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Abstract

Adolescent rats take cocaine more readily than adults, are more sensitive to lower doses of the 

drug, and work harder for it. It remains unknown if adolescent-onset of cocaine use has long-term 

consequences on adult relapse liability. Therefore, we tested if self-administering cocaine during 

adolescence impacts subsequent stress-induced reinstatement to cocaine seeking and taking, after 

a prolonged drug-free period.

Adolescent (~P42) or adult (P88) rats self-administered cocaine (0.6 or 1.2 mg/kg/infusion) for 7 

or 10 days. Then, they underwent a prolonged drug-free period (21–40 days), after which they 

were tested for reinstatement of cocaine-seeking (i.e. responding in the absence of cocaine) 

induced by the stress hormone corticosterone, the pharmacological stressor yohimbine, or electric 

footshock. Studies employed either single extinction session (within-session extinction/

reinstatement) or repeated extinction prior to reinstatement (between-session extinction/

reinstatement). Finally, in a separate set of experiments, rats underwent a prolonged drug-free 

period (~40 days) and were then allowed to self-administer cocaine again, using progressive-ratio 

procedures that appraise the reinforcing efficacy of cocaine.

Rats with adolescent-onset of cocaine use showed greater stress-induced reinstatement of cocaine 

seeking than rats with adult-onset of cocaine use. This was observed across conditions, providing 

external validity to these results. Groups did not differ on drug taking in progressive-ratio tests.

Our studies indicate that experiencing cocaine during adolescence renders subjects particularly 

responsive to the subsequent effects of stress on drug seeking. This heightened propensity for 

reinstatement puts adolescent-onset drug users at heightened risk for relapse.
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Introduction

In humans, adolescent-onset of cocaine use is associated with heightened severity of 

addiction (Wagner and Anthony, 2002). However, it is unclear if adolescent-onset of cocaine 

use confers greater risk for relapse later in life, even after a prolonged drug-free period. A 

major trigger for relapse is stress (Sinha et al., 2003). Stress-induced relapse can be modeled 

in rodents, using extinction/reinstatement procedures. Rats trained to respond for cocaine are 

subjected to an extinction procedure, during which responding is no longer reinforced with 

drug infusions. Following extinction, stress is applied to trigger reinstatement of drug 

seeking (Bossert et al., 2013; Shalev et al., 2000)

We used rats to test the hypothesis that stress-induced seeking behavior in adulthood is 

greater if rats previously self-administered cocaine during adolescence versus adulthood. To 

improve our understanding of this issue, we used three stressors: a physical stressor (electric 

footshock), a physiological stressor (corticosterone), and a pharmacological stressor 

(yohimbine); these can reinstate cocaine seeking in some rodent models (Ahmed and Koob, 

1997; Deroche et al., 1997; Erb et al., 1996; Lee et al., 2004; Shepard et al., 2004). We 

tested both reinstatement of cocaine seeking and cocaine taking, to determine if age of onset 

of cocaine use impacts the risk for relapse (seeking) or the level of drug use once relapse has 

occurred (taking). Finally, we used different experimental conditions, to increase external 

validity. Thus, we varied the cocaine self-administration dose, the duration of the drug-free 

period between self-administration and testing, and the procedures used to test cocaine 

seeking and taking.

Materials and methods

Subjects and housing conditions

Male Sprague-Dawley rats from Charles River (Portage, WI) were housed three per cage 

with ad libitum access to food and water. Onset of puberty was determined using the balano-

preputial separation method (Kolho et al., 1988). Self-administration started at the onset of 

puberty, on postnatal day (P) 41–43 for adolescents and ~P88 for adults). Experiments were 

carried out during the dark (active) phase of the light/dark cycle, and followed guidelines 

from the Institutional Animal Care and Use Committee from Rosalind Franklin University.

Self-administration

Rats received surgeries to implant intravenous catheters as described in the Supporting 

Information; 6–8 days later, they were acclimated to the self-administration chambers for 1.5 

h, without access to nose-poke holes [see (Wong et al., 2013)]. Self-administration began the 

next day and was carried out 1.5 h per day, for 7–10 days, according to the experiment. Nose 

poking in the “active” hole delivered an intravenous infusion (rate: 12 µL/s; volume: 20 

µL/100 g). It also illuminated a light in the active hole for 10 s, and was followed by a 10–30 
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s time-out period to prevent overdosing. Nose poking in the “inactive” hole had no 

consequences. Patency of catheters was tested once per rat with sodium brevital (5 

mg/kg/0.5 mL intravenously) towards the end of the experiment; rats that did not respond to 

the anesthetic immediately were excluded. Rats showing less than 10 infusions per session 

were also excluded (3 adults for experiment 1; 3 adolescents and 4 adults for experiment 3, 1 

adult for experiment 4).

Within-session extinction/reinstatement

Within-session extinction/reinstatement testing began with a 1 h-extinction session where 

responding in the nose-poke holes had no consequences. Random light and tone (syringe 

pump sound) cues were presented every 3 min ± 30 s; this procedure is designed to probe 

responses without cue contingency (Tran-Nguyen et al., 1998). Following the extinction 

procedure, rats were subjected to different stressors (according to the experiment), and 

reinstatement to these stressors was tested under the same conditions as the extinction 

session.

Between-session extinction/reinstatement

Between-session extinction/reinstatement were tested by submitting rats to repeated 

extinction sessions (1.5 h each), where responding in the nose-poke holes had no 

consequences (Davis and Smith, 1976); this involves complete elimination of cue 

presentation. Extinction sessions were performed once daily for the most part, but some 

weekend days were skipped on occasion. On reinstatement days, rats were subjected to 

different stressors (according to the experiment), and tested under the same conditions as the 

extinction sessions.

Progressive ratio testing

Two types of progressive ratio tests were used; in one, the ratio to obtain the drug was 

increased progressively between self-administration sessions; in the other, it was increased 

within a self-administration session [for review, see (Richardson and Roberts, 1996)].

In the between-session model, rats self-administered cocaine during 1.5 h-daily sessions. 

During the first two days, we used a fixed ratio (FR) of 1 (1 nose poke = 1 infusion). The 

fixed ratio was then increased every other day (3, 6, 12, and 24) so that rats completed two 

sessions at each ratio. Data for intake are plotted as the average number of responses at each 

ratio.

In the within-session model, rats self-administered cocaine during 1.5 h-daily sessions for 

the first 5 days, using an FR 1. After reaching stable intake of cocaine, rats were switched to 

progressive-ratio schedules in the next 2 sessions. During each of these sessions (4h each), 

the ratio to obtain cocaine was increased progressively after each cocaine infusion [FR 1, 2, 

4, 6, 9, 12, 15, 20, 25, 32,… (Richardson and Roberts, 1996)]. Sessions ended when rats 

reached their “breaking point”, representing the highest ratio completed to obtain an infusion 

of cocaine after 1 h elapsed without any drug infusion, or after 4 h.
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Choice of stressors

Electric footshock—To test for footshock-induced reinstatement of cocaine seeking, rats 

were exposed to electric footshock intensities that produce flinching (Nielsen and Crnic, 

2002), but not freezing. The rationale for this is that stress has an inverted U-shaped 

function, whereby mild-to-moderate stress can be activating but severe stress can be 

inhibiting (Marinelli, 2007). Furthermore, similar intensities of footshock were shown to be 

effective (Wang et al., 2005; Wang et al., 2007) or sub-threshold (Graf et al., 2013) in 

reinstating cocaine seeking behavior in adult rats.

Footshock intensities ranged from 0.3 to 0.5 mA and did not differ across experimental 

groups (see Supporting Information). On the day of the reinstatement test, footshock (800 

ms) was applied intermittently (every 40 ± 30) in the self-administration chamber for 20 

minutes. During this time, the house-light of the self-administration chamber was turned on 

and nose-poke holes were covered. The sham electric footshock group underwent identical 

experimental conditions but intermittent electric footshock was not given. Rats were then 

tested for reinstatement of seeking behavior, under the same conditions as the extinction 

procedure.

Corticosterone and yohimbine—Corticosterone (3 mg/kg, s.c.) or saline control (1 

mL/kg, s.c.) were administered in the flank, 10 minutes prior to reinstatement testing, to 

allow for drug distribution. The dose of corticosterone was chosen to produce levels of 

corticosterone that are within those produced by mild-stress (de Quervain et al., 1998).

Yohimbine (2.5 mg/kg, i.p.) was administered 30 minutes prior to reinstatement testing, 

given the long (7–8 hour) half-life of this drug (Hubbard et al., 1988). The dose was based 

on the literature, showing reinstatement of seeking behavior using similar procedures (Anker 

and Carroll, 2010; Feltenstein and See, 2006).

Corticosterone assay

Plasma corticosterone levels were determined with an enzyme immunoassay kit (Enzo Life 

Sciences, Inc; Ann Arbor, MI). The detection range was 0.0032-2 µg/dL. Samples were 

diluted with saline to attain corticosterone levels that fit within this range.

Drugs

Drugs were dissolved in a 0.9% saline solution. Saline, isoflurane, and sodium brevital were 

from Butler Schein (Alsip, IL). Cocaine HCl and Yohimbine hydrochloride were from 

Sigma Aldrich (St. Louis, MO). Corticosterone Hemisuccinate was from Steraloids Inc. 

(Newport RI).

Procedures

Overview—We examined if adolescent- versus adult-onset of cocaine self-administration 

impacts subsequent stress-induced reinstatement of cocaine seeking (experiments 1–3) or 

taking (experiment 4). Cocaine taking was tested by progressive ratio tests, which can be 

used to assess the reinforcing properties of cocaine (Richardson and Roberts, 1996). To 

increase external validity, we used two progressive ratio procedures: between-session 
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progressive ratio, and within-session progressive ratio. Cocaine seeking was tested by 

extinction/reinstatement procedures. To increase external validity, we used two reinstatement 

procedures (within-session or between-session extinction/reinstatement), different 

withdrawal durations (21–40 days). We also tested two doses for cocaine self-

administration: 1.2 mg/kg/infusion (where intake of cocaine is similar across ages) and 0.6 

mg/kg/infusion (where adolescents take more cocaine than adults). Both drug doses provide 

complementary information. The first eliminates the potential bias of initial differences in 

cocaine intake on subsequent reinstatement; the second is more similar to the human 

condition, where adolescents are likely to take more cocaine than adults.

Experiment 1: Age differences in electric footshock-induced reinstatement of 
cocaine seeking (within-session)—Adolescent (n=26) and adult rats (n=18) were 

allowed to self-administer cocaine at a high dose (1.2 mg/kg/infusion) for 10 days (1.5 h-

sessions). Following cocaine self-administration, rats underwent withdrawal for ~40 days in 

their home cages, after which they were tested for reinstatement of seeking behavior induced 

by electric footshock (adolescent-onset n=12; adult-onset n=10) or sham electric footshock 

(adolescent-onset n=14; adult-onset n=8) using the within-session extinction/reinstatement 

procedure. A separate group of adolescent (n=6) and adult (n=5) rats self-administered 

saline as control, and were all tested for reinstatement of seeking behavior induced by 

electric footshock. At the end of this procedure, rats were decapitated to obtain trunk blood 

and evaluate corticosterone levels.

At the time of reinstatement testing, adolescent rats had matured into adulthood (~P90) and 

adults were ~P140.

Experiment 2: Age differences in corticosterone-induced reinstatement of 
cocaine seeking (within-session)—A separate cohort of adolescent (n=22) or adult 

(n=18) rats were allowed to self-administer cocaine at a high dose (1.2 mg/kg/infusion) for 

10 days (1.5 h-sessions). Following cocaine self-administration, rats underwent withdrawal 

for ~40 days in their home cages, after which they were tested for reinstatement of seeking 

behavior induced by corticosterone (adolescent-onset, n=14; adult-onset, n=12) or saline 

(adolescent-onset, n=8; adult-onset, n=6), using the within-session extinction/reinstatement 

procedure. At the end of this procedure, rats were decapitated to obtain trunk blood and 

evaluate corticosterone levels.

At the time of reinstatement testing, adolescent rats had matured into adulthood (~P90) and 

adults were ~P140.

Experiment 3: Age differences in corticosterone- and electric footshock-
induced reinstatement of cocaine seeking (between-session)—A separate cohort 

of adolescent (n=20) and adult (n=16) rats were allowed to self-administer cocaine at a 

moderate dose (0.6 mg/kg/infusion) for 7 days (1.5 h-sessions). Following cocaine self-

administration, rats underwent 21 extinction sessions (1.5 h-sessions) over a period of 24–26 

days, after which one group (adolescent onset, n=9; adult onset, n=6) was tested sequentially 

for reinstatement to saline (session 22, withdrawal day 26), corticosterone (session 33, 

withdrawal day 40), and electric footshock (session 38, withdrawal day 47). Another group 
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(adolescent onset, n=11; adult onset, n=10) was tested for reinstatement to yohimbine only 

(session 22, withdrawal day 25). Corticosterone levels were not determined in this 

experiment.

At the time of reinstatement testing, adolescent rats had matured into adulthood (P74-P95) 

and adults were ~P119–142.

Experiment 4: Age differences in progressive-ratio after prolonged withdrawal
—A separate cohort of adolescent (n=19) and adult rats (n=19) were allowed to self-

administer cocaine at a high dose (1.2 mg/kg/infusion) for 10 days (1.5 h-sessions). 

Following cocaine self-administration, rats underwent withdrawal for ~40 days in their home 

cages, after which they were tested again for cocaine self-administration. A week prior to 

this second self-administration test, rats received a second surgery to re-implant the catheter 

in the right jugular vein. While this was only necessary for some rats with adolescent-onset 

of cocaine self-administration (rats had grown, so many were no longer patent), all rats 

received the second surgery, to maintain consistent experimental conditions across subjects.

Self-administration was tested using progressive ratio tests where the ratio to obtain the drug 

was increased progressively between self-administration sessions (adolescent-onset, n=9; 

adult-onset, n=11) or within a self-administration session (adolescents-onset, n=10; adult-

onset, n=8); the latter was preceded or not by electric footshock. Corticosterone levels were 

not determined for this experiment.

At this the time of testing, adolescent rats had matured into adulthood (~P90) and adults 

were ~P140.

Statistical analyses

Data were analyzed with analysis of variance (ANOVA) and Pearson’s correlations. During 

the self-administration training phase, intake of cocaine was very high on days 1–2 of 

training, and stabilized from day 3 onward. This is similar to what we observed previously 

(Wong et al., 2013). Therefore, self-administration results include data from day 3 onward 

only. Reinstatement was analyzed with ANOVA using responses in previously active hole as 

the dependent variable and responses in the inactive hole as covariate; therefore these 

statistics have fewer degrees of freedom than those that do not use the covariate. See 

Supporting Information for more details on the statistics.

Results

Experiment 1: Age differences in electric footshock-induced reinstatement (within-
session)

Self-administration—Figure 1A shows self-administration of cocaine or saline. As 

expected, self-administration of cocaine was greater than self-administration of saline; this 

occurred similarly in both age-groups and across days (drug effect: F1,51=29.16, p<0.001; 

drug × age interaction F1,51=0.001, n.s, drug × age × days interaction F7,357=0.21, n.s).
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Self-administration ion of cocaine (1.2 mg/kg/infusion) stabilized after the first two days of 

training, after which adolescents and adults showed similar self-administration behavior (age 

effect: F1,42=2.36, n.s., days effect: F7,294=0.94, n.s., age × days interaction: F7,294=1.20, 

n.s. for infusions; age effect: F1,42=1.64, n.s., days effect: F7,294=1.88, n.s., age × days 

interaction: F7,294=0.85, n.s. for nose pokes in the active hole).

Self-administration of saline was similar in adolescents and adults, and declined over days 

(age effect: F1,9=1.30, n.s., days effect F7,63=6.17, p<0.001, age × days interaction: 

F7,63=0.55, n.s. for infusions; age effect: F1,9=0.27, n.s., days effect F7,63=6.59, p<0.001, 

age × days interaction: F7,63=1.48, n.s. for nose pokes in the active hole).

Extinction—Figure 1B shows responding during the entire extinction session. As expected, 

rats that self-administered cocaine showed greater responding in the previously active hole, 

compared with rats that self-administered saline (drug effect: F1,50=8.06, p<0.01), and this 

occurred similarly in both age-groups (drug×age interaction F1,50=0.10, n.s.).

For all groups, responding in the previously active hole declined during the course of the 

extinction session, and this occurred similarly in both age-groups (for cocaine self-

administration, age effect: F1,41=0.0003, n.s.; age × time interaction: F5,205=1.30, n.s.; for 

saline self-administration, age effect: F1,8=1.79, n.s.; age × time interaction: F5,40=0.37, 

n.s.).

Reinstatement—Figure 1C shows responses during the entire reinstatement session. 

Electric footshock increased responses in the previously active hole, but only in rats that 

self-administered cocaine during adolescence and not during adulthood (age × stress 

interaction: F1,39=4.63, p<0.05; post-hoc analysis of electric footshock effect in rats with 

adolescent-onset, p<0.05 and with adult-onset, n.s; post-hoc analysis of age effect in rats 

given electric footshock, p<0.01 and in rats given sham electric footshock, n.s.). 

Reinstatement was highest during the first 10 min of the session (not shown). Intensities of 

electric footshock did not correlate with seeking behavior (r=−0.15, n=22, n.s.).

Reinstatement of seeking behavior by electric footshock was specific to rats that self-

administered cocaine but not saline (drug effect: F1,28=11.04, p<0.01; age × drug 

interaction: F1,28=5.05, p<0.05).

Corticosterone levels—Fig. 1D shows the levels of plasma corticosterone following the 

reinstatement session. In rats that self-administered cocaine, electric footshock elevated 

corticosterone levels (stress effect: F1,40=6.630, p<0.05) and this occurred similarly in both 

age-groups (age effect F1,40= 0.001, n.s, age × stress interaction F1,40= 0.08, n.s.). Levels of 

corticosterone following electric footshock did not correlate with seeking behavior (r=0.008, 

n=22, n.s.).

In rats that self-administered saline, corticosterone levels after electric footshock did not 

differ across ages (age effect: F1,9=0.24, n.s.) and did not correlate with seeking behavior (r=

−0.35, n=11, n.s.). Plasma corticosterone levels after electric footshock were similar in 

animals that self-administered saline or cocaine and in rats with adolescent- or adult-onset of 

Wong and Marinelli Page 7

Addict Biol. Author manuscript; available in PMC 2017 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



self-administration (age effect: F1,29=0.20, n.s, drug effect: F1,29=0.76, n.s.; age × drug 

interaction: F1,29=0.06, n.s.).

Experiment 2: Age differences in corticosterone-induced reinstatement (within-session)

Self-administration—Figure 2A shows self-administration of cocaine. Self-

administration of cocaine (1.2 mg/kg/infusion) stabilized after the first two days of training, 

after which adolescents and adults showed similar self-administration behavior (age effect: 

F1,38=0.17, n.s., days effect: F7,266=1.18, n.s., age × days interaction: F7,266=0.74, n.s. for 

infusions; age effect: : F1,38=0.33, n.s., days effect: F7,266=0.63, n.s., age × days interaction: 

F7,266=0.89, n.s. for nose pokes in the active hole).

Extinction—Figure 2B shows responding during the entire extinction session. Responding 

in the previously active hole declined during the course of the extinction session (data not 

shown), and this occurred similarly in both age-groups (age effect: F1,37=0.01, n.s., age × 

time interaction: F5,185=1.39, n.s.).

Reinstatement—Figure 2C shows responses during the entire reinstatement session. 

Corticosterone increased responses in the previously active hole, but only in rats that self-

administered cocaine during adolescence and not during adulthood (age × corticosterone 

interaction: F1,35=12.18, p<0.01; post-hoc analysis of corticosterone effect in rats with 

adolescent-onset, p<0.001 and with adult-onset, n.s; post-hoc analysis of age effect in rats 

given corticosterone, p<0.001and in rats given saline; n.s.). Reinstatement was highest 

during the first 10 min of the session (not shown).

Corticosterone levels—Figure 2D shows the levels of plasma corticosterone following 

the reinstatement session. Administration of corticosterone elevated corticosterone levels 

(stress effect: F1,36=29.67, p<0.001) and this occurred similarly in both age-groups (age 

effect: F1,36= 0.22, n.s., age × stress interaction: F1,36=0.07, n.s.). Levels of corticosterone 

following administration of corticosterone did not correlate with seeking behavior (r=−0.04, 

n=26, n.s.).

Experiment 3: Age differences in corticosterone and electric footshock-induced 
reinstatement (between-session)

Self-administration—Figure 3A shows self-administration of cocaine. Self-

administration of cocaine (0.6 mg/kg/infusion) stabilized following the first two days of 

training, after which adolescents showed greater self-administration behavior than adults 

(age effect: F1,34=7.99, p<0.05, days effect: F4,136=2.00, n.s., age × days interaction 

F4,136=0.93, n.s. for infusions; age effect: F1,34=7.11, p<0.05, days effect: F4,136=0.29, n.s., 

age × days interaction F4,136=0.56, n.s. for nose pokes in the active hole). Greater self-

administration in adolescents is expected at this dose, according to our previous work (Wong 

et al., 2013).

Extinction—Figure 3B shows responding during the repeated extinction sessions. 

Responding in the previously active hole declined during the course of extinction sessions 
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1–21, and this occurred similarly in both age-groups (age effect: F1,33=0.10, n.s.; age × 

session interaction: F20,660=0.42, n.s.).

Reinstatement—Fig. 3C shows responses during the reinstatement session, and the 

average of the three preceding extinction sessions.

Saline did not modify responding in the previously active hole in either age group (saline 

effect: F1,11=1.75, n.s., age×saline interaction: F1,11=0.27, n.s.).

Corticosterone increased responses in the previously active hole, but only in rats that self-

administered cocaine during adolescence and not during adulthood (age × corticosterone 

interaction: F1,11=6.56, p<0.05; post-hoc analysis of corticosterone effect in rats with 

adolescent-onset, p<0.01 and with adult-onset, n.s.; post-hoc analysis of age effect in rats 

given corticosterone, p<0.01).

Electric footshock increased responses in the previously active hole, but more so in rats that 

self-administered cocaine during adolescence than during adulthood (age × electric 

footshock interaction: F1,11=10.50, p<0.01; post-hoc analysis of electric footshock effect in 

rats with adolescent-onset, p<0.001 and with adult-onset, p<0.05; age effect in rats after 

electric footshock, p<0.01). Similar to experiment 1, there was no correlation between 

intensities of electric footshock and seeking behavior (r=−0.40, n=15, n.s.).

Yohimbine increased responses in the previously active hole, but more so in rats that self-

administered cocaine during adolescence than during adulthood, although this effect did not 

quite reach statistical significance (age × yohimbine interaction: F1,17=4.06, p=0.059; post-

hoc analysis of yohimbine effect in rats with adolescent-onset, p<0.001 and with adult-onset, 

p<0.05; post-hoc analysis of age effect after yohimbine, p<0.05).

Experiment 4: Age differences in progressive-ratio after prolonged withdrawal

Self-administration—Figure 4A shows self-administration of cocaine. Self-

administration of cocaine (1.2 mg/kg/infusion) stabilized following the first two days of 

training, after which adolescents and adults showed similar self-administration behavior (age 

effect: F1,36=2.11, n.s., days effect: F7,252=0.72, n.s., age × days interaction: F7,252=0.75, 

n.s. for infusions; age effect: F1,36=0.53, n.s., days effect: F7,252=1.64, n.s., age × days 

interaction: F7,252=0.57, n.s. for nose pokes in the active hole).

Figure 4B shows behavior during the between-session progressive-ratio test. Rats with an 

adolescent- or adult-onset of cocaine use responded similarly for cocaine (1.2 mg/kg/

infusion). Thus, responding in the active hole increased as the ratio requirement increased 

(ratio effect: F4,72=29.19, p<0.001), and this occurred similarly in both age-groups (age 

effect: F1,18=0.002, n.s.; age × ratio interaction: F4,72=0.04, n.s.).

Figure 4C shows behavior during the within-session progressive-ratio test. Rats with 

adolescent-or adult-onset of cocaine self-administration showed similar breaking points 

before electric footshock (age effect: F1,16=0.20, n.s.) and after electric footshock (age 

effect: F1,16=0.001, n.s). Electric footshock did not produce any changes in responding in 

either age group (stress effect: F1,16=0.93, n.s., age × stress interaction: F1,16=0.40, n.s.).
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Discussion

These studies incorporate both developmental (age) and environmental (stress reactivity) 

determinants of addiction. To our knowledge, they are the first to examine the long-term 

consequences of adolescent-onset of cocaine self-administration on stress-induced 

reinstatement of seeking behavior. We show that adult rats exhibit greater stress-induced 

reinstatement of cocaine seeking after protracted withdrawal, if they began self-

administration of cocaine as adolescents versus adults. This was consistent across a variety 

of stressors (physical, physiological, and pharmacological), models (between- and within-

session extinction/reinstatement), and withdrawal durations (21–40 days), providing external 

validity to our findings. Furthermore, the magnitude of cocaine seeking was independent of 

the amount and duration of prior cocaine self-administration, indicating that initial 

differences in drug taking cannot account for greater reinstatement behavior in rats with 

adolescent-onset of cocaine use.

While adolescent-onset of cocaine use enhanced subsequent stress-induced cocaine seeking, 

it did not enhance subsequent cocaine taking. Thus, rats that self-administered cocaine as 

adolescents or adults performed similarly on progressive-ratio tests following prolonged 

withdrawal. Furthermore, cocaine intake did not increase after footshock stress, consistent 

with literature on psychostimulants (Zou et al., 2014), but not opiates (Shaham and Stewart, 

1994). This suggests that once cocaine taking resumes, it is similar in rats with a history of 

adolescent- and adult-onset of drug taking, and that stress does not affect cocaine taking in 

this test. A potential limitation is that the footshock stress was given after cocaine taking 

resumed; it is possible that age differences in response to stress could have been apparent 

had the stress been given in a drug-free state.

Adolescent onset of cocaine use facilitates subsequent reinstatement of cocaine seeking 
produced by electric footshock, corticosterone, and yohimbine

Previous studies examined reinstatement produced by cocaine cues, cocaine, or stress, and 

compared reinstatement during adolescence versus adulthood. In response to cues or 

cocaine, one study showed that adolescents exhibit greater reinstatement of conditioned 

place preference, compared with adults (Brenhouse and Andersen, 2008). However, this is 

not the case after cocaine self-administration (Anker and Carroll, 2010; Li and Frantz, 

2009). In response to the stressor yohimbine, one study showed that adolescents exhibit 

greater reinstatement compared with adults (Anker and Carroll, 2010). This suggests that, 

while rats are still adolescents, they are more likely to reinstate in response to stress, 

compared with adults.

In our studies, reinstatement was not tested while rats were still adolescent. Instead, it was 

tested after a prolonged drug-free period, when all rats were adults. Thus, we asked if adults 

become more “vulnerable” to stress-induced reinstatement of cocaine seeking if they were 

first exposed to cocaine as adolescents versus adults. Our results indicate that this is the case.

Electric footshock—In our study, electric footshock reinstated seeking behavior to a 

greater extent in rats that self-administered cocaine as adolescents versus adults in one 

experiment (experiment 3) or exclusively in rats with adolescent- but not adult-onset of 
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cocaine use in another experiment (experiment 1). Several factors could account for the lack 

of reinstatement in adult rats in one of our experiments. Electric footshock is sensitive to 

experimental conditions and is less effective in producing reinstatement when drug-

associated cues (e.g. light or tone) are absent (Buffalari and See, 2009; Kupferschmidt et al., 

2011), as in our case. Furthermore, footshock-induced reinstatement of cocaine seeking 

behavior is more reliable after long but not short self-administration sessions (Mantsch and 

Katz, 2007), such as those employed here. Also, other studies have generally used different 

rat-strains, most commonly Long Evans (Erb et al., 2000) and Wistar (Mantsch and Goeders, 

1999), whereas we used Sprague Dawley. Finally, and most importantly, we used a sub-

threshold intensity of footshock (0.3–0.5 mA), while most other studies used higher 

intensities (0.5–0.8 mA). Each of these variables could have contributed to the lack of 

footshock-induced reinstatement of cocaine seeking in rats with an adult-onset of self-

administration in one experiment. Meanwhile, such low-intensity footshock consistently 

reinstated seeking behavior in rats with adolescent-onset cocaine self-administration. This 

suggests that these rats have a lower threshold for stress-induced reinstatement of cocaine 

seeking.

To ensure that perceived footshock intensities were comparable across groups, we tailored 

the footshock intensity to each rat, so as to produce a flinching response that was sub-

threshold to freezing. We also measured corticosterone levels at the end of the procedure, 

and found that they were similar across groups. This suggests that the perceived intensity of 

the footshock stress was comparable across groups. It also suggests that greater 

reinstatement in rats with adolescent-onset of cocaine use cannot be explained by a greater 

endocrine response to stress. A methodological limitation is that plasma samples were 

obtained 60–70 min following administration of the electric footshock (at the end of 

reinstatement sessions), whereas corticosterone levels peak sooner (20 min) for this stressor 

(Hajos-Korcsok et al., 2003). Thus the levels of corticosterone at the time of testing may 

have already declined and might not represent the endocrine response that prompted 

behavioral differences.

Corticosterone—Administration of corticosterone also yielded similar levels of 

corticosterone across ages, yet it reinstated seeking behavior only in rats with adolescent- 

but not adult-onset of cocaine use. We are aware of only two other studies that examined the 

effects of acute administration of corticosterone on reinstatement, in rats with adult-onset of 

cocaine use. The first (Graf et al., 2013) is consistent with our finding showing that 

corticosterone did not produce reinstatement of seeking behavior after cocaine self-

administration during adulthood. The second (Deroche et al., 1997) examined cocaine 

taking, not seeking; it found an inverted-U-shaped relationship between corticosterone dose 

and reinstatement behavior, whereby doses that produced plasma corticosterone levels of 

~60–90 µg/dL induced reinstatement, but lower or higher doses did not. In our current study, 

corticosterone administration produced low-levels of corticosterone (~15 µg/dL); therefore, 

our data fits well with the published findings for rats that self-administered cocaine as 

adults. However, such levels of corticosterone were still able to trigger reinstatement in rats 

with a history of cocaine self-administration during adolescence. This suggests that 

adolescent-onset of cocaine use increases the response to a low dose of corticosterone.
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Yohimbine—Yohimbine also produced greater reinstatement in rats with adolescent- 

versus adult-onset of cocaine use. Together with the previous results, this indicates that 

different stressors are more likely to trigger reinstatement of cocaine seeking if subjects 

sampled cocaine during adolescence versus adulthood.

Possible mechanisms

The mechanism by which yohimbine reinstates drug seeking is still unclear, and its role as a 

stressor has been questioned (Chen et al., 2014). Yohimbine is known for its antagonistic 

action at the α2-adrenergic receptor, but it also binds to other receptors. In fact, an α2 

receptor agonist fails to attenuate yohimbine-induced reinstatement of cocaine seeking 

behavior (Brown et al., 2009), while a 5-HT2C receptor agonist does (Fletcher et al., 2008). 

Therefore, we can only speculate about the pathways through which yohimbine produces its 

age-dependent effect. For example, both yohimbine (Tjurmina et al., 1999) and electric 

footshock (Galvez et al., 1996) increase norepinephrine neurotransmission in the amygdala. 

Cocaine exposure during adolescence has been shown to impair behaviors that depend on 

the amygdala (Kerstetter and Kantak, 2007; Santucci, 2008; Sillivan et al., 2011). So it is 

possible that differences in response to yohimbine and electric footshock are in part due to 

changes in amygdala function after adolescent-onset of cocaine use. In addition, yohimbine 

elevates plasma corticosterone (Feltenstein and See, 2006; Johnston et al., 1988), which 

might contribute to its effects on reinstatement of drug-seeking.

Although the different stressors act multiple mechanisms, there are also some 

commonalities. Corticosterone on its own increased reinstatement in rats with adolescent-

onset cocaine self-administration and corticosterone was elevated by all stressors. 

Corticosterone plays a permissive role in stress-induced reinstatement of cocaine-seeking 

(Shalev et al., 2003); thus, it could contribute to the effects of all stressors in our study. For 

corticosterone itself, its effects were apparent within 10 minutes of administration in our 

present study, and immediately in our previous study (Deroche et al., 1997). Thus, its actions 

on reinstatement are unlikely due to a genomic effect; instead, they could be mediated by 

membrane-bound receptors (Dorey et al., 2011). Cocaine use during adolescence may have 

altered membrane-bound receptor sensitivity and expression, thus permitting a reinstatement 

response to high-dose corticosterone administration. Other mechanisms could also be 

implicated, such as the organic cation transporter 3 (OCT3). OCT3 is a transporter for 

dopamine and other monoamines. OTC is inhibited by corticosterone, resulting in 

accumulation of catecholamines, which could prompt stress-induced reinstatement of 

cocaine seeking (Gasser et al., 2006).

The role of extrahypothalamic corticosterone-releasing factor (CRF) in stress-induced 

reinstatement of cocaine seeking behavior is also well-known. Electric footshock and 

corticosterone both activate extrahypothalamic CRF (Blacktop et al., 2011; Erb et al., 2001; 

Wang et al., 2007). Although CRF is a mediator between reward and stress (Wang et al., 

2005), it is unlikely that CRF can explain our findings, because greater reinstatement was 

also observed after administration of yohimbine, whose actions are not mediated by CRF 

(Brown et al., 2009).
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Possible limitations

Several limitations of our study should be mentioned. Data were collected in males only, so 

it is unknown if results would be similar in females. Data were obtained using a single shock 

parameter (sub-threshold for freezing) and single doses of corticosterone and yohimbine. 

Therefore, it is possible that results could be different had we used different parameters. 

However, results were consistent across all stressors tested. Furthermore, they were 

replicated across different conditions (amount and duration of cocaine intake, duration of 

withdrawal, and extinction/reinstatement procedures). This consistency supports the 

hypothesis that rats with onset of cocaine use during adolescence have a heightened 

propensity for reinstatement of cocaine seeking when they experience stressful stimuli.

Our studies also used short-access to cocaine self-administration (1.5h per day) for a limited 

duration (7 or 10 days, to remain within the adolescent age), which is more likely to reflect 

cocaine “use”, than cocaine “addiction”. While we do not know if results would be similar 

after greater drug exposure that better mimic “addiction”, our findings imply that 

adolescents need not become “addicted” to cocaine to subsequently show greater 

reinstatement in response to stress.

Conclusions

In conclusion, cocaine use during adolescence has critical long-term consequences, because 

it increased reinstatement of cocaine seeking after a variety of stressors and experimental 

conditions. Given the important role of stress in triggering relapse (Bossert et al., 2013; 

Sinha et al., 2003), our results suggest that preventing relapse is more difficult for those 

individuals with adolescent-onset of cocaine use, as they are particularly responsive to 

stressful stimuli. This could explain why severity of addiction is greatest in people who 

started using cocaine during adolescence (Anthony and Petronis, 1995; Kandel et al., 1986); 

adolescence is a critical period during which experiencing cocaine produces long-term risk 

for drug relapse during stressful life events.
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Figure 1. 
Electric footshock (EFS)-induced reinstatement of seeking behavior using a within-session 

extinction/reinstatement test. The top panel shows the experimental timeline. A) Self-

administration (SA) of cocaine or saline across days. B) Nose pokes in the previously active 

hole (top) and inactive hole (bottom), during the 1-hr extinction session that preceded 

reinstatement. C) Nose pokes in the previously active hole (top) and inactive hole(bottom) 

during the 1 h-reinstatement session following electric footshock (EFS) or sham EFS. D) 

Plasma levels of corticosterone following the reinstatement sessions. Each vertical bar 
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represents the mean ± SEM of each group. Empty bars: sham EFS; hashed bars: EFS. SA: 

Self-administration. ** p<0.01 compared with the adult-onset cocaine self-administration 

EFS group. For (A) §§§ p<0.001 cocaine self-administration compared with saline self-

administration (adolescents and adults combined). For (B) and (C), @ p<0.05 compared 

with the adolescent-onset cocaine self-administration sham EFS group. ## p<0.01 compared 

with the adolescent-onset saline self-administration EFS group. + p<0.05 compared with the 

Sham EFS group (adolescent and adult combined). Self-administration of cocaine: Sham 

EFS adolescents n=14 and adults n=8; EFS adolescents n=12 and adults n=10; Self-

administration of saline: EFS adolescents n=6 and adults n=5.
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Figure 2. 
Corticosterone (Cort)-induced reinstatement of seeking behavior using a within-session 

extinction/reinstatement test. The top panel shows the experimental timeline. A) Self-

administration (SA) of cocaine across days. B) Nose pokes in the previously active hole 

(top) and inactive hole (bottom), during the 1-hr extinction session that preceded 

reinstatement. C) Nose pokes in the previously active hole (top) and inactive hole (bottom) 

during the1 h-reinstatement session after administration of saline or corticosterone. D) 

Plasma levels of corticosterone following the reinstatement sessions. Each vertical bar 
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represents the mean ± SEM of each group. *** p<0.001 compared with the adult-onset 

cocaine self-administration corticosterone group; ### p<0.001 compared with the 

adolescent-onset cocaine self-administration saline group; +++ p<0.001 compared with the 

saline group (adolescent and adult combined). Saline adolescents n=8 and adults n=6, 

Corticosterone adolescents n=14 and adults n=12.
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Figure 3. 
Corticosterone- (Cort), electric footshock- (EFS), or yohimbine (Yoh) -induced 

reinstatement of seeking behavior using a between-session extinction/reinstatement test. The 

top panel shows the experimental timeline. A) Self-administration (SA) of cocaine across 

days. B) Nose pokes in the previously active hole (top) and inactive hole (bottom), during 

repeated extinction training that preceded reinstatement. C) Nose pokes in the previously 

active hole (top) and inactive hole (bottom) during during the 1.5 h-extinction or 

reinstatement session after administration of Cort, EFS, or yohimbine in 2 separate 
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experiments (separated by an x-axis break). Each vertical bar represents the mean ± SEM of 

each group. Empty bars: extinction (Ext); hashed bars: reinstatement (Rein). For (A), § 

p<0.05 adolescents compared with adults. For (C) **p<0.01 compared with adult-onset 

cocaine self-administration in the same stress group (reinstatement). #p<0.05, ##p<0.01, 

###p<0.001 compared with the preceding extinction session in the same age group and same 

stress group. Saline, Corticosterone, and EFS adolescents n=9 and adults n=6. Yohimbine 

adolescents n=11 and adults n=10.
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Figure 4. 
Progressive ratio of cocaine self-administration at a high dose (1.2 mg/kg/infusion) in rats 

that self-administered cocaine as adolescents or adults. The top panel shows the 

experimental timeline. A) Self-administration (SA) of cocaine across days. B) Between-

session progressive ratio schedule across days and ratios (2 days/FR schedule, 1.5 h/

session). Data are averaged over 2 days at the same fixed ratio. Each point represents the 

mean nose pokes ± SEM of each group at each ratio. C) Within-session progressive ratio 

schedule showing the “breaking point” (highest ratio reached to obtain an infusion of 
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cocaine). The left two bars show responding in the absence of electric footshock (no EFS) 

and the right bars show responding after electric footshock (EFS). Data are presented in 

logarithmic scale. Each vertical bar represents the mean ± SEM of each group. EFS: Electric 

footshock; FR: Fixed ratio. Between-session adolescents n=9 and adults n=11; Within-

session adolescents n=10 and adults n=18.
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