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It has been hypothesized that alcohol addiction is mediated, at least in part, by specific g-aminobutyric acidA (GABAA) receptors within

the ventral pallidum (VP). Among the potential GABAA receptor isoforms regulating alcohol-seeking behaviors within the VP, the

GABAA a1 receptor subtype (GABAA1) appears pre-eminent. In the present study, we developed b-carboline-3-carboxylate-t-butyl

ester (bCCt), a mixed agonist–antagonist benzodiazepine (BDZ) site ligand, with binding selectivity at the A1 receptor to explore the

functional role of VPA1 receptors in the euphoric properties of alcohol. The in vivo actions of bCCt were then determined following

microinfusion into the VP, a novel alcohol reward substrate that primarily expresses the A1 receptor. In two selectively bred rodent

models of chronic alcohol drinking (HAD-1, P rats), bilateral microinfusion of bCCt (0.5–40mg) produced marked reductions in alcohol-

reinforced behaviors. Further, VP infusions of bCCt exhibited both neuroanatomical and reinforcer specificity. Thus, no effects on

alcohol-reinforced behaviors were observed following infusion in the nucleus accumbens (NACC)/caudate putamen (CPu), or on

response maintained by saccharin. Parenteral-administered bCCt (1–40 mg/kg) was equally effective and selective in reducing alcohol-

reinforced behaviors in P and HAD-1 rats. Additional tests of locomotor activity revealed that bCCt reversed the locomotor sedation

produced by both chlordiazepoxide (10 mg/kg) and EtOH (1.25 g/kg), but was devoid of intrinsic effects when given alone. Studies in

recombinant receptors expressed in Xenopus oocytes revealed that bCCt acted as a low-efficacy partial agonist at a3b3g2 and a4b3g2
receptors and as a low-efficacy inverse agonist at a1b3g2, a2b3g2, and a5b3g2 receptors. The present study indicates that bCCt is

capable of antagonizing the reinforcing and the sedative properties of alcohol. These anti-alcohol properties of bCCt are primarily

mediated via the GABAA1 receptor. bCCt may represent a prototype of a pharmacotherapeutic agent to effectively reduce alcohol

drinking behavior in human alcoholics.
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INTRODUCTION

Alcoholism (ie alcohol addiction and dependence) can be
defined, in part, as a maladaptive pattern of alcohol abuse,
leading to clinically significant impairment (DSM-IV, 2000).
There is a need for markedly increased amounts of alcohol
to achieve intoxication. Further, because a great deal of time
is spent by the alcoholic in activities trying to obtain
alcohol, in many cases one’s family structure and occupa-

tional stability is adversely affected (NIAAA, 1997; Kessler
et al, 1997). Substantial progress has been made with rodent
models in emulating the clinical criteria for alcoholism
(Cloninger, 1987; McBride and Li, 1998). With the exception
of psychosocial and cultural factors that influence drinking,
rodent models, in particular, the alcohol-preferring (P) rats
have been suggested to satisfy the DSM-IV criteria for
alcoholism ‘reasonably well’ (for a detailed description, see
McBride and Li, 1998).

While advances have been made in the development of
novel therapies to treat alcoholism (O’Malley et al, 1992;
Volpicelli et al, 1992; Kranzler, 2000; Spanagel and
Zieglgansberger, 1997), alcohol-dependent individuals re-
present a heterogeneous group (Cloninger, 1987; Li et al,
1991; Li, 2000), and it is unlikely that a single pharmaco-
logical treatment will be effective for all alcoholics. Hence, a
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better understanding of the neuromechanisms that regulate
alcohol-seeking behaviors and the design of clinically safe
and effective drugs that reduce alcohol addiction and
dependence remain high priorities (Kranzler, 2000; Johnson
and Ait-Daoud, 2000). While the precise neuromechanisms
regulating alcohol-seeking behaviors remain unknown,
there is now compelling evidence that the g-aminobutyric
acidA (GABAA) receptors within the striatopallidal and
extended amygdala system are involved in the ‘acute’
reinforcing actions of alcohol (Koob, 1998; Koob et al,
1998; June et al, 1998c; McBride and Li, 1998). The
striatopallidal and extended amygdala system include the
sublenticular extended amygdala (substantia innominata-
ventral pallidum (VP)), the shell of the nucleus accumbens
(NACC), and the central nucleus of the amygdala (Heimer
et al, 1991; Heimer and Alheid, 1991). Among the potential
GABAA receptor isoforms within the VP capable of
regulating alcohol-seeking behaviors, the GABAA receptors
containing the a1 receptor subtype (GABAA1) appear to be
the most logical candidate. Thus, Criswell et al (1993, 1995)
observed that acute alcohol administration selectively
enhanced the effects of ionotophoretically applied GABA
in the VP. However, no effects were seen in the septum,
VTA, and CA1 hippocampus. Further, a positive correlation
was observed between alcohol-induced GABA enhancement
and [3H]zolpidem binding (an A1 subtype selective
agonist). Other investigators have identified a dense
reciprocal projection from the VP to the NACC (Nauta
et al, 1978; Zahm and Heimer, 1988; Groenewegen et al,
1993), and many of these have been found to be GABAergic
neurons (Mogenson and Nielson, 1983; Kuo and Chang,
1992; Churchill and Kalivas, 1994). The NACC is well
established as a substrate that regulates the reinforcing
properties of abused drugs (Koob, 1998; Koob et al, 1998).
Finally, immunohistochemical (Turner et al, 1993; Fritschy
and Möhler, 1995) and in situ hybridization studies
(Churchill et al, 1991; Wisden et al, 1992; Duncan et al,
1995) have demonstrated that the VP contains one of the
highest concentrations of mRNA encoding the A1 subunit
in the CNS. These findings, together with pharmacological
studies suggesting that the VP plays a role in reward-
mediated behaviors of psychostimulants and opiates
(Hubner and Koob, 1990; Napier and Chrobak, 1992;
Churchill and Kalivas, 1994; Gong et al, 1996, 1997), led
us to hypothesize that the A1 containing GABAA receptors
regulate alcohol-motivated behaviors.

To test this hypothesis, we developed b-carboline-3-
carboxylate-t-butyl ester (bCCt), a mixed benzodiazepine
(BDZ) agonist–antagonist with binding selectivity at the A1
receptor. Behavioral studies in several species (eg rats, mice,
and primates) show that bCCt is a BDZ antagonist,
exhibiting competitive binding site interaction with BDZ
agonists over a broad range of doses (Shannon et al, 1984;
Griebel et al, 1999; Cox et al, 1998; Carroll et al, 2001;
Rowlett et al, 2001; Paronis et al, 2001). Other studies show
that bCCt produces anxiolytic effects in rodents (Carroll
et al, 2001) and potentiates the anticonflict response
induced by A1 subtype ligands in primates (Paronis et al,
2001). Thus, bCCt displays an agonist or antagonist profile
depending on the behavioral task, species, and dose
employed. Studies of recombinant receptors show that
bCCt exhibits a 410-fold selectivity for the GABAA1 over

the A2 and A3 receptors, and a 4110-fold selectivity for the
A1 over the A5 subtype (Cox et al, 1995). Hence, bCCt
exhibits the greatest binding selectivity of the currently
available A1 receptor ligands (Sanger et al, 1994; McKernan
et al, 2000; Cox et al, 1998).

