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Abstract

Compared to adults, adolescents are at heightened risk for drug abuse and dependence. One of the
factors contributing to this vulnerability may be age-dependent differences in reward processing,
with adolescents approaching reward through stimulus-directed, rather than goal-directed,
processes. However, the empirical evidence for this in rodent models of adolescence, particularly
those that investigate both sexes, is limited. To address this, male and female rats that were
adolescents (P30) or adults (P98) at the start of the experiment were trained in a Pavlovian
approach (PA) task and were subsequently tested for the effects of reward devaluation, extinction,
and re-acquisition. We found significant interactions between age and sex: females had enhanced
acquisition of PA and poorer extinction, relative to males, while adolescents and females were less
sensitive to reward devaluation than male adults. These results suggest that females and
adolescents exhibit reward behavior that is more stimulus-directed, rather than goal-directed.
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1. Introduction

Adolescence, the transitional period between childhood and adulthood that is characterized
by numerous changes in brain anatomy and function, begins when humans are about twelve
years old and may extend through the early- to mid-twenties (Lenroot & Giedd, 2006; Spear,
2000). During this time, sensation seeking, risk taking, and social behavior all tend to
increase (Galvan, 2010; Gardner & Steinberg, 2005; Steinberg et al., 2008). Similar changes
in behavior have been noted in rodent models of this stage of development, where
adolescence has been conservatively defined as beginning around postnatal day (P) 28 and
extending to P42 (Spear, 2000) or perhaps as late as P60 (Brenhouse & Andersen, 2011;
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Tirelli, Laviola, & Adriani, 2003). For example, adolescent rats have been reported to be
more responsive towards natural, as well as drug, rewards (Anker, Zlebnik, Navin, &
Carroll, 2011; Burton, Noble, & Fletcher, 2011; Friemel, Spanagel, & Schneider, 2010;
Shahbazi, Moffett, Williams, & Frantz, 2008; Zakharova, Wade, & lzenwasser, 2009). This
enhanced reward-seeking behavior may contribute to increases in vulnerability to drug abuse
and addiction during this period (Chambers, Taylor, & Potenza, 2003; Doremus-Fitzwater,
Varlinskaya, & Spear, 2010; Spear, 2000).

Debate about the determinants of enhanced reward-seeking behavior during adolescence has
often focused on the question of whether adolescents place higher value on rewarding
experiences or if they are relatively less sensitive to these rewards (Ernst, Romeo, &
Andersen, 2009; Somerville, Jones, & Casey, 2010; Spear, 2000). More recently, however,
studies have suggested that adolescents engage in more reward seeking and exhibit
enhanced conditioning because their attention for reward relies on stimulus-directed, rather
than goal-directed, processes (Ernst, Daniele, & Frantz, 2011). Stimulus-directed behavior
refers to behaviors that are guided by exogenous information, such as cues or feedback,
while goal-directed behavior refers to those that are guided by endogenous information, such
as motivational state (Ernst et al., 2011). A recent study using the lowa Gambling Task
demonstrated that human adolescents were more sensitive to positive feedback than adults
(Cauffman et al., 2010). Unfortunately, there have been few studies of appetitive
conditioning in humans that directly compare adolescents and adults.

