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Abstract

It has frequently been reported that a high percentage of individuals, identified as either alcohol- or cocaine-dependent, concurrently abuse
both drugs. The experiments reported here represent a continuing effort to develop an animal model to predict the effects of a potential
pharmacotherapeutic agent on concurrently available oral ethanol and cocaine. These experiments utilized drinkometer circuitry to assess the
effects of gamma-vinyl-GABA (GVG), a y-aminobutyric acid (GABA) transaminase inhibitor, on the consumption and temporal pattern of
responses for orally self-administered ethanol and cocaine. The results of these experiments showed that GVG, at doses of 100, 200 and 300
mg/kg, reduced both ethanol and cocaine consumption in a dose-related manner. When compared to vehicle, GVG at all doses significantly
reduced ethanol consumption while consumption of cocaine was significantly reduced only at 300 mg/kg. This is consistent with data
showing that GVG reduces consumption of these drugs when administered alone and data showing that GVG is more potent in reducing
ethanol-induced compared to cocaine-induced extracellular dopamine in the nucleus accumbens. Analysis of the temporal pattern of drinking
across the session suggests that GVG’s effects are due to a disruption of the reinforcing properties of ethanol and cocaine rather than a more
general reduction in motor behavior. These data suggest that GVG has potential for clinical use in populations that abuse either alcohol or

cocaine alone or in combination. © 2001 Elsevier Science Inc. All rights reserved.
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A significant proportion of those individuals seeking
treatment for either alcohol or cocaine abuse concurrently
use both of these drugs. For example, in alcohol-dependent
patients 20% to 30% were also found to qualify as cocaine-
dependent (Miller and Giannini, 1991), while in a cocaine-
dependent population, comorbid alcohol dependence has
been estimated to have a lifetime prevalence of 62%
(Rounsaville et al., 1991). Thus, development of effective
treatment for both addictions with a single drug would be
advantageous.
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The CNS neurotransmitter y-aminobutyric acid (GABA)
helps regulate addictive behaviors. Recently, a novel
approach to targeting the GABA system has been devel-
oped. Gamma-vinyl-GABA (GVG, Vigabratin) is an irre-
versible inhibitor of GABA-transaminase. Because GABA
transminase is responsible for the breakdown of GABA,
inhibition by GVG produces a dose-dependent long-lasting
elevation of GABA and acts as an indirect GABA agonist
(Mattson et al., 1995). GVG has been shown to be effective
in reducing responding by rats for each of many drugs with
abuse potential including oral alcohol self-administration
(Wegelius et al., 1993), intravenous (iv) cocaine self-admin-
istration (Kushner et al., 1999), and oral morphine self-
administration (Buckett, 1981). In addition, GVG has been
shown to inhibit the ethanol-, methamphetamine-, heroin-
(Gerasimov et al., 1999) and cocaine-induced (Ashby et al.,
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1999; Dewey et al., 1997) increase in extracellular DA in
the nucleus accumbens (Nacc).

Animal models are typically designed to evaluate those
factors maintaining drug-seeking behavior, but little effort
has been directed at developing animal models of polydrug
use. One potential reason constraining the development of
models of concurrent alcohol—cocaine use is related to the
differences in route of administration employed for each of
these drugs. Alcohol is orally self-administered, while
cocaine is most often self-administered intravenously. Ani-
mal models have avoided oral self-administration of cocaine
for a number of reasons. Apart from the issue of delay of
reinforcement, it was believed that most of the orally con-
sumed cocaine would be hydrolyzed by exposure to the
gastrointestinal environment (Ritchie and Cohen, 1975).
However, it has since been demonstrated in humans that
oral cocaine produces both comparable bioavailability and a
greater subjective “high” compared to intranasal cocaine
(VanDyke et al., 1978). Similarly, Ma et al. (1999) using rats
have recently reported that oral cocaine was more potent than
intravenous cocaine, despite its lower bioavailability when
comparing their effects on both response rates and reinforce-
ment rates in a DRL schedule. This difference in potency was
hypothesized as attributable to differences in the presence of
active metabolites of cocaine and the rate of development of
acute tolerance dependent on route of administration. The
ability to develop animal models that employ comparable
routes of delivery across multiple drugs with abuse potential
is important because these models, in turn, can be used for
preclinical evaluation of potential pharmacotherapeutic
agents. In the experiments reported here, we employed an
animal model of concurrently available oral ethanol and
cocaine to further evaluate the efficacy of GVG.