In the present study, in vitro studies were conducted in
recombinant GABAA1–A5 receptors in Xenopus oocytes to
determine the efficacy of bCCt. Next, a series of in vivo
studies were conducted to examine the effects of bCCt to
reduce alcohol responding following parenteral injections
and direct infusions into the VP. The degree of neuroana-
tomical specificity in modulating alcohol drinking was
examined following both bilateral and unilateral control
injections of bCCt into the NACC/caudate putamen (Cpu).
The specificity of bCCt on alcohol-induced responding was
evaluated by determining its effects in P rats, whose
response rates for EtOH (10% v/v) and saccharin solutions
(0.05% w/v) were similar at basal levels. The abilities of
bCCt were also examined on a caloric sucrose reward.
Finally, since the GABAA1 receptor isoform has recently
been implicated in the sedative effects of BDZs (Rudolf et al,
1999; McKernan et al, 2000; Löw et al, 2000), we tested
the hypothesis that the GABAA1 receptor plays a role in
the sedation produced by an intoxicating dose of alcohol
(1.25 g/kg). Chlordiazepoxide was used as a reference BDZ
agonist. Using the nomenclature recently recommended by
the International Union of Pharmacology (IUPHAR), a1–a6
containing GABAA receptors are referred to in the present
study as GABAA1–A6 receptors (Barnard et al, 1998).

MATERIALS AND METHODS

Chemistry and Molecular Biology

Synthesis of bCCt. bCCt (see Figure 1), an A1 subtype
ligand, was synthesized by modification of the prototypical
b-carboline, bCCE, using a previously developed method
for t-butyl ester synthesis (see Cox et al, 1995, 1998).

Xenopus oocyte expression assay. Xenopus laevis frogs
were purchased from Xenopus-1 (Dexter, MI). Collagenase
B was obtained from Boehringer Mannheim (Indianapolis,
IN), and GABA from RBI (Natick, MA). All compounds
were prepared as a 10-mM stock solution in EtOH and
stored at –201C.

cDNA clones: The rat GABAA receptor A1, A5, and g2
subunit clones were gifts from H.Luddens (Department of

Figure 1 Synthesis and structure of bCCt.
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Psychiatry, University of Mainz, Germany). The rat GABAA

receptor b3 subunit clone was a gift from L Mahan (NINDS,
NIH). Capped cRNA was synthesized from linearized
template cDNA encoding the subunits using mMESSAGE
mMACHINE kits (Ambion, Austin, TX). Oocytes were
injected with the a, b, and g subunits in a 1 : 1 : 1 molar ratio
as determined by UV absorbance. Mature X. laevis frogs
were anesthetized by submersion in 0.1% 3-aminobenzoic
acid ethyl ester, and the oocytes were surgically removed.
Follicle cells were removed by treatment with collagenase B
for 2 h. Each oocyte was injected with 50–100 ng of cRNA in
50 nl of water and incubated at 191C in modified Barth’s
saline (88 mM NaCl, 1 mM KCl, 2.4 mM NaHCO3, 0.41 mM
CaCl2, 0.82 mM MgSO4, 100 mg/ml gentamicin, and 15 mM
HEPES, pH 7.6). Oocytes were recorded from after 3 to 10
days postinjection. Oocytes were perfused at room tem-
perature in a Warner Instruments oocyte recording
chamber #RC-5/18 (Hamden, CT) with a perfusion solution
(115 mM NaCl, 1.8 mM CaCl2, 2.5 mM KCl, 10 mM HEPES,
pH 7.2). The perfusion solution was gravity fed continu-
ously at a rate of 15 ml/min (see Harvey et al, 1997).
Compounds were diluted in the perfusion solution, and
applied until after a peak current was reached.

Current responses to GABA application were measured
under a two-electrode voltage clamp, at a holding potential
of �60 mV. Data were collected using a GeneClamp 500
amplifier and Axoscope software (Axon Instruments, Foster
City, CA). GABA concentration–response curves for the
GABAA receptor subunit combinations were constructed by
normalizing responses to a low concentration of GABA to
minimize variability, and then renormalized to the maximal
response for comparison. Concentration–response data
were fitted to a four-parameter logistic using GraphPad
Prism, and the EC50 for each receptor subtype was
determined. The peak whole cell current responses of a
voltage-clamped oocyte to an EC50 concentration of GABA
in the presence of saturating (1–10 mM) concentrations of
modulators are reported as a percentage of the peak
response to GABA alone (‘percent GABA response’ or ‘%
control’) (for details, see June et al, 2001).

The efficacy of bCCt was measured by peak whole cell
current responses in the Xenopus oocyte assay to an EC50

concentration of GABA at saturating (1–10 mM) concentra-
tions of the ligand. The efficacies of nonselective, compe-
titive BDZ antagonists (eg Ro15-1788, ZK 93426) were also
evaluated.

Neurobehavioral Studies

Subjects
General: The alcohol-preferring (P) and high-alcohol

drinking (replicate line #1) (HAD-1) rats were used to
model the human condition of alcohol abuse; both rat lines
are accepted as animal models of the acute reinforcing
effects of alcohol in humans to the satisfaction of the
alcohol research community (Cloninger, 1987; Lumeng et al,
1995; McBride and Li, 1998). Rats were obtained from the
Alcohol Research Center at Indiana University School of
Medicine. Female P and HAD-1 rats were used in all
experiments; however, due to the large number of P
(n¼ 128) and HAD-1 (n¼ 98) rats within the experimental
design (total N¼ 226), it was virtually impossible to obtain

all P or HAD-1 rats of a single generation. Animals were
approximately 3–4 months of age and weighed between 209
and 384 g at the beginning of the experiment. Animals were
individually housed in wire-mesh stainless-steel cages or
plastic tubs. The vivarium was maintained at an ambient
temperature of 211C and was on a normal 12 h light/dark
cycle. All rats were provided ad libitum access to food and
water. The sole exception was the rats of the operant self-
administration studies, wherein rats were fluid deprived
23 h daily (see below) during the first 2 days of the training
phase. Thereafter, these animals were maintained on ad
libitum food and water. All training and experimental
sessions for all subjects took place between 0900 and 1500.

Operant self-administration studies (systemic and VP):
Female P rats (N¼ 35) from the S48 and S49 generations
and female HAD-1 rats (N¼ 24) from the S34 generation
were used in the present study. No effects of estrous cycle
have been observed on drinking patterns in genetically
selected rats (McKinzie et al, 1996), and female P rats
maintain their body weights within a range that allows for
more accurate stereotaxic placement than male P rats
(Nowak et al, 1998; June et al, 2001).

Locomotor activity studies: Female P rats (N¼ 42) from
the S50 and S51 generations and female HAD-1 rats
(N¼ 42) from the S35 generation were used. The treatment
of rats for all studies was approved by the institutional
review board within the School of Science at IUPUI. In
addition, all procedures were conducted in strict adherence
with the NIH Guide for the Care and Use of Laboratory
Animals.

Drug and Solutions

bCCt. For systemic drug administrations, bCCt was
prepared as an emulsion in a Tween-20 solution (Sigma
Chemical Co., St Louis, MO) that comprised 100 ml of a
0.90% sodium chloride solution and two drops of Tween-20.
bCCt was sonicated (Fisher Scientific, Springfield, NJ) to aid
in dissolving the compound. Tween-20 vehicle solution was
administered as the control injection for all systemic
experiments. Systemic drug injections were given intraperi-
toneally (i.p.) in an injection volume of 1 ml/kg. For the
microinjection studies, bCCt was dissolved in an artificial
cerebrospinal fluid (aCSF) (see below).

