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Abstract

An autoshaping procedure was used to test the notion that conditioned stimuli (CSs) gain greater 

incentive salience during adolescence than young adulthood under conditions of social isolation 

rearing and food restriction. Rats were single-housed and placed on food restriction during 10 

daily training sessions in which a lever (CS+) was presented then followed immediately by a food 

unconditioned stimulus (US). A second lever (CS−) was presented on intermixed trials and was not 

reinforced. Despite the fact that food delivery was not contingent on the rats’ behavior, all rats 

exhibited behaviors directed towards the lever (i.e., sign-tracking). In the adolescent group, the 

rate of lever pressing and the percentage of trials with a lever press were higher than in young 

adults. Initially, group differences were observed when rats were retrained when the adolescents 

had reached young adulthood. These findings support the hypothesis that cues that come to predict 

reward become imbued with excessive motivational value in adolescents, perhaps contributing to 

the hyper-responsiveness to reward-related stimuli typically observed during this period of 

development.

INTRODUCTION

Adolescent humans and non-human animals alike exhibit increased novelty-seeking and 

exploratory behavior compared to either pre-adolescents or adults (Adriani, Chiarotti, & 

Laviola, 1998; Somerville, 2013; Meyer & Bucci, 2017; Stansfield & Kirstein, 2006). This 

behavioral phenotype is generally thought to be adaptive in that it promotes independence 

and facilitates gaining experience with the world, which are essential for an individual’s 

successful transition into adulthood (Crone & Dahl, 2012; Spear, 2010). However, 

heightened exploration and novelty-seeking can also lead to maladaptive risk-taking and 

impulsive behavior, increasing the risk of injury and substance abuse (Arnett, 1999; Casey & 

Jones, 2010; Chambers, Taylor, & Potenza, 2003; Spear, 2011). Accordingly, understanding 

the neural substrates and processes that contribute to behavior during adolescence is 

currently of great research interest.

One factor that is thought to have a particularly significant role in modulating behavior 

during adolescence is an increase in reward-sensitivity. Compared to adults, adolescents 

exhibit hyper-sensitivity to primary rewards (Somerville, Hare, & Casey, 2011; Steinberg, 

2008; Adriani et al., 1998; Casey, Jones, & Hare, 2008; Fareri, Martin, & Delgado, 2008; 
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Bjork et al., 2004; Geier, Terwilliger, Teslovich, Velanova & Luna, 2010; van Lejenhorst et 

al., 2010), as well as increased sensitivity to the rewarding qualities of drugs and alcohol 

(Vastola, Douglas, Varlinskaya, & Spear, 2002; Pautassi, Myers, Spear, Molina, & Spear, 

2008; Vetter, Doremus-Fitzwater, & Spear, 2007). Importantly, adolescents also display 

increased responsiveness to otherwise neutral cues that come to predict reward (Galvan, 

2013; Laviola, Marci, Morely-Fletcher & Adriani, 2003; Sturman & Moghaddam, 2011; 

Douglas, Varlinskaya, & Spear, 2003, 2004; Hare et al., 2008). In other words, in 

adolescents, conditioned stimuli (CSs) are more apt to elicit behaviors directed towards 

obtaining the reward. This is particularly significant in the context of drug use since an 

increased sensitivity to drug-related cues has been associated with addiction and substance 

abuse (Tomie, Grimes, & Pohorecky, 2008). One explanation for this increased sensitivity is 

that stimuli paired with the delivery of a drug become imbued with excessive incentive 

salience, or motivational value (Robinson & Berridge, 1993, 2001).

