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Appropriate animal models of attention deficit/hyperactivity disorder (ADHD) and drug reinforcement allow investigation of possible

underlying biological bases of ADHD and its comorbidity with cocaine addiction. Toward this end, spontaneously hypertensive rats

(SHRs) exhibiting an ADHD phenotype were compared with Wistar-Kyoto (WKY) and Wistar (WIS) rats. Initially, 1.5mg/kg oral

methylphenidate or vehicle was administered between postnatal days 28 and 55, and acquisition of visual discrimination learning was

examined. After discontinuing adolescent treatments, adult rats were evaluated for cocaine self-administration and dopamine transporter

(DAT) function in the prefrontal cortex (PFC) and striatum. During adolescence, SHRs showed deficits in visual discrimination relative to

WKY and WIS rats when non-medicated. Methylphenidate improved visual discrimination only in SHRs. Compared with WKY and WIS

rats, SHRs with previous methylphenidate treatment acquired cocaine self-administration faster, identified cocaine as a highly efficacious

reinforcer by displaying an upward shift in the cocaine dose–response function, and showed the greatest motivation to self-administer

cocaine by exhibiting the highest progressive ratio breakpoints. In the PFC, the maximal dopamine uptake (Vmax) at DAT was decreased

in SHRs and increased in WKY and WIS rats by previous methylphenidate treatment. The affinity (Km) for dopamine at DAT in the PFC

was not different between strains, nor was Vmax or Km altered in the striatum by previous methylphenidate treatment in any strain.

Methylphenidate-induced decreases in dopamine clearance by DAT in the PFC may underlie increased cocaine self-administration in

SHRs. These preclinical findings suggest that caution should be exercised when methylphenidate is prescribed for first-time treatment of

ADHD in adolescent patients, as cocaine addiction vulnerability may be augmented.
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INTRODUCTION

Adults with a history of attention deficit hyperactivity
disorder (ADHD) have double the risk of developing a
substance use disorder than do adults without ADHD
(Biederman et al, 1998). Although stimulant medications
(such as methylphenidate) improve behavioral and neuro-
cognitive deficits of ADHD (Mehta et al, 2004), disagree-
ments remain regarding the use of stimulant medications
and whether they make individuals more vulnerable or less
vulnerable to later addiction to stimulant drugs, such as
cocaine (Robbins, 2002). Compared with placebo treatment,

studies have shown decreases (Biederman et al, 1999; Levin
et al, 2007), increases (Barkley et al, 2003; Lambert and
Hartsough, 1998), or no changes (Schubiner et al, 2002;
Szobot et al, 2008) in cocaine use with methylphenidate
treatment among individuals with ADHD. Contributing to
these divergent findings may be differences in age at which
stimulant treatment began and whether individuals were
medicated when cocaine use was assessed.
On the basis of extensive meta-analysis (Wilens et al,

2003), it is quite clear that when stimulant treatment for
ADHD is initiated during childhood, there is a decreased
risk for developing a substance use disorder during
adulthood. In contrast, evidence has linked the initiation
of stimulant treatment for ADHD during adolescence to
increased risk of non-medical stimulant use and behavior
patterns consistent with the risk of developing a substance
use disorder (Kollins, 2008). Prospective follow-up studies
provide evidence for a positive relationship between age of
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stimulant treatment initiation for ADHD (treatment lasting
2–4 years) and later adult substance use disorder after
treatment is discontinued (Mannuzza et al, 2008). Lifetime
rates of substance use disorder (eg, cocaine) were sig-
nificantly greater when methylphenidate treatment was
initiated during late childhood/early adolescence (44%)
relative to early childhood (27%) and to non-ADHD
comparison subjects (29%). The latter two groups did not
differ, supporting the view that methylphenidate treatment
relatively early in childhood does not increase the risk for
later substance use disorder. Further analyses indicated
that the association between age at first treatment with
methylphenidate and later substance abuse was mediated by
the development of antisocial personality disorder. How-
ever, as there were no group differences in the severity of
early conduct problems in the study by Mannuzza et al,
initiation of methylphenidate treatment for ADHD during
adolescence remains a relevant factor for increased risk of
substance use disorder during adulthood after methylphe-
nidate treatment is discontinued. Importantly, adolescence
may represent a particularly sensitive period of vulner-
ability to insult from pharmacological agents due to a
dramatic surge in the development of brain structure and
function (Andersen, 2003), Clearly, additional research is
urgently required to further examine the relationship
between ADHD and methylphenidate treatment during
adolescence and later vulnerability to cocaine addiction.
To address this issue at the preclinical level and to begin

