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Abstract
Lever pressing during tests for resistance to extinction and cue-induced reinstatement of cocaine
seeking in rats progressively increases over the first 2 months of withdrawal. In the present report,
we investigated the generality of these findings in rats trained to self-administer sucrose, a non-drug
reinforcer. We also examined whether the time-dependent changes in cocaine seeking correlate with
the levels of the dopamine transporter (DAT) and tyrosine hydroxylase (TH) proteins in the
amygdala, nucleus accumbens, prefrontal cortex and orbitofrontal cortex. Rats were trained to self-
administer cocaine (0.5 mg/kg/i.v. infusion) or 10% sucrose (0.2 ml/infusion into a liquid drop
receptacle) for 10 days (6 h/day); each reward delivery was paired with a tone+light cue. Tests for
cocaine seeking were conducted following 1 or 15 reward-free days. On the test day, rats were initially
tested for resistance to extinction during 6–7 60-min extinction sessions in the absence of the tone–
light cue, until they reached the extinction criterion of less than 15 responses/60 min. Subsequently,
rats were tested for cue-induced reinstatement during a 60-min session in which each lever press led
to a contingent presentation of the tone–light cue. Lever pressing during the tests for reward seeking
was significantly greater on day 15 than on day 1 following withdrawal from both cocaine and sucrose
self-administration training. The levels of DAT, but not TH, were greater in the prefrontal cortex of
cocaine-trained rats than in sucrose-trained rats on both days 1 and 15 of withdrawal. The levels of
DAT and TH in other brain areas were not altered following withdrawal from cocaine or sucrose
self-administration. These data suggest that the withdrawal period can modulate reward seeking of
both drug and non-drug reinforcers, and that alterations in DAT and TH levels in the brain regions
examined do not mediate this effect.
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INTRODUCTION
Cocaine addiction is characterized by high rates of relapse after prolonged drug withdrawal
periods (Mendelson and Mello, 1996). In an attempt to explain this long-term increase in
relapse, Gawin and Kleber (1986) hypothesized that during the first weeks of withdrawal
human addicts become progressively more sensitive to drug-associated cues that provoke
cocaine craving. Cues previously paired with cocaine taking are known to induce drug craving
in abstinent individuals (Childress et al., 1992). However, several studies failed to find
increases in self-reports of craving during the first month of cocaine withdrawal (Weddington
et al., 1990; Satel et al., 1991). In these latter studies, however, craving induced by re-exposure
to cocaine cues was not measured following drug withdrawal.

The role of conditioned drug cues in relapse to cocaine seeking can be studied in a reinstatement
model in laboratory animals (Davis and Smith, 1976; Meil and See, 1996). In this model, lever
presses for cocaine infusions during drug self-administration training are paired with discrete
conditioned stimuli (CSs). Subsequently, lever-pressing behavior is extinguished in the
absence of cocaine and the drug-paired CSs over several days. Rats are then tested for cue-
induced reinstatement of drug seeking in a single session in which each lever press leads to
delivery of the CSs, which serve as conditioned reinforcers during testing.

We recently used a modified version of the above reinstatement procedure to study time-
dependent changes in cue-induced reinstatement following withdrawal from cocaine self-
administration. In this modified procedure, rats are trained to self-administer cocaine during
10 daily sessions, in which each cocaine infusion is paired with a discrete tone–light cue.
Following different withdrawal periods, lever-pressing behavior during tests for resistance to
extinction (in the absence of the cue) and cue-induced reinstatement are determined on the
same test day. We found that cocaine seeking during these tests progressively increases from
1 to 60 days following self-administration training. Based on these data, we speculated that
craving (a motivational state elicited by drug or drug-associated stimuli) incubates following
withdrawal from cocaine self-administration (Grimm et al., 2001).

