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Abstract

Methylphenidate (MPH) is one of the few psychotropic agents approved for use in pediatric 

populations, underscoring the importance of elucidating any long-term consequences following 

exposure to this agent. Here, we examined the influence of several variables (i.e. age of 

assessment, age of exposure, sex, route of administration) on the effect of chronic low-dose MPH 

(2 mg/kg, twice daily) exposure on place conditioning to cocaine. Juvenile exposure to MPH, but 

not later exposure, resulted in aversions to cocaine-paired environments when assessed in young 

adult male rats, but not those entering adolescence. Juvenile MPH enhanced place preferences for 

cocaine-paired environments in female adolescent rats. The route of administration (i.p. injection 

or oral ingestion) did not produce enduring differential effects on behavior, and D-MPH was 

confirmed as the active enantiomer. These observations add to the growing literature on the 

enduring effects of MPH exposure, and highlight the need for more research in females.
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Introduction

The risk of developing a significant drug addiction to psychostimulants is 4 times higher if 

use is initiated between 11 and 14 years of age than if initiated at any other age [1]. This 

startling statistic implies that drug addiction is less likely to occur if use is initiated before 

this period. Indeed, while stimulant use is reported by approximately 2% of the population 

in the 8th grade, large-scale epidemiological studies have not focused on earlier ages of 

onset [2]. Low abuse rates [1] are arguably due to low availability and minimal euphoric 

effects [3]. Additionally, research suggests that exposure to stimulants in children with 

attention-deficit hyperactivity disorder (ADHD) may actually reduce the risk of substance 

disorders later in life [4]. However, little is known about the mechanism underlying this 

effect or the factors that modulate this reduced risk.
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Understanding the factors that reduce the risk of substance abuse following juvenile 

exposure to stimulants may have widespread implications for the treatment of drug addiction 

as well as ADHD. Moreover, the effects of stimulant exposure during postnatal development 

can provide valuable information about the development of the reward system. To this end, 

preclinical research on juvenile exposure to the stimulant methylphenidate (MPH) has been 

extensive in recent years [for a review, see 5]. These studies involved multiple drug-exposure 

paradigms, different ages of exposure, and assessment of short- and long-term effects, and 

have yielded a number of seemingly conflicting results and interpretations [5, 6]. For 

example, juvenile exposure to MPH produces an aversion to cocaine-associated 

environments in adulthood [7, 8], whereas exposure during adolescence [9] or adulthood 

[10] increases self-administration of cocaine. Other studies report no significant behavioral 

effect [11].

Drug-seeking, craving, and relapse play prominent roles in the addiction process [12]. These 

processes are initiated by the Pavlovian conditioning of drug-related cues [13]. Repeated 

pairing of the environment with a rewarding drug allows the environment to develop 

conditioned incentive properties as a drug-related cue [14]. Multiple, but consistent, 

measures of drug effects in animals enable extrapolation to the human condition about 

conditioned incentive. For example, conditioned drug effects are examined through self-

administration [15], locomotor sensitization [5], and place conditioning [16]. Each of these 

paradigms has strengths and weaknesses for studying addiction. Self-administration assesses 

multiple aspects of drug addiction, including drug-taking, drug-seeking, and reinstatement 

[15]. However, the self-administration paradigm, while considered one of the most ideal 

paradigms for drug assessment, is not ideal for developmental studies due to technical issues 

such as catheterization, patency issues, and long training sessions. Alternatively, behavioral 

plasticity is assessed by repeatedly exposing animals to a drug in a given environment and 

testing for increased locomotor activity to drug challenge over time (sensitization) [17, 18]. 

Here, exposure to MPH in juvenile [19] or adolescent (41 days) rats produces either no 

effect or a slight diminution of the locomotor sensitizing effects of cocaine or 

methamphetamine [17], respectively. This paradigm also examines conditioned drug effects 

[14], and is better suited for developmental studies than self-administration [20, 21]. The 

limitation of this paradigm is the unclear relationship between locomotor activity and drug 

craving, taking, and seeking [14]. Comparisons across age are also difficult due to 7- to 14-

day withdrawal periods often used for subsequent drug challenge [e.g. 22]. Place 

conditioning is a third paradigm wherein repeated pairing of a given environment with a 

drug yields a conditioned preference or aversion to that environment. Two place 

conditioning procedures are used: biased and unbiased. The biased paradigm associates the 

drug-associated environment with the initially least-preferred side, whereas, in the unbiased 

paradigm, subject assignment of drug-paired chambers eliminates side preferences by 

equally distributing any bias. In both paradigms, animals are subsequently tested for drug-

seeking behavior in a drug-free state. More time spent in the drug-associated environment is 

interpreted as a drug preference [23–26]. However, the assessment of a drug aversion (i.e. 

time spent away from the drug-associated environment) is more clearly interpretable in the 

unbiased paradigm [26]. By testing in a drug-free state, one of the main advantages of place 
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conditioning for across-age comparisons is that pharmacokinetics do not interfere with the 

assessment of the conditioned incentive.

