
ELSEVIER 

Dopamine Overflow in the Nucleus 
Accumbens during Extinction and 
Reinstatement of Cocaine 
Self-Administration Behavior 
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Both cocaine and cocaine-associated stimuli can reinstate 
extinguished self-administration behavior in animals. It has 
been suggested that reinstatement of drug-seeking behavior 
may be mediated by enhanced dopamine (DA) 
neurotransmission. To examine this hypothesis, DA 
overflow was measured in the nucleus accumbens (NAc) of 
rats during both extinction and cocaine-induced 
reinstatement of self-administration behavior. Rats were 
either allowed to self-administer cocaine for 3 hours daily 
for 14 days, or they received yoked administration of saline. 
A stimulus light above the lever was illuminated during 
drug delivery. Baseline DA overflow was measured in the 
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Self-reports in humans indicate that drug craving is an 
important factor in maintaining and reinstating drug 
abuse (Gawin 1991; Markou et al. 1993). Although little 
is known about the mechanisms involved in drug crav
ing, anecdotal reports, as well as laboratory studies, in
dicate that exposure to drug-associated stimuli or to the 
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NAc, using in vivo microdialysis 7 to 8 days after the last 
self-administration session. The rats were then placed into 
the operant chambers and allowed to respond in extinction 
for 90 minutes, during which responses resulted in 
presentation of the stimulus light. The rats then received a 
cocaine injection that reinstated self-administration 
behavior. Contrary to our hypothesis, cocaine-experienced 
animals exhibited less DA overflow in the NAc relative to 
controls during both extinction and reinstatement. 
© 1996American College ofNeuropsychophannacology 
[Neuropsychopharmacology 15:506-514, 1996] 

drug itself can elicit drug craving (Childress et al. 1988; 
Ehrman et al. 1992; Jaffe et al. 1989; Kranzler and Bauer 
1992). Similarly, extinguished self-administration be
havior in animals is reinstated after presentation of 
stimuli paired previously with drug self-administration 
or after a priming injection of the drug itself (Davis and 
Smith 1976; de Wit and Stewart 1981; Pickens and Har
ris 1968; Stretch and Gerber 1973). Thus, reinstatement 
of drug self-administration behavior may provide an 
animal model for investigating the neural mechanisms 
of drug craving (Markou et al. 1993). 

Previous research has demonstrated that extin
guished opiate or psychomotor stimulant self-adminis
tration behavior is reinstated by priming injections of 
either indirect or direct dopamine (DA) receptor ago
nists, suggesting that an increase in DA neurotransmis
sion may be involved in reinstating drug-seeking be-
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havior (de Wit and Stewart 1981; Gerber and Stretch 
1975; Wise et al. 1990). Localization studies indicate that 
these effects are mediated, at least in part, by the me
solimbic dopaminergic pathway that originates in the 
ventral tegmental area (VTA) and terminates in the nu
cleus accumbens (NAc). Injections of amphetamine into 
the NAc or morphine into the VTA increase DA neu
rotransmission in the NAc and reinstate extinguished 
cocaine and heroin self-administration behavior (Stew
art 1984; Stewart and Vezina 1988). 