1. Methods
1.1. Subjects

Eight male Wistar rats were purchased from Ace Ani-
mals, Boyertown, PA and arrived at the laboratory weighing
between 250 and 300 g. The rats were housed in individual
acrylic cages in a temperature-controlled (22°C) animal
colony on a 12 h/12 h reverse light/dark cycle with lights
out from 0700 to 1900 h. Animals were provided with ad lib
food and 18 h of fluid deprivation for the entire experiment.
All research was approved by the Institutional Animal Care
and Use Committee of the Philadelphia VAMC and con-
ducted according to The Guide for the Care and Use of
Laboratory Animals as adopted and promulgated by the
National Institutes of Health.

1.2. Apparatus

All experiments were conducted in Coulbourn Operant
Chambers placed inside of sound attenuating chambers.

Two Med Associates photobeam drinkometers were
mounted in the sidewall equidistant from the front and
back walls and 3.2 cm from the grid floor. A water bottle
was mounted on the sidewall equidistant between the
drinkometer spouts, but was not connected to drinkometer
circuitry. Drinkometers were connected to a PC using Med
Associates interface equipment and data were collected by
a computer program written in Medstate notation language.

1.3. Procedures

All experimental procedures were conducted during the
dark cycle between 1100 and 1700 h. Rats were initially
habituated to the drinkometer chambers for 2 days. On the
following 2 days they were fluid deprived for 18 h and
allowed to drink water from the two drinkometer bottles.
The next day, in one bottle, the rats were presented with an
ascending series of alcohol concentrations as follows: 2%
for 4 days, 4% for 4 days, and 6% (v/v) for the next 30 days
of the experiment or, in a second bottle, cocaine 0.01% for 4
days and 0.02% for the next 30 days. Water was available in
a third bottle placed equidistant between the drinkometers
but was not monitored by a drinkometer circuit. After one
month of exposure to these concentrations, the alcohol
solution was increased to 8% (v/v) and cocaine increased
to 0.04% (w/v). All bottles were weighed to the nearest 0.1
g at both the beginning and end of each session and the drug
bottles were rotated on a random basis to prevent the
development of a side preference. Once consumption was
stable at asymptote, saline was injected intraperitoneally (ip)
30 min prior to being placed in the drinkometer chambers.
On the following day, rats were injected ip with GVG, 300
mg/kg. Rats were returned to baseline consumption for a
period of 60 days and the procedure repeated with GVG,
100 mg/kg. Following another 60-day baseline period, the
procedure was again repeated with GVG, 200 mg/kg.

2. Results

GVG, at all three doses tested, reduced both oral alcohol
and cocaine self-administration in a dose-related manner.
Table 1 shows the percent reduction in the consumption of
ethanol and cocaine across each dose of GVG compared to
predrug saline baseline for ethanol and cocaine. Fig. 1
shows ethanol consumption following either saline or
GVG at all three doses. A repeated measures ANOVA of

Table 1

Difference in ethanol and cocaine consumption for each dose of GVG
tested expressed as percent change from consumption following pre-GVG
saline injections

GVG dose (mg/kg) Ethanol Cocaine
100 -30 -20
200 —46 -32
300 —69 —54
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Fig. 1. Ethanol consumption (gm/kg) following pre-GVG saline control injections, GVG at doses of 100, 200 or 300 mg/kg, or post-GVG baseline for the day

immediately following drug injection (£S.E.M.). * Significant at a=.05.

the three doses across saline- or drug-treatment days yielded
a significant effect for days [ (1,21) =71.310, P<.001] and
a significant days by dose interaction [ F(2,21) =3.717, P=
.04]. Subsequent ¢ tests for ethanol consumption following
saline or drug treatment at each dose revealed that GVG, at
each dose, significantly reduced ethanol consumption com-
pared to predrug saline control injections in the same
animals. Fig. 2 shows cocaine consumption following either
saline or GVG at all three doses. A repeated measures
ANOVA of the three doses across saline or drug treatment
days yielded a significant effect for days [ F(1,20)=9.246,
P=.006]. Subsequent simple effects test for cocaine con-

sumption following saline or drug treatment at each dose
revealed that only GVG, 300 mg/kg, significantly reduced
cocaine consumption.

