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Enhanced Reactivity and Vulnerability to
Cocaine Following Methylphenidate

Treatment in Adolescent Rats
Cindy L. Brandon, M.A., Michela Marinelli, Ph.D., Lorinda K. Baker, B.A., and Francis ]. White, Ph.D.

Treatment of attention deficit hyperactivity disorder with
the psychostimulant drug methylphenidate (MP) has
increased dramatically among schoolchildren. We tested
whether repeated exposure to moderate doses of MP (5 and
10 mg/kg IP for 5 or 7 days) in adolescent rats increased
reactivity to cocaine measured by motor responses
(ambulations and rearing) to a cocaine challenge in
adulthood. We later tested whether repeated exposure to a
low dose of MP (2 mg/kg IP for 7 days) enhanced the
psychomotor effects of cocaine, measured by different
challenge doses (0-30 mg/kg) as well as to the reinforcing

effects of cocaine, measured by self-administration of low-
dose infusion (75 ug/kg, IV). We found that exposure to
moderate doses of MP enhanced psychomotor responses to
cocaine but exposure to a low dose only increased cocaine
self-administration. These results suggest that adolescent
exposure to low doses of MP in rats may increase the
incentive value of low reinforcers, thereby rendering adult
rats more susceptible to cocaine self-administration.
[Neuropsychopharmacology 25:651-661, 2001]
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Methylphenidate (Ritalin®) is used widely in the treat-
ment of attention deficit hyperactivity disorder (ADHD),
the most commonly diagnosed disorder of childhood
(Swanson et al. 1998). During the 1990s, diagnosis and
treatment of this disorder grew dramatically in the
United States. Estimates show that up to 15% of school
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age children may be affected in certain geographical lo-
cations (Scahill and Schwab-Stone 2000) and that preva-
lence is estimated to be 5-10% in the general population
(Swanson et al. 1998). In addition, preschoolers (Zito et
al. 2000) and children who do not meet the diagnostic
criteria for ADHD (Marshall 2000) have recently been
identified as two new groups increasingly exposed to
this drug. The duration of treatment is several years in
childhood, more often extending into adolescence and
adulthood (Garland 1998; Robin 1999; Silver 2000; Spen-
cer et al. 2000).

Animal studies have shown that MP is a psychostim-
ulant, which, as with cocaine, blocks the dopamine
transporter (DAT) (Kuczenski and Segal 1997); thereby
increasing extracellular dopamine (DA) levels in the
striatum and nucleus accumbens (Kuczenski 1983),
brain regions involved in the locomotor and reinforcing
effects of psychostimulants and other drugs of abuse
(Koob and Bloom 1988). Recent human brain imaging
studies indicate that MP and cocaine have similar in
vivo potency to block the DAT in human brain (Volkow
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et al. 1999). Oral therapeutic doses of MP effectively
block more than 50% of DATs (Volkow et al. 1998);
thereby increasing extracellular DA levels (Volkow et
al. 2001). These actions are highly associated with the re-
inforcing properties of drugs (Ritz et al. 1987). Taken to-
gether, the well-documented abuse potential of psycho-
stimulants (for reviews see White and Wolf 1991;
Robinson and Berridge 1993; Self and Nestler 1995),
studies linking ADHD with subsequent substance
abuse (Wilens et al. 1997; Clure et al. 1999; Schubiner et
al. 2000), and the dearth of controlled studies on the ef-
fects of long-term stimulant exposure on the brain, all
make MP exposure an important public health issue.

Animal models of drug addiction clearly indicate
that repeated exposure to psychostimulants results in
augmented behaviors (sensitization) that can be de-
tected long after final drug exposure (see Robinson and
Becker 1986 for review). Locomotor sensitization results
from a variety of neuroadaptations (see White and Kali-
vas 1998 for review) associated with processes underly-
ing addiction (see Robinson and Berridge 1993 for re-
view). Accordingly, critical questions about treatment
of ADHD with psychostimulants are: do children and
adolescents sensitize during repeated drug exposure
and, if so, does sensitization persist? Unfortunately, an-
imal studies have provided conflicting answers (Lavi-
ola et al. 1995; Ujike et al. 1995; Snyder et al. 1998; Wood
et al. 1998; Izenwasser et al. 1999; McDougall et al. 1999;
Zavala et al. 2000). Sensitization to MP in rodent
models has been well documented (Shuster et al. 1982;
Gaytan et al. 1997; Crawford et al. 1998; but see Mc-
Namara et al. 1993), but the use of relatively high doses
in most studies, and the apparent inability of MP to in-
duce long-term locomotor sensitization in young ani-
mals (McDougall et al. 1999), has raised questions re-
garding the «clinical relevance of such findings
(National Institute of Mental Health 1999).