Little is known about the neural mechanisms in
volved in reinstatement by drug-associated stimuli. It 
has been suggested that stimuli paired contiguously 
with drug administration may acquire the ability to 
elicit activity from neuronal systems activated by the 
drug through classical conditioning (Eikelboom and 
Stewart 1982; Stewart et al. 1984). If this is the case, then 
exposure to cocaine-associated stimuli may elicit condi
tioned enhancement of DA neurotransmission in the 
NAc, similar to cocaine itself. Consistent with this hy
pothesis, results from in vivo electrochemistry studies 
suggest that DA-related signals in the NAc increase in 
anticipation of cocaine self-administration and in re
sponse to presentation of a stimulus light paired previ
ously with cocaine self-administration (Gratton and 
Wise 1994; Kiyatkin 1995; Kiyatkin and Stein 1994). 
However, electrophysiologic studies indicate that in
creased neurotransmission in the NAc in anticipation of 
cocaine self-administration is not DA-mediated (Chang 
et al. 1994). Other procedures for investigating drug
conditioned responses include: (1) examining whether 
cocaine-induced behaviors are altered in a drug-paired 
environment relative to a neutral environment (i.e., 
context-dependent changes), or (2) examining whether 
a drug-paired environment elicits changes in behaviors 
affected by the drug in the absence of the drug itself. 
Microdialysis studies have found that animals exhibit 
context-dependent sensitization of stimulant behaviors 
and conditioned enhancement of DA neurotransmis
sion in the NAc after cocaine administration (Fontana et 
al. 1993). In contrast, no evidence of conditioned DA 
neurotransmission has been found in animals exhibit
ing conditioned stimulant behaviors after saline admin
istration in a cocaine-paired environment (Brown and 
Fibiger 1992). The discrepancy between the latter two 
dialysis studies may have been due to testing animals 
in a cocaine state versus a drug-free state. Presence of 
drug during testing may result in increased sensitivity 
for detecting conditioned enhancement of DA overflow 
(Fontana et al. 1993). However, it is also possible that 
different neural mechanisms are involved in behavioral 
responses, including craving, elicited by environmental 
stimuli alone versus those elicited by cocaine (Markou 
et al. 1993). 

The present experiment further examined the hy
pothesis that cocaine-associated stimuli elicit condi-
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honed enhancement of DA neurotransmission in the 
NAc. DA overflow in the NAc was measured using in 
vivo microdialysis during response-contingent presen
tations of stimuli paired previously with cocaine self
administration, first alone and then after a priming in
jection of cocaine. Baseline DA overflow was measured 
in the NAc using in vivo microdialysis 7 to 8 days after 
the last self-administration session. The rats were then 
placed into the operant chambers and tested for extinc
tion for 90 minutes, during which responses resulted in 
presentation of the stimulus light. They then received a 
priming injection of cocaine (10 mg/kg, IP) and testing 
continued for 90 minutes. Dialysate samples were col
lected every 15 minutes throughout both extinction and 
reinstatement test phases. 

MATERIALS AND METHODS 

Animals 

Male Sprague-Dawley rats (Charles River Breeding 
Labs, Wilmington, MA) weighing 250 to 300 g were sin
gle-housed in a climate-controlled colony room with a 
12-hour light/ dark cycle. The housing conditions and 
care of the animals were consistent with those specified 
in the "Guide for the Care and Use of Laboratory Ani
mals" adopted by the National Institutes of Health. The 
animals were acclimated to handling for 5 days before 
beginning the experiment. 

Food Training 

The animals were placed on a 23-hour food deprivation 
schedule 2 to 3 days prior to training. They were trained 
to lever press for a food pellet (45 mg; Noyes, Lancaster, 
NH) initially on an FR 1 and progressing to a VI 10 
schedule across 3 consecutive days. They were given 
food ad libitum after the session on day 3. 

Surgery 

Three to 4 days after completing the food training pro
cedure, animals were anesthetized with pentobarbital 
(50 mg/kg, IP) in combination with atropine sulfate (10 
mg/kg, IP). Catheters were implanted into the jugular 
vein and exited through an incision across the head as 
described by Depoortere et al. (1993). After implanting 
the catheters, the animals were placed into a stereotaxic 
instrument and the top of the skull was exposed and 
dried. Guide cannulae (21-gauge stainless steel) were 
then implanted bilaterally into the NAc using the fol
lowing coordinates derived from the Paxinos and Wat
son atlas (1986): +2.2 mm A and ±1.6 mm ML with re
spect to Bregma, and -4.5 mm V from the top of the 
skull. Three screws were anchored approximately 5 
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mm around the cannulae. The cannulae and the metal 
end of the catheter were secured by applying dental 
acrylic over the skull and screws. Approximately 12 
hours after surgery, wire stylets were placed into the 
guide cannulae to maintain patency. Throughout the re
mainder of the experiment, catheters were flushed daily 
with a solution (0.1 ml) of heparinized saline (30 U /ml), 
streptokinase (4 mg/ml), and ticarcillin disodium (400 
mg/ml) in order to maintain patency. Catheters were 
sealed when not in use with a cap composed of tygon 
tubing. The rats were allowed 3 to 4 days to recover 
from surgery before beginning self-administration train
ing, and they were handled each recovery day. 

