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Abstract
Background Abuse of methylphenidate (Ritalin) is rising,
particularly during adolescence and early adulthood, but the
long-term effects of its abuse during adolescence are
unclear.
Methods In experiment 1, we examined the effect of
adolescent methylphenidate self-administration (0.0625 mg/
infusion), as compared with cocaine self-administration
(0.125 mg/infusion), under a fixed ratio 1 schedule of
reinforcement in male Sprague–Dawley rats during adoles-
cence (postnatal day (PND) 32–47) on adult dopamine-
mediated behaviors (PND >70). These included responding
for a conditioned reward (CR), a measure of incentive
motivation, and amphetamine-induced locomotor activity. In

experiment 2, we aimed to replicate and enhance the effects
observed in experiment 1, and we also examined the effects
of methylphenidate self-administration during adolescence
on adult amphetamine-induced zif268 messenger ribonucleic
acid (mRNA) expression.
Results Adolescent rats self-administered both cocaine and
methylphenidate. There was no effect of adolescent drug
self-administration on adult baseline or amphetamine-
induced responding for a CR. However, both adolescent
methylphenidate and cocaine self-administration increased
amphetamine-induced locomotion. Adolescent methylpheni-
date self-administration also enhanced amphetamine-induced
zif268 mRNA expression in the nucleus accumbens.
Conclusions Our findings suggest that repeated, behavior-
ally contingent exposure to methylphenidate during adoles-
cence enhances responsivity to the locomotor-stimulating
and neuronal activating effects of amphetamine but not
incentive motivation.
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Introduction

Adolescence may be a period of vulnerability to the effects
of drugs of abuse. In humans, exposure to drugs of abuse
commonly first occurs during adolescence (Johanson and
Fischman 1989), and adolescents progress from cocaine use
to abuse more rapidly than adults (Estroff et al. 1989).
Further, the age of first drug use inversely predicts the
probability of subsequent drug dependence (Anthony and
Petronis 1995; Kandel and Yamaguchi 1993). As summa-
rized by Schramm-Sapyta et al. (2009), periadolescent
rodents (approximate postnatal day (PND) 28–50) may be
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differentially sensitive to some but not all effects of drugs
of abuse compared to adults (Badanich et al. 2006; Caster
et al. 2007; Laviola and Adriani 1998; Laviola et al. 1995,
1999). Whether this differential sensitivity in adolescent
rodents reflects a vulnerability to the effects of drugs of
abuse is still unclear and requires further investigation. A
factor that may contribute to a differential sensitivity to the
effects of drugs of abuse in adolescence is the underdevel-
oped mesocorticolimbic dopamine (DA) system during this
period (Andersen et al. 2000; Kalsbeek et al. 1988; Laviola
et al. 1999; Teicher et al. 1995).

Methylphenidate, commonly prescribed for attention-
deficit hyperactivity disorder (Scheffler et al. 2007), is used
recreationally by adolescents. Like cocaine, methylphenidate
increases mesocorticolimbic DA levels through blockade of
the DA transporter (Volkow et al. 2001, 2002). Methylphe-
nidate taken orally as prescribed has little abuse potential
(Volkow et al. 1999, 2002), although the reinforcing effects
of methylphenidate depend upon the route of administration.
Intranasal methylphenidate produces a euphoric sensation or
“high” in humans (Volkow and Swanson 2003; Volkow et al.
1998), and rats readily self-administer this drug intravenous-
ly (IV; Botly et al. 2008; Collins et al. 1984; Fletcher et al.
2006; Nielsen et al. 1984). The annual prevalence of illicit
methylphenidate use, predominantly intranasal, in the USA
is 4% and rising (Klein-Schwartz and McGrath 2003;
McCabe et al. 2004). Despite this, the potential long-term
effects of recreational methylphenidate use and abuse during
adolescence are still unknown.

The ability for methylphenidate use to increase vulnerability
to addictionmay be dependent on the dose ofmethylphenidate.
Studies using a high, recreationally relevant dose of methyl-
phenidate (Morton and Stockton 2000) found that repeated
noncontingent injections of methylphenidate (10 mg/kg) to
male or female rats during early (PND 20–35) or late (PND
35–46) adolescence sensitized the locomotor activating
effects of psychostimulants in adulthood (Achat-Mendes et
al. 2003; Brandon et al. 2001; Valvassori et al. 2007; Wooters
et al. 2006). In contrast, studies using repeated noncontingent
administration of a low, clinically relevant dose of methyl-
phenidate (2 mg/kg; Aoyama et al. 1990) found less
consistent results (Achat-Mendes et al. 2003; Andersen et
al. 2002; Bolanos et al. 2003; Brandon et al. 2001; Carlezon
et al. 2003). Although these data suggest that recreational
methylphenidate use may increase sensitivity to the effects of
drugs of abuse in adulthood, the implications for methylphe-
nidate abuse during adolescence are limited because all
previous studies used noncontingent, intraperitoneally (IP)
injected methylphenidate.