to understand the underlying neurochemical mechanisms,
experiments were conducted using the spontaneously
hypertensive rat (SHR) genetic model of ADHD (Kantak
et al, 2008; Sagvolden et al, 1992; Wells et al, 2010).
Adolescent SHRs were first evaluated for deficits in learning
reflective of the prefrontal cortex (PFC) dysfunction and for
determining whether methylphenidate could improve per-
formance. Acquisition of two-choice visual discrimination
was measured, as this is considered to be dependent on
dopaminergic projections to the PFC (Crofts et al, 2001) and
to reflect the development of an initial attentional set
(Floresco et al, 2006; Kantak et al, 2008). After discontinua-
tion of adolescent methylphenidate treatment, cocaine self-
administration and dopamine transporter (DAT) function
were evaluated during adulthood. Changes in cocaine self-
administration and DAT function after discontinuation of
adolescent methylphenidate treatment have never been
investigated in rats with an ADHD phenotype, although
some work on this topic has been conducted in outbred rat
strains (Brandon et al, 2001; Thanos et al, 2007). The
rationale for evaluating DAT function in this study is that
both SHR and ADHD patients have a disturbance in the
regulation of DAT translation (Sagvolden et al, 2005). In
ADHD patients, the severity of hyperactive-impulsive
symptoms of ADHD varies linearly with the number of
alleles for the DAT-1 gene, which explains 1–4% of the
overall variance in ADHD symptoms (Waldman et al, 1998).
Animal studies show that SHRs have sequence changes in
the DAT-1 gene, which may account for some of the
behavioral differences between the SHR and the Wistar-
Kyoto (WKY) comparator strains (Mill et al, 2005).
Furthermore, cocaine binding at DAT has been extensively
implicated in its reinforcing effects (Ramamoorthy et al,
2010). An approach that uses appropriate animal models of

ADHD and drug reinforcement allows investigation of the
possible underlying biological bases of ADHD and its
comorbidity with cocaine addiction.

MATERIALS AND METHODS

Subjects

Male rats of WKY/Cr, SHR/Cr, and Wistar (WIS)/Cr strains
(Charles River Laboratories, Wilmington, MA) arrived on
postnatal day 25 (P25) in cohorts of 2 per strain. WKY and
WIS were used as inbred and outbred comparator strains,
respectively. Housing and feeding details are included in
Supplementary Methods. Policies stated in the Guide for the
Care and Use of Laboratory Animals were followed. The
Boston University and the University of Kentucky Institu-
tional Animal Care and Use Committees approved the
experimental protocols.

Apparatus

Visual discrimination was conducted in an eight-arm radial
maze (Model ENV-538, Med Associates, Georgia, VT) that
was configured as a T-maze. During the task, responses
were monitored on a remote video screen connected to a
ceiling-mounted video camera. A complete description of
the maze environment was detailed previously (Kantak
et al, 2001). Drug self-administration chambers were
described previously (Kantak et al, 2002). [3H]dopamine
(DA) uptake assays were conducted using an Avanti-J30I
centrifuge (Beckman Coulter, Brea, CA), a Dubnoff
incubator (Precision Scientific, Winchester, VA), a cell
harvester (Biochemical Research and Development Labora-
tories, Gaithersburg, MD), and an 1600-TR scintillation
spectrometer (Perkin-Elmer Life and Analytical Sciences,
Downers Groove, IL).

Drugs

(±)-Methylphenidate hydrochloride (Sigma-Aldrich,
St Louis, MO) was dissolved in tap water (1.5mg/ml) and
injected into an oyster cracker to attain a dose of 1.5mg/kg
for oral consumption. Oyster crackers containing tap water
(1.0ml/kg) were used for vehicle control. To mimic a
clinical dosing schedule for ADHD treatment (American
Academy of Pediatrics Committee on Children with
Disabilities Committee on Drugs, 1996), groups from each
strain were treated from Monday to Friday with vehicle or
methylphenidate from P28 to P55. On days that overlapped
with visual discrimination testing (experiment 1), rats were
treated for 30min before the start of sessions. The amount
of time to consume daily oyster crackers averaged o3min.
A 1.5mg/kg oral dose of methylphenidate ensured that
therapeutically relevant plasma drug levels were achieved,
and the 30-min pretreatment time ensured that plasma drug
levels peaked before the start of behavioral sessions
(Kuczenski and Segal, 2002).
Cocaine hydrochloride (NIDA, Bethesda, Maryland, USA)

was dissolved in 0.9% sterile saline containing 3 IU heparin/
ml. A cocaine unit dose of 0.3mg/kg (0.8mg/ml) was used
for training. In addition, cocaine unit doses ranging from
0.003 to 1.0mg/kg were used to determine dose–response

Cocaine self-administration and DAT function in SHRs
RC Harvey et al

838

Neuropsychopharmacology



curves. A constant drug delivery time of 1.2 s/100 g body
weight was maintained by adjusting cocaine concentration
for each dose.
For [3H]DA uptake assays, desipramine hydrochloride,

paroxetine hydrochloride, nomifensine maleate, ethylene-
diaminetetraacetic acid, sucrose, 4-(2-hydroxyethyl)-1-pi-
perazineethanesulfonic acid, 3-hydroxytyramine (DA),
sodium chloride, and magnesium sulfate were purchased
from Sigma-Aldrich. [3H]DA (dihydroxyphenylethyla-
mine,3,4-[7-3H]; specific activity, 30.3 Ci/mmol) was
purchased from Perkin-Elmer Life and Analytical Sciences
(Boston, MA). a-D-Glucose, L-ascorbic acid, and monobasic
potassium phosphate were purchased from Aldrich Chemi-
cal (Milwaukee, WI), AnalaR-BHD (Poole, UK), and
Mallinckrodt (St Louis, MO), respectively. All other
chemicals in the assay buffer were purchased from Fisher
Scientific (Pittsburgh, PA).

Surgery

In experiments 2–4, catheters were surgically implanted in
the jugular vein as described previously (Kantak et al, 2000)
on P70 under ketamine (90mg/kg) and xylazine (10mg/kg)
anesthesia. Post-surgical care and catheter maintenance
were as detailed previously (Harvey et al, 2009).

