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The consequences of chronic methylphenidate (MPH) administration in adolescents for the treatment of
attention-deficit/hyperactivity disorder (ADHD) remain to be fully understood. Studies in rats indicate that
the pharmacokinetics of psychostimulant administration can powerfully influence the behavioral and neural
consequences of chronic treatment. The purpose of the present study was to assess the effects of intermittent
(0.8 or 1.6 mg/kg, s.c., twice daily) versus continuous (1.6 or 3.2 mg/kg/day via osmotic minipump) MP
administration across four weeks of adolescent development in rats. Results indicate that intermittent
treatment produced hyperactivity in a novel open field and increased sensitivity to both the reinforcing and
locomotor-activating effects of cocaine. In contrast, continuous MPH resulted in a hypoactive response to the
novel open field and a reduced sensitivity to both operant and non-contingent cocaine. To the extent that the
continuous release condition models the sustained-release formulations utilized in human ADHD treatment,
we interpret these data to indicate that sustained-release formulations are less likely to advance a risk of
subsequent substance abuse.
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1. Introduction

Methylphenidate (MPH) is among the most commonly prescribed
medications for attention-deficit/hyperactivity disorder (ADHD) and
exhibits high efficacy in the management of symptoms (Greenhill
et al., 2002; Faraone, 2009). In addition to the signature symptoms
of inattentiveness, impulsivity and hyperactivity, individuals with
ADHD exhibit an increased prevalence of substance use disorders
(Schubiner, 2005). Despite a mechanism of action similar to cocaine,
i.e., blockade of the dopamine (DA) transporter and increased
synaptic concentrations of DA in reward-relevant regions of the
brain (Volkow et al., 2005), studies indicate that MPH may confer
protection against substance abuse among ADHD populations
(Faraone and Wilens, 2003; Mannuzza et al., 2008). Nevertheless,
due to persistent concerns about diagnosis (Jensen, 2000), the
potential for diversion and misuse (Darredeau et al., 2007; Poulin,
2007), and a limited understanding of the long-term consequences of
chronic MPH exposure during development, its use remains contro-
versial (Kollins, 2008).

In rodent models of addiction, it is well-established that repeated,
intermittent exposure to psychomotor stimulants results in a
progressive enhancement of the locomotor-activating and DA-
releasing effects of these drugs (Robinson and Berridge, 2001). This
ability to promote sensitization has been linked to increased
acquisition and reinstatement of operant drug self-administration,
has been shown to persist for prolonged periods (Paulson et al., 1991)
and may parallel the neural adaptations responsible for drug craving
(Vanderschuren et al., 1999). Similar to amphetamine and cocaine,
MPH is readily self-administered by rats (Botly et al., 2008), and
repeated intermittent MPH administration in adult rats produces
sensitized locomotor responses (Kuczenski and Segal, 2001; Yang
et al., 2006) and conditioned place preference (Sellings et al., 2006).

The consequences of repeated MPH administration during adoles-
cence have been mixed. Measures of spontaneous locomotor activity
have reported enhanced activity (Carlezon et al., 2003), no effect
(Valvassori et al., 2007) or decreased activity (Gray et al., 2007; Wiley
et al., 2009). Although sensitized locomotor responses to cocaine
challenge have been reported in both mice and rats (Brandon et al.,
2001; Achat-Mendes et al., 2003; Adriani et al., 2006), others have
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failed to identify a sensitized locomotor response to methylphenidate
challenge (McFadyen et al., 2002; Valvassori et al., 2007). Likewise,
whereas adolescent administration of MPH was reported to result
in enhanced operant cocaine self-administration and increased
reinstatement of extinguished conditioned place preference (Brandon
et al., 2001; Achat-Mendes et al., 2003), others have found that
adolescent MPH results in a diminished sensitivity to cocaine on
measures of conditioned place preference and intracranial self-
stimulation (Andersen et al., 2002; Mague et al., 2005; Augustyniak
et al., 2006). Variability between studies likely results from important
methodological differences in the timing, duration and dosing
parameters of adolescent drug administration, but also potentially
represents the complex behavioral profile of adolescents to psycho-
motor stimulant drugs (Spear and Brake, 1983).

In recent years, sustained-release formulations of MPH have been
increasingly utilized to enhance patient compliance (Pelham et al.,
2001; Wolraich and Doffing, 2004). Although similar in treatment
efficacy, sustained-release formulations appear to exert a more
limited abuse profile and are more difficult to divert for illicit use
(Parasrampuria et al., 2007b). In this regard, it is noteworthy that
the ability of cocaine to elicit behavioral sensitization in rats is
determined by the administration protocol utilized during the pre-
exposure period. Thus, whereas repeated, intermittent cocaine
administration is associated with an increased sensitivity to subse-
quent cocaine challenge, continuous cocaine infusion results in the
development of tolerance to cocaine and a decreased sensitivity to
subsequent cocaine exposure (King et al., 1993). Yet, with few
exceptions (Thanos et al., 2007), the vast majority of studies
conducted to date have utilized intermittent injection procedures to
model chronic MPH administration in adolescent rats.