The present study examined whether adolescent rats
would self-administer methylphenidate and whether this
methylphenidate exposure affected DA-mediated behavior
in adulthood and psychostimulant-induced gene expression

in adulthood. Specifically, in experiment 1, we examined the
effects of IV methylphenidate self-administration during
adolescence (PND 32–47) on baseline and amphetamine-
induced responding for a conditioned reward (CR) and
locomotor activity. Responding for a CR is a measure of
incentive motivation—the process whereby initially neutral
environmental stimuli, such as lights and tones, acquire
reinforcing or rewarding properties by association with
primary rewards (Taylor and Robbins 1984). Dopamine
plays a role in mediating incentive motivation (Beninger and
Ranaldi 1992; Fletcher et al. 1998; Ranaldi and Beninger
1993; Taylor and Robbins 1984), and altered incentive
motivational processes may be related to vulnerability to
drug addiction (see Robinson and Berridge 2001 for review).
The DA releaser amphetamine selectively enhances respond-
ing for a CR, and many of the behavioral effects of this drug,
including locomotor activity, are sensitized in rats chronical-
ly pre-exposed to psychostimulants (Fletcher et al. 1998;
Leith and Kuczenski 1981; Robinson and Becker 1986;
Segal and Mandell 1974; Taylor and Robbins 1984).
Therefore, both responding for a CR and locomotor activity
were measured in the present experiments. A group of rats
that self-administered cocaine was used as a control for
psychostimulant self-administration because previous studies
have shown that adolescents will self-administer cocaine
(Frantz et al. 2006; Kantak et al. 2007; Li and Frantz 2009;
Lynch 2008; Perry et al. 2007) and because of the
neurochemical and pharmacological similarities between
the two drugs. The main control group used in this
experiment was rats that self-administered saccharin orally;
in turn, this control was validated by comparing it to a
group of naïve rats that had no surgery or self-
administration experience. We found that methylphenidate
self-administration in adolescence produced a sensitized
locomotor response to amphetamine. Thus, in experiment
2, we aimed to replicate and possibly enhance this
behavioral effect using a regimen of self-administration
in which the dose of methylphenidate was continuously
increased. Finally, we examined whether the sensitized
response to amphetamine in rats with a history of
methylphenidate self-administration was accompanied by
changes in amphetamine-induced zif268 messenger ribonu-
cleic acid (mRNA) expression in the mesocorticolimbic
pathway. zif268 is an immediate early gene considered a
marker of neuronal activation (Worley et al. 1991).

Materials and methods

Subjects

Pregnant Sprague–Dawley dams (gestational day 13)
and male adult rats were obtained from Charles River
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Farms (St. Constant, QC, Canada). On PND 4, litters
were culled to six male and four females. The colony
was maintained on a 12-h reverse light–dark cycle
(0700 to 1900 hours) and maintained at ∼22°C and
humidity ∼50–60%. Procedures conformed to the guide-
lines of the Canadian Council on Animal Care and were
approved by the Centre for Addiction and Mental
Health Animal Care Committee.

Weaning and group assignment

On PND 21, each rat was pair-housed with a rat from a
different litter; both were subsequently assigned to the same
experimental group. A maximum of two rats per litter per
group was used. In experiment 1, rats from 10 litters were
assigned to the groups: methylphenidate-reinforced (n=9),
cocaine-reinforced (n=10), or saccharin-reinforced (n=10).
In experiment 1, naïve control rats (n=12) brought into the
colony as adults, were pair-housed, and acclimatized for
1 week. This group did not undergo surgery or self-
administration. In experiment 2, rats from seven litters were

assigned to the groups: methylphenidate-reinforced (n=11)
or saccharin-reinforced (n=6).

General experimental overview

For an overview of both experiments, please see Fig. 1.
Experiment 1 compared the long-term effects of self-
administered methylphenidate, cocaine, and saccharin during
adolescence on responding for a CR and amphetamine-
induced locomotion in adulthood (>PND 70). The naïve
group was used to validate the saccharin control group.
Experiment 2 compared the effects of methylphenidate and
saccharin self-administration on the same behaviors as
experiment 1 and amphetamine-induced zif268 mRNA
expression.

Experiment 1a and 2a: self-administration

Self-administration was conducted in 12 operant condition-
ing boxes (28 cm long×21 cm wide×21 cm high; Med.
Associates, Inc., St. Albans, VT, USA). Two levers 4.5 cm
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Fig. 1 Experimental overview. PND postnatal day, CR conditioned reward, AMPH amphetamine, Exp experiment, Self-Admin self-
administration, COND conditioning, HAB habituation
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wide and 7 cm above the floor were located 6.5 cm on
either side of a central, recessed magazine. A liquid
dispenser was used to deliver saccharin to the magazine.
A counterbalanced arm held a fluid swivel above the ceiling
of the chamber. The swivel was attached at one end by
Tygon tubing to a syringe mounted on a motor-driven pump
(Razel) located outside the chamber. At the other end of the
swivel, a length of Tygon tubing encased by a stainless-
steel tether allowed a catheter to be connected to the syringe
via the swivel. Each chamber was illuminated by a
houselight and housed in a sound-attenuating box equipped
with a ventilating fan.

Lever training Rats were food restricted from PND 21–26
(∼12 g per rat Purina rat chow). From PND 23–26, rats
learned to lever press on a continuous reinforcement
schedule for one 45-mg Noyes pellet per response. Each
session terminated after 30 min or 50 pellets.

Surgery On PND 27, rats weighing approximately 70 g
were anesthetized with 60 mg/kg ketamine and 8 mg/kg
xylazine. Silastic catheters with a 22-g guide cannulae on
the terminal end were implanted into the right jugular vein
and secured between the shoulder blades. After surgery, rats
received penicillin (Derapen, 0.1 ml, IM; Ayerst Veterinary
Laboratories, Guelph, ON, Canada) and buprenorphine
(0.03 mg/kg, subcutaneously). Catheters were flushed daily
with heparin (0.1 ml of 30 i.u./ml, IV; LEO Pharma,
Thornhill, ON, Canada).