Studies from rodent models that support this hypothesis have focused on conditioned taste
aversion (CTA) and extinction, which test for responding in the face of reduced reward
value. Reductions in reward value should cause decreases in goal-directed responding
through a reduction in the motivational power of the reward. However, if responding is
primarily stimulus-directed, (i.e., guided by cues), then reductions in reward value will have
less of an impact on behavior. These studies have revealed that adolescents are less sensitive
to CTA (Anderson, Varlinskaya, & Spear, 2010; Infurna & Spear, 1979; Shram, Funk, Li, &
Lé, 2006) and they are resistant to extinction compared to adults for both drug (Anker &
Carroll, 2010; Brenhouse & Andersen, 2008) and food rewards (Andrzejewski et al., 2011;
Sturman, Mandell, & Moghaddam, 2010). However, evidence for an enhancement in
stimulus-directed reward behavior in adolescents is not yet conclusive. One recent study
failed to uncover age differences in extinction and reacquisition for food self-administration
(Li & Frantz, 2010). Another recent study found that adults engaged in more sign-tracking, a
measure of behavior directed at the stimulus, than adolescents (Doremus-Fitzwater & Spear,
2011). Moreover, CTA is not a pure measure of reward devaluation because it requires the
development of an aversion; adolescents are known to be less sensitive to the aversive
effects of many drugs (Schramm-Sapyta, Walker, Caster, Levin, & Kuhn, 2009; Spear,
2011). Reward devaluation through reinforcer satiation allows for the reduction of
motivational value without the development of aversion, but there has only been one study
on the effect of age on this measure (Naneix, Marchand, Di Scala, Pape, & Coutureau,
2012). The currently available research is insufficient to characterize the effects of stimulus-
directed and goal-directed behavior on developmental differences in reward seeking.
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Gender (or sex) is another important factor that may influence developmental differences in
reward-related behavior. For example, self-reported sensation seeking increases from early
to late adolescence in males, but remains stable during this time in females (Steinberg et al.,
2008). Telescoping, the phenomenon whereby females have a characteristically more rapid
onset and worse presentation of addiction compared to males, begins to emerge during
adolescence (Kuhn et al., 2010; Randall et al., 1999). In rats, female adults are generally
more responsive for drug reward than male adults (Chaudhri et al., 2005; Kosten & Zhang,
2008; Kuhn et al., 2010; Lynch, Roth, Mickelberg, & Carroll, 2001) and there is an
interaction between age and sex for cocaine and amphetamine self-administration and
conditioned place preference (Anker et al., 2011; Mathews & McCormick, 2007; Shahbazi
et al., 2008; Zakharova et al., 2009). The nature of this interaction is not well understood,
however, as adolescent age and female sex are additive in some cases (Anker et al., 2011;
Mathews & McCormick, 2007), but not in others (Shahbazi et al., 2008; Zakharova et al.,
2009). In drug self-administration studies adult females respond more than males throughout
extinction (Carroll & Anker, 2010; Kuhn et al., 2010; Perry, Nelson, & Carroll, 2008). This
suggests that females, like adolescents, may exhibit behavior that is more stimulus-directed,
rather than goal directed. However, sex differences in drug sensitivity may influence these
results as females are relatively more sensitive to cocaine and amphetamine and this can
vary with estrous cycle (Carroll & Anker, 2010; Festa & Quifiones-Jenab, 2004; Mathews,
Waters, & McCormick, 2009).

In the current study we investigated the interaction between age and sex on the expression of
stimulus-directed behavior in the context of a simple associative learning paradigm. Rats
were trained in a Pavlovian approach (PA) paradigm wherein an auditory conditioned
stimulus (CS+) was paired with delivery of a sucrose solution (unconditioned stimulus; US)
to a food trough. We assessed the development of food trough entries (conditioned response;
CR) during daily training sessions consisting of 8 CS-US pairings, following devaluation of
the reward, and during periods of extinction and reacquisition. In light of previous studies
with cocaine (Anker et al., 2011; Fuchs, Evans, Mehta, Case, & See, 2005; Kosten & Zhang,
2008) and food reward (Andrzejewski et al., 2011; Anker et al., 2011; Burton et al., 2011,
Sturman et al., 2010) suggesting that adolescents and females may have more stimulus-
directed behavior, we hypothesized that these groups would exhibit enhanced acquisition of
the cue-reward association and decreased sensitivity to manipulations of reward value, such
as extinction and reward devaluation.