Self-Administration Training 

Rats were randomly assigned to groups receiving either 
response-contingent cocaine (0.75 mg/kg/0.1 ml infu
sion; n = 10) or an equal volume of saline contingent 
upon schedule completions made by an animal in the 
cocaine group (n = 7). They received daily 3-hour ses
sions of training for 14 consecutive days. The animals 
were placed into operant chambers that were housed 
within sound-attenuating chambers each equipped with 
a fan. The operant chambers contained a response lever, 
a stimulus light located 4 cm above the lever, and a 
house light located on the wall opposite to the lever 
(MedAssociates, St. Albans, VT). Animals were deprived 
of food before the onset of the dark cycle the evening 
before the first session and were given food ad libitum 
after the first session and throughout the remainder of 
the experiment. At the beginning of the first session, 
rats in the cocaine group received a noncontingent 
priming infusion of cocaine (0.75 mg/kg/0.1 ml infu
sion). They were initially trained on an FR 1 schedule of 
cocaine reinforcement on days 1 to 3 depending on 
their performance. After animals received at least 15 re
inforcers on a given day on the FR 1 schedule, the sched
ule was increased to an FR 5. Six out of 10 animals were 
placed on the FR 5 schedule during the first training 
session. The remaining four animals received one to 
three priming injections of cocaine per session until they 
began responding on the FR 5 schedule (i.e., a maxi
mum of six sessions). No priming infusions were given 
after session 6. 

Each schedule completion by an animal in the co
caine group resulted in simultaneous termination of the 
house light and illumination of the stimulus light, fol
lowed 1 second later by activation of the infusion 
pump. The infusion was delivered over a 6-second pe
riod, after which the stimulus light and the infusion 
pump were inactivated. After a 20-second timeout pe
riod, the house light was illuminated. Controls received 
presentation of the same stimulus complex contingent 
upon schedule completions by an animal in the cocaine 
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group, except that saline was infused rather than co
caine. 

Probe Implantation 

Forty-eight hours before testing, animals were anesthe
tized with a mixture of ketamine and xylazine (19 and 6 
mg/kg, IM, respectively). Dialysis probes constructed 
using the method described by Robinson and Camp 
(1991) were then inserted into the guide cannulae to a 
depth of 8 mm ventral from the surface of the skull and 
were secured to the guide cannulae using dental 
acrylic. The cellulose dialysis membrane (Spectra/Par 
Spectrum Medical) included a 2-mm effective length 
and a 0.25 mm epoxy plug. In vitro recoveries of DA 
and monoamine metabolites consistently ranged from 
10% to 20%. The inlet and outlet tubings of the probes 
were contained within a steel coiled tether. The inlet 
tubings were attached to a dual-channel liquid swivel, 
and the outlet silica tubings were inserted into collec
tion vials located 25 cm above the animal's head, such 
that the vials could be easily exchanged without inter
fering with the animal's behavior. In order to relieve 
tension from the tubings, a wire was secured to the 
tether and cemented to the animal's skull using dental 
acrylic. The swivels were secured within a metal ring 
holder with screws. The extending screw heads of the 
swivel holder were then placed into fittings on an arm 
suspended over the animal's home cage. Metal latches 
were placed over the screw heads such that the swivel 
holder was secured, free to rotate vertically, and could 
be easily removed and transferred to an arm above the 
operant chambers. After implantation, Ringers solution 
(128.3 mmol/L NaCl, 1.35 mmol/L CaC12, 2.68 mmol/L 
KCl, and 2.0 mmol/L MgC12, pH 7.3) was perfused 
through the probes at a rate of 0.15 µl/min. The animals 
were returned to their home cages until testing. 