Self-administration From PND 32–47, rats learned to lever
press on a fixed ratio 1 schedule for one infusion per
response in daily 3 h sessions. Sessions commenced with a
priming infusion of 0.1 ml over 5 s for both drug self-
administration groups or the delivery of 0.1 ml of saccharin
for the saccharin-reinforced group. Initial doses in both
experiments were 0.0625 mg/infusion of methylphenidate
(Medisca, Montreal, QC, Canada), 0.125 mg/infusion of
cocaine (Medisca, Montreal, QC, Canada), or 0.15%
saccharin. No stimuli were paired with reinforcer delivery.
Half the rats were trained to press the left lever, and the
other half were trained to press the right lever for a
reinforcer. After receiving the reinforcer, responses over the
following 20 s were recorded but had no programmed
consequence. The number of saccharin reinforcers was set
to the mean number of drug infusions from the previous
day to ensure that all groups received approximately the
same number of reinforcers. In experiment 1a, after 12
sessions, the doses were increased to 0.125 mg/infusion for
methylphenidate, 0.25 mg/infusion for cocaine, and 0.3%
of saccharin for sessions 13–15. The original dose was
reintroduced during the final session. Following the final
session, all rats received a 0.1-ml IV infusion of methohex-

ital (Brevital Sodium; 10 mg/ml; Monarch Pharmaceuticals,
Bristol, TN, USA) to test catheter patency.

One aim of experiment 2 was to enhance the sensitized
amphetamine response observed in experiment 1. Thus, in
experiment 2a, the session length was increased to 4 h, and
the doses were increased across self-administration. After
7 days at 0.0625 mg/infusion for methylphenidate and 0.15%
for saccharin, doses were increased to 0.125 mg/infusion of
methylphenidate and 0.3% saccharin for four sessions. The
doses increased again to 0.25 mg/infusion of methylpheni-
date and 0.6% saccharin for the final four sessions.

Extinction Responding was extinguished over 7 days in
the self-administration boxes (PND 63–69). Each daily
session consisted of three 1-h periods with the houselight
illuminated; lever responses were not reinforced. Thirty-
minute breaks separated these periods during which the
houselight was turned off and responding had no
programmed consequence.

Experiment 1b and 2b: responding for conditioned reward

Testing occurred in different boxes and at a different time of
day from self-administration. Two levers were located
6.5 cm on either side of a central, recessed magazine
positioned 3 cm from the floor of the chamber. A red
stimulus light was located above each lever, and a sonalert
(tone-generator) was located behind one stimulus light. Each
chamber contained a solenoid operated water dispenser. Rats
(PND 70) were restricted to 2 h access to water per day and
on PND 72 underwent a single 40-min lever preference
session where they were allowed to press either lever with no
programmed consequence. The next day rats were placed in
the chambers for one 15-min session with 2 ml of water in
the magazine with response levers retracted.

Pavlovian conditioning Conditioning occurred in 14
daily sessions (∼30 min) from PND 74–87. With the
levers retracted, rats learned to associate the delivery of
water (0.05 ml of tap water) with the conditioned
stimulus (CS): a 5-s illumination of two red lights with
the houselights turned off and during the last 0.5 s of
the light presentation a tone sounded (2,900 Hz; 85 dB).
At the end of the CS, 0.05 ml of water was delivered.
The CS and reward were presented on a random time
60 s schedule (30 presentations/rewards per session).
The main dependent measures were nose pokes in the
magazine during the 5-s CS periods and nose pokes
during the 5-s periods immediately prior to the onset of
the conditioned stimulus (PCS).

Operant responding for conditioned reward Both levers
were extended into the chamber. For half the rats, a
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response on the left lever delivered the CS (now the CR)
according to a random ratio 2 schedule (CR lever) and
responses on the right lever had no programmed conse-
quence (NCR lever) and vice versa for the other half. The
CR lever assigned was the opposite of the lever associated
with the reinforcer during self-administration. During this
phase, rats were never reinforced with water. Rats (PND
88) were injected with 0.9% (1 ml/kg) saline in their home
cage 15 min prior to the 40-min test session. The next day
rats were injected with D-amphetamine sulfate (0.5 mg/kg,
IP; US Pharmacopeia, Rockville, MD, USA) 15 min prior
to testing. Dependent measures were responses on the CR
and NCR levers.

Experiment 1c and 2c: amphetamine-induced locomotion

Locomotor activity was tested in a custom-built system
consisting of 16 clear polycarbonate cages (25 cm wide×
20 cm high×45 cm long) each with six infrared photocells
spaced 7.5 cm apart and 2 cm above the floor positioned
along the length of the cages. Rats (PND 90) were
habituated to the cages over four 1-h consecutive daily
sessions. The following day, rats were placed in the boxes
for 30 min and then injected with 0.9% saline (1 ml/kg)
prior to the 60-min test session. The next day, the same
protocol was followed except rats received an injection of
amphetamine (0.5 mg/kg, IP) immediately before testing.
Locomotor activity was quantified as the number of beam
breaks in 5-min intervals.

Experiment 2d: zif268 mRNA expression

Tissue preparation At the end of locomotor activity testing,
rats were decapitated 60 min after the injection of
amphetamine. Brains were extracted and immediately
frozen on dry ice and stored at −80°C until sectioning;
20-μm sections from 4.68 to 1.08 mm relative to bregma
were taken at −20°C with a cryostat, thaw-mounted onto
Superfrost/Plus slides (Fisher, Ottawa, ON, Canada), and
stored at −80°C until processing.