Incentive salience is often assessed through autoshaping procedures. In a standard 

autoshaping procedure in rats, like the one used in the present study, a lever serves as the 

CS+ and is presented for 10 sec. Upon lever retraction a food unconditioned stimulus (US) is 

immediately delivered into an adjacent food cup. A second lever is presented on intermixed 

trials but is not reinforced (CS−; Chang, Wheeler, & Holland, 2012a, 2012b; Chang, Todd, 

Bucci, & Smith, 2015; DeAngeli et al., 2015). Despite the fact that food delivery is not 

contingent on the rats’ behavior, they will typically approach the lever that is paired with 

food and exhibit a range of consummatory behaviors directed towards the lever (e.g., 

pressing, biting, etc.; Davey & Cleland, 1982). Collectively, these behaviors directed toward 

the CS+ lever are referred to as “sign-tracking” behaviors (Hearst & Jenkins, 1974). They are 

thought to reflect the acquisition of motivational value, or incentive salience of the CS per 
se, as a result of pairing the lever with food delivery (Berridge, 2004; Flagel et al., 2011). 

Sign-tracking behavior differs from “goal-tracking,” which consists of behavior that is 

directed toward the site of food delivery, such as approaching a food cup during presentation 

of the CS in anticipation of obtaining food reward (Boakes, 1977).

To date, the relatively few studies that have directly compared sign-tracking behavior in 

adolescent and adult rats have yielded somewhat mixed results. Several earlier studies found 

that sign-tracking behavior was greater in adult rats compared to adolescents (Anderson & 

Spear, 2011; Doremus-Fitzwater & Spear, 2011). However, a subsequent report indicated 

that under certain conditions the opposite effect is observed (Anderson, Bush, & Spear, 

2013). Specifically,Anderson et al. (2013) revealed that adolescents exhibit more sign-

tracking than adults when housed individually and food restricted during training. In 

contrast, in the same study, rats that were housed in pairs and/or on free-feeding regimens 

exhibited either no age differences or more sign-tacking in adults than adolescents, 

replicating earlier studies using those conditions (Anderson & Spear, 2011; Doremus-

Fitzwater & Spear, 2011).

The sensitivity of sign-tracking during adolescence to factors such as social versus 

individual housing may be particularly relevant for understanding contemporary human 

behavior. For example, direct interpersonal contact is in significant decline, especially 

among adolescents (Pea et al., 2012). Social impoverishment might enhance the sensitivity 
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to reward-related cues during a developmental stage in which individuals are already 

vulnerable to risky behavior. Thus, the present study sought to replicate and extend the 

finding that sign-tracking behavior is greater in adolescents compared to young adults under 

conditions of social isolation and food-restriction (Anderson et al., 2013). Unlike prior 

studies, a CS− lever was included to determine if any observed age differences were specific 

to a stimulus that was paired with reward, rather than a general increase in activity. In 

addition, since the level of sign-tracking behavior can differ among rat strains (Fitzpatrick et 

al., 2013), we used a different strain of rats than prior studies to test the robustness and 

generalizability of the effect. Further, it is unclear whether increased sign-tracking behavior 

during adolescence persists into adulthood. Thus, after 10 daily training sessions, rats were 

given a break period and then training resumed for an additional seven sessions when the 

adolescent group had reached young adulthood. Finally, we assessed whether prior 

experience in the autoshaping procedure influences subsequent sign-tracking behavior.

MATERIALS AND METHODS

Subjects

Sixteen male Long Evans rats were obtained from Envigo Laboratories (Indianapolis, IN). 

Rats were weaned from their dam on post-natal day (PND) 21 and one group of 8 rats were 

shipped and received on the same day of weaning. A second group of 8 rats was received in 

the same shipment, but were 46 days old upon arrival. All rats were allowed a 9-day period 

to acclimate to the vivarium with food (Purina standard rat chow; Nestle Purina) and water 

available ad libitum, the final 3 days of which they were weighed and handled daily. Rats 

were then separated into individual cages and body weights were gradually reduced over a 

3-day period to 85% of the daily weight of free-feeding age-matched control rats using 

growth charts generated from over 60 subjects (provided by the vendor), after which the 

behavioral procedures began. All rats remained food restricted until completion of 

behavioral training, with supplemental rat chow provided after each daily session to 

maintain the daily target weight. Throughout the experiment, rats were monitored and cared 

for in compliance with the Association for Assessment and Accreditation of Laboratory 

Animal Care guidelines and the Dartmouth College Institutional Animal Care and Use 

Committee.

