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Time-Dependent Changes in Cocaine-Seeking
Behavior and Extracellular Dopamine Levels in
the Amygdala during Cocaine Withdrawal

Ly T.L. Tran-Nguyen, Ph.D., Rita A. Fuchs, M. A., Greg P. Coffey, B.S., David A. Baker, M. A.,
Laura E. O’Dell, Ph.D., and Janet L. Neisewander, Ph.D.

Cocaine and cocaine-associated cues elicit craving in addicts
and reinstate cocaine-seeking behavior in rats. Craving and
cocaine-seeking behavior may be mediated by withdrawal-
induced changes in dopamine (DA) neurotransmission in
the amygdala. To examine whether there are concomittant
changes in cocaine-seeking behavior and extracellular DA
levels during withdrawal, experimental rats were trained to
self-administer cocaine (0.75 mg/kg IV). After 14 daily
3-hour training sessions, animals underwent either a 1-day,
1-week, or 1-month withdrawal period. Extracellular DA
levels were assessed during baseline, extinction, cue
reinstatement, and cocaine (15 mg/kg IP) reinstatement of

cocaine-seeking behavior (i.e., defined as the difference in
nonreinforced lever presses on an active minus inactive
lever). Cocaine-seeking behavior became more intense
during the course of cocaine withdrawal. Additionally,
basal and cocaine-induced extracellular DA levels were
enhanced after the 1-month withdrawal period. We suggest
that the former may reflect a persistent elevation in tonic
extracellular DA levels in the amygdala, whereas the latter
may reflect a persistent elevation in phasic extracellular DA
levels. [Neuropsychopharmacology 19:48-59, 1998]
© 1998 American College of Neuropsychopharmacology.
Published by Elsevier Science Inc.
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Craving is thought to play a critical role in drug relapse
(Dackis and Gold 1985; Gawin and Kleber 1986; Wallace
1989). Gawin and Kleber (1986) have suggested that early
during withdrawal from a cocaine binge there is little or
no craving, and that later during withdrawal there is in-
tense craving that can be exacerbated by cocaine-paired
cues. In the laboratory, addicts exposed to drug-related
cues (Childress et al. 1988; Ehrman et al. 1992; Satel et

From the Department of Psychology, Arizona State University,
Box 871104, Tempe, AZ.

Address correspondence to: Janet L. Neisewander, Ph.D., Depart-
ment of Psychology, Arizona State University, Box 871104, Tempe,
AZ 85285-1104.

Received September 11, 1997; revised November 7, 1997; accepted
November 13, 1997.

NEUROPSYCHOPHARMACOLOGY 1998—VOL. 19, NO. 1

© 1998 American College of Neuropsychopharmacology
Published by Elsevier Science Inc.

655 Avenue of the Americas, New York, NY 10010

al. 1995) or given a cocaine priming injection report in-
tense craving (Jaffe et al. 1989; Kosten et al. 1992; Pres-
ton et al. 1993) and exhibit conditioned physiological
changes (Ehrman et al. 1992). Similarly, animals with a
history of cocaine self-administration exhibit reinstate-
ment of extinguished cocaine-seeking behavior after pre-
sentation of cocaine-paired cues or a cocaine priming
injection (Davis and Smith 1976; Stewart 1984; Stewart
et al. 1984). In these studies, cocaine-seeking behavior is
measured as nonreinforced lever-pressing behavior.
Reinstatement of cocaine-seeking behavior may be
mediated by enhanced dopamine (DA) neurotransmis-
sion because systemic administration of indirect (Ger-
ber and Stretch 1975; de Wit and Stewart 1981; Worley
et al. 1994) or direct DA receptor agonists (de Wit and
Stewart 1981; Wise et al. 1990; Self et al. 1996) reinstates
cocaine-seeking behavior. It has been suggested based
on localization studies that the nucleus accumbens
(NAc) is involved because drugs that enhance DA neu-
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rotransmission in this region reinstate cocaine-seeking
behavior (Stewart 1984). Studies have also examined
conditioned DA neurotransmission in the NAc after
presentation of cocaine-paired cues, but the results
have been controversial. After presentation of a light
paired previously with cocaine self-administration, in
vivo voltammetry studies have demonstrated that pu-
tative DA-related signals increase in the NAc (Gratton
and Wise 1994; Kiyatkin and Stein 1994; Kiyatkin 1995),
whereas an in vivo microdialysis study indicated no
changes in extracellular DA levels (Neisewander et al.
1996). Electrophysiological studies have demonstrated
a change in neuronal firing in the NAc prior to cocaine-
reinforced lever pressing (Chang et al. 1994; Carelli and
Deadwyler 1994, 1996; Peoples and West 1996). This an-
ticipatory response may be DA mediated in some (Carelli
and Deadwyler 1996), but not all cells (Chang et al.
1994). Furthermore, Fontana et al. (1993) found a con-
text-dependent sensitization of both locomotor behav-
ior and extracellular DA levels in the NAc after a cocaine
challenge in a cocaine-paired environment, whereas
Brown and Fibiger (1992) found conditioned locomo-
tion, but no conditioned increase in extracellular DA
levels after a saline challenge. Finally, exposure to a co-
caine-paired environment failed to alter Fos levels in
the NAc (Brown et al. 1992).