In situ hybridization 35S-UTP-labeled riboprobes were
prepared from primers complementary to GenBank #
NM_012551 (bases 660–679), 5′- tcacctatactggccgcttc-3′
and (bases 1062–1043) 5′-aggtctccctgttgttgtgg-3′. Probes
were diluted to a concentration of 200,000 cpm/μl in
hybridization solution containing 50% formamide, 35%
Denhardt’s solution, 10% dextran sulfate, 0.1× standard
sodium citrate (SSC), salmon sperm DNA (300 μg/ml),
yeast tRNA (100 μg/ml), and dithiothreitol (40 µM).
Slides were incubated in plastic mailers overnight at 60°C.
After hybridization, the sections were rinsed in 4× SSC at

60°C, treated in RNase A (20 µg/ml) solution at 45°C for
40 min, washed with agitation in decreasing concentrations
of SSC containing 25 g/ml sodium thiosulfate, dipped in
water, dehydrated in 70% ethanol, and air-dried. The slides
were then exposed to Kodak Biomax film for 6 days at 4°C
along with calibrated radioactivity standards.

Image analysis Autoradiographs of brain sections were
used to quantify mRNA levels with computer-assisted
image analysis (MCID, InterFocus, Inc., Leiton, UK).
Standard curves obtained from calibrated radioactive stand-
ards were used to convert film optical densities to micro-
Curie per gram. The brain regions examined were the
prefrontal cortex, the nucleus accumbens core and shell,
and subdivisions of the caudate putamen: dorsolateral,
dorsomedial, ventrolateral, and ventromedial. These regions
were identified using the Paxinos and Watson atlas (1998).
Each region was sampled by a blinded observer under
uniform background illumination conditions in at least three
sections. Densitometry data for each region were averaged
across brain sections for a given subject, then for all
subjects within a given treatment group.

Statistical analyses

All data were analyzed (using Statistica v7) by analysis of
variance (ANOVA), followed where appropriate by post
hoc tests using Fishers least significant difference test. For
the drug self-administration experiments (1 and 2), the
number of reinforcers, lever responses, and body weight
were separately analyzed using the appropriate groups as a
between-subjects factor and day as a within-subjects factor.
In experiment 1 only, separate paired t tests compared the
amount of drug (methylphenidate or cocaine) taken and
changes in amount of drug taken after changes in infusion
dose. For the Pavlovian phase of the conditioned reward
experiments, the percentage of nose pokes into the
magazine during the 5-s CS period (CS responses/total
responses×100) and the percentage of responding during
the 5 s prior to the CS period (PCS responses/total
responses×100) were calculated. These data were analyzed
using a three-way ANOVA with session and CS (CS/PCS)
as within-subjects factors and group as a between-subjects
factor. Responding for the CR were analyzed using a three-
way ANOVA with drug (amphetamine or saline) and lever
(CR, NCR) as within-subjects factors and group as the
between-subject factor. Saline and amphetamine-induced
locomotor activity was analyzed separately with two-way
ANOVAs with group as the between-subject factor and
time as the within-subjects factor. zif268 mRNA expression
was analyzed with an ANOVA with group as the between-
subject factor. Bonferroni corrections were applied in cases
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of multiple comparisons (e.g., self-administration and
mRNA expression).

Results

Experiment 1: comparison of control groups

Saccharin-reinforced and naïve rats did not differ signifi-
cantly from each other on any critical measures for
responding for CR and locomotion (data not shown). These
groups were combined into a control group resulting in
group sizes of nine methylphenidate-reinforced, ten
cocaine-reinforced, and 22 control rats.

Experiment 1a: self-administration and extinction

Body weight Body weight did not vary by group. On PND
32, the average body weights (grams) were 99.2±2.9,
106.7±2.8, and 98.9±2.8 for methylphenidate-, cocaine-,
and saccharin-reinforced rats, respectively. By the end of
self-administration (PND 47), the corresponding body
weights (grams) were 144.9±3.2, 157.3±3.0, and 145.7±
3.0. Body weight increased over days (F(15, 390)=139.03,
p=0.01). There was no main effect of group (F(30, 390)=
0.68, ns) and no group×day interaction (F(2, 26)=2.59, ns).

Self-administration Rats readily acquired methylphenidate
and cocaine self-administration and responding for saccharin
(Fig. 2a). For methylphenidate- and cocaine-reinforced rats,
the number of reinforcers earned (F(5, 40)=0.41, and F(5, 45)=
1.16, respectively; both ns) and the amount of drug taken
(F(5, 40)=0.51 and F(5, 45)=2.16, respectively; both ns) were
stable across sessions 7–12. In all sessions, rats in all groups
responded significantly more on the lever delivering the drug
rather than the lever with no programmed consequences
(data not shown).