The purpose of the present experiments was to characterize the
consequences of chronic adolescent administration of continuous
versus intermittent MPH in rats across a battery of behavioral tests.
Dependent variables included spontaneous locomotor activity, behav-
ioral anxiety in a light/dark chamber, acquisition of a T-maze task
maintainedby food reward, and operant cocaine self-administration. It
was hypothesized that intermittent MPH administration would
produce behaviors consistent with sensitization (enhanced sponta-
neous locomotor activity and enhanced cocaine-seeking behavior). By
contrast, continuous MPH administration was hypothesized to
promote diminished locomotor activity and decreased sensitivity to
cocaine reward.

2. Methods

2.1. Subjects

Forty-two male Sprague–Dawley rats (Harlan, Indianapolis, IN)
weighing 100–124 g (postnatal day (PND) 32–35) were individually
housed and maintained on a 12 h light/dark cycle with constant
temperature and humidity and with food and water available ad
libitum. Following one week of habituation to the vivarium, rats were
randomly assigned to one of five conditions: intermittent saline (SAL;
Table 1
Depicts the average daily cumulative dosing for each treatment group as a function of age.
beginning of each week. MPH (mg) represents the average daily MPH delivered to each grou
kg. Asterisk denotes that rats were food-restricted beginning during the third week of trea

IL IH

Week Weight
(g)

MPH
(mg)

Dose
(mg/kg)

MPH
(mg)

1 169 0.27 1.6 0.54
2 198 0.32 1.6 0.64
3 229 0.36 1.6 0.72
4* 224 0.36 1.6 0.72
n=8); low-dose intermittentMPH (IL; n=8); high-dose intermittent
MPH (IH; n=8); low-dose continuous MPH (CL; n=8); high-dose
continuous MPH (CH; n=10). In rodent models, given that the onset
of puberty typically occurs around PND 40, adolescence can be
differentiated into Early (PND 24–35), Middle (PND 37–48) and Late
(PND 50–61; (Spear and Brake, 1983; Adriani et al., 2002). For the
current study, drug administration persisted throughout Middle and
Late adolescence. All behavioral tests were conducted during the light
phase of the light/dark cycle. All procedures were performed in
accordance with an approved Institutional Animal Care and Use
Committee protocol and in compliance with NIH guidelines.

2.2. Drug administration

Previous research indicates that systemic MPH injections below
5 mg/kg effectively model clinically-relevant doses (Carlezon et al.,
2003; Bolanos et al., 2003). The current study is the first to utilize
osmotic minipumps as a mechanism to model the sustained-release
pharmacokinetics of MPH administration. Because there is no
precedent in the literature for establishing dosing parameters, pilot
studies were conducted to assess blood MPH concentrations during
the fourth week of MPH administration. Rats (n=4) were anesthe-
tizedwith ketamine (80 mg/kg) and xylazine (12 mg/kg) and an Alzet
osmotic minipump (Model 2ML4; Durect Corporation, Cupertino, CA)
was implanted subdermally in the midscapular region. For pilot
testing, minipumps were loaded with 2 ml of 5.6 mg/ml MPH HCl
(Sigma, St. Louis, MO) dissolved in sterile physiological saline. Given
that the flow rate for pumps=2.5 µl/h (60 µl/day) over 28 days, the
5.6 mg/ml concentration results in the release of 0.34 mg MPH/day.
For a rat weighing 200 g, this translates to 1.68 mg/kg/day. On
average, rats weighed approximately 170 g at the time of surgery
(2.00 mg/kg/day) and 225 g (1.49 mg/kg/day) on Day 24 post-
implantation. At that time, rats were terminally anesthetized with
ketamine/xylazine, the rib cage was opened and 1 ml blood was
extracted from the cardiac chamber using a 1 cc syringe. MPH blood
concentrations from frozen samples were determined by National
Medical Services (Willow Grove, PA) using liquid chromatography-
mass spectrometry. Results indicate that minipumps loaded with
5.6 mg/ml produced MPH blood concentrations that averaged 5.8+/
−0.9 ng/ml and ritalinic acid concentrations of 38.3+/−5.1 ng/ml
during the fourth week of treatment (a lower dose (2.8 mg/ml) fell
below the threshold (4 ng/ml) of detecting MPH concentrations in
blood).