2. Methods
2.1. Subjects

A total of 51 male and female Sprague-Dawley rats, which were born in our animal facility
from breeders originally obtained from Harlan (Indianapolis, IN, USA), were used in these
experiments. Seven rats were removed from the study during the initial stages of training
because they failed to meet an a priori inclusion criterion of entering the food trough during
sucrose delivery in two of the first three training sessions. Of these seven rats, two were
adolescent males, two were adult females, and three were adult males. Final group sizes
were 10 rats per sex in the adolescent groups and 12 rats per sex in the adult groups.
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Rats were weaned on P22 and housed with same-sex littermates in groups of 2—3 per cage
for the duration of the experiment. Rats were kept on a 12-h light/dark cycle (lights on at
0800 h) in a temperature-controlled room and water was available ad libitum throughout the
study. Food was available ad libitum until 2 days prior to the start of the experiment, which
began when rats were adolescents (P30) or adults (P98). At this time, food was given in
daily allotments and was limited for each rat so that by the end of the experiment, body
weight was 90% of age- and sex-matched controls (adolescents) or 90% of their free-feeding
weight (adults). With this procedure, all rats weighed 93-95% of their age-appropriate
controls at the midpoint of training and testing. Rats from individual litters were randomly
assigned to the adolescent or adult testing groups within an experiment, such that the 8
litters from which these subjects were taken were represented in a nearly equal manner
across groups. All procedures were consistent with the “Principles of Laboratory Animal
Care' (NIH Publication no. 85-23) and were approved by the IACUC at the University of
Illinois, Urbana-Champaign, USA.

2.2. Apparatus

Pavlovian approach (PA) training occurred in standard monitoring chambers (Coulbourn
Instruments, Allentown, PA, USA) located within sound attenuating cubicles. Chambers
were equipped with a food trough on the front wall, which dispensed liquid via extension of
a 0.06 mL dipper cup. Nosepoke ports containing green LEDs were located on either side of
the food trough. The food trough and nosepoke ports were equipped with infrared photocells
to detect head entries. A white house-light (4W), which was illuminated throughout all
behavioral sessions, was located near the top of the chamber on the opposite wall. A tone-
emitting speaker (2.9kHz, 80-85dB; Sonalert) was attached to the ceiling of the chamber.
Sessions were recorded and analyzed using Graphic State software (Coulbourn Instruments).

2.3. Sucrose pre-exposure and magazine training (P30-33 or P98-101)

Rats were given two daily 60-min sessions where they were introduced to the 20% sucrose
solution prior to the start of training. This was accomplished by placing rats individually into
cages and giving them free access to a sipper tube filled with 20% sucrose solution. The
individual cages were identical to the rats' home cages and each rat used the same cage for
sucrose exposure and transportation to the behavioral testing room for the duration of the
study. Next, rats underwent two daily sessions of magazine training in the monitoring
chambers. During these 40-45 min sessions, the dipper cup filled with 20% sucrose was
extended into the food trough for 4-8 s. This occurred on a random time (RT) 30 schedule
for a total of 60 presentations. Sucrose pre-exposure and magazine training sessions were
conducted between 1100 and 1400 h.

2.4. Conditioning (P34-41 or P102-109)

Each 35-40 min session consisted of 16 trials, which were divided into 8 CS* and 8 CS~
trials that were presented in random order. During CS* trials, a tone was presented for 10-s,
followed immediately by extension of the sucrose-filled dipper cup for 4-s and a variable
intertrial interval (1T1) of 90-150-s. During CS™ trials a light (illumination of LEDs in the
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nosepoke ports) was presented for 10-s and was followed immediately by the ITI. Rats
received 8 daily sessions of conditioning between 1100 and 1400 h.

2.5. Reward devaluation (P42 or P110)

To assess the effects of reward devaluation on PA, rats were given 60 min of free access to
sipper tube containing 20% sucrose. The procedure for this was identical to that used during
their pre-exposure to the sucrose solution. Immediately after the free access period, rats were
placed in the monitoring chambers for the devaluation session. This session was conducted
under extinction conditions, wherein no sucrose solution was available in the dipper cup but
all other aspects of the session were identical to conditioning sessions.