Other drugs and solutions. EtOH (10% v/v) (USP),
saccharin (0.05% w/v), and sucrose (1% w/v) (Fisher Scien-
tific) solutions were prepared for the operant chamber as
previously described for oral self-administration (June et al,
1998a, b, c). Chlordiazepoxide was obtained from RBI,
(Natick, MA) and mixed in sterile saline (0.9%) for i.p.
injections in the locomotor sedation studies. EtOH (10% v/v)
was also mixed in sterile saline for i.p. injections in the
locomotor sedation studies. A volume sufficient to produce
a 1.25 g/kg EtOH dose was employed. The competitive BDZ
antagonists ZK 93426 (Schering, Berlin, FRG), flumazenil
(Ro15-1788), and the inverse agonist Ro15-4513 (Hoffman
La Roche, Nutley, NJ) were donated as gifts for use in the
Xenopus oocyte studies.
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Operant Self-Administration Procedures

Behavioral testing apparatus. Behavioral testing was
conducted in 15 standard operant chambers (Coulbourn
Instruments, Allentown, PA) equipped with two removable
levers and two dipper fluid delivery systems enclosed in
sound-attenuated cubicles as previously described (June
et al, 1998a, c). All dipper presentations provided a 1.5-s
access to a 0.1-ml solution, followed by a 3-s time out
period. Above each lever, three stimulus lights (red, green,
and yellow) were present, and a stimulus delivery/reinforcer
was indicated by illumination of the middle (green)
stimulus light. Responses and reinforcements were recorded
and controlled by a Dell computer using the 4.0 Coulbourn
L2T2 operant software package (Coulbourn Instruments,
Allentown, PA).

Training phase (P rats). A concurrent fixed-ratio (FR)
schedule was employed to investigate the capacity of
systemic and direct microinjections of bCCt in the VP to
modify EtOH- and saccharin-maintained responses in P
rats. The specific details of these procedures have recently
been described (June et al, 1998c, 2001). In brief, rats were
initially trained to orally self-administered EtOH and water
in daily 60-min sessions on a concurrent FR1 schedule in a
two-lever choice situation. After a period of stabilization on
the FR1 schedule, the response requirement was increased
to a concurrent FR4 schedule and the water reinforcer was
replaced with saccharin (0.025–0.05% w/v). The importance
of alternative and concurrently presented reinforcers in
examining the positive reinforcing properties of drugs of
abuse has previously been discussed (Meisch and Lemaire,
1993; June, 2002).

Training phase (HAD-1 rats). To assess the capacity of
bCCt to modulate EtOH response in the VP, rats were
trained to lever press for alcohol only (see below). However,
an alternate-day access paradigm was employed to inves-
tigate the capacity of systemic injections of bCCt to modify
EtOH- and sucrose-maintained responding. These sche-
dules were employed as previous research has demonstrated
that unlike P rats, HAD-1 rats show a profound reduction in
EtOH intake (Lankford et al, 1991; Lankford and Myers,
1994) and responding (June, 2002) when presented
concurrently with a palatable nondrug reinforcer. In the
VP study, rats were initially trained to orally self-administer
EtOH and water in daily 60-min sessions on a concurrent
FR1 schedule in a two-lever choice situation. After a period
of stabilization on the FR1 schedule, the response require-
ment was increased to a concurrent FR4 schedule and the
water reinforcer was gradually eliminated from the protocol
and replaced with EtOH. Thus, the VP HAD-1 rats
responded concurrently for EtOH solutions on both levers.
The VP HAD rats were then stabilized on this regimen for 3
weeks prior to any microinfusions. Responding was
considered stable when responses were within 7 20% of
the average responses for 5 consecutive days.

Rats in the systemic study were trained in a similar
manner as the VP animals, except that after a 2-week
stabilization period on the concurrently presented EtOH
solutions, a series of preliminary studies were conducted to
determine the sucrose concentration that produced re-

sponse rates and profiles similar to that of EtOH during an
alternate-day presentation schedule. Following this deter-
mination, rats were then stabilized on a regimen of 10%
(v/v) EtOH on day 1, and 1% (w/v) sucrose on day 2. This
alternate-day paradigm continued for 2 weeks. After this
final stabilization period, the drug treatment phase began.
Again, responding was considered stable when responses
were within 7 20% of the average responses for 5
consecutive days. The position of the levers and associated
dippers for each reinforcer was alternated daily to control
for the establishment of lever preference under all
concurrent schedules when two different reinforcers were
present.

Systemic drug treatment procedures. bCCt was adminis-
tered 15 min before the operant session to allow for optimal
absorption and CNS distribution. bCCt was tested at doses
of 1–40 mg/kg. The duration of the operant sessions was
60 min. Subjects were also tested at 24 and 48 h postdrug
administration to determine if any residual drug effects
remained with a minimum of 72 and maximum of 96 h
allocated between drug treatments to permit animals to
return to baseline levels. No problems were encountered in
obtaining the bCCt in the Tween-20 solution. This period
prevented confounding of drug treatments due to residual
effects. The HAD-1 rats were tested at lower doses since our
preliminary studies indicated that the dose–response curve
was much lower in the HAD line compared with the P rats.
All systemic drug treatments were given in a randomized
design.

Blood Alcohol Concentration (BAC) Measurement

To ensure that animals were consuming pharmacologically
relevant amounts of EtOH during operant sessions, BACs
were collected in a subset of animals on days animals did
not receive drug treatment. After the first 20 min of an
operant session, approximately 100 ml of whole blood was
collected from the rats by tail tip into a heparin-coated
microsample tube. The BAC samples were collected at the
20-min time point since the majority of EtOH-maintained
responsestypically occur during the first half of the operant
session (June et al, 2001; Harvey et al, 2002; June, 2002). In
addition, an attempt was made to determine the rising
phase of the BAC since it has been demonstrated that the
rising, but not the falling phase of the blood alcohol curve
correlated significantly with the euphoric properties of
EtOH (June, 2002). After collection, the whole blood was
immediately centrifuged for 5 min at 1100 rpm. Plasma
samples of 5ml were collected with a Gilson Microman M-25
Pipette and injected directly into a GL-5 Analyzer (Analox
Instruments; Luxenburg, MA). Microanalysis consisted of
measuring the oxygen consumption in the reaction between
the sample of alcohol and alcohol oxidase (AOD) using a
Clark-type amperometric oxygen electrode. Alcohol reagent
buffer solutions (pH 7.4) and alcohol oxidase enzymes were
used in all samples tested. Results were calculated in units of
mg/dl and printed within 20 s of each trial. To assure
accuracy of measurement, each BAC sample was calibrated
twice. The mean of the two samples was used as an index of
the level of BAC content for a given rat. Single point
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calibrations were carried out using 5 ml of aqueous 100 mg/
dl (21.7 mmol/l) standard.