In these studies, we systematically analyzed a number of factors that are known to influence 

drug-seeking behavior following developmental exposure. These factors include age of drug 

exposure [5, 7, 17, 19, 27, 28], age of testing [7, 19, 29], sex of the subject [19, 30, 31], 

route of drug administration [17, 27, 32, 33], and pharmacokinetics associated with MPH 

[34, 35]. To facilitate direct comparison of how MPH exposure interacts with these factors, 

we used an unbiased place conditioning procedure to model drug-seeking behavior in 

animals. The unbiased procedure allows the assessment of both aversions and preferences 

and the transitions in these behaviors as they occur. A similar analysis has been performed 

recently using locomotor sensitization as the metric, with the aim of explaining how MPH 

exposure can lead to sensitized drug responding [5].

General Methods

Subjects

Lactating female Sprague-Dawley rats obtained from Charles River (Worcester, Mass., 

USA) were housed with their litters on a 12-hour/12-hour light/dark cycle, with lights on at 

07: 00 h with food and water provided ad libitum. Litters were culled to 10 pups of equal 

numbers of males and females on postnatal day (P) 1 and weaned at P 21. Animals were 

housed with same-sex littermates. A total of 214 rats were used in these experiments. Only 1 

subject/litter was assigned to any individual condition, and the remaining littermates used in 

other studies. An average number of 7–8 per group were used, and no rats were used for 

more than a single study. Estrous state was not determined in females, as previous studies 

suggest that vaginal lavage may influence place conditioning [36]. All animals were treated 

in accordance with the policies established by NIH and the McLean Hospital Institutional 

Animal Care and Use Committee.

Drugs

MPH hydrochloride (D,L-MPH, unless noted otherwise), L-MPH, D-MPH, and cocaine 

hydrochloride were obtained from Sigma (St. Louis, Mo., USA). Drugs were dissolved in 

0.9% saline vehicle (VEH) and administered in a volume of 1 ml/kg with a Hamilton 

syringe, except where otherwise stated (see Study 4).

Drug Treatment

Unless otherwise indicated (see Study 4), MPH (2 mg/kg) or VEH was administered by 

injection (intraperitoneally; i.p.) twice daily, with care taken to distribute each condition 

(drug) to 1 male and female from each litter. Subjects were weighed daily at 09:00, and 

given their first drug administration; the second was 4 h later at 13:00. The 2-mg/kg dose of 

MPH was initially selected on the basis of our previous studies [7, 8], and approximates a 

clinically relevant dose in humans [17, 37] based on clinical plasma levels. All drug 

exposure periods lasted 15 days, and animals received no further treatments until behavioral 

testing. Cocaine doses for the place conditioning experiments were chosen based on 

previous results that demonstrated place conditioning [7, 8].
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Place Conditioning

Place conditioning occurred in a 3-chamber apparatus according to methods established by 

Carlezon et al. [8, 38]. The conditioning chamber consisted of 2 large (24 × 18 × 33 cm) side 

compartments separated by a small (12 × 18 × 33 cm) middle compartment. The 2 

compartments differed in floor texture, lighting, and wall coloring (black or white), and 

these drug-associated environments were counterbalanced within a condition. On day 1, rats 

freely explored the apparatus to initially screen for baseline preferences, which was defined 

a priori by spending greater than 18 min of the 30-min session on 1 side. If preferences were 

detected, these subjects were eliminated from further testing. Less than 10% of rats 

displayed initial preferences to 1 chamber, which occurred regardless of exposure condition. 

This frequency of elimination was consistent with previous studies using the unbiased 

conditioning procedure in this laboratory. Conditioning to cocaine and saline occurred on 

days 2 and 3. During the first conditioning session of each day, rats received a 1 ml/kg i.p. 

injection of saline, and were confined to 1 side for 60 min. They were then returned to the 

home cage. Four hours later, rats received 10 mg/kg i.p. of cocaine (except where noted), 

and were confined to the other side. This dose was chosen because it consistently produces a 

place aversion in juvenile-MPH-exposed adults [7, 8]. On day 4, subjects were permitted to 

freely explore the entire apparatus for 30 min in a drug-free state. Time spent in each 

compartment was analyzed to reflect conditioning to the environmental cues associated with 

each compartment. Relative to time spent on the saline-associated side of the chamber, time 

spent in the drug-conditioned side was considered a drug preference, whereas time spent on 

the saline-conditioned side was considered an aversion.