2.6. Extinction and Reacquisition (P43-51 or P111-119)

Starting the day after the reward devaluation session, rats received two more daily sessions
of conditioning (with sucrose solution present) in order to re-establish PA. They then
received 10 twice-daily extinction sessions over the course of five days. During these
sessions, which were conducted in the morning (0800-1100 h) and afternoon (1500-1800 h),
no sucrose solution was available in the dipper cup but all other aspects of the session were
identical to conditioning sessions. Daily food allotments were not given until the conclusion
of the afternoon training session.

Following extinction, rats underwent two daily sessions of PA training to examine re-
acquisition of the cue-reward association following extinction. These sessions were
conducted in a manner identical to those in the conditioning phases of the study.

2.8. Data analysis

In the magazine training sessions the total number of entries into the trough was recorded for
each session. In PA sessions trough entries were recorded during the 10-s CS* and 10-s CS~
periods, as well as during the 10-s preceding each CS* and CS™ period. An approach score
was calculated by subtracting the number of trough entries during the 10-s before the onset
of the CS* or CS™ from the number of CS* or CS™ trough entries. The total number of
trough entries (magazine training) and the CS* and CS™ approach scores (PA sessions) were
analyzed using a mixed factorial three-way ANOVA with age (adolescent or adult) and sex
(male or female) as between-subjects factors and session or day (average of morning and
evening sessions for extinction phase) as the repeated measure factor. The effects of age
(collapsed across sex) and sex (collapsed across age) were analyzed separately using
planned two-way ANOVA with session or day as the second factor. During the reward
devaluation phase, sucrose consumption during the free-access period was normalized to
individual rats' bodyweights (ml/kg consumed) and devaluation relative to baseline
conditioning was assessed by computing the change in approach score from the 8t
conditioning day. These variables were then analyzed statistically with between-subjects
ANOVA (age x sex). For all statistical analyses, significant interactions were further
analyzed with Holm-Sidak post hoc tests.
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3. Results

3.1. Initial Learning

Adults entered the magazine more than adolescents during the magazine training sessions
prior to PA training (Fig. 1). Three-way ANOVA of total entries revealed main effects of
age (F1,40 = 4.56, p=0.039) and session (Fy 49 = 23.6, p < 0.001), as well as an age X
session interaction (F1 40 = 14.2, p < 0.001).

Although three-way ANOVA revealed that all rats developed approach behavior toward the
CS* during the first 8 conditioning sessions (Fig. 2a; session: F7 259 = 24.2, p < 0.001),
females displayed enhanced development of approach relative to males (sex: F1 49 =7.43, p
= 0.010). In addition, there were sex x session (F7 20 = 2.45, p = 0.019) and age x sex x
session (F7 280 = 2.13, p = 0.040) interactions. Specifically, adult females developed
approach more rapidly than adult males or adolescent females; adolescent females
responded more than adolescent males in later sessions. Planned two-way ANOVA revealed
an age x session interaction in females (F7 140 = 2.62, p = 0.014), as well as a sex x session
interaction in both adolescents (F7 126 = 2.11, p = 0.047) and adults (F7 154 = 2.38, p =
0.024). Rats did not develop approach toward the CS™ (Fig. 2b; session p > 0.25).