Doubling the methylphenidate dose (0.0625 to 0.125 mg/
infusion) initially decreased the number of earned reinforcers
(t(8)=3.42, p=0.01; Fig. 2a) and the amount of drug infused
(t(8)=3.02, p=0.016; Fig. 2b). By the third day at the
higher dose (day 15), the number of earned infusions
and amount of drug infused was similar to that seen at
the original dose (t(8)=0.31, ns and t(8)=0.37, ns,
respectively). When the original dose was reintroduced
on day 16 (0.0625 mg/infusion), the number of earned
infusions and the amount of drug infused were similar to
that earned previously at the same dose (day 12; t(8)=1.16,
ns and t(8)=0.38, ns, respectively). Doubling the cocaine
dose (0.125 to 0.25 mg/infusion) initially decreased the
number of earned infusions (t(9)=4.63, p=0.01; Fig. 2a)
and the amount of drug infused (t(9)=7.07, p=0.01;
Fig. 2b). By the third day at the higher dose (day 15),

the number of earned infusions was similar to that seen at
the original dose (t(9)=0.22, ns and t(9)=0.37, ns, respec-
tively). When the dose of cocaine was decreased to the
original dose on day 16 (0.125 mg/infusion), the number
of infusions was significantly greater than on the last day
at the same dose (day 12; t(9)=2.39, p=0.04), although this
effect was no longer significant after the Bonferroni
correction was applied (α=0.016). Further, the amount
of drug infused was similar to that earned on the last day
at the same dose (t(9)=1.69, ns). The total amount of drug
consumed (milligrams per kilogram) across the 16
sessions of self-administration was 354.6±41.4 for the
methylphenidate-reinforced rats and 507.3±15.2 for the
cocaine-reinforced group.

Fig. 2 Adolescent methylphenidate, cocaine, and saccharin self-
administration. a The number of reinforcers earned across the 16
self-administration sessions. The doses for the first 12 sessions were
0.0625 mg/infusion of methylphenidate (n=9), 0.125 mg/infusion of
cocaine (n=10), and 0.15% saccharin (n=10). For sessions 13–15, the
doses were doubled to 0.125 mg/infusion of methylphenidate,
0.25 mg/infusion of cocaine, and 0.3% saccharin. The original doses
were reinstated for the final session. b The corresponding amounts of
drug earned in milligrams per kilogram for rats responding for
methylphenidate and cocaine. Values are means ± SEM
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Extinction Following removal of the reinforcer respond-
ing decreased across days (F(6, 156)=40.79, p<0.01).
There was no main effect of group and no significant
day × group interaction (F(2, 26)=0.26, ns and F(12, 156)=
0.61, ns, respectively). On day 1, the total numbers of
responses across the three sessions were 57.3±10.2, 53.8±
8.9, and 52.8±5.7 for methylphenidate-, cocaine-, and
saccharin-reinforced rats, respectively. By day 7, the total
corresponding responses were 9.2±2.2, 9.0±2.2, and 12±
1.9 (data not shown).

Experiment 1b: responding for conditioned reward

Lever preference testing Rats in all groups (F(2, 26)=0.19,
ns) did not show a lever preference (F(1, 26)=2.14, ns; data
not shown). There was no interaction between group and
lever (F(2, 26)=0.01, ns). Naïve rats also did not show a
lever preference (t(11)=2.14, p=ns).

Pavlovian conditioning Rats responded more during CS
periods than PCS periods (F(1, 23)=89.53, p<0.01), and
this divergence increased across sessions (F(13, 299)=
10.08, p<0.01). Rats responded more during PCS periods
in session 1 (F(1, 38)=9.92, p<0.01), but from session two
onward, responding was greater during CS periods than
PCS periods (p<0.01; sessions 2–14). This behavior did
not differ across groups, and there were no interactions
between group and session or CS (Fig. 3).

Operant responding for conditioned reward Rats responded
on the CR lever more than the NCR lever (F(1, 38)=
60.78, p<0.01; Fig. 4) similarly across groups (F(2, 38)=
0.62, ns). Overall, amphetamine increased responding
(F(1, 38)=54.4, p<0.01), and this effect was greater on
the CR lever than the NCR lever (F(1, 38)=39.91, p<0.01).
There was no three-way interaction between group, lever,
and amphetamine (F(2, 38)=0.08, ns); thus, the response-
enhancing effect of amphetamine was similar in the three
groups.

Experiment 1c: amphetamine-induced locomotion

There were no group differences during the first exposure
to the locomotor chambers, after saline injection (data not
shown) and during the 30 min prior to amphetamine
injection (Fig. 5). Figure 5 illustrates that amphetamine-
induced locomotion was enhanced in methylphenidate- and
cocaine-reinforced rats compared to control rats. Although
the main effect of group was not significant (F(2, 38)=1.28,
ns), the interaction between group and time was significant
(F(22, 418)=2.48, p<0.01) such that methylphenidate- and
cocaine-reinforced rats had higher locomotor activity than
control rats during the first 30 min after the amphetamine
injection.

Experiment 2a: self-administration and extinction

Body weight On PND 32, the average body weights (grams)
were 100.9±4.4 and 116.6±6.0 for methylphenidate- and
saccharin-reinforced rats, respectively. By the end of self-
administration (PND 47), the corresponding body weights
(grams) were 142.5±3.1 and 161.4±4.2 Overall, the
methylphenidate-reinforced rats weighed less than
saccharin-reinforced rats (F(1, 15)=14.76, p<0.01).

Self-administration Rats in all groups responded signifi-
cantly more on the lever delivering the reinforcer rather
than the lever with no programmed consequence (data
not shown). Figure 6a illustrates that across all sessions,
the number of earned methylphenidate infusions was
similar across infusion doses. Figure 6b shows that the
amount of methylphenidate taken increased with increas-
ing doses. These observations are borne out by statistical
analyses of the daily averages for number of infusions and
the amount of drug earned. For methylphenidate-
reinforced rats, the number of infusions was stable across
dose (F(2, 20)=0.26, ns; Fig. 6a), but the amount of drug
taken increased with dose (F(2, 20)=9.99, p<0.01; Fig. 6b).
The total amount of methylphenidate taken (milligrams
per kilogram) across the 16 sessions of self-administration
was 515±60.1.