Experiment 1: Visual Discrimination

The purpose of this experiment was to determine whether
adolescent SHRs have deficits in learning reflective of PFC
dysfunction that could be improved by methylphenidate
treatment. Acquisition of two-choice visual discrimination
was examined in a T-maze in adolescent WKY rats, SHRs,
and WIS rats treated chronically with methylphenidate or
vehicle (n¼ 6 per strain and treatment group). Habituation
sessions began on P38 and were completed on P41. Rats
then began visual discrimination training sessions for which
a 45-mg chocolate-flavored food pellet (Research Diets, New
Brunswick, NJ) was used to reinforce each correct turn from
the start arm (ie, a turn into the arm containing a visual
cue). The criterion was 10 consecutive correct training
trials. Following criterion performance, rats were tested in a
single probe trial that began in the north arm. Sessions for
the visual discrimination task were completed by P46,
although methylphenidate and vehicle treatments continued
through P55. The number of training trials and probe trials
required to reach criterion was recorded. A complete
description of this task is given in Supplementary Methods.

Experiment 2: Acquisition of Cocaine
Self-Administration

The purpose of this experiment was to determine the speed
at which WKY rats, SHRs, and WIS rats acquired cocaine
self-administration during adulthood, beginning 3 weeks
after adolescent treatment with methylphenidate or vehicle
was discontinued (n¼ 7–8 per strain and treatment group).
Groups consisted of 4–6 rats evaluated in experiment 1 plus
an additional 1–3 rats that were treated identically to those
used in experiment 1 but not tested for visual discrimina-
tion. On P77, rats were given the opportunity to press a
lever (left or right, counterbalanced across rats) for delivery

of 0.3mg/kg cocaine under a fixed ratio 1 (FR1) schedule of
reinforcement. A 20-s timeout followed each infusion to
prevent accidental overdose. The acquisition of self-admin-
istration was evaluated during daily (Monday to Friday) 2-h
sessions. No external inducements to respond on the active
lever were used. Responses on the inactive lever were
counted but had no consequences. The acquisition criterion
was X20 infusions for two consecutive sessions while
exhibiting at least a 2 : 1 ratio of active to inactive lever
responses (66.7 vs 33.3% of total responses, respectively).
After reaching the acquisition criterion, self-administration
sessions under the FR1 schedule continued with the 0.3mg/kg
training dose until a stable baseline rate of responding was
achieved (o10% variation for 5 consecutive sessions). The
number of sessions required to reach the acquisition
criterion and the number of active and inactive lever
responses and infusions earned at criterion were recorded.

Experiment 3: Cocaine Dose–Response Function
under the FR1 Schedule

The purpose of this experiment was to determine the
efficacy of cocaine reinforcement in WKY rats, SHRs, and
WIS rats after acquiring cocaine self-administration in
experiment 2 (n¼ 7–8 per strain and treatment group).
Between P105 and P140, a full range of cocaine unit doses
(0.003, 0.01, 0.03, 0.1, 0.3, and 1.0mg/kg) was substituted for
the training dose in a random order. The 2-h dose substi-
tution sessions were conducted twice each week (Tuesdays
and Fridays), with 2-h sessions with the 0.3mg/kg training
dose on intervening days. After determination of cocaine
dose–response functions, baseline responding was reestab-
lished with 0.3mg/kg under the FR1 schedule of reinforce-
ment. The number of active and inactive lever responses
and the number of cocaine infusions earned were recorded.

Experiment 4: PR Breakpoints for Self-Administered
Cocaine

The purpose of this experiment was to determine progres-
sive ratio (PR) breakpoints for various doses of self-
administered cocaine in WKY rats, SHRs, and WIS rats after
cocaine dose–response functions were established in
experiment 3 (n¼ 6–8 per strain and treatment group).
PR breakpoint measures motivation to self-administer
cocaine. The PR schedule developed previously (Roberts
et al, 1989) was implemented between P147 and P168, and
in effect daily (Monday to Friday) until rats failed to
complete the current FR requirement within 60min of the
last cocaine infusion. The PR breakpoint was determined
over 5 sessions for the 0.3mg/kg cocaine training dose, and
then additional cocaine unit doses (0.01, 0.1, and 1.0mg/kg)
were substituted in a descending order. The number of
active and inactive lever responses and cocaine infusions
earned, as well as the last FR completed were recorded.

Experiment 5: DAT Function in the PFC and Striatum

Separate groups of WKY rats, SHRs, and WIS rats were used
to assess [3H]DA uptake (DAT function) in the PFC and
striatum (n¼ 6–8 per strain and treatment group). Rats
were housed, fed, and treated with methylphenidate or
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vehicle as described previously. For each assay, the PFC and
striata were obtained from one methylphenidate-treated
and one vehicle-treated rat from the same strain and the
[3H]DA uptake assay was conducted as described previously
(Zhu et al, 2004) with minor modifications as detailed in
Supplementary Methods.