To establish dose–effect parameters, minipumps were loaded with
2.0 ml of either 5.6 (CL) or 11.2 (CH) mg/ml MPH (Table 1). At the
time of surgery, rats weighed an average of 169 mg (CL=2.01 mg/
kg/day; CH=4.02 mg/kg/day). By the fourth week of treatment, as
rats gained body mass (224 g), effective dosages decreased
(CL=1.52 mg/kg/day; CH=3.04 mg/kg/day). Because behavioral
testing was initiated at the beginning of the fourth week of testing,
the intermittentdoseswere selected to approximate the estimateddaily
cumulative doses of the continuous group (approximately 1.6 (CL)
and 3.2 (CH) mg/kg/day) at that time. Thus, IL=0.8 mg/kg twice
Weight of rats is based on averages of all treatment groups, typically representing the
p independent of weight, whereas dose values represent MPH dosage expressed in mg/
tment prior to T-maze training.

CL CH

Dose
(mg/kg)

MPH
(mg)

Dose
(mg/kg)

MPH
(mg)

Dose
(mg/kg)

3.2 0.34 2.01 0.68 4.02
3.2 0.34 1.72 0.68 3.44
3.2 0.34 1.49 0.68 2.99
3.2 0.34 1.52 0.68 3.04



Fig. 1. Depicts the mean latency in seconds to select an arm across 6 days of T-Maze
training. Significant main effects of treatment were observed on Days 1, 2 and 3.
Asterisks denote statistically significant differences between IH vs. SAL on Day 1 and
between IH and IL vs. SAL on Days 2 and 3 (LSD pb0.05). Error bars represent SEM.
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daily; IH=1.6 mg/kg twice daily. All injections were dissolved in
physiological saline (1 ml/kg body weight) and delivered 3 h apart,
beginning at the onset of the active phase of the diurnal cycle
(20:00 h; see Gray et al., 2007).

2.3. Apparatus

The T-maze (91 cm runway with two 51 cm arms) was con-
structed of wood and painted black. At the beginning each trial, rats
were placed in a start box with a removable door that permitted
access to the runway. The presence of reward in either arm was
obscured by a small barrier that represented the boundary of the goal
box at the terminal end of each arm.

Spontaneous locomotor activity was measured in a white open
field arena (122 cm×122 cm). The field contained a grid (each
quadrant measured 20.3 cm×20.3 cm) and line crosses were counted
when all four paws crossed from one quadrant to another. Additional
dependent variables included rearing bouts, crosses into the center
quadrants and time spent grooming.

The light/dark activity chamber (46 cmW×91 cm L×46 cmH)was
painted white on one half and black on the other. Dependent variables
included chamber crosses (defined as all four paws crossing midline),
time spent on each side of the chamber and rearing behavior.

Operant chambers (30.5 cm L×24.1 cm W×21.0 cm H) are
commercially available (ENV-008, Med Associates, St. Albans, VT).
Each chamber was equipped with two nose poke holes 10 cm apart,
1.5 cm above floor level. Along the longitudinal axis were four
infrared beams, 6 cm apart for detection of locomotor activity.
Measurement of behavioral responses and drug delivery was
controlled by commercially available infusion pumps (PHM-100),
SoftCR software (SOF-721-2) and computer interface (Med PC-IV, SG-
65100, DIG-770F, DIG-716B, Med Associates).

2.4. Procedures

Rats exhibit a natural tendency to alternate arm selections in a
T-maze in amanner that is thought tomodel foraging behavior (Deacon
and Rawlins, 2006) and is conceptualized as a measure of working
memory (Wenk, 2001). We utilized a modified T-maze procedure in
order to assess motivation to seek a non-drug reward and to assess the
ability of rats to detect a change in contingency. Beginning during the
third week of treatment, rats were food-deprived to 85% free-feeding
body weight and given access to an appetitive cereal to prevent
neophobic responses to reward (note that due to a failure to adequately
food restrict one flight of subjects, CL n=4; CH n=4 for T-maze data).
At the beginning of the fourth week of treatment, rats were given 90 s
for each of 7 trials to explore the maze. Across all 6 days of training,
both arms were baited with food reward and alternation behavior
was recorded. On the test day (Day 7), only one arm (the less preferred
arm from theprevious trainingday tomaximize theprobability that rats
would sample the unbaited arm and detect the change in contingency)
was baited across 12 60 s trials. To optimize reward acquisition, this
change in contingency would require rats to inhibit any tendency to
spontaneously alternate arm selections. Dependent variables included
arm selection, latency to arm selection, rewards consumed, and
alternation behavior. In addition, the average latencies following
rewarded vs. unrewarded trials were compared.

Prior to the culmination of drug treatment, locomotor activity was
assessed in an open field arena for 30 min, followed by a 5 min test in
a light/dark activity chamber. This test utilizes the natural tendency of
rats to avoid brightly lit, open spaces and is an established measure of
anxiety in rodents (File et al., 2004).

