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Abstract

Environments previously associated with drug use can become one of the most common factors triggering relapse to drug-seeking
behavior. To better understand the neurochemical mechanisms potentially mediating these cues, we measured nucleus accumbens
dopamine levels in animals exposed to environmental cues previously paired with cocaine administration. In animals exposed to a
cocaine-paired environment nucleus accumbens dopamine increased by 25%. When administered 2.5 h prior to presentation of the

Ž Ž . .environmental trigger, racemic vigabatrin an irreversible inhibitor of g-aminobutyric acid GABA -transaminase abolished this
Ž .cue-induced increase. Conversely, R- y -vigabatrin, the inactive enantiomer, had no effect. Combined with our earlier findings, these

studies support the potential therapeutic benefit of this enzyme-based GABAergic strategy to modulate brain dopamine and the
subsequent treatment of drug addiction. q 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

In view of the well-established role of the mesocorticol-
Žimbic system in reinforcement and reward Leshner and

.Koob, 1999 , the action of addictive drugs on nucleus
accumbens dopamine has been regarded as a key neurobio-
logical substrate of addiction. It is also well documented
that exposure to salient environmental cues formerly asso-
ciated with drug-taking behavior can produce intense crav-

Ž .ing Grant et al., 1996 and become powerful triggers to
Ž .relapse in cocaine abusers Childress et al., 1988 . Contex-

tual cues associated with drug intake also trigger relapse in
animals behaviorally extinguished from previous drug-tak-
ing in AreinstatementB paradigms, which serves as an
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Ž .animal model of relapse Meil and See, 1996 . Impor-
tantly, cue-triggered relapse appears critically dependent
on brain dopamine mechanisms. For example, pharmaco-
logical blockade of dopamine D and D receptors attenu-1 2

ates cue-triggered relapse to cocaine-seeking behavior
Ž .Maldonado-Irizarry et al., 1996 .

However, the degree to which dopamine mediates spe-
cific behaviors triggered by these environmental cues is

Ž .unclear. For example, Brown and Fibiger 1992 used in
vivo brain microdialysis to demonstrate found cocaine-
paired environmental cues elicited conditioned locomotion
in rats, without an increase in nucleus accumbens

Ž .dopamine. Bradberry et al. 2000 found no increases in
ventromedial striatal dopamine in rhesus monkeys exposed
to a visual cue that had previously indicated availability of
intravenous cocaine. On the other hand, Di Chiano et al.
Ž .1998 found that a conditioned stimulus previously paired
with administration of intravenous cocaine produced sig-
nificant augmentation of dopamine oxidation currents in
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Ž .nucleus accumbens. Similarly, Weiss et al. 2000 used the
AreinstatementB paradigm to show that exposure to a
drug-associated discriminative cue significantly increased
dopamine efflux in both the nucleus accumbens and amyg-
dala.

Ž .We have studied g-aminobutyric acid GABA rdopa-
mine interactions using the irreversible inhibitor of GABA
transaminase, the primary enzyme involved in catabolism

Ž .of GABA. Gamma-vinyl-GABA GVG, vigabatrin , by
interfering with this process, significantly enhances brain
GABA levels. We have reported that GVG dose-depen-
dently attenuates increases in nucleus accumbens dopamine
produced by several drugs of abuse, including cocaine
Ž .Dewey et al., 1998; Gerasimov et al., 1999 as well as
decreases cocaine self-administration behavior in rats
Ž .Kushner et al., 1999 .

While many investigations of this kind use discrete
conditioned stimuli, typically a light temporally associated
with drug self-administration, we have chosen to use the
contextual cues signaling general availability of a drug
utilized in the conditioned place preference that have
proven to be highly robust at eliciting drug-conditioned

Ž .approach behavior Schechter and Calcagnetti, 1998 .
Therefore, the present investigation was undertaken to
study the effect on nucleus accumbens dopamine of condi-
tioned place preference-like drug-associated contextual
cues and to investigate modulatory effects of enhanced
GABAergic tone on cue-evoked changes in nucleus ac-
cumbens dopamine.

2. Materials and methods

Male Sprague–Dawley rats were used in all experi-
Ž .ments 200–300 g, Taconic Farms, Germantown, NY and

were housed individually on a 12r12 h lightrdark cycle.
Animals were anesthetized with a ketaminerxylazine mix-
ture and siliconized guide cannulae were stereotaxically

Žimplanted into the right nucleus accumbens 1.5 mm ante-
rior and 1.0 mm lateral to bregma, and 5.6 mm ventral to

.the cortical surface; Paxinos and Watson, 2nd edn., 1986 .
Animals recovered from surgery for 3 days prior to han-
dling and conditioning procedures.