In the present study, we addressed two questions regarding this `incubation' effect. The first
was whether the incubation effect generalizes to a non-drug reinforcer such as sucrose. Previous
studies have found that following the last exposure to non-drug rewards, conditioned responses
to appetitive stimuli are either relatively constant (Catania, 1992; Riccio et al., 1992) or decay
(Trowill et al., 1969) over time (but see Shalev et al., 2001). Other studies, however, have
shown time-dependent increases in responsiveness to cues previously associated with aversive
events in the conditioned fear (Houston et al., 1999) and the conditioned taste aversion
(Richardson et al., 1984) procedures. Thus, to examine reward seeking following withdrawal
from a non-drug reward, we assessed lever-pressing behavior during tests for resistance to
extinction and cue-induced reinstatement following 1 and 15 days of withdrawal from sucrose
self-administration.

The second question was whether the regulation of selected molecular neuroadaptations within
the mesocorticolimbic dopamine (DA) reward circuit correlates with the time-dependent
changes in responsiveness to cocaine cues following withdrawal from cocaine. DA is known
to be involved in the conditioned rewarding effects of drug and non-drug reinforcers (Everitt
et al., 1999; Jentsch and Taylor, 1999). We focused on the regulation of tyrosine hydroxylase
(TH), the rate-limiting enzyme for DA synthesis, and the DA transporter (DAT), the primary
mechanism for reuptake of DA from the extracellular space (Wightman and Zimmerman,
1990), because of their important roles in regulating extracellular DA levels. Previous studies
have shown that repeated exposure to cocaine results in time-dependent changes in the levels
of DAT in the nucleus accumbens (NAc) following drug withdrawal (Kuhar and Pilotte,
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1996). There is also one report on time-dependent regulation of TH in the NAc following
withdrawal from cocaine self-administration (Schmidt et al., 2001). Based on these reports, in
the present study we determined the levels of DAT and TH proteins in the amygdala, nucleus
accumbens, prefrontal cortex (PFC), and orbitofrontal cortex (OFC) following 1 and 15 days
of withdrawal from sucrose or cocaine self-administration. The above-mentioned terminal
regions of the mesocorticolimbic DA system (Swanson, 1982) were chosen because of their
role in the conditioned rewarding effects of drugs and non-drug reinforcers (Everitt et al.,
1999), cue-induced reinstatement (See, 2002), and extinction behavior (Neisewander et al.,
2000).

In the present experiment, rats were trained to self-administer sucrose or cocaine for 10 days.
Different groups of rats were then tested for resistance to extinction and cue-induced
reinstatement following 1 or 15 days of reward withdrawal. The behavioral data from two of
the cocaine groups were included in our previous report (Grimm et al., 2001). We found that
the incubation effect of reward cues generalizes to rats with a history of sucrose self-
administration, and that the time-dependent changes in cocaine seeking following withdrawal
do not correlate with the levels of DAT and TH in the brain regions examined.

METHODS
Subjects and surgery

Male Long–Evans rats (Charles River, Raleigh, NC, USA; 350–400 g) were used.
Buprenorphine (0.01 mg/kg) was given as an analgesic before surgery and rats were surgically
implanted with intravenous catheters (Shaham and Stewart, 1995) under anesthesia (xylazine,
10 mg/kg + ketamine 100 mg/kg, i.p.). The catheter was secured to the jugular vein with a silk
suture and passed subcutaneously to the top of the skull, where it was connected to a modified
22-gauge cannula (Plastics One, Roanoke, VA, USA), which was mounted to the skull with
dental cement. Catheters were flushed with sterile saline every 48 h. The sucrose-trained rats
also underwent the i.v. surgery. Rats were transferred to the self-administration chambers 5–
7 days after surgery, where they lived for 24 h/day on a reversed 12–12 h light–dark cycle,
with food and water freely available. The procedures followed the NIH guidelines for animal
care. As mentioned, data from two of the cocaine-trained groups were previously presented
(Grimm et al., 2001), but all of the experimental groups described below were run during the
same time-period.