Dialysate Measures during Extinction and 
Reinstatement of Self-Administration Behavior 

Dialysis measures were taken 7 to 8 days after the last 
self-administration session while animals were being 
tested for extinction and reinstatement of self-adminis
tration behavior. The animals were transported to the 
self-administration room, and the probes were perfused 
with fresh Ringers solution at a rate of 1.5 µ1/minute. 
After a 30-minute adaptation period, four 15-minute 
baseline samples were collected. The animals were then 
transferred to the operant chambers. Schedule comple
tions (i.e., FR 5) by animals in the cocaine group re
sulted in presentation of the stimulus complex de
scribed previously, except that the IV lines were not 
connected to the infusion syringe so no drug was deliv
ered after activation of the infusion pump (i.e., extinc
tion phase). Saline infusions were not administered be-
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cause the liquid swivel needed for these infusions was 
used to perfuse Ringers solution through the dialysis 
probes. Ninety minutes later, all animals received an in
jection of cocaine (10 mg/kg, IP), and responding was 
then measured for 90 minutes (i.e., reinstatement phase). 
Throughout both test phases, 15-minute dialysate sam
ples were collected, stored on ice, and typically assayed 
within 1 hour. 

High performance liquid chromatography (HPLC) 
with electrochemical detection was used to assay dialy
sis samples. The system consisted of an ESA Model 420 
dual piston HPLC pump (Bedford, MA), an 8 cm ESA 
Catecholamine HR 80 reverse-phase column (3 µ,m C18 
particles 4.6 mm I.D.), and an ESA Model 5200 Cou
lochem II detector, including a Model 5021 Condition
ing Cell positioned in front of a dual electrode Model 
5011 High Sensitivity Analytical Cell. The mobile phase 
consisted of 60 mmol/L NaH2PO4, 30 mmol/L citric 
acid, 0.1 mmol/L EDTA, 30 mg/L SOS, 20% MeOH, at 
a pH of 4.2. The conditioning cell was set to oxidize at 
+ 100 m Vin order to reduce background noise. The oxi
dation of DOPAC, HVA, and 5-HIAA was measured by 
the first analytical cell set to + 340 m V with a filter set
ting of 10 seconds. Reduction of DA was quantified at 
the second electrode set to ~350 m V with a filter setting 
of 10 seconds. The total elution time ranged from 7 to 10 
minutes. Peak heights were recorded on an Alltech Lin
ear Model 1200 dual pen recorder with a chart speed 
setting of 20 cm/hour and maximum pen deflections 
were equivalent to 1 V. Peak heights of a standard con
sisting of 4 pg/ µ,l of DA and 200 pg/ µ,l of DOPAC, 5-
HIAA and HVA were used to calculate the concentra
tion of each compound based on linear regression anal
yses. 

Catheter Patency and Probe Placement 

Patency of catheters was verified periodically by ad
ministering 0.1 ml sodium brevital (1.7 mg/ml, IV). This 
dose is only potent enough to briefly anesthetize ani
mals when administered IV. Probe placements were ver
ified in coronal brain sections stained with cresyl violet. 

Statistical Analyses 

Differences in the number of schedule completions by 
experimental and control animals were analyzed using 
nonparametric Kruskall-Wallis ANOVAs, and subse
quent pairwise comparisons were made using Mann
Whitney U tests. Dialysate measures were analyzed us
ing repeated measures ANOV As with drug history as a 
between groups variable and 15-minute interval as a re
peated measure. Significant interactions were further 
analyzed by ANOVAs, including data from (1) baseline 
and the first 15-minute interval during extinction, (2) 15-
minute intervals during extinction, and (3) 15-minute in-
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tervals during reinstatement. Subsequent pairwise com
parisons were made using Fisher LSD tests. 