3.2. Reward devaluation

During the period of free access to sucrose, adult females consumed more sucrose per
bodyweight than any other group (Fig. 3a). Two-way ANOVA of sucrose consumption
revealed main effects of age (F1 49 = 43.8, p < 0.001) and sex (F1 49 = 20.7, p < 0.001), as
well as an age x sex interaction that approached statistical significance (p = 0.053). Three-
way ANOVA revealed that there was a reduction in approach behavior following the free
access period (Fig. 3b; session: Fq 49 = 95.31, p < 0.001). Adolescent males exhibited less
approach behavior than adult males (sex x age interaction: F1 49 = 5.05, p = 0.030) and
females exhibited more approach behavior than males during both conditioning and
devaluation (sex: Fq 40 = 12.8, p < 0.001). However, the effect of devaluation on approach
depended on age and sex (age x sex x session interaction: Fq 49 = 7.14, p = 0.011), such that
adult males were relatively more affected by devaluation than the other groups. Planned
two-way ANOVA revealed an age x session interaction in males (F1 29 = 6.36, p = 0.020)
and a sex x session interaction in adults (F1 22 = 6.05, p = 0.022). To control for differences
in responding during conditioning session 8, responding during the reward devaluation
session was further analyzed by computing the change in approach (Fig. 3c; [CS* approach
during devaluation session - CS* approach during conditioning session 8]). Two-way
ANOVA of these data revealed an age x sex interaction (Fq 49 = 7.14, p = 0.011), with adult
males showing the greatest reduction in approach following devaluation.

3.3. Extinction and reacquisition

Three-way ANOVA revealed that all rats decreased approach during extinction (Fig. 4a;
day: F4 160 = 65.9, p < 0.001). Although females responded more than males during
extinction (sex: F1 49 = 13.3, p < 0.001), females did not respond more than males during the
two conditioning sessions preceding extinction (p > 0.25). In addition, there were age x day
(Fa,160 = 4.07, p=0.004) and sex x age x day (F4 160 = 2.70, p = 0.033) interactions.
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Relative to adult males and adolescent females, adult females had high levels of approach
during the first two days of extinction. Adolescent females, meanwhile, had high approach
relative to adolescent males and adult females later in extinction. Planned two-way ANOVA
revealed an age x day interaction (F4 go = 4.14, p = 0.004) in females as well as a main
effect of sex (F1 22 = 11.9, p=0.002) and a sex x day interaction (F4 gg = 3.47, p=0.011) in
adults.

Three-way ANOVA revealed that all rats increased responding from the first to the second
session of reacquisition (Fig. 4b; session: F1 49 = 38.5, p < 0.001). Although the three-way
ANOVA failed to reach significance for sex (p=0.096) or the age x sex interaction
(p=0.083), planned two-way ANOVA revealed an effect of sex (F1 1 = 5.83, p=10.027) in
adolescents. Adolescent females had a greater expression of approach behavior during both
sessions of reacquisition relative to adolescent males.

4. Discussion

In the present study we used adolescent and adult rats to examine the interaction between
age and sex in a Pavlovian approach task. Performance on the Pavlovian approach task is
influenced by goal-directed processes, whereby the representation of the outcome and
internal motivation state influence performance of actions directed toward obtaining that
outcome, such as trough entries (Dickinson, 1994). However, the acquisition of PA requires
stimulus-directed processes as well; Pavlovian approach is defined as behavior elicited by a
reward-predictive stimulus. We found that female rats showed enhanced acquisition of the
cue-reward association, but were less affected by reward devaluation and extinction, which
are processes that reduce the motivational value of the reward (Ostlund & Balleine, 2008).
Adolescent rats were less affected by reward devaluation than adults and had a greater
degree of reacquisition of the cue-reward association, but these effects were sex-specific.
Rather than being additive, the effects of age and sex were such that females had enhanced
development of stimulus-directed behavior, while adolescents had weaker expression of
goal-directed behavior.

Conditioning

Adults responded significantly more than adolescents during magazine training. This finding
is consistent with recent studies in male rats, where adult animals had substantially higher
baseline levels of responding for sweetened liquid compared to adolescents (Andrzejewski
et al., 2011) and adolescent rats took longer to approach the site of reward delivery (Burton
& Fletcher, 2012; Doremus-Fitzwater & Spear, 2011). Trough entries during magazine
training provide a measure of initial goal-directed behavior, as rats are developing a
representation of the reward associated with trough entry during this period. This baseline
difference in activity toward the food trough supports the notion that adolescents have
relatively weaker goal-directed attention (Ernst et al., 2011).