Surgery. Guide cannulae were stereotaxically implanted
bilaterally in the anterior (AP +0.48 mm; ML 7 1.6 mm;
DV –8.2 mm, with 61 lateral angle) (P rat n¼ 7) and medial
(AP –0.26 mm; ML 7 2.5 mm; DV –8.0 mm) (P rat n¼ 7;
HAD-1 rat n¼ 11) VP according to the Paxinos and Watson
(1998) atlas. The neuroanatomical control rats were
implanted in either the CPu or NACC. The co-ordinates
for the CPu rats (P rat n¼ 3; HAD-1 rat n¼ 4) were AP
+1.5; ML 7 2.5; DV –4.2. In the NACC group, rats were
implanted in the shell (AP +1.4; ML +0.8; DV –6.0) (P rat
n¼ 3; HAD-1 rat n¼ 4) or core (AP +1.4; ML 7 1.7; DV –
5.7) (P rat n¼ 3; HAD-1 rat n¼ 3). Thus, a total of 14 P rats
were bilaterally implanted with a cannula in the left and
right VP. While a total of nine control P rats were bilaterally
implanted with cannulae in the left and right NACC or CPu,
a total of 11 HAD-1 rats were unilaterally implanted in the
left hemisphere with the guide cannula aimed at the VP, and
unilaterally implanted in the right hemisphere with the
guide cannula aimed at the CPu/NACC. This strategy was
employed to further substantiate the neuroanatomical
specificity of the A1 receptor subtype in the ventral
striatopallidal area in regulating alcohol-motivated beha-
viors. In experimental and control animals, the cannulae
were aimed 1 mm above the intended brain loci. A stylet
that protruded 1 mm beyond the tip of the guide cannulae
was inserted when the injector was not in place. The sample
sizes obtained after the brains were evaluated under
the light microscope for correct cannula placements reflect
the data shown in Figures 4 and 7.

Microinfusion procedures. The microinfusions were delive-
red immediately before the operant session with a Harvard
infusion pump (Harvard Instruments; South Natick, MA),
during which time animals were able to move about freely
in their home cages (for details see June et al, 2001). The
injection cannula extended 1 mm beyond the tip of the
guide cannulae. bCCt was dissolved in aCSF (composition
in mM: NaCl, 120; KCl, 4.8; KH2PO4, 1.2; MgSO4, 1.2;
NaHCO3, 25; CaCl2, 2.5; D-glucose, 10). When necessary,
HCl acid or NaOH was added to the solutions to adjust pH
levels to B7.47 0.1. bCCt was infused bilaterally in P rats
for 5 min at a rate of 0.1 ml/1 min using a 28-gauge injector
cannulae. HAD-1 rats were infused unilaterally at a similar
rate. Each injector cannula was connected by polyethylene
tubing to a 10 -ml Hamilton microsyringe. The injection
volume delivered to each hemisphere was 0.5 ml, with a total
injection volume for both the left and right hemispheres for
both P and HAD-1 rats of 1.0 ml. No problems were
encountered in obtaining the bCCt in the aCSF solution.
All aCSF and drug treatments were administered in a
randomized design in all experiments. P rats received a
maximum of seven bilateral infusions, while HAD-1 rats
received a maximum of seven unilateral infusions in one
hemisphere and seven in the other.

Histology. After the completion of the behavioral testing,
animals were killed by CO2 inhalation. Cresyl violet acetate
(0.50 ml) was injected into the infusion site, and the brains

were removed and frozen. The frozen brains were sliced on
a microtome at 50-mm sections and the sections were
stained with cresyl violet. Infusion sites were examined
under a light microscope and indicated on drawings
adapted from the rat brain atlas of Paxinos and Watson
(1998). Only rats with correct cannula placements were used
in the final data analysis. Three of the P and two of the
HAD-1 rats were eliminated due to the right, left, or both
cannulas being incorrectly implanted. Additional rats (two
from each line) were also eliminated due to inadvertent loss
of cannulae in the home cage or operant chamber. A
reconstruction of serial coronal sections of the rat brains for
P and HAD-1 rats used in the data analysis is depicted in
Figures 4 and 7. The coronal sections show that the guide
cannulae were implanted in the anterior (Bregma 0.70–
0.20 mm) to medial (Bregma �0.26 to �0.30 mm) VP fields,
while the control placements were located more dorsally in
the NACC and CPu areas.

Statistical analysis. The operant-maintained response data
were analyzed by a single-factor repeated measures ANOVA
with drug treatment (ie dose) as the independent factor. In
the systemic studies, the dependent variables were EtOH-
and saccharin-maintained responding in the P rats (N¼ 11)
and EtOH- and sucrose-maintained responding for the
HAD-1 rats (N¼ 11). In the microinfusion studies, the
dependent variables were EtOH- and saccharin-maintained
responding for the P rats (VP: N¼ 11; NACC/CPu: N¼ 7)
and only EtOH in the HAD-1 rats (VP: N¼ 9; NACC/CPu:
N¼ 9). Each dependent variable was analyzed separately.
Post hoc comparisons between individual drug treatments
were made using the Newman–Keuls test in all experiments.
In the concurrent and alternate day schedules, correlated
t-tests were used to confirm that response rates for EtOH
and saccharin/sucrose responding under baseline and aCSF
conditions were similar.

Locomotor Sedation Study

Apparatus. Ambulatory count in the open field was
recorded individually for 10 min in a plexiglas chamber
(42 cm� 42 cm� 30 cm) using a Digiscan activity monitor-
ing system (Acuscan Electronics, Columbus, Ohio, USA)
(for details of the monitoring system, see June et al, 1998b).

Systemic injection procedures. bCCt (15 mg/kg, i.p.) and
chlordiazepoxide (10 mg/kg, i.p.) were administered 15 and
30 min, respectively, prior to the rats being placed in the
open field. EtOH (1.25 g/kg) was given 5 min prior to
placing the rats in the open field. When bCCt was given, in
combination with either chlordiazepoxide or EtOH, it was
given 10 min prior to chlordiazepoxide and EtOH. As noted
above, bCCt was administered in Tween-20 solution, while
all other drugs were mixed in sterile saline. Animals were
tested between 0900 and 1500.

Statistical analysis. HAD-1 and P rats were randomly
assigned to each drug treatment group. Between-group
ANOVAs with drug treatment (ie dose) as the independent
factor were conducted for both HAD-1 (n¼ 6–9 per
treatment group) (total N¼ 42) and P (n¼ 6–8 per
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treatment group) (total N¼ 42) rats on the locomotor
activity parameter (ie ambulatory count). Post hoc compar-
isons between individual drug treatment groups were made
using the Newman–Keuls test in all experiments.

RESULTS

Efficacy of bCCt in Modulating GABA at Recombinant
GABAA1–A5 Receptors in Xenopus Oocytes: Comparison
with other BDZ Antagonists

bCCt exhibited either a neutral or low-efficacy agonist
response at GABAA1 (967 7%) A2 (997 10%), A3
(1087 6%), and A4 (1077 5%) receptors (Figures 2a).
However, a low-efficacy partial inverse agonist response was
observed at the A5 receptor (887 7% of the GABA
response). Flumazenil exhibited an efficacy profile that
was qualitatively similar to bCCt at the A1 (997 5%), A3
(1187 7%), and A5 (967 6%) subtypes. At the A2

receptor, flumazenil produced a low-efficacy agonist
response (1157 4%), while bCCt was GABA neutral
(987 10%). Flumazenil also produced a qualitatively
similar response to bCCt at the A4 receptor, albeit the
magnitude of GABA potentiation by flumazenil far exceeded
that of bCCt (1327 6 vs 1087 6%, respectively). In
contrast, ZK 93426 produced a clear agonist profile,
potentiating GABAergic activity by 1377 8–1487 11%
across the A1–A4 subtypes, but was GABA neutral at the
A5 receptor (967 6%). Figure 2b–j depicts the current
traces illustrating the relative magnitude of GABA potentia-
tion by bCCt, flumazenil, and ZK 93426. Despite the
qualitatively similar response profile of bCCt and flumaze-
nil, the traces clearly reveal that bCCt did not remarkably
affect the GABA currents at the A1, A2, A3, or A4 (data not
shown) subtypes relative to the control condition. In
contrast, flumazenil significantly increased the GABA
currents at the A2 (Po0.09), A3 (Po0.05), and A4
(Po0.01) subtypes relative to the control condition. The