Data Analyses

Dependent measures in behavioral studies initially were
analyzed by three-factor (dose� strain� treatment) or two-
factor (strain� treatment) analysis of variance (ANOVA),
with repeated measures for dose. To deconstruct significant
three-way interactions, two-factor (strain� treatment)
ANOVAs were performed for each cocaine unit dose. For
significant strain� treatment interactions, Tukey’s post hoc
test was used for multiple group comparisons. Non-
significant strain� treatment interactions associated with
significant main effects were followed by Dunnett’s t-test to
compare WKY and WIS with SHR for each treatment and
with Bonferroni’s t-test to compare vehicle with methylphe-
nidate for each strain. Both procedures control for type I
error and are appropriate for post hoc analysis of cell means
when the F-value of the interaction is not significant (Winer
et al, 1991). In functional assays, Vmax for methylphenidate
treatment was normalized by expression as a percentage of
Vmax for the vehicle-treated control. Outliers were eliminated
using the Grubbs test (GraphPad Software; http://www.
graphpad.com/quickcalcs/Grubbs1.cfm). Km and Vmax were
analyzed by two-factor and one-factor ANOVAs, respectively,
for differences followed by Tukey’s post hoc test. In addition
Vmax was analyzed using Student’s one-sample t-tests for
matched subjects (one sided) to compare the mean
percentage methylphenidate value with the vehicle control
value of 100% for each strain (Vadum and Rankin, 1998).

RESULTS

Experiment 1: Visual Discrimination

During adolescence, SHRs showed a deficit in the acquisi-
tion of learning in the visual discrimination task relative to
WKY and WIS rats when non-medicated. Methylphenidate
improved visual discrimination performance only in SHRs
(Figure 1). Analysis of trials to criterion showed a main
effect of strain (F[2, 30]¼ 24.0, pp0.001) and treatment
(F[1, 30]¼ 4.5, pp0.04). Follow-up comparisons revealed
that among vehicle-treated groups, SHRs required more
trials than did WKY and WIS (pp0.04) to reach criterion. In
methylphenidate-treated groups, SHRs required more trials
than did WKY (pp0.001), but not WIS, to reach criterion.
Relative to vehicle, methylphenidate treatment improved
performance in SHRs (pp0.03), but not in WKY or WIS. The
majority of rats in each group required a single probe trial
after criterion was reached. There were no significant
differences in the number of probe trials conducted across
the three strains or between the two treatments (not shown).

Experiment 2: Acquisition of Cocaine
Self-Administration

Cocaine self-administration during adulthood was acquired
fastest in SHRs that received adolescent methylphenidate

treatment (Figure 2). Analysis of the number of sessions to
reach the infusion criterion showed a strain� treatment
interaction (F[2, 40]¼ 3.9, pp0.03). Follow-up comparisons
revealed that in vehicle-treated groups, the speed to acquire
cocaine self-administration in SHRs was not different from
WKY and WIS; but in methylphenidate-treated groups,

Figure 1 Effects of chronic methylphenidate and vehicle treatment on
acquisition of visual discrimination conducted during adolescence in Wistar-
Kyoto (WKY) rats, spontaneously hypertensive rats (SHRs), and Wistar
(WIS) rats. Values are mean±S.EM number of trials to reach criterion
(n¼ 6 per strain and treatment group). *pp0.04 compared with vehicle-
treated WKY and WIS rats; #pp0.001 compared with methylphenidate-
treated WKY rats; and }pp0.03 compared with vehicle-treated SHRs
(see text for details).

Figure 2 Acquisition of cocaine self-administration in adult Wistar-Kyoto
(WKY) rats, spontaneously hypertensive rats (SHRs), and Wistar (WIS) rats
after discontinuation of adolescent vehicle or methylphenidate treatment.
Values are mean±SEM number of sessions to reach the acquisition
criterion (n¼ 7–8 per strain and treatment group). *pp0.009 compared
with methylphenidate-treated WKY and WIS rats, and #pp0.04 compared
with the corresponding vehicle-treated group (see text for details).
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SHRs acquired cocaine self-administration faster than did
WKY and WIS (pp0.009). Between-treatment comparisons
revealed that after discontinuation of methylphenidate, the
speed to acquire cocaine self-administration did not differ
in WKY (pp0.99), was slower in WIS (pp0.01), and was
faster in SHRs (pp0.04). The number of sessions required
to discriminate the active from inactive lever preceded the
achievement of the infusion criterion in each group
(Supplementary Figure S1). In addition, self-administration
behavior at criterion (infusions earned and active and
inactive lever responses) was greatest in SHRs, although
inactive lever responses were p25% of total responses
(Supplementary Figure S2 and Supplementary Table S1).

Experiment 3: Cocaine Dose–Response Function
under the FR1 Schedule

Cocaine self-administration under the FR1 schedule pro-
duced an inverted U-shaped dose–response function that
was shifted upward in adult SHRs after discontinuation of
adolescent methylphenidate treatment (Figure 3). Using the
number of infusions earned as the dependent measure to
assess dose–response functions, a three-factor ANOVA
revealed a significant dose� strain� treatment interaction
(F[10, 185]¼ 4.6, pp0.001). Separate analyses for each
cocaine unit dose showed a strain� treatment interaction
(F[2, 37]¼ 3.9–9.6, pp0.001 to p¼ 0.003), except for the
highest unit dose of 1.0mg/kg, which showed a main effect
of strain (F[2, 37]¼ 6.0, pp0.01). Follow-up comparisons
for 0.003–0.3mg/kg unit doses revealed that SHRs with
previous methylphenidate treatment self-administered
more cocaine compared with WKY or WIS with previous
methylphenidate treatment (pp0.001 to 0.01) and com-
pared with SHRs with previous vehicle treatment (pp0.001
to 0.03). WKY and WIS groups with previous methylphe-
nidate or vehicle treatment did not differ from each other or
from SHRs with previous vehicle treatment.
Follow-up comparisons for the 1.0mg/kg unit dose