Fig. 3 Approach behavior. Discriminated approach behavior during
conditioning was not affected by previous adolescent drug experience.
The proportion of nose poking during the conditioned stimulus
periods (CS) as compared to 5-s periods immediately prior to the
conditioned stimulus (PCS) was increased for all rats starting on
session two (p<0.05). Values are means ± SEM. Methylphenidate
n=9, cocaine n=10, control n=22
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Extinction Following removal of the reinforcer, responding
decreased across days (F(6, 96)=30.74, p<0.01) in both groups
(F(1, 16)=0.24, ns; data not shown). On day 1, the total
numbers of responses across the three sessions were 54.8±6.1
and 58.5±8.7 for methylphenidate- and saccharin-reinforced
rats, respectively. By day 7, the total corresponding numbers
of responses were 2.4±0.4 and 2.40±1.0.

Experiment 2b: responding for conditioned reward

Lever preference testing Rats did not exhibit a lever
preference on first exposure to the test boxes (F(1, 15)=1.31,
ns) regardless of group (F(1, 15)=0.22, ns; data not shown).
There was no lever × group interaction (F(1, 15)=0.1, ns).

Pavlovian conditioning Rats in all groups responded more
during CS periods than PCS periods (F(1, 15)=113.36,
p<0.01), and this divergence increased across sessions
(F(13, 195)=16.94, p<0.01). This behavior did not differ
between groups (data not shown—similar to Fig. 3).

Operant responding for conditioned reward Rats responded
on the CR lever more than the NCR lever (F(1, 15)=21.56,
p<0.01), and this effect was similar across groups (F(1, 15)=
1.70, ns). Overall, amphetamine increased responding (F(1,

15)=25.48, p<0.01), and this effect was greater on the CR
lever than the NCR lever (F(1, 15)=18.15, p<0.01; data not
shown—similar to Fig. 4). There was also no three-way
interaction between group, lever, and amphetamine (F(1, 15)

=4.5, ns); thus, the response-enhancing effect of amphet-
amine was similar in the two groups.

Experiment 2c: amphetamine-induced locomotion

There were no group differences during the first exposure
to the locomotor chambers, after the saline injection (data
not shown) or during the 30 min prior to amphetamine
(Fig. 7). Although the main effect of group was not
significant (F(1, 14)=3.4, ns), the interaction between group
and time was significant (F(11, 154)=1.94, p=0.04) such that
methylphenidate-reinforced rats had higher locomotor
activity than saccharin-reinforced rats during the first
30 min after the amphetamine injection.

Experiment 3: zif268 mRNA expression

Methylphenidate-reinforced rats tended to have higher zif268
mRNA expression than control rats in all brain regions
analyzed (Fig. 8). This effect was only significant in the
nucleus accumbens core and shell (t(13)=2.1, p=0.05 and

Fig. 5 Amphetamine-induced locomotion. Compared to control rats
(saccharin and naïve combined: n=22) methylphenidate-reinforced
(n=9) and cocaine-reinforced (n=10) rats exhibited an enhanced
locomotor response for 30 min after an injection of amphetamine
(0.5 mg/kg). Prior to injection, all groups had habituated and did not
differ significantly in locomotor activity. Values are means ± SEM

Fig. 4 Responding for conditioned reward. Rats in all groups
responded more on the CR than NCR lever (p<0.05) and an
amphetamine (AMPH) challenge (0.5 mg/kg) enhanced responding
on the CR lever (**p<0.01). Previous adolescent drug experience did

not affect this behavior. a Control (n=22), b methylphenidate (n=9), c
cocaine (n=10). Values are means ± SEM. CR lever associated with
the conditioned reward, NCR lever associated with no programmed
consequences
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t(13)=2.4, p=0.03, respectively). However, when the Bonfer-
roni correction was applied (α=0.004), these effects were no
longer significant. Thus, methylphenidate self-administration
during adolescence marginally enhanced amphetamine-
induced neuronal activation in the nucleus accumbens.

Discussion

This study found that methylphenidate and cocaine self-
administration during adolescence (PND 32–47) enhanced
amphetamine-induced locomotion in adulthood. Methyl-
phenidate also enhanced accumbal neuronal activation.
Neither drug affected learning about a CS that predicted

reinforcement or responding for the CS when it functioned
as a CR in adulthood. The data suggest that some aspects of
mesocorticolimbic DA function are altered by psychosti-
mulant self-administration during adolescence.