Another approach for investigating the role of DA in
cocaine-seeking behavior is to examine whether time-
dependent changes in DA neurotransmission during
withdrawal correspond to changes in cocaine-seeking
behavior. Across studies using self-administration regi-
mens, findings indicate time-dependent changes in
both basal and cocaine-induced extracellular DA levels
in the NAc. Basal extracellular DA levels in the NAc are
maximally depressed within 4 to 6 hours after unlim-
ited access cocaine self-administration regimens (Weiss
et al. 1992a,b; Parsons et al., 1995). With 3-hour access
self-administration regimens, basal extracellular DA
levels in the NAc are typically enhanced early during
withdrawal (i.e., 1 to 5 days; Weiss et al. 1992a,b; Par-
sons et al. 1995) and return to control levels later during
withdrawal (i.e., 7 to 21 days; Hooks et al. 1994; Meil et
al. 1995; Neisewander et al. 1996). Furthermore, co-
caine-induced extracellular DA levels are unaltered af-
ter 1 day (Hurd et al. 1989; Hooks et al. 1994; Meil et al.
1995), decreased after 7 days (Meil et al. 1995;
Neisewander et al. 1996), and increased after 21 days of
withdrawal (Hooks et al. 1994) from 3-hour access self-
administration regimens. It is unclear whether a similar
pattern of changes occurs in other DA terminal regions
and whether these time-dependent changes in DA are
involved in cocaine-seeking behavior.

The amygdala is another mesolimbic DA terminal
that may play a role in reinstatement of cocaine-seeking
behavior. Fos levels are enhanced in the amygdala after
exposure to a cocaine-paired environment (Brown et al.
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1992). Furthermore, amygdala lesions disrupt condi-
tioned reinforcement (Cador et al. 1989; Everitt et al.
1989; Burns et al. 1993), psychostimulant conditioned
place preference (Hiroi and White 1991; Brown and
Fibiger 1993), and cue reinstatement of cocaine-seeking
behavior (Meil and See 1997). In addition, these lesions
disrupt acquisition of cocaine-seeking behavior under a
second-order, but not continuous, schedule of rein-
forcement (Whitelaw et al. 1996). Disruption of DA neu-
rotransmission in the amygdala also attenuates the re-
warding and discriminative stimulus properties of
psychostimulants (McGregor and Roberts 1993; McGre-
gor et al. 1994; Caine et al. 1995; Callahan et al. 1995).

The present study examined whether there are time-
dependent changes in extracellular DA levels in the
amygdala after withdrawal from a cocaine self-admin-
istration regimen, and whether these changes corre-
spond to changes in cocaine-seeking behavior during
extinction, cue reinstatement, and cocaine reinstate-
ment of cocaine-seeking behavior. Cocaine-seeking be-
havior and extracellular DA levels were measured after
a 1-day, 1-week, or 1-month withdrawal period.

MATERIALS AND METHODS
Subjects and Design

Adult male Sprague-Dawley rats, weighing 275t0 325 g
at the start of the experiment, were housed individually
in a colony room with a 12-hour light-dark cycle (lights
on at 6:00 A.M. lights off at 6:00 P.M.). The animals were
handled for 5 days before starting the experiment. They
were randomly assigned to an experimental group that
received response-contingent cocaine infusions or a sa-
line-yoked control group that received an equal volume
of saline contingent upon the responses made by an ex-
perimental animal. Experimental animals were ran-
domly assigned to groups tested for cocaine-seeking be-
havior and extracellular DA levels in the amygdala
after a 1-day (n = 8), 1-week (n = 12), or 1-month (n =
10) withdrawal period from self-administration. Saline-
yoked controls were also tested at these time points. No
differences were found among controls tested at differ-
ent times, and therefore, their data were combined to
comprise a single control group (n = 11).

Food Training

Animals were given restricted access to food (i.e.,
1 hour/day) for 2 days before training and throughout
the food training process. Animals were placed into an
operant chamber (24 X 27 X 31 cm; Coulbourn Instru-
ments, Lehigh, PA) that was equipped with a lever, a
food tray located 2 cm to the right of the lever, and a
houselight located directly above the food tray. They
were trained to lever press for a food pellet (45 mg;
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Noyes, Lancaster, NH) initially on a fixed ratio 1 (FR 1)
schedule and progressing to a variable interval 10 (VI
10) schedule across 5 days. Food training was imple-
mented to facilitate subsequent cocaine self-adminis-
tration training, which occurred in different operant
chambers. After food training was completed, animals
were given free access to food for 1 to 2 days before un-
dergoing surgery.

