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Vulnerability to the effects of drugs of abuse during adolescence may be related to altered incentive motivation, a process believed to be

important in addiction. Incentive motivation can be seen when a neutral stimulus acquires motivational properties through repeated

association with a primary reinforcer. We compared adolescent (postnatal day (PND) 24–50) and adult (4PND 70) rats on a measure

of incentive motivation: responding for a conditioned reinforcer (CR). Rats learned to associate the delivery of 0.1 ml of 10% sucrose with

a conditioned stimulus (CS; light and tone); 30 pairings per day were given over 14 days. Then, we measured responding on a lever

delivering the CS (now a CR) after injections of amphetamine (0, 0.25 or 0.5 mg/kg). We also examined responding for CR when the CS

and sucrose were paired or unpaired during conditioning, and responding for the primary reinforcer (10% sucrose) in control

experiments. Finally, we examined the effects of D1 and D2 dopamine receptor antagonists (SCH 39166 and eticlopride, respectively)

and an opioid receptor antagonist (naltrexone) on responding for a CR in adolescent rats. Adolescents but not adults acquired

responding for a CR, but adolescents responded less than adults for the primary reinforcer. Responding for a CR depended upon the

pairing of the CS and sucrose during conditioning. Both dopamine and opioid receptor antagonists reduced responding for the CR.

Therefore, incentive motivation may be enhanced in adolescents compared with adults, and incentive motivation may be mediated in

part by both dopamine and opioid systems.
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INTRODUCTION

Adolescents may be more vulnerable to the effects of drugs
abuse, but the issue of what confers this vulnerability
remains unresolved (Schramm-Sapyta et al, 2009; Spear,
2000). During this developmental period, many factors
linked to drug abuse and addiction converge. Adolescents
are considered to be prone to sensation-seeking and risky
behavior, which may be, in part, the result of altered reward
processing (Doremus-Fitzwater et al, 2010; Ernst et al, 2009;
Spear, 2000). Although understanding how rewards them-
selves are processed during adolescence is important,
another critical question is how do adolescents process
and respond to reward paired-stimuli, particularly in the
context of substance abuse. According to the incentive

salience theory of addiction (Robinson and Berridge, 1993,
2001), cues paired with drugs contribute prominently to
the development, maintenance, and reinstatement of drug
abuse. One process that has an important role in attributing
salience to such drug-paired cues is incentive motivation.

Incentive motivation is, in part, the process where
initially neutral environmental stimuli, such as lights and
tones, acquire motivational properties by association with
primary reinforcers (Robbins, 1976; Taylor and Robbins,
1984). This can be measured in a test of operant responding
for a conditioned reinforcer (CR). In this procedure, rats
learn to associate, through Pavlovian conditioning, an
environmental stimulus (eg, light and a tone) with a
reinforcer (eg, sucrose or drug). During a subsequent
operant phase, rats learn to respond for the initially neutral
stimulus that now functions as a CR. Incentive motivation is
considered to be a fundamental aspect of motivation in
general, and may have a crucial role in addiction and drug-
seeking behavior. For example, when cocaine users are
presented with cocaine-associated cues, such as viewing
someone purchase or prepare cocaine for self-administra-
tion, these stimuli can induce craving (Childress et al,
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1999). In adult rats, psychostimulants such as amphetamine
and cocaine can enhance incentive motivation as measured
by increased responding for CRs that were previously
paired with natural reinforcers (Beninger and Ranaldi, 1992;
Fletcher et al, 1998; Ranaldi and Beninger, 1993; Smith et al,
1997; Taylor and Robbins, 1984). This effect is mediated
in part by increased activity of the mesocorticolimbic
dopamine system upon which these psychostimulants act.
One function of this pathway is to attribute incentive
salience to stimuli, such that those stimuli become more
‘attractive’. Augmented activity of this dopamine system
can lead to attribution of maladaptively high incentive
salience to the primary reinforcer (eg, drug) as well as to the
stimuli associated with the reinforcer (Berridge and
Robinson, 1998). This results in increased potential for
the attribution of salience to environmental stimuli, such
that these stimuli become increasingly ‘wanted’. Alterations
of incentive motivation have been suggested to increase
drug-seeking and drug-taking, and therefore addictive
behaviors, through enhancement of ‘wanting’ (Berridge
and Robinson, 1998).

Incentive motivation may contribute to vulnerability to
the effects of drugs of abuse during adolescence (Geier and
Luna, 2009). Results of some studies suggest that adoles-
cents do have increased incentive motivation for drug-
paired cues. These studies using the conditioned place
preference (CPP) procedure showed that, compared with
adults adolescent rats prefer an environment that was
previously paired with cocaine, amphetamine, or nicotine
(Badanich et al, 2006; Laviola et al, 1999; Shram and Le,
2010; Torres et al, 2008; Zakharova et al, 2009a).

Our aim was to extend these findings by comparing
adolescents and adults on responding for a CR previously
paired with sucrose in adolescents and adults in a food- and
water-deprived or non-deprived state. Having found an age-
related difference and in light of the findings of Olsen and
Winder (2009), we further characterized this behavior by
examining whether pairing the conditioned stimulus (CS)
and sucrose during conditioning was critical for rats to
respond for a CR. To examine whether motivation for
sucrose, the primary reinforcer, might contribute to the age-
related difference in responding for a CR, we also examined
responding for sucrose on a progressive ratio (PR) schedule
of reinforcement. Finally, we investigated the role of the
dopamine and opioid receptors in responding for a CR in
adolescent rats given their respective roles in ‘wanting’ and
‘liking’ as put forth by the incentive salience model
(Berridge and Robinson, 1998).

MATERIALS AND METHODS

Subjects

Pregnant Sprague–Dawley dams (gestational day 13) and
male adult rats (4postnatal day (PND) 70) were obtained
from Charles River Farms (St Constant, QC, Canada). For
each experiment, dams and pair-housed males were brought
into the colony on the same day. On PND 4, litters were
culled to five male and five female rats. However, in this and
all other experiments, only male rats were used. Rats in the
adolescent group ranged in ages from PND 25 (juvenile
period) to PND 54 (early adulthood) throughout a given

experiment. Because of the nature of the operant tasks used
in these experiments it was difficult to restrict Pavlovian
conditioning, CR testing, and locomotor activity to the
strict adolescent period (PND 37–47). However, for the
critical tests, rats were approximately the same age during
Pavlovian conditioning (PND 25–38) and operant respond-
ing for a CR (PND 40–46) across experiments. The colony
was maintained on a 12-h reverse light–dark cycle (0900–
2100 hours) in a room maintained at B22 1C and B50–60%
humidity. The experimental procedures conformed to the
guidelines of the Canadian Council on Animal Care (CCAC)
and were approved by the Centre for Addiction and Mental
Health Animal Care Committee.