Methylphenidate and cocaine self-administration Adolescent
rats self-administer drugs of abuse such as cocaine and
amphetamine (Frantz et al. 2006; Kantak et al. 2007;
Kerstetter and Kantak 2007; Lynch 2008; Perry et al. 2007;
Shahbazi et al. 2008). Adult rats self-administer methyl-

Fig. 8 Amphetamine-induced zif268 mRNA expression. Compared
to control rats (n=6), methylphenidate-reinforced rats (n=10) had
enhanced amphetamine-induced zif268 mRNA expression in the
nucleus accumbens core and shell. Values are means ± SEM. PFC
prefrontal cortex, NAS nucleus accumbens shell, NAC nucleus
accumbens core, DM dorsomedial caudate, DL dorsomedial caudate,
VM ventromedial caudate and VL ventrolateral caudate

Fig. 7 Amphetamine-induced locomotion. Compared to control rats
(n=6), methylphenidate-reinforced rats (n=10) exhibited a sensitized
locomotor response to an injection of amphetamine (0.5 mg/kg)
during the first 30-min postinjection. Prior to injection, all groups had
habituated and did not differ significantly in locomotor activity. Values
are means ± SEM

Fig. 6 Adolescent methylphenidate and saccharin self-administration.
a The number of reinforcers earned increased as a function of dose for
methylphenidate (0.0625, 0.125, and 0.25 mg/infusion; n=11) and
saccharin (0.15, 0.3, 0.6%; n=6) (p<0.05). b The amount of drug as a
function of body weight increased with dose (0.0625, 0.125, 0.25 mg/
infusion) for methylphenidate. Values are means ± SEM. PND 36 data
are excluded because of a computer malfunction during testing which
led to no drug infused in some animals
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phenidate (Botly et al. 2008; Collins et al. 1984; Marusich
and Bardo 2009; Nielsen et al. 1984), and the current study
demonstrated that adolescent rats also self-administer this
drug. This finding may be important since adolescence is
when methylphenidate is most commonly abused (Babcock
and Byrne 2000; Klein-Schwartz and McGrath 2003). Two
aspects of the results indicate that methylphenidate and
cocaine controlled behavior in the adolescent rats: Rats
responded more on the active lever than on an inactive
lever, and when drug was removed, responding decreased
rapidly.

Manipulating methylphenidate or cocaine doses did not
alter responding in a way consistent with the patterns
observed in adult rats where generally clear dose–response
relationships are found (e.g., Botly et al. 2008; Pickens and
Thompson 1968; Yokel and Pickens 1973). This lack of
dose dependence during adolescence is consistent with
some, but not all, reports in the literature. For example,
Shram et al. (2007) reported nicotine dose dependence in
adults but not in adolescents. Similarly, Frantz et al. (2006)
did not find a dose-dependent relationship in adolescent rats
acquiring cocaine self-administration. Conversely, Kantak
et al. (2007) reported a dose-dependent change in respond-
ing in adolescent rats self-administering cocaine using a
within-session descending dose procedure. Differences in
procedural factors, reinforcement schedule, drug, age, and
strain could contribute to these variable findings. The issue
of how, or whether, drug intake is regulated during
adolescence remains unresolved. Although this issue was
not the focus of the present experiments, the pattern of
responding observed, coupled with previous reports in the
literature, suggests that adolescent rats may regulate their
drug intake differently than adults. Research directly
comparing responses to self-administration drug dose
manipulation in adolescent and adult rats is necessary to
address the possibility that psychostimulant intake regula-
tion differs between adolescent and adult rats.

Behavioral and neuronal sensitization to amphetamine A
neutral environmental stimulus can gain incentive salience
when paired with a primary reinforcer such as water or
food. This incentive salience can be demonstrated if the
stimulus (CS) functions as a CR that elicits operant
responding. Psychomotor stimulants enhance responding
for a CR (Fletcher et al. 1998; Taylor and Robbins 1984).
In the present study, we found that rats that self-
administered methylphenidate and cocaine during adoles-
cence did not differ from control animals on any aspect of
performance of a test of responding for CR in adulthood.
Thus, all groups of rats showed equivalent discriminated
approach behavior to the food magazine during the
Pavlovian phase of training and equivalent operant
responding for the CR. Amphetamine enhanced CR

responding but did so to the same extent in all groups.
Overall, our results indicate that incentive motivational
processes, at least those related to a nondrug primary
reinforcer, were unaltered by self-administration of meth-
ylphenidate or cocaine.

The long-term effects of methylphenidate administration
on adult reward and motivational processes are unclear.
Repeated administration of methylphenidate (2 mg/kg; IP)
from PND 20–35 reduced cocaine conditioned place
preference (CPP; Andersen et al. 2002; Carlezon et al.
2003) and sucrose preference in adulthood. This implies
that this apparent reduction in reward-related behavior
applies to drug and nondrug rewards (Bolanos et al.
2003). Conversely, in other studies, noncontigent exposure
of methylphenidate (2 mg/kg; IP) to adolescent male rats
enhanced cocaine self-administration acquisition (Brandon
et al. 2001) and enhanced reinstatement of an extinguished
CPP to cocaine when treated between PND 26–32 (Achat-
Mendes et al. 2003). Thus, across various studies, the
effects of adolescent exposure to methylphenidate are
variable, and no clear picture has emerged. Differences in
the methylphenidate dose, the timing of methylphenidate
exposure during adolescence, and the route and contingen-
cy of injection (IP versus IV) may contribute to these mixed
findings.

In contrast to the results of the experiments involving
responding for CR, cocaine and methylphenidate self-
administration during adolescence induced a modest
sensitized locomotor response to an amphetamine chal-
lenge in adulthood. These results are consistent with
those of previous studies in which repeated administra-
tion of a high dose of methylphenidate (10 mg/kg) to
male and female rats during both early (PND 20–35) and
late (PND 35–46) adolescence sensitized the locomotor-
stimulating effects of cocaine and amphetamine (Achat-
Mendes et al. 2003; Brandon et al. 2001; Valvassori et al.
2007; Wooters et al. 2006). Thus, several studies have
now shown that response-contingent or noncontingent
exposure to methylphenidate during adolescence produces
at least some behavioral evidence of sensitization to an
amphetamine challenge. This implies that methylpheni-
date or cocaine self-administration induces long-term
functional alterations in the activity of mesocorticolimbic
DA systems.