Animal studies have also shown that repeated ex-
posure to psychostimulants increases the likelihood
that rats will acquire drug self-administration (SA)
with shorter latencies (Horger et al. 1992) and at lower
doses (Horger et al. 1990), perhaps a more relevant
display of sensitization as it relates to addiction. Pre-
treatment with such stimulants as nicotine, caffeine,
and amphetamine produces enduring enhancements
in the acquisition of cocaine SA (Valdez and Schenk
1994; Schenk and Davidson 1998). Clearly, history of
drug exposure influences subsequent vulnerability to
substance abuse. However, there are no reports of
whether adolescent MP exposure in animals enhances
vulnerability to drug SA. In humans, conflicting re-
ports propose that therapeutic exposure to MP is ei-
ther a risk factor for later substance abuse (e.g., see
Lambert in press), is unrelated to subsequent sub-
stance abuse (e.g., Biederman et al. 1995) or actually
protects individuals from subsequent substance use
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disorders (e.g., see Biederman et al. 1999). The difficul-
ties involved in conducting controlled studies in hu-
man ADHD populations undoubtedly contribute to
the uncertain and controversial nature of the current
literature.

A related question regarding the therapeutic use of
MP focuses on route of administration as it relates to
both pharmacokinetics and drug-induced euphoria.
Certain reports suggest that MP is rarely abused except
when taken intravenously (e.g., see Parran and Jasinski
1991). The oral route of administration may blunt MP’s
reinforcing effects because of pharmacokinetics in brain
and plasma (Gerasimov et al. 2000), and slow kinetics
of DAT blockade (Volkow et al. 1998). A recent mi-
crodialysis study addressed differences between oral
(intragastric) and IP routes of MP administration, using
extracellular DA levels within the nucleus accumbens
as a neurochemical measure. The authors concluded
that matching peak MP plasma concentrations in hu-
mans and rats might not be appropriate for choosing
clinically relevant doses, because much higher doses
are required in animals to sustain what would be ap-
propriate therapeutic levels in humans, and such doses
induce higher peak plasma levels than are therapeuti-
cally relevant (Gerasimov et al. 2000). These results sug-
gest that MP doses of less than 5 mg/kg IP in rats might
be comparable to those used clinically for the following
reasons: (1) they produce sustained plasma levels with-
out overshooting the peak; (2) lower doses adminis-
tered intragastrically to rodents do not raise DA levels
above baseline; whereas, doses as low as 0.5-1.0 mg/kg
administered orally to humans significantly increase
DA levels in the striatum (Volkow et al. 2001); and (3) a
5 mg/kg intragastric dose is approximately equivalent
to the 2.0 mg/kg IP dose for both the enhanced DA and
locomotor responses in rodents.

We designed the present study to address several
unanswered questions regarding adolescent psycho-
stimulant exposure in rats. We sought to: (1) assess
whether adolescent rats develop persistent behavioral
sensitization to cocaine; (2) determine whether re-
peated exposure to moderate doses of MP during ad-
olescence enhances the locomotor stimulant effects of
cocaine in adulthood; and (3) determine whether re-
peated exposure to low doses of MP (which may be
more therapeutically relevant in terms of pharmaco-
kinetics and bioavailability as well as behavioral and
neurochemical effects) in adolescent rats produces lo-
comotor sensitization to cocaine and increases vulner-
ability to cocaine SA in adulthood. The advantage of
conducting such studies in rats is the ability to control
independent variables carefully and to avoid con-
founds that render clinical studies subject to multiple
interpretations. The major caveat is the extent to
which dose and pharmacokinetic variables in rats ac-
curately model MP treatment of ADHD in humans.
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MATERIALS AND METHODS
Repeated Drug Treatment

Four-week-old male Sprague-Dawley rats (Harlan, In-
dianapolis, IN) were individually housed and allowed
1 week for acclimation to the vivarium (12:12 light/
dark; lights on 7:00 AM) where there was constant hu-
midity (66%), temperature (21-23°C), and ad libitum
food and water. Animals were then injected IP in their
home cages with either a saline vehicle (0.9% NaCl), co-
caine (15 mg/kg), or MP (2, 5, or 10 mg/kg dissolved in
saline) for 5 or 7 days (3-5 h before lights off, once per
day). They were then allowed 2 weeks before further
behavioral testing (locomotor test or SA test), during
which they were handled and weighed twice.