revealed that SHRs with previous vehicle treatment earned
a greater number of infusions than did WKY (pp0.02), but
not WIS. In methylphenidate-treated groups, SHRs earned a

greater number of infusions than did both WKY and WIS
(pp0.03). Between-treatment comparisons for the 1.0mg/kg
unit dose revealed no differences between methylphenidate
and vehicle treatments for each strain. Using active lever
responses as the dependent measure resulted in a similar
outcome as infusions earned, whereby the cocaine dose–
response function was also shifted upward in SHRs after
discontinuation of adolescent methylphenidate treatment
(Supplementary Figure S3). Inactive lever responses are
depicted in Supplementary Table S2, and were typically
p38% of total responses.
An exploratory study was conducted to determine

whether the high rate of responding associated with
0.003mg/kg cocaine (typically a non-reinforcing dose) in
vehicle- and methylphenidate-treated SHRs was reflective of
resistance to extinction vs enhanced motivation for cocaine
reinforcement (for details, see Supplementary Methods).
Relative to active lever responses emitted after the removal
of cocaine reinforcement, responses maintained by the
0.003mg/kg cocaine unit dose were proportionally higher in
SHRs, but not in WKY or WIS rats, regardless of treatment
(Supplementary Figure S4).

Experiment 4: PR Breakpoints for Self-Administered
Cocaine

PR breakpoints for self-administered cocaine were highest
in adult SHRs that received adolescent methylphenidate
treatment (Figure 4). Using the last FR completed as the
dependent measure for the PR breakpoint, a three-factor
ANOVA revealed a significant dose� strain� treatment
interaction (F[6, 108]¼ 3.9, pp0.001). Separate analyses
for each cocaine unit dose showed a strain� treatment
interaction for 0.3mg/kg (F[2, 36]¼ 4.80, pp0.01) and
1.0mg/kg (F[2, 36]¼ 3.80, pp0.03) and a main effect of
strain for 0.01mg/kg (F[2, 36]¼ 16.6, pp0.001) and 0.1mg/kg
(F[2, 36]¼ 14.5, pp0.001). Follow-up comparisons for unit
doses of 0.3 and 1.0mg/kg revealed that SHRs with previous
methylphenidate treatment exhibited higher PR breakpoints
than did WKY or WIS rats with previous methylphenidate
treatment (pp0.001) and than did SHRs with previous

Figure 3 Dose–response functions for self-administered cocaine under a fixed ratio 1 schedule in adult Wistar-Kyoto (WKY) rats, spontaneously
hypertensive rats (SHRs), and Wistar (WIS) rats after discontinuation of adolescent vehicle (left panel) or methylphenidate (right panel) treatment. Values
are mean±SEM number of infusions earned of cocaine unit doses ranging from 0.003 to 1.0mg/kg (n¼ 7–8 per strain and treatment group). *pp0.03
compared with methylphenidate-treated WKY and WIS rats; #pp0.02 compared with vehicle-treated WKY rats; and }pp0.03 compared with vehicle-
treated SHRs (see text for details).
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vehicle treatment (pp0.01). WKY and WIS groups with
previous methylphenidate or vehicle treatment did not
differ from each other or from SHRs with previous vehicle
treatment.
Follow-up comparisons for unit doses of 0.01 and 0.1mg/

kg revealed that SHRs with previous methylphenidate
treatment exhibited higher PR breakpoints than did WKY
and WIS rats with previous methylphenidate treatment
(pp0.01). In vehicle-treated groups, SHRs exhibited higher
PR breakpoints than did WKY and WIS for the 0.1mg/kg
unit dose (pp0.004) and than did WKY for the 0.01mg/kg
unit dose (pp0.002). Between-treatment comparisons
revealed that PR breakpoints were higher in SHRs with
previous vehicle than methylphenidate treatment for the
0.01mg/kg unit dose (pp0.004), but not for the 0.1mg/kg
unit dose. Between-treatment comparisons for WKY and
WIS revealed no differences in the PR breakpoint at these
lower unit doses. Using other common indices of the PR
breakpoint for self-administered cocaine (infusions earned
and active lever responses) as the dependent measure
resulted in a similar outcome as last FR completed, whereby
PR breakpoints were highest in SHRs after discontinuation
of adolescent methylphenidate treatment (Supplementary
Figures S5 and S6). Inactive lever responses are depicted
in Supplementary Table S3, and were p27% of total
responses.

Experiment 5: DAT Function in the PFC and Striatum

No strain or treatment differences were found for Km values
in either the PFC or the striatum from adult WKY rats,
SHRs, and WIS rats treated during adolescence with
methylphenidate or vehicle (Table 1). Strain differences in
the effects of previous methylphenidate treatment on Vmax

in the PFC were found (F[2, 17]¼ 5.8, pp0.05; Figure 5). In
the PFC, Vmax for SHRs was less than that for WKY
(pp0.05) and WIS (pp0.05), whereas WKY and WIS were
not different. Comparison of mean percentage Vmax with the
vehicle control value of 100% revealed that methylphenidate
increased Vmax for WKY (t[6]¼ 1.89, pp0.05) and WIS
(t[5]¼ 3.80, pp0.01), and tended to decrease Vmax for SHRs
(t[5]¼ 1.86, pp0.06) in the PFC. In contrast, no strain or
treatment differences were found for Vmax in the striatum
(Figure 6).