Surgery

Animals were anesthetized with sodium pentobarbital
(50 mg/kg IP; Sigma Chemical Co., St. Louis, MO) in
conjunction with atropine sulfate (10 mg/kg IP; Sigma
Chemical Co., St. Louis, MO), then catheters were
implanted into the jugular vein as described by Depoor-
tere et al. (1993). Briefly, the catheters were constructed
from a piece of silastic tubing (10 cm; I.D. 0.012" X O.D.
0.025"; Dow Corning, Midland, MI) that was attached to
a bent 22-gauge metal cannula. During surgery, inci-
sions were made across the head to expose the skull
and in the neck to expose the jugular vein. A burrow
was made subcutaneously from the neck to the head,
and the metal cannula of the catheter was threaded
through the burrow. A small incision was made in the
jugular vein, and the silastic tubing was inserted and
then secured to the vein with sutures. Next, the animals
were stereotaxically implanted with 23-gauge guide
cannulae aimed bilaterally at the amygdala (AP —2.2 mm
and ML *4.8 mm from bregma with bregma and lambda
horizontal; Paxinos and Watson 1986). The guide cannu-
lae and the metal cannula of the catheter were cemented
to the skull. Throughout the experiment, the catheters
were flushed daily with a solution of 0.1 ml saline, hep-
arin sodium (10 U/ml; Elkins-Sinn Inc., Cherry Hills, NJ),
streptokinase (0.67 mg/ml; Astra Pharmaceutical Prod-
ucts, Westerborough, MA), and ticarcillin disodium
(66.67 mg/ml; SmithKline Beecham Pharmaceuticals,
West Chester, PA) to maintain patency. Intravenous
methohexital sodium (Eli Lilly & Co., Indianapolis, IN)
tests were performed periodically throughout the study
to verify catheter patency (i.e., 0.08 mg methohexital
sodium briefly anesthetizes the animals only when
administered IV).

Self-Administration Training

Cocaine self-administration training began 5 days after
surgery. Daily 3-hour sessions of self-administration
training were given for 14 consecutive days during the
animals’ light cycle between 8:00 A.M. and 5:00 P.M. Ani-
mals were placed into an operant chamber (20 X 28 X
20 cm; Med Associates, St. Albans, VT) that was equip-
ped with an active lever, a cue light located 4 cm above
the active lever, an inactive lever located on the oppo-
site wall, a tone generator, and a houselight located 10
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cm above the inactive lever in the center of the wall. Ini-
tially, experimental animals were placed on an FR 1
schedule of cocaine reinforcement (0.75 mg/kg/0.1 ml
infusion). After animals obtained 20 reinforcers on a
given day, the schedule was changed to a variable ratio
(VR) 2 schedule, and then finally to a VR 5 schedule of
reinforcement. Schedule completions by experimental
animals on the active lever resulted in inactivation of
the houselight and activation of the cue light, tone (2.9
KHz, 10 dB above background noise), and 1 second later
the infusion pump, which delivered a 6-second infusion
of cocaine. Immediately after the infusion was deliv-
ered, all cues were inactivated. After a 20-second time-
out period, the houselight was reactivated. Responding
on the inactive lever had no scheduled consequences.
Animals in the control group received the same stimu-
lus complex and a 0.1-ml infusion of saline contingent
upon schedule completions by the experimental ani-
mal. Several studies have demonstrated that food dep-
rivation facilitates drug self-administration behavior
(Carroll et al. 1981; de la Garza and Johanson 1987).
Thus, to facilitate acquisition of cocaine self-administra-
tion behavior, animals were deprived of food before the
onset of the dark cycle the evening before the first ses-
sion. They remained on a 1-hour restricted feeding
schedule until they began responding on the VR 5
schedule of reinforcement during the self-administra-
tion sessions. In addition, animals that failed to respond
within 10 min were given priming infusions (0.75 mg/
kg) every 2 to 3 minutes for a maximum of three infu-
sions per session. Priming infusions were not adminis-
tered during the last 4 days of training.

Dialysis Probes and Probe Implantation

Dialysis probes were constructed as described by Robin-
son and Camp (1991). The probes consisted of a 2-mm
effective length of cellulose dialysis membrane (maxi-
mum MW of 5,000-6,000, O.D. 233 pm, L.D. 215 pm,
membrane thickness 18 pm; Spectra/Por Spectrum
Medical, Laguna Hills, CA) with a 0.25-mm epoxy plug at
the tip. In vitro recovery of DA ranged from 10% to 25%.

At least 22 hours before testing, animals were lightly
anesthetized with ketamine (19 mg/kg IM; Fort Dodge
Co., Fort Dodge, IA) and xylazine (6 mg/kg IM; Lloyd
Laboratories, Shenandoah, IA) and were implanted
with microdialysis probes aimed at the amygdala. The
probes were implanted through the guide cannulae to a
depth of 9.5 mm from the skull and were secured to the
skull using dental acrylic cement. The inlet and outlet
tubings from the probes were threaded through a coiled
steel tether. The inlet tubings were attached to a dual
channel liquid swivel commutator above the tether, and
the outlet tubings were inserted into collection vials
attached to the tether and located above the top of the
chamber. Collection vials were easily exchanged with-
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out interfering with the animals’ behavior. A flexible steel
wire protruding from the headmount was connected to
the tether to relieve tension from the inlet and outlet lines
of the probe. After implantation, animals were placed
back into their homecages and were transferred to the
colony room. Ringer’s solution (128.3 mmol/L NaCl,
1.35 mmol/L CaCl,, 2.68 mmol/L KCI, and 2.0 mmol/L
MgCl,, pH 7.3 £ 0.05) was continuously pumped through
the probes overnight at a rate of 0.15 pl/min.