ŽCocaine hydrochloride 20 mgrkg, Sigma, St. Louis,
. Ž . Ž . ŽMO , racemic qry and R- y vigabatrin 300 mgrkg,

4-amino-hex-5-enoic acid, ChiroTech Technology, Cam-
.bridge, UK were dissolved in saline and administered by

Ž .intraperitoneal i.p. injection 2.5 h prior to presentation of
the cocaine-paired environment.

The conditioned place preference paradigm used in our
Ž .previous studies Dewey et al., 1998 was modified in the

following manner. The conditioning environment was a
Plexiglas bowl with black-and-white stripes and a bare
floor or white walls with corncob bedding. Following two
habituation sessions, all animals underwent 30 min training
sessions that included receiving either cocaine or saline

immediately prior to being placed into either paired envi-
ronment. Animals who received cocaine in the white bowl
on the first day received saline in the striped bowl on the
following day and visa versa. Thus, all animals received
four cocaine and four saline injections over 8 consecutive
days. The control group received saline injections in both
bowls over the same 8-day period. On the test day, micro-
dialysis probes were inserted into the guide cannulae,
animals were placed in the non-paired environment and
baseline measurements of nucleus accumbens dopamine
were obtained as defined by at least four consecutive
dopamine samples differing by not more than 10%. Upon
establishing this baseline, Groups 1 and 2 animals received
saline, Group 3 animals received racemic vigabatrin, and

Ž .Group 4 animals received R- y -vigabatrin followed 2.5 h
later by presentation of the individually appropriate co-
caine-paired environment. Dialysis samples were injected
on-line every 5 min for 40 min while the animal remained
in the bowl.

Thus, treatment schedule was as follows:

Ž .Group 1 control received only saline injections on
the training days and on the test day.
Groups 2, 3 and 4 all underwent cocainersaline
treatment on the training days, with Group 2 receiving
saline, Group 3—racemic vigabatrin and Group 4—
Ž .R- y vigabatrin on the test day.

ŽMicrodialysis probes 2.0 mm, Bioanalytical Systems,
.BAS, West Lafayette, IN were perfused with Ringer’s

Ž .solution McGaw, Inc., Irvine, CA at a flow rate of 2.0
Ž .mlrmin. The high-pressure liquid chromatography HPLC
Žsystem consists of a BAS reverse-phase column 3.0 mC-

Fig. 1. Increases in extracellular nucleus accumbens dopamine leÕels
produced by exposure to cues preÕiously paired with cocaine administra-
tion in freely moÕing animals. Values are expressed as percentage of

Ž .baseline dopamine and represent the mean"S.E. ns6–9rgroup . Ex-
posure to conditioned environment started at time 0. ))) Values are

Žsignificantly different from animals in Group 1 control group treated
with saline during conditioning trials, P-0.0001, ANOVA and Student’s

.t-test .
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.18 and a BAS LC-4C electrochemical transducer with a
dual glassy carbon electrode set at q650 mV. The mobile
phase consisted of 11% acetonitrile, 50 mmol sodium
phosphate monobasic, 1.0 mmol sodium octyl sulfate, and
0.1 mmol EDTA, pH 4.0. Dopamine eluted at 4 min.

Statistical and graphical analyses of data from studies
comparing the magnitude of the dopaminergic response
were expressed as percentages of baseline levels. To com-
pare the effects of pretreatment, a two-tailed Student’s
t-test was performed on all data intervals within the 60-min
sampling period assuming equal variance. A single-factor

Ž .analysis of variance ANOVA provided significance for
differences across all treatment groups, where necessary.
Post-hoc analysis was performed using Scheffe’s test, and
critical values for the F-statistic were evaluated at alphas
0.05.

3. Results

Ž .In control studies Group 1, ns9 , saline injections
administered 2.5 h prior to presentation of the experimen-
tal environmental did not produce significant changes in
extracellular nucleus accumbens dopamine. However, in
Group 2 animals, exposure to the cocaine-paired environ-
ment was accompanied by an increase in dopamine levels,
which reached a maximal value of 24% above baseline
within 10 min and were significantly greater than the

Ž . Žvalues for the control group Group 1 tsy4.89, P-
. Ž .0.0001 Fig. 1 .