DISCUSSION

SHR as an Animal Model for ADHD and Substance
Abuse Risk

Few studies have focused on behavioral traits of adolescent
SHRs, instead evaluating this strain during adulthood
(Russell, 2007). In vehicle-treated adolescent rats used in

Figure 4 Progressive ratio (PR) breakpoints for self-administered cocaine in adult Wistar-Kyoto (WKY) rats, spontaneously hypertensive rats (SHRs), and
Wistar (WIS) rats after discontinuation of adolescent vehicle (left panel) or methylphenidate (right panel) treatment. Values are mean±SEM last fixed ratio
(FR) completed for cocaine unit does ranging from 0.01 to 1.0mg/kg (n¼ 6–8 per strain and treatment group). *pp0.01 compared with methylphenidate-
treated WKY rats; #pp0.01 compared with vehicle-treated WKY and/or WIS rats; and }pp0.002 compared with vehicle-treated SHRs (see text for details).

Table 1 Km for Dopamine Uptake at the Dopamine Transporter in the Prefrontal Cortex and Striatum of Adult Wistar-Kyoto (WKY),
Spontaneously Hypertensive Rats (SHRs), and Wistar (WIS) Rats after Discontinuation of Adolescent Vehicle (VEH) or Methylphenidate
(MPH) Treatment

Brain region WKY SHR WIS

VEH MPH VEH MPH VEH MPH

Prefrontal cortexa 0.032±0.007 0.035±0.007 0.030±0.004 0.027±0.007 0.025±0.007 0.019±0.003

Striatumb 0.026±0.006 0.025±0.005 0.040±0.009 0.031±0.007 0.031±0.007 0.024±0.004

Values (mM) are expressed as mean±SEM; n¼ 6 for each of the groups, except WKY.
aIn the WKY group, n¼ 8 in the prefrontal cortex.
bIn the WKY group, n¼ 7 in the striatum.
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this study, SHRs had deficits in acquisition of visual
discrimination learning, shown by requiring more trials
than did WKY and WIS rats to reach a criterion level of
performance. Earlier studies have observed other ADHD-
like traits in adolescent SHRs relative to comparator strains,

including hyperactivity (Pandolfo et al, 2007) and impul-
sivity (Adriani et al, 2003). However, it is important to keep
in mind that the SHR is not a comprehensive model of
ADHD, but it does provide a good simulation of ADHD in
many aspects (Sagvolden et al, 2005).
As adults with a history of ADHD have double the risk of

developing a substance use disorder than do adults without
ADHD (Biederman et al, 1998), one question of interest was
to determine whether SHRs, when non-medicated, would
exhibit an increased vulnerability to cocaine addiction
during adulthood. Increased vulnerability to cocaine addic-
tion in rats is reflected by faster acquisition of self-
administration, a vertical shift in the dose–response
function, and higher PR breakpoints, among other indices
(Deroche-Gamonet et al, 2004; Piazza et al, 2000). Although
acquisition of cocaine self-administration and the overall
reinforcing efficacy of cocaine were not significantly
different in vehicle-treated WKY rats, SHRs, and WIS rats,
vehicle-treated SHRs were more motivated to self-adminis-
ter cocaine (had higher PR breakpoints) at lower unit doses
than were vehicle-treated WKY or WIS rats. With only one
of three criteria exhibited, it is not clear whether the higher
PR breakpoints in non-medicated SHRs reflect increased
cocaine addiction vulnerability or some other factor. One
possibility is that the higher PR breakpoints reflect greater
impulsivity for lever pressing. However, research has
demonstrated that high- and low-impulsive rats exhibit
similar PR breakpoints across a range of cocaine doses
(Anker et al, 2009). Another possibility is that hyperactivity
is responsible for greater lever responding in non-medi-
cated SHRs, which could result in higher PR breakpoints.
Along these lines, SHRs emitted more inter-trial interval
lever responses and displayed more locomotor activity than
did WKY rats during an operant task measuring visual
stimulus position discrimination (Thanos et al, 2010). Given
the nature of the PR schedule used in this study, hyperactive
SHRs may have been more prone than normoactive WKY or
WIS rats to continue lever pressing during the progressively
increasing inter-infusion intervals. Nonetheless, increased
cocaine addiction vulnerability is the most likely inter-
pretation for higher PR breakpoints because SHRs show an
exaggerated reaction to other drugs of abuse. With regard to
other drugs of abuse, SHRs exhibit greater cannabinoid-
induced conditioned place preference (Pandolfo et al, 2009)
and greater analgesic sensitivity to morphine (Hoffmann
et al, 1998) than do WKY rats. In addition, SHRs were
found to consume more ethanol than Lewis rats (Da Silva
et al, 2005). Collectively, these findings suggest that the SHR
genetic model captures several important aspects of ADHD
such as visual discrimination deficits, hyperactivity, and
impulsivity before adulthood and increased risk of devel-
oping a substance use disorder during adulthood.