Our results suggest that the relationship between goal-directed attention during magazine
training and the development of stimulus-directed approach behavior depends on sex.
During the initial phase of Pavlovian approach training adult females exhibited more rapid
acquisition of approach behavior, compared to adolescent females and adult males.
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However, adult males did not acquire the association more rapidly than adolescent males.
This suggests that the enhanced goal-directed attention in adults enhanced the development
of stimulus-directed behavior during the Pavlovian approach task for females, but not for
males. This sex difference in the development of approach behavior was seen in adolescent
animals as well, though its expression was delayed. Female adolescents reached higher
levels of approach by the final sessions of training, relative to male adolescents. The sex
difference in acquisition of approach is consistent with studies of cocaine self-administration
that show females have enhanced acquisition of this behavior compared to males (Carroll &
Anker, 2010). Overall, these results suggest that females exhibit enhanced development of
stimulus-directed behavior that is accelerated by enhanced goal-directed attention in
adulthood.

We did not find evidence for enhanced development of stimulus-directed behavior during
adolescence. In fact, adult males had higher levels of approach than adolescent males in the
final conditioning sessions. This result is consistent with a recent study of instrumental
conditioning where adult males responded more than adolescent males with repeated
training (Sturman et al., 2010). The results in male and female animals indicate that the
reduction in goal-directed behavior in adolescents may have a negative effect on the
acquisition of approach behavior. The results from the magazine training and conditioning
phases suggest that sex mediates the development of stimulus-directed behavior, while age
seems to mediate expression of goal-directed behavior.

Reward devaluation

Because reward devaluation reduces the internal motivation for reward, we predicted that
adolescent and female animals would be less sensitive to its effects (Dickinson, 1994;
Ostlund & Balleine, 2008). We found that both adolescents and females were relatively less
affected by reward devaluation than adult males, consistent with the hypothesis that
stimulus-directed processes have a greater contribution than goal-processes to reward
behavior in adolescents and females. Though we have asserted that adolescents initially had
weaker goal-directed attention, adolescent females did not differ from adult females in their
sensitivity to reward devaluation. Adult females may have been overtrained during the
conditioning phase, as their behavior was stable after the 3™ session. Overtraining would
cause a decrease in the contribution of goal-directed processes to reward behavior (Ostlund
& Balleine, 2008), thereby making adolescent and adult females more similar, with respect
to goal-directed reward processing, by the end of conditioning. Adult females also
consumed more sucrose than adolescent females. This is in contrast to a recent study which
reported that adolescents consumed more sweetened liquid than adults during 24-h of free
access (Friemel et al., 2010). Adolescents may consume smaller quantities of reward at a
time, but for a longer duration than adult rats, as rats in this study received only 1-h of free
access. If this is the case, the free access period may have had a greater satiating effect on
adults.

Female adults were less affected by reward devaluation than male adults despite consuming
more sucrose during the free-access period than any other group. Females may be relatively
less sensitive to the effects of reinforcer-specific satiety. We have shown that females
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consume more sucrose than males when given ad libitumaccess to food and water (Sherrill,
Berthold, Koss, Juraska, & Gulley, 2011; Sherrill, Koss, Foreman, & Gulley, 2011); females
have also been shown to maintain high levels of food intake following sucrose access, while
males reduce intake (Kanarek, Homoleski, & Wiatr, 2000). This idea is consistent with a
recent study in humans (Wang et al., 2009) that suggested females are less able to exert top-
down control over the neural response to appetitive stimuli.