Ž .Vigabatrin 300 mgrkg administered 2.5 h prior to
Ž .presentation of the environmental trigger Group 3 com-

pletely abolished cue-induced increases in nucleus accum-

( ) ( )Fig. 2. Effect of pretreatment with racemic Group 3 or R- y Õigaba-
( ) ( )trin Group 4 300 mgrkg on cue-induced increases in nucleus accum-

bens dopamine. Values are expressed as percentage of baseline dopamine
Ž .and represent the mean"S.E. ns6–8rgroup . Exposure to conditioned

environment started at time 0. ))) Values obtained from cocaine-condi-
Ž .tioned animals treated with racemic vigabatrin Group 3 are significantly

Ž .different from those treated with saline on the test day Group 2 and
Ž . Žfrom those treated with R- y vigabatrin Group 4, P-0.0001, ANOVA

.and Student’s t-test .

Ž .bens dopamine Fig. 2 . That is, extracellular dopamine
levels in vigabatrin pretreated animals were not signifi-

Ž .cantly different from the control saline group values
Ž .Group 1; ts0.062, Ps0.5137 , were significantly dif-
ferent from cocaine-conditioned animals who received

Ž . Ž .saline on the test day Group 2 ts7.29, P-0.0001 .
Ž .However, when R- y -vigabatrin was administered 2.5 h

prior to presentation of the cocaine-paired environment
Ž .Group 4 , increases in nucleus accumbens dopamine were
not statistically different from those obtained in animals

Ž . Žreceiving saline on the test day Group 2 ts0.3, Ps
.0.76 , but were significantly different from those animals

Ž .treated with racemic vigabatrin ts5.54, P-0.0001 .
ANOVA followed by Scheffe’s test revealed significant
differences between those animals pretreated with GVG

Ž . Žand those pretreated with saline or R- y -vigabatrin Fs
.19.54, P-0.0001 .

4. Discussion

In the present study we observed increases in nucleus
accumbens dopamine in response to cocaine-paired contex-
tual cues. The current findings are consistent with an
important role for nucleus accumbens dopamine in mediat-

Žing incentive motivation and approach behavior Berridge
.and Robinson, 1998 , and are in agreement with the theo-

Ž .retical formulation of Stewart et al. 1984 that environ-
mental stimuli associated with the administration of addic-
tive drugs can come to elicit neural states similar to those
produced by the drugs themselves. We also suggest that

Žour findings support proponent-process Stewart and Wise,
.1992 as opposed to opponent-process theories of drug

craving and relapse. Proponent-process theories postulate
that drug-seeking behavior is primed by drug-like actions
of environmental cues and other stimuli that provoke
relapse; opponent-process theories postulate that drug-
seeking behavior is primed by drug-opposite effects associ-
ated primarily with drug withdrawal.

That drug-associated environmental cues evoked signif-
icant enhancement of nucleus accumbens dopamine may

Žappear contradictory to the recent demonstration Grimm
.and See, 2000 that the nucleus accumbens is critical to

drug-triggered reinstatement of cocaine-seeking behavior
while the basolateral amygdala is involved in cue-triggered
reinstatement. We would note, however, that current un-
derstandings of reward learning require that the neural
substrates of unconditioned and conditioned reinforcers
must converge in some final common neural pathway. We
would further point out that Grimm and See used a dis-
crete conditioned stimulus, while we used CPP-like envi-
ronmental contextual cues. Additionally, our findings are

Žconceptually consistent with the report Franklin and
.Druhan, 2000 that a cocaine-associated environment pro-

duced significant augmentation of Fos-related antigen ex-
pression in both the nucleus accumbens shell and core.
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Overall, cue-evoked activation of nucleus accumbens sub-
strates appears consistent with other evidence that the
nucleus accumbens plays an important role in conditioned
responding to a variety of stimuli associated with drug

Ž .reinforcement Everitt et al., 1991 .
Administration of racemic vigabatrin completely abol-

ished the cue-evoked increases in nucleus accumbens
dopamine. We suggest that augmentation of GABAergic
inputs to the ventral tegmental area-nucleus accumbens
axis blunts dopamine tone within that system, but does not
fully inhibit dopamine function. For example, vigabatrin
does not produce catalepsy in rodents nor does it signifi-
cantly alter locomotion. In this regard, we would note that
vigabatrin does not produce inhibition of a conditioned
place preference for food reward while it inhibits both the
acquisition and expression of cocaine-induced conditioned

Ž .place preference Dewey et al., 1998 . Thus, vigabatrin
blunts the drug-seeking effects produced by the stronger