Methylphenidate in Adolescent SHRs: Increased
Cocaine Addiction Vulnerability

Similar to a previous report showing that low-dose oral
methylphenidate improved attentional set shifting in SHRs
but not in WKY (Kantak et al, 2008), this study demon-
strated that methylphenidate improved visual discrimina-
tion only in SHRs. It is possible that improvement was more
easily obtained in SHRs relative to WKY and WIS because

Figure 5 Vmax of dopamine uptake by the dopamine transporter (DAT)
in the prefrontal cortex (PFC) of adult Wistar-Kyoto (WKY) rats,
spontaneously hypertensive rats (SHRs), and Wistar (WIS) rats after
discontinuation of adolescent vehicle or methylphenidate treatment. Values
are mean±SEM for Vmax following methylphenidate treatment expressed
as a percentage of vehicle control treatment; n¼ 6 for each group, except
WKY in which n¼ 8. Vmax values were 3.20±0.56, 3.24±0.63, and
1.41±0.16 pmol/mg per min for vehicle control of WKY, SHR, and WIS
groups, respectively, and were not significantly different from each other.
*pp0.05 compared with WKY and WIS. #pp0.05, ##pp0.01, and
}pp0.06 compared with the control value of 100%.

Figure 6 Vmax of dopamine uptake by the dopamine transporter (DAT)
in the striatum of adult Wistar-Kyoto (WKY) rats, spontaneously
hypertensive rats (SHRs), and Wistar (WIS) rats after discontinuation of
adolescent vehicle or methylphenidate treatment. Values are mean±SEM
for Vmax following methylphenidate treatment expressed as a percentage
of vehicle control treatment; n¼ 6 for each group, except WKY in which
n¼ 7. Vmax values were 12.8±2.0, 12.8±2.1, and 17.1±2.1 pmol/mg per
min for the vehicle control WKY, SHR, and WIS groups, respectively, and
were not significantly different from each other.
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of poorer performance in SHRs under vehicle conditions. In
support of this, visual attention is improved by methylphe-
nidate in healthy volunteers only when pre-drug baseline
performance is low (Finke et al, 2010). Nonetheless, the
visual discrimination task has relevance because the results
establish the validity of the ADHD model in adolescent
SHRs (deficits in non-medicated SHRs and improvement in
medicated SHRs during adolescence). Adding to the
relevance of the visual discrimination task are findings
showing that although spatial working memory and
planning are improved after methylphenidate in healthy
volunteers, attentional set shifting and verbal fluency are
not (Elliott et al, 1997). These findings suggest that in an
animal model of ADHD, not all neurocognitive measures
showing improvement after methylphenidate treatment in
rats with an ADHD phenotype need be enhanced in rats
without an ADHD phenotype.
Despite an improvement in the visual discrimination task

by methylphenidate in adolescent SHR, vulnerability to
cocaine addiction was further enhanced in this strain during
adulthood after methylphenidate treatment was discontin-
ued. In particular, methylphenidate-treated SHRs acquired
cocaine self-administration faster, displayed an upward
shift in the cocaine dose–response function, and exhibited
the highest PR breakpoints. This profile suggests that
methylphenidate-treated SHRs identified cocaine as a highly
efficacious reinforcer and were exceedingly motivated to
self-administer cocaine across a range of unit doses
(Deroche-Gamonet et al, 2004; Piazza et al, 2000). These
effects were not related to methylphenidate treatment per se
in that vulnerability to cocaine addiction was not enhanced
by previous methylphenidate treatment in WKY and WIS.
Notably, WIS acquired cocaine self-administration more
slowly after methylphenidate than vehicle treatment,
suggesting some degree of reduced vulnerability to cocaine
addiction after adolescent methylphenidate treatment in
a rat strain that typically does not display an ADHD
phenotype (Sagvolden et al, 2009). These findings in WIS
and WKY are consistent with a body of evidence collected
from outbred rat strains. Earlier studies in outbred rats
showed decreased or unchanged cocaine self-administra-
tion, and decreased or unchanged cocaine-conditioned
place preference during adulthood after discontinuation of
repeated methylphenidate treatment that began during
adolescence (Adriani et al, 2006; Andersen et al, 2002;
Carlezon et al, 2003; Ferguson and Boctor, 2010; Thanos
et al, 2007), although Brandon et al (2001) showed
increased cocaine self-administration in outbred rats.
An important consideration for interpreting these find-

ings is whether lever responding in SHRs reflects a greater
degree of non-specific and/or indiscriminant responding in
general rather than a greater motivation for cocaine
reinforcement. An earlier study reported that SHRs
exhibited extinction deficits (greater responding than did
WKY), particularly during the initial transition from
scheduled water reinforcement under a fixed-interval
schedule to extinction, irrespective of whether the condi-
tioned stimulus (light cue) was present during extinction
training (Johansen and Sagvolden, 2004). In this study,
responding maintained by low doses of cocaine in SHRs
cannot be explained by an extinction deficit, as responding
maintained by 0.003mg/kg in SHRs (a non-reinforcing dose

in WKY and WIS) was proportionally greater than
responding during initial extinction training. Notably, with
few exceptions, even SHRs with previous methylphenidate
treatment maintained at least a 2 : 1 ratio of active-to-
inactive lever responses throughout the study, suggesting
that their behavior was goal directed. Previous work using a
food foraging task demonstrated that SHRs do not have
deficits in goal-directed behavior relative to WKY (Wells
et al, 2010). Thus, SHRs seem to have greater motivation for
cocaine reinforcement than do WKY or WIS rats, especially
after discontinuation of adolescent methylphenidate treat-
ment. Moreover, the graded ascending and descending
limbs of the FR dose–response curve in methylphenidate-
treated SHRs indicate that these rats were discriminating
among the different doses of cocaine and support the view
that they were responding in a goal-directed manner.
Collectively, these findings illustrate that a rat strain