Experimental Design

Five studies were conducted to determine the impact of age of exposure, age of testing, sex, 

route of administration, and MPH enantiomers on subsequent cocaine place conditioning 

(fig. 1).

Study 1—Male rats were chronically treated with MPH (2 mg/kg, twice daily) for 15 days 

beginning either at P 20 (juvenile; n = 8), P 50 (late adolescence; n = 8), or P 70 (adult; n = 

8). Place conditioning was assessed 25 days following treatment cessation.

Study 2—This experiment investigated the effects of juvenile MPH exposure on adolescent 

versus adult place conditioning. Male rats were chronically treated with MPH (2 mg/kg, 

twice daily) for 15 days beginning at P 20. Place conditioning commenced either at P 40 (5 

days following treatment cessation; n = 7) or P 60 (25 days following treatment cessation; n 

= 8).

Study 3—Sex was examined as a factor in the effects of juvenile MPH on adolescent place 

conditioning. Males and females were treated with MPH as described in study 2. Place 

conditioning commenced on P 40, using 3 doses of cocaine (5, 10, and 20 mg/kg; n = 6–8) 

in order to gauge sensitivity to the conditioning effects of cocaine between sexes. We have 

previously found dose-dependent effects of this cocaine dose range at P 60 [7].
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Study 4—Route of administration was by i.p. injection (n = 8), oral gavage (n = 12), or 

ingestion (n = 5). For the ingestion paradigm, 2 mg/kg of MPH (dissolved in saline) was 

added to a palliative food substance (Fruit Loops™ cereal). Subjects were pre-exposed to the 

cereal for 3 days prior to drug administration to reduce any effects of novelty. By the second 

day of exposure, subjects readily consumed the food within 2 minutes of presentation, and 

continued to do so once it contained the MPH. An additional VEH group (Fruit Loops alone; 

n = 8) was run for the ingestion condition. MPH (2 mg/kg) dissolved in saline or saline 

alone was used in the gavage condition, administered through a balled-end gavage needle in 

order to prevent damage to the esophagus.

Study 5—Role of enantiomers was investigated by exposing juvenile rats to MPH (D,L-

MPH), or equimolar amounts of D-MPH or L-MPH (n = 10, 11, and 8, respectively) between 

P 20 and 35. The dose of the individual enantiomers was 1 mg/kg to account for their 

equimolar amounts in the mixed racemic form. Therefore, the groups were VEH, D,L-MPH 

(2 mg/kg), D-MPH (1 mg/kg), or L-MPH (1 mg/kg). The 2 mg/kg dose of D,L-MPH was 

selected on the basis of our previous studies [7, 8]. Rats were tested for place conditioning to 

cocaine at P 60.

Data Analysis

Data were analyzed using a mixed ANOVA with repeated measures [experimental factor × 

drug pre-exposure × conditioning (time spent in drug side: before vs. after)]. Significant 

effects were further analyzed with simple main effect (F) tests or Fisher’s honestly 

significant difference tests using SPSS (SPSS, Chicago, Ill., USA). For all post hoc drug 

comparisons, statistical significance was set at p < 0.05 following Bonferroni correction. 

Under all testing conditions, preconditioning baseline values did not differ across any of the 

comparisons (p > 0.5).

Results

Study 1: The Age of Drug Exposure

This study was conducted to determine whether exposure to MPH later in adulthood, i.e. P 

70–85, will produce a differential effect on place conditioning to a modest dose of cocaine 

(10 mg/kg) as compared to exposure at P 20–35 and P 50–65.

Exposure to MPH significantly interacted with age of exposure to differentially affect 

conditioning to a 10 mg/kg dose of cocaine (exposure × age × conditioning interaction: 

F2, 46 = 3.05, p = 0.05). As shown in figure 2, this interaction manifested in decreased 

conditioned preferences for cocaine-paired environments in VEH-exposed animals across 

age, contrasted with decreased conditioned aversions in MPH-exposed animals across age. 

VEH-treated rats produced significant preferences for cocaine-paired environments when 

tested at P 60 compared to a significant aversion displayed by MPH-treated rats (p < 0.001). 