At the conclusion of MPH treatment, rats were anesthetized
(ketamine/xylazine), osmotic minipumps were removed and custom
catheters were implanted into the right jugular vein, as previously
described (Koeltzow and Vezina, 2005). Rats were given seven days
recovery, and catheters were flushed twice daily with heparinized
saline. During training (7 days), rats were placed in operant chambers
and allowed to self-administer intravenous cocaine (1.0 mg/kg/
infusion) maintained on a FR-1 schedule of reinforcement for 1 h. In
response to each reinforced nose poke response, a light was activated
(CS) for ten seconds, during which additional responses were
recorded, but without consequence (time out). Acquisition was
defined as consecutive days of at least 4 mg/kg cocaine and at least
75% selectivity for the active versus inactive nose poke hole (4 rats
failed to achieve this criterion). On Day 8, rats were subjected to a 1 h
extinction session, followed immediately by a priming injection of
cocaine (10 mg/kg, i.p.) and testing continued for one additional hour
(reinstatement). During both extinction and reinstatement, the CS
was presented in response to drug-paired nose-pokes (responding for
conditioned reinforcement), but cocaine was not delivered.

2.5. Statistical analysis

Comparisons between treatment conditions were analyzed using
one way analysis of variance (ANOVA). For each measure, there were
five levels of treatment (SAL, IL, HL, CL and CH), except for self-
administration extinction data, in which high and low dose conditions
were pooled (between subjects factors=SAL, intermittent and
continuous). Repeated measures ANOVA was utilized to assess time
course data: latency to arm selection during T-maze training (within-
subjects factors=average latency for each training day); locomotor
activity counts in the open field (six 5 min intervals). All post-hoc
analyses were performed utilizing Fisher's LSD. The level of signifi-
cance was pb0.05. Statistical analyses were made using SPSS 15.0 for
Windows.

3. Results

3.1. T-Maze

The average latency to arm selection across 6 days of T-maze
training is depicted in Fig. 1. Repeated measures ANOVA revealed a
statistically significant main effect of Training Day (F (5, 135)=54.29,
pb0.001) and of Treatment (F (4, 27)=4.12, pb0.05). Post-hoc
analyses indicated that IL and IH rats exhibited significantly decreased
latencies compared to SAL rats (LSD pb0.005). Analysis of time course
data indicate that treatment differences were most pronounced
on Day 1 (main effect F (4, 27)=2.83, pb0.05), Day 2 (F (4, 27)=3.51,
pb0.05), and Day 3 (F (4, 27)=3.26, pb0.05). ANOVA on the total



Fig. 3. The mean number of rewards consumed (left), mean number of rewarded arm
decisions (middle) and mean latency to arm selection (right) during the T-maze test are
depicted. Error bars represent SEM.
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number of arm selections during training revealed a statistically
significant main effect of treatment (F (4, 27)=3.06, pb0.05). Thus, the
decreased latencies, particularly during the early portion of training,
at least partially reflect an increased number of arm selections among
rats in the intermittent treatment groups whereas SAL rats were more
likely to have a trial time out prior to selecting an arm of the maze.

To assess the ability of rats to detect a change in contingency and
to inhibit any tendency to alternate between arms of the maze, only
one arm was baited with food reward across 12 trials on Test Day.
Consistent with previous reports, alternation rates observed during
training ranged from 60 to 70% (Moustgaard et al., 2008). As depicted
in Fig. 2, paired t-tests revealed that only rats in the IL, IH and CL MPH
conditions exhibited statistically significant decreases in alternation
rates during testing. Because rats must sample both arms in order to
be exposed to the change in contingency, it was anticipated that
rewarded arm selections would be more prevalent during later
compared to earlier test trials. Analysis of the number of non-
rewarded arm selections during the first 6 trials of testing compared
to the last 6 trials indicated that both the IL and CL rats exhibited a
significant decrease in errors during the final 6 trials of testing (Fig. 2).
These data would seem to indicate that MPH treatment served to
enhance adaptive responding during testing. However, one way
ANOVAs on latency to arm selection (F (4,27)=1.67, n.s.), reward-
appropriate arm selections (F (4,27)=0.82, n.s.), and reward con-
sumption (F (4,27)=1.92, n.s.) failed to identify statistically significant
differences among groups (Fig. 3).

Taken together, these results indicate that intermittent MPH
administration produced enhanced acquisition of the T-maze task,
manifest primarily as more rapid arm selections. Neither MPH
administration regimen had a significant impact on reward consump-
tion or on the number of rewarded decisions made in response to the
change in contingency on test day, though it's striking that only MPH-
treated rats exhibited a decrease in alternation behavior, particularly
during the last 6 trials of testing.
Fig. 2. Top: mean alternation behavior expressed as a percentage of total arm selections.
Bottom: arm selection errors (non-rewarded arm selections) expressed as a percentage
of all selections during the first 6 or last 6 trials of T-maze testing. Asterisks indicate
statistical significance between training versus Test day. Error bars represent SEM.
3.2. Spontaneous locomotor activity