Locomotor Test

In a separate behavioral testing facility, 12 photobeam
activity detection devices (PAS monitoring system, San
Diego Instruments, San Diego, CA) were mounted
around standard rectangular transparent rodent cages
(30 X 50 X 25 cm). A lower frame was equipped with
three photoelectric beams, which divided the long axis
of the cage into four quadrants (12.5 X 30 cm each). In
addition, upper rearing beams (8 photocells) were lo-
cated along the 30-cm side of the cage. Interruptions of
photobeams generated digital pulses, which were com-
puter analyzed to determine both the total number of
photobeam interruptions and the interruptions of con-
secutive photobeams (ambulations, lower beams only).
Animals were allowed 1 h habituation before a cocaine
challenge. Locomotor activity was measured for 1 h di-
vided into 5-min intervals. Dose- response analyses of
cocaine responses following low-dose MP exposure
were conducted on four separate days, with cocaine
dose assigned randomly in separate groups of rats for
each dose.

Surgery and Cocaine Self-Administration

Rats to be used in SA experiments were surgically im-
planted with jugular catheters 1 week following the last
drug treatment, which consisted of seven daily injec-
tions of MP (2.0 mg/kg IP) or saline. Each rat was anes-
thetized with a ketamine/xylazine solution (65 mg/kg
and 20 mg/kg, respectively, in a 1-ml/kg volume) and
implanted with a silastic catheter (10 wl dead volume)
fashioned to secure it into the right auricle through the
external jugular vein. The catheter was passed subcuta-
neously exiting in the midscapular region. After sur-
gery and on the two subsequent days, all rats received
an infusion of the antibiotic gentamycin (2 mg/kg IV).
Thereafter, the catheter was flushed daily with a solu-
tion of heparin (100 pl containing 10 IU). Saline (50 pl)
was flushed at the start of each SA session, every day,
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and heparin was flushed at the end of the session. Ani-
mals entered the SA boxes fitted with a tether, and the
external end of the catheter was connected to a pump-
driven syringe. The infusion line was passed through a
swivel joint. The SA cages (MED Associates, St. Albans,
VT) had an extra-wide Malagard sound cubicle with an
interior operant chamber (41 X 24 cm floor area, 21 cm
high). Nose-poke holes were located 2 cm above the
floor in one of the 24 cm-wide sides of the cage.

Nose poking in one of the holes (defined as “active”)
switched on the infusion pump for 3 s, injecting 30 .l of
a 75 ug/kg dose of cocaine. Each reinforcer was accom-
panied by a 5-s light in the nose-poke hole and a 5- s
time out, during which hole poking had no conse-
quence. A fixed ratio 1 schedule of reinforcement was
used throughout the experiment. No priming injections
were given at any time. Poking at the inactive hole had
no programmed consequence. The number of nose-
pokes in both holes and the number of infusions were
recorded throughout the experiments. Each rat received
one session per day (3-5 h before lights out) for 1 h for 5
days. The MED Associates Software Package Schedule
Manager for Windows controlled drug delivery and
data collection, including monitoring of locomotor ac-
tivity. The behavior program was custom designed by
MED Associates (MED Test for Windows). Rats were
considered to perform active SA when the number of
nose-pokes in the active hole was significantly higher
than the number in the inactive hole (95% confidence
limit). Catheter patency was confirmed the last day of
the experiment by delivering sodium pentobarbital so-
lution (10%) through the catheter. Rats that did not suc-
cumb within 5 s were eliminated from the study.

Locomotor activity during self-administration was
monitored by two photobeams on the long wall of the
operant chamber measuring total counts. Accordingly,
noticeably higher activity counts were generated than
in the locomotor activity boxes described above. All
experiments were performed in accordance with the
Guide for the Care and Use of Laboratory Animals (NIH
Publication No. 85-23).

Drugs

Methylphenidate HCl and cocaine HCl were gener-
ously provided by the National Institute on Drug
Abuse (Rockville, MD). Gentamycin was purchased
from ICN Biomedical Inc. (Costa Mesa, CA). Xylazine
was obtained from Phoenix Scientific Inc. (St. Joseph,
MO). Ketamine and heparin were purchased from
Sigma Chemical Co. (St. Louis, MO).