However, no preferences or aversions were observable in rats tested at P 90 or 110 after 

VEH (p = 0.27 and 0.58) or MPH (p = 0.7) injections during late adolescence or young 

adulthood, respectively. Therefore, both sets of differences diminished with later exposure 

ages.
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Study 2: The Age of Testing

In this experiment, subjects were tested with place conditioning either 5 or 25 days after 

juvenile MPH exposure to determine whether the age of testing influences the expression of 

aversion to cocaine-associated environments described previously [7]. Animals were tested 

during adolescence (P 40) or late adolescence/young adulthood (P 60).

Data illustrated in figure 3 suggests that the postexposure interval is important in 

determining the enduring effects of MPH exposure. However, the exposure × age × 

conditioning interaction was not significant (p = 0.2). A significant exposure × conditioning 

interaction (F1, 33 = 24.96, p < 0.0001) and an overall exposure effect (F1, 33 = 5.42, p < 

0.05) were observed, suggesting that MPH exposure did alter place conditioning to cocaine-

associated environments. When each exposure group was analyzed for postconditioning 

effects separately, VEH subjects displayed significant postconditioning preferences for the 

cocaine-paired environment (p < 0.05) regardless of post-exposure interval. In contrast, 

MPH subjects displayed a significant age × conditioning interaction (F1, 14 = 5.69, p < 0.05); 

the preferences displayed by VEH subjects were attenuated by MPH exposure when tested 

in adolescence, but significant aversions were observed (p < 0.05) when MPH subjects were 

tested in early adulthood. This suggests that the long-term effects of MPH on conditioned 

aversions to cocaine-paired cues manifest over time.

Study 3: The Sex of the Subject

The purpose of this study was to determine whether sex differences would be observed in 

response to a cocaine challenge following low-dose exposure to MPH (2 mg/kg; P 20–35). 

Dose responsiveness to cocaine-paired environments (5, 10, and 20 mg/kg) was assessed at 

P 40 in males and female rats, and a conditioning × cocaine interaction was significant 

(F2, 79 = 3.70, p < 0.05), independent of the other factors.

Figure 4 shows that the effects of juvenile MPH exposure on conditioning to cocaine-

associated environments depend on the sex of the subject. An exposure × sex × conditioning 

interaction was observed (F1, 79 = 10.27, p < 0.002). To better understand the sex-dependent 

effects of MPH exposure, each sex was analyzed independently. For males, the effects of 

MPH were still emerging, as compared to the effects at P 60 (fig. 3). MPH animals 

demonstrated reduced preferences for cocaine-associated environments relative to VEH 

animals, regardless of cocaine dose (exposure × conditioning, F1, 40 = 5.85, p < 0.05). Males 

exposed to VEH spent significantly more time in environments associated with 10 and 20 

mg/kg cocaine after conditioning (p < 0.05; fig. 4a), whereas males exposed to MPH did not 

demonstrate any preferences (or aversions) to cocaine environments at any dose. While 20 

mg/kg cocaine appeared to provoke stronger preferences in MPH-exposed males than lower 

doses, this difference was not significant, nor was there a significant effect of conditioning at 

this dose. In contrast, MPH exposure in females enhanced the sensitivity to the conditioning 

effects of cocaine (exposure × conditioning: F1, 39 = 4.43, p < 0.05; fig. 4b). This effect also 

did not significantly interact with the dose of cocaine, suggesting an overall increase in 

sensitivity to the conditioning effects of cocaine across all doses examined.
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Study 4: Route of Administration

This study compared i.p. versus oral administration (ingestion and gavage) of juvenile MPH 

exposure on place conditioning to 10 mg/kg cocaine at P 60.

An exposure × conditioning interaction was observed (F1, 50 = 28.43, p < 0.0001), and 

occurred independently of the route of administration. The conditioned aversions displayed 

by MPH-treated subjects were consistent with the aversions displayed in study 2. Figure 5, 

however, shows that the administration of MPH or VEH by i.p, injection, or ingestion via 

Fruit Loops produced nearly identical results (conditioned preferences in VEH subjects, p < 

0.05; conditioned aversions in MPH subjects, p < 0.05). Exposure by oral gavage attenuated 

conditioning to cocaine-associated environments in both MPH and VEH groups relative to 

the other routes of administration, although this difference was not significant.

Study 5: Pharmacokinetics of Juvenile MPH Exposure

Study 5 was performed to determine which, if any, metabolic differences could mediate the 

age-dependent effects of MPH. While most, but not all, clinical preparations of MPH are 

composed of both the D and the L enantiomers [35], it is believed that the D-MPH is the 

active compound. However, L-MPH might produce subtle antagonistic effects [34].