Behavioral Apparatus

Behavioral procedures were carried out in eight standard conditioning chambers (Med 

Associates, Georgia, VT) enclosed in sound-attenuating cubicles (62 × 56 × 56 cm). Exhaust 

fans provided airflow and background noise (~68 dB). The chambers had aluminum front 

and back walls and the ceiling and sidewalls were clear acrylic. The floors consisted of 

stainless steel rods (5 mm diameter) spaced 1.5 cm apart (center to center). Each chamber 

was outfitted with a food cup recessed in the center of the front wall. Retractable levers 

served as the conditioned stimuli (CSs) and were positioned to the left and right of the food 

cup. The levers were 4.8 cm in width, positioned 6.2 cm above the grid floor, and protruded 

1.9 cm when extended. Background illumination was provided by a 2.8-W house light 

mounted 15 cm above the grid floor on the back wall. Four panel lights were present in the 

chamber but not used in this experiment. Three of the panel lights were located 10.8 cm 
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above the floor; two of them were positioned 6.4 cm to the left or right of the food cup, one 

was located directly above the food cup, and one was centered 15 cm above the floor. The 

unconditioned stimulus (US) was two 45-mg grain-based food pellets (Bioserv, Flemington, 

NJ). Each chamber was equipped with a pair of infrared photocells located across the 

entrance of the food cup. A computer in an adjacent room controlled the behavioral 

apparatus and collected information about lever presses and food cup entries. The cubicles 

also contained surveillance cameras used to monitor the rats during behavioral training.

Behavioral Procedure

On the first day of the behavioral procedures, each rat was assigned to a chamber and 

received one 30-min magazine training session in which food pellets were delivered freely 

on a random time (RT) 30-s schedule, resulting in approximately 60 pellets being delivered. 

Conditioning in the autoshaping procedure began the following day (thus, on PND 35 for 

rats in the adolescent group and on PND 60 for the young adult group) and lasted for 10 

days, as illustrated in Figure 1. Each daily conditioning session was 60-min in duration and 

consisted of 25 CS+ and 25 CS− trials with an average inter-trial interval (ITI) of 1 min. The 

CS+ trials consisted of a 10-sec extension of the lever and delivery of two food pellets upon 

retraction of the lever. The CS− trials consisted of a 10-sec extension with no delivery of 

food pellets. The trial order was random, although no more than two trials of the same type 

could occur consecutively. The levers were counterbalanced such that the CS+ lever was the 

right lever for half of the rats and the CS+ lever was the left lever for half of the rats.

After the initial 10 training days, all rats remained food restricted and were weighed daily, 

but otherwise received no training or handling for the next 15 days in order to allow the rats 

in the adolescent group to reach young adulthood. After the 15-day break, daily conditioning 

sessions resumed for 7 days (referred to from here on out as ‘retraining’). Thus, rats that 

were previously trained as adolescents resumed training on PND 60 (i.e., the same age at 

which rats in the young-adult group began training) and rats that were in the young-adult 

group resumed training on PND 85.

Data Analysis

Sign-tracking—Sign-tracking behavior was assessed by recording the rate of lever 

pressing and the percentage of trials in which at least one lever press occurred. Prior to 

analysis, we tested for sphericity using Mauchly’s sphericity test. Not surprisingly, given the 

very low variance observed during CS− trials, there was a violation of sphericity for the rate 

of lever pressing and for percentage of trials with a lever press. As a result, the CS+ and CS− 

data were analyzed separately using a repeated measures ANOVA with Group (adolescent, 

young-adult) as the between-subjects variable and Session (days 1–10) as within-subjects 

variables.

Based on the prior finding of greater sign-tracking in adolescents compared to adults 

(Anderson et al., 2013), we predicted that the group difference would persist after the 15-day 

break. Thus, we conducted a planned comparison (corrected independent measures t-test) to 

assess group differences during the first session of re-training. Finally, we compared average 

lever responding in the young-adult group across sessions 1–7 of the original training phase 
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to responding across retraining sessions 1–7 for the previously-adolescent group. Since these 

respective sessions occurred during PND 60–66 for both groups, this enabled us to assess 

whether prior experience in the autoshaping procedure influenced subsequent sign-tracking 

behavior.