RESULTS 

Probe Placements 

Dialysis probes for all animals included in this experi
ment were located within 0.5 mm of the targeted site. 
The approximate position of the effective length of the 
dialysis membranes is illustrated in Figure 1. 

Behavior 

The mean number of cocaine infusions (±SEM) for the 
entire 14-day self-administration regimen was 477.7 
(±54.9). Most animals acquired a stable pattern of co
caine self-administration by day 7, such that the mean 
number of cocaine infusions across the remaining days 
(±SEM) fell within the range of 35.7 (±3.2) and 40.2 
(±4.3) on days 8 and 10, respectively. 

The mean number of FR 5 schedule completions dur
ing both extinction and reinstatement test phases is il
lustrated in Figure 2 (top panel). After 7 to 8 days of 
withdrawal from cocaine self-administration, the co
caine group exhibited self-administration behavior after 
being placed into the operant chambers that extin
guished in nearly all animals after 90 minutes. The co-

Probe Placements 
Distance from 

Bregma 

2.7mm 

2.2mm 

1.7mm 

Figure 1. Approximate placements of the effective length 
of the dialysis membranes. Drawings were adapted from 
illustrations in the Paxinos and Watson (1986) atlas. 
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Drug History 
8 ** --0- Saline 

Figure 2. Number of FR 5 schedule completions 
(±SEM) and DA overflow (fmol/min ± SEM) in 
animals with a history of yoked saline administra
tion (open squares) or cocaine self-administration 
(closed circles) across 15-minute intervals during 
baseline (BL), extinction, and reinstatement test 
phases. Animals were tested after a 7 to 8-day with
drawal period from a 14-day regimen of either self
administered cocaine or yoked administration of 
saline. The extinction phase began after placing the 
animals into the operant chambers, and the rein
statement phase began after the animals received 
an injection of cocaine (10 mg/kg, IP) immediately 
after the sixth 15-minute interval. Schedule comple
tions by animals in the cocaine group resulted in 
presentation of the stimulus complex paired previ
ously with cocaine self-administration to both the 
cocaine and yoked control animals. Responses by 
control animals had no scheduled consequences. 
For schedule completions, asterisks (*) represent a 
significant difference from saline controls (Mann
Whitney U tests, *p < .05, **p < .01). For DA over
flow, asterisks (*) represent a significant difference 
from saline controls (Fisher LSD test, p < .05), and 
daggers (t) represent a significant difference from 
respective baseline measures (Fisher LSD test, 
p < 05). 
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caine group exhibited significantly more schedule com
pletions relative to controls during intervals 1, 2, and 5 
(p < .05, Mann-Whitney U tests). Only two animals in 
the cocaine group exhibited responding during the 
sixth 15-minute interval. Self-administration behavior 
was reinstated in the cocaine group after the priming 
injection of cocaine. The cocaine group exhibited signif
icantly more schedule completions relative to controls 
during the first hour of this test phase (p < .05, Mann
Whitney U tests). 

Dialysate Measures 

DA overflow in the NAc during baseline, extinction, 
and reinstatement of self-administration behavior is il
lustrated in Figure 2 (bottom panel). There were no sig
nificant differences in the four baseline dialysate sam
ples, and therefore, the average of these samples was 
used as the baseline value. The overall ANOV A of DA 
levels indicated a significant drug history by 15-minute 
interval interaction (F[12,180] = 9.8, p < .0001). Subse
quent analyses indicated that there were no significant 
differences between groups during baseline (F[l,16] = 
0.79, NS), nor across the 15-minute intervals during the 

