal traversed the beam under red light. For the
experiment, the mouse needed only to walk from one end of the
balance beam to the other. Immediately after the animal
completed the balance beam task, a retro-orbital sinus blood
sample was taken for determination of BECs.

2.3.2. Experiment 2: Baclofen
A five day DID procedure was used to assess the effect of

baclofen on ethanol intake. The first three days served to establish
stable drinking in the procedure. On the fourth day of the ethanol
access procedure, mice were injected intraperitoneally (ip) with
saline vehicle prior to their ethanol access period. This served to
habituate them to the baclofen injection procedure. On the fifth
day, mice matched for ethanol intake on day 4 received an ip
injection of baclofen (0, 5, 10, 15, and 20 mg/kg) and were
immediately allowed access to the 20% ethanol solution for 1 h.
Sipper tube volumes were recorded before and again at the end of
the 1 h access period on day 5. Immediately upon removal of the
sipper tubes retro-orbital sinus blood samples were taken for
analysis of BEC. The shorter 1 h access period was chosen based
on literature suggesting that baclofen's behavioral actions wane
within 30 min of systemic administration (Boehm II et al., 2002).
Moreover, data from Rhodes et al. (2007) suggest that ethanol
intake in the DID procedure is greatest during the first 30 min of
ethanol presentation; a shorter ethanol access period is ideal to
prevent significant deterioration of BECs by the time blood
ethanol concentrations are determined (Middaugh et al., 2003).
Finally, two passes of this experiment were conducted in order to
reduce the number of animals needed to achieve sufficient
statistical power; 5 animals per sex and dose were used in the first
pass and then the experiment was repeated using the same
animals. However, no animal received the same dose twice.

Following one week off, the same cohort of animals was
used to determine whether baclofen's actions were specific for
ethanol, or also generalized to plain tap water. The effect of
baclofen on water intake was measured using the same 5-day
procedure described above for ethanol, with tap water replacing
the ethanol in the drinking tubes. As was the case for ethanol,
two separate 5-day passes of the experiment were conducted,
but no animal received the same baclofen dose twice.

2.3.3. Experiment 3: Muscimol
The same 5-day procedures used to assess the effect of

baclofen on ethanol andwater intake were also used to determine
the effect of muscimol (0, 0.5, 1.0, 1.5, and 2.0 mg/kg) on these
measures. A separate group of naïve male and female mice were
used. Ethanol or water solutions were again presented for just 1 h
on day 5. This was done to again take advantage of the greater
drinking during the first 30 min of ethanol administration.
Moreover, it is consistent with the reported time course action of
the drug on operant self-administration of ethanol (Hodge et al.,
1995).

2.3.4. Experiment 4: THIP
A similar 5 day procedure was utilized to determine the effect

of THIP (0, 2, 4, 8, 16 mg/kg) on binge-like ethanol and water
intake in a naïve group of male and female mice. However,
whereas saline habituation injections were administered on day
4 only in Experiments 2 and 3, saline habituation injections were
administered on both days 3 and 4 in Experiment 4. This was
done in an attempt to further stabilize ethanol intakes prior to
drug challenge on day 5. A 1 h access period was also utilized for
THIP administration. Although little is known about the time
course of THIP's action on ethanol intake, this was done to again
take advantage of the greater drinking during the first 30 min of
ethanol administration, and is consistent with what was done in
Experiments 2 and 3.

2.4. Blood ethanol concentration

Fifty μl microcapillary tubes were used to collect the retro-
orbital blood samples. Samples were centrifuged and plasma
was decanted and stored at −80 °C until the time of BEC
determination. Determination of blood ethanol content was
achieved using an Analox Alcohol Analyzer (Analox Instru-
ments, Lunenburg, MA).

2.5. Statistical analysis

Experiment 1 was analyzed using GraphPad Prism version
4.02 for Windows (GraphPad Software, San Diego California,
USA). Ethanol intakes and corresponding BECs were compared
using linear regression analysis. The balance beam data were
analyzed by t-test. Data from Experiments 2, 3, and 4 were
analyzed by analysis of variance (ANOVA) using Statistica
release 7, (StatSoft Inc).