Forward locomotor activity, defined as grid crosses within the
open field, is depicted in Fig. 4. Repeated measures ANOVA revealed a
statistically significant main effect of interval (F (5, 185)=42.1,
pb0.001) and treatment (F (4, 37)=3.1, pb0.05), and a statistically
significant interval x treatment interaction (F (20, 246)=2.4, pb0.001).
Post-hoc analysis indicated that IH rats exhibited statistically
significantly higher levels of locomotor activity compared to SAL
rats (LSD pb0.05). By contrast, analysis of time course data indicate
that rats from both continuous treatment groups were less active
compared to SAL rats during the first 5 min of testing. As depicted in
Fig. 5 (top), repeated measures ANOVA indicated a similar effect of
treatment on rearing behavior (F (4, 37)=3.9, pb0.01). Although no
statistically significant differences were observed between SAL-
treated rats and any of the other treatment conditions, both IL and
IH rats exhibited more rearing behavior than either the CL or CH rats
(LSD pb0.05). Taken together, these data indicate that rats in the
intermittent treatment conditions were hyperactive in the open field.

3.3. Behavioral anxiety

A statistically significant main effect of treatment was observed for
light/dark chamber crosses (F (4, 37)=3.7, pb0.05). Post-hoc analyses
indicate that IL (LSD pb0.05) and IH (LSD pb0.005) rats were more
Fig. 4. Depicts the mean locomotor activity counts in 5 min intervals across 30 min of
open field testing. Pound (#) denotes that both CL and CH treatment groups exhibited
significantly fewer activity crosses during the first 5 min of testing compared to SAL
treatment (pb0.05). Inset: cumulative locomotor activity counts. Asterisk denotes IH
rats exhibited more total activity counts compared to SAL rats (pb0.05). Error bars
represent SEM.



Fig. 5. Top: Mean rearing events in both the open field (OF rearing) and light/dark
chamber (BW rearing), and the mean number of transitions between black and white
compartments. Pound (#) denotes statistically significant differences between
intermittent treatment groups compared to either continuous treatment group.
Asterisk denotes statistically significantly different from SAL (pb0.05). Bottom: Mean
time spent in the black versus white compartments of the light/dark chamber,
expressed in seconds. Asterisk denotes SAL significantly different from IL, CL and CH
(pb0.05). Error bars represent SEM.
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active in the light/dark chamber compared to rats in the SAL condition.
As depicted in Fig. 5 (top), similar resultswere observedwith regard to
rearing in the light/dark chamber (F (4, 37)=5.6, pb0.001), as IL rats
reared significantly more than rats in the SAL condition (LSD pb0.05).
Analysis of the preference for the light vs. dark compartments of the
chambers indicated that only rats in the SAL condition exhibited
robust behavioral anxiety (Fig. 5, bottom). For example, one way
ANOVA on time spent in the dark compartment identified a significant
main effect of treatment (F (4, 37)=2.8, pb0.05), and post-hoc analysis
indicated a statistically significant increase in time spent in the dark
compartment by SAL rats compared with IL, CL and CH rats (LSD
pb0.05). In summary, these data indicate that the differences in
exploratory locomotor activity exhibited by intermittent versus
continuous treatment groups did not result from group differences
in behavioral anxiety. Rather, these data seem to indicate that chronic
MPH administration, regardless of route of administration, results in
an anxiolytic behavioral response to the light/dark chamber.

3.4. Cocaine self-administration

ANOVA on nose poke responses during acquisition (Fig. 6 top)
revealed a statistically significant main effect of treatment (F (4, 29)=
2.71, pb0.05). In particular, IH executed more drug-paired nose
poke responses compared to either group of continuous treatment
rats (LSD pb0.05). However, the difference between IH and SAL
approached, but failed to achieve statistical significance (LSD pb0.08).
CH rats appeared to exhibit decreased responding compared to SAL-
treated rats, though this effect also failed to achieve statistical
significance (LSD p=0.17). No statistically significant effects of
treatment on inactive nose poke responses (F (4, 29)=0.73, n.s.) or
on locomotor activity (F (4,29)=1.85, n.s.) during acquisition were
observed (Fig. 6, middle and bottom). Extinction and reinstatement
data are depicted in Fig. 7. No statistically significant main effects of
treatment on drug-paired nose poke responses (top) were observed
during either extinction (F (4, 29)=2.24, p=0.09) or reinstatement
(F (4,29)=0.19, n.s.). However, when data were pooled based on route
of administration (SAL=7, intermittent=15, continuous=12), a
statistically significant main effect of treatment was observed during
extinction (F (2, 31)=4.79, pb0.05). Consistent with the acquisition
data, the treatment effect during extinction resulted from increased
drug-paired nose poke responses by rats in the intermittent conditions
compared to those in the continuous conditions (LSD pb0.005).
Analysis of the locomotor responses (bottom) failed to identify
a statistically significant main effect of treatment during extinction
(F (4, 29)=1.52, n.s.). During reinstatement, however, such an effect
was observed (F (4, 29)=3.31, pb0.05), resulting from an enhanced
locomotor response by both IL and IH rats compared to SAL (LSD
pb0.05). In summary, the self-administration data indicate that rats
treated with intermittent MPH achieved enhanced acquisition of the
operant response and increased drug-seeking behavior during
extinction compared to either SAL or continuous MPH treatment
groups. Although cocaine challenge failed to reinstate drug-paired
nose poke responding, the enhanced locomotor response of rats in the
intermittent conditions during reinstatement suggests these rats may
bemore sensitive to the behavioral effects of cocaine compared to rats
treated with continuous MPH.