Fig. 3 shows water consumption across saline- and drug-
treatment days at all three doses. A repeated measures
ANOVA of water consumption by the three levels of GVG
across the saline or drug treatment days was nonsignificant.

2.1. Microanalysis of temporal responding

A microanalysis of the temporal distribution of the
ethanol and cocaine drinking data, evaluating both the

Mean Cocaine Consumption (mg/kg)
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MGG
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Fig. 2. Cocaine consumption (mg/kg) following pre-GVG saline control injections, GVG at doses of 100, 200 or 300 mg/kg, or post-GVG baseline for the day

immediately following drug injection (£ S.E.M.). (* significant at a=.05)
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Fig. 3. Water consumption (ml) following pre-GVG saline control injections, GVG at doses of 100, 200 or 300 mg/kg, or post-GVG baseline for the day

immediately following drug injection (£S.E.M.).

number and size of drinking bouts across the 6-h session,
showed that the effect of GVG emerged from its effect on the
size of individual drinking bouts rather than the number of
bouts. The drinkometer data was recorded by computer as
individual licks and accumulated in 5-min bins across the 6-h
session. Drinking bouts were defined as the presence of
responses in any given bin and continued until a 5-min bin
occurred with no recorded responses. Drinking bout size was
determined by converting the number of responses in a 5-

GVG 100 mg/kg

min bin to a percentage of total responses. This was then
converted to drug by converting percent of total responses
into percent of total drug (Percent of total responses x Total
drug consumed). Because of a problem with the computer
collection of temporal data on saline and drug day for the
GVG 200 mg/kg dose, these data are not included in the
analysis. Fig. 4 shows the effect of saline and both GVG 100
and 300 mg/kg on the number and size of ethanol drinking
bouts. A repeated measures ANOVA for ethanol bout size

GVG 300 mg/kg

Mean Number of Ethanol
Drinking Bouts

Mean Size of Ethanol Drinking
Bouts (gm/kg)

Saline

H c6ve

Session Hours

Fig. 4. The effect of GVG on ethanol drinking bout size and number. Panel A: the effect of GVG 100 mg/kg and Panel C: the effect of GVG 300 mg/kg on
number of ethanol drinking bouts per session hour. Panel B: the effect of GVG 100 mg/kg and Panel D: the effect of GVG 300 mg/kg on size of ethanol

drinking bouts. (£S.E.M.)
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Fig. 5. The effect of GVG on cocaine drinking bout size and number. Panel A: the effect of GVG 100 mg/kg and Panel C: the effect of GVG 300 mg/kg on
number of cocaine drinking bouts per session hour. Panel B: the effect of GVG 100 mg/kg and Panel D: the effect of GVG 300 mg/kg on size of cocaine

drinking bouts. (£S.E.M.)

across the two levels of both dose and treatment, repeated
across the six session hours, yielded a significant effect for
treatment [ F(1,28) = 11.267, P =.002]. Simple effects tests
on each of the doses revealed a nonsignificant effect for
GVG 100 mg/kg and a significant effect for GVG 300 mg/kg
[F(1,14) = 13.209, P= .003]. A similar analysis for
number of ethanol drinking bouts across the six session
hours for both doses was nonsignificant. Fig. 5 shows the
effect of saline and both GVG 100 and 300 mg/kg on the

number and size of cocaine-drinking bouts. A repeated
measures ANOVA for cocaine bout size across the two
levels of both dose and treatment, repeated across the six
session hours, yielded a significant effect for treatment
[F(1,26) = 6.893, P = .014]. Simple effects tests on each
of the doses revealed significant effects for both GVG
100 and 300 mg/kg. A similar analysis for number of
cocaine-drinking bouts across the six session hours for
both doses was nonsignificant.
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Fig. 6. The effect of fluid deprivation or ad lib water on consumption of alcohol and cocaine.
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2.2. Analysis of deprivation effects

Approximately 2 weeks before evaluation of GVG 300
mg/kg rats were given ad lib access to water between
consecutive 6-h experimental sessions in order to assess
for the effect of deprivation on fluid choice. Fig. 6 shows the
consumption of both ethanol and cocaine solutions under
both deprived and nondeprived conditions. Consumption
during the session following ad lib water was compared to
consumption following predrug saline using ¢ tests. Ethanol
and cocaine consumption following ad lib water did not
differ significantly from consumption following predrug
saline under deprived conditions.