Fig. 1. Binge-like ethanol intake in male C57BL/6J mice allowed access to a
20% solution for 2 h, 3 h into the dark cycle (n=23–25). A. Average ethanol
intakes and corresponding blood ethanol concentrations. Mean ethanol intake
was 5.9±0.3 g/kg, whereas the corresponding mean BEC was 65±7.1 mg/dL.
B. Ethanol intake positively predicted blood ethanol concentration (pb0.0001).
C. C57BL/6J mice displayed impaired motor performance on a balance beam
task after being allowed access to a 20% ethanol solution for 2 h, 3 h into the
dark cycle (n=25 per group). One group of mice was allowed a 2 hour access to
tap water while the other was allowed a 2 h access to the ethanol solution. Mice
allowed access to the ethanol drank an average of 5.0±0.3 g/kg, achieving
average blood ethanol concentrations of 81.3±9.4 mg/dL. This level of intake
produced a significant increase in the number of hind foot slips on a balance
beam apparatus (pb0.01).
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The baclofen, muscimol, and THIP studies (Experiments 2,
3, and 4, respectively) were each repeated using the same mice
(passes 1 and 2), although a single mouse never received the
same dose of drug twice. Whereas the same groups of mice were
used to assess the actions of each drug on both ethanol and
water intake, different groups of mice were used to assess the
actions of each drug (in each experiment). Overall analyses for
each experiment indicated that the patterns of responses to the
second drug administration were not influenced by the first drug
administration (non-significant interaction of pass), so data
were collapsed on this factor prior to all subsequent analyses.
Thus, the actions of two different drug doses on ethanol and
water intake were assessed for each mouse, and the observed
actions of each of these doses was considered independent for
the purposes of subsequent statistical analyses.

Day-5 ethanol or water intakes (as well as corresponding
BEC data) following administration of either baclofen,
muscimol, or THIP were initially analyzed by a two-way
between subjects analysis of variance with sex and dose as the
between subjects factors. Sex did not participate in any
important interactions. The data were therefore collapsed on
this factor and re-analyzed using a one-way between subjects
ANOVA with dose as the between subjects factor. Tukey post
hoc tests were performed where appropriate. Differences were
considered significant at pb0.05.

3. Results

3.1. Experiment 1: Drinking in the dark:

Our adapted drinking in the dark procedure yielded similar
results as initially reported by Rhodes et al. (2005, 2007). Male
C57BL/6J mice consumed 5.9±0.3 mg/kg ethanol, achieving
average BECs of 65±7.1 mg/dL, when given access to the 20%
ethanol solution for 2 h, 3 h into the dark cycle (Fig. 1A).
Regression analysis indicated that ethanol intake predicted BEC
(r2 =0.68, pb0.0001; Fig. 1B). Two-hour access to DID also
produced behavioral impairment on the balance beam; mice that
had been allowed access to ethanol exhibited a significant
increase in the number of foot slips compared to mice that had
been allowed access to water [t(48)=3.2, pb0.01; Fig. 1C].
Mice with access to ethanol prior to being tested on the balance
beam also displayed physiologically relevant blood ethanol
concentrations (mean BEC of 81.3±9.4 mg/dL).

3.2. Experiment 2: Baclofen

To limit the number of mice necessary to determine whether
baclofen altered ethanol and water intake, each mouse received
two different doses of drug (over two different passes) of
Experiment 2. The effect of each of these doses on intake was
considered an independent observation for purposes of statistical
analysis.

Mean ethanol intakes prior to baclofen administration were
fairly stable. Intakes on days 1–4 were 4.6±0.1, 5.0±0.1, 4.6±
0.1, and 4.2±0.2 g/kg, respectively. The effect of baclofen on
binge-like ethanol intake and resulting blood ethanol concen-
tration are shown in Fig. 2. Analysis of the ethanol intakes
revealed a significant main effect of baclofen dose [F(4,95)=
4.8, p=0.001]. Tukey post hoc tests revealed that the 10.0 mg/
kg baclofen dose significantly enhanced ethanol intake



Fig. 2. Effect of baclofen on 1 h DID in C57BL/6J mice (n=18–20 per baclofen
dose). Each animal received two different doses of baclofen, and the
corresponding effects of each dose on ethanol and water intake were considered
independent observations for the purposes of statistical analysis. A. Baclofen
dose-dependently increased binge-like ethanol intake during the 1 h ethanol
access period. This effect reached significance at the 10 mg/kg baclofen dose
(pb0.001). B. Baclofen dose-dependently increased blood ethanol concentra-
tion during the 1 h ethanol access period. The peak effect of baclofen occurred at
the 10 mg/kg dose (pb0.01). C. Baclofen did not significantly alter water intake.