Dialysate Measures during Extinction and
Reinstatement of Cocaine-Seeking Behavior

Testing began 22 hours after probe implantation during
the animals” light cycle between 8:00 A.M. and 5:00 p.M.
Throughout testing, fresh Ringer’s solution was pumped
at arate of 1 pl/min through the probes. Three consecu-
tive 20-minute baseline samples were collected while
animals remained in their homecages in the colony room.
Subsequently, animals were transported to the testing
room and, after a 30-minute adaptation period, three ad-
ditional samples were collected. Extracellular DA levels
in the amygdala and cocaine-seeking behavior were then
assessed during three consecutive phases: (1) extinction,
(2) cue reinstatement, and (3) cocaine reinstatement. The
extinction phase began immediately after the animals
were transferred to the operant chambers. The house-
light was illuminated and responses on the previously
active lever had no scheduled consequences. After 2
hours, the cue reinstatement phase began by presenta-
tion of the stimulus light and tone paired previously
with cocaine. These cues were activated for 7-second
periods alternating with 20-second time-out periods to
resemble the response-contingent presentation of the cues
during self-administration training. Two hours later, the
cocaine reinstatement phase began by administration of
a priming injection of cocaine (15 mg/kg IP) to all ani-
mals. During this phase, the houselight was illuminated
and no other cues were presented. This test phase ended
2 hours later. Responses on both levers were recorded
and 20-minute dialysate samples were collected through-
out behavioral testing. Samples were collected into vials
containing 20 .l of a perchloric acid solution (PAS; con-
taining 0.00001% of 1 mol/L Na,5,05 and 0.001% of 0.2
mol/L EDTA) to stabilize DA. They were immediately
frozen on dry ice and stored at —70°C until assayed.

Assay of Dialysate

HPLC-EC was used to assay dialysis samples. Approxi-
mately 40 pl of sample (20 pl of dialysate collected into
20 ul of PAS) were injected onto a 5-cm Rainin cate-
cholamine HR 80 reverse-phase column (3 pm C18 par-
ticles 4.6 mm 1.D.; Rainin Instruments, Woburn, MA).
The mobile phase consisted of 60 mmol/L NaH,PO,, 30
mmol/L citric acid, 0.1 mmol/L EDTA, 20 mg/L SDS,
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and 15% MeOH, at a pH of 3.0. The HPLC-EC system
consisted of an ESA Model 420 dual piston pump, a
Model 5200 Coulochem II detector, and a Model 5021
conditioning cell positioned in front of a dual electrode
Model 5014A high sensitivity analytical cell (Bedford,
MA). The conditioning cell was set to oxidize at 100 mV
to reduce background noise. The reduction of DA was
quantified at the second electrode set to —350 mV with
a filter setting of 10 seconds. The total elution time
ranged from 6 to 15 minutes. Peak heights were re-
corded on an Alltech Linear Model 1200 dual pen re-
corder with a chart speed setting of 20 cm/hour with
both maximum pen deflections equivalent to 1 V. Peaks
of a standard consisting of 4 pg/ul of DA were used to
calculate the concentration of DA in the samples based
on linear regression analyses. DA levels were corrected
for efficiency of probe recovery.

Histology

Animals were killed 24 hours after completion of the
experiment. Probe placements in the amygdala were
subsequently verified from 20-pm coronal sections
stained with cresyl violet.

Data Analysis

Analyses of variance (ANOVAs) were used to analyze
dialysate DA and cocaine-seeking behavior (i.e., nonre-
inforced lever presses on the active lever minus the in-
active lever) during acquisition, extinction, and rein-
statement testing with group (control, 1-day, 1-week, or
1-month withdrawal) as a between-subjects factor and
20-minute interval as a repeated measure. One-way
ANOVAs were used to analyze mean basal extracellu-
lar DA levels and total cocaine-seeking behavior for the
three phases and total number of priming infusions
during self-administration training. Significant main
effects and interactions were further analyzed using
Fisher LSD tests. Correlations between cocaine-seeking
behavior and extracellular DA levels during the three
test phases, and between cocaine-seeking behavior and
the total number of priming infusions during self-
administration training were performed followed by
t-test for significance of the correlation coefficients.

RESULTS
Probe Placements

The approximate placement of the dialysis probes in
the amygdala from all animals included in this study is
illustrated in Figure 1. In each case, the majority of the
2-mm effective length of each probe was located within
the basolateral or central amygdaloid nuclei.
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Figure 1. Approximate placements of the effective length
of the dialysis probe membranes. The majority of the 2-mm
effective membrane of each probe was located in the basolat-
eral or central amygdaloid nuclei. Drawings were adapted
from illustrations in the Paxinos and Watson (1986) atlas.

Cocaine Intake during Self-Administration Training

An analysis of the mean number of cocaine infusions
(=SEM) across the 14 daily 3-hour self-administration
sessions indicated that there were no significant differ-
ences in cocaine intake between the cocaine groups
(F[2,26] = 1.9, NS; data not shown). The average daily
intake of cocaine was 7.6 = 1.0 mg.

Baseline Extracellular DA Levels

Dialysate collected in the colony room represents the
baseline (BL) overflow for each group. An analysis of
the mean of the three 20-minute BL samples indicated
that the 1-month withdrawal group exhibited an in-
crease in extracellular DA levels relative to the control
and 1-week withdrawal groups (F[3,34] = 3.2, p < .05;
Fisher LSD, p < .05; Figure 2). The 1-day withdrawal
group also exhibited an increase in BL extracellular DA
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levels; however, this increase was not significantly
higher than controls nor significantly lower than the
1-month withdrawal group. In addition, a trend analy-
sis of mean BL data from the cocaine-experienced
groups indicated a significant U-shaped quadratic trend
(F[1,34] = 10.64, p < .01).