Statistical Analyses

Locomotor tests were analyzed with Student’s t-tests
for the three separate time points for cocaine sensitiza-
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tion following repeated cocaine. Student’s t-tests were
also used for the dose-response tests to cocaine follow-
ing low-dose exposure to MP. Psychomotor responses
for cross sensitization between MP (at moderate doses)
and cocaine were analyzed using repeated measures
analysis of variance (ANOVA). This analysis consid-
ered the treatment (saline vs. MP) as the between factor
and time (12 levels) as the within factor. SA experi-
ments were analyzed with repeated measure ANOVAs.
This analysis considered the treatment (saline vs. MP)
as between factors and the following as within factors
when necessary: Hole effect (two levels: Active hole vs.
Inactive hole), Days effect (five levels: days 1-5).

RESULTS

Adolescent Rats Show Persistent Locomotor
Sensitization Following Repeated Cocaine

As shown in Figure 1, 5-week-old rats that received re-
peated cocaine injections (15 mg/kg IP for 5 days) ex-
hibited an enhanced locomotor response relative to sa-
line-pretreated rats, when challenged with cocaine at
half the sensitizing dose (7.5 mg/kg/IP). This was ob-
served in three separate experiments using separate
groups of rats at withdrawal days 3, 14, and 60 with the
sensitized response being greater at the longer with-
drawal times.
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Figure 1. Repeated exposure to cocaine during adolescence
causes long-term sensitization. Three individual experiments
using the same protocol for sensitization to cocaine (15 mg/
kg IP daily for 5 days in the home cage) show that at with-
drawal day 3 (t,, = —1.81, p = .041), 14 (t,, = —2.77, p = .005),
and 60 (ty = —3.17, p = .002) locomotor responses are signif-
icantly greater in the cocaine pretreated groups (n = 12) com-
pared to those pretreated with saline (n = 12). Bars represent
means * SEM.
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Repeated Exposure to Methylphenidate in
Adolescent Rats Results in Enhanced Reactivity to
Cocaine in Adulthood

Moderate Dose Exposure to MP.  Following 7 days of
repeated IP injections of a moderate dose of MP (10
mg/kg/day), 5-week-old rats were allowed 2 weeks of
withdrawal in their home cages. At 8 weeks of age,
these (now adult) rats were challenged with a threshold
dose (7.5 mg/kg IP) of cocaine. Our results (Figure 2)
clearly indicate that pre-exposure to MP significantly
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Figure 2. Adolescent rats pretreated with MP (10 mg/kg)
show enhanced reactivity to cocaine in adulthood. The psy-
chomotor response to a cocaine challenge (7.5 mg/kg) mea-
sured in (upper panel) ambulations and (lower panel) rears,
was significantly enhanced in MP-pretreated rats (n = 12)
(10 mg/kg IP daily for 7 days, in the home cage) as com-
pared to saline pretreated rats (n = 12), 2 weeks following
their last exposure and simultaneous development into
adult rats (main effect treatment: F;,, = 10.28, p = .004;
treatment X time interaction: Fy; 54, = 6.22, p < .0001, ambu-
lations as dependent variable; main effect treatment: F; 5, =
6.70, p = .017; treatment X time interaction: Fy; 5 = 4.48,p <
.0001, rears as dependent variable). Inset bar graphs show
total counts over the 1- h test session. Datapoints and bars
represent mean * SEM.
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increased sensitivity to the locomotor activating effects
of cocaine (both horizontal and vertical).