Ž .dopamine-enhancing stimulus cocaine while leaving un-
affected the appetitive effects of a weaker dopamine-en-

Ž .hancing stimulus food .
While the present experiment was strictly biochemical

in terms of its dependent variable, we believe that our
findings are related to drug-seeking behavior. First, as

Ž .noted above, Weiss et al. 2000 have found that cocaine-
associated cue-evoked augmentation of nucleus accumbens
dopamine is correlated with relapse to cocaine-seeking
behavior. Second, intra-nucleus accumbens microinjections

Žof addictive drugs augment drug-seeking behavior Stewart
.and Vezina, 1988 . Finally, nucleus accumbens dopamine

appears strongly involved in mediating aspects of condi-
Žtioned place preference drug-seeking behavior McBride et

.al., 1999 .
It is in this context that we believe the present demon-

stration of pharmacological blockade of environmental
cue-induced increases in extracellular nucleus accumbens
dopamine has potential clinical implications. Biochemical
and behavioral responses to environmental cues frequently
mimic those associated with the drug itself and act as
primers to subsequent drug self-administration. These phe-
nomena are often invoked to explain relapse in humans
Ž .Robbins and Ehrman, 1992 . At present, there are no
medications known to be clinically effective against cue-
induced craving or relapse. Recently, the novel partial
dopamine D receptor agonist has been shown to inhibit3

cocaine-seeking behavior in the presence of drug-paired
Ž .cues Pilla et al., 1999 . However, this drug appears unable

to reduce the reinforcing effects of cocaine, whereas viga-
batrin is.

Ž .The present finding that racemic, but not R- y -viga-
batrin, blocked cue-induced increases in nucleus accum-
bens dopamine is consistent with our earlier work demon-

Ž .strating that racemic and S- q -vigabatrin, but not
Ž .R- y -vigabatrin, effectively inhibited nicotine- and co-

Žcaine-induced increases in mesolimbic dopamine Schiffer
.et al., 2000 . We therefore believe that this stereoselectiv-

ity supports the need for further evaluation of the single
enantiomer and continued exploration of the enzyme-based
GABAergic approach for the modulation of brain dopamine
and subsequent treatment of drug addiction.

Acknowledgements

The authors thank Mr. David Alexoff and Dr. Joanna
Fowler for helpful discussions. This research was carried
out under contract with the U.S. Department of Energy
Office of Biological and Environmental Research
Ž .USDOErOBER DE-AC02-98CH10886 and by the Na-

Žtional Institutes of Mental Health NIMH MH49165 and
NIMH R2955155.

References

Berridge, K.C., Robinson, T.E., 1998. What is the role of dopamine in
reward: hedonic impact, reward learning, or incentive salience? Brain
Res. Rev., 28, 309–369.

Bradberry, C.W., Barrettt-Larimore, R.L., Jatlow, P., Rubino, S.R., 2000.
Impact of self-administered cocaine and cocaine cues on extracellular
dopamine in mesolimbic sensorimotor striatum in rhesus monkeys. J.
Neurosci., 20, 3874–3883.

Brown, E.E., Fibiger, H.C., 1992. Cocaine-induced conditioned locomo-
tion: absence of associated increases in dopamine release. Neuro-
science, 48, 621–629.

Childress, A.R., McLellan, A.T., Ehrman, R., O’Brien, C.P., 1988.
Classically conditioned responses in opioid and cocaine dependence:
a role in relapse? NIDA Res. Monogr., 84, 25–43.

Dewey, S.L., Morgan, A.E., Ashby, C.R.J., Horan, B., Kushner, S.A.,
Logan, J., Volkow, N.D., Fowler, J.S., Gardner, E.L., Brodie, J.D.,
1998. A novel strategy for the treatment of cocaine addiction. Synapse,
30, 119–129.

Di Chiano, P., Blaha, C.D., Phillips, A.G., 1998. The relation between
dopamine oxidation currents in the nucleus accumbens and condi-
tioned increases in motor activity in rats following repeated adminis-
tration of D-amphetamine or cocaine. Eur. J. Neurosci., 10, 1113–
1120.

Everitt, B.J., Morris, K.A., O’Brien, A., Robbins, T.W., 1991. The
basolateral amygdala–ventral striatal system and conditioned place
preference: further evidence of limbic–striatal interactions underlying
reward-related processes. Neuroscience, 42, 1–18.