Fig. 3. Effect of muscimol on 1 h DID in C57BL/6J mice (n=16–20 per
muscimol dose). Each animal received two different doses of muscimol, and the
corresponding effects of each dose on ethanol and water intake were considered
independent observations for the purposes of statistical analysis. A. Muscimol
dose-dependently reduced binge-like ethanol intake during the 1 h ethanol
access period. This effect reached significance at all the doses tested (p'sb0.05).
B. Muscimol dose-dependently decreased blood ethanol concentration during
the 1 h ethanol access period following a similar pattern as that of ethanol intake
(p'sb0.001). C. Muscimol significantly reduced water intake at all the doses
tested (p'sb0.01).
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(pb0.01; Fig. 2A). Analysis of the blood ethanol concentrations
following the 1 h ethanol access period were consistent
with the ethanol intake findings, with a significant main effect
of dose [F(4,90)=3.9, pb0.01]. Consistent with the intake
data, post hoc tests revealed a significant enhancement of
BEC following administration of the 10.0 mg/kg baclofen
dose (pb0.01; Fig. 2B).



Fig. 4. Effect of THIP on 1 h DID in C57BL/6J mice (n=18–20 per THIP dose).
Each animal received two different doses of THIP, and the corresponding effects
of each dose on ethanol and water intake were considered independent
observations for the purposes of statistical analysis. A. THIP dose-dependently
reduced binge-like ethanol intake during the 1 h ethanol access period. This
effect reached significance at the two highest doses tested in male and female
mice (p'sb0.05). B. THIP dose-dependently decreased blood ethanol
concentration during the 1hr ethanol access period following the same pattern
as the ethanol intake data (p'sb0.05). C. THIP significantly reduced water
intake at the 8 and 16 mg/kg doses (p'sb0.001).
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Water intake was assessed to determine whether baclofen's
actions were specific for ethanol intake, or also generalized to
intake of other fluids. Intake of tap water over days 1–4 was 0.8±
0.0, 0.9±0.0, 0.9±0.0, 0.6±0.0 ml, respectively. The effect of
baclofen on water intake on day 5 was analyzed using a one-way
between subjects ANOVA. No significant main effect of baclofen
dose was found (Fig. 2C). These results suggest that baclofen
dose-dependently enhances binge-like ethanol intake in C57BL/
6J mice at doses that do not significantly alter water intake.

3.3. Experiment 3: Muscimol

Each mouse received two different doses of muscimol (over
two passes) immediately prior to determination of ethanol and
water intake in Experiment 3. As was the case for baclofen
above, the actions of each of these muscimol doses on intake
were considered an independent observation for purposes of
statistical analysis.

Ethanol intake over days 1–4 were also stable prior to day 5
administration of muscimol. Mean ethanol intakes were 5.0±0.1,
5.6±0.1, 5.1±0.1, and 4.4±0.1 g/kg on days 1–4, respectively.
Analysis of day-5 ethanol intakes revealed a significant effect of
dose [F(4,91)=10.7, pb0.001]. Post-hoc tests indicated that
muscimol reduced binge-like ethanol intake at all the doses tested
(p'sb0.05; Fig. 3A). Analysis of the blood ethanol concentrations
following the 1 h ethanol access period corresponded with the
ethanol intake findings, with amain effect of dose [F(4,85)=22.9,
pb0.001]. Post hoc tests revealed that all the muscimol doses
tested resulted in significantly lower BECs compared saline
controls (p'sb0.001; Fig. 3B).

Water intakes prior to muscimol administration on days 1–4
were 0.8±0.0, 0.7±0.0, 0.8±0.0, and 0.5±0.0 ml, respectively.
The effect of muscimol on water intake on day 5 is shown in
Fig. 3C. The analysis of water intakes revealed significant main
effect of dose [F(4,90)=10.1, pb0.001]. Post hoc tests revealed
a significant reduction of water intake at all the muscimol doses
tested (p'sb0.01). Muscimol's attenuating actions on binge-like
ethanol intake also extended to water intake.