In a separate experiment, following the same proto-
col, we used a lower dose of MP (5 mg/kg/day IP) in
the pre-exposure phase and a larger challenge dose of
cocaine (15 mg/kg IP) on the challenge day. Again,
Figure 3 clearly shows that there is significant cross
sensitization to the cocaine challenge measured in both
ambulations and rearing. Although it is possible that
the MP-treated rats were more responsive to a novel
testing environment rather than more responsive to the
cocaine challenge, this is unlikely, because our rats
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Figure 3. Adolescent rats pretreated with MP (5 mg/kg)
show enhanced reactivity to cocaine in adulthood. The psy-
chomotor response to a cocaine challenge (15 mg/kg) mea-
sured in (upper panel) ambulations and (lower panel) rears,
was significantly enhanced in MP-pretreated rats (n = 12)
(5 mg/kg IP daily for 5 days in the home cage) compared to
saline pretreated rats (n = 12), 2 weeks following their last
exposure and simultaneous development into adult rats
(Main effect treatment: F; ,, = 21.16, p < .0001, Treatment X
time interaction Fij,p = 8.02, p < .001, ambulations as
dependent variable; Main effect treatment F; ,; = 29.05, p <
.001, Treatment X time interaction, Fy;p3 = 2.16, p = .018,
rears as dependent variable). Inset bar graphs show total
counts over the 1-h test session. Datapoints and bars repre-
sent mean * SEM.
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were habituated to the test environment for 1 h before
the cocaine injection. Even if this were the case, it
would also suggest that the MP-pretreated rats were
sensitized, given the well-known association between
drug sensitivity and responses to a novel environment
(Piazza and Le Moal 1996). Therefore, moderate doses
of MP administered during adolescence affect over-all
reactivity to cocaine following development into adult-
hood and withdrawal from drug exposure.

Low-Dose Exposure to MP

Locomotor Response to Cocaine (Dose—Response Test).
To emulate more closely the dosing regimens and
plasma drug concentrations that occur most frequently
in humans (Gerasimov et al. 2000), we pretreated ado-
lescent rats with a low dose of MP (2 mg/kg/day IP)
for 7 days. Following repeated treatment, we chal-
lenged separate groups of rats with different doses of
cocaine (0, 3.75, 7.5, 15, and 30 mg/kg IP on separate
days with cocaine dose assigned randomly). Figure 4
clearly shows that at this low dose of MP, repeated ex-
posure does not enhance the locomotor or rearing re-
sponse to cocaine at any dose tested.

Cocaine Self-Administration. Using the low-dose MP
treatment protocol, we determined whether adult rats
would acquire SA of cocaine at a low dose of 75 pg/
kg/infusion. SA training commenced 2 weeks follow-
ing the last MP injection and 1 week following surgery
for implantation of IV catheters. MP pretreatment
clearly enhanced SA of cocaine, as compared to saline
pretreatment. MP pretreatment enhanced intake of co-
caine measured by significantly more self-infusions
(Figure 5) and more nose pokes at the active hole (Fig-
ure 6). There were no significant differences between
the two groups of rats with respect to responding in the
inactive hole. In addition, there was no statistical differ-
ence between the saline and MP-pretreated group for
poking at the inactive hole on day 1 of SA, further indi-
cating that greater nose-poking at the active hole was
not the result of nonselective activity in the MP group.
Both the saline and MP-pretreated groups showed ac-
quisition of cocaine SA measured by their ability to dis-
criminate between the active and inactive hole (Figure
6). In addition, we measured locomotor activity dur-
ing cocaine SA (Figure 5). The MP-pretreated group
showed enhanced motor activity during cocaine SA, as
compared to the saline pretreated group, which was ex-
pected, given that they injected considerably more co-
caine.

DISCUSSION

We found that adolescent exposure to cocaine caused a
robust and persistent sensitization to its psychomotor
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Figure 4. Adolescent exposure to a low dose of meth-
ylphenidate does not enhance reactivity to cocaine: psycho-
motor response. The psychomotor response to five challenge
doses of cocaine (0, 3.75, 7.5, 15, and 30 mg/kg tested in sep-
arate groups of rats) measured in (upper panel) ambula-
tions, and (lower panel) rears, is not enhanced following low
dose (2 mg/kg IP daily for 7 days in the home cage) exposure
to MP in adolescent rats. Bars represent mean = SEM (n =
8-20/group). Statistics are as follows: Dose 0 Ambulations:
tyy = —1.30, p = .20, Rears (ty = —.468, p = .64); Dose 3.75
Ambulations (t;p = —1.29,p = .207), Rears (t;y = —.370, p =
.71); Dose 7.5 mg/kg Ambulations (t;3 = —0.196, p = .846),
Rears (t;3 = —.476, p = .64); Dose 15 mg/kg Ambulations (¢4 =
.806, p = 43), Rears (t,, = —.158, p = .87); Dose 30 mg/kg (t,4, =
—1.37 p = .892), Rears (t;, = —1.568, p = .139).