Figure 2 Modulation of GABAA a1b3g2, a2b3g2, a3b3g2, a4b3g2, and
a5b3g2 receptor subunit combinations expressed in Ltk cells by bCCt
(open bars), flumazenil (shaded bars), and ZK 93426 (black bars). A
saturating concentration (1–10mM) was coapplied over voltage-clamped
oocytes along with an EC50 of GABA. (a) Each value is the mean % GABA
response7 SD of at least four separate oocytes. Actions of bCCt,
flumazenil, and ZK 93426 on recombinant GABAA receptor subtypes. Top,
current responses of voltage-clamped oocytes expressing GABAA a1b3g2
receptors (b), during application of 50 mM (EC50) GABA alone for the
duration indicated by the black bar (left trace). Current response from the
same oocyte subsequently coapplied with 50-mM GABA along with 10mM
bCCt for the duration indicated by the open bar (right trace). (c) Current
response of a voltage-clamped oocyte during application of 50-mM GABA
for the duration indicated by the black bar (left trace). Current response
from same oocyte subsequently coapplied with 50-mM GABA along with
1mM flumazenil for the duration indicated by the open bar (right trace). (d)
Current response of a voltage-clamped oocyte during application of 50-mM
GABA for the duration indicated by the black bar (left trace). Current
response from the same oocyte subsequently coapplied with 50-mM GABA
along with 10 mM ZK 93426 for the duration indicated by the open bar
(right trace). Center, current responses of voltage-clamped oocytes
expressing GABAA a2b3g2 receptors (e), during application of 50mM
(EC50) GABA for the duration indicated by the black bar (left trace).
Current response from the same oocyte subsequently coapplied with 50-
mM GABA along with 10 mM bCCt for the duration indicated by the open
bar (right trace). (f) Current response of a voltage-clamped oocyte during
application of 50-mM GABA for the duration indicated by the black bar (left
trace). Current response from the same oocyte subsequently coapplied
with 50mM GABA along with 10mM flumazenil for the duration indicated
by the open bar (right trace). (g) Current response of a voltage-clamped
oocyte during application of 50-mM GABA for the duration indicated by the
black bar (left trace). Current response from the same oocyte subsequently
coapplied with 50-mM GABA along with 10mM ZK 93426 for the duration
indicated by the open bar (right trace). Bottom, current responses of
voltage-clamped oocytes expressing GABAA a3b3g2 receptors (h), during
application of 30mM (EC50) GABA for the duration indicated by the black
bar (left trace). Current response from the same oocyte subsequently
coapplied with 30-mM GABA along with 10 mM bCCt for the duration
indicated by the open bar (right trace). (i) Current response of a voltage-
clamped oocyte during application of 30-mM GABA for the duration
indicated by the black bar (left trace). Current response from the same
oocyte subsequently coapplied with 30-mM GABA along with 1-mM
flumazenil for the duration indicated by the open bar (right trace). (j)
Current response of a voltage-clamped oocyte during application of 30-mM
GABA for the duration indicated by the black bar (left trace). Current
response from the same oocyte subsequently coapplied with 30-mM GABA
along with 10 mM ZK 93426 for the duration indicated by the open bar
(right trace). Scale bars: 5 nA, 10 s.
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traces also confirmed the marked potentiation of the GABA
current by ZK 93426 at the A1–A3 and A4 (data not shown)
subtypes compared with the control condition (Po0.01).

Neurobehavioral Studies

Blood EtOH content (BAC) determination. Body weights
of the P (N¼ 10) and HAD-1 (N¼ 9) rats used for BAC
determination ranged from 290 to 407 g. BACs were
collected on days that no drug treatments were adminis-
tered in both rat lines. EtOH responding for P rats yielded
intakes of 0.67–2.78 g/kg of absolute EtOH. Consumption in
milliliters was 1.45–6.37. BACs ranged from 16 to 92 mg/dl.
BACs correlated significantly with EtOH responding
(r¼ 0.78, Po0.01) and intake (r¼ 0.82, Po0.01). For the
HAD-1 rats, alcohol response yielded intakes of 0.43–1.94 g/
kg of absolute EtOH. EtOH consumption in milliliters was
0.84–5.34. BACs ranged from 12 to 86 mg/dl. BACs
correlated significantly with EtOH responding (r¼ 0.68,
Po0.05) and intake (r¼ 0.66, Po0.05). Once the BACs were
determined, group assignments were balanced to include
rats from both the low- and high-intake ranges. Thus, rats
were semirandomly assigned to their respective groups with
a prerequisite being that a given group contained 40–50% of
both low or high alcohol responders.

Parenteral Injection Studies

P rats. Figure 3a shows that basal operant response rates for
EtOH were within 92% of response rates for saccharin
(P40.05). The 5–40 mg/kg bCCt treatments that suppressed
responding maintained by alcohol yielded a significant
main effect of dose (F(5, 45)¼ 4.64, Po0.01). The Newman–
Keuls post hoc tests revealed that all doses significantly
suppressed alcohol-maintained responding compared with
the control condition (Pp0.05). At 24 h postdrug admin-
istration, the 40 mg/kg dose continued to suppress respond-
ing by 76% of control levels (Po0.05). In contrast to the
effects on alcohol-maintained responding, bCCt was with-
out effect on responding maintained by saccharin
(F(5, 45)¼ 1.64, P40.05).

HAD-1 rats. Figure 3b shows that basal operant responding
rates for EtOH and sucrose were very similar (P40.05). The
1–10 mg/kg bCCt injections dose-dependently suppressed
the responding maintained by alcohol, yielding a significant
main effect of dose (F(4, 40)¼ 7.84, Po0.001). The New-
man–Keuls post hoc tests confirmed that all doses
significantly suppressed alcohol-maintained responding
compared with the control condition (Pp0.05). The bottom
panel of Figure 3b shows that bCCt suppressed responding
maintained by sucrose only with the 10 mg/kg dose;
however, the overall ANOVA failed to reach statistical
significance (F(4, 40)¼ 1.64, P40.05). A subsequent post
hoc test confirmed that the 10 mg/kg dose produced a
marked suppression on responding maintained by sucrose
(Po0.01).

Microinfusion Studies

P rats. Figure 4a shows a reconstruction of serial coronal
sections of the rat brain illustrating the bilateral guide

cannula tips for the 12 VP rats with correct cannula
placements. The histological placements show that the guide
cannulas were implanted in the dorsal (Bregma 0.70–
0.20 mm) to medial (Bregma �0.26 to �0.30 mm) VP fields.
Figure 5a–d depict the actual bilateral placements for four
of the 12 VP rats in separate photomicrographs illustrating
the extent of the lesion sustained as a result of the bilateral
guide cannula. The top panel of Figure 6a shows behavioral
data for P rats bilaterally infused with bCCt (5–40 mg)
compared with the no injection baseline (ie B) and the aCSF
control conditions. bCCt dose-dependently reduced EtOH-
maintained responding relative to the B and aCSF control
conditions resulting in a significant effect of drug
dose (F(4, 44)¼ 4.83, Po0.05), (F(4, 44)¼ 5.21, Po0.05,
respectively). Post hoc analyses confirmed that all bCCt
doses significantly reduced EtOH responding (Pp0.05).
The bottom panel of Figure 6a also shows data for
saccharin-maintained responding after the bCCt and
control infusions. In contrast to the effects observed on
EtOH-maintained responding, bCCt did not alter respond-
ing maintained by saccharin with any of the tested doses
and produced a nonsignificant effect of drug dose relative
to the two control conditions (F(4, 44)¼ 0.98, P40.05);
(F(4, 44)¼ 1.34, P40.05).