Goal tracking—To assess goal-tracking behavior, the percentage of time during each lever 

presentation that the rat placed its snout into the food cup was calculated. Data from the 

initial phase of training (first 10 sessions) were analyzed using three-way mixed analyses of 

variance (ANOVAs) with Group (adolescent, young-adult) as the between-subjects variable 

and Cue (CS+, CS−) and Session (days 1–10) as within-subjects variables. Data from the 

retraining phase were similarly analyzed using a three-way ANOVA.

RESULTS

Lever pressing

Rate of responding—The rates of lever pressing by the two groups of rats are shown in 

Figure 2. For the initial 10 training sessions, a two-way ANOVA for the CS+ trials revealed 

that responding was higher in the adolescent rats compared to young adults. There were 

significant main effects of Group [F(1, 14) = 5.7, p < 0.03] and Session [F(9, 126) = 10.4, p 
< 0.001], and the a significant Group × Session interaction [F(9, 126) = 5.6, p < 0.001]. A 

two-way ANOVA for the CS− cue revealed a significant main effect of session [F(9, 126) = 

4.6, p < 0.001], but no main effect of Group (p > 0.7) nor a Group × Session interaction (p > 

0.5). Thus, adolescent rats exhibited higher rates of lever pressing during the CS+ than 

young adult rats, while no differences were observed in responding to the CS−.

During the first session of retraining after the 15 day break period, responding continued to 

be nominally higher in the group that had originally trained as adolescents compared to the 

group that began training as young adults but the difference did not reach statistical 

significance [t(14) = 1.8, p = 0.08]. The comparison between the average level of responding 

in the young-adult group during the initial training phase and the average level of responding 

in the previously-adolescent group during retraining revealed that despite being exactly the 

same age during these periods, the rats with prior autoshaping experience as adolescents 

exhibited significantly more sign tracking than rats with no prior experience [means were 

20.8 ± 2.2 and 8.4 ± 2.8 presses/min, respectively; t(14) = 3.5, p < 0.003].

Percentage of trials with a response—The percentage of trials that included a lever 

press is shown in Figure 3. Like the rate of lever pressing measure, we found that during 

CS+ trials, adolescent rats had a higher percentage of trials with a lever press than young 

adults. For the initial training phase, a repeated measures ANOVA revealed a significant 

Group × Session interaction [F(9, 126) = 3.4, p < 0.001], a significant main effect of Session 

[F(9, 126) = 11.6, p < 0.0001] and a marginally significant main effect of Group [F(1,14) = 

4.4, p = 0.05]. Decomposition of the Group × Session interaction revealed that the 

percentage of trials with a response was higher in the adolescent group compared to the 

young-adult group during Sessions, 5, 7, 8, and 9 (ps < 0.05). A two-way ANOVA for the 

CS− cue revealed a significant main effect of Session [F(9, 126) = 6.0, p < 0.001], but no 

main effect of Group (p > 0.7) nor a Group × Session interaction (p > 0.9). Thus, the 
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percentage of trials with a lever press was greater during several sessions in adolescent rats 

compared to young adult rats for the CS+, but comparable for the CS−.

During the first session of retraining after the 15 day break period, the percentage of trials 

with a lever press continued to be higher in the group that had originally trained as 

adolescents compared to the group that began training as young adults [t(14) = 2.1, p < 

0.05]. Finally, the comparison between the percentage of trials with a lever press in the 

young-adult group during the initial training phase and percentage of trials with a lever press 

in the previously-adolescent group during retraining revealed that the rats with prior 

autoshaping experience as adolescents exhibited significantly more sign tracking than rats 

with no prior experience [means were 91.1 ± 3.1% and 49.5± 9.9%, respectively; t(14) = 4.0, 

p < 0.002].