Weaning and Group Assignment

On PND 21, each male adolescent rat was pair-housed with
a rat from a different litter. A maximum of two rats per litter
per group was used. All rats were given access to sucrose in
the home cage for 3 days prior to training in all the
experiments (adolescents PND 21–23 and adults 4PND 70).
For experiments 1, 2, and 4, separate cohorts of 12
adolescents and 12 adults per experiment were used. In
Experiment-3, 24 adolescents and 12 adults were divided
equally into two groups each (paired and unpaired). In
Experiment-5, 36 rats were equally divided in to the
following three groups: SCH 39166, eticlopride, and
naltrexone.

Apparatus

Twelve operant conditioning boxes were used (28 cm
long� 21 cm wide� 21 cm high; Med. Associates,
St Albans, VT). Two levers 4.5 cm wide and 7 cm above
the floor with stimulus lights positioned directly above were
located 6.5 cm on either side of a central, recessed magazine,
with a solenoid valve positioned 3 cm from the floor of the
chamber. Each chamber was illuminated by a house-light
and housed in a sound-attenuating box equipped with a
ventilating fan. Locomotor activity was tested with a
custom-built locomotor activity monitor consisting of 16
clear polycarbonate cages (25 cm wide � 20 cm high �
45 cm long) each equipped with an array of six infrared
photocells spaced 7.5 cm apart and 2 cm above the floor
along the lengths of the cage.

Procedure

Experiment-1a: responding for a CR with food and water
restriction. Adolescent (PND 24) and adult rats (4PND 70)
were placed in the chambers for one 15-min session with
2 ml of sucrose in the magazine receptacle; the response
levers were retracted. The following day food and water
were removed from the cages daily for 6 h (0800–1400
hours) prior to behavioral testing until the end of the
experiment. We found that rats exposed to this food
restriction regimen gained weight across adolescence
similarly to control rats (data not shown).

Pavlovian conditioning: Conditioning occurred in 14
daily 30-min sessions. With the levers retracted, adolescent
(PND 25–38) and adult rats (4PND 70) learned to associate
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the delivery of 0.1 ml of 10% sucrose with the CS: two red
stimulus lights were illuminated and the house-light was
turned off for 5 s and during the last 0.5 s a tone was
sounded (2900 Hz; 85 dB). At the end of the tone the sucrose
was delivered. The CS and reinforcer were presented on a
random time 60-s (RT60) schedule (30 paired CS and
sucrose presentations per session). To assess discriminated
approach we measured nose pokes in the magazine during
the 5-s CS periods (CSR) and during the 5-s periods
immediately prior to CS periods (PCSR).

Operant responding for a CR: During this phase
responding was never reinforced with sucrose. Adolescent
(PND 39) and adult rats (4PND 70) were habituated to the
levers in the chamber in one session. A response on the left
lever delivered the CS (now the CR) according to a random
ratio-2 (RR2) schedule (CR-active lever) and responses
on the right lever had no programmed consequence
(NCR–inactive lever). After 10 CR lever presses, the session
terminated. Next we measured responding for CR on a RR2
schedule in adolescent (PND 40–44) and adult rats (4PND
70) in three 40-min sessions following intraperitoneal (IP)
injections of saline, 0.25, or 0.5 mg/kg D-amphetamine
sulfate (US Pharmacopeia, Rockville, MD) immediately
before the session. The order of the doses was counter-
balanced and sessions occurred 48 h apart. We measured
responses on the CR and NCR levers.

Experiment-1b: amphetamine-induced locomotion. Next,
locomotor activity was assessed in a randomly selected
subset of adolescent (PND 54) and adult rats (4PND 70;
n¼ 8 for both groups). First rats were exposed to the
locomotor chambers for 2 h. The following day, locomotion
was measured for 2 h and then for another 1 h after a saline
injection (1 ml/kg). Rats were then given an IP injection of
0.5 mg/kg amphetamine and activity was measured for
another hour.

Experiment-2a: responding for a CR with no food and
water restriction. The procedures for Experiment-2a were
the same as for Experiment-1a except that rats were allowed
free access to food and water throughout the entire
experiment.

Experiment-2b: amphetamine-induced locomotion. Ado-
lescent (PND 46–47) and adult (4PND 70) rats from
Experiment-2a were used. The procedures for Experiment-
2b were the same as for Experiment-1b.

Experiment-2c: extinction of responding for a CR. We
examined whether responding on the lever that delivered
the CR (CR lever) would extinguish across multiple daily
40-min sessions in adolescent (PND 48–54) and adult
(4PND 70) rats. No sucrose was available during these
sessions.

Experiment-3: role of pairing the CS and US on the
acquisition of responding for a CR. The Pavlovian phase of
the experiment was conducted as for Experiment-2a for
adolescent and adult rats in the paired group. For rats in the
unpaired group, both the CS and the unconditioned

stimulus (US; sucrose) were presented 30 times each but
never at the same time. Tests of operant responding for a
CR were conducted as for Experiment-2a. We then
examined whether responding on the CR lever extinguished
after multiple sessions in adolescent (PND 48–56) and adult
(4PND 70) rats as described for Experiment-2c.

Experiment-4a: responding for sucrose on a PR schedule.
Adolescent (PND 24–31) and adult (4PND 70) rats were
trained to respond for 10% sucrose on a fixed ratio one
(FR1) schedule of reinforcement. Each lever press delivered
0.1 ml of sucrose and a white stimulus light was illuminated
for 6 s. During this 6 s, lever presses were recorded but had
no programmed consequences. For the first 3 days of
training only, rats were food-restricted to facilitate learning
to respond for sucrose. Adolescent rats were given
approximately 8 g and adults were given approximately
16 g of Purina Rat chow per day. Starting the fourth day, all
rats were fed ad lib. After responding stabilized, a PR
schedule of reinforcement was introduced. The progression was
derived from the equation ratio¼ (5� e (0.1� infusion no.)�5)
yielding response ratios of 1, 1, 2, 2, 3, 4, 5, 6, 7, 9, 10, 12, 13,
15, 17, 20, etc. Thus the number of responses required for
0.1 ml of sucrose increased with successive infusions.
Sessions lasted until a period of 20 min without the delivery
of a reinforcer, or were a maximum of 2 h in length. The
number of reinforcers earned before this breaking point
was recorded. On PND 38 for adolescents, food was
removed from all rats in the afternoon after testing and
the next day responding for sucrose on the PR schedule was
examined. Afterwards, food was available ad lib for the
remainder of the experiment. Responding was re-stabilized
the following day.

Experiment-5a: the effect of SCH 39166, eticlopride, or
naltrexone on responding for a CR. Only adolescent rats
were used in this experiment. Pavlovian conditioning and
lever habituation were conducted as described in Experiment-
1a except that rats were allowed ad lib access to food and
water. On PNDs 42, 44, and 46 responding on the CR and NCR
lever under the influence of either SCH 39166 (0, 0.03, or
0.06 mg/kg, subcutaneously (SC); Tocris Bioscience, MO),
eticlopride (0, 0.05, or 0.1 mg/kg, SC; Sigma, St Louis, MI), or
naltrexone (0, 1, or 2.0 mg/kg, SC; Sigma, St Louis, MI) was
measured in 40-min sessions. SCH 39166 and eticlopride were
injected 15 min prior to and naltrexone was injected 30 min
prior to the beginning of the session. The doses for all the
groups were counterbalanced across the sessions.

Experiment-5b: the effect of SCH 39166, eticlopride, or
naltrexone on responding for water in adolescent rats.
Next, rats were trained to respond for a 0.01-ml delivery of
tap water on an RR2 schedule of reinforcement in 30-min
sessions (PND 51–54). Prior to each session, rats were
deprived of water for 15 h. Once responding was stable (four
sessions), rats from each respective group were injected
with either saline or SCH 39166 (0.6 mg/kg), eticlopride
(0.05 mg/kg), or naltrexone (2 mg/kg) over PND 55–57. The
doses were counterbalanced across sessions and the
pretreatment times were as described in Experiment-5a.
The sessions were conducted 48 h apart.
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Statistical Analyses

Data were analyzed using the Statistica v7 software. For
experiments 1 and 2, data from the Pavlovian phases of the
CR experiments were analyzed by three-way analysis of
variance (ANOVA) using session and discrimination (CSR/
PCSR) as within-subject factors and age as the between-
subject factor. Data from the operant phase of the CR
experiments were analyzed by three-way ANOVA using
drug (amphetamine or saline) and lever (CR, NCR) as
within-subject factors and age as the between-subject factor.
Responding on the CR and NCR lever during extinction
was analyzed by three-way ANOVA (age� lever� session).
For Experiment-3 we analyzed the conditioning data by
four-way ANOVA (age� discrimination� session� contin-
gency: CS and US paired or unpaired). We found a
contingency� discrimination� session interaction and so
to simplify the analyses for this experiment we analyzed the
paired and unpaired groups separately. The effects of saline
and amphetamine on locomotor activity were analyzed
separately by two-way ANOVAs using age as the between-
subject factor and time as the within-subjects factor. For
Experiment-4 the number of earned reinforcers was
analyzed using age as the between-subject factor. The
effects of overnight food deprivation on reinforcers earned
were analyzed by repeated-measures analyses using age as
the between-subject factor and session (session before food
deprivation; session after food deprivation) as the within-
subject factor. For Experiment-6, responding during the
Pavlovian phase was analyzed using group (SCH 39166,
eticlopride, or naltrexone) as the between-subject factor.
For responding for a CR and water, these groups were
analyzed separately by repeated-measures analyses. Bonfer-
roni post hoc tests were used when appropriate.

RESULTS

Experiment-1a: Responding for a CR with Food and
Water Restriction

Pavlovian conditioning. As shown in Figure 1a, rats
responded in the magazine more during the CS periods
than in the 5-s periods prior to the CS (main effect of

discrimination; F(1,22)¼ 74.9, po0.001), and this difference
increased across sessions (session� discrimination;
F(13,286)¼ 18.69, po0.001). There was no main effect of
age (F(1,22)¼ 0.71, ns) and no significant interactions with
age (p40.05).

Operant responding for a CR. The results of three-way
ANOVA confirmed that rats responded more on the CR
than the NCR lever (main effect; F(1,22)¼ 26.64, po0.001)
and amphetamine increased responding (F(2,44)¼ 7.13,
p¼ 0.002). Significant lever� age and lever� dose interac-
tions (F(2,44)¼ 6.51, p¼ 0.003, and F(1,22)¼ 8.55, p¼ 0.008,
respectively) were also found. As shown in Figure 1,
adolescent but not adult rats responded more on the CR
lever than the NCR lever after saline and amphetamine
injections (po0.05). Both doses of amphetamine increased
CR responding compared with saline in adolescents
(po0.05; Figures 1b and c) but not in adult rats. Following
saline injection, adolescent rats made 46.17±6.21 responses
and adult rats made 20.17±6.21 responses on the CR lever.
Using the Bonferroni test in the context of the overall
ANOVA, this specific difference was not significant.
However, to examine this apparent difference further we
used a two-way ANOVA to analyze CR and NCR lever
responding as a function of age under saline treatment. This
showed a significant lever� age interaction (F(1,22)¼ 10.84,
p¼ 0.03). With this more restricted analysis of data,
Bonferroni post hoc analyses showed that adolescents
responded more than adults on the CR lever after a saline
injection (p¼ 0.015).

Experiment-1b: Amphetamine-Induced Locomotion

Adolescent and adult rats previously deprived of food
and water did not show significantly different levels of
locomotor activity during the habituation phase (F(1,14)¼
0.912, ns; data not shown) or after a saline injection
(F(1,14)¼ 0.4, ns). As shown in Figure 3a, amphetamine
increased locomotor activity, although adolescents and
adults did not significantly differ in their response (F(1,14)¼
1.94, ns). The apparent reduction in amphetamine-induced
locomotor activity in adolescent versus adult rats was not

Figure 1 Responding for a CR in Food and Water Deprived Rats. (a) Approach behavior during conditioning was similar in adolescents and adults. The
number of nose pokes during the CS periods (CS) as compared with the 5-s periods immediately prior to the conditioned stimulus (PCS) increased across
sessions (po0.05). Adolescents (b) responded more on the CR than the NCR lever, whereas responding on the levers was not significantly different in adult
rats (c). **po0.01; *po0.05: CR vs NCR responding. Amphetamine increased CR responding in adolescents rats only ( + po0.05, amphetamine CR
responding compared with baseline). Adolescents, n¼ 12; adults, n¼ 12.

Incentive motivation in adolescent rats
CL Burton et al

1634

Neuropsychopharmacology



significant (p¼ 0.19). No main effect of time and no
time� age interaction was observed (F(11,154)¼ 0.9, ns and
F(11,154)¼ 1.13, ns respectively).

Experiment-2a: Responding for a CR with no Restriction

Pavlovian conditioning. As shown in Figure 2a, rats
responded in the magazine more during the CS periods than
in the 5-s periods prior to the CS (main effect of discrimina-
tion; F(1,22)¼ 32.19, o0.001) and this difference increased
across sessions (session� discrimination; F(13.,86)¼ 18.61,
po0.001). There was no main effect of age (F(1,22)¼ 0.25, ns)
and no significant interactions with age (p40.05).

Operant responding for a CR. The results of the three-way
ANOVA confirmed that rats responded more on the CR than
the NCR lever (main effect; F(1,22)¼ 31.00, po0.001) and
adolescents responded more than adults (F(1,22)¼ 7.31,
p¼ 0.01). A lever� age interaction (F(1,22)¼ 11.14, p¼ 0.003)
was also observed. As shown in Figure 2, adolescent but not
adult rats responded more on the CR lever than the NCR lever
after saline and amphetamine injections (po0.05). Following
saline injection adolescent rats made 64.42±12.37 responses
and adult rats made 16.83±5.05 responses on the CR lever.
Using the Bonferroni test in the context of the overall ANOVA,
this specific difference was not significant. However, to
examine this apparent difference further we used a two-way
ANOVA to analyze CR and NCR lever responding as a function
of age under saline treatment. This showed a significant
lever� age interaction (F(1,22)¼ 15.203, po0.001). With this
more restricted analysis of data, Bonferroni post hoc analyses
showed that adolescents responded more than adults on the
CR lever after a saline injection (p¼ 0.03). As shown in
Figure 2b, it appeared that 0.5 mg/kg amphetamine increased
responding in adolescent rats (p¼ 0.143), but this was not
significant with Bonferroni correction. In adult rats CR and
NCR lever responding was not significantly different after
saline or amphetamine injections.

Experiment-2b: Amphetamine-Induced Locomotion

Adolescent and adult rats not previously deprived of food
and water did not show significantly different levels of

locomotor activity during the habituation phase (F(1,22)¼
1.93, ns; data not shown) or after a saline injection
(F(1,22)¼ 0.008, ns; Figure 3b). After an amphetamine injec-
tion, locomotion increased but this increase was not
significantly different between age groups (F(1,22)¼ 3.0, ns).
There was also no time� age interaction (F(11,242)¼ 1.38, ns).

Experiment-2c: Extinction

As shown in Figure 4, overall responding decreased across
repeated sessions (main effect; F(6,132)¼ 8.25, po0.001),
adolescents responded more than adults (main effect;
F(1,22)¼ 8.54, p¼ 0.008), and rats responded more on the
CR than the NCR lever (main effect; F(1,22)¼ 41.34,
po0.001). Further, there was an age� lever� session
interaction (F(6,132)¼ 3.65, p¼ 0.002). Bonferroni post hoc
tests showed that adolescent rats responded more on the CR
than the NCR lever during the first four sessions only
(po0.05). During the remaining sessions responding on
both the CR and the NCR lever was low and stable. Adults
did not respond significantly more on the CR than the NCR
lever during any session (p40.05). By the last session there
were no significant effects of age or lever.

Experiment-3: Role of Pairing the CS and UCS in the
Acquisition of Responding for a CR

Pavlovian conditioning. A three-way ANOVA showed a
significant main effect of contingency (F(1,3)¼ 16.87,
po0.001) and a contingency� discrimination� session
interaction (F(13,416)¼ 5.78, po0.001) so the paired and
unpaired groups were analyzed separately. Paired rats of
both ages responded in the magazine more during the CS
periods than in the 5-s periods prior to the CS, and this
difference increased across sessions (main effect of
discrimination; F(1,16)¼ 25.65, po0.001; discrimination�
session interaction: F(13,208)¼ 8.12, po0.001). Adolescents
also responded in the magazine more overall than adults
(main effect of age; F(1,16)¼ 5.38, p¼ 0.034), but there were
no significant interactions with age and discrimination or
session (ns; Figure 5a). Conversely, as shown in Figure 5b,
in the unpaired group rats of both ages responded more
during the 5-s periods prior to the CS than during the CS

Figure 2 Responding for a CR in Non-Food and Water-Deprived Rats. (a) Approach behavior during conditioning was similar in adolescents and adults.
Adolescents (b) responded more on the CR than the NCR lever at baseline and with amphetamine, whereas adults (c) did not acquire responding for the
CR lever. **po0.01; *po0.05: CR vs NCR responding. Amphetamine produced a non-significant increase in CR responding in adolescent rats. The values
are the means±SEM. CSR, nose pokes during conditioned stimulus; PCSR, nose pokes in the 5-s period prior to the onset of the CS. CR, lever delivering
light and tone; NCR, lever with no programmed consequence. Adolescents, n¼ 12; adults, n¼ 12.
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periods, although responding was low and stable during
both periods (main effect of discrimination; F(1,16)¼ 45.94,
po0.001). There was no discrimination� session interac-
tion (F(13,208)¼ 0.78, ns).

Operant responding for a CR. We analyzed the effects of a
paired or unpaired CS–US on operant responding for the
CR. As shown in Figures 6a and b, for rats in the unpaired
groups, rats responded more on the CR than the NCR lever,
although generally responding was low (main effect of lever;
F(1,16)¼ 8.88, p¼ 0.008) and there was a lever� age inter-
action (F(1,16)¼ 7.29, p¼ 0.016). Although it appeared that
adolescents in the unpaired group responded more on the
CR than the NCR lever, this was not significant (p¼ 0.29).
As shown in Figures 6c and d, for rats in the paired group,
adolescents responded more than adults after saline and
amphetamine injections (main effect of age; F(1,16)¼ 4.2,

p¼ 0.05) and rats responded more on the CR than the NCR
lever (main effect of lever; F(1,16)¼ 9.88, p¼ 0.006), with
adolescents responding more on the CR lever than adults
(age� lever interaction; F(2,32)¼ 3.54, p¼ 0.05).

Experiment-3b: Extinction of Responding for a CR

In the paired group, overall responding decreased across
sessions (F(15,240)¼ 4.14, po0.001), although adolescents
responded more than adults (F(1,16)¼ 10.87, po0.001), and
rats responded more on the CR than the NCR lever
(F(1,16)¼ 27.07, po0.001). There was also a marginal but
non-significant age� session� lever interaction (F(15,240)¼
1.62, p¼ 0.06). Bonferroni post hoc tests showed that in
adolescent rats responding on the CR lever was significantly
greater than on the NCR lever from sessions 1–9 (po0.05)
but not during the remaining sessions. In adult rats
responding on the CR and NCR lever was not significantly
different during any session (p40.1; see Table 1 for values).
In the unpaired group, responding decreased across ses-
sions (F(1,16)¼ 10.87, po0.001) and rats responded more on
the CR than the NCR lever (F(1,16)¼ 10.87, po0.001).
However, responding on the CR and NCR lever was low
across all sessions (o15 responses). There were no
significant interactions (ns).

Experiment-4: Responding for Sucrose on a PR Schedule

As shown in Figure 7a, adolescents and adult rats readily
acquired responding for sucrose on a PR schedule. Adults
earned more reinforcers than adolescents (main effect of
age; F(1,22)¼ 14.9, p¼ 0.001). There was no main effect of
session and no session� age interaction for the reinforcers
earned. As shown in Figure 7b, adolescents consumed more
sucrose as a function of body weight (g/kg) (F(1,22)¼
103.85, po0.001); however, the amount of sucrose con-
sumed decreased over time for adolescent rats, whereas
adult sucrose consumption remained stable (age� session
interaction: F(6,132)¼ 2.45, p¼ 0.028).

After responding was stable under the PR schedule, we
examined the effects of overnight food deprivation on

Figure 4 Extinction of Responding for a CR. Adolescent rats responded
more on the CR than the NCR lever during the first four sessions
(po0.05), although CR responding decreased across sessions until
responding was not significantly different between levers. Responding on
both the CR and the NCR lever was low and stable in adult rats. CR, lever
delivering light and tone; NCR, lever with no programmed consequence.
Adolescents, n¼ 12; adults, n¼ 12.

Figure 3 Amphetamine-Induced Locomotor Activity. For rats previously
deprived of food and water (a; Experiment-1) and rats fed ad lib
(b; Experiment-2), locomotor activity was not significantly different
between adolescent and adult rats after a saline or amphetamine injection.
Amphetamine non-significantly reduced amphetamine-induced locomo-
tion. The values are the means±SEM. AMPH, amphetamine. In panel a:
adolescents, n¼ 8; adults, n¼ 8. In panel b: adolescents, n¼ 12; adults,
n¼ 12.
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responding for sucrose. Food deprivation increased the
number of reinforcers earned (main effect of session;
F(1,22)¼ 6.63, po0.001) and generally adults earned more
reinforcers than adolescents (main effect of age; F(1,22)¼
14.9, p¼ 0.02). There was a significant age� session
interaction (F(1,22)¼ 6.32, p¼ 0.02). As shown in Figure 7c,

compared with the previous session adolescents showed
increased responding after food deprivation whereas adults
did not. Food deprivation also increased the g/kg of sucrose
consumed (main effect of session; F(1,22)¼ 60.39, po0.001),
and compared with adults adolescents consumed more g/kg
of sucrose (main effect of age; F(1,22)¼ 51.44, po0.001).

Figure 5 Approach Behavior (Paired vs Unpaired CS and Sucrose Experiment). As shown in panel a, both adolescent and adult rats that had paired delivery of
the CS and sucrose showed discriminated approach toward the magazine during the CS compared with during the 5-s period prior to the CS. As shown in
panel b, both adolescent and adult rats that received both CS and sucrose delivery but never together did not show discriminated approach to the magazine
during the CS. The values are the means±SEM. CSR, nose pokes during conditioned stimulus; PCSR, nose pokes in the 5-s period prior to the onset of the
CS. Paired adolescents, n¼ 12; unpaired adolescents, n¼ 12; paired adults, n¼ 6; unpaired adults, n¼ 6.

Figure 6 Responding for a CR (Paired vs Unpaired CS and Sucrose Experiment). All adult rats and adolescent rats that did not have the CS and sucrose
delivery paired during Pavlovian conditioning had significantly greater responding on the CR than the NCR lever, and amphetamine did not increase
responding (a, b). Adolescent rats that had the CS and sucrose delivery paired during Pavlovian conditioning responded more on the CR compared with the
NCR lever at baseline and in response to amphetamine (c, d: ** po0.01: CR vs NCR responding). Amphetamine (0.5 mg/kg) increased responding on the
CR lever compared with baseline ( + po0.05). The values are the means±SEM. CR, lever delivering light and tone; NCR, lever with no programmed
consequence. Paired adolescents, n¼ 12; unpaired adolescents, n¼ 12; paired adults, n¼ 6; unpaired adults, n¼ 6.
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There was also an age� session interaction (F(1,22)¼ 27.33,
po0.001). Bonferroni post hoc tests showed that food
deprivation increased the g/kg of sucrose consumed in
adolescents but not adults (po0.05; Figure 7d).

Experiment-5a: The Effect of SCH 39166, Eticlopride,
and Naltrexone on Responding for a CR in Adolescent
rats

Pavlovian conditioning. Rats responded more in the
magazine during the CS periods than in the 5-s periods
prior to the CS (main effect of discrimination; F(13,429)¼
29.77, po0.001), and this difference increased across ses-
sions (session� discrimination; F(13,429)¼ 57.35, po0.001).

The three drug groups were not significantly different (main
effect; F(1,33)¼ 0.225, ns) and there were no significant
interactions with age (p40.05; data not shown).

Operant responding for a CR. As seen in Figure 8a, for the
SCH 39166 group rats responded more on the CR than the
NCR lever (main effect; F(1,11)¼ 21.95, po0.001) and SCH
39166 reduced responding (F(2,22)¼ 7.04, p¼ 0.0041). There
was also a lever� dose interaction (F(2,22)¼ 4.41, p¼ 0.02).
Post hoc analyses showed that, compared with the saline
condition CR responding was only decreased after the
highest dose (0.06 mg/kg) of SCH 39166 (po0.05). Re-
sponding on the NCR lever was not significantly reduced by
either dose of SCH 39166 (ns).

For the eticlopride group, rats responded more on the CR
than the NCR lever (main effect; F(1,11)¼ 16.38, po0.001)
and eticlopride reduced responding (F(2,22)¼ 12.36,
p¼ 0.001). There was also a lever� dose interaction
(F(2,22)¼ 6.18, p¼ 0.007). Post hoc analyses showed that,
compared with the saline condition CR responding was
decreased by both doses of eticlopride (po0.01; Figure 8b).
Responding on the NCR lever was not significantly reduced
by either dose of eticlopride (ns).

As shown in Figure 8c, rats in the naltrexone group
responded more on the CR than the NCR lever (main effect;
F(1,11)¼ 23.04, po0.001) and naltrexone reduced respond-
ing (F(2,22)¼ 4.67, p¼ 0.02). There was no lever� dose
interaction (F(2,22)¼ 2.93, ns). Post hoc analyses showed
that, compared with the saline condition CR responding was
decreased by the highest dose of naltrexone (po0.01).

Figure 7 Responding for Sucrose on a PR Schedule. (a) Adults earned more reinforcers than adolescent rats at baseline. Adolescents consumed more g/kg
of sucrose than adults, although this decreased across sessions (b). (c) Food deprivation increased the number of reinforcers earned in both adolescent and
adult rats, although the increase was greater in adolescent rats (*po0.05: non-deprived vs deprived; + po0.05: adults vs adolescents). Food deprivation only
increased the g/kg of sucrose consumed in adolescent rats (d: *po0.05: non-deprived vs deprived). The values are the means±SEM. Adolescents, n¼ 12;
adults, n¼ 12.

Table 1 Extinction of Responding for a CR (Paired vs Unpaired
CS and Sucrose Experiment)

Group First session First session Last session Last session

CR NCR CR NCR

Adolescent paired 37 (±7.26)** 12 (±2.77) 16.83 (±2.01) 11.5 (±2.13)

Adolescent unpaired 14.75 (±2.22) 11 (±2.05) 7.83 (±1.36) 9.75 (±3.68)

Adult paired 13.5 (±8.10) 4.83 (±3.11) 7.89 (±2.46) 8.67 (±4.39)

Adult unpaired 8.5 (±1.56) 7.83 (±2.84) 4.33 (±0.96) 4.6 (±0.78)

During the first sessions, after responding for a conditioned reward was
observed, only adolescent paired rats responded more on the CR than the NCR
lever (**po0.003: CR vs NCR lever). By the final session, CR and NCR
responding was not significantly different in all groups. CR, lever delivering light
and tone; NCR, lever with no programmed consequence. Paired adolescents,
n¼ 12; unpaired adolescents, n¼ 12; paired adults, n¼ 6; unpaired adults n¼ 6.
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Responding on the NCR lever was not significantly reduced
by either dose of naltrexone (ns).

To examine whether a higher dose of naltrexone would
reduce responding for the CR even further, we conducted
an additional two test sessions using vehicle and 3 mg/kg
naltrexone. We found that responding for the CR at
3 mg/kg was similar to responding with 2 mg/kg naltrexone
(2 mg/kg CR responses: 16.08±2.74, NCR responses:
5.92±1.3; 3 mg/kg CR responses: 18.5±2.99; NCR respon-
ses: 7.92±2.01; data not shown).

Experiment-5b: the Effect of SCH 39166, Eticlopride, and
Naltrexone on Responding for Water in Adolescent Rats

All rats readily acquired responding for water on an RR2
schedule of reinforcement (data not shown). The average
responses for each group during the four acquisition
sessions were as follows: SCH 39166: 398.33±56.56; eticlo-
pride: 372.62±44.5; and naltrexone: 399.71±34.3. During
testing, SCH 39166 and naltrexone significantly reduced
responding for water compared with saline (main effect of
dose; F(1,11)¼ 56.73, po0.001, and F(1,11)¼ 25.56, po0.001,
respectively). The highest dose of eticlopride (0.1 mg/kg)
almost completely abolished responding (data not shown;
average of 8.2±5.8 responses; n¼ 6). We then tested the
lower dose of eticlopride (0.05 mg/kg) in the remaining six
rats. Eticlopride also significantly reduced responding for
water compared with saline (main effect; F(1,5)¼ 15.64,
p¼ 0.008). See Table 2 for values.

DISCUSSION

Adolescent but not adult rats acquired responding for a CR
previously paired with sucrose, indicating enhanced in-
centive motivation for reward-paired cues in adolescence.
This effect was unlikely because of enhanced motivation for
the primary reinforcer in adolescence because adolescent
rats did not respond more than adults for the 10% sucrose.
Further, adolescent rats only responded for a CR when it
had been previously paired with sucrose, suggesting that the

enhanced responding on the CR lever was not driven by an
increased motivation for the light and tone alone (eg, Olsen
and Winder, 2009). Finally, responding for a CR during
adolescence appeared to be mediated in part by both the
dopamine and the opioid systems.

In the present study, the acquisition of responding for a
CR in only adolescent rats was a robust and reliable effect.
This behavioral difference was observed in three separate
experiments and under various conditions. Acquisition of
responding for a CR in adolescent but not adult rats was
observed regardless of the level of food deprivation. Thus,
responding for a CR in adolescent rats was not dependent
on hunger and was more likely related to the acquired
incentive value of the CS. Responding for the CR also
extinguished following multiple exposures in adolescent
rats in two separate experiments. This likely indicates that
rats had learned an association between the CS and US, and
therefore when sucrose was no longer delivered with the CS
after multiple sessions, responding for that stimulus was
reduced. Further evidence that the acquisition of respond-
ing for a CR reflected a learned association between the CS
and the reinforcer was that the light and tone stimulus only
supported operant responding if it had been previously
paired with sucrose. Thus rats not only learned that the light
and tone predicted the delivery of sucrose, but also that the
incentive value of the CS, and not the light and tone itself,

Figure 8 The Effect of SCH 39166, Eticlopride, and Naltrexone on Responding for a CR in Adolescent Rats. SCH 39166 (0.06 mg/kg; D1 dopamine receptor),
eticlopride (0.05 and 0.1 mg/kg; D2 dopamine receptor antagonist), and naltrexone (2.0 mg/kg; opioid receptor antagonist) decreased CR lever responding
compared with saline as shown in panels a, b, and c, respectively. (**po0.01: CR saline vs CR antagonist) The values are the means±SEM. CR, lever
delivering light and tone; NCR, lever with no programmed consequence. SCH 39166, n¼ 12; eticlopride, n¼ 12; naltrexone n¼ 12.

Table 2 The Effect of SCH 39166, Eticlopride, and Naltrexone on
Responding for Water

Group Saline responses Antagonist responses

SCH 39166 486.42 (±73.14) 91 (±36.92)**

Eticlopride 402.5 (±74.62) 72.83 (±26.09)**

Naltrexone 495.17 (±51.32) 305.58 (±33.07)**

SCH 39166, eticlopride, and naltrexone all significantly reduced responding for
water on an RR2 schedule of reinforcement compared with saline (**po0.01).
The values are the means±SEM. SCH 39166, n¼ 12; eticlopride, n¼ 6;
naltrexone, n¼ 12.
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supported responding for the CR. This distinction is
important because Olsen and Winder (2009) showed that
adult rats respond for a flashing light and this responding
was resistant to extinction. In the present experiment, when
the CS was not paired with sucrose during conditioning,
rats responded less on the CR lever and this responding
remained low and stable throughout the extinction sessions.
Together, our findings that responding for a CR was (1)
enhanced in adolescent rats compared with adults in
multiple experiments and regardless of their level of food
deprivation; (2) extinguished with repeated exposure to the
CR without the primary reinforcer; and (3) dependent on
the pairing of the CS and sucrose, show that adolescents
have enhanced incentive motivation for cues previously
paired with a natural reinforcer.

Adults did not significantly respond for a CR in any of the
present experiments. This lack of effect may be because we
used only mild or no food deprivation. In previous studies
using more severe deprivation regimens, adult rats
responded for a CR (Burton et al, 2009; Fletcher and Korth,
1999; Taylor and Robbins, 1984). We found in a pilot work
that these more severe food deprivation regimens do not
permit adolescents to gain weight normally. Given that this
is a potential confound, we chose a less severe regimen that
was sufficient to motivate rats to learn a discriminated
approach behavior and still permitted adolescent rats to
gain weight comparably to non-restricted controls (data not
shown). Although in the present study adult rats did not
acquire responding for a CR, the same rats during the
Pavlovian conditioning phase approached the site of
reinforcer delivery during the presentations of the CS
similarly to adolescent rats. This implies that adults learned
that the CS predicted reinforcer delivery even though
subsequently this CS did not support responding (ie, did
not acquire incentive salience) in the absence of delivery of
the primary reinforcer.

Free-fed adolescent rats did not respond more than adults
for 10% sucrose on a PR schedule of reinforcement.
Adolescents only consumed on average 1 ml of sucrose
during the 1-h sessions; thus reduced responding in the
adolescents is unlikely related to satiation. Food deprivation
increased the number of earned sucrose reinforcers to a
greater extent in adolescents compared with adults, which
may be interpreted as increased motivation for sucrose
under those conditions. However, adolescent rats re-
sponded more for a CR regardless of their level of food
deprivation in experiments 1 and 2. Also, mildly deprived
adolescent rats (B40 responses) responded less on the CR
lever than non-deprived rats (B 60 responses), which
implies that level of deprivation was not directly related to
the amount of responding on the CR lever. Together, these
data imply that enhanced responding for the CR in
adolescent compared with adult rats was unlikely driven
by enhanced motivation for the sucrose reinforcer itself. We
also found that, compared with adults adolescent rats
consumed more sucrose as a function of their body weight
(g/kg), although this difference decreased with age.
Although in adolescents the amount of sucrose consumed
as a function of body weight decreased across sessions, the
number of reinforcers earned did not vary as a function of
body weight. Thus although compared with adults adoles-
cent rats consumed more sucrose as a function of body

weight, they were not more willing than adults to work for
sucrose. Further evidence that adolescents were seemingly
not more motivated than adults for sucrose in the present
experiments is that discriminated approach behavior during
the Pavlovian conditioning phase was similar between age
groups in most of the experiments. Adolescents also showed
enhanced responding for a CR regardless of their state of
satiety. Some previous studies suggest that, compared with
adults adolescents may find sweet liquids more rewarding.
Adolescent rats show increased hedonic responses to 10%
sucrose and consumed more 1% sucrose as a function of
body weight than adults (Wilmouth and Spear, 2009). In
self-administration studies using the PR schedule of
reinforcement, compared with adults adolescents worked
harder for condensed milk (Friemel et al, 2010) but not for
saccharin (Shram et al, 2007). These discrepant findings,
combined with our data, indicate that adolescents are not
consistently more motivated than adults by sweet-tasting
rewards.

Our finding that adolescents show enhanced incentive
motivation compared with adults is consistent with
previous studies. Adolescent male rats showed enhanced
cocaine and amphetamine CPP compared with adult male
rats (Badanich et al, 2006; Laviola et al, 1999; Zakharova
et al, 2009a; Zakharova et al, 2009b), although this is not
consistent across all studies (eg, Aberg et al, 2007; Campbell
et al, 2000; Mathews and McCormick, 2007). Adolescents
also show enhanced CPP compared with adults for nicotine
(Shram et al, 2010; Torres et al, 2008), methamphetamine
(Zakharova et al, 2009a), and natural reinforcers, such as a
novel object (Douglas et al, 2003). Compared with adults
adolescent rats also show enhanced c-fos protein expression
in the nucleus accumbens core and dorsal striatum in
response to an odor cue previously paired with a sweet
reward (Friemel et al, 2010). These findings indicate that
adolescents show enhanced motivation and neuronal
activation for reward-paired cuesFour data now show that
adolescent rats will work more than adults for the same type
of cues.

Amphetamine, a dopamine releaser, enhanced respond-
ing for a CR in adolescent more than in adult rats. This
behavioral difference is unlikely because of differential
amphetamine-induced locomotor activity. The same ado-
lescent rats that showed enhanced amphetamine-induced
responding for a CR tended to be hypo-responsive to the
locomotor-stimulating effects of amphetamine compared
with adults, which supports previous findings (Bolanos
et al, 1998; Lanier and Isaacson, 1977; Laviola et al, 1999). A
more likely interpretation for the differential effect of
amphetamine between adolescents and adults is the
differential drug-free responding for a CR. Amphetamine
is known to potentiate a pre-existing response for a CR
(Beninger and Ranaldi, 1992; Fletcher et al, 1998; Ranaldi
and Beninger, 1993; Smith et al, 1997; Taylor and Robbins,
1984). As adults did not respond for a CR after a saline
injection in any experiment, amphetamine likely only
selectively increased responding for a CR in adolescent rats
compared with adults because this response was only
observed in adolescent rats.

Complementary to our results that amphetamine en-
hanced responding for a CR in adolescents, the D1 dopa-
mine receptor antagonist SCH 39166 and the D2 dopamine
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receptor antagonist eticlopride significantly reduced res-
ponding for a CR. These findings are consistent with several
previous experiments in adult rats showing the role of
dopamine receptors in responding for a CR (Beninger and
Ranaldi, 1992; Fletcher and Higgins, 1997; Fletcher et al,
1998; Ranaldi and Beninger, 1993; Robbins, 1976; Robbins
et al, 1983; Smith et al, 1997; Sutton and Beninger, 1999;
Taylor and Robbins, 1984). Given that dopamine receptor
antagonists can also disrupt motor function, the potential
role of the motor-depressing effects of these drugs on
responding for a CR must be considered. Both SCH 39166
and eticlopride reduced responding for water on an RR2
schedule. However, doses of eticlopride (0.05 mg/kg) and
SCH 39166 (0.06 mg/kg) that significantly reduced respond-
ing for a CR also permitted rats to physically make more
responses than the rats had previously made for a CR after a
saline injection (450 responses). Together, these findings
suggest a role for dopamine in incentive motivation, and
motivation in general, as argued by others (Berridge, 2007;
Berridge and Robinson, 1998; Everitt et al, 1999), although
the potential contribution of reduced motor effects cannot
be completely ruled out.

The opioid system also has a role in mediating reward
(Barbano and Cador, 2007; Berridge, 1996, 2009; Petrovic
et al, 2008; Schneider et al, 2010; Smith and Berridge, 2007).
We showed that naltrexone, a non-selective opioid receptor
antagonist, also reduced responding for a CR in adolescent
rats. This effect is unlikely to be the result of motor
impairments because rats made on average over 300
responses for water after a naltrexone injection. Our data
are consistent with a previous study reporting that
morphine increased responding for a CR (Robbins et al,
1983). Together, these findings suggest a role of the opioid
system in responding for a CR and incentive motivation.

Responding for a CR in adult rats is known to be
mediated in part by the limbic-striatal circuitry and the
mesocorticolimbic dopamine pathway (Everitt et al, 1999).
The acquisition of a response for a CR is dependent on the
basolateral amygdala (BLA) and the nucleus accumbens
core, which receives many afferent projections from the
BLA (Burns et al, 1993; Everitt et al, 1999; Taylor and
Robbins, 1984). The psychostimulant potentiation of
responding for a CR is mediated by dopamine in the
nucleus accumbens shell (Taylor and Robbins, 1984). Both
the core and the shell regions of the nucleus accumbens are
richly innervated by dopaminergic projections from the
ventral tegmental area (VTA). Inactivation of the VTA
blocks responding for a CR (Murschall and Hauber, 2006).
Although it is part of the mesocorticolimbic pathway, the
prefrontal cortex (PFC) is not believed to be critical for
acquiring responding for a CR in adults (Burns et al, 1993;
Everitt et al, 1999; Pears et al, 2003). Therefore in adult rats,
connections between the nucleus accumbens and the BLA
combined with dopaminergic innervation from the VTA
mediate responding for a CR.

This limbic-striatal circuit is still developing during
adolescence. In particular, connections between the stria-
tum, the amygdala, and the PFC undergo many changes
throughout adolescence, and thus the PFC may have a role
in the enhanced responding for a CR observed in adolescent
rats compared with adults. Reciprocal projections from the
BLA to the PFC continue to develop during adolescence

(Cressman et al, 2010; Cunningham et al, 2002, 2008). PFC
dopamine fiber density and dopaminergic input from the
striatum increase and peak during adolescence (Kalsbeek
et al, 1988; Lewis, 1997). In the PFC both D1 and D2

dopamine receptor densities remain elevated until early
adulthood (Andersen et al, 2000; Teicher et al, 1995),
whereas in the ventral striatum there is greater D1 compared
with D2 dopamine receptor binding and receptor density
during periadolescence. Increased D1 dopamine receptor
expression in the nucleus accumbens and PFC may be
related to enhanced incentive motivation during adoles-
cence. This is supported by the report that increased D1

dopamine receptor expression in the PFC–accumbal path-
way mediates increased cocaine CPP in adolescent rats
(Brenhouse et al, 2008). These data suggest, as discussed in
Ernst’s triadic model (Ernst et al, 2006), that during
adolescence an immature PFC supervisory system contri-
butes to an overactive striatal reward system. The dynamic
state of the mesocorticolimbic dopamine system during
adolescence may mediate in part the enhanced responding
for CR and incentive motivation.

Relatively less is known about the development of the
opioid system during adolescence. Some report that opioid
receptors appear to peak during the second postnatal week
and decline until adulthood (Winzer-Serhan et al, 2003),
whereas others reported that m opioid receptors are
relatively stable across the adolescent period (Ellgren
et al, 2008; Talbot et al, 2005). Therefore, although previous
studies imply that the immature state of the mesocortico-
limbic system may be involved in the enhanced incentive
motivation during adolescence, the role of the opioid
system is less clear.

In conclusion, this study indicates that adolescent rats
show enhanced incentive motivation for sucrose-paired
cues compared with adults. This might contribute to
enhanced vulnerability to the effects of drugs of abuse
through increasing the probability of incentive salience
attribution to stimuli paired with reinforcers, and in turn
may increase ‘wanting’ and cravings more easily than in
adults. Although these findings may suggest that adoles-
cents are more prone to develop a ‘wanting’ of reinforcers
and thus may be more vulnerable to some of the effects of
drugs of abuse, the interpretations from this study are
limited to natural reinforcers. We are currently investigat-
ing whether these findings also extend to drug-paired cues.
Altered incentive motivation during adolescence may in
part confer a vulnerability to the effects of drugs of abuse
during this period and in turn the development of substance
abuse disorders.
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