11 12 

extinction phase of testing (F[5,75] = 0.61, NS). How
ever, an analysis of DA levels across baseline and the 
first 15-minute interval during extinction revealed a sig
nificant drug history by 15-minute interval interaction 
(F[l,15] = 7.3, p < .05). DA levels increased in control 
animals during the first 15-minute interval of testing 
relative to baseline (p < .05, Fisher LSD test), whereas 
DA levels in cocaine animals did not change. After the 
injection of cocaine (i.e., reinstatement phase), both 
groups exhibited a significant increase in DA levels rel
ative to baseline that persisted throughout the reinstate
ment test phase (p < .05, Fisher LSD test). Furthermore, 
the increase in DA levels was significantly lower in the 
cocaine group (208% increase) relative to controls (447% 
increase) and remained lower throughout this test 
phase (p < .05, Fisher LSD test). Analysis of DA levels 
across the 15-minute intervals of the reinstatement 
phase revealed a significant drug history by 15-minute 
interval interaction (F[5,75] = 3.7, p < .005). Both 
groups exhibited a decrease in DA levels across time 
during the reinstatement phase, however, the time
dependent decrease occurred earlier and to a greater 
extent in controls relative to the cocaine group. Specifi
cally, a significant decrease (23.5%) in DA levels was 
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evident in controls by the ninth interval relative to the 
seventh interval, and a further significant decrease 
(32.1%) was evident by the 11th interval relative to the 
ninth interval (p < .05, Fisher LSD test). In contrast, a 
significant decrease (34.4%) in DA levels was evident in 
the cocaine group by the 10th interval relative to the 
seventh interval (p < .05, Fisher LSD test) and did not 
change significantly thereafter. 
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Figure 3. DOPAC, HVA, and 5-HIAA overflow (fmol/min 
::':: SEM) in the NAc in animals with a history of yoked saline 
administration (open squares) or cocaine self-administration 
(closed circles) across IS-minute intervals during baseline 
(BL), extinction, and reinstatement test phases. The latter 
two phases are described in the caption for Figure 2. Daggers 
(t) represent a significant difference from baseline collapsed 
across treatment groups (Fisher LSD test, p < .05). 
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DOPAC, HV A, and 5-HIAA overflow in the NAc 
across test phases is illustrated in Figure 3. Levels of 
these metabolites were not altered by previous history 
of cocaine self-administration. In each case, there were 
no significant effects of drug history, nor significant in
teractions between 15-minute interval and drug history. 
However, there was a significant time-dependent change 
across 15-minute intervals in levels of DOPAC (F[l,12] = 
23.3, p < .0001), HV A (F[l,12] = 6.6, p < .0001), and 
5-HIAA (F[l,12] = 12.3, p < .0001) regardless of drug 
history. Tn each case, metabolite levels increased rela
tive to baseline within 30 minutes after animals were 
placed into the chambers (p < .05, Fisher LSD test). Af
ter the cocaine injection, DOP AC levels decreased rela
tive to baseline immediately and remained depressed 
throughout the reinstatement phase (p < .05, Fisher 
LSD test). 5-HIAA levels decreased within 45 minutes 
and remained depressed throughout the reinstatement 
phase (p < .05, Fisher LSD test). 