exhibiting an ADHD phenotype is required for addressing a
key controversial question regarding the impact of adoles-
cent methylphenidate treatment on later cocaine addiction
vulnerability. Although the current findings support an
increased vulnerability, it should be noted that in an earlier
study, methylphenidate-treated SHRs had attenuated co-
caine-conditioned place preference compared with vehicle-
treated SHRs (Augustyniak et al, 2006). Complicating this
issue further are findings showing that methylphenidate-
treated SHRs consumed less ethanol than did methylphe-
nidate-treated WKY rats under home cage, unlimited access
conditions (Soeters et al, 2008). Considering that drug self-
administration differs conceptually from conditioned place
preference and home cage drug consumption and also that
drug self-administration is the strongest predictor of abuse
liability of drugs (Carter and Griffiths, 2009), the conclusion
that adolescent methylphenidate treatment increased later
vulnerability to cocaine addiction is supported empirically
by the current results. Additional work using the self-
administration method is required to confirm whether this
outcome with cocaine in methylphenidate-treated SHRs
extends to other drugs (such as marijuana, ethanol,
nicotine) commonly used by individuals with ADHD
(Biederman et al, 1998, 1999).

Methylphenidate, DAT Function, and Cocaine Addiction
Vulnerability in SHRs

The current kinetic analysis of DA uptake at DAT in the
striatum showing no strain or treatment differences in Km

or Vmax support the idea that the PFC is the primary site of
action for methylphenidate at low therapeutically relevant
doses (Berridge et al, 2006; Devilbiss and Berridge, 2008).
Previous research has shown greater striatal DAT density in
non-medicated SHRs than in WKY and WIS rats, with
significant decreases in density in all three strains during
adulthood after discontinuation of adolescent treatment
with chronic low-dose oral methylphenidate (Moll et al,
2001; Roessner et al, 2010). However, the relationship
between striatal DAT density and ADHD is uncertain
(Volkow et al, 2007). Moreover, the similar influence of
adolescent methylphenidate on DAT density in the striatum
reported in adult WKY rats, SHRs, and WIS rats (Moll et al,
2001; Roessner et al, 2010) suggests that the enhanced
cocaine self-administration observed in this study only in
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methylphenidate-treated SHRs is not related to potential
striatal DAT density changes. In support of this, the study
by Ramamoorthy et al (2010) has demonstrated that
habitual patterns of cocaine-seeking behavior are not
associated with DAT density changes in the striatum.
The Vmax for DA uptake at DAT in the PFC was decreased

in SHRs several weeks after discontinuation of adolescent
methylphenidate treatment. One possibility is that methyl-
phenidate-induced decreases in DA clearance in the PFC of
SHRs may underlie their increased vulnerability to cocaine
addiction. Methylphenidate-induced increases in DA clear-
ance in the PFC of WKY and WIS rats may have been
protective in this regard. Although DAT protein density has
been reported to have a lower (B50%) expression in the
PFC than in the striatum (Sesack et al, 1998), DAT function
in the PFC (DA uptake in the presence of a norepinephrine
transporter (NET) inhibitor) is B25% of that in the
striatum, consistent with previous work using Sprague
Dawley rats (Zhu et al, 2009). When evaluating DA uptake
in the PFC, NET is a factor as DA is transported by NET in
this region (Carboni et al, 1990; Mundorf et al, 2001; Moron
et al, 2002; Shen et al, 2004), and NET is expressed at a
higher density relative to DAT in this region (Giros et al,
1994). Furthermore, in vivo microdialysis studies show that
NET is predominant over DAT in DA clearance in the PFC
(Masana et al, 2010). However, a caveat of using micro-
dialysis for measuring DAT function in the PFC is that DAT
expression is not homogeneous in this region. In contrast,
in vitro methods used in this study allow for regional
determination of maximal velocity of DA uptake by DAT in
isolation by inclusion of desipramine in the assay. There-
fore, the kinetic parameter changes in Vmax for DA uptake
at DAT in the PFC after discontinuation of 1.5mg/kg oral
methylphenidate may be particularly meaningful. First, low-
dose oral methylphenidate has been shown to improve PFC-
related neurocognitive function and to increase DA efflux in
the PFC, but not in other sites (Berridge et al, 2006). Second,
an increase in synaptic concentration of DA in the PFC is
reinforcing as rats robustly self-administer cocaine directly
into this site (Goeders and Smith, 1983, 1986). Thus, if
cocaine-induced DA efflux in the PFC (Ikegami and
Duvauchelle, 2004; Pum et al, 2007) undergoes lower
clearance by DAT after discontinuation of adolescent
methylphenidate treatment in SHRs, then cocaine may
serve as a more highly efficacious reinforcer and further
enhance motivation to maintain self-administration.

Conclusions

This study has implications for the decisions of physicians
and parents in determining the time course of ADHD
medication. These preclinical findings suggest that caution
should be exercised when methylphenidate is prescribed for
first-time treatment of ADHD in adolescent patients, as
cocaine addiction vulnerability may be augmented.
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