3.4. Experiment 4: THIP

Similar to the procedures described for Experiments 2 and 3
above, each mouse received two different doses of THIP prior
to assessment of ethanol and water intake over two passes of
Experiment 4. However, for purposes of statistical analysis,
each of these observations was considered independent.

Ethanol intakes prior to THIP administration on days 1–4were
4.2±0.1, 3.9±0.1, 3.9±0.1, and 3.7±0.1 mg/kg, respectively.
The effect of THIP on binge-like ethanol intake and resulting
blood ethanol concentrations are shown in Fig. 4A and B.
Analysis of ethanol intakes revealed a significant main effect of
dose [F(4,95)=7.5, pb0.001]. Post hoc tests revealed that,
compared to saline-treated controls, THIP administration atten-
uated DID at the 8.0 and 16.0 mg/kg doses (p'sb0.05). The
analysis of the blood ethanol concentrations following the 1-hour
ethanol access period was similar to the ethanol intake findings; a
significant main effect of dose was revealed [F(4,91)=7.1,
pb0.001]. Post hoc tests revealed a significant reduction in BECs
at the 8.0 and 16.0 mg/kg doses (p's≤0.05).

Water intakes were 0.6±0.0, 0.7±0.0, 0.5±0.0, and 0.5±
0.0 ml on days 1–4, respectively. Analysis of water intakes



111E.M. Moore et al. / Pharmacology, Biochemistry and Behavior 88 (2007) 105–113
revealed a significant main effect of dose [F(4,93)=16.1,
pb0.001]; Tukey post hoc tests indicated that THIP reduced
general fluid intake at the 8.0 and 16.0 mg/kg dose (p'sb0.001;
Fig. 4C). Thus, as was the case for muscimol, THIP's actions on
ethanol intake generalized to water intake.

4. Discussion

The goal of the current work was to examine the actions of the
GABAergic compounds baclofen, muscimol, and THIP on binge-
like ethanol intake using a newmousemodel developed byRhodes
et al. (2005), called Drinking in the Dark (DID). The DID model
was chosen for its simplicity, as well as its unique ability to rapidly
screen pharmaceuticals for modulation of ethanol intake (Kamdar
et al., 2007). The duration of the ethanol access period is short, not
more than 2 h. In our hands, mice given a daily 2 h access to the
20% unsweetened ethanol solution (3 h into the dark cycle) over
several consecutive days drank nearly 6 g/kg ethanol resulting in
blood ethanol concentrations approaching 70 mg/dL, a level of
ethanol intake sufficient to produce significant motor impairment
on a balance beam apparatus. Other models yielding high ethanol
intakes and correspondingBECs often require lengthy acclimation
and/or training periods, or food and/or water restriction (Lê et al.,
1994; Becker and Lopez, 2004; Finn et al., 2005; Sharpe et al.,
2005). In the classic 2-bottle choicemodel in whichmice are given
a choice between a less concentrated ethanol solution (generally
between 3 and 15%) and water over a 24 h period, C57B/6J mice
typically exhibit a preference for ethanol, consuming most of their
daily fluids from the ethanol solution. However, there is wide
variability in the BECs achieved over the course of the day, and
mice rarely consume enough ethanolwithin a specified time period
to produce pharmacologically relevant BECs (Dole and Gentry,
1984).

In the DID model, the GABAB receptor agonist baclofen
dose-dependently enhanced DID, whereas the GABAA receptor
agonists muscimol and THIP dose-dependently reduced this
measure in C57BL/6J mice. However, baclofen was the only
drug which altered ethanol intake in the absence of any
observable actions on water intake; suggesting that the actions
of muscimol and THIP on binge-like ethanol intake may also
generalize to other fluids. Nevertheless, the present work
demonstrates that DID can be utilized to assess the actions of
GABAergic compounds on ethanol intake and adds to literature
suggesting its utility in assessing the action of various drugs on
ethanol intake in mice (Kamdar et al., 2007).