stimulant effects following 3 days, 2 weeks, and 2
months of cocaine withdrawal. In addition, we also ob-
served cross sensitization from MP to cocaine. Such
cross sensitization occurred with two moderate MP
pretreatment doses and with two different cocaine chal-
lenge doses. When we switched to a lower dose of MP,
one that results in plasma MP levels closer to those
achieved clinically (Gerasimov et al. 2000), we no
longer observed cross sensitization to the locomotor
stimulant effects of cocaine. However, such MP-pre-
treated rats showed greater SA of a low dose of cocaine.
Thus, adult animals exposed to MP during adolescence
were considerably more vulnerable to the reinforcing
effects of cocaine. Our results clearly demonstrate dis-
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Figure 5. Adolescent rats pretreated with MP show
increased vulnerability to cocaine self-administration. Upper
panel: Increased intake during self-administration of a low
dose of cocaine (75 pug/kg/infusion), 2 weeks following low-
dose exposure to MP (2 mg/kg IP daily for 7 days in the home
cage) during adolescence. Cocaine self-administration was
significantly greater in MP-pretreated rats (n = 12) compared
to saline pretreated rats (n = 10). Main treatment effect: F, 5, =
8.90, p = .007 with infusions as the dependent variable. Lower
panel: Daily locomotor response to self-administration of
cocaine. Main treatment effect: F;,; = 12.15, p = .002 with
photobeam breaks as the dependent variable.

sociation between the psychomotor stimulant effects of
cocaine and its ability to support SA following adoles-
cent exposure to MP.

Ontogeny of Behavioral Sensitization

Ontogenetic studies indicate that after cocaine treat-
ment during pre-weanling (Zavala et al. 2000; Snyder et
al. 1998; Wood et al. 1998), post- weanling (Ujike et al.
1995) and peri-adolescent periods (Laviola et al. 1995),
rats develop an enhanced behavioral response to co-
caine. Unlike previous studies (Laviola et al. 1995), we
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Figure 6. Acquisition of cocaine self-administration: active
versus inactive hole. Following adolescent exposure to
saline (lower panel) or MP (upper panel) both groups of ani-
mals learned cocaine self-administration measured by dis-
crimination of the active versus inactive hole: saline group
F,9 = 13.71, p = .005; MP group F,;; = 15.11, p = .002). In
addition, the MP group showed greater responding at the
active hole compared to the saline group (treatment effect,
Fi2 = 7.59, p = .012) but not significantly greater respond-
ing at the inactive hole (treatment effect, F,,y, = 3.41, p =
.079). Moreover, there was no significant difference between
the two groups with respect to inactive hole poking on the
first SA session (t,y = —1.760, p > .05), indicating that the
higher rates of cocaine SA were not attributable to hyperac-
tivity in the MP-pretreated group.

observed increasing sensitization to the locomotor stim-
ulant effects of cocaine over time. This response was not
dependent on environmental context, because animals
were only exposed to the behavioral testing facility
once on the test day; whereas, repeated cocaine expo-
sure occurred in home cages. Sensitization seems to oc-
cur only when the sensitizing regimen is restricted to
late pre-weanling life or later and when repeated drug
exposure is paired with the testing chamber or when
long pretreatment regimens are used. Sensitization may
be limited to short treatment-to-test intervals (McDou-
gall et al. 1994; Tirelli and Ferrara 1997; Wood et al.
1998) although other studies indicate persistent sensiti-
zation (Snyder et al. 1998; Zavala et al. 2000).
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We found that in 4 to 5-week-old rats, which are age-
equivalent to the beginning of peri-adolescence, pairing
of stimulant exposure with the testing environment
was not necessary to obtain sensitization. Rats received
repeated treatment of cocaine in their home cages and
exhibited locomotor sensitization to a challenge dose of
cocaine (7.5 mg/kg) that was half the repeated treat-
ment dose following a 1-h habituation in the context of
a novel testing facility. This response lasted 3-60 days
following the last treatment, which is longer than any
previous study has reported for rats of this age, and
suggests that neuroadaptations occurring at this time
might be more persistent than in older animals (e.g., see
Henry and White 1995) or younger animals (above).

The progression of psychostimulant use and abuse
seems to be more rapid among human adolescents than
among adult abusers (Estroff et al. 1989; Laviola et al.
1999). This suggests that exposure to cocaine and other
drugs of its class may have a greater potential for en-
hancing the addiction process among adolescents than
among adults, both of which are growing populations
exposed to MP (Shaffer 1994; Robin 1999). Given that
the use of therapeutic stimulants has become extended
(Heiligenstein et al. 1999) and that adolescents may be
more sensitive to aspects of the drug that make it more
reinforcing