2.3. Analysis of blood levels of benzoylecognine and ethanol

A separate group of three rats was utilized to deter-
mine an indirect measure of blood cocaine level. These
rats were trained to drink a 0.04% cocaine solution in
their home cages. After a 23-h fluid deprivation period,
these rats were presented with the 0.04% cocaine solution
as their sole choice. After a 1-h drinking session these
rats were immediately removed from their home cages
and anesthetized with ketamine and a small amount of
blood was removed from their tail veins and placed in a
heparinized eppendorf. This blood was then analyzed
using an Abbott Axsym System for the cocaine metabo-
lite benzoylecognine. Table 2 shows cocaine consumption
and blood levels of benzoylecognine. The Axsym System
is used at Penn/VA Center For Studies of Addiction to
screen urine samples of clinical populations for drug use.
A reading >300 mg/dl is considered positive for cocaine
use. These data demonstrate a dose—effect relationship
between consumed cocaine and blood levels of the
principal metabolite.

Similarly, four rats were used to determine blood
ethanol levels. These rats were treated identically as
the cocaine rats and were given a 0.08% (v/v) ethanol
solution as their sole fluid choice. After a 1-h drinking
session these rats were immediately removed from their
home cages and anesthetized with ketamine and a small
amount of blood was removed from their tail veins and
placed in a heparinized eppendorf. This blood was then
analyzed using an Abbott Axsym System for blood
ethanol level using Abbott’s REA Ethanol assay. Table
3 shows ethanol consumption and corresponding blood
alcohol levels and demonstrate that rats in this type of

Table 2
Blood level of cocaine metabolite benzoylecognine compared to cocaine
consumption

Rat no. Cocaine consumption (mg/kg) Benzoylecognine (mg/dl)
501-2 12.60 364.27
501-1 19.72 435.42
501-6 21.17 555.65

Table 3
Blood ethanol level compared to ethanol consumption

Rat no. Ethanol consumption (gnm/kg) Blood ethanol level (mg/dl)
501-3 0.98 47.86
501-8 1.07 45.10
501-4 1.15 70.62
501-5 1.18 57.38

experiment drink ethanol levels that are pharmacologi-
cally meaningful.

3. Discussion

The present findings demonstrate that GVG produced a
dose-related decrease in both ethanol and cocaine when
these drugs were concurrently available for oral self-admin-
istration. This is the first report that we are aware of that
uses an animal model of concurrent oral ethanol and cocaine
self-administration to evaluate the efficacy of a potential
pharmacotherapeutic agent. These results are consistent with
the effects of GVG reported for oral ethanol consumption
(Wegelius et al., 1993) and for intravenously self-adminis-
tered cocaine (Kushner et al., 1999) when these drugs were
self-administered alone.

This effect of GVG on both cocaine and ethanol drinking
supports the view that a common mechanism mediates the
consumption of both drugs. The mesolimbic dopamine
(DA) system has been identified as crucial for the expres-
sion of the reinforcing properties of most drugs with abuse
potential (Koob, 1992). However, in the present model of
polydrug drug use GVG appears to be more potent in
suppressing ethanol consumption than cocaine consump-
tion. Rather than having a direct effect on the dopaminergic
pathways underlying the consumption of cocaine and etha-
nol, GVG’s effect is on the GABA system.

There is substantial evidence indicating that GABA is
crucial for the regulation of the mesolimbic DA pathways.
Three distinct GABAergic sources that innervate the ventral
tegmental area (VTA), the site of the dopamine cell bodies
that project to terminal fields in the nucleus accumbens,
have been identified (Churchill et al., 1992; Kalivas et al.,
1990). At the behavioral level, several studies have shown
that manipulation of GABA by agonists and antagonists
alter ethanol (Boyle et al., 1999; Nowak et al., 1998;
Petry, 1997; Roberts and Andrews, 1997; Soderpalm and
Hansen, 1998) and cocaine consumption (Brebner et al.,
1999; Campbell et al., 1999; Rounsaville et al., 1991).
Experimental evidence has demonstrated that GVG inhibits
the release of extracellular DA in the nucleus accumbens
during administration of ethanol (Gerasimov et al., 1999)
and cocaine (Ashby et al., 1999; Dewey et al., 1997;
Gerasimov et al., 1999). These data suggest the reason for
GVG’s greater potency in reducing ethanol versus cocaine
consumption. For example, GVG, at a lower dose, comple-
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tely suppressed the release of DA in the Nacc following
acute ethanol administration (Gerasimov et al., 1999) while
GVG at a higher dose suppressed the cocaine-induced DA
release in the Nacc by 25% (Ashby et al., 1999).