The enantiomer of MPH used significantly influenced the effect of exposure on subsequent 

cocaine-induced place conditioning (exposure × conditioning interaction: F3, 39 = 9.99, p < 

0.0001). Moreover, a significant main effect for drug type (without VEH) was found (F2, 26 

= 6.04, p < 0.008). Exposure to D,L-MPH and D-MPH produced a significant aversion to 

cocaine-associated environments, whereas L-MPH produced a significant place preference 

(fig. 6). Postconditioning effects of cocaine were significantly different between L-MPH and 

both the D-MPH and D,L-MPH forms (all p < 0.01, with Bonferroni correction).

Discussion

Systematic analysis of various factors that influence drug-seeking behavior yielded largely 

consistent effects when compared with other addiction-relevant measures. It is important to 

examine the effects of these factors in a paradigm that pinpoints drug-cue conditioning, 

which is governed by overlapping, but separate, neurobiological substrates [39,40]. Age of 

MPH exposure [also examined by 5, 7, 17, 19, 27, 41 in locomotor tests], age of testing [also 

examined by 19, 29, 42], and the sex of the subject [also examined by 19, 30, 31] 

significantly influence the enduring effects of MPH exposure on place conditioning to 

cocaine. In contrast, the route of drug administration [also examined by 17, 27, 32, 33] 

exerts no significant difference on the long-term effects of juvenile drug exposure. These 

findings should serve to reduce well-warranted concerns regarding the applicability of a 

number of pre-clinical findings to clinical populations [17, 43].

Long-Term Effects of MPH Treatment on Drug-Seeking

Juvenile exposure to MPH alters conditioned responses to cocaine-paired cues in adulthood, 

when examined in a place conditioning paradigm [7]. While VEH-exposed or unadulterated 

animals display conditioned preferences to cocaine-paired environments in young adulthood, 

Brenhouse et al. Page 7

Dev Neurosci. Author manuscript; available in PMC 2017 January 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



subjects that are exposed to MPH early in life display conditioned aversions to these same 

environments. In study 2, we observed that these effects develop over time: 5 days following 

exposure, the ability to form conditioned preferences had diminished, but aversions were not 

yet apparent. These data, however, should be superimposed on the natural peak in place 

preferences for cocaine observed in adolescence [29,44]. Adolescent rats are highly sensitive 

to cocaine-associated environments [29, 44] due, in part, to maturational changes in the 

prelimbic prefrontal cortex D1 dopamine receptor expression [29]. While juvenile exposure 

to MPH increases prefrontal dopamine function [33, 45, 46], normal adolescent changes in 

D1 receptors may be relatively unaffected by juvenile exposure to MPH. In other words, 

these 2 mechanisms may compete to modulate place-conditioned behavior at this age. For 

example, we recently found a reduction in prefrontal D3 dopamine receptors in MPH-

exposed animals that is associated with increased blood flow in this region [46]. Moreover, 

age differences in the behavior itself continue to manifest, and may reduce the ability to 

detect a difference between treatment groups. This is demonstrated in figure 2, where place 

preferences from 10 mg/kg cocaine decrease with age [29]. Thus, the age of assessment is 

important, and the full effects of drug manipulations early in life manifest completely in 

adulthood, as observed with other stimulants [42].

The amount of time lapsed after MPH exposure is also likely to be important, independent of 

the ontogeny of drug-seeking. Studies in adult animals clearly show that locomotor 

sensitization is maximal after a delay following withdrawal [47]. While locomotor 

sensitization and place conditioning involve overlapping, yet different, sets of neuronal 

substrates, prior data from locomotor effects suggest that this interval likely reflects long-

term changes in gene expression and neuroanatomy associated with drug processing [41, 

48]. Thus, reduced aversion after the 5-day withdrawal may be expected as time is needed 

for these effects to occur.

It may be fair to say that MPH sensitizes conditioned incentive properties in a dose-

dependent manner, again noting that comparisons across studies are difficult. At a low dose, 

juvenile exposure sensitizes the aversive properties (fig. 2). At higher doses, MPH sensitizes 

the appetitive properties [19]. Behavioral assessment at these high doses also becomes more 

complex due to the appearance of more stereotypical behavior [20, 49].

MPH Exposure at Different Developmental Stages

Using a 25-day delay to obviate the lack of short-term effects described above, we found that 

exposure to MPH during late adolescence or during early adulthood had less of an effect 

than exposure early in life. We replicated previous observations that MPH exposure during 

late adolescence/early adulthood (P 50–65) blunts subsequent place preferences to 10 mg/kg 

cocaine, while juvenile exposure (P 20–35) results in conditioned aversions in adulthood [7]. 