Franklin, T.R., Druhan, J.P., 2000. Expression of Fos-related antigens in
the nucleus accumbens and associated regions following exposure to a
cocaine-paired environment. Eur. J. Neurosci., 12, 2097–2106.

Gerasimov, M.R., Ashby, C.R., Gardner, E.L., Mills, M.J., Brodie, J.D.,
Dewey, S.L., 1999. Gamma-vinyl GABA inhibits methamphetamine,
heroin, or ethanol-induced increases in nucleus accumbens dopamine.
Synapse, 34, 11–19.

Grant, S., London, E.D., Newlin, D.B., Villemagne, V.L., Liu, X.,
Contoreggi, C., Phillips, R.L., Kimes, A.S., Margolin, A., 1996.
Activation of memory circuits during cue-elicited cocaine craving.
Proc. Natl. Acad. Sci. U. S. A., 93, 12040–12045.

Grimm, J.W., See, R.E., 2000. Dissociation of primary and secondary
reward-relevant limbic nuclei in an animal model of relapse. Neu-
ropsychopharmacology, 22, 473–479.

Kushner, S.A., Dewey, S.L., Kornetsky, C., 1999. The irreversible
Ž .gamma-aminobutyric acid GABA transaminase inhibitor gamma-



( )M.R. GerasimoÕ et al.rEuropean Journal of Pharmacology 414 2001 205–209 209

vinyl GABA blocks cocaine self administration in rats. J. Pharmacol.
Exp. Ther., 290, 797–802.

Leshner, A.I., Koob, G.F., 1999. Drugs of abuse and the brain. Proc.
Assoc. Am. Physicians, 111, 99–108.

Maldonado-Irizarry, C.S., Smith, D.L., Koob, G.F., Weiss, F., 1996.
Blockade of D-1 and D-2 dopamine receptors attenuates ArelapseB
elicited by cocaine-associated environmental stimuli following pro-
longed extinction. Soci. Neurosci. Abstr., 22, 925.

McBride, W.J., Murphy, J.M., Ikemoto, S., 1999. Localization of brain
reinforcement mechanisms: intracranial self-administration and in-
tracranial place-conditioning studies. Behav. Brain Res., 101, 129–
152.

Meil, W.M., See, R.E., 1996. Conditioned cued recovery of responding
following prolonged withdrawal from self-administered cocaine in
rats: an animal model of relapse. Behav. Pharmacol., 7, 754–763.

Pilla, M., Perachon, S., Sautel, F., Garrido, F., Mann, A., Wermuth, C.G.,
Schwartz, J.C., Everitt, B.J., Sokoloff, P., 1999. Selective inhibition
of cocaine-seeking behaviour by a partial dopamine D3 receptor
agonist. Nature, 400, 371–375.

Robbins, S.J., Ehrman, R.N., 1992. Designing studies of drug condition-
Ž .ing in humans. Psychopharmacology Berlin , 106, 143–153.

Schechter, M.D., Calcagnetti, D.J., 1998. Continued trends in the condi-

tioned place preference literature from 1992 to 1996, inclusive, with a
cross-indexed bibliography. Neurosci. Biobehav. Rev., 22, 827–846.

Schiffer, W.K., Gerasimov, M.R., Bermel, R.A., Brodie, J.D., Dewey,
S.L., 2000. Stereoselective inhibition of dopaminergic activity by
gamma-vinyl GABA in response to cocaine and nicotine: a PETrmi-
crodialysis study. Life Sci., 66, 169–173.

Stewart, J., Vezina, P., 1988. A comparison of the effects of intra-accu-
mbens injections of amphetamine and morphine on reinstatement of
heroin intravenous self-administration behavior. Brain Res., 457,
287–294.

Stewart, J., Wise, R.A., 1992. Reinstatement of heroin self-administration
habits: morphine prompts and naltrexone discourages renewed re-

Ž .sponding after extinction. Psychopharmacology Berlin , 108, 79–84.
Stewart, J., de Wit, H., Eikelboom, R., 1984. Role of unconditioned and

conditioned drug effects in the self-administration of opiates and
stimulants. Psychol. Rev., 91, 251–268.

Weiss, F., Maldonado-Vlaar, C.S., Parsons, L.H., Kerr, T.M., Smith,
D.L., Ben-Shahar, O., 2000. Control of cocaine-seeking behavior by
drug-associated stimuli in rats: effects on recovery of extinguished
operant-responding and extracellular dopamine levels in amygdala
and nucleus accumbens. Proc. Natl. Acad. Sci. U. S. A., 97, 4321–
4326.