It should also be noted that the locomotor effect reported
in this study was observed in two separate experiments with
small procedural variations related to dose and session
length. These modifications to the second experiment were
intended to enhance the magnitude of the sensitized
locomotor response. An overall increase in the amount of
methylphenidate self-administered did not translate into a
statistically enhanced sensitized locomotor response; al-
though as seen in Figs. 5 and 7, a trend toward increased
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amphetamine-induced locomotor activity in the second
experiment is evident.

Procedural factors may explain the apparent lack of a
sensitized response for a CR with the presence of a
sensitized locomotor response in the same rats in the
present study. Amphetamine (0.5 mg/kg) was administered
15 min prior to CR testing to ensure testing commenced
during the peak of amphetamine effects. This interval was
chosen based on previous behavioral data from our lab
(Tenn et al. 2003, 2005) and previous neurochemical
findings (Di Chiara and Imperato 1988; McKittrick and
Abercrombie 2007; Pum et al. 2007). Psychostimulant self-
administration during adolescence may shift the peak of
amphetamine effects; thus, injecting amphetamine immedi-
ately prior to the session may have revealed group differ-
ences. A shift in the peak of amphetamine effects may also
have contributed to the increased amphetamine-induced
locomotion 10 min postinjection in the rats that previously
self-administered psychostimulants. Further, greater differ-
ences in zif268 mRNA expression may have been observed if
measured at another time point. Context also may have
played a role in the lack of expression of a sensitized
responding for CR, particularly time of day (Arvanitogiannis
et al. 2000). Amphetamine-induced a modest sensitized
locomotor response when the drug challenge was at the
same time of day as self-administration in a very different
context.

The enhanced amphetamine-induced locomotor response
observed in rats that self-administered methylphenidate was
accompanied by enhanced neuronal activity in the nucleus
accumbens. Amphetamine-induced zif268 mRNA expression
in the nucleus accumbens was enhanced in methylphenidate-
exposed rats compared to saccharin-reinforced rats (experi-
ment 2d). zif268 is an established marker of neuronal
activation because the zif268 protein is rapidly responsive
to changes in membrane activity and levels of zif268 mRNA
and protein are correlated to synaptic activity (Worley et al.
1991). Therefore, increased zif268 mRNA expression
indicates a functional change in this region of the meso-
corticolimbic pathway. Repeated methylphenidate exposure
during adolescence blunts immediate early gene expression
(e.g., c-fos and zif268) in the striatum and nucleus
accumbens when the challenge is on the day following the
termination of the sensitization regimen (Brandon and
Steiner 2003). In contrast, our results showed that when
challenged with amphetamine, weeks after methylphenidate
self-administration during adolescence zif268 expression was
increased in the nucleus accumbens. These opposite findings
are likely related to the timing of the drug challenge in
relation to the sensitizing drug regimen. Regardless, the
modest sensitized locomotion and zif268 mRNA expression
effects in the present findings likely reflect some underlying
change in mesocorticolimbic DA pathway function.

Possible mechanisms Long-term psychostimulant-induced
behavioral changes likely result from, in part, altered
mesocorticolimbic DA function. Relatively less research
in this area has focused on methylphenidate. Neuroplastic
alterations induced by cocaine and amphetamine include
alterations to cell morphology (Robinson et al. 2001;
Robinson and Kolb 1999), neurochemistry (Chefer et al.
2000; Kalivas and Duffy 1990; Kalivas and Stewart 1991;
Robinson and Becker 1982; Sorg et al. 1997), and receptor
sensitivity (Henry and White 1991). Sensitization alters the
expression of genes other than zif268, including genes
related to DA and its receptors (Izawa et al. 2006; Mead et
al. 2002; Xu et al. 1994; Zhang et al. 2005), and other
transcription factors indirectly related to dopaminergic
function (Adriani et al. 2006; Brenhouse and Stellar 2006;
Filip et al. 2006; Izawa et al. 2006; Mattson et al. 2005).
These psychostimulant-induced alterations in transcription
factor expression are likely mediated via the dopamine D1
and D2 receptor (Bhat and Baraban 1993; Graybiel et al.
1990; Yano et al. 2006; Young et al. 1991). Therefore, the
amphetamine-induced sensitized locomotor and neuronal
activating responses after adolescent psychostimulant ex-
posure in the present studies were likely mediated by such
long-term functional alterations to the mesocorticolimbic
DA pathway.

Conclusions and implications Psychostimulant abuse dur-
ing adolescence may increase the likelihood of addiction in
adulthood by altering mesocorticolimbic DA system func-
tion. Increased vulnerability to addiction may result in part
from sensitization of this system (Robinson and Berridge
2000). We report modest sensitization to the psychomotor
and neuronal activating effects of amphetamine but no
alterations in responding for CR after methylphenidate self-
administration during adolescence. These data raise some
concern about the potential long-term effects of recreational
methylphenidate use, although more research is needed to
determine if recreational methylphenidate use may result in
increased vulnerability to addiction. This question is
particularly important given the rising number of adoles-
cents recreationally using this drug (Klein-Schwartz and
McGrath 2003; McCabe et al. 2004). However, these
findings may not have any direct implications for the
long-term effects of clinical methylphenidate use because
our methodology involved IV self-administered methylphe-
nidate at doses that are likely outside the clinical range
(Aoyama et al. 1990).
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