Exposure to MPH later in adulthood (P 70–85) had similar effects as late adolescent 

exposure, suggesting that the effects of juvenile exposure to MPH are unique to that 

developmental stage. Moreover, these data suggest that conditioning to cocaine-associated 

cues diminishes across age in general, further reducing the likelihood of observing a 

difference between the treated groups. This observation is consistent with recent 

characterizations of age differences in place preferences for cocaine [29, 44]. These results 
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are also consistent with reduced conditioned preferences exhibited by Swiss-Webster mice 

exposed to MPH between P 28–39 and tested after a 14-day delay [6]. Other MPH treatment 

regimens may cause different effects. For example, a more brief exposure to MPH during 

early adolescence (P 35–42) may increase sensitivity to the rewarding effects of cocaine 

during adulthood [9]. Still others have reported that pre-pubertal exposure to MPH, followed 

by repeated adolescent exposure, failed to sensitize locomotor response to cocaine in adult 

mice [50]. In this case, the protective effects of prepubertal exposure to MPH may have 

offset the sensitizing effects of adolescent exposure. Adolescent exposure (P 41–57) to MPH 

(0.5–3.0 mg/kg, given orally) produces only a slight decrease in locomotor sensitization to 

methamphetamine when tested at P 78 [17]. In contrast, daily MPH exposure between P 40 

and 45 (at 10 and 20 mg/kg) produced a significant difference in locomotor behavior in 

males tested as adults [19]. Similarly, adolescent exposure to MPH given in escalating doses 

[28] or adult exposure to 20 mg/kg [10] increases sensitization to cocaine. Taken together, it 

appears that the reduced responsiveness to cocaine-paired cues resulting from low-dose 

MPH exposure is only apparent with pre-pubertal treatment. Place conditioning further 

characterizes this response as an aversion to cocaine-paired cues.

MPH Dose and Kinetics

Exposure to low doses of MPH (2 mg/kg) was originally developed to model clinical 

exposures to this agent in the ADHD child population [7, 17, 51, 52], and not to investigate 

the effect of its abuse [5, 19, 28]. Interest in both the clinical and abused use of MPH in 

pediatric populations has exploded in the past years, and results across laboratories need to 

be reconciled to potentially guide clinical use in the end. A recent review by Dafny and Yang 

[5] synthesized the effects of multiple doses of MPH and provides additional factor analysis 

on the locomotor sensitizing effects of this psychostimulant. Here, we specifically examined 

a number of these same parameters directly with place conditioning, using a single exposure 

dose of MPH to ease comparison. Multiple studies have been performed that examine 

different doses of MPH, ranging from 0.05 to 5 mg/kg, with the aim of modeling clinical 

levels. Differences in plasma levels of MPH have been reported as a function of time 

sampling, route of administration, and species [5, 17, 33, 37, 51, 53]. The results from 

studies 4 and 5 suggest that the long-term effects of juvenile MPH exposure occur 

independently of pharmacokinetic parameters in Sprague-Dawley rats. Rather, exposure to 

MPH within specific windows of development (i.e. between P 20 and 35) is important for 

the development of reduced preferences for cocaine-associated environments. The rate of 

drug uptake and its metabolism may be more important for addiction [17, 54], but may not 

exert a significant influence upon the long-term effects on development, as oral, i.p., and 

subcutaneous administration all enter the bloodstream within the first 15 min [53], but reach 

peak levels at different rates. Together, these results are consistent with previous reports of 

prenatal [50] and postnatal exposure to the stimulants MPH [e.g. 7, 19, 50, 51] and cocaine 

[55, 56]. MPH and cocaine have similar affinities for the dopamine transporter, although 

MPH is twice as potent [54]. We believe that it is unlikely that age differences in blood and 

brain levels of MPH influenced the enduring effects of MPH at different exposure ages. 

Brain levels of cocaine following 3 successive doses of 15 mg/kg cocaine in juveniles, 

adolescents, and young adults did not differ, and plasma levels were comparable between 

juveniles and adolescents [49].
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A number of preclinical studies on MPH differ from standard clinical exposure by route of 

administration. Humans ingest MPH orally, whereas MPH is often administered via i.p. 

injection in a number of studies. Differences in the rate of absorption are known to play a 

role in drug sensitization [27, 32] and raise the question of whether the route of 

administration is an important factor for the enduring effects of MPH. To best model clinical 

exposure, MPH should be delivered in a comparable manner, i.e. orally [43]. Oral 

administration would allow any first-pass kinetics by the stomach [57] to potentially 

modulate drug levels. For example, higher cocaine levels were observed following 

subcutaneous administration when compared with oral administration [58]. Here, we 

observed that oral ingestion and i.p. injection of D,L-MPH had similar effects on later cocaine 

conditioning, although oral gavage may not be a preferable means of oral administration. 