A reconstruction of serial coronal sections for the
neuroanatomical control rats is depicted in Figure 4b. The
bilateral guide cannula tips for the seven control subjects
were at Bregma 2.20 to Bregma 1.20. Figure 6b shows the
rates of responding maintained by EtOH (upper panel) and
saccharin (lower panel) following bilateral microinjection of
the 5–40 mg doses of bCCt. Compared with the aCSF and BL
control conditions, none of the bCCt treatments altered
EtOH or saccharin-maintained responding. These findings

Figure 3 Dose–response of systemic bCCt injections (i.p.) in (a) P (Ps)
(5–40 mg/kg) and (b) HAD-1 (Hads) (1–10 mg/kg) rats. P rats (N¼ 11)
performed under a concurrent FR4 schedule for EtOH (10% v/v) and
saccharin (0.05% w/v). HAD-1 rats (N¼ 11) performed under an alternate-
day access paradigm, wherein they received EtOH (10% v/v) on day 1 and
sucrose (1% w/v) on day 2. At 15 min after the i.p. injections, rats were
placed in the operant chamber to lever press for a 60-min session.
**Po0.01, *Po0.05 vs the control conditions values by ANOVA and post
hoc Newman–Keuls test. Bars represent7 SEM in this and subsequent
figures.
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were supported by a nonsignificant effect of drug treatment
for EtOH- and saccharin-maintained responding (F(4, 24)¼
0.299, P40.05), (F(4, 24)¼ 1.84, P40.05), respectively.

HAD-1 rats. As noted above, HAD-1 rats were trained to
lever press for alcohol only. In addition, to further
substantiate the neuroanatomical specificity of the A1
receptor, HAD-1 rats received a unilateral implant in the
VP and a second implant in either the CPu or NACC. Of the
11 rats implanted, nine were implanted in both the VP and
CPu/NACC areas. Figure 7a, b show a reconstruction of
serial coronal sections for the rats with the correct
placements in both loci. The VP cannulae were at Bregma
0.70 to �0.30 (Figure 7a), while the CPu/NACC implants
were more dorsal at Bregma 2.20 to �1.20 (Figure 8a).
Figures 8a–d, 9a–d, depict representative photomicrographs
for four rats, with each having a single cannula track in the
CPu/NACC and the other in the anterior to posterior VP.
Figure 6c shows the rates of responding maintained by
EtOH following unilateral microinjection of the 0.5–7.5 mg
doses of bCCt into the VP of HAD-1 rats. Compared with
the aCSF control condition, bCCt dose-dependently reduced
EtOH response and yielded a significant effect of drug dose
(F(5, 40)¼ 4.315, Po0.003). However, post hoc analyses
showed that only the 2.5–7.5 mg doses significantly reduced
response (Pp0.05). Figure 6d shows that twenty-four hr
postdrug administration, the 2.5–7.5mg doses continued to
reduce responding by as much as 54–63% of control levels
(F(5, 40)¼ 4.91, Po0.001). In contrast, Figure 6e shows that
unilateral infusions of bCCt into the CPu/NACC areas
were completely ineffective in altering alcohol-maintained
responding (F(5, 40)¼ 0.466, P40.05).

Figure 4 Reconstruction of serial coronal sections of the ‘P’ rat brains illustrating the bilateral guide cannula tips for the (a) VP (anterior to posterior
division) (N¼ 11) and (b) NACC/Cpu (N¼ 7) (ie neuroanatomical controls). Each rat is represented by two solid black circles: one in the left, and one in
the right hemisphere. Coronal sections are adapted from the rat brain atlas of Paxinos and Watson (1998), reproduced with permission from Academic
Press.

Figure 5 Representative histological photomicrographs of bilaterally
implanted cannulas in four ‘P rats’ terminating in the (a) anterior (Bregma
+0.70 mm), (b) subcommissural (Bregma +0.20 mm), (c) medial VP
(Bregma �0.26 mm), and (d) posterior VP (Bregma �0.80 mm). The
photomicrographs depict the distal ends of the cannula tracks.
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Locomotor Sedation Study: Interaction of bCCt and
Chlordiazepoxide

P and HAD-1 rats. Figure 10a, b illustrate the sedative
profile of chlordiazepoxide and EtOH. Chlordiazepoxide
(10 mg/kg, i.p.) and EtOH (1.25 g/kg, i.p.) produced a
profound and comparable reduction in locomotor activity
compared with the vehicle-treated controls in the P and
HAD-1 rats. These findings resulted in a highly significant
effect of drug treatment in P and HAD-1 rats (F(5, 36)¼
8.67, Po0.0001) and (F(5, 36)¼ 30.99, Po0.0001), respec-
tively. bCCt (15 mg/kg, i.p.) reversed the sedation produced
by both chlordiazepoxide and EtOH in both P (Po0.01 and
Po0.01, respectively) and HAD-1 (Po0.01 and Po0.01,
respectively) rats. Given alone, bCCt did not produce any
intrinsic effects in either rat line (P40.05).

DISCUSSION

Parenteral administration of bCCt selectively reduced
alcohol-maintained responding, but did not alter respond-
ing maintained by a highly palatable reinforcer in P rats. In
HAD-1 rats, bCCt continued to exhibit selectivity in
suppressing alcohol-maintained responding compared with

a caloric reward. Further, a four-fold higher dose of bCCt
was required to reduce the consumption of the sucrose
reinforcer compared to alcohol in this line. Previous
research has suggested that when response rates for a drug
and alternative reinforcer approximate each other at basal
levels, rate is no longer a confounding factor contributing to
the effects of an antagonist in drug self-administration
studies (Samson et al, 1989; Carroll et al, 1989; Petry and
Heyman, 1995; June, 2002). Response rates for EtOH and
the alternative reinforcers were similar in P and HAD-1 rats.
Hence, bCCt evidenced a marked specificity in reducing
alcohol responding compared with responding maintained
by other palatable ingesta across two alcohol-preferring
lines.