An interesting question about GVG’s effect arises, how-
ever, because the involvement of GABAergic mechanisms
in separate ethanol or cocaine self-administration appears to
differ. For example, the effect of GVG on cocaine con-
sumption appears to be related to its effect at GABAg
receptors. This has been demonstrated by the elimination
of GVG’s inhibition of cocaine-induced increases in extra-
cellular DA in the Nacc by preadministration of the GABAg
receptor antagonist SCH 50911 (Ashby et al., 1999; Morgan
and Dewey, 1998). This is consistent with other experi-
mental data demonstrating that the GABAg receptor agonist
baclofen (Brebner et al., 1999; Campbell et al., 1999;
Shoaib et al., 1998) and CGP44532 (Brebner et al., 1999)
attenuate cocaine self-administration dependent on factors
such as unit dose. Conversely, the GABA, agonist, tetra-
hydrisoxazolo [5,4-c]pyridin-3-ol hydrochloride (THIP)
failed to reduce cocaine self-administration (Shoaib et al.,
1998). To the extent that activity in GABAergic pathways is
critical for the ultimate expression of the positive reinfor-
cing properties that maintain cocaine consumption, these
data suggest that the GABAg receptor subtype is critical.

On the other hand, the relationship between the GABA
system and ethanol consumption appears more complex. In
contrast to cocaine, baclofen has been demonstrated to both
increase (Petry, 1997; Smith et al., 1999) and decrease
(Daoust et al., 1987) ethanol consumption. The GABA 4
agonist, muscimol has been shown to decrease (Petry, 1997;
Roberts et al., 1996), increase (Tomkins et al., 1994) or have
no effect on ethanol consumption (Nowak et al., 1998),
while the GABA, antagonists picrotoxin (Nowak et al.,
1998; Petry, 1997) and SR 95531 (Hyytia and Koob, 1995)
have been shown to decrease ethanol consumption.

Unlike these selective agonists/antagonists GVG is an
indirect GABA agonist nonselective for receptor subtype
and can therefore be assumed to affect each receptor subtype
in equal measure. The reported differences in the effects of the
selective GABAg agonist baclofen on cocaine and ethanol
consumption would seem to suggest a possibility for different
GABAergic mechanisms mediating cocaine and ethanol
consumption. One possibility is that GVG’s effects on alcohol
consumption are mediated by GABA 4 receptor subtypes, but
this has yet to be tested and the data derived from experiments
examining selective GABA 4 agonists is mixed. The evidence
demonstrating that GVG blocks both ethanol- and cocaine-
induced increases in extracellular DA in the Nacc in a dose-
related manner suggests a common GABAergic mechanism
modulating the reinforcing properties underlying the con-
sumption of these two drugs. Another potential explanation
for the apparent differences in effect of GVG and baclofen
may be related to the fact that the experiments reported here
employed concurrent consumption of both alcohol and
cocaine while the other reports examined each drug alone.

However, GVG has been shown to effectively reduce both
oral ethanol self-administration (Wegelius et al., 1993) and iv
cocaine self-administration (Kushner et al., 1999) when these
drugs were presented alone. The fact that GVG is an indirect
agonist with global effects on all GABA systems, when
compared to selective agonists, may underlie the differences
in action. For example, given the three known sources of
GABAergic enervation to the VTA in addition to GABA
receptors on presynaptic terminals in the nucleus accumbens
and in other areas related to reinforcement such as the
prefrontal cortex and amygdala, it is possible for differences
to emerge related to site of action.