Extracellular DA Levels in the
Self-Administration Room

An analysis of the mean of the three 20-minute samples
collected in the self-administration room indicated that
the 1-month withdrawal group exhibited an increase in
extracellular DA levels relative to all other groups
(F[3,34] = 5.9, p < .005; Fisher LSD, p < .05; data not
shown). In addition, to best reflect changes in extracel-
lular DA levels after transfer to the self-administration
room, fmol/min change from BL was analyzed (see Fig-
ure 3B). The overall ANOVA indicated a strong trend
toward a group difference (F[3,34] = 2.7, p < .06),
which appeared to be due to an increase in extracellular
DA levels in the 1-month withdrawal group relative to
the control and 1-week withdrawal groups (Fisher LSD,
p < .05).

Cocaine-Seeking Behavior and Extracellular DA
Levels during Extinction

Cocaine-seeking behavior was defined as the number of
nonreinforced lever presses on the active minus the in-
active levers (difference score). Cocaine-seeking behav-
ior across time during the extinction and reinstatement
test phases is illustrated in Figure 3A, and the total
amount of cocaine-seeking behavior for each phase is il-
lustrated in Figure 4A. During the extinction phase,
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Figure 2. Mean BL extracellular DA levels (=SEM) from
samples collected in the colony room. Double daggers (1)
represent a significant difference from the control group
(Fisher LSD, p < .05); and plus signs (+) represent a signifi-
cant difference from the 1-month withdrawal group (Fisher
LSD, p < .05).
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Figure 3. (A) Cocaine-seeking behavior expressed as a dif-
ference in lever presses on the inactive lever from lever
presses on the active lever (difference score = SEM) and (B)
extracellular DA levels expressed as fmol/min change from
BL values (+SEM); following transfer to the self-administra-
tion room (SA) and across time during the extinction and
reinstatement phases. The extinction phase began immedi-
ately after placement of the animals into the operant cham-
bers. Two hours later, the cue reinstatement phase began by
presentation of the light and tone paired previously with
cocaine infusions. Two hours later, the cocaine reinstatement
phase began by administration of a priming injection of
cocaine (15 mg/kg IP). Double daggers (f) represent a signif-
icant difference from the control group (Fisher LSD, p < .05);
daggers (1) represent a significant difference from the first
20-minute interval of a test phase for individual groups dur-
ing the extinction phase and collapsed across groups during
the cocaine reinstatement phase (Fisher LSD, p < .05); and
plus signs (+) represent a significant difference from self-
administration room measure (Fisher LSD, p < .05).

cocaine-experienced animals exhibited cocaine-seeking
behavior after being placed into the operant chambers,
and this behavior gradually extinguished by the end of
the phase. The overall ANOVA of cocaine-seeking be-
havior across time during extinction revealed a signifi-
cant group by 20-minute interval interaction (F[15,180] =
2.0, p < .05). The 1-month withdrawal group exhibited
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Figure 4. (A) Total cocaine-seeking behavior (difference

score = SEM) and (B) mean extracellular DA levels collapsed
across 20-minute intervals (=SEM); during the extinction and
reinstatement phases. The test phases are described in Fig-
ure 3. Double daggers (1) represent a significant difference
from the control group (Fisher LSD, p < .05); and astrisks (*)
represent a significant difference from all other groups
(Fisher LSD, p < .05).

significantly more cocaine-seeking behavior than the
control group during intervals 1 and 2 (Fisher LSD, p <
.05), whereas the 1-week withdrawal group exhibited
significantly more cocaine-seeking behavior than the
control group during interval 3 (Fisher LSD, p < .05;
Figure 3A left). An analysis of total cocaine-seeking be-
havior during the extinction phase indicated a signifi-
cant main effect of group (F[3,36] = 3.1, p < .05). The
1-week and 1-month withdrawal groups exhibited sig-
nificantly more cocaine-seeking behavior than the con-
trol group (Fisher LSD, p < .05; Figure 4A left).

To best reflect changes in extracellular DA levels as-
sociated with each test phase, fmol/min change from
BL was analyzed. Alterations in change from BL DA
levels were observed during the extinction phase de-
pending on the withdrawal period. Repeated measures
analysis of change from BL DA levels in the self-adminis-
tration room and DA levels during the first interval of
the extinction phase revealed a significant group by re-
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peated measures interaction (F[3,34] = 3.1, p < .05). The
1-month withdrawal group exhibited a significant in-
crease in extracellular DA levels during the first
20-minute interval of extinction (Fisher LSD, p < .05;
Figure 3B), whereas the other groups did not exhibit a
significant change in extracellular DA levels. Further-
more, the overall ANOVA of extracellular DA levels
across time during the extinction phase revealed a main
effect of group (F[3,34] = 3.7, p < .05) and 20-minute
interval (F[5,170] = 3.0, p < .05), but no group by 20-
minute interval interaction. Subsequent analysis of the
main effect of group indicated that the 1-month with-
drawal group exhibited a significant enhancement in
extracellular DA levels relative to all other groups
(Fisher LSD, p < .05; Figure 4B left). Subsequent analy-
sis of the main effect of 20-minute interval indicated
that extracellular DA levels were significantly greater
during the first 20-minute interval relative to subse-
quent intervals, regardless of group (Fisher LSD, p <
.05; Figure 3B left).