However, it is worth noting that our procedure differs slightly
from the one used by Kamdar et al. (2007) to test the effects of
naltrexone.Whereas we used a five day procedure with 2 h access
on days 1–4 and a 1 hour access on day 5 to test the effects of
baclofen, muscimol and THIP; Kamdar et al. (2007) used a
shorter 2 day procedure with naltrexone administration on day 2.
The difference in the duration of the procedures raises a few
questions. First, it is possible that with our slightly longer
procedure that our animals may have developed greater tolerance
and/or dependence to ethanol. Tolerance and/or dependence to
ethanol and the underlying neural changes associated with them
may contribute to the results we obtained. Second, in our
procedure on the testing day our animals had access to ethanol for
a shorter period of time (1 h) compared to their access time on the
first 4 days of ethanol presentation (2 h). A different pattern of
results might have been obtained if the ethanol solution was made
available for a longer period of time. However, our preliminary
data indicated that, at least for baclofen, the effects of the drug
seemed to diminish after an hour (data not shown). Therefore, it
did not seem necessary or appropriate for us to give a longer
access time to the animals on the testing day (day 5). Future work
will need to address whether DID can produce tolerance and/or
dependence to ethanol, as well as the time necessary to produce
such effects.

Another important difference between our data and that of
Rhodes et al. (2005, 2007) andKamdar et al. (2007) is thatwhereas
their intake data were fairly consistent across experiments, in our
hands the ethanol intakes varied considerably across different
cohorts of animals. One possible explanation is that different
degrees of leakage occurred across the different experiments.
Leakage would not only explain the variability in ethanol intakes
across experiments, but also the discrepancy in Experiment 1
between the high ethanol intake and the relatively low BEC.
However this explanation seems unlikely considering we
controlled for leakage by placing ethanol (or water) sipper tubes
into empty “control cages” andmonitored the amount of leakage in
these cages over the 2 h fluid access period. We then took this
“control leakage” and subtracted it from the fluid volume that the
animals consumed. Although there was variability in ethanol
intakes across the experiments, the ethanol intakes were
consistently high; and these high intakes are consistent with
those reported by Rhodes et al. (2005, 2007). As far as the low
BECs in Experiment 1 are concerned, it is more likely that animals
consumedmost of their ethanol intake during the first 30min of the
experiment; this large binge by C57BL/6J mice in the first 30 min
has also been reported by Rhodes et al. (2005). If the animals
consumed most of their ethanol in the first 30 min of the
experiment, it would follow that the BECs would be lower when
measured at the conclusion of the ethanol access period (2 h in the
case of Experiment 1). Indeed, Middaugh et al. (2003) reported
that for C57BL/6mice the longer the duration of ethanol exposure,
the weaker the relation between ethanol intake and BEC.

Our results for muscimol are consistent with literature
suggesting that the drug decreases ethanol intake (Petry, 1997).
However, our THIP results are opposite of those found in the
literature, and the baclofen data are only consistent with the
findings of a few studies. Although Smith et al. (1999, 1992) and
Petry (1997) both found that baclofen enhances ethanol intake, the
majority of the published data support the notion that baclofen
reduces ethanol intake (Besheer et al., 2004; Anstrom et al., 2003;
Colombo et al., 2000, 2003; Janak and Gill, 2003; Stromberg,
2004) and that THIP enhances ethanol intake (Boyle et al., 1992,
1993; Smith et al., 1992) and ethanol self administration. The
discrepant results may be due to a number of issues, including
differences in the procedures used, the species and age of animals,
the concentration of ethanol solution, and dose ranges of the drugs.
For example, Colombo et al. (2003) reported that baclofen
suppresses motivation to consume ethanol (10% ethanol solution)
in an operant procedure using baclofen doses ranging from 0 to
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3mg/kg. In contrast, Anstrom et al. (2003) described baclofen's (0,
1.8, 3.2, and 5.6 mg/kg doses) actions as reducing ethanol intake
using a 10% ethanol solution in an operant procedure. However,
Anstrom et al. (2003) reported that this reduction by baclofen
extended to sucrose solutions as well, suggesting that the reduction
was not specific to ethanol. Boyle et al. (1992, 1993) reported
increases in ethanol intake after THIP administration when using a
free choice procedure in which ethanol was introduced beginning
with a 2% concentration and increasing this concentration after
every two ethanol presentations until the desired concentrationwas
reached (between 9 and10%).The reported enhancementwas seen
at the same doses in which we observed a significant reduction in
both ethanol intake and corresponding BEC. Thus, it is possible
the action of THIP and/or baclofen on ethanol intake may depend
on the concentration of the ethanol solution presented, or even the
level of intoxication achieved.