Although there was no effect of age in females, adolescent males were less sensitive to the
effects of reward devaluation than adult males. The relative insensitivity to reward
devaluation in adolescent males is consistent with the hypothesis that adolescents favor
stimulus-directed, rather than goal-directed, processes (Ernst et al., 2011). This may be
related to developmental changes within the prefrontal cortex, which is thought to have
relatively impaired functioning during adolescence (Cohen et al., 2010; Ernst, Phillips, &
Hardin, 2006; Galvan et al., 2006; Koss, Franklin, & Juraska, 2011; Paul & Cox, 2012; Van
Leijenhorst et al., 2010). Specifically, developmental alterations within the orbitofrontal
cortex, which is a subregion of the prefrontal cortex involved with updating the expected
value of outcomes (Everitt & Robbins, 2005; Galvan et al., 2006; Ostlund & Balleine, 2007;
Overman, 2004; Pickens et al., 2003; Schoenbaum & Roesch, 2005; Sturman et al., 2010;
Van Leijenhorst et al., 2010), could lead to impairment in both reward devaluation and
extinction learning. Though we found an effect of age on outcome devaluation in males, this
effect was not observed in a recent study which found that adolescents were relatively less
sensitive to contingency degradation, but not to outcome devaluation (Naneix et al., 2012).
Differences in the behavioral paradigm employed may explain the inconsistency with our
results. In the Naneix et al. study, rats underwent operant conditioning and devaluation via a
brief two-choice extinction test, whereas our extinction test was identical to the training
session except for the absence of sucrose solution. In addition, rats in the Naneix et al. study
underwent a greater number of training sessions, which may have resulted in overtraining
that in turn diminished age differences in goal-directed behavior, as discussed previously.
Though adult males in this study responded more during conditioning, we do not believe
that unequal training was responsible for the effect of age on devaluation. If adult males
were overtrained, we would expect them to be less sensitive to reward devaluation relative
to adolescent males, rather than more sensitive.

Extinction and reinstatement

Behavior that is primarily stimulus-directed is less sensitive to the effects of extinction. We
found that females responded more during extinction than males, but the effect of sex
depended on age. Relative to males, adult females responded at high levels during the first
two days of extinction training, while adolescent females had higher levels of responding
later. The finding that adult females have weaker extinction learning than adult males is in
line with the sex differences seen in extinction from drugs of abuse (Carroll & Anker, 2010;
Kuhn et al., 2010; Perry et al., 2008). Estrous cycling may have affected these results, as
extinction responding for cocaine has been shown to be enhanced in female estrous-stage
rats, relative to female non-estrous stage and male rats (Kerstetter, Aguilar, Parrish, &
Kippin, 2008). In the current study, estrous stage was not analyzed, so it is unclear whether
this might have influenced our results. Future studies will need to examine whether estrous
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Conclusion

cycling affects extinction responding for non-drug rewards. It is noteworthy, however, that
the effect of sex was diminished in adolescents, relative to adults. It is possible that sex
differences are more pronounced in adulthood due to the sex-specific development of the
dopamine system throughout adolescence. For example, adult females have much greater
drug-induced NAc dopamine release than adult males, but this sex difference is not present
in adolescents (Kuhn et al., 2010; Walker & Kuhn, 2008; Walker, Ray, & Kuhn, 2006).

In the current experiment, there was no effect of age on male animals, while the effect of age
on female animals was session-dependent. There is evidence for weaker extinction of drug
reward in male adolescents (Anker & Carroll, 2010; Brenhouse & Andersen, 2008; Li &
Frantz, 2009), but results have not been consistent with food reward (Andrzejewski et al.,
2011; Li & Frantz, 2010; Sturman et al., 2010). Among female animals we found that
adolescents initially had lower levels of responding, but maintained slightly higher levels of
responding by the final extinction sessions. This may indicate that adolescent females did
not extinguish the association as completely as adult females.