Food cup behavior

The percentage of time spent with the head in the food cup during lever presentation (i.e., 

goal-tracking) is shown in Figure 4. Adolescent rats exhibited more food cup behavior 

during presentation of either lever during the first few training sessions. Indeed, for the 

initial 10 training sessions, a three-way ANOVA revealed a main effect of Session [F(9, 126) 

= 7.1, p < 0.001] and a significant Group × Session interaction [F(9, 126) = 3.9, p < 0.001]. 

There were no other significant main effects or interactions (ps > 0.1). Follow-up analyses 

revealed that adolescents rats spent more time in the food cup during the first three sessions 

of training [F(1, 14) = 6.0, p < 0.03], but not for the last seven sessions (p > 0.8).

During the additional training sessions after all rats reached adulthood there were no group 

differences in food cup behavior. A three-way ANOVA revealed only a significant main 

effect of Session [F(6, 84) = 7.6, p < 0.001]. There were no other significant main effects (ps 
> 0.3) or interactions (ps > 0.2).

DISCUSSION

The present study tested for age differences in sign-tracking behavior in male Long-Evans 

rats that were housed in isolation and food-restricted during training. During each 

conditioning session, rats were presented with a lever that was paired with food reward 

(CS+) and a second lever that was not reinforced (CS−). Although food delivery was not 

contingent upon pressing the lever, we found that during the initial 10-session training 

period, the rate of lever pressing and the percentage of trials with a lever press were 

significantly higher in adolescent rats than young adult rats during CS+ trials, a difference 

that persisted over the course of the 10 sessions. In comparison, responding during 

presentation of the CS− lever was uniformly low in both groups, indicating that age 

differences were specific to the CS+ lever. Goal-tracking behavior was also increased in the 

adolescent group, but only transiently at the outset of training and the increase was observed 

during both CS+ and CS− presentations. This likely reflects an initial general increase in 

approaching the food cup when a lever was presented. Thus, unlike the persistent increase in 

sign-tracking behavior, adolescents exhibited only a temporary, non-specific change in goal-

tracking behavior compared to young adults.
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It possible that the increased lever pressing we observed in adolescents was due to 

differences in the effects of stress experienced during shipping, since rats in the adolescent 

group were shipped at a younger age than rats in the young-adult group. Indeed, stress early 

in life often has more significant negative consequences than stress occurring in adulthood 

(McCormick & Green, 2013). However, our findings replicate those of Anderson et al. 

(2013), who similarly reported greater sign-tracking in adolescents compared to adults 

specifically when rats were isolation-housed and food restricted. Importantly, rats in the 

Anderson et al. (2013) study were bred in-house, and thus not prone to potential differences 

in stress induced by shipping. Moreover, rats in the present study were allowed nine days to 

acclimate to the colony before behavioral training began. Finally, it is important to note that 

group differences did not begin to emerge until after several training sessions. Thus, it seems 

unlikely that stress associated with shipping can explain the differences in responding that 

were observed.

The present data extend the findings of Anderson et al. (2013) by demonstrating that the 

increased sign-tracking behavior in adolescence is specific for a cue paired with reward, 

since responding to the CS− lever was comparably low in both adolescents and young adults. 

Thus, the observed age effects cannot be attributed to a general increase in activity or lever 

pressing behavior during adolescence. In addition, reproducing this effect in a strain of rats 

different from the ones used by Anderson et al. (2013) suggests that effects of social 

isolation and food restriction on sign-tracking in adolescents transcend variables such as 

strain, which is significant given that the level of sign-tracking behavior can differ among rat 

strains (Fitzpatrick et al., 2013).