Cocaine-Seeking Behavior and Extracellular DA
Level during the Cue Reinstatement Phase

The overall ANOVA of cocaine-seeking behavior across
time during the cue reinstatement phase revealed that
there were no significant differences between groups,
nor across 20-minute intervals (Figure 3A middle). In
addition, cocaine-experienced animals did not exhibit a
change in extracellular DA levels in the amygdala rela-
tive to the control animals after presentation of the
stimulus complex. An analysis of extracellular DA lev-
els across time during the cue reinstatement phase re-
vealed only a significant main effect of 20-minute inter-
val (F[5,170] = 2.9, p < .05). Extracellular DA levels
during interval 6 were significantly lower relative to in-
terval 1 regardless of group (Fisher LSD, p < .05; Figure
3B middle).

Cocaine-Seeking Behavior and Extracellular DA
Levels during the Cocaine Reinstatement Phase

During the cocaine reinstatement phase, cocaine-expe-
rienced animals exhibited cocaine-seeking behavior af-
ter receiving a priming injection of cocaine that gradu-
ally declined over time (Figure 3A right). The overall
ANOVA of cocaine-seeking behavior across time re-
vealed a main effect of group (F[3,36] = 4.7, p < .01) and
20-minute interval (F[5,180] = 5.8, p < .0001), but no
group by 20-minute interval interaction. The cocaine-
experienced groups exhibited cocaine-seeking behavior
that gradually declined by interval 3 relative to interval
1 (Fisher LSD, p < .05). An analysis of total cocaine-
seeking behavior during the cocaine reinstatement
phase indicated that the 1-month withdrawal group ex-
hibited significantly more cocaine-seeking behavior
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than all other groups (Fisher LSD, p < .05). Surpris-
ingly, there were no other significant differences among
the groups. However, this was due to the high amount
of variability in the 1-month withdrawal group obscur-
ing between-group differences (see Figure 4A right; MS
error = 21,112). An ANOVA without this group revealed
a significant main effect of group (MS error = 6,813;
F[2,28] = 4.23, p < .05), and subsequent pairwise compar-
isons revealed that the 1-day and 1-week withdrawal
groups exhibited significantly more cocaine-seeking be-
havior than controls (Fisher LSD, p < .05).

Similarly, all animals exhibited an increase in extra-
cellular DA levels immediately after the priming injec-
tion of cocaine which gradually declined over time (Fig-
ure 3B right). The overall ANOVA of extracellular DA
levels across time revealed a main effect of group
(F[3,34] = 4.0, p < .05) and 20-minute interval (F[5,170] =
19.0, p < .0001), but no group by 20-minute interval in-
teraction. Similar to the time course of cocaine-seeking
behavior, cocaine-induced DA levels were significantly
attenuated by interval 3 relative to interval 1 (Fisher
LSD, p < .05). An analysis of mean DA dialysate indi-
cated that the 1-month withdrawal group exhibited a
significant increase in extracellular DA levels relative to
all other groups (Fisher LSD, p < .05; Figure 4B right).

Relationship between Cocaine-Seeking Behavior
and Extracellular DA Levels during the Extinction
and Reinstatement Phases

There were no significant correlations between cocaine-
seeking behavior (total difference score) and extracellu-
lar DA levels (mean change from BL) collapsed across
time during any of the three phases when all animals
with a history of cocaine self-administration were in-
cluded in the analysis (data not shown). Similarly, no
significant correlations were found between these vari-
ables during any 20-minute interval of any test phase
(data not shown). The lack of a significant relationship
between cocaine-seeking behavior and extracellular DA
levels in the amygdala may be due to a lack of statistical
power.

Cocaine-Seeking Behavior and Noncontingent
Priming Infusions during
Self-Administration Training

Eighty-one percent of the animals in the cocaine groups
received noncontingent priming infusions of cocaine
(0.75 mg/kg/0.1 ml) during the first 10 days of self-
administration training. Twenty percent of these ani-
mals received priming infusions of cocaine on day 10 of
training, although none were primed for 10 consecutive
days. An analysis of the total number of noncontingent
priming infusions of cocaine during self-administration
training indicated no differences among the cocaine-
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experienced groups [F(2,24) = 2.08, NS; data not shown].
However, there was a significant positive correlation
between the total number of priming infusions and co-
caine-seeking behavior (total difference score) during
the cocaine reinstatement phase (r,, = 0.40, p <.05). No
significant correlations were found during the extinc-
tion and cue reinstatement phases.