Consistent with the effects observed following parenteral
administration, direct VP infusions of bCCt produced dose-
dependent reductions in alcohol-maintained responding in
both P and HAD-1 rats, but failed to alter responding for a
palatable saccharin reward in P rats. These data reinforce
the notion that the bCCt-induced reduction of alcohol-
maintained behaviors was not due to a general suppression
of consummatory behaviors. The bCCt-mediated suppres-
sion also exhibited neuroanatomical specificity in P and
HAD-1 rats. Hence, suppression was seen at the anterior to
posterior VP levels in P and HAD-1 rats, but was not
observed with the more dorsal placements in the NACC or
CPu in either rat line. Further, this selective typography
could clearly be demonstrated even following occupancy of
the GABAA1 receptors by bCCt in a single hemisphere. The
failure of bCCt to alter alcohol self-administration in the
NACC and the CPu could possibly be due to the fact that
very few A1 receptors are occupied following a unilateral
infusion in the NACC or CPu. However, a more likely
explanation for bCCt altering alcohol self-administration is
the reported lack of A1 transcript within the NACC and CPu
(Churchill et al, 1991; Araki and Tohyama, 1991; Turner
et al, 1993; Fritschy and Mohler, 1995; Duncan et al, 1995).
These data are also consistent with the marginal levels of
[3H]zolpidem binding (a GABAA1 selective agonist) in the
NACC and CPu (Duncan et al, 1995). Criswell et al (1993,
1995) and Duncan et al (1995) have suggested that zolpidem
binding sites are predictive of loci where EtOH potentiates
GABAergic function in the CNS. Finally, recent work in
our laboratory has demonstrated that A1 knockout mice
consistently fail to initiate lever-press responding for
EtOH (10% v/v), while the wild-type mice readily respond
for EtOH in the operant chamber (Foster, Homanics,
June, unpublished). These data further confirm the
significance of the A1 receptor in regulating EtOH-
motivated behaviors.

The VP has been reported to play a role in regulating the
rewarding properties of both psychostimulant and opioid
drugs (Austin and Kalivas, 1990; Hubner and Koob, 1990;
Hiroi and White, 1993; Gong et al, 1996, 1997; Johnson and
Napier, 1997). However, there has been no direct link of this
substrate to the rewarding properties of EtOH. The present
study and work with 3-PBC, another GABAA1 agonist-
antagonist (Carroll et al, 2000; Harvey et al, 2002),
represent the first direct test of the hypothesis. However,
it is not known if the GABAA1 receptors of the VP are
sufficient to regulate alcohol’s reinforcing properties. The
VP has a small, albeit much lower density of non-A1

Figure 6 (a) Performance of female P rats (n¼ 11) on a concurrent FR4
schedule for EtOH (10% v/v) and saccharin (0.05% w/v) following bilateral
infusions of bCCt (0.0–40 mg) in the VP. (b) Performance of control female
P rats (n¼ 7) on a concurrent FR4 schedule for EtOH (10% v/v) and
saccharin (0.05% w/v) following bilateral infusions of bCCt (0.0–40 mg) in
the NACC/CPu areas. (c, d) Performance of female Had rats (n¼ 9) on an
FR4 schedule for EtOH (10% v/v) following unilateral infusions of bCCt
(0.0–7.5 mg) in the VP on the first day of infusion and 24 h postdrug
administration. (e) Performance of the same female Had rats in (c) (n¼ 9)
on an FR4 schedule for EtOH (10% v/v) following unilateral infusions of
bCCt (0.0–7.5 mg) in the NACC/CPu areas on the first day of infusion.
**Pp0.01, *Pp0.05, compared with the baseline (Bl) and aCSF conditions
using post hoc Newman–Keuls tests.
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containing GABA receptors (Turner et al, 1993; Fritschy and
Möhler, 1995; Wisden et al, 1992). Moreover, the selectivity
of bCCt at the GABAA1 receptor compared with the A2 and
A3 subtypes is also important to note. Recombinant
receptor studies show that bCCt exhibits a 410-fold
selectivity for the GABAA1 over the A2 and A3 receptors,
and a 4110-fold selectivity for the A1 over the A5 subtype
(Cox et al, 1995). Thus, binding of bCCt at non-A1 receptors
might contribute to the reduction in alcohol responding,
even following direct infusion in the VP. However, this

hypothesis is mitigated by the failure of bCCt to alter
alcohol response in the NACC and CPu, where greater levels
of A2 and A3 transcripts have been observed (Turner et al,
1993; Fritschy and Möhler, 1995; Wisden et al, 1992). In
addition, GABAergic involvement within the mesolimbic
DA or opioid systems in the VP also cannot be ruled out
(Austin and Kalivas, 1990; Kalivas et al, 1993). Taken
together, the present data do not unequivocally support
the role for the GABAA1 receptor as the sole mediator of the
antagonistic actions of bCCt, but is the most tenable

Figure 7 Reconstruction of serial coronal sections of the HAD-1 rat brains illustrating the unilateral guide cannula tips for the (a) NACC/CPu (n¼ 9) (ie
neuroanatomical controls) and (b) VP (anterior to posterior division) (n¼ 9). Each rat is represented by two solid black circles: one in the left NACC/CPu
and one in the right VP (total N¼ 9). Coronal sections are adapted from the rat brain atlas of Paxinos and Watson (1998), reproduced with permission from
Academic Press.

Figure 8 Representative histological photomicrographs of two ‘HAD-1
rats’ with one unilateral cannula terminating in the (a, c) NACC/CPu (ie
neuroanatomical control loci) and the second unilateral cannula terminating
in the (b, d) anterior (Bregma +0.70 mm) to medial VP (Bregma
�0.26 mm).

Figure 9 Representative histological photomicrographs of two addi-
tional ‘HAD-1 rats’ with one unilateral cannula terminating in the (a, c)
NACC/CPu (ie neuroanatomical control loci) and the second unilateral
cannula terminating in the (b, d) medial (Bregma �0.26 mm), to posterior
VP (Bregma �0.80 mm).
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explanation of the neuromechanisms by which bCCt
selectively reduces alcohol responding.

Previous research has demonstrated that parenteral and
oral administration of the pyrazoloquinoline (CGS 8216)
and the b-carboline (ZK 93426) antagonists can selectively
reduce alcohol-maintained response in P rats (June et al,
1998a). At 24 h postdrug administration, the suppression
was still detectable with higher doses (X20 mg/kg). In
contrast, the antagonist flumazenil did not alter EtOH-
maintained responding. A single infusion directly into the
VP or systemic injection of bCCt was also observed to
selectively suppress alcohol responding 24 h postdrug
administration under some conditions in P (Figure 3a)
and HAD-1 rats (Figure 6d). bCCt’s long duration of action

makes this compound ideal as a prototype pharmacother-
apeutic agent for use with humans. Its longevity in vivo can
be attributed to its 3-carboxylate t-butyl ester configuration,
which cannot be readily hydrolyzed by esterase activity.
t-Butyl ester ligands are apparently too large to fit in the
esterase active site and consequently are longer lived in vivo
(Zhang et al, 1995).

The locomotor sedation produced by chlordiazepoxide
was reversed by bCCt (15 mg/kg, i.p.) in HAD-1 and P rats.
These data are consistent with previous research in mutant
mice suggesting that the GABAA1 receptor subtype mediates
the sedative actions of BDZs (Rudolf et al, 1999; McKernan
et al, 2000). However, the current study extends these
findings by demonstrating that the GABAA1 receptor may
also play a significant role in regulating the sedation
produced by an intoxicating dose of alcohol (1.25 g/kg)
(Figure 10). These data are also consistent with our previous
research demonstrating that ZK 93426 and CGS 8216, but
not flumazenil are capable of blocking the sedative actions
of alcohol (June et al, 1998c). Hence, given that ZK 93426
and CGS 8216 are nonselective antagonists, it is possible
that the bCCt reversal/attenuation of the alcohol-induced
sedation may be regulated, in part, by other non-A1
receptor subtypes. Nevertheless, when given alone, bCCt
did not produce intrinsic effects on motor activity in either
rat line. These data are in agreement with the work of
Griebel et al (1999), who reported that doses as high as
60 mg/kg failed to produce intrinsic activity in the open
field in mice. Together, the above studies suggest that bCCt
is devoid of intrinsic effects on locomotor behaviors and its
antagonism of the sedation produced by chlordiazepoxide
and alcohol may be mediated via the GABAA1 receptor
subtype. Thus, bCCt may be used as a pharmacological tool
for distinction among the GABAA receptor subtypes for
selected behaviors of alcohol as well as BDZs.