Consistent with the present findings and those of Anderson et al. (2013), other studies have 

found that exposure to impoverished environments during development leads to increased 

sign-tracking in adulthood, and conversely, exposure to enriched environments reduces sign-

tracking (Beckmann & Bardo, 2012; Lomanowska et al., 2011). Anderson and colleagues 

(2013) suggested that one explanation for these differences is that pair-housing may mitigate 

the stressful effects of food restriction on sign-tracking. However, they found that 

adolescents that were housed in isolation actually had lower levels of corticosterone than 

pair-housed adolescents, contrary to this explanation. Alternatively, sign-tracking might be 

increased under conditions of food-restriction and isolation housing because of imbalance in 

dopaminergic reward systems (Anderson et al., 2013). Specifically, both food restriction and 

isolation can alter dopamine levels in midbrain reward regions (Branch et al., 2013; Pothos, 

Hernandez, & Hoebel, 1995). As a result, animals may be more sensitive to external rewards 

and reward-related cues, leading to increased incentive salience and responding to CSs to 

relieve an existing reward system deficiency. A similar explanation has been proposed to 

explain the high co-occurrence of schizophrenia and substance abuse, namely that drug use 

alleviates an underlying deficit in reward systems (Green et al., 1999). Consistent with this 

idea, it has been shown that physical exercise can alleviate opiate withdrawal symptoms, 

purportedly by re-balancing dopaminergic systems (Saedi, Marghmaleki, & Alaei, 2016; 

Stoutenberg, Rethorst, Lawson, & Read, 2016; Zarrinkalam et al., 2016).

Although the present study was not designed to determine the neurobiological differences 

that underlie increased sign-tracking in adolescents, a substantial body of research suggests 
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that it is likely related to age-differences in midbrain dopamine systems. Sign-tracking is 

known to be mediated by the nucleus accumbens and its dopaminergic afferents from the 

ventral tegmental areas (Flagel et al., 2011; Chang et al., 2012b; Saunders & Robinson, 

2012). Functional neuroimaging studies have revealed that during adolescence, the 

maturation of the nucleus accumbens outpaces that of the prefrontal cortex, resulting in a 

functional imbalance in activity between subcortical reward-related regions and cortical 

control systems (Galván et al., 2006; Casey et al., 2008, 2010; Doremus-Fitzwater & Spear, 

2016; Tottenham & Galván, 2016). The resulting hyperactivity of the nucleus accumbens is 

thought to potentiate reward processing and reward-related behavior. Consistent with this 

theory, we recently used a chemogenetic approach to simultaneously increase neural activity 

in nucleus accumbens and decrease activity in prefrontal cortex in adult rats. We found that 

the resulting recapitulation of the functional imbalance observed during adolescence 

impaired the ability of rats to successfully use environmental cues to inhibit reward-related 

behavior (Meyer & Bucci, 2016b). Moreover, the magnitude of this effect was highly similar 

to the difference we observed when we compared the same behavior in normal adolescents 

and adults (Meyer & Bucci, 2014; 2017).

An additional finding in the present study was that the high levels of sign-tracking observed 

during adolescence tended to persist into young adulthood. Specifically, during the first 

session of the retraining phase, which took place after rats in the adolescent group had 

reached young adulthood, responding continued to be nominally higher in the group that 

was originally trained as adolescents. This effect only reached marginal statistical 

significance, likely due to the relatively high variance observed once training resumed. 

However, we also found that prior experience in the autoshaping procedure during 

adolescence resulted in more sign-tracking behavior during young adulthood compared to 

rats that were trained as young adults but had no prior experience with the procedure. This is 

consistent with prior work demonstrating that training in an autoshaping procedure during 

adolescence resulted in increased sign-tracking when rats were tested as adults, compared to 

a non-pre-trained adult group (Anderson & Spear, 2011).

Together with prior reports, the present findings further identify the conditions in which 

reward-related cues may garner increased incentive salience during adolescence. This is 

critically important for understanding the vulnerability of this age group to maladaptive 

behaviors. Indeed, increased sensitivity to rewards and reward-related cues during 

adolescence may enhance the likelihood in engaging in drug seeking behavior and 

developing drug addiction (Casey & Jones, 2010; Chambers et al., 2003; Spear, 2011). Prior 

studies have demonstrated a peak in sensitivity to rewarding stimuli during adolescence in 

both humans and laboratory animals (cf Doremus-Fitzwater & Spear, 2016). For example, 

relative to adults, adolescents exhibit enhanced preference and consumption for palatable 

foods and tastes (Vaidya et al., 2004; Wilmouth & Spear, 2009; Friemel et al., 2010; Galván 

& McGlennen, 2013) as well as sensitivity to the rewarding properties of alcohol and other 

drugs of abuse (Brenhouse et al., 2008; Pautassi et al., 2008; Torres et al., 2008). 