While the animals did not appear to be in discomfort, the stress of the exposure may have 

reduced the conditioned effects of cocaine-associated environments in both VEH- and MPH-

exposed subjects [59].

Exposure to D-MPH by i.p. injection produced a comparable aversion to cocaine-associated 

environments following D,L-MPH exposure. In contrast, L-MPH was without effect, and 

produced place preferences similar to those in the VEH group. When given by i.p. injection, 

we did not observe differences that would be consistent with the suggestion that L-MPH, 

which may work antagonistically, blunts the effects of D,L-MPH racemic mixture [34, 35]. 

Microdialysis studies show that D-MPH increased dopamine levels 2.2-fold higher in the 

striatum than L-MPH, and was accompanied by a relative increase in locomotor activity [60]. 

While our results with L-MPH alone demonstrate no significant behavioral difference when 

compared with the VEH group, the effects of L-MPH pre-exposure may not be completely 

without enduring drug action. Clinical pharmacokinetic studies show that L-MPH increases 

the bioavailability of ethanol [35]. The adverse risk for alcohol-associated disorders 

following juvenile exposure to the D,L-MPH formulation should be investigated with this 

enantiomer in mind. Taken together, the results of this study suggest that pre-pubertal 

exposure to either D,L-MPH or the D-MPH enantiomer is associated with a place aversion to 

cocaine-associated environments in adulthood. This effect of D-MPH is independent of the 

route of administration, where the effects of i.p. injection, oral gavage, or ingestion of the 

mixed enantiomer on the enduring behavioral effects did not statistically differ. We also 

observed that juvenile exposure to D-MPH by oral gavage also produced an aversion to 

cocaine-associated environments (data not shown). Together, these data support the 

suggestion that the D enantiomer is the active component in MPH effectiveness [34, 61].

Our results are consistent with previous findings following oral dosing of D,L-MPH in 

approximately the same dose range (0.5–3.0 mg/kg) [17], but at different ages. Kuczenski 

and Segal [17] did not find evidence of enduring neuroadaptation (i.e. sensitization to 

methamphetamine challenge) following oral exposure in adolescent rats. Thus, the 

paradigms presented in our rodent model are in agreement with the preclinical observations 

that no locomotor sensitization occurs following juvenile exposure and clinical observations 

of reduced problems with drug abuse in a treated population [62–64]. The issue of whether 

treatment during the active part of the day (that is, during the dark cycle in rats) contributes 

further to the enduring changes observed in the clinic remains to be addressed in younger 

ages. Locomotor sensitization following MPH exposure in adults is actually heightened 
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when measured during the light cycle [65], suggesting that baseline differences in activity 

may play a role.

Influence of Sex on MPH Effects

While not surprising given previous reports, the sex of the subject interacts with MPH 

exposure and conditioned incentive. Adult females consistently show greater locomotor 

sensitization to both the acute and chronic effects of cocaine in adulthood [66, 67] and 

following chronic exposure as juveniles and challenged in adulthood [30]. Locomotor 

sensitization to cocaine challenge later (P 90) in females following MPH exposure depends 

on age of exposure (greater following juvenile MPH than later ages) and on the dose (10 

mg/kg MPH for 5 days sensitized locomotion, whereas 20 mg/kg did not [19]). Sex 

differences also exist in the reinforcing and rewarding properties of cocaine. For example, 

female rats demonstrate a more rapid acquisition to cocaine self-administration [68], and 

develop conditioned place preferences using lower doses of cocaine and with fewer 

conditioning days than males [69]. Here, we demonstrated that place preferences for cocaine 

are significantly different between VEH-exposed adolescent males and females; males were 

more sensitive to cocaine-associated environments at the 10 mg/kg dose than females. 

However, juvenile exposure to MPH increased preferences for cocaine environments at the 

20 mg/kg dose in females and diminished preferences at the 10 mg/kg dose in males. It is 

possible that gonadal hormones interact with the developmental alterations set into motion 

by MPH, since estrogen and progesterone have been proposed to enhance the development 

of place preferences for cocaine [69]. Alternatively, sexually dimorphic dopamine receptor 

profiles may account for these differences [70]. Adult females are less sensitive to the 

blunting effects of D1 antagonists on place conditioning [71]. D1 receptor differences may 

emerge early, causing increased cortical dopamine to differentially effect maturation of 

cortical circuits. In addition, estrogen down-regulates D2 activity and reduces GABA activity 

[72]. Together, females are more primed to sensitize to stimulant exposure than males, 

although normal (VEH) sex differences in sensitivity are emerging during adolescence.