Another possible explanation for the enhancement of ethanol
intake observed with baclofen administration and the dose-
dependent reduction observed with THIP could be the timing of
drug treatment with respect to the onset of the dark cycle. On
day 5 of ethanol exposure in the current study, animals were
treated with drug 3 h after lights out. Goldstein and Kakihana
(1977) showed that the rhythm of food and fluid consumption in
mice resembles a sinusoidal curve, with the most consumption
around the first few hours after lights out. In the DID model,
ethanol is presented (and drug is administered) 3 h into the dark
cycle; this particular time happens to coincide with the time that
animals consume most of their daily fluids. Smith et al. (1999)
examined the effect of baclofen administration on ethanol intake
in rats using an operant procedure in which 10 mg/kg baclofen
or saline (1 h prior to dark cycle) was administered to animals
for five days while the animals had access to a 10% ethanol
solution. During the first hour of ethanol access (prior to dark
phase), a reduction in ethanol intake was observed after
baclofen administration. However, after the first hour a
substantial increase in ethanol intake was observed (during
the dark phase of the light cycle), and the increase continued on
into the next light phase. These results may suggest that
baclofen produces biphasic effects on ethanol intake. The
timing of the baclofen (and possibly THIP) injection and
subsequent access to ethanol may be critical in determining how
the drug will ultimately influence ethanol intake.

A critical question in studies demonstrating a change in
ethanol intake following administration of a drug concerns the
mechanism of drug action. Indeed, the drug may produce
competing behaviors that interfere with the motivation to drink
the solution presented. For example, baclofen has been widely
prescribed as a muscle relaxant for patients with back spasms
(Chou et al., 2004), and GABAA receptor agonists are known to
produce sedative-hypnotic actions. This raises an important
problem for studies in which baclofen, muscimol, or THIP are
shown to reduce ethanol intake or self-administration; these
drugs may reduce ethanol intake because they are producing a
general sedative effect. This issue was clearly a concern for our
muscimol and THIP work. In both cases, the doses that
produced the reduction in ethanol intake also produced
decreases in water intake. This issue might have been of greater
concern for the current baclofen work if not for the fact that
baclofen enhanced DID without altering water intake. If the
drug had been producing a general sedative effect, we would
have expected to see a reduction in both ethanol and water
intake.

Another question in studies demonstrating a change in
ethanol intake following administration of a drug concerns the
generalizability of the drug effect to intake of other potential
reinforcers, such as saccharine or sugar water. Such generaliz-
ability may indicate that the drug alters general motivation to
drink, and that this action is not specific to ethanol intake per se.
We did not assess intake of any alternative reinforcer in the
present work. Although it is possible (and probably likely) that
muscimol and THIP would each reduce intake of a saccharine or
sugar solution, the question of generalizability to other potential
reinforcers is less interesting given the attenuating effects of the
drugs on water intake and the resulting conclusion that
competing behaviors are reducing overall fluid intake. Howev-
er, the question is a potentially relevant one for baclofen given
its apparently selective action on ethanol (and not water) intake,
and worth considering in any future work examining the actions
of the drug in the DID procedure.

A possible limitation or at least methodological consideration
of the present work is that we chose to limit the number of animals
we used by testing the same animals' response to a drug over two
experimental passes. Therefore, each animal received two
different doses of a drug, yet the corresponding observations
were considered independent for purposes of statistical analysis.
This raises the possibility that order effects could have influenced
the data; the effects of the initial drug exposure may have
influenced the effects of the second. However, visual inspection
of our data did not indicate any differences in the animals'
response to the drugs between the passes. Moreover, we subjected
the data to an initial overall ANOVA that included pass as a factor.
This analysis did not reveal any interactions of passwith any other
factor. We therefore felt justified in our decision to collapse across
the passes for purposes of statistical analyses.

In conclusion, the current work adds to the literature
suggesting that the DID model is a useful tool for determining
whether various neuromodulatory compounds alter ethanol
intake in mice. It also provides additional support to an extensive
literature linking GABAA and GABAB receptor systems with
this ethanol-related behavior. However, the current results do not
support the literature suggesting that THIP enhances ethanol
intake, and adds to the growing literature indicating that baclofen
may not always reduce ethanol self-administration and/or intake
as the majority of the literature suggests.
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