During reacquisition we found that adolescent females responded more than adolescent
males, but there was no effect of sex in adult animals. The effect of sex on reacquisition of
approach behavior for food has not been analyzed previously. Adult females do have
enhanced reinstatement of drug responding when given a priming injection of the drug
(Carroll & Anker, 2010; Lynch, Roth, & Carroll, 2002; Perry et al., 2008), however the
effect of sex on cue-induced reinstatement is unclear (Fuchs et al., 2005; Kerstetter et al.,
2008). Our finding that adult females do not reacquire faster than adult males or adolescent
females is not consistent with our initial finding of faster acquisition in adult females. In
fact, adolescent females responded more than adult females during reacquisition. This is
difficult to interpret given the role of conditioning and extinction in the expression of
reacquisition (Ricker & Bouton, 1996). The enhanced reacquisition in adolescent females
may have resulted from the incomplete extinction of the cue-reward association, given that
adolescent females had higher levels of extinction responding than both adolescent males
and adult females. Our hypothesis that female sex is associated with an enhanced
contribution of stimulus-directed processes to reward behavior, while adolescent age is
associated with a diminished contribution of goal-directed behavior, could explain the
incomplete extinction and enhanced reacquisition in female adolescents.

The literature suggests that adolescent age and female sex are each independently associated
with relatively more stimulus-directed behavior, relative to goal-directed behavior
(Andrzejewski et al., 2011; Anker et al., 2011; Burton et al., 2011; Fuchs et al., 2005;
Kosten & Zhang, 2008; Sturman et al., 2010). The results of the current experiment are
consistent with the hypothesis that adolescence is associated with a reduced contribution of
goal-directed processes to reward behavior, as measured through outcome devaluation
(Ernst et al., 2011). We also found that female sex is associated with an enhanced
development of stimulus-directed behavior. Enhanced development of stimulus-directed
behavior in females may be an important contributing factor to the vulnerability of females
to developing compulsive behaviors like addiction, as well as the phenomenon of
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telescoping. Our results are consistent with studies conducted using drugs of abuse (Anker
& Carroll, 2010; Anker et al., 2011; Carroll & Anker, 2010; Kosten & Zhang, 2008; Lynch,
2008; Perry et al., 2008) and suggest that age and sex differences in response to drug reward
are likely due to both differences in reward processing and specific drug effects.
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Figure 1.
Total trough entries during magazine training sessions for male (M) and female (F)

adolescent and adult rats (n = 10-12/group). ** p < 0.01 vs. adolescent females
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Figure2.
Approach behavior during the first eight conditioning sessions (n = 10-12/group). Panel A

shows CS* approach, panel B shows CS— approach. The approach score was calculated as a
difference score: trough entries during the 8 10-s CS trials - trough entries during the 8 10-s
periods preceding each CS trial. * p < 0.05, ** p< 0.01 and *** p < 0.001, vs. adolescent
females; @ p < 0.05 and @@ p < 0.01 vs. adult males
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Figure 3.

Approach behavior following reward devaluation (n = 10-12/group). Panel A shows
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consumption of 20% sucrose solution, relative to bodyweight, during the 60 min free access
period. Panel B shows CS* approach during the 8t conditioning session and the reward
devaluation session. Panel C shows the change in CS* approach following devaluation,
calculated as a difference score: devaluation session CS* approach — conditioning session 8
CS* approach. * p<0.05, ** p<0.01 and *** p < 0.001, vs. adolescent males; @ p < 0.05
and @@ p < 0.01, vs. adult males
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Extinction and reacquisition (n = 10-12 rats/group). Panel A shows the CS* approach for
the two conditioning sessions prior to extinction, as well as the CS* approach during each
day (average of morning and evening sessions) of extinction. Panel B shows CS* approach
during reacquisition. * p < 0.05 and *** p < 0.001, vs. adolescent females; # p < 0.05 vs.
adult females; * p < 0.05 vs. adolescent males; @@@ p < 0.001, vs. adult males
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