Another possibility is that GVG acts more generally to
suppress the reward value of all appetitive behavior. While
GVG produced no significant change in water consumption
in the experiments reported here, it has been reported to
reduce responding for food on both a fixed ratio (FR) and
progressive ratio (PR) schedule at higher dose levels (Kush-
ner et al., 1999). Microanalysis of drinking bouts across the
session provide a better view of the effect of potential
pharmacotherapeutic agents like GVG on drug consumption.
In these experiments, GVG had no significant effect on the
number of drinking bouts across the 6-h session. Instead, its
effect was apparent in the significant reduction in the size or
duration of individual drinking bouts. Unpublished preclini-
cal data from our laboratory have shown that naltrexone
exhibits a similar pattern of effects on alcohol consumption,
while clinical data show that those subjects on naltrexone,
and who sample alcohol, are much less likely to meet relapse
criteria and subjectively report a decrease in liking for
alcohol (Volpicelli et al., 1992; 1997). Because the rats in
the experiments reported here continue to seek alcohol at a
constant rate represented by bout number, the effect of GVG
in these experiments can’t be attributed to a general suppres-
sion of motor behavior. Instead, these data, when compared
to the naltrexone data, suggest that GVG’s effect emerges
from a disruption of those factors mediating ethanol’s
reinforcing properties.

The use of oral cocaine in this model raises some ques-
tions. The traditional approach for studying cocaine self-
administration with animal models has used iv self-admin-
istration, however, oral self-administration has been fre-
quently employed in rats (Carlson and Perez, 1997; Dixon
etal., 1989; George and Goldberg, 1988; Jentsch et al., 1998;
Ma et al., 1999; Mosner et al., 1997; Tang and Falk, 1987;
Taylor et al., 1990), mice (Alexander et al., 1993; George et
al., 1991) and nonhuman primates (Meisch and Stewart,
1995; Meisch et al., 1990, 1993). While the bioavailability of
cocaine is substantially lower following oral administration
as compared to iv administration, the work by Ma et al.
(1999) has shown that bioavailability may not be highly
correlated with potency. The apparent higher potency of oral
cocaine in their studies was suggested as due to the presence
of the active metabolite, norcocaine, following oral cocaine
or differences in the development of acute tolerance depen-
dent on route of administration. This is consistent with an
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earlier report in a clinical population reporting a greater
subjective “high” with comparable bioavailability following
oral as compared to intranasal cocaine (VanDyke et al.,
1978). Additionally, studies on the effect of coadministration
of alcohol with cocaine demonstrate a significant increase in
the area under the cocaine time—concentration curve in rats
with an alcohol history compared to alcohol-naive rats (Pan
and Hedaya, 1999). These authors hypothesized that this
greater cocaine bioavailability is due to increased absorption
and decreased elimination of cocaine due to its interaction
with alcohol. This cocaine—alcohol interaction is suggested
also to reduce the percentage of cocaine reduced to benzoy-
lecognine while increasing the presence of the active meta-
bolites norcocaine and cocoaethylene. An increased presence
of these active metabolites, which have reinforcing proper-
ties of their own, as also suggested by Ma et al. (1999), can
increase the potency beyond that suggested by pharmacoki-
netics alone. The primary advantage of utilizing oral cocaine
self-administration is that it allows a direct comparison with
ethanol self-administration employing the same response
system. This avoids any potential confounds that may arise
when examining the potential efficacy of potential pharma-
cotherapeutic agents across multiple response systems. The
benzoylecognine data reported above suggest that the oral
route of consumption is sensitive to the actual dose of
cocaine consumed and is consistent with a psychoactive
dose as reported in a clinical population.

In summary, these data show that GV G attenuates both oral
ethanol and cocaine consumption in a dose-related manner
when those drugs are available for concurrent self-adminis-
tration. This is consistent with those data showing that GVG
reduces oral self-administration of ethanol (Wegelius et al.,
1993) and iv self-administration of cocaine (Kushner et al.,
1999). In addition, the greater potency of GVG in reducing
ethanol consumption compared to cocaine is consistent with
its effect on extracellular DA in the Nacc induced by admin-
istration of these drugs. Analysis of drinking bout data
indicates that GVG has its effect by reducing the reinforcing
properties of ethanol and cocaine rather than through a more
general reduction in motor behavior. These results suggest
that GVG may have potential for use in clinical populations
who abuse ethanol or cocaine alone or in combination.
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