DISCUSSION

There are three new findings from the present study.
These data provide the first demonstration of time-
dependent enhancement of cocaine-seeking behavior
(i.e., operationally defined as nonreinforced lever press-
ing on the active minus inactive lever) during the course
of cocaine withdrawal in an animal model of relapse.
Specifically, during the extinction phase the 1-week and
1-month withdrawal groups exhibited more cocaine-
seeking behavior than the control and 1-day withdrawal
groups. Furthermore, during the cocaine reinstatement
phase, all cocaine-experienced groups exhibited more
cocaine-seeking behavior than the control group, and
this behavior was more robust in the 1-month with-
drawal group relative to the other groups. Contrary to
the latter finding, Erb et al. (1996) reported no differ-
ences in cocaine reinstatement of cocaine-seeking be-
havior in animals tested at 1 to 2 weeks and again at 4 to
6 weeks of withdrawal. Because Erb et al. (1996) utilized
a within-subjects design, the lack of enhanced cocaine-
seeking behavior at the later time point may be due to
repeated experience with extinction. Furthermore, the
dose and route of administration of the priming injec-
tion of cocaine differed across these studies. Thus, it is
possible that the testing parameters used in the present
study were more sensitive for detection of time-depen-
dent changes in cocaine-seeking behavior.
Cocaine-seeking behavior during extinction and cue
reinstatement testing is thought to reflect incentive mo-
tivation for cocaine. Indeed, the time-dependent en-
hancement of cocaine-seeking behavior in animals un-
dergoing longer withdrawal periods in the present
study (i.e., 1 week to 1 month) parallels the temporal
pattern of craving observed in cocaine addicts. Addicts
experience little or no craving early after a cocaine binge;
however, later during the course of withdrawal they ex-
perience intense craving that can be exacerbated by co-
caine or cocaine-paired cues (Gawin and Kleber 1986).
Thus, the present findings provide support for the va-
lidity of the extinction/reinstatement model of craving.
During cocaine reinstatement testing, however, two
explanations for cocaine-seeking behavior can be of-
ferred. First, cocaine reinstatement of cocaine-seeking
behavior may reflect incentive motivation for cocaine.
Incentive motivation for cocaine is thought to increase
with longer withdrawal periods (Robinson and Ber-
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ridge 1993). Furthermore, repeated passive administra-
tion of cocaine is thought to sensitize incentive motiva-
tional processes. Thus, the enhanced cocaine-seeking
behavior in the 1-month withdrawal group, as well as
the correlation between passively administered prim-
ing infusions and cocaine-seeking behavior, are consis-
tent with this interpretation. A second interpretation for
cocaine reinstatement of cocaine-seeking behavior is
that the priming infusions of cocaine administered dur-
ing training may have acquired discriminative stimulus
properties that signal the availability of cocaine rein-
forcement, thereby reinstating cocaine-seeking behav-
ior (Di Chiara 1995; Carroll and Comer 1996). The corre-
lation between priming infusions and cocaine-seeking
behavior is also consistent with this interpretation be-
cause animals receiving more priming infusions should
exhibit a greater degree of discrimination learning.
However, discriminative stimulus control over respond-
ing cannot account for the time-dependent differences
in cocaine-induced cocaine-seeking behavior because
there was no difference in the number of priming infu-
sions received during self-administration training
across withdrawal groups. Furthermore, several argu-
ments mitigate the discriminative stimulus explanation.
First, 19% of the animals in the cocaine groups did not
receive any priming injections during self-administra-
tion training, yet these animals exhibited cocaine rein-
statement of cocaine-seeking behavior. This finding
indicates that discriminative stimulus control is not
necessary for cocaine reinstatement of cocaine-seeking
behavior. Second, the IV priming infusions adminis-
tered during self-administration training likely produce
different stimulus properties than the IP priming injec-
tion given during testing. Third, one would expect the
memory for the cocaine discriminative stimulus to be
stronger early during withdrawal, resulting in more co-
caine-seeking behavior relative to later during with-
drawal. However, the opposite pattern was observed in
the present study. Finally, the time-dependent enhance-
ment of cocaine-seeking behavior during cocaine rein-
statement was similar to that observed during extinc-
tion (i.e., enhanced at longer withdrawal periods),
suggesting that both may involve incentive motivation.
Although these arguments do not eliminate the dis-
criminative stimulus interpretation, it seems likely that
the passive administration of the priming infusions sen-
sitized incentive motivation for cocaine.

The second new finding from this study was that
basal extracellular DA levels changed in a time-depen-
dent manner. Specifically, basal extracellular DA levels
were enhanced in the 1-month withdrawal group rela-
tive to the control and 1-week withdrawal groups. Extra-
cellular DA levels in the 1-day withdrawal group were
also elevated, but were not significantly different from
any other group. Dialysate measures of basal DA are
thought to reflect extracellular DA levels from tonic re-
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lease that is involved in maintaining homeostasis (Grace
1995). Thus, the time-dependent change in basal extracel-
lular DA levels suggests that regulation of tonic extracel-
lular DA levels in the amygdala changes during the
course of withdrawal from cocaine self-administration.

The third new finding was that cocaine-induced ex-
tracellular DA levels were enhanced depending on the
withdrawal period. Specifically, during the cocaine re-
instatement phase, all groups exhibited a significant en-
hancement of extracellular DA levels relative to base-
line that was more robust in the 1-month withdrawal
group than in the other groups. Cocaine-induced extra-
cellular DA levels likely reflect DA from tonic and pha-
sic release, because cocaine inhibits the reuptake of DA,
and therefore, may allow diffusion of synaptic DA lev-
els from phasic release into the extrasynaptic space to
be detected by in vivo microdialysis (Grace 1995). Thus,
the present findings are consistent with the idea that co-
caine-induced DA neurotransmission becomes sensi-
tized after longer withdrawal periods.