Adolescents also exhibit increases in responses that facilitate reward attainment, indicating 

enhanced motivation to obtain reinforcers during this period. For example, adolescent rats 

will exert greater effort to obtain a food reward than adults, including climbing over barriers 

(Stolyarova & Izquierdo, 2015) and completing higher lever press requirements (Friemel et 
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al., 2010) as well as perseverating on response patterns that previously triggered reward 

delivery (Andrzejewski et al., 2011; Sturman et al., 2010). Likewise, self-reports of reward- 

and sensation seeking also peak during adolescence in humans (Steinberg et al., 2009; 

Romer et al., 2010).

Consistent with the present data, adolescent rats are also hyper-responsive to environmental 

cues and contexts that come to predict reward. For example, our laboratory has previously 

shown that adolescents are resistant to the extinction of a reward-predictive cue (CS+) and 

will continue to nose-poke into the magazine where food was previously delivered during 

presentation of the CS+ for significantly longer than adult counterparts (Meyer & Bucci, 

2016a). Similarly, in a conditioned place preference paradigm adolescent rats spend more 

time than adults in a chamber that was previously paired with a rewarding stimulus, such as 

a novel object or another rat, relative to an alternative chamber (Douglas et al., 2003, 2004). 

Moreover, adolescent humans have been shown to exhibit robust differences in reward-

related brain activity coupled with faster reaction times and reduced inhibitory control when 

presented with appetitive stimuli (Galván et al., 2006; Somerville et al., 2011; Geier et al., 

2010; Steinberg 2010).

In summary, the results of the present study indicate that appetitive CSs can gain greater 

motivational value in adolescents compared to young adults under conditions of 

environmental stressors such as social impoverishment and food restriction. Increased 

reward seeking may have an adaptive function for adolescent development; in particular, the 

enhanced salience of feedback from interactions with the environment may serve to facilitate 

cognitive processes and contribute to the development of emotional regulation (Spear, 2000; 

Casey, 2015; Telzer, 2016). At the same time, heightened incentive salience during 

adolescence may contribute to an increased vulnerability to engage in maladaptive behavior, 

such as drug use. Indeed, addiction and substance abuse are associated with increased 

sensitivity to drug-related cues, resulting from the sensitization of midbrain dopamine 

neurons in response to drugs that imbues the drug-related stimuli with excessive incentive 

salience (Robinson & Berridge, 1993, 2001). Moreover, it is during adolescence that 

individuals are particularly vulnerable to developing drug abuse and addiction (U.S. DHHS, 

2014).
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Figure 1. 
Schematic diagram of the experimental timeline. Rats in the Adolescent group began 

training in the autoshaping procedure on PND 35, while Adult rats began training on PND 

60. After a 15 day break with no training, rats that were previously adolescents resumed 

training on PND 60. Rats in original Adult group resumed training on PND 85.
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Figure 2. 
Lever pressing behavior (responses/min) during the autoshaping procedure. Compared to 

adults, adolescents exhibited an increase in sign-tracking as evidenced by significantly 

higher rates of responding when they were tested as adults. There were no group differences 

when training resumed after the adolescent group had reached adulthood. Data are means ± 

SEM.
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Figure 3. 
The percentage of trials in which a lever press occurred during the autoshaping procedure. 

Compared to adults, adolescents exhibited an increase in sign-tracking as evidenced by 

significantly higher percentage of trials with a lever press. There were no group differences 

when training resumed after the adolescent group had reached adulthood. Data are means ± 

SEM.
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Figure 4. 
Time spent with the snout in the food cup during presentation of the lever during the 

autoshaping procedure. Adolescent rats spent more time in the food cup during both the CS+ 

and the CS− on the first few sessions, but otherwise there were no group differences in food 

cup behavior (goal-tracking).
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