DISCUSSION 

After 7 to 8 days of withdrawal, cocaine animals (i.e., 
animals with a history of cocaine self-administration) 
exhibited responding for the stimulus complex paired 
previously with cocaine delivery, and this responding 
was extinguished in most animals within the 90-minute 
extinction test phase. Contrary to our hypothesis, these 
animals failed to exhibit an increase in DA overflow in 
the NAc during this test phase, whereas saline controls 
did exhibit an increase in DA overflow during the first 
15 minutes. These findings suggest that exposure to 
drug-associated stimuli alone does not result in condi
tioned enhancement of DA neurotransmission in the 
NAc, consistent with a previous report (Brown and 
Fibiger 1992). In fact, the lack of an increase in DA over
flow in cocaine animals despite the increase observed in 
controls suggests that cocaine-associated stimuli may 
elicit a compensatory conditioned inhibition of DA neu
rotransmission in the NAc. This interpretation is tem
pered, however, in light of an in vivo electrochemistry 
study indicating an increase in DA-related signals after 
presentation of a stimulus light paired previously with 
cocaine self-administration (Gratton and Wise 1994). 
DA-related electrochemical signals typically decrease 
after delivery of the cocaine reinforcer (Gratton and 
Wise 1994; Kiyatkin 1995; Kiyatkin and Stein 1994). 
Thus, it is possible that cocaine animals experience a 
conditioned increase in DA neurotransmission as they 
perform the operant response, and a conditioned de
crease in DA neurotransmission after presentation of 
cocaine-paired stimuli (i.e., secondary reinforcers), con
sistent with the phasic changes in DA-related signals 
observed during cocaine self-administration. The dialy-
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sis measures in the present study are not sensitive 
enough to detect these putative momentary changes, 
and may reflect a net decrease in DA neurotransmis
sion. This explanation seems unlikely, however, be
cause dialysis studies (Di Ciano et al. 1995; Parsons et 
al. 1995; Pettit and Justice 1989, 1991; Wise et al. 1995), 
as well as an electrochemical study presenting data per 
longer unit of time (Di Ciano et al. 1995), indicate sus
tained elevation of DA in the NAc during cocaine self
administration sessions. Electrochemical measures are 
not as specific for DA as the dialysis measures, and may 
be contaminated by the DA metabolite DOP AC (Grat
ton and Wise 1994; Kiyatkin 1995). If this were the case, 
then an increase in the DOP AC signal after presentation 
of the cocaine-paired light would be consistent with the 
increase in DOP AC levels observed in the present 
study. However, both saline and cocaine animals exhib
ited an increase in DOP AC, as well as HV A and 5-
HIAA, within 30 minutes of testing, indicating the in
crease in DOP AC was not specific to conditioning. 

Alternative explanations for the difference in DA 
overflow between saline and cocaine animals include 
differences in stress or arousal. It is possible that non
contingent presentation of the stimulus complex is 
stressful to control animals and may lead to an increase 
in DA overflow in the NAc, as has been reported for 
other stressful stimuli (Sorg and Kalivas 1991). It seems 
more likely, however, that the increase in DA overflow 
in control animals is due to the dishabituating effect of 
transferring the animals from their home cage to the op
erant chamber because similar changes have been ob
served in animals transferred to a familiar, perhaps 
nonstressful, environment (e.g., Brown and Fibiger 
1992). Thus, it is possible that animals withdrawn from 
chronic cocaine administration are less aroused by 
changes in environmental stimuli relative to controls. 
Indeed, several studies indicate that animals with
drawn from chronic cocaine administration are less ac
tive and habituate more readily than controls (Bozarth 
1989; Fung and Richard 1994; Neisewander et al. 1994, 
1996). Future research is planned to examine whether 
noncontingent presentation of cocaine-paired stimuli 
decreases DA neurotransmission in animals that have 
extinguished responding and presumably habituated to 
the operant chambers. In any case, the present findings 
strongly suggest that stimuli paired with cocaine self
administration do not elicit conditioned enhancement 
of DA neurotransmission in the NAc. 