4. Discussion

The purpose of the present study was to examine the behavioral
consequences of intermittent versus continuous administration of
physiologically relevant concentrations of MPH across 4 weeks of
adolescent development in rats. Results indicate that intermittent
MPH administration produces hyperactivity across a variety of
measures, including exploratory activity in a novel open field and in
a light/dark activity chamber, latency to arm selection during a T-
maze task, and in response to non-contingent cocaine administration.
By contrast, continuous MPH treatment was associated with a
hypoactive response to the novel open field, particularly during the
first 10 min of testing and a reduced apparent sensitivity to both
operant and non-contingent cocaine. Finally, both treatment condi-
tions appeared to attenuate the anxiogenic properties of the light/
dark chamber. These data are interpreted to indicate that continuous
MPH treatment in rats does not advance hyperlocomotor activity or
confer an enhanced vulnerability to addiction.

The present study is the first to utilize osmotic minipumps as a
delivery system to model sustained-released MPH pharmacokinetics.
Pilot studies demonstrated that the low dose used in the current study
was sufficient to produce physiologically-relevant blood MPH
concentrations (5.8 ng/ml) 24 days post-implantation. In humans,
plasma concentrations of MPH have been reported to peak at 6 ng/ml
6 h after administration of a low dose of sustained-release MPH
(18 mg Concerta®), whereas non-time release formulations (20 mg
Ritalin®) produce much higher peak drug concentrations (9 ng/ml;
(Markowitz et al., 2003). Although we did not measure blood MPH
concentrations as a consequence of the high continuous dose, it seems
likely that the CH treatment represents a moderate drug dose typical
of human treatment conditions (e.g., see Wolraich and Doffing, 2004;
Parasrampuria et al., 2007a).

Previous studies of the effects of repeated MPH administration
during adolescent development in rats have reported mixed findings



Fig. 6.Mean drug-paired nose poke responses are depicted across 7 days of training (top). For purposes of comparison, inactive nose poke responses are depicted utilizing identical
axes (middle). Mean locomotor activity counts across training day are depicted (bottom). Insets represent mean cumulative totals across all 7 days of training. Pound (#) denotes
increased nose poke responding by IH compared to both CL and CH rats (LSD pb0.05). Error bars represent SEM.
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across a number of measures. Although drug dose may play a
contributing role to this variability, as dosing has ranged from less
than 1.0 mg/kg to as much as 10 mg/kg, the majority of studies have
utilized a daily dose of about 2 mg/kg (Mague et al., 2005; Adriani
et al., 2006; Augustyniak et al., 2006). In this regard, it is perhapsmore
likely that variability results from differences in both the timing and
duration of treatment. For example, whereas some studies have
utilized administration regimens targeting developmental windows
as narrow as one week (Brandon et al., 2001), others have sustained
treatment for 4 weeks or more (Gray et al., 2007; Valvassori et al.,
2007; Thanos et al., 2007; Britton and Bethancourt, 2009). Similarly,
whereas at least one study initiated treatment as early as PND 7 (Gray
et al., 2007), most studies have targeted either early (Carlezon et al.,
2003; Wiley et al., 2009) or middle (Adriani et al., 2006; Augustyniak
et al., 2006) adolescence.

In terms of locomotor activity, Valvassori et al. (2007) reported no
differences in spontaneous activity after 4 weeks of daily intermittent
MPH administration (1, 2 or 10 mg/kg). However, their test duration
was limited to 5 min and may not have sufficed to observe the
attenuated rates of habituation reported by Carlezon et al., (2003).
Analysis of the time course of the locomotor response to the open
field is intriguing for several reasons. It is well-established that DA is
elevated by novel stimuli (Schultz, 1998) and that individual
differences in the locomotor activation elicited by novelty can be
linked to variations in DA function (Marinelli andWhite, 2000; Chefer
et al., 2003). Because repeated, intermittent psychostimulant admin-
istration has been shown to result in sensitized DA activity (Vezina
et al., 2002), it could be expected that intermittent MPH administra-
tion would result in a heightened locomotor response to novelty.
Interestingly, however, rats treated with intermittent MPH in the
current study did not exhibit a robust initial locomotor response in the
open field compared to SAL rats. Rather, the elevated response by IH
rats predominantly manifested during the second half of testing,
suggesting that intermittent MPH disrupted habituation processes.