The pattern of changes in DA neurotransmission in
the amygdala and cocaine-seeking behavior observed
in the present study varied depending on the test
phase. During the extinction phase, the 1-week and
1-month withdrawal groups both exhibited an increase
in cocaine-seeking behavior, but only the 1-month with-
drawal group exhibited an increase in extracellular DA
levels. In contrast, during the cocaine reinstatement
phase, all cocaine-experienced groups exhibited an in-
crease in cocaine-seeking behavior and extracellular DA
levels, and both measures were more robust in the 1-month
withdrawal group than the 1-day and 1-week with-
drawal groups. It is possible that changes in DA in the
amygdala may not be involved in cocaine-seeking be-
havior. Alternatively, it is possible that changes in DA
in the amygdala may be involved in cocaine reinstate-
ment of cocaine-seeking behavior, but are not involved
in reinstatement by a cocaine-paired environment. If
this is the case, then other neurotransmitters in the
amygdala are likely involved, because lesions of this
structure disrupt cue reinstatement of cocaine-seeking
behavior (Meil and See 1997) and acquisition of cocaine-
seeking behavior under a second-order schedule of
reinforcement (Whitelaw et al. 1996). DA neurotrans-
mission in the amygdala may mediate cocaine-seeking
behavior after a priming injection of cocaine given that
changes in these variables corresponded during the co-
caine reinstatement phase. Consistent with this idea, it
has been suggested that blockade of DA neurotransmis-
sion in the amygdala attenuates the rewarding effects of
psychostimulants (McGregor and Roberts 1993; McGre-
gor et al. 1994; Caine et al. 1995) and disrupts the dis-
criminative stimulus properties of cocaine (Callahan et
al. 1995). Another reason DA neurotransmission may
be involved in reinstatement of responding by the prim-
ing injection of cocaine is that DA-mediated stereotypic
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behavior may manifest as repeated lever pressing. The
latter seems unlikely, however, because stereotypies in-
duced by intracranial self-stimulation or cocaine typi-
cally occur between bouts of self-administration behav-
ior and are not directed at the reinforced lever (Wise
et al. 1977; Chang et al. 1994).

An alternative explanation for the discrepancy in the
pattern of cocaine-seeking behavior and extracellular
DA levels in the amygdala across the test phases may
be that in vivo microdialysis is more sensitive to detect
phasic changes after the priming injection (i.e., cocaine
reinstatement phase) than testing under normal physio-
logical conditions (i.e., extinction phase). During the ex-
tinction phase, the elevated basal extracellular DA lev-
els in the 1-month withdrawal group may have
increased the sensitivity to detect conditioned phasic
DA release in this group relative to other groups. In ad-
dition, cocaine administered at the onset of the rein-
statement phase increased extracellular DA, thereby in-
creasing the sensitivity to detect phasic extracellular
DA levels in all groups (Grace 1995). Consistent with
this idea, conditioned DA release in the NAc is detected
after a cocaine, but not a saline, challenge in a cocaine-
paired environment (Brown and Fibiger 1992; Fontana
et al. 1993).

Lastly, it is possible that the enhanced extracellular
DA levels observed late during the course of with-
drawal (i.e., 1-month withdrawal group) may be due to
a withdrawal-induced increase in sensitivity to stress
associated with handling and changing environmental
conditions during testing. Consistent with this idea,
stressors, such as restraint, footshock, and tail-pinch,
can increase self-administration of psychostimulants
(Piazza et al. 1990; Ramsey and Van Ree 1993; Goeders
and Guerin 1994) and opioids (Shaham 1993; Shaham et
al. 1993; Shaham and Stewart 1994, 1995). Furthermore,
psychostimulant-induced locomotion is cross-sensitized
by previous experience with stressors (Sorg and Kalivas
1991; Prasad et al. 1995), and both psychostimulants
and stressors increase extracellular DA levels in the
NAc (Kalivas and Stewart 1991; Sorg and Kalivas 1991;
Prasad et al. 1995; Shaham and Stewart 1995). Thus,
cross-sensitization to stressors may emerge during the
course of cocaine withdrawal and may underlie the
overall enhancement in extracellular DA levels ob-
served in the 1-month withdrawal group across all test
phases.

In the present study, an attempt was made to dem-
onstrate that presentation of discrete cues (i.e., tone and
light) paired previously with cocaine infusions gain
incentive motivational value sufficient to reinstate
cocaine-seeking behavior. Unfortunately, the lack of
cue reinstatement in the present study precluded an in-
terpretation of the relationship between extracellular
DA levels and cue reinstatement of cocaine-seeking be-
havior. Previous research from our laboratory has dem-
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onstrated a modest, but significant reinstatement of co-
caine-seeking behavior using a similar procedure (Fuchs
et al. in press). The reason cocaine-seeking behavior
was not observed during the cue reinstatement phase
may have been due to hangover effects from the anes-
thetic administered for probe implantation. Other labo-
ratories have also demonstrated that cue reinstatement
of drug-seeking behavior is not very robust (de Wit and
Stewart 1981; Weissenborn et al. 1995), although pre-
liminary results from our laboratory indicate that cue
reinstatement is enhanced by less frequent cue presen-
tation (i.e., every 5 minutes versus presentation every
20 seconds as in the present study; unpublished obser-
vation). Further research is needed to elucidate the rela-
tionship between extracellular DA levels in the amygdala
and cue-reinstatement of cocaine-seeking behavior.
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