The priming injection of cocaine (10 mg/kg, IP) rein
stated responding for the stimulus complex in cocaine 
animals. Both the cocaine and control groups exhibited 
an increase in DA overflow in the NAc during the rein
statement test phase that was significantly greater in 
control animals relative to cocaine animals. It is unclear 
whether the diminished effectiveness of cocaine in pro
ducing enhanced DA neurotransmission is a condi-
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honed or an unconditioned effect. In either case, the 
findings conflict with Fontana et al. (1993) who re
ported conditioned enhancement of cocaine-induced 
DA overflow in the NAc of animals that had previously 
received an injection of cocaine in the test environment 
and saline later in the home cage relative to control 
groups that had received an injection of saline in the 
test environment and either saline or cocaine later in the 
home cage. This discrepancy may be due to differences 
in the passive versus self-administration regimens used 
during conditioning, with the former producing condi
tioned enhancement and the latter producing condi
tioned and/ or unconditioned tolerance to cocaine
induced DA neurotransmission. Indeed, several studies 
have demonstrated sensitized DA neurotransmission in 
the NAc after various repeated passive administration 
regimens of cocaine (Akimoto et al. 1989; Kalivas and 
Duffy 1990, 1993; Keller et al. 1992; Peris et al. 1990; Pet
tit et al. 1990). In contrast, a decrease in DA neurotrans
mission in the NAc has been reported during and 
within 1 day of a cocaine self-administration session 
relative to baseline levels (Parsons et al. 1995; Weiss et 
al. 1992a,b), to drug-naive controls (Hurd et al. 1989), or 
to cocaine-yoked controls (Dworkin et al. 1995; Weiss et 
al. 1992a). Studies that have not observed a decrease in 
DA neurotransmission within 1 day of a cocaine self
administration session have found that a decrease 
emerges after a 7-day withdrawal period (Meil et al. 
1995), and an increase emerges after a 21-day with
drawal period (Hooks et al. 1994). There are two factors 
that vary between studies reporting a decrease versus 
an increase in sensitivity to cocaine during withdrawal: 
length of withdrawal period and the presence or ab
sence of conditioning cues during testing. It is possible 
that biphasic time-dependent changes in sensitivity to 
cocaine may occur after withdrawal from self-adminis
tered cocaine, with a decrease occurring early on (Meil 
et al. 1995, present findings) and an increase occurring 
at later time points during withdrawal (Hooks et al. 
1994). It is also possible that conditioned inhibition of 
DA in the NAc may result in decreased sensitivity to 
cocaine when animals are tested in the presence of con
ditioned stimuli (Meil et al. 1995; present findings), 
whereas enhanced sensitivity to cocaine may be evident 
when animals are tested in the absence of conditioned 
stimuli (Hooks et al. 1994). 

Environmental factors may also affect the particular 
behaviors expressed during testing (e.g., Ohmori et al. 
1995). Both Fontana et al. (1993) and Hooks et al. (1994) 
tested animals in activity cages and reported enhanced 
DA neurotransmission and sensitized motor responses. 
In fact, Hooks et al. (1994) found that the sensitized mo
tor responses were correlated with DA levels in the 
NAc. Although motor behavior was not measured in 
the present study, it is possible that animals exhibit less 
motor activity in operant chambers relative to that ob-
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served in activity cages, and this may account for the 
differences in DA neurotransmission observed among 
these studies. 

In the present study, drug-seeking behavior was evi
dent during both extinction and reinstatement. How
ever, no change, or perhaps a decrease, in DA neurotrans
mission occurred during extinction and an increase in 
DA neurotransmission occurred during reinstatement. 
These findings suggest that there may be no relation
ship between DA neurotransmission in the NAc and 
drug-seeking behavior. However, it is possible that 
drug-seeking behavior elicited by cocaine-paired stim
uli involves a different neural mechanism than drug
seeking behavior elicited by cocaine itself. If the findings 
under these conditions are considered independently, 
they suggest that stimulus-elicited behavior either does 
not involve DA in the NAc or involves conditioned in
hibition of DA neurotransmission in the NAc, whereas 
cocaine-elicited behavior may involve enhanced DA 
neurotransmission in the NAc. Alternatively, it is possi
ble that both drug-paired stimuli and cocaine activate 
the same neural pathway for reinstatement of drug
seeking behavior, and that this pathway is modulated 
by cocaine-induced increases in DA in the NAc. For in
stance, Robbins and colleagues have reported that le
sions of the basolateral amygdala disrupt responding 
for a conditioned reinforcer, however intra-accumbens 
administration of amphetamine reinstates responding 
(Everitt and Robbins 1992; Robbins et al. 1989). Thus, it 
is possible that reinstatement of drug-seeking behavior 
by both cocaine-paired stimuli and cocaine itself is 
mediated by the basolateral amygdala, and enhanced 
DA neurotransmission in the NAc after cocaine fur
ther amplifies drug-seeking behavior mediated by the 
amygdala. Further research is needed to investigate 
these hypotheses. 
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