While the behavioral data with bCCt support a role for
GABAA1 receptors mediating alcohol’s rewarding and
sedative properties, the oocyte data demonstrated that even
at saturating concentrations, bCCt exhibited a neutral or
low-efficacy partial inverse agonist profile at GABAA1, A2

and A5 receptors, and a low-efficacy partial agonist profile
at the GABAA3 and A4 subtypes. bCCt was equally, or less
potent, than flumazenil in modulating GABAergic activity
across the various receptor subtypes. Thus, these data
suggest that in the Xenopus oocyte expression system, bCCt
displays an efficacy profile characteristic of a neutral BDZ
ligand. The functional behavioral significance of such low-
level GABAergic modulation is not known. Hence, a clear
conundrum in interpreting these data is how can a drug
with little or no intrinsic efficacy across the GABAA receptor
subtypes modulate alcohol’s neurobehavioral effects? One
hypothesis is that a low-efficacy BDZ receptor ligand may
be sufficient to antagonize alcohol’s neurobehavioral effects
(see June et al, 2001). This hypothesis has recently received
support from our lab by demonstrating that Ro 15-4513 (the
most well-studied antialcohol agent) produces a small,
albeit statistically significant reduction (B15%) in GABA-
ergic activity only at recombinant GABAA1 receptor. At the
GABAA2–A5 receptors, Ro 15-4513 was GABA neutral
(June et al, 2001). Thus, similar to bCCt, Ro 15-4513
exhibits a neutral efficacy across many of the GABAA

receptors, but is highly effective in antagonizing several of

Figure 10 Evaluation of bCCt’s capacity to antagonize the locomotor
sedation produced by chlordiazepoxide (CZ) in (a) HAD-1 rats in the
vehicle (n¼ 9), 10 mg/kg CZ (n¼ 6), 15 mg/kg bCCt+10 mg/kg CZ
(n¼ 7), 1.25 g/kg EtOH (n¼ 7), 15 mg/kg bCCt+1.25g/kg EtOH (n¼ 7),
and 15 mg/kg bCCt (n¼ 6) treatment groups and (b) P rats in the vehicle
(n¼ 8), 10 mg/kg CZ (n¼ 6), 15 mg/kg bCCt+10 mg/kg CZ (n¼ 7),
1.25g/kg EtOH (n¼ 7), 15 mg/kg bCCt+1.25g/kg EtOH (n¼ 7), and
15 mg/kg bCCt (n¼ 7) treatment groups. Data are ambulatory count in an
open field (mean7 SEM) for 10 min. **Pp0.01, compared with the
vehicle (Veh) using post hoc Newman–Keuls tests. +Po0.01 compared
with the 1.25g/kg EtOH condition. bCCt only partially antagonized the
EtOH sedation in P rats.
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the neurobehavioral effects of alcohol. A second hypothesis
is that efficacy as measured in this Xenopus oocyte assay
system does not accurately predict or correlate with the
efficacy observations obtained from wild-type receptors, or
in whole animal pharmacological experiments. A substan-
tial literature exists on wild-type receptors in the GABA-
shift assay (Wong and Skolnick, 1992a, b), TBPS binding
(Ticku et al, 1992), and electrophysiological studies (see
Harris and Lal, 1988), demonstrating that Ro15-4513 is a
partial inverse agonist (also see Suzdak et al, 1986). However,
in contrast to the Xenopus oocyte expression system, the
above procedures may represent an average efficacy deter-
mination of multiple rather than a single subunit isoform
(Wong and Skolnick, 1992a, b; Skolnick et al, 1997); hence,
these data may not be directly comparable. Finally, subunit
combinations other than those used in the present study may
be relevant to the effects of bCCt (see Wafford et al, 1993a, b;
Barnard et al, 1998; Skolnick et al, 1997).

The fact that bCCt can clearly be differentiated from weak
partial inverse agonist such as Ro15-4513 was recently
demonstrated in vivo in rodents and primates as well as in
vitro in the human HEK cell efficacy assay at the GABAA1, A2

and A3 receptors. For example, in both P and HAD rats,
bCCt (5–30 mg/kg) produced anti-anxiety effects in the plus
maze comparable to that of chloradiazepoxide (Carroll et al,
2001). Further, bCCt potentiated the anticonflict response
produced by an A1 subtype ligands in primates (Paronis
et al, 2001). More recently, in the human HEK cell assay we
demonstrated that similar to the Xenopus oocyte assay,
bCCt displayed weak inverse agonist effects at 0.01–1 mM,
however, at higher concentrations (10–100 mM) it produced
agonist effects. Interestingly, at the A2, A3, and A4 receptors
strong positive GABA modulating effects were observed
(41–72%), with the greatest effects being seen at the A2
receptors (Lyddens, June, Cook, unpublished). It should be
recalled that the A2 receptor has been proposed to regulate
the anxiolytic effects of BDZs (McKernan et al, 2000; Löw
et al, 2000). Thus, unlike Ro15-4513, the well-known alcohol
antagonist (Suzdak et al, 1986) bCCt, while capable of
antagonizing several behavioral effects of alcohol, clearly
exhibits GABA agonist effects in several in vivo and in vitro
assays.

Based on the present findings, we contend that in contrast
to previous reports (for a review see Jackson and Nutt,
1995), a large negative intrinsic efficacy is not a prerequisite
for BDZ ligands to antagonize the rewarding or sedative
properties of alcohol. Thus, subtype selectivity, as well as
efficacy, may be a more important predictor of a BDZ
ligand’s capacity to selectively antagonize alcohol’s neuro-
behavioral actions in the absence of intrinsic effects (June
et al, 2001). In further support of this hypothesis, molecular
modeling studies have shown that the pharmacophore for
high affinity and selectivity at the GABAA1 receptor is
clearly different for bCCt compared to the prototypical BDZ
antagonist flumazenil (Cox et al, 1998).

In conclusion, the present study demonstrated that in two
rodent models of chronic alcohol consumption (P and
HAD-1 lines), bCCt produces reliable and selective antag-
onism of EtOH-seeking behaviors. We further demonstrated
that the bCCt suppression was regulated in part, via the VP,
a mesolimbic substrate purported to play a role in the
reinforcing properties of other abuse drugs (Hubner and

Koob, 1990; Gong et al, 1996; Johnson and Napier, 1997).
bCCt’s selectivity at the GABAA1 receptor and low intrinsic
efficacy (close to GABA neutral) across the various receptor
subtypes may contribute to its failure to exhibit locomotor-
impairing effects in the current study. It has been suggested
that greater side effects of BDZs occur with ligands that lack
receptor subtype selectivity (Stephens et al, 1992). However,
the degree to which the oocyte data accurately reflects
bCCt’s in vivo actions remains to be determined. Never-
theless, we conclude that bCCt may have potential as a
prototype pharmacotherapeutic agent to effectively reduce
alcohol drinking behavior in human alcoholics. bCCt’s
capacity to reduce alcohol’s euphorigenic properties, while
concurrently eliminating or attenuating its motor-impairing
effects, should render it an optimal prototype in the
development of pharmacotherapeutic agents to treat
alcohol-dependent individuals.
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