Conclusions

Clinically relevant MPH exposure paradigms were used here to examine various influential 

factors on the development of cocaine place-conditioning. The current studies aimed to 

elucidate factors that influence the effects of MPH on the immature brain. This information 

can help guide future research on the effects of MPH in individuals that receive 

psychostimulant treatment for ADHD. It is noted that no animal model for ADHD perfectly 

models all of the symptoms found in the clinic. However, the results from these cue-induced 

drug-seeking experiments and others are consistent with reduced substance use in 

adolescents and adults who were treated prepubertally with psychostimulants [for reviews, 

see 7, 73].

These results expand on previous reports of treatment effects on other measures of drug-

induced neuroplasticity and reinforcement. Juvenile chronic exposure to a low dose of MPH 

has long-term effects on cocaine place conditioning, which are only fully apparent after a 

25-day delay and are opposite in males and females. Exposure to MPH at later 
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developmental stages did not have as robust long-term effects, although place conditioning 

was blunted in these experimental groups. These effects of MPH exposure were observed 

along with a natural diminution of the conditioning effects of cocaine with age, as seen in 

the VEH-treated subjects. Together, with a lack of influence of the route of administration, 

we can confirm that the D-MPH enantiomer is the active component of the D,L-MPH 

formulation when measuring these long-term effects of exposure. These data can further 

advance our understanding of the consequences of MPH treatment throughout development 

on the vulnerability to drug abuse and addiction later in life.
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Fig. 1. 
Schematic of ages of drug administration and test periods. Rats were administered VEH or 

MPH (2 mg/kg, twice daily) during a 15-day period.
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Fig. 2. 
Age of exposure influenced the effects of MPH on cocaine-induced place conditioning, 

when assessed 25 days following treatment (F2, 46 = 3.05, p = 0.05). Age also influenced 

conditioned preferences for cocaine-paired environments in general, as displayed by the 

VEH-exposed groups. *p<0.001, t tests comparing postconditioning values between VEH- 

and MPH-exposed groups.
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Fig. 3. 
Age of assessment influenced the apparent effect of juvenile MPH exposure on subsequent 

place conditioning to cocaine. Compared to VEH-treated subjects, which formed 

preferences for environments associated with 10 mg/kg cocaine regardless of age (* p < 

0.05), juvenile MPH-exposed rats displayed neither preferences nor aversions to cocaine-

paired environments when tested 5 days following exposure, at P 40 (adolescence). 

However, when tested 25 days after exposure at P 60 (young adulthood), rats displayed 

significant aversions to the cocaine-paired environment (* p < 0.05).
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Fig. 4. 
Juvenile exposure to MPH produces sex-dependent effects on conditioning to cocaine-

associated environments (F1, 79 = 10.27, p < 0.002). a Prior to place conditioning, P 40 

males spent equal amounts of time in the saline- or drug-paired environment (p > 0.5). After 

place conditioning, VEH rats demonstrated significant place preferences for environments 

associated with 10 and 20 mg/kg cocaine (* p < 0.05, t tests before and after conditioning). 

MPH male rats, however, formed neither a preference nor aversion to cocaine-associated 

environments at the 10 mg/kg dose. b In contrast, females exposed to MPH preferred the 
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environment conditioned to 5 and 20 mg/kg cocaine (* p < 0.05, ** p < 0.01; 10 mg/kg: p = 

0.08), whereas VEH-exposed females significantly preferred only the 20 mg/kg cocaine-

associated environment relative to preconditioning baselines (t tests).
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Fig. 5. 
The route of MPH administration did not significantly influence the effect of MPH exposure 

on subsequent place conditioning. Intraperitoneal injection and ingestion both resulted in 

similar aversions (* p < 0.05) to cocaine-paired environments when tested in young 

adulthood, compared to preferences displayed in VEH-treated subjects (* p < 0.05). Oral 

gavage, however, resulted in diminished effects in both VEH- and MPH-treated subjects.
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Fig. 6. 
The enduring effects of D,L-MPH are mediated by the D enantiomer. A significant drug × 

conditioning interaction (F2, 26 = 6.04, p < 0.008) indicated that the enantiomers (L-MPH, 

D,L-MPH, and D-MPH) had differential effects on place conditioning to cocaine-associated 

environments. Place preferences for cocaine-associated environments were comparable for 

the VEH-and L-MPH-exposed groups when tested at P 60 (postconditioning comparison: p > 

0.8). Conversely, place aversions were similar between the D,L-MPH- and D-MPH-exposed 

groups (p > 0.8). * p < 0.05, t tests for pre- versus postconditioning to 10 mg/kg cocaine 

within each exposure group.
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