Fig. 7. Means during extinction and reinstatement training are depicted for both drug-
paired nose poke responses (top) and locomotor activity counts (bottom). Pound (#)
denotes significance difference between intermittent and continuous treatments when
data were pooled (pb0.05). Asterisk denotes statistically significantly different from
SAL (pb0.05). Error bars represent SEM.
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Similarly, although the initial locomotor response of CH rats was
decreased compared to SAL rats, there was little evidence of
habituation exhibited by these rats across the duration of testing.
Given that DA transporter knockdown mice have been reported to
exhibit substantially impaired locomotor habituation (Zhuang et al.,
2001), the current data indicate that both MPH administration
protocols utilized in the present study may have disrupted DA
transporter activity sufficient to impair habituation processes.

One possible explanation for the differential levels of spontaneous
activity in the open field could be related to the anxiogenic properties
of this paradigm. However, when behavioral anxiety was explicitly
measured in the light/dark chamber, only SAL rats exhibited a robust
preference for the dark compartment of the chamber. It therefore
seems unlikely that alterations in spontaneous locomotor activity can
be explained in terms of variability in the processing of anxiogenic
stimuli as a consequence of either repeated MPH administration or as
a response to the acute withdrawal thereof. Nevertheless, the
decreased expression of behavioral anxiety in the light/dark chamber
is consistent with the reported effects of acute MPH on the elevated
plus maze (Gray et al., 2007). However, one recent report indicates
that a long-term consequence of adolescent, intermittent MPH
administration (2 mg/kg/day) is an enhanced reactivity to anxiety-
and stress-provoking stimuli in adulthood (Wiley et al., 2009)
whereas another identified no substantive long-term effects following
4 weeks of treatment (Britton and Bethancourt, 2009). It is unclear
whether continuous infusion protocols can mediate this effect, and is
an appropriate question for further research.

Previous studies that assessed the long-term consequences of
intermittent MPH administration during adolescence have reported
both facilitation (Adriani et al., 2007) and impairment (Crawford et
al., 2007) on behavioral tasks maintained by food, and the reasons for
these discrepant findings are not obvious. The modified T-maze task
was intended to assess the sensitivity of treated rats to a non-drug
reward condition, but also to measure the ability of rats to detect a
change in contingency as individuals with ADHD exhibit deficits
across a number of measures of executive function, including those
sensitive to working memory (Schmitz et al., 2002). The ability to
effectively adjust to the change in reward availability during the T-
maze test putatively required an ability to maintain the contingency
change in memory as a guide to behavior. During training,
intermittent MPH produced reduced latencies to arm selection
without increased reward consumption, suggesting that this effect
occurred secondary to diminished behavioral anxiety or hyperactivity.
On test day, intermittent MPH rats better inhibited alternation
behavior and exhibited a trend towards enhanced reward-appropri-
ate arm selections. At the very least, neither MPH treatment condition
resulted in substantive impairment on this task. This is in contrast to a
recent report showing impaired object recognition following chronic
oral MPH administration during adolescence (LeBlanc-Duchin and
Taukulis, 2007). Given the hallmark features of inattentiveness and
impulsivity among individuals with ADHD, additional characteriza-
tion of the consequences of adolescent MPH on measures of
impulsivity and working memory are warranted.

Previous studies have reported mixed effects of repeated MPH
during adolescence on the subsequent response to drugs of abuse.
Studies reporting sensitization to the locomotor-activating effects of
cocaine (Adriani et al., 2006; Brandon et al., 2001) appear at odds with
reports of reduced sensitivity to cocaine on intracranial self-
stimulation thresholds and aversive effects in the conditioned place
preference paradigm (Andersen et al., 2002; Mague et al., 2005).
Consistent with the findings of Brandon et al. (2001), we found that IH
rats exhibited increased operant cocaine self-administration across
training compared to SAL rats, and exhibited an elevated (sensitized)
locomotor response to the cocaine priming injection during rein-
statement testing. Nevertheless, the failure of cocaine priming to
reinstate extinguished cocaine-seeking behavior prohibits definitive
conclusions regarding the potential consequences of adolescent MPH
administration on cocaine-induced drug-seeking behavior. First, the
dose of cocaine (1 mg/kg/infusion) was too high to yield high rates of
operant self-administration during acquisition, as rats in all treatment
conditions typically failed to perform more than 20 drug-paired nose
poke responses per day. Consequently, extinction training may have
been sufficient to render the challenge dose of cocaine (10 mg/kg) too
low to promote robust reinstatement, even in SAL-treated rats.
Moreover, increased self-administration behavior during training
could be construed to represent a diminished sensitivity to cocaine.
Dose–effect curves for cocaine self-administration would be useful in
addressing this question. Nevertheless, the relative insensitivity to
continuous MPH-treated rats to cocaine across both acquisition and
reinstatement indicates that this treatment protocol does not advance
a pronounced vulnerability to addiction, consistent with reports on
the subjective effects of sustained-release MPH in humans (Para-
srampuria et al., 2007b).

The current study utilized a relatively unusual extinction/reinstate-
ment paradigm (for review, see Shalev et al., 2002). More commonly, a
within-session design is utilized, whereby self-administration, extinc-
tion and reinstatement take place within a single session. This design
is ideal for repeated measures of reinstatement, though it is difficult to
rule out the effects of residual drug intake. Alternatively, between-
sessions designs are typically characterized by repeated daily extinction
sessions that persist until drug-paired responding falls reliably under
a certain threshold. While this method is perhaps best suited to the
identification of stimuli capable of eliciting robust reinstatement, it is
relatively labor intensive. The hybrid between/within-session paradigm
used presently was selected because it may allow the most direct
comparison of reinstatement after varying periods of withdrawal,
including those persisting well into adulthood. However, the failure of
cocaine to reinstate drug-paired nose poke responses in the current
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study, even amongSAL-treated rats, likely limits the extrapolation of the
current findings to those utilizing more protracted withdrawal time
points.

Several substantive methodological considerations are worth
noting. First, one limitation of the continuous treatment regimen
used presently is that drug is delivered across the 24 h circadian cycle
whereas human dosing typically occurs only during waking hours.
Unfortunately, we had no quantitative mechanism by which to assess
the potential extent to which either treatment regimen disrupted
circadian rhythmicity. This is not a trivial concern, as previous studies
have reported that intermittent MPH administration produces diurnal
disruptions in both rats (Algahim et al., 2009) and humans (Corkum
et al., 2008). Moreover, emerging evidence indicates that psychosti-
mulants powerfully interact with circadian genes, perhaps substan-
tively contributing to the addiction process (McClung et al., 2005;
Lynch et al., 2008). In the present study, it is possible that the
attenuated locomotor response by rats in the continuous condition
resulted from chronic disruptions of the diurnal cycle. However, the
relative insensitivity of continuous MPH rats to both the rewarding
and locomotor-activating effects of cocaine indicates that this
potential disruption did not facilitate cocaine sensitivity.

Second, whereas daily dosing delivered via osmotic minipumps
varied as a function of body weight, dosing in the intermittent
conditions did not, as depicted in Table 1. That is, in the intermittent
conditions, the volume of drug delivery increased commensurate with
bodyweight. Functionally, given the sharp increase in bodyweight over
the course of adolescent development, continuous treatment rats were
exposed to more total drug compared to intermittent rats, particularly
during the first week of treatment. Thus, differences among rats in the
intermittent versus continuous treatment conditions could potentially
have resulted from differences in cumulative dosing across the duration
of treatment. Additionally, the current study did not utilize a saline
control for the continuous treatment condition. Consequently, because
SAL rats in the current study were handled twice daily for injection
delivery, it's possible that the observed effects in the continuous
treatment conditions result partly from an absence of daily handling or
injection stress. Given the established ability of either stress or
enrichment to modulate DA in reward-relevant brain areas (Segovia
et al., 2009), incorporating a sham control condition is an important
consideration for future studies. Nevertheless, studies generally indicate
that isolation results in increased, rather than decreased responses to
cocaine or novelty (Solinas et al., 2009), as was observed among
continuous treatment groups in the present study.

Another feature of the current experimental design is that
behavioral testing was performed during the inactive phase of the
diurnal cycle whereas intermittent drug administration was delivered
at the onset of the active phase. Although this was intended to
mitigate the impact of acute MPH treatment on spontaneous activity,
it introduced the possibility that rats in the intermittent condition
would be experiencing acute withdrawal at the time of testing. In this
regard, it is interesting to note that the spontaneous activity of rats in
these conditions did not resemble the crash phase of psychostimulant
withdrawal (Koeltzow and White, 2003). Instead, IL and IH rats
routinely exhibited elevated activity responses.

In conclusion, the purpose of the present study was to assess the
behavioral consequences of intermittent versus continuous MPH
administration during adolescence in rats. Whereas intermittent MPH
was associated with hyperactivity and an increased sensitivity to the
effects of cocaine, rats in the continuous MPH condition did not
exhibit these effects. Collectively, these data indicate that sustained-
release formulations of MPH used in the treatment of ADHDmay yield
fewer problematic effects compared to the immediate release
formulations. Future research, however, must clarify the potential
long-term consequences of these treatment conditions, and it will be
important to extend the present findings to rat models natively
characterized by hyperactivity and/or impulsivity.
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