Apparatus
The self-administration boxes, controlled by a Med Associates (Georgia, VT, USA) system,
had two levers located 9 cm above the floor, but only one lever (an active, retractable lever)
activated the infusion pump. Presses on the other lever (an inactive, stationary lever) were also
recorded. The modified cannula on the rat's skull was connected to a liquid swivel with PE-50
tubing, protected by a metal spring, which was connected to the syringe of the infusion pump.
The sucrose solution was delivered into liquid drop receptacles for oral consumption (Med
Associates).

Procedures
The experiment included three phases. During the training phase (10 days), rats were trained
to lever press for cocaine or sucrose. During the withdrawal period (1 or 15 days), rats were
not exposed to the drug cues or to the retractable lever. During the testing phase (over the
course of 1 day), lever presses were not reinforced with cocaine or sucrose. Rats were allowed
to lever press on the previously active lever for 6–7 h (`extinction of lever-pressing behavior')
in the absence of the discrete tone–light cue. Rats were then tested for cue-induced
reinstatement during a 1-hour session, wherein lever presses led to cue presentations.
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Training phase—Rats were trained to self-administer cocaine HCl (dissolved in sterile
saline; 0.5 mg/kg/infusion, i.v.; infusion volume of 0.13 ml; delivered over 1.6 s) or 10%
sucrose (0.2 ml/reward delivery into liquid drop receptacle). Training was conducted during
two 3-h daily sessions, separated by 3 h, for 10 days, under a continuous reinforcement schedule
(each lever press is reinforced), with a 40-s time-out after each earned reward. Each session
began with the insertion of the active lever and the illumination of a red houselight that
remained on for the entire session. A 5-second tone (2900 Hz, 20 dB above background)–light
(7.5 W white light above the active lever) discrete compound cue accompanied each reward
delivery. At the end of each session, the houselight was turned off and the active lever retracted.
The number of rewards earned was limited to 40 per 3 h.

Withdrawal phase—At the end of the training phase, two cocaine-trained and two sucrose-
trained groups (n=9–11 per group) were assigned to one of the reward-withdrawal periods (1
or 15 days). Cocaine-trained rats were disconnected from the swivels and all rats were left
undisturbed in the self-administration boxes, with the exception of their daily handling.

Testing phase: Extinction of lever-pressing behavior—On the test day, the cocaine-
trained rats were reconnected to the liquid swivels and all rats were given 6–7 1-h extinction
sessions that were separated by 10 min until they reached an extinction criterion of less than
15 responses/hour on the previously active lever. The tone–light discrete cue was not present
during these sessions. Each 1-h session began with the introduction of the active lever and
illumination of the houselight. At the end of each session, the houselight was turned off and
the active lever was retracted.

Testing phase: Cue-induced reinstatement—The test for cue-induced reinstatement
consisted of a 1-h session wherein responses on the previously active lever led to the
presentation of the tone–light cue on a continuous reinforcement schedule with a 40-s time-
out. This session started 10 min after the last 1-h extinction session. A single non-contingent
(priming) presentation of the cue was given 30 s into the session because, toward the end of
extinction, several rats did not approach the active lever at the start of the 1-h sessions. In a
final 1-h session, rats were given another extinction session in the absence of the reward-paired
tone–light cue.

Immunoblotting of DAT and TH proteins
Six rats were randomly selected from each group for the molecular assays. Two additional
sucrose-trained and two further cocaine-trained groups (n=6–8 per group) were trained as
described above and tested on day 1 or 15 of withdrawal, but were not exposed to the tone–
light cue. These groups served as control conditions for assessing acute changes in DAT and
TH levels in the sucrose- and cocaine-trained groups exposed to the discrete cue during the 1-
h test for cue-induced reinstatement. Immediately after the final 1-h test session, rats were
rapidly decapitated and brains were frozen by immersion into −40° isopentane. One-
millimeter-thick coronal brain sections were cut on a cryostat at the level of the NAc (core and
shell; +1.7 from bregma), the amygdala (central and basolateral, −2.3 from bregma), and the
PFC and the OFC (+3.7 from bregma) (Paxinos and Watson, 1998). Bilateral micropunches,
using 14- (NAc, PFC, OFC) or 12- (amygdala) gauge needles, were collected and stored at
−70°C. The tissue punches were homogenized in 1% sodium dodecyl sulfate (SDS), and protein
concentrations were assayed using the BCA assay (Pierce Chemical Company; Rockford, IL,
USA). Protein concentrations were equalized by diluting with 1% SDS. Samples were
subjected to SDS-polyacrylamide gel electrophoresis (10% acrylamide/0.27% N,N′-
methylenebisacrylamide resolving gel) for 3 h at 150 V and transferred electrophoretically to
Immobilon-P transfer membranes (Millipore Corp; Bedford, MA, USA) at 0.3 A for 2 h.
Immunoblotting for the DAT and TH proteins was performed using procedures previously
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described (Hope et al., 1994). The antibodies used were anti-DAT (1:1000 dilution; a gift from
Dr G. Uhl, NIDA/IRP, Baltimore, USA), anti-TH (1:10 000; Diasorin, Stillwater, MN, USA),
and actin (1:10 000; Chemicon, Temecula, CA, USA). The enhanced chemiluminescence
signals were detected and quantified using a Fluor-S MultiImager (Biorad; Hercules, CA,
USA). Results were interpolated from standard curves, using increasing levels of known
amounts of total protein. Values of DAT and TH were divided by actin values for each sample,
to yield a ratio value.

Statistical analyses
Data from the extinction sessions and tests for reinstatement were analyzed separately for total
non-reinforced responses on the previously active lever and responses on the inactive lever.
These data were analyzed separately for the cocaine-and sucrose-trained rats. Data were
analyzed with ANOVAs, using the appropriate within- and between-subject factors (see
Results section). Data from the Western blot assays were analyzed with ANOVA. Post-hoc
analyses were done with a Fisher PLSD test (two-tailed) and significant differences are reported
for P<0.05.

RESULTS
Figure 1 presents the data from the training phase of the experiment for all rats that were trained
to self-administer cocaine or sucrose. Rats demonstrated reliable cocaine and sucrose self-
administration behavior and no significant differences were observed within the sucrose and
cocaine conditions between the groups tested following 1 or 15 days of reward withdrawal
(Ps>0.5). In addition, within each reward condition (sucrose or cocaine), there were no
differences between the experimental rats tested for cue-induced reinstatement and the control
rats that were added for the biochemical measures and were not tested for cue-induced
reinstatement (P>0.5). As expected, the statistical analyses revealed significant main effects
of Training Day [F(1,26)=9.6, and F(1,32)=5.2, P>0.01, for the sucrose and cocaine groups,
respectively]. The number of responses on the inactive lever was low during the 10 days of
training (less than 5 presses/3 h; data not shown).

Extinction of lever-pressing behavior
Figure 2 (left panels) shows the responses on the previously active lever in the absence of the
discrete tone–light cue, during the first 60-min sessions of extinction, for the cocaine- and
sucrose-trained rats following 1 or 15 days of reward withdrawal. Data were analysed with a
mixed-model ANOVA, using the between-subjects factor of Withdrawal Period (1 versus 15
days) and the within-subjects factor of Test Session (the first six 60-min sessions during which
all rats from all groups were exposed to the extinction conditions). The number of active lever
presses during extinction was higher following 15 days than 1 day of withdrawal from cocaine
or sucrose, an effect that was most pronounced during the first 60-min of extinction. As
expected, regardless of the duration of the reward withdrawal period, rate of responding
decreased over time.

Cocaine-trained rats—The statistical analysis revealed significant effects of Withdrawal
Period [F(1,18)=20.3, P<0.001], Test Session [F(1,18)=20.3, P<0.001] and Withdrawal
Period by Test Session [F[1,18]=16.9, P<0.01]. Post-hoc group differences are indicated on
Figure 2A. Inactive lever responses were low (less than 5/60-min session) and no group
differences were observed (P>0.05; data not shown).

Sucrose-trained rats—The statistical analysis revealed significant effects of Withdrawal
Period [F(1,16)=7.7, P<0.05] and Test Session [F(1,16)=28.9, P<0.01). These data are
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presented in Figure 2B. Inactive lever responses were low (less than 5/60-min session) and no
group differences were observed (P>0.05; data not shown).

Cue-induced reinstatement
Figure 2 (right panels) also shows the responses on the previously active lever during the 60-
min test session for cue-induced reinstatement, during which lever presses led to the
presentation of the tone–light cue previously paired with earned cocaine or sucrose. The data
used for the analyses were the total non-reinforced responses from the last 60-min extinction
session, during which rats reached the extinction criterion (baseline condition), and the
responses made during the 1-h test for cue-induced reinstatement. A mixed-model ANOVA
was conducted, using the between-subjects factor of Withdrawal Period (1 versus 15 days) and
the within-subjects factor of Test Session (baseline versus cue). The number of active lever
presses during the test for cue-induced reinstatement was higher following 15 days than 1 day
of withdrawal from cocaine or sucrose.

Cocaine-trained rats—The statistical analysis revealed significant effects of Withdrawal
Period [F(1,18)=19.8, P<0.001], Test Session [F(1,18)=25.9, P<0.001] and Withdrawal
Period by Test Session [F(1,18)=15.1, P<0.01]. No differences were observed for responses
on the inactive lever (P values >0.05), which were very low in the baseline and cue conditions
(less than 5/60 min; data not shown). Finally, lever presses during the final 60-min session in
the absence of the tone–light were similar to those of the baseline session (data not shown).
Post-hoc group differences are indicated in Figure 2A.

Sucrose-trained rats—The statistical analysis revealed significant effects of Withdrawal
Period [F(1,16)=7.0, P<0.05], Test Session [F(1,16)=74.0, P<0.001] and Withdrawal Period
by Test Session [F(1,16)=6.5, P<0.05]. No differences were observed for responses on the
inactive lever (Ps>0.05), which was very low in the baseline and cue conditions (less than 5/60
min; data not shown). Finally, lever presses during the final 60-min session in the absence of
the tone–light were similar to those of the baseline session (data not shown). Post-hoc group
differences are indicated in Figure 2B.

DAT and TH protein levels
The data from the immunoblotting assays are presented in Table 1. Initial analysis revealed no
differences in DAT or TH levels between the rats from the sucrose- and cocaine-trained groups
that were exposed to the tone–light cue during the test for reinstatement and the control groups
that were not exposed to the cue. Therefore, the data from these groups were pooled.
Subsequent ANOVAs were conducted for each brain area and protein, using Reward Type
(cocaine versus sucrose) and Withdrawal Period (day 1 versus 15) as the between-subjects
factors. Within each brain area, there were no significant differences between days 1 or 15 of
withdrawal from cocaine or sucrose. The statistical analyses revealed a significant increase in
DAT in the PFC from rats that had self-administered cocaine versus that in rats that self-
administered sucrose [Reward Type, F(1,40)=7.5, P<0.01]. No other significant effects were
found.

DISCUSSION
We recently found that resistance to extinction and cue-induced reinstatement of cocaine
seeking in rats progressively increase over the first 2 months of withdrawal from cocaine
(Grimm et al., 2001). Based on these data we speculated that cocaine craving incubates
following withdrawal (Grimm et al., 2001). Here we studied the generality of these findings
to rats trained to self-administer sucrose, a non-drug reward. We also studied whether the time-
dependent changes in cocaine seeking following withdrawal correlate with the levels of DAT
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and TH proteins in the amygdala, NAc, PFC and OFC. We found that the putative incubation
effect generalizes to a non-drug reinforcer, sucrose, and that the time-dependent changes in
reward seeking are not associated with alterations in DAT and TH protein levels in the brain
areas examined. These findings are discussed below.

Time-dependent changes in sucrose and cocaine seeking following withdrawal
Lever presses during extinction and cue-induced reinstatement tests on day 15 of withdrawal
from sucrose and cocaine were higher than on day 1. In addition, lever-pressing behavior during
tests for extinction (in the absence of the discrete tone–light cue) and cue-induced reinstatement
follow a similar time course and were highly correlated for both sucrose- and cocaine-trained
rats. On day 15 the Pearson product–moment correlation coefficients for responding during
extinction and cue-induced reinstatement were r=0.84 and 0.66 in the cocaine-and sucrose-
trained rats, respectively (Ps<0.01). This high correlation is not surprising because, while the
discrete tone–light cue was not presented during the initial extinction sessions, other
conditioned cues – predictive of cocaine availability (houselight, lever insertion) – were
present, and thus could have provoked differential cocaine seeking at the different withdrawal
periods (McFarland and Ettenberg, 1997; Crombag and Shaham, 2002).

Based on data from previous studies from the learning literature, the time-dependent changes
in reward seeking following withdrawal from sucrose self-administration training were
unexpected. There are many reports that after the last exposure to non-drug rewards,
conditioned responses to appetitive stimuli are relatively constant or decay over time (Trowill
et al., 1969; Riccio et al., 1992). However, the present data on increases in sucrose seeking
following withdrawal are in agreement with our initial observation that following 6 days of
withdrawal from sucrose, responding during extinction (in the presence of the discrete CSs)
was higher than that following 1 day (Shalev et al., 2001). Other studies also have shown time-
dependent `incubation' of the response to cues associated with aversive events (Richardson et
al., 1984; Houston et al., 1999).

The difference in responsiveness to the reward-associated cues on day 1 versus day 15 of
withdrawal was more pronounced in cocaine-trained than in sucrose-trained rats. The reasons
for the larger `incubation' effect with cocaine-trained rats are not known, and they may be
related to the differences in response rates for the rewards during training (see Figure 1). The
difference in the magnitude of incubation between the reward conditions was largely due to
the very low responding on day 1 of withdrawal from cocaine (Figure 2A). It is possible that
on day 1 of cocaine withdrawal rats were experiencing `anhedonia' (Markou and Koob,
1991), and thus were less responsive to cocaine-associated cues (Arroyo et al., 1998). Another
possibility is that early in withdrawal the memory for the `anxiogenic' effects of cocaine (see
Ettenberg and Geist, 1991) is greatest, and consequently the rats are avoiding the lever when
cocaine itself is not available.

Extinction responding of the cocaine-trained rats on day 1 of withdrawal was lower than that
typically observed in cocaine self-administration studies. This unusually low level of extinction
responding (Figure 2A) is due in part to extinction of lever pressing being performed in the
absence of the cocaine-paired tone–light cue, which influences cocaine self-administration
behavior under simple (Schenk and Partridge, 2001) and complex (Goldberg, 1976)
reinforcement schedules. However, this explanation cannot explain why response rates on day
1 of cocaine withdrawal (Figure 2A) were lower than those in previous studies of See and
colleagues, in which extinction of lever pressing was also conducted in the absence of the tone–
light cue (See, 2002). A likely possibility for this difference is that our rats self-administered
higher amounts of cocaine in the 6 h/day sessions than in the 3 h/day self-administration
sessions in the previous studies, and therefore were more likely to experience
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`anhedonia' (Markou and Koob, 1991) and `anxiety' (Sarnyai et al., 2001) during early
withdrawal, both of which may decrease cocaine seeking (see above).

The time-dependent changes in cocaine seeking following withdrawal have temporal
characteristics that, to some degree, resemble the time-dependent changes in the expression of
locomotor sensitization to psychostimulants in response to a drug challenge following
withdrawal (see Paulson et al., 1991), a phenomenon dependent on DA neurotransmission
(Robinson and Berridge, 1993). Robinson and Berridge (1993) hypothesized that enhanced
DA neurotransmission following repeated drug exposure and withdrawal sensitizes putative
incentive motivational processes, which in turn lead to increased responsiveness to drug and
drug-associated cues. However, while the enhanced responsiveness to cocaine cues following
withdrawal is in agreement with predictions of the ̀ incentive sensitization' model, it is not clear
whether the present data support this theory. Specifically, sucrose self-administration, which
has not been shown to enhance DA neuro-transmission, also resulted in time-dependent
changes in reward seeking following withdrawal.

DAT and TH levels in terminal DAergic regions following withdrawal from cocaine and
sucrose

In this initial molecular characterization of the incubation phenomenon, we did not find
significant time-dependent alterations in DAT protein levels in the NAc, amygdala, PFC or
OFC following 1 or 15 days of reward withdrawal. Although not regulated in a time-dependent
manner, DAT levels in the PFC of cocaine-trained rats were increased following 1 and 15 days
of withdrawal. This increase in DAT protein levels may be related to the attenuated acute
cocaine-induced increase in extracellular DA levels in the PFC, as well as increased DA
clearance in this brain area following repeated cocaine exposures (Meiergerd et al., 1997; Sorg
et al., 1997). Such an effect may be relevant to the expression of locomotor sensitization to
cocaine following withdrawal (Sorg et al., 1997), but it is clearly not associated with the time-
dependent changes in drug-seeking described here. In addition, it should be noted that, in
contrast to the present data on upregulation of the DAT protein in the PFC, previous studies
have found that DAT binding levels in the PFC are either decreased (Hitri et al., 1996) or
unaltered (Farfel et al., 1992) following withdrawal from non-contingent cocaine exposure.
The different methods used to measure the DAT, the cocaine dose and route of exposure, as
well as the use of contingent drug administration in our study, may have been responsible for
the differences in DAT regulation in the PFC following withdrawal.

Significant alterations in DAT levels were not observed in any other brain region. Our data on
the lack of regulation of DAT protein levels in the NAc are in agreement with other studies,
where DAT levels were also not altered following cocaine withdrawal (Kula and Baldessarini,
1991; Claye et al., 1995; Hitri et al., 1996; Burchett and Bannon, 1997; Letchworth et al.,
1999; Arroyo et al., 2000). However, there are previous reports that DAT binding is initially
increased in the NAc (1–2 days of withdrawal), and then decreased following 7–60 days of
withdrawal (Wilson et al., 1994; Kuhar and Pilotte, 1996).

TH protein levels were not altered in any brain region following 1 or 15 days of reward
withdrawal. This finding agrees with previous studies showing no regulation of TH levels in
the NAc following short or prolonged withdrawal from cocaine (Beitner-Johnson and Nestler,
1991; Sorg et al., 1993; Vrana et al., 1993). In contrast, Todtenkopf et al. (2000) found an
increase in TH immunoreactivity in the shell of the NAc following 14, but not 2, days of
withdrawal, while Trulson et al. (1987) reported a decrease in TH immunoreactivity in the
NAc and frontal cortex following 2 months of withdrawal. In addition, in the one report that
examined TH regulation following cocaine self-administration, Schmidt et al. (2001) found a
decrease in TH levels in the NAc shell following 7 days of withdrawal. Once again, differences
in cocaine doses, duration of exposure and treatment regimens (e.g. contingent versus non-
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contingent drug administration), as well as the method of assaying TH, may account for the
different outcomes for TH levels following withdrawal.

Finally, the lack of time-dependent changes in DAT and TH levels following withdrawal in
the present study does not rule out a role for DA in the time-dependent changes in cocaine (and
possibly sucrose) seeking. Enhanced responsiveness to reward cues following cocaine
withdrawal may still be associated with time-dependent changes in DA release in terminal
regions (Rossetti et al., 1992), DA receptor supersensitivity (White and Kalivas, 1998), or DAT
regulation of dendritic DA release (Falkenburger et al., 2001).

Concluding remarks
It has been suggested that relapse to cocaine taking in humans becomes increasingly under the
influence of conditioned drug cues over the course of cocaine abstinence (Gawin and Kleber,
1986). In the present report and in our previous study (Grimm et al., 2001), we describe a
similar phenomenon in an animal model of relapse to drugs (Stewart, 2000; Shalev et al.,
2002). In our initial molecular characterization of the time-dependent changes in cocaine
seeking, we found that alterations in DAT and TH protein levels in several terminal regions of
the mesocorticolimbic DA system are not associated with the profound changes in behavior
observed following cocaine withdrawal. Finally, the time-dependent changes in reward seeking
were also observed following withdrawal from sucrose self-administration. This observation
strongly suggests that changes in memory and/or motivational processes, associated with
exposure to rewards in general (Balleine and Dickinson, 1998; Schultz, 2000; Hyman and
Malenka, 2001), are likely to contribute to the time-dependent changes in cocaine as well as
heroin (see Shalev et al., 2001) seeking following withdrawal periods.
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FIGURE 1.
Cocaine and sucrose self-administration behavior during the training phase. Mean (± SEM)
daily number of earned cocaine (0.5 mg/kg/infusion) and 10% sucrose (0.2 ml) rewards, during
the 10 days of self-administration training. Rats were trained for two 3-h sessions/day,
separated by 3 h (n=36 and 30 for cocaine and sucrose, respectively).
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FIGURE 2.
Time-dependent changes in resistance to extinction behavior and cue-induced reinstatement
following withdrawal from cocaine (A) or sucrose (B). Mean (± SEM) number of responses
on the previously active lever during the first six 60-min sessions of extinction [conducted in
the absence of the discrete tone–light cue previously paired with cocaine infusions (A) or
sucrose presentations (B)] and during the test for cue-induced reinstatement, which followed
the extinction sessions. During the test for cue-induced reinstatement, lever presses led to
presentations of the tone–light cue. Baseline: The last 60-min extinction session on which the
rats reached the extinction criterion prior to the test for cue-induced reinstatement.
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*Significantly different from day1 withdrawal (Fisher PLSD test, P<0.05), n=9–11 per group.
Data only include rats tested for both extinction responding and cue-induced reinstatement.
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TABLE 1

Dopamine transporter (DAT) and tyrosine hydroxylase (TH) protein levels in the nucleus accumbens, amygdala,
prefrontal cortex and orbitofrontal cortex following 1 or 15 days of withdrawal from sucrose or cocaine self-
administration

Sucrose withdrawal Cocaine withdrawal

Day 1 Day 15 Day 1 Day 15

DAT

 Nucleus accumbens 5.62 ± 0.52 6.01 ± 1.08 5.79 ± 0.91 5.21 ± 0.86

 Amygdala 3.58 ± 0.55 3.09 ± 0.43 3.89 ± 0.62 3.69 ± 0.52

 Prefrontal cortex 3.85 ± 0.32 3.99 ± 0.53 5.49 ± 0.84* 5.47 ± 0.52*

 Orbitofrontal cortex 4.57 ± 0.57 4.83 ± 0.35 5.67 ± 0.66 5.28 ± 0.36

TH

 Nucleus accumbens 0.95 ± 0.13 0.99 ± 0.19 0.88 ± 0.12 1.18 ± 0.28

 Amygdala 1.01 ± 0.14 0.80 ± 0.12 1.03 ± 0.14 1.13 ± 0.16

 Prefrontal cortex 0.77 ± 0.06 0.67 ± 0.09 0.92 ± 0.09 0.81 ± 0.04

 Orbitofrontal cortex 4.14 ± 0.58 4.10 ± 0.32 4.11 ± 0.47 4.41 ± 0.50

Data are presented as the ratio of values for each protein measurement divided by the actin value for that sample (means ± SEMs).

*
Significantly different from the sucrose-trained groups (P <0.01).
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