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Abstract

Rationale: Drug use during adolescence results in a life-long risk to develop substance-use 

disorders. Adolescent rats are less reactive to cocaine-associated cues compared to adults; 

however, the contribution of adolescent-formed context-drug-associations to elicit relapse-like 

behavior is underexplored. Although it is known that social isolation can impact drug-seeking 

behavior, the effects of housing conditions on context-induced cocaine-seeking during adolescence 

vs adulthood is unknown.

Objectives: The present study compared the effect of adolescent vs adult-formed context-drug 

associations under differential housing conditions (pair vs single) on cocaine-seeking behavior 

during adolescence or adulthood. This objective was accomplished using operant cocaine 

self-administration (Coc-SA) under a standard, non-abbreviated (Non-ABRV) or modified, 

abbreviated (ABRV) paradigm.

Methods: In experiment 1, adolescent and adult rats received Non-ABRV Coc-SA in a distinct 

context (2 hr, 1x/day, 10 days), extinction training (EXT) in a second context (1 hr, 1x/day, 8 days) 

with reinstatement test (TEST) during adulthood in the cocaine-paired context. In experiments 

2–3, rats received all behavioral phases during adolescence or adulthood: ABRV Coc-SA (2 hr, 

2x/day, 5 days), EXT (1 hr, 4x/day, 2 days) with TEST in a cocaine-paired or novel, unpaired 

context. All experiments included pair and single-housing conditions.

Results & Conclusions: Age at cocaine exposure did not influence behavior in Non-ABRV 

or ABRV paradigms. Under Non-ABRV conditions, adolescent and adult single-housed rats had 

higher seeking behavior than pair housed. These data suggest that social isolation influences 

context-induced cocaine-seeking regardless of age at drug exposure and provides a condensed, 

ABRV paradigm to investigate context-induced, cocaine-seeking behavior during adolescence.
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INTRODUCTION

Adolescence is a developmental time period characterized by increased sensation seeking, 

impulsivity and initiation of drug use (Spear and Silveri 2016; Steinberg 2016; Walker et 

al. 2017; Dahl et al. 2018). Adolescent initiation of drug use may lead to vulnerability 

associated with faster progression to drug dependence and a life-long risk of relapse 

(Anthony and Petronis 1995; Clark et al. 1998; Doremus-Fitzwater and Spear 2016; 

Johnston et al. 2018). Cocaine-use disorders are characterized by cycles of relapse 

to drug-seeking and taking behavior despite extended periods of abstinence (American 

Psychiatric Association 2013; Saunders 2017). The successful treatment of repeated relapse 

is challenging given that drug-associated stimuli, such as explicit cues or environmental 

contexts, can precipitate craving and subsequent relapse behaviors (Ehrman et al. 1992; 

Foltin and Haney 2000). In line with the idea that early vulnerability to drug use can elicit 

negative outcomes later in life, there is evidence that adolescents display greater resistance 

to behavioral interventions targeted to prevent relapse compared to adults (Ramo and Brown 

2008; Ramo et al. 2012; Winters et al. 2014; Zbukvic et al. 2016). Therefore, it is essential 

to understand how adolescents and adults may be differentially sensitive to specific types of 

drug-associated stimuli during relapse.

Rodent models of operant cocaine self-administration (Coc-SA) allow for a methodical 

approach to study voluntary drug taking and subsequent relapse-like behavior. Exposure to 

a number of drug-associated stimuli (explicit cue, environmental context or drug itself) can 

elicit relapse-like behavior which is measured as an increase in responses on a previous 

drug-associated lever (de Wit and Stewart 1981; Shaham et al. 2003; Fuchs et al. 2008; 

Venniro et al. 2016). While operant models are used extensively to study relapse in adults, 

less is known about this process during adolescence. Previous literature has demonstrated 

that adolescent rodents self-administer more cocaine (Li and Frantz 2009; Zbukvic et 

al. 2016; Madsen et al. 2017) and display increased cocaine-primed and stress-induced 

reinstatement during adulthood, when compared to their adult-exposed counterparts (Anker 

and Carroll 2010; Wong et al. 2013; Wong and Marinelli 2016). Rats with adolescent-onset 

of cocaine use show either similar or reduced cue-induced cocaine-seeking as adults, when 

compared to adult-onset controls (Anker and Carroll 2010; Zbukvic et al. 2016; Wong 

and Marinelli 2016). In regards to contextual drug associations, rats trained in cocaine 

conditioned place preference (CPP) during adolescence show increased preference for a 

cocaine-paired (Coc-Pair) context when tested as adults (Badanich et al. 2006; Brenhouse 

and Andersen 2008). Furthermore, mice with a history of oral sucrose-cocaine display 

increased habit-like, context-induced reinstatement, compared to adults (DePoy et al. 2016). 

Taken together, these data suggest that adolescent responsiveness to drug-related stimuli 

critically depends on the modality or type of cue. While there is ample literature examining 

the role of drug-context-associations in precipitating relapse-like behavior in adult rats, it 
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is unclear how relapse is altered when operant contextual self-administration occurs during 

adolescence (Crombag and Shaham 2002; Fuchs et al. 2005; Lasseter et al. 2011; Arguello 

et al. 2017). Therefore, the first objective of the present study was to examine and compare 

the influence of adolescent vs adult-formed, context-drug-associations on cocaine-seeking 

behavior during adulthood by utilizing a standard, contextual Coc-SA model of relapse 

(Non-Abbreviated; Non-ABRV) (Fuchs et al. 2008; Perry et al. 2014; Venniro et al. 2016; 

Khoo et al. 2017).

Despite adolescent-specific vulnerabilities to drug use, it is a challenge to examine both 

drug-taking and seeking behaviors during the narrow time window of adolescence (PND 

35–63), due to the extended time needed to conduct Coc-SA procedures (Spear 2000; 

McCutcheon and Marinelli 2009; Dahl et al. 2018). To address this gap in knowledge, 

we modified and abbreviated (ABRV) the standard, contextual reinstatement model to 

conduct all behavioral phases- Coc-SA, extinction training (EXT) and reinstatement test 

(TEST) during adolescence. The use of an ABRV paradigm allowed us to address the 

second objective of the present study, which was to evaluate the influence of context­

drug-associations formed during adolescence on reinstatement of drug-seeking during 

adolescence, compared to all phases occurring during adulthood. In addition, to test whether 

potential increases in cocaine seeking were specific to the Coc-Pair context, we included a 

group in which TEST occurred in a novel, unpaired context (Nov-Unpair).

Lastly, it is known that adolescent initiation of drug use is highly influenced by peer and 

social factors (Neisewander et al. 2012; Trezza et al. 2014; Walker et al. 2019). There 

is evidence that socially-isolated adolescent rats self-administer more cocaine at low, but 

not high, doses compared to pair-housed controls (Boyle et al. 1991; Ding et al. 2005; 

Gipson et al. 2011; Whitaker et al. 2013). In addition, adolescent rodents that are isolated 

or exposed to social stress display increased escalation of Coc-SA as well as increased cue­

induced reinstatement (Burke and Miczek 2015; Fosnocht et al. 2019). Given that rearing 

conditions during adolescence can impact subsequent drug-taking behavior, a third objective 

of the study was to determine whether different housing conditions (pair vs single) during 

adolescence vs adulthood would affect acquisition of Coc-SA, EXT or TEST behaviors in 

both the Non-ABRV and ABRV paradigms.

MATERIALS & METHODS

Animals:

Male Sprague Dawley rats (Envigo Inc, Haslett, MI) arrived at post-natal day 25, P25 
(60–80 gm, n=51), or P56 (260–280 gm, n=32) and were pair housed upon arrival with 

ad libitum access to food and water. Humidity and temperature were regulated within the 

vivarium and rats were maintained on reverse lighting conditions (7 am off, 7 pm on) with 

all behavioral conditions occurring during the rats’ active cycle. Rats underwent habituation 

and handling for 7–8 days prior to surgery. Following surgical procedures, rodents were 

separated into two housing groups (pair vs single) and maintained on 15 gm (adolescent) 

or 18 gm (adult) of chow, which were adjusted to allow for normal growth (Carroll ME 

1985; DePoy et al. 2016; Cho et al. 2018). Female rats were not included in the current 

study to focus on Age x Context × Housing factors. All protocols were approved by 
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the Institutional Animal Care and Use Committee (IACUC) at Michigan State University 

(MSU) and followed the National Research Council’s Guide for the Care and Use of 

Laboratory Rats.

Surgery:

Rats were fully anesthetized using a mixture of ketamine + xylazine (80–100 mg/kg + 

5–10 mg/kg, respectively; Henry Schein) via intraperitoneal (IP) injection. Intravenous (IV) 

catheters were constructed in house and consisted of: 22 gauge, 11 mm length guide cannula 

with a screw type connector (Plastics One, Roanoke, VA), 210/125 μm polypropylene mesh 

(Sefar Propyltex, Buffalo, NY), 0.64 mm I.D, 1.19 mm O.D. silastic tubing (Dow Corning 

Corporation, Midland, MI), dental cement and liquid acrylic (Lang Dental Manufacturing; 

Wheeling, IL) and clear silicone sealant (Henkel Corp., Rocky Hill, CT). Catheter length 

for adolescents was adjusted based on previous reports, with silastic tubing length of 9.7 cm 

(adult=10.0 cm), with a silicone ball located 0.3 cm from the end that would be inserted into 

the vein (Wong et al. 2013; Zbukvic et al. 2016). Catheters implanted into the right jugular 

vein ran subcutaneously and exited at the back near the shoulder blade (Fuchs et al. 2005; 

Bal et al. 2019). Rats were administered pre and post-surgical oral meloxicam analgesia 

(Ceva Animal Health, Lenexa, KS). During post-surgery recovery (5 days), catheters were 

flushed with 0.1 mL cefazolin (100 mg/mL; WG Critical Care, Paramus, NJ) dissolved in 

heparinized saline (Hep-Sal; 70 U/mL; Fresenius Kabi, Lake Zurich, IL), followed by 0.1 

mL of 10 U/mL Hep-Sal to maintain catheter patency. Catheters were flushed with 0.1 

mL of 70 U/mL Hep-Sal prior to each Coc-SA session. After the final Coc-SA session 

of the day, catheters were flushed with 0.1 mL cefazolin and 0.1 mL 10 U/mL Hep-Sal, 

respectively. If the patency of catheters was uncertain, rats were given 0.1 mL Propofol IV 

(10 mg/mL; Hospira Inc, Lake Forest, IL) after the final Coc-SA session and observed for 

brief loss of movement.

General Coc-SA Training:

Rats were randomly assigned to begin Coc-SA in operant boxes (29.5 × 24 × 28 cm; Med 

Associates Inc., St. Albans, NY) configured to one of two distinct contexts. Context A 

consisted of a continuous red house light (0.4 fc brightness), intermittent pure tone (80 dB, 

1 kHz; 2 sec on, 2 sec off), pine-scented air freshener (Car Freshener Corp., Watertown, 

NY), and wire mesh flooring (26 cm × 27 cm). Context B consisted of an intermittent white 

stimulus light over the inactive lever (1.2 fc brightness; 2 sec on, 2 sec off), continuous pure 

tone (75 dB, 2.5 kHz), vanilla-scented air freshener (Car Freshener Corp., Watertown, NY), 

and a slanted black acrylic panel bisecting the bar flooring (19 cm × 27 cm). Rats were 

counterbalanced to start Coc-SA in either Context A or B.

Cocaine hydrochloride (Cocaine-HCl; NIDA Drug Supply System, Research Triangle Park, 

NC) was dissolved in sterile saline (Hospira Inc, Lake Forest, IL). Responses on the active 

lever resulted in an IV infusion of 0.05 ml of 1.5 mg/mL Cocaine-HCl (0.5 mg/kg per 

each infusion) on a Fixed-Ratio 1 (FR1) schedule of reinforcement, whereas responses on 

the inactive lever did not result in infusions. Drug delivery was controlled by an infusion 

pump (Med Associates Inc; Model PHM-107) with each infusion lasting for 2 sec with a 

20 sec time-out period, during which active lever responses resulted in no consequences. 
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All lever responses and infusion data were recorded using Med-PC IV. Weight was recorded 

daily and cocaine concentration was adjusted to account for every 50 gm increase. Cocaine 

concentration was adjusted to avoid changes in rates or length of infusion which can impact 

reinstatement behavior as previously reported (Roberts et al. 1989; Fredriksson and Li 

2019). Two Coc-SA and EXT paradigms were used throughout the study (Fig 1) and are 

outlined below.

EXP 1: Adolescent vs adult-onset Coc-SA and cocaine-seeking behavior in adulthood

Non-ABRV Behavioral Phases: Adolescent rats started behavior at P40 and began each 

phase on average: Coc-SA (P44), EXT (P54) and TEST (P62). Adult rats started behavior at 

P70 and each phase on average: Coc-SA (P74), EXT (P84) and TEST (P92). The age range 

at which Coc-SA training began during adolescence was based on previous studies which 

utilized a timepoint when hormonal fluctuation stabilized (McCutcheon and Marinelli 2009; 

Wong et al. 2013; Sisk 2015; Dahl et al. 2018). Coc-SA consisted of 2 hr sessions, 1x/day 

over 10 days, for a minimum of 10 sessions until a criterion of ≥ 10 drug infusions/session 

was reached. Rats then received EXT training which consisted of a 1 hr session, 1x/day 

over 8 days for a minimum of 8 sessions until two consecutive sessions of ≤ 25 active 

responses were reached. Both active and inactive lever responses were recorded but resulted 

in no programmed consequences. After completing EXT, rats were returned to the original 

Coc-Pair context for a 1 hr TEST session during which active and inactive lever responses 

resulted in no programmed consequences. Due to the absence of cocaine reinforcement, 

active lever responses during TEST served as a measure of drug-seeking behavior.

EXP 2–3: Adolescent-onset Coc-SA and cocaine-seeking behavior in adolescence, 
compared to adult controls.

ABRV Behavioral Phases: Adolescent rats started behavior at P40 and began each 

phase on average: Coc-SA (P44), EXT (P49) and TEST (P51). Adult rats started behavior 

at P70 and began each phase on average: Coc-SA (P74), EXT (P79) and TEST (P81). 

To allow for both Coc-SA and drug-seeking TEST to occur during adolescence, a second 

ABRV Coc-SA paradigm was utilized. While a previous study used ABRV Coc-SA, it was 

preceded by standard, Non-ABRV training (Anker and Carroll, 2010). The current ABRV 

Coc-SA consisted of 2 hr sessions, 2x/day over 5 days, for a minimum of 10 sessions, 

followed by EXT which consisted of 1 hr sessions, 4x/day over 2 days, for a minimum of 

8 sessions with responses on both levers resulting in no programmed consequences. The 

two training sessions/day were separated by a 2 hr period during which rats were returned 

to their home-cage environments (Grimm et al. 2001; Li and Frantz 2009, 2017). The 1 hr 

TEST of cocaine-seeking behavior occurred in the Coc-Pair context.

For EXP 3, the 1 hr drug-seeking TEST occurred in either the Coc-Pair or Nov-Unpair 

context during adolescence. The Nov-Unpair context consisted of an alternating tone (80 

dB, cycles of 1–1.5–2.5 kHz), constant light (1.2 fc brightness) above both the active 

and inactive levers, lemon-scented air freshener (Car Freshener Corp., Watertown, NY), 

and black acrylic flooring (26 cm × 27 cm). Both single and pair-housed conditions were 

combined since no differences were observed with the ABRV paradigm.
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Statistical Analyses:

Separate analyses of variance (ANOVAs) or independent t-tests were conducted to examine 

for possible pre-existing differences between housing groups for: cocaine infusions, lever 

responses during Coc-SA training (Mean ± SEM, final 3 sessions), EXT (final 1 hr session) 

and number of sessions to reach acquisition criteria for Coc-SA and EXT. Rats that did 

not acquire Coc-SA or failed catheter patency tests were excluded from analysis (n=4). 

Lever responses during the non-reinforced reinstatement TEST were analyzed with mixed 

factorial ANOVAs. For EXP 1–2, 2×2×2 ANOVAs were analyzed with Age (adolescent vs 
adult), Context (EXT S8 vs Coc-Pair TEST) and Housing (pair vs single) as factors. For 

all behavioral phases (Coc-SA, EXT and TEST), no interaction effects were found (see 

Supplementary Table 1) and therefore subsequent mixed factorial ANOVAs were analyzed 

with Context as the within-subjects factor (EXT S8 vs Coc-Pair TEST) and Housing as the 

between-subjects factor (pair vs single). For EXP 3, ANOVAs were analyzed with Context 
(EXT S8 vs Coc-Pair TEST) as the within-subjects factor and TEST Group (Coc-Pair vs 
Nov-Unpair) as the between-subjects factor. Significant effects, when appropriate, were 

followed by analysis by Tukey’s HSD post-hoc tests, with alpha set at 0.05.

RESULTS

For all Non-ABRV and ABRV behavioral phases (Coc-SA, EXT and TEST), no Age × 

Context × Housing interaction effects were found (see Supplementary Table 1), therefore 

Context × Housing effects were explored separately for adolescents and adults.

Do housing conditions affect adolescent, vs adult, Coc-SA and subsequent reinstatement 
of cocaine-seeking behavior during adulthood (EXP 1)?

Non-ABRV Adolescent Behavior: Adolescent pair and single-housed rats displayed 

stable responding on both levers during the last three sessions of Coc-SA training. There 

were no pre-existing differences between housing groups in the number of sessions to 

acquire Coc-SA, cocaine infusions or lever responses during the last three sessions of 

Coc-SA (Fig 2A). Adolescent pair and single-housed rats did not differ in active or inactive 

lever responses during EXT training (Fig 2B). 2×8 ANOVAs of lever responses revealed a 

significant EXT session main effect (active: F7,18=14.063, p<0.0001; inactive: F7,18=10.755, 

p<0.0001), with no EXT session × Housing interaction or Housing main effects. Therefore, 

responding on both levers decreased in both housing groups by the final EXT session (active 

and inactive: EXT S1>S8, p<0.01).

Adolescent Coc-SA pair and single-housed rats displayed increased cocaine-seeking 

behavior upon exposure to the Coc-Pair context during adulthood (Fig 2C). A 2×2 ANOVA 

of active lever responses during the final EXT vs TEST session revealed a significant 

Context × Housing interaction (F1,18=6.422, p=0.021), Context main (F1,18=70.400, 

p<0.0001) and Housing main (F1,18=9.760, p=0.006) effects. Therefore, both housing 

groups exhibited greater active lever responses during the TEST within the Coc-Pair context 

than on the final EXT session (TEST>EXT S8, #p<0.01). In addition, single-housed rats 

demonstrated higher drug-seeking behavior than pair-housed during the TEST (Single>Pair, 

*p<0.01). A 2×2 ANOVA of inactive lever responses during the final EXT vs TEST 
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session revealed a significant Context main (F1,18=12.252, p=0.003) and Housing main 

(F1,18=5.872, p=0.026) effects with no significant Context × Housing interaction effect 

(F1,18=2.111, p=0.163).

A time-course analysis of lever responses during 10 min Bins of the 1 hr TEST revealed 

significant Bin main (active: F5,18=25.728, p<0.0001; inactive: F5,18=11.225, p<0.0001 ), 

active lever Housing main (F1,18=8.294, p=0.010), trend for inactive Housing main 

(F1,18=4.345, p=0.052) and no Bin × Housing interaction effects (Fig 2D). Thus, active 

responses for pair-housed rats declined after the initial 10 min (Bin 1>6, #p<0.01); whereas 

responses for single housed declined after 20 min (Bin 1–2>6, #p<0.05). For both housing 

groups, inactive responses declined after the initial 10 min (Bin 1>6, #p<0.05).

Non-ABRV Adult Behavior: Adult pair and single-housed rats displayed stable 

responding on both levers during the last three sessions of Coc-SA training. There were 

no pre-existing differences between housing groups in the number of sessions to acquire 

Coc-SA, cocaine infusions or lever responses during the last three sessions of Coc-SA 

(Fig 2E). Adult pair and single-housed rats did not differ in active lever responses during 

EXT training (Fig 2F). 2×8 ANOVAs of lever responses revealed a significant EXT session 
× Housing interaction (active: F7,12=3.485, p=0.003; inactive: F7,12=4.303, p<0.0001) and 

EXT session main (active: F7,12=30.968, p<0.0001; inactive: F7,12=5.318, p<0.0001) effects, 

with no Housing main effects. Therefore, responding on the active lever decreased in both 

housing groups by the final EXT session (EXT S1>S8, #p<0.01). In addition, single-housed 

rats demonstrated higher responses on the first EXT session compared to pair housed (active 

and inactive, EXT S1: Single>Pair, *p<0.01).

Adult Coc-SA pair and single-housed rats displayed increased cocaine-seeking behavior 

upon exposure to the Coc-Pair context during adulthood (Fig 2G). A 2×2 ANOVA of active 

lever responses during the final EXT vs TEST session revealed a significant Context × 

Housing interaction (F1,12=5.081, p=0.044), Context main (F1,12=67.579, p<0.0001) and 

Housing main (F1,12=8.120, p=0.015) effects. Therefore, both housing groups exhibited 

greater active lever responses during the TEST within the Coc-Pair context than on the 

final EXT session (TEST>EXT S8, #p<0.01). In addition, single-housed rats demonstrated 

higher drug-seeking behavior than pair housed during the TEST (Single>Pair, *p<0.05) A 

2×2 ANOVA of inactive lever responses during the final EXT vs TEST session revealed a 

significant Context main effect (F1,12=5.718, p=0.034) with no Housing main or Context × 

Housing interaction effects.

A time-course analysis of active lever responses during 10 min Bins of the 1 hr 

TEST revealed significant Bin × Housing interaction (F5,12=2.598, p=0.034), Bin main 

(F5,12=30.645, p<0.0001) and Housing main (F1,12=7.028, p=0.021) effects (Fig 2H). 

Therefore, in both housing groups, active lever responses declined after the initial 10 min 

(Bin 1>6, #p<0.01). In addition, single-housed rats responded higher during the initial 10 

min of TEST than pair housed (Bin 1: Single>Pair, #p<0.01). For inactive lever responses 

there was a Bin main effect (F5,12=6.932, p<0.0001), with no Housing main or Bin × 

Housing interaction effects. For the single-housed group, inactive responses declined after 

the initial 10 min (Bin 1>6, #p<0.01).
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Do housing conditions affect adolescent Coc-SA and subsequent reinstatement of 
cocaine-seeking behavior during adolescence, compared to adults (EXP 2)?

ABRV Adolescent Behavior: Adolescent pair and single-housed rats displayed stable 

responding on both levers during the last three sessions of Coc-SA training. There were 

no pre-existing differences between housing groups in the number of sessions to acquire 

Coc-SA, cocaine infusions or lever responses during the last three sessions of Coc-SA (Fig 

3A). Adolescent pair and single-housed rats did not differ in lever responses during EXT 

training (Fig 3B). 2×8 ANOVAs of lever responses revealed a significant EXT session 
main effect (active: F7,13=5.693, p<0.0001; inactive: F7,13=9.871, p<0.0001), with no EXT 
session × Housing interaction or Housing main effects. Therefore, responding on both levers 

decreased in both housing groups by the final EXT session (active and inactive: EXT S1>S8, 
#p<0.05).

Adolescent Coc-SA pair and single-housed rats displayed increased cocaine-seeking 

behavior upon exposure to the Coc-Pair context during adolescence (Fig 3C). A 2×2 

ANOVA of active and inactive lever responses during the final EXT vs TEST session 

revealed a significant Context main (active: F1,13=58.184, p<0.0001; inactive: F1,13=11.750, 

p=0.004) with no Housing main or Context × Housing interaction effects. Therefore, both 

housing groups exhibited greater active lever responses during the TEST within the Coc-Pair 

context than on the final EXT session. A time-course analysis of lever responses during 10 

min Bins of the 1 hr TEST revealed significant Bin main (active: F5,13=27.629, p<0.0001; 

inactive: F5,13=9.217, p<0.0001), with no Housing main or Bin × Housing interaction effects 

(Fig 3D). Therefore, responses on both levers declined in both housing groups after the 

initial 10 min (active and inactive, Bin 1>6, #p<0.01).

ABRV Adult Behavior: Adult rats displayed stable responding on both levers during 

the last three sessions of Coc-SA training. There were no pre-existing differences between 

housing groups in the number of sessions to acquire Coc-SA, cocaine infusions or lever 

responses during the last three sessions of Coc-SA (Fig 3E). Adult pair and single-housed 

rats did not differ in lever responses during EXT training (Fig 3F). 2×8 ANOVAs of lever 

responses revealed a significant EXT session main effect (active: F7,14=18.301, p<0.0001; 

inactive: F7,14=16.596, p<0.0001), with no Housing main or EXT session × Housing 
interaction effects. Therefore, lever responding decreased in both housing groups by the 

final EXT session (active and inactive: EXT S1>S8, #p<0.01).

Adult Coc-SA pair and single-housed rats displayed increased cocaine-seeking behavior 

upon exposure to the Coc-Pair context during adulthood (Fig 3G). A 2×2 ANOVA of 

lever responses during the final EXT vs TEST session revealed a significant Context main 

(active: F1,14=136.259, p<0.0001; inactive: F1,14=17.330, p<0.0001) with no Housing main 

or Context × Housing interaction effects. Therefore, both housing groups exhibited greater 

responses on both levers during the TEST within the Coc-Pair context than on the final 

EXT session. A time-course analysis of lever responses during the 10 min Bins of the 1 hr 

TEST revealed significant Bin main (active: F5,14=26.023, p<0.0001; inactive: F5,14=7.390, 

p<0.0001), with no Housing main or Bin × Housing interaction effects (Fig 3H). Therefore, 
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lever responses declined in both housing groups after the initial 10 min (active and inactive, 

Bin 1>6, #p<0.05).

Does exposure to a novel context elicit reinstatement of cocaine-seeking behaviors during 
adolescence (EXP 3)?

For EXP 3, groups that would be tested in the Coc-Pair vs Nov-Unpair context displayed 

stable responding on both levers during the last three sessions of Coc-SA. There were no 

pre-existing differences between TEST groups in the number of sessions to acquire Coc-SA, 

cocaine infusions and active or inactive lever responses during the last three sessions of 

Coc-SA or on the last EXT session (Fig 4A). Exposure to the Coc-Pair, but not Nov-Unpair, 

context resulted in increased cocaine-seeking behavior during adolescence (Fig 4B). 2×2 

ANOVAs of active lever responses during the final EXT vs TEST session revealed a 

significant Context main (F1,12=35.887, p<0.0001), Housing main (F1,12=41.093, p<0.0001) 

and Context × TEST group interaction (F1,12=41.942, p<0.0001) effects. Therefore, the 

Coc-Pair group displayed increased drug seeking in the Coc-Pair context compared to 

the last EXT session (Coc-Pair TEST>EXT S8, #p<0.01). In contrast, the Nov-Unpair 

group did not increase drug seeking during TEST compared to the last EXT session. 

Furthermore, the Nov-Unpair group displayed significantly lower reinstatement behavior 

compared to the Coc-Pair group during the TEST session (Coc-Pair>Nov-Unpair, *p<0.01). 

A 2×2 ANOVA of inactive lever responses revealed a significant Context main effect 

(F1,12=12.203, p=0.004), with no Housing main or Context × Housing interaction effects.

DISCUSSION

The present study determined that adolescent and adult-formed, context-cocaine­

associations elicited similar levels of relapse-like behavior during adulthood with a standard, 

Non-ABRV paradigm (Fig 2). Implementation of a condensed, ABRV paradigm in which all 

behavioral phases (Coc-SA, EXT and TEST) occurred during adolescence resulted in robust 

context-induced drug-seeking during adolescence. However, no differences were observed 

in any behavioral phase between adolescent and adult-exposed rats (Fig 3). While the 

age of drug initiation did not result in differences in cocaine-taking or seeking behavior, 

differences in housing condition were observed in the Non-ABRV paradigm, with both 

adolescent and adult single-housed rats displaying elevated cocaine seeking compared to 

their pair-housed counterparts. The present study also found that adolescent drug-seeking 

was specific to the previous Coc-Pair context, given that exposure to a non-drug associated, 

Nov-Unpair context at TEST, did not reinstate cocaine-seeking behaviors (Fig 4). To our 

knowledge, the present study is the first to examine the role of adolescent-formed, cocaine­

context-associations to precipitate relapse-like behavior during adolescence using operant 

self-administration procedures (Crombag and Shaham 2002; Fuchs et al. 2005; Hamlin 

et al. 2008). Furthermore, we provide a condensed, ABRV self-administration paradigm 

that can be used to investigate the underlying mechanisms that contribute to adolescent, 

context-induced relapse-like behaviors.

We observed no differences in Coc-SA behavior between adolescent and adult rats trained 

with a Non-ABRV or ABRV paradigm. Adolescent rats trained under Non-ABRV conditions 
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acquired Coc-SA and were able to discriminate between the active and inactive levers in 

a diffuse, environmental context in which explicit cues were not paired with cocaine, as 

has been observed in adults (Crombag and Shaham 2002; Fuchs et al. 2005; Hamlin et 

al. 2008). When trained under ABRV conditions, both adolescent and adult rats displayed 

similar patterns of cocaine-taking behavior. Existing literature which examined adolescent 

drug taking are complex: at moderate doses (0.3–0.6 mg/kg), adolescent rats take more 

cocaine than adults (Kantak et al. 2007; Kerstetter and Kantak 2007; Anker and Carroll 

2010; Schramm-Sapyta et al. 2011; Wong et al. 2013; Wong and Marinelli 2016), but 

there is also data supporting no difference in cocaine intake based on age (Li and Frantz 

2009; Zbukvic et al. 2016; Madsen et al. 2017). In the current study, we also observed no 

differences in cocaine intake based on age (at 0.5 mg/kg, within the moderate range) under 

both Non-ABRV and ABRV conditions (Fig 2, 3).

Several methodological factors could contribute to the varying observations between 

adolescent and adult cocaine intake: use of different rat strains, age at start of Coc-SA, 

reinforcement schedules and short vs long-access conditions. While post-pubertal rats 

self-administer more cocaine than adults, similar or greater adolescent intake has been 

observed with both short vs long-access and varying reinforcement schedules (McCutcheon 

and Marinelli 2009); however, there is little evidence that adolescents self-administer less 

cocaine than adults. Our current data add to the field by showing that adolescent and adults 

have similar drug-taking behavior in a diffuse environmental context. While all adolescent 

rats started Coc-SA post-pubertally, we found no differences in taking behavior between rats 

exposed to cocaine for extended or brief periods of adolescence (Non-ABRV vs ABRV). 

Furthermore, we find that housing conditions (pair vs single) do not change cocaine intake 

dependent on age of cocaine exposure.

In the current study, similar EXT learning was observed between adolescent and adult 

cocaine-exposed rats, regardless of whether they were trained on a Non-ABRV or ABRV 

paradigm (Fig 2, 3). Despite age differences on the first day of EXT, all groups displayed 

comparable lever responses and time necessary to reach EXT criteria. As with Coc-SA, 

previous reports show that adolescent and adult rats display similar behavioral responses 

during EXT (Zbukvic et al. 2016; Madsen et al. 2017), but also that increased time is 

needed for adolescent rats to extinguish lever responding or cocaine CPP, compared to adults 

(Brenhouse and Andersen 2008; Anker and Carroll 2010). Although no Age × Context 
× Housing interactions were observed in any of our experiments, an Age × EXT session 
interaction was present with ABRV training conditions (Fig 3B, F). However, Tukey’s 

post-hoc comparisons did not reveal significant effects of Age on the first EXT session. 

Interestingly, a significant effect of Housing was observed in adult rats with the Non-ABRV 

paradigm. Specifically, single-housed adults exhibited increased lever responses on the first 

non-reinforced EXT session in a new context, compared to pair-housed rats (Fig 2F). While 

these data contrast with findings that adolescents are generally more resistant to EXT, 

they are in agreement with studies showing that isolation elevates cocaine seeking under 

extinction conditions (Brenhouse and Andersen 2008; Fosnocht et al. 2019).

In all our experiments, adolescent and adult cocaine-exposed rats had similar levels of 

context-elicited, relapse-like behavior when tested during adolescence or adulthood. While 
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no differences were observed in drug-seeking due to Age, significant Housing effects 

were observed in both age groups in the Non-ABRV paradigm (Fig 2, 3). Previous 

studies determined that socially-isolated adolescent rats self-administer more cocaine at 

low, but not moderate, doses (Boyle et al. 1991; Howes et al. 2000; Ding et al. 2005; 

Neisewander et al. 2012; Fosnocht et al. 2019). In addition, isolation shortly after weaning 

can result in increased stress and anxiety-related behaviors (McCutcheon and Marinelli 

2009; Zakharova et al. 2009; Gipson et al. 2011; Whitaker et al. 2013; Walker et al. 2019). 

In our experimental design, single housing began at P37 or P67 for adolescents and adults. 

Although housing conditions did not affect taking behavior, increased responding during 

the cocaine-seeking test was observed in single vs pair-housed groups under Non-ABRV 

conditions. Furthermore, the largest difference in seeking was observed in the initial 10–20 

min of the reinstatement test (Fig 2G, H). Given that the effect of Housing was observed 

only for Non-ABRV conditions, we hypothesize this may be due to a difference in the total 

time of single housing between the Non-ABRV and ABRV group (21 vs 10 days) before 

the TEST of drug seeking. Therefore, the ABRV paradigm may not be sensitive to detect 

housing effects on behavior but will be useful for understanding the underlying mechanisms 

of drug seeking during adolescence.

Lastly, the present study addressed whether increased cocaine-seeking behavior during 

adolescence was specific to the Coc-Pair context, rather than an effect of removal from 

the EXT context (Bouton 2002, 2019). Our data show that exposure to a Nov-Unpair context 

during TEST did not elicit drug-seeking behaviors (Fig 4) with minimal responses on both 

the active and inactive levers, suggesting that adolescent rats did not display an increase in 

exploratory behaviors in a novel context. The Nov-Unpair data is consistent with previous 

studies that indicate reinstatement is specific to the context in which cocaine was previously 

administered, however, these processes may differ for natural reinforcers such as food or 

sucrose (Crombag and Shaham 2002; Fuchs et al. 2005; Bouton et al. 2011; Trask et al. 

2017). In regards to contextual reinstatement, the current study is the first to our knowledge 

that explicitly examines the role of context-drug-associations formed during adolescence and 

their effects on reinstatement in both adolescence and adulthood.

In general, it seems that adolescent rats are more responsive to stress-elicited and cocaine­

primed reinstatement but less responsive to cocaine-paired cues, compared to adults (Li 

and Frantz 2009; Anker and Carroll 2010; Wong and Marinelli 2016). Specifically, in 

a rodent model of cue-exposure therapy, adult rats that receive passive presentation of 

conditioned, drug-associated cues show diminished levels of seeking behavior compared 

to adolescents. Our study highlights that adolescent rats exposed to cocaine display equal 

reactivity to cocaine-paired contexts as adults. While this is in contrast with studies in which 

adolescents display heightened CPP and habit-like, context-seeking (oral sucrose) behavior, 

this could be attributed to procedural differences in conditioning paradigms. Finally, our 

findings of increased context-induced seeking under isolation add to growing evidence that 

external vs internal social factors can differentially affect relapse-like behavior. For example, 

while social interaction within a drug-taking context can enhance Coc-SA, external social 

interaction can diminish drug-taking behavior, a phenomenon that adolescent rats may be 

particularly sensitive to (Boyle et al. 1991; Neisewander et al. 2012; El Rawas and Saria 

2016).
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Contrary to our hypothesis, adolescent rats did not appear more vulnerable than adults 

to early drug exposure or isolated housing conditions. What could account for this 

invulnerability? Given that the mesocorticolimbic drug-reward circuit may not be fully 

developed during this time period, perhaps adolescent rats were protected from the potential 

negative effects of cocaine exposure (Walker et al. 2017; Hoops and Flores 2017). Relevant 

to our findings, increased cue-induced drug-seeking elicited by isolated conditions recruits 

several brain nuclei (Fosnocht et al. 2019). While we observed similar behavior in 

adolescent and adult cocaine-exposed rats, perhaps distinct brain circuits may be engaged 

in this process. While some brain regions support both cue and contextually-induced 

reinstatement (e.g. orbitofrontal cortex, basolateral amygdala, dorsomedial prefrontal 

cortex), other regions (dorsal and ventral hippocampus) selectively contribute to contextual 

relapse (Bossert et al. 2013). Future studies can begin to examine which of these regions 

are activated upon contextual relapse during adolescence and whether they are influenced by 

housing conditions.
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Figure 1: Schematic of behavioral experiments.
All experiments (EXP) included cocaine self-administration training (Coc-SA), extinction 

training (EXT) and a cocaine-seeking test (TEST). (A) EXP 1: Both adolescent (P44) and 

adult (P74) rats underwent Non-Abbreviated (Non-ABRV) Coc-SA in Context A (2 hr 

sessions, 1x/day over 10 days, minimum of 10 sessions) followed by EXT in Context B (1 

hr sessions, 1x/day over 8 days, minimum of 8 sessions). The 1 hr TEST occurred in the 

previous cocaine-paired context (Coc-Pair) when both groups were in adulthood. (B) EXP 

2: Both adolescent and adult rats were used for Abbreviated (ABRV) Coc-SA (2 hr sessions, 
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2x/day over 5 days, minimum of 10 sessions) and EXT (1 hr sessions, 4x/day over 2 days, 

minimum of 8 sessions). The 1 hr TEST occurred in the Coc-Pair context during either 

late adolescence (P51) or adulthood (P81). (C) For EXP 3, adolescent rats went through all 

phases of the ABRV paradigm, similar to EXP2, with the exception that groups received 1 hr 

TEST in either the Coc-Pair or a novel unpaired (Nov-Unpair) Context C.
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Figure 2: Effect of housing conditions in adolescent vs adult-onset Coc-SA and cocaine-seeking 
behavior during adulthood.
Behavior during Non-ABRV Coc-SA, EXT and Coc-Pair TEST for (A-D) adolescent and 

(E-H) adult rats. Mean (±SEM) of active and inactive lever responses during (A, E) Coc-SA 

for adolescent and adult rats and number of infusions, (B, F) 1 hr EXT sessions, (C, G) 
the last 1 hr EXT session and 1 hr Coc-Pair TEST, (D, H) during 10 min Bins of the 1 

hr Coc-Pair TEST. Symbols indicate significant within-subject (#, †) or between-subject (*) 

differences revealed by Tukey’s test, p<0.05. (B, F) # EXT S1>8, (C, G) # last session 

of EXT>Coc-Pair TEST, (D, H) * Time Bin 1>6, † Time Bin 2>6, * Housing differences 

(F) EXT S1, (C, G) Coc-Pair TEST, (H) during first 10 min of TEST. Circles indicate 

adolescent group; triangles indicate adult group.
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Figure 3: Effect of housing conditions in adolescent-onset Coc-SA and cocaine-seeking behavior 
during adolescence, compared to adult controls.
Behavior during ABRV Coc-SA, EXT and Coc-Pair TEST for (A-D) adolescent and (E-H) 
adult rats. Mean (±SEM) of active and inactive lever responses during (A, E) Coc-SA for 

adolescent and adult rats and the number of infusions (B, F) 1 hr EXT sessions, (C, G) 
the last EXT session and 1 hr Coc-Pair TEST, (D, H) 10 min Bins of the 1 hr Coc-Pair 

TEST. Symbols indicate significant within-subject (#, †) differences revealed by Tukey’s test, 

p<0.05: (B, F) # EXT S1>8, (C, G) # last session of EXT>Coc-Pair TEST, (D, H) # Time 

Bin 1>6, † Time Bin 2>6. Circles indicate adolescent group; triangles indicate adult group.
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Figure 4: Adolescent-onset Coc-SA and cocaine-seeking behavior in Coc-Pair vs Nov-Unpair 
context during adolescence.
Adolescent rats went through all phases of the ABRV paradigm similar to EXP 2. The 1 hr 

TEST occurred in either the Coc-Pair or Nov-Unpair contexts. Mean (±SEM) of active and 

inactive lever responses on (A) the last 3 sessions of Coc-SA, (B) the last 1 hr EXT session 

and 1 hr TEST in either the Coc-Pair (open bar) or Nov-Unpair Context (striped bar). 

Symbols represent significant differences revealed by Tukey’s test, p<0.05: # within-subjects 

effect, * between-subjects effect.
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