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Abstract
Rationale—Deficits in amygdala-related stimulus-reward learning are produced following 18 drug-
free days of cocaine self-administration or its passive delivery in rats exposed during adulthood. No
deficits in stimulus-reward learning are produced by cocaine exposure initiated during adolescence.

Objectives—To determine if age of initiating cocaine exposure differentially affects behavioral
functioning of an additional memory system linked to cocaine addiction, the orbitofrontal cortex.

Materials and methods—A yoked-triad design (n=8) was used. One rat controlled cocaine
delivery and the other two passively received cocaine or saline. Rats controlling drug delivery (1.0
mg/kg) self-administered cocaine from either P37–P59 or P77–P99, and then underwent 18 drug-
free days (P60–P77 vs. P100–P117). Rats next were tested for acquisition of odor-delayed win-shift
behavior conducted over 15 sessions (P78–P96 vs. P118–P136).

Results—Cocaine self-administration did not differ between adults and adolescents. During the
test phase of the odor-delayed win-shift task (relatively difficult task demands), rats from both drug-
onset ages showed learning deficits. Rats with cocaine self-administration experience committed
more errors and had longer session latencies compared to rats passively receiving saline or cocaine.
Rats with adolescent-onset cocaine self-administration experience showed an additional learning
deficit by requiring more sessions to reach criterion levels for task acquisition compared to same-
aged passive saline controls or rats with adult-onset cocaine self-administration experience. Rats
passively receiving cocaine did not differ from the passive saline control from either age group.

Conclusions—Rats with adolescent-onset cocaine self-administration experience were more
impaired in an orbitofrontal cortex-related learning task than rats with adult-onset cocaine self-
administration experience.
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Adolescence in rodents and humans is marked by shifts in neurotransmission and distinct
cellular level changes in cortical and subcortical regions (Casey et al. 2008). The age range for
adolescence in male rats starts at approximately postnatal day 28 (P28) and extends to
approximately P55; rats are considered young adults on approximately P60 (for review, see
Spear 2000). Notably, in prefrontal cortex of rats, density of dopaminergic fibers increases
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continuously until approximately P60 (Kalsbeek et al. 1988). Additionally, dopamine (DA)
D1 receptor density in prefrontal cortex peaks at approximately P40 and then declines into
adulthood and stabilizes at approximately P100 (Andersen et al. 2000). In contrast, D2 and
D4 receptor densities in prefrontal cortex rise continuously until approximately P35 and then
remain stable through adulthood (Tarazi et al. 1998a). In striatum and nucleus accumbens, DA
D1, D2 and D4 receptor densities peak at approximately P28, and then decline to adult levels
by approximately P60 (Tarazi and Baldessarini 2000). This reorganization of the DA
neurotransmitter system may render adolescent and adult rats differentially sensitive to a drug
such as cocaine, which potently blocks reuptake of DA (Heikkila et al. 1975).

Preclinical studies have demonstrated age-dependent variations in sensitivity to the
psychomotor stimulant effects of cocaine. Acute cocaine injections (10 mg/kg) produce more
locomotor activation in adult than adolescent rats (Laviola et al. 1995). Cocaine challenge
injections (15 mg/kg) following chronic cocaine treatment produce locomotor sensitization in
adult but not in adolescent rats (Collins and Izenwasser 2002). At higher acute dosing (20 mg/
kg), adolescent rats do display sensitivity to the locomotor activating effects of cocaine
(Badanich et al. 2008), and show greater sensitization than adult rats to cocaine challenge
injections (20 mg/kg) following chronic cocaine treatment (Frantz et al. 2007). Additionally,
adolescent rats may be more sensitive than adult rats to the conditioned rewarding effects of
cocaine, as conditioned place preference is produced at lower doses of cocaine in adolescent
compared to adult rats (Badanich et al. 2006; Zakharova et al. 2009). Despite these age-related
differences in cocaine-induced locomotion and conditioned reward, several studies have
indicated that adult and adolescent rats acquire and maintain cocaine self-administration to the
same degree (Belluzzi et al. 2005; Frantz et al. 2007; Kantak et al. 2007; Kerstetter and Kantak
2007; Leslie et al. 2004), suggesting that the reinforcing effects of cocaine are comparable in
adult and adolescent rats. Although there is little difference in self-administration behavior
maintained by cocaine under these conditions, cocaine-induced changes in neurocognition may
be different when cocaine use begins during adulthood vs. adolescence because adult and
adolescent brains are in different states of development with respect to DA neurotransmission.

Previous research in adult male rats, either trained to self-administer cocaine or passively
receiving cocaine in a yoked manner, demonstrated deficits in an amygdala-related stimulus-
reward learning task either within 30 min of the cocaine self-administration sessions ending
(Udo et al. 2004) or after an 18-day cocaine-free period (Kerstetter and Kantak 2007). In
comparison, rats with adolescent-onset cocaine exposure that preceded an 18-day cocaine-free
period did not exhibit any deficits in this same task (Kerstetter and Kantak 2007). There is
evidence, though, that adult and adolescent rats may both be sensitive to cocaine-induced
impairment of prefrontal cortex-related neurocognitive functions. Adult male rats were shown
to have deficits in spatial working memory and sustained attention measured either within 30
min of the cocaine self-administration sessions ending (Kantak et al. 2005) or 1 day but not 7
days after the cocaine self-administration sessions ended (Dalley et al. 2005). In adolescent
rats, experimenter-delivered injections of cocaine produced deficits in spatial working memory
(Santucci et al. 2004) and attentional set-shifting (Black et al. 2006) following a 10- or 24-day
cocaine-free period. Spatial working memory, sustained attention and attentional set-shifting
are functions of the medial prefrontal cortex (Floresco and Magyar 2006) and collectively these
results suggest that dysfunction of this memory system by cocaine may be more prolonged in
adolescent than adult rats.

The primary aim of the present study was to extend the limited research comparing the effects
of adolescent-onset and adult-onset cocaine self-administration on the functioning of another
prefrontal cortex subregion, the orbitofrontal cortex, because this subregion is known to be
dysfunctional in cocaine addicts (Volkow and Fowler 2000). Previously, adult male rats were
shown to have deficits in reversal learning during a go, no-go odor discrimination task
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following 2–4 weeks of abstinence from cocaine self-administration or chronic experimenter-
delivered cocaine (30 mg/kg/d) injections (Calu et al. 2007; Schoenbaum et al. 2004).
Interestingly, the number of reversal learning errors was greater in rats trained to self-
administer cocaine than those receiving experimenter-delivered injections. Reversal learning
in this task selectively requires intact functioning of the orbitofrontal cortex (Schoenbaum et
al. 2003). Another learning task that requires intact functioning of the orbital but not prelimbic
subregion of rat prefrontal cortex is the odor-delayed win-shift task, which utilizes non-spatial
working and reference memory for task acquisition (Di Pietro, et al. 2004). Using a yoked-
triad design in adult male rats tested within 30 min of the cocaine self-administration sessions
ending, it was demonstrated that only contingent cocaine self-administration produced deficits
in the odor-delayed win-shift task (Kantak et al. 2005). In the current study, it was determined
if rats with adult-onset or adolescent-onset cocaine experience exhibited deficits in the odor-
delayed win-shift task following an 18-day drug-free period. In order to assess any potential
differences in the effects of contingent and non-contingent cocaine delivery, a yoked-triad
design was used. A secondary aim of the present study was to compare effects of cocaine
exposure in adult and adolescent rats on behavior mediated by the orbitofrontal cortex with
behavior mediated by the amygdala (Kerstetter and Kantak 2007).

Materials and methods
Subjects

Adult (n = 24; arrival on P65, 275–300 g) and adolescent (n = 24; arrival on P25, 60–80 g)
non-littermate male rats of the Wistar strain (Crl(WI)BR, Charles River Laboratories, Portage,
MI, USA) were individually housed in plastic cages (24 cm × 22 cm ×20 cm) within a
temperature- (21–23°C) and light-(08:00 hours on ; 20:00 hours off) controlled vivarium.
During self-administration sessions, rats were allowed ad libitum access to food and water
except for two days prior to and two days following initiation of self-administration sessions
when food was restricted to approximately16 g per day. Food was again restricted during the
18-day drug-free period and during the 15 sessions of the odor-delayed win-shift task. During
this second period of food restriction, approximately 16g of food per day was provided, which
maintained rats at no less than 85–90% of free-feeding body weight. Rats had unlimited access
to water in their home cages between experimental sessions. All experimental procedures were
conducted in accordance with the Guide for the Care and Use of Laboratory Animals (National
Academy Press, Washington DC, 1996) as well as specific national laws. The Boston
University Institutional Animal Care and Use Committee approved this study.

Apparatus
Experimental chambers (Model ENV-008CT, Med Associates, Georgia, VT, USA) described
previously in detail (Kantak et al. 2002) were used for self-administration. The odor-delayed
win-shift task was performed in a modular eight-arm radial maze (Model ENV-538, Med
Associates), also described previously in detail (Kantak et al. 2001).

Drugs
Cocaine hydrochloride (gift from NIDA, Bethesda, Maryland, USA) was dissolved in 0.9%
sterile saline containing 3 IU heparin per mL to a final concentration of 2.68 mg/mL.
Throughout self-administration sessions, a unit dose of 1.0 mg/kg was delivered intravenously
by infusing the 2.68 mg/mL solution at a rate of 1.8 mL/min. In order to attain a dose of 1.0
mg/kg, the infusion duration was adjusted for each animal’s daily body weight (1.2 s/100 g).
Yoked rats passively exposed to saline received an infusion of the saline/heparin solution,
which was delivered at the same rate as the cocaine infusion.
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Lever Shaping and Surgery
Four days following arrival, food was removed from the home cages in the morning and that
same evening, animals were autoshaped overnight in the experimental chambers to respond
on either lever under a fixed-ratio 1 (FR1) schedule of food reinforcement (45 mg chocolate-
flavored precision pellets; Bio-Serv, Frenchtown, NJ, USA). Following autoshaping, food was
available ad libitum in the home cages, and catheter surgery took place two to three days later.
Jugular vein catheters were implanted, as described previously in detail (Kantak et al. 2000),
in both adult and adolescent rats using back mounts as the site of catheter attachment.
Furazolidone powder spray (Veterinary Products Laboratories, Phoenix, AZ, USA) was used
to treat wounds until healed. Rats received a subcutaneous injection of 0.05 mg/kg
Buprenorphine (Reckitt Benckiser Pharmaceuticals, Richmond, VA) each day for 2 days, and
5 mL Children’s Acetaminophen (CVS Pharmacy, Woonsocket, RI, USA) and 1.5 mL of 22.7
mg/mL Baytril (Bayer Health Care, Leverkusen, Germany) were provided per 250 mL drinking
water for ten days following surgery to alleviate any post-surgical discomfort and reduce the
risk of infection. All rats were given five to six days to recover from surgery prior to initiating
self-administration sessions.

Catheters were maintained Monday through Friday by flushing them once daily with 0.1 mL
of a 0.9% saline solution containing 3 IU heparin (LymphoMed, Rosemont, IL, USA) and 6.7
mg of the antibiotic tricarcillin with clavulanic acid (SmithKline Beecham Pharmaceuticals,
Philadelphia, PA, USA). A locking solution that consisted of glycerol and undiluted (1000 IU/
ml) heparin (3:1) was used to fill the catheter dead space on Fridays. The locking solution was
removed on Mondays and replaced with the saline/heparin solution prior to beginning
experimental sessions. Catheters were also checked for functionality each week by infusing
1.0 mg/0.1 mL methohexital sodium (Eli Lilly, Indianapolis, IN, USA) and noting the presence
of rapidly induced sedation.

Self-Administration Procedures
Since the dopamine transporter does not reach adult levels of density until approximately P35
in rats (Tarazi et al. 1998b), the first self-administration session took place on P37 for
adolescent rats. This was implemented to ensure that any observed neurocognitive differences
were not a result of age-related differences in cocaine binding at the dopamine transporter
during self-administration sessions. Self-administration sessions in adult rats began on P77.
Self-administration was conducted during the light phase for 18 sessions, with five sessions
per week (Monday through Friday). Each session was 2 h in duration. Prior to initiating self-
administration sessions, adult and adolescent rats each were divided into triads (n=8 triads for
each age). In each triad, one rat controlled cocaine delivery and the other two rats passively
received either cocaine or saline. Rats self-administering cocaine (1.0 mg/kg) were initially
trained under an FR1 reinforcement schedule with a 20-s timeout (TO) period after each
infusion. A stimulus light located above the active lever was illuminated during the infusion
and the 20-s TO period for each member of the triad. The TO period was accompanied by the
offset of the house light. The active lever was counterbalanced to the left or right. There were
no scheduled consequences for responses made on the inactive lever. Response requirements
were gradually increased to a terminal FR5 20-s TO reinforcement schedule during which rats
self-administering cocaine pressed the active lever five times to receive a cocaine infusion.
Adult rats reached the FR5 response requirement after an average of 9.4 ± 0.7 sessions (age
range from P85 to P92) and adolescent rats after an average of 8.6 ± 0.2 sessions (age range
from P46 to P49). Rats remained at this terminal schedule for the remainder of the sessions.
Responses made on either the active (light-paired) or inactive (no-light-paired) lever by the
yoked rats passively receiving cocaine or saline were recorded but had no scheduled
consequences. Adolescent rats completed the 18th self-administration session on P59 and adult
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rats on P99. Following these sessions, rats underwent an 18-day drug-free period in their home
cages.

Odor- Delayed Win-Shift Task
Following the 18-day drug-free period (P60–P77 vs. P100–P117), rats were tested in the radial-
arm maze for acquisition of the odor-delayed win-shift task as previously described (Di Pietro
et al. 2004; Kantak et al. 2005). Prior to daily acquisition sessions, rats were given 10 training
trials per day for 4 days to learn to dig in an unscented sand cup for a hidden Froot Loop
(Kellogg’s, Battle Creek, MI, USA) reinforcer. Acquisition sessions for the odor-delayed win-
shift task consisted of a training phase and a test phase that were separated by a 5-min delay.
The training phase is a period when task demands are relatively easy, as rats must discriminate
among four odors in four arms, and avoid digging in sand cups containing an odor cue for
which the reinforcer was already retrieved. During the training phase, four arms were randomly
selected (no more than two adjacent arms) and baited with a Froot Loop reinforcer that was
buried 1cm below the sand in a clear plastic cup (6.5 cm diameter × 6.5 cm height) that
contained 125 g of sand mixed with 5 g of an odor cue (allspice, basil, celery seed, or dill
weed). Rats were placed into the central hub of the maze and given free access to the four cups,
which were placed 17 cm inside the selected arms. The training phase concluded when rats
dug for and retrieved all 4 reinforcers or after 5 min had elapsed. During the 5-min delay
between the training and test phases, rats were placed back into their home cages and the maze
arms and cups used during the training phase were cleaned to eliminate residual rat odors. The
test phase is a period when task demands are relatively difficult, as rats must discriminate
among eight odors in eight arms, and after a 5-min delay, avoid digging in sand cups containing
the four previously reinforced odors as well as avoid digging in sand cups containing an odor
cue for which the reinforcer was already retrieved. For the test phase, four arms again were
randomly selected (no more than two adjacent arms) and four different sand cups scented with
paprika, thyme, cinnamon or marjoram were baited with a reinforcer and placed into the
selected arms. The scented cups used in the training phase were placed in the remaining arms
without any reinforcers. During the test phase, rats were placed into the central hub of the maze
and given access to all eight cups. The test phase ended when all four reinforcers were retrieved
or after 5 min had elapsed.

Errors were recorded if a rat dug in the sand of a cup in which the reinforcer had already been
retrieved (within-phase or working memory error) or of an un-baited cup (between-phase or
reference memory error). Thus, non-spatial working memory errors are exhibited during the
training and test phases and non-spatial reference memory errors are exhibited only during the
test phase. Maze arms that contained reinforced cups during training and test phases were
randomly selected each day for each phase and each triad. The odor-delayed win-shift task was
conducted Monday-Friday for 15 sessions (P78–P96 vs. P118–P136). Acquisition criterion
was set at 1 or fewer total errors (working + reference) on three out of four consecutive sessions.
If a rat did not acquire the task within 15 sessions, then a value of 16 was assigned as the
sessions to criterion for that rat for statistical purposes.

Data Analysis
The self-administration data were analyzed to determine if behavior during sessions was similar
or different for adolescent and adult rats. Prior to analysis, responses on active (light-paired)
and inactive (no light-paired) levers were averaged in individual subjects across sessions
conducted under the FR5 contingency (approximately 9 sessions for each age group). Response
data were analyzed by a three-factor (drug-onset age X administration condition X lever)
ANOVA, with repeated measures on the lever factor. Infusion data were analyzed over all 18
sessions by a two-factor (drug-onset age X session number) ANOVA, with repeated measures
on the session number factor. Post-hoc Tukey tests were used where appropriate. For the odor-
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delayed win-shift task, the dependent measures consisted of the number of sessions to reach
the learning criterion during training and test phases, the cumulative number of non-spatial
working memory errors made during the training or test phases, the cumulative number of non-
spatial reference memory errors made during the test phase, and the average latency to complete
sessions during the training or test phases. Data were analyzed via two-factor (drug-onset age
X administration condition) ANOVA. Post-hoc Tukey tests were used for follow-up
comparisons. It should be noted that 1–2 rats from each of the three administration conditions
within the two age groups never moved from the central hub during the first three training and
test phase sessions, thereby committing no working or reference memory errors. Since
committing no errors by virtue of not digging vs. committing no errors by being 100% accurate
with digging choices are not identical measures of performance, the non-spatial working and
reference memory errors were summed from session 4 through session 15 in each subject prior
to analyses. During sessions 4 though 15, all rats completed the retrieval of the four reinforcers
within 5 min during the training and test phases of the task, thus providing meaningful data
for comparisons of the cumulative number of working memory and reference memory errors
across the age groups and administration conditions.

Results
Self-Administration Behavior

Cocaine self-administration behavior did not differ significantly in adult and adolescent rats.
A three-factor ANOVA of lever responses revealed significant main effects of administration
condition (F [2,42]=101.0, p≤0.001) and lever (F [1,42]=68.7, p≤0.001), and a significant
administration condition X lever interaction (F [2,42]=63.0, p≤0.001). Post-hoc testing of the
administration condition X lever interaction indicated that differences were a due to a greater
number of active than inactive lever responses being emitted by rats self-administering cocaine
under the FR5 contingency (p≤0.001). The number of active and inactive lever responses was
not significantly different in rats passively receiving either cocaine or saline. Neither the drug-
onset age X lever condition interaction nor the drug-onset age X administration condition
interaction was significant, indicating that responding was similar across age groups, on each
lever and for each administration condition (Fig. 1, top panel). Additionally, the number of
infusions earned by rats self-administering cocaine did not differ significantly between age
groups across the 18 self-administration sessions (Fig. 1, bottom panel). A two-factor ANOVA
revealed that infusions were not significantly different over sessions, and that there was no
drug-onset age X session number interaction. Adult rats earned an overall average of 18.5 ±
0.7 infusions per session and adolescent rats earned an overall average of 18.1 ± 1.5 infusions
per session.

Odor-Delayed Win-Shift Task
Training Phase—During the training phase of the odor-delayed win-shift task (relatively
easy task demands), ANOVA revealed that there were no significant differences due to drug-
onset age, administration condition or their interaction for trials to criterion, cumulative non-
spatial working memory errors made or average latency to complete the sessions. Rats from
the three administration conditions within the two age groups reached criterion in
approximately 6–8 sessions and made a cumulative total of approximately 4–8 non-spatial
working memory errors on average. The latency to complete the daily training sessions
averaged between 116 and 151 sec in all six groups.

Test Phase—Analysis of sessions to criterion revealed a significant main effect of
administration condition (F [2, 42]=6.6, p≤0.003) and a significant drug-onset age X
administration condition interaction (F [2, 42]=3.5, p≤0.04) during the test phase (relatively
difficult task demands). Post-hoc testing of the drug-onset age X administration condition
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interaction demonstrated that during the test phase, there were no significant differences in the
number of sessions to reach criterion in rats with adult-onset cocaine experience (contingent
or non-contingent) relative to rats passively receiving saline (Fig. 2, top panel). However, in
rats with adolescent-onset cocaine self-administration experience, the number of sessions to
reach criterion was greater than the number required in rats passively receiving either saline
(p≤0.001) or cocaine (p ≤ 0.003), which did not differ from each other (p≤0.92) (Fig. 2, top
panel). Within the 15 sessions allotted during the test phase, six of eight rats with adolescent-
onset cocaine self-administration experience never reached criterion levels of accuracy. In
contrast, all eight rats in the same-aged passive saline group and seven of eight rats in the same-
aged passive cocaine group reached criterion levels of accuracy. Among rats with adult-onset
cocaine or saline experience, one of eight rats from the passive saline and passive cocaine
groups did not reach criterion levels of accuracy and two of eight rats from the cocaine self-
administration group did not reach criterion levels of accuracy within 15 sessions during the
test phase. Between-age comparisons for sessions to criterion during the test phase revealed
that more sessions were required in rats with adolescent-onset than adult-onset cocaine self-
administration experience (p ≤0.04). In contrast, fewer sessions were required in rats with
adolescent-onset than adult-onset passive saline exposure (p ≤ 0.04).

Although rats with adult-onset cocaine self-administration experience did not differ from same-
aged passive saline and passive cocaine groups for the number of sessions to reach criterion
levels of accuracy, the analysis of non-spatial working memory and reference memory errors
as well as average session latencies demonstrated that they exhibited deficits in these latter
measures during the test phase that were similar in magnitude as the deficits exhibited by rats
with adolescent-onset cocaine self-administration experience. Analysis of non-spatial working
memory errors revealed a significant main effect of administration condition (F [2, 42]= 3.9,
p≤0.020) that did not interact significantly with drug-onset age. Post-hoc testing of the
administration condition main effect indicated that rats self-administering cocaine made more
non-spatial working memory errors than rats passively receiving saline (p≤0.04), but not
passively receiving cocaine (p≤0.11), across both drug-onset age groups (Fig. 2, middle left
panel). However, passive cocaine exposure was not significantly different from passive saline
exposure for non-spatial working memory errors (p≤0.88). In addition, analysis of non-spatial
reference memory errors revealed a significant main effect of administration condition (F [2,
42]=6.1, p≤0.005) that did not interact significantly with drug-onset age. Post-hoc testing of
the administration condition main effect indicated that rats self-administering cocaine made
more non-spatial reference memory errors than rats passively receiving saline (p≤0.004) or
cocaine (p≤0.006) across both drug-onset age groups (Fig. 2, middle right panel). Passive
cocaine exposure was not significantly different from passive saline exposure for non-spatial
reference memory errors (p≤0.83).

Similar to non-spatial working and reference memory errors, analysis of the average session
latencies during the test phase revealed a significant main effect of administration condition
(F [2, 42]=4.7, p≤0.01) that did not interact significantly with drug-onset age. Post-hoc testing
of the administration condition main effect showed that this difference was a result of rats with
cocaine self-administration experience taking longer to complete the daily sessions than rats
passively receiving saline (p ≤ 0.02) or cocaine (p ≤ 0.05), across the two drug-onset age groups
(Fig. 2, bottom panel). Passive cocaine exposure was not significantly different from passive
saline exposure for average session latencies (p ≤ 0.85).

Body Weight Changes with Food Restriction
Self-Administration Phase—Prior to beginning the initial 4-day food restriction period,
adult rats had an average free-feeding (baseline) body weight of 331.6 ± 7.7 g and adolescent
rats had an average free-feeding (baseline) body weight of 127.1 ± 2.8 g. At the end of 4 days
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of moderate food restriction (after the second self-administration session), body weights in
adult rats increased an average of 2.6 ± 1.9 % (339.5 ± 8.6 g) and body weights in adolescent
rats increased an average of 7.3 ± 1.5 % (139.5 ± 2.7 g) from baseline body weight values. At
the end of the 18 self-administration sessions, while on ad libitum food, body weights in adult
rats corresponded to a 36.6 ± 2.7 % (450.7 ±9.4 g) increase from baseline and body weights
in adolescent rats corresponded to a 140.1 ± 6.4 % (303.5 ± 7.9 g) increase from baseline. Thus,
the 4 days of food restriction affected relative body weight changes in an age-appropriate
manner. The larger relative increase in body weight of adolescent rats compared to adult rats
during the initial food restriction and free-feeding periods is consistent with the rapid growth
rates expressed during the adolescent developmental period (Wilmouth and Spear 2009).

Odor-Delayed Win-Shift Task Phase—Prior to beginning the second food restriction
period that extended from the end of the self-administration phase through the completion of
the odor-delayed win-shift task, rats with adult-onset cocaine or saline exposure had an average
free-feeding (baseline) body weight of 450.7 ± 9.4 g and rats with adolescent-onset cocaine or
saline exposure had an average free-feeding (baseline) body weight of 303.5 ± 7.9 g. At the
start of the odor-delayed win-shift task (after 18 days of moderate food restriction), body
weights in rats with adult-onset cocaine or saline exposure decreased an average of 5.5 ± 1.8
% (423.5 ± 7.5 g) and body weights in rats with adolescent-onset cocaine or saline exposure
decreased an average of 5.8 ± 1.3 % (284.8 ± 6.5 g) from baseline body weight values. Upon
completion of the odor-delayed win-shift task 15 sessions later, body weights in rats with adult-
onset exposures corresponded to a 15.8 ± 1.5 % (377.9 ± 7.7 g) decrease from baseline body
weight and body weights in rats with adolescent-onset exposures corresponded to a 9.5 ± 1.9
% (272.0 ± 3.9 g) decrease from baseline body weight. The similar relative decreases in body
weight upon a more prolonged period of moderate food restriction indicate that rats (all now
adults) from both drug-onset age groups were not differentially affected by food restriction
that could potentially influence performance in the odor-delayed win-shift task.

Discussion
Previous epidemiological studies have suggested that the consequences of cocaine
consumption may be different for individuals at distinct developmental stages (Chen and
Kandel 2002; Reboussin and Anthony 2006). Presented here is preclinical evidence showing
that although adult and adolescent male rats self-administered similar amounts of cocaine, the
consequences of cocaine consumption on an orbitofrontal cortex-related learning task were not
exactly the same.

Although there is potential for uncontrolled and differential levels of shipping stress in newly
weaned rats vs. adult rats that could impact later response to drugs (Wiley and Evans, 2009),
in the current study cocaine self-administration behavior was not affected by age of drug-onset.
A finding of no age differences in cocaine self-administration is consistent with numerous
preclinical studies that have compared self-administration behavior of adult and adolescent
male rats and revealed that rats of both ages consume similar amounts of cocaine and emit
similar numbers of responses for cocaine delivery (Belluzzi et al. 2005; Frantz et al. 2007;
Kantak et al. 2007; Kerstetter and Kantak 2007; Leslie et al. 2004). In contrast, prior cocaine
self-administration experience did differentially impact performance during the relatively more
difficult test phase of the odor-delayed win-shift task. This difference in rats trained to self-
administer cocaine is more likely related to age of drug-onset than to potential differential
shipping stress because the behavior of rats from the different age groups and administration
conditions were not affected during the relatively less difficult training phase of the odor-
delayed win-shift task.
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The test phase of the odor-delayed win-shift requires both non-spatial working memory and
reference memory to learn the task. Three indices of learning were measured: (1) the number
of sessions needed to acquire the task, (2) the cumulative number of errors made, and (3) the
length of time it took to retrieve the reinforcers during daily sessions. These three measures of
learning are the dependent variables typically analyzed in a variety of radial arm maze tasks
(e.g., McDonald and White, 1993; Floresco et al., 1997). Accordingly, rats with adult-onset
cocaine self-administration experience exhibited deficits in two of three indices of learning by
demonstrating an increase in the cumulative number of working and reference memory errors
made and an increase in the latency to complete daily sessions. In contrast, deficits in all three
indices of learning were exhibited by rats with adolescent-onset cocaine self-administration
experience, including an increase in the number of sessions to acquire the task. Indeed, the
magnitude of this latter deficit becomes even more apparent if consideration is given to the
finding that the younger rats acquired the task faster than the older rats when passively exposed
to saline, and acquired the task more slowly than the older rats when contingently exposed to
cocaine. These findings suggest that the rate of learning is different in the two age groups,
which may account for the age differences in the number of sessions to reach criterion, but
similar cumulative numbers of working and reference memory errors in rats actively self-
administering cocaine. Thus, it appears that overall performance in an orbitofrontal cortex-
related learning task was poorer in rats with adolescent-onset than adult-onset cocaine self-
administration experience.

One possibility to account for the greater overall impairment in rats with adolescent-onset
cocaine self-administration experience is that the adult and adolescent rats were exposed to
cocaine at distinct stages of prefrontal cortex development. Recent testing in human subjects
has revealed age-related differences in activity of the orbitofrontal cortex during reward
processing (Galvan et al. 2006). Specifically, while there was no difference in the extent of
voxel-based reward-related activity in the nucleus accumbens of teens compared to adults,
teens were shown to have a greater extent of voxel-based reward-related activity in the
orbitofrontal cortex than adults, suggesting more diffuse processing in teens. The lack of
difference in the extent of reward-related activity in the nucleus accumbens of teens and adults
is compatible with the similar rates of cocaine self-administration in adult and adolescent rats,
as the nucleus accumbens is an important substrate for cocaine reinforcement (Pontieri et al.,
1995). However, if the extent of reward-related activity in the orbitofrontal cortex were found
to be greater in adolescent than adult rats, then contingent cocaine exposure could cause a
relatively more diffuse disturbance in orbitofrontal cortex activity directed toward the
processing of non-drug rewards (such as those used in the odor-delayed win-shift task) in
adolescent rats.

Kalivas and colleagues (2005) suggest that cocaine addicts have prefrontal cortex-related
neurocognitive deficits because they have reduced motivation to respond to non-drug-related
stimuli due to a predominance of D1 signaling. Since the orbitofrontal cortex of cocaine addicts
is activated only by strong motivational stimuli (such as stimuli arising from contingent
association with cocaine), drug-seeking behavior is maintained prepotently at the expense of
normal learning and memory functioning of this site, particularly when cognitive demand is
high (Kalivas et al. 2005). Such hijacking of the orbitofrontal cortex may help explain why
neurocognitive deficits were observed in rats contingently self-administering cocaine and not
in rats passively receiving cocaine. Importantly, passive (non-contingent) cocaine exposure
did not produce deficits in any of the learning measures analyzed in either adult or adolescent
rats. This finding suggests that the deficits observed in rats with cocaine self-administration
experience are not due exclusively to the pharmacological effect of cocaine, but may be related
also to the expectancy and/or controllability of cocaine delivery. Previous research has shown
that separate populations of neurons in the orbitofrontal cortex encode reward expectancy and
behavioral responses directed toward reward delivery (Furuyashiki et al. 2008). Thus, the
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orbitofrontal cortex may be more engaged in rats contingently self-administering cocaine than
in those receiving it passively, and therefore more vulnerable to hijacking under the contingent
cocaine condition. Interestingly, contingent cocaine self-administration caused impairments
only in the relatively more cognitively demanding test phase of the odor-delayed win-shift task
after 18 drug-free days, as was observed previously when rats were tested within 30 min of the
cocaine self-administration sessions ending (Kantak et al. 2005). This time course suggests
that deficits in orbitofrontal cortex-related neurocognitive functioning are not immediately
reversible when cocaine is no longer consumed, which is consistent with deficits reported in
human cocaine addicts (Di Sclafani et al. 2002).

Potentially important to understanding a basis for the overall poorer performance in the odor-
delayed win-shift task in rats with adolescence-onset cocaine self-administration experience
are findings from research showing that chronic cocaine induces a greater expression of delta
FosB in the orbitofrontal cortex of adult rats contingently self-administering cocaine than of
adult rats receiving cocaine passively (Winstanley et al. 2007). Delta FosB expression
following cocaine involves D1 and cyclic adenosine monophosphate (cAMP) signaling
cascades (Andersson et al. 2001). These findings suggest that cocaine self-administration may
increase other important molecular targets in the orbitofrontal cortex arising from DA D1
receptor stimulation and cAMP signaling that are not produced by passive cocaine exposure.
One molecular target of interest is hyperpolarization-activated cyclic nucleotide-gated (HCN)
channels, which are very responsive to cAMP and are expressed in pyramidal neurons in
prefrontal cortex (Wang et al., 2007). When activated by cAMP, HCN channels alter the firing
pattern of neurons by reducing their capacity for temporal summation of excitatory post-
synaptic glutaminergic currents (Day et al. 2005; Pedarzani and Storm 1995).

Wang and colleagues (2007) demonstrated that an increase in cAMP is disruptive to spatial
working memory through activation of HCN channels in the medial prefrontal cortex. Such a
mechanism could underlie the variety of cocaine-induced deficits in medial prefrontal cortex-
related neurocognitive functioning observed in adolescent (Black et al. 2006; Santucci et al.
2004) and adult (Dalley et al. 2005; Kantak et al. 2005) rats. Although an association between
activation of HCN channels and orbitofrontal cortex-related neurocognitive functioning is yet
to be reported, distribution studies show that there are large numbers of HCN1 channels spread
throughout layer V of prefrontal cortex, which encompasses a large portion of the orbitofrontal
cortex (Monteggia et al. 2000). If activation of HCN1 channels by cAMP in the orbitofrontal
cortex underlies cocaine self-administration-induced deficits in the odor-delayed win-shift
task, this may explain the overall poorer performance found in rats with adolescence-onset
experience, as chronically administered cocaine causes an upregulation of cAMP (Unterwald
et al. 1996) and cAMP activity is higher in the brains of adolescent than adult rats (Andersen
et al. 2002). This would also suggest that changes in HCN channel function might be persistent
after cocaine self-administration sessions are terminated.

In conclusion, these findings address the role that stimulant drug use plays in the developing
brain (Kalechstein et al. 2008). That is, amygdala function appears to be insensitive to
disruption following adolescent-onset cocaine use (Kerstetter and Kantak 2007). However,
functioning of the later-to-develop orbitofrontal cortex (Casey et al. 2008) appears to be more
impaired in rats with adolescent-onset cocaine use even when the substance is no longer being
self-administered. Collectively, these findings suggest that there is a differential vulnerability
across brain regions during the adolescent phase of development. An increased vulnerability
in the cortical domain would mitigate the reduced vulnerability observed for amygdala-related
learning in rats exposed to cocaine during adolescence. Developmental plasticity does not
protect one from all learning and memory deficits associated with adolescent cocaine use, and
it remains important for adolescents to refrain from actively seeking and taking cocaine.
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Figure 1.
Behavior during 2-h self-administration sessions in rats with adult-onset and adolescent-onset
cocaine or saline experience. Values are the mean ± SEM number of active and inactive lever
responses averaged over all sessions under the FR5 contingency (top panel) and infusions
earned for each of 18 self-administration sessions (bottom panel). Rats either contingently self-
administered cocaine (SA cocaine) or non-contingently received cocaine (passive cocaine) or
saline (passive saline) in a yoked manner. * p≤0.001 compared to the passive cocaine and saline
groups and to the inactive lever.
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Figure 2.
Behavior during the test phase (relatively difficult task demands) of the odor-delayed win-shift
task in rats with adult-onset and adolescent-onset cocaine or saline experience. Values are the
mean ± SEM number of sessions to criterion (top panel), cumulative number of non-spatial
working memory errors (middle left panel), cumulative number of non-spatial reference
memory errors (middle right panel), and average session latency in seconds (bottom panel).
Rats either contingently self-administered cocaine (SA cocaine) or non-contingently received
cocaine (passive cocaine) or saline (passive saline) in a yoked manner. § p≤0.04 compared to
adult rats passively receiving saline; # p≤0.003 compared to the same-aged passive saline and

Harvey et al. Page 15

Psychopharmacology (Berl). Author manuscript; available in PMC 2010 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



passive cocaine groups; † p≤0.04 compared to adult rats self-administering cocaine; * p≤0.05
compared to rats passively receiving saline or cocaine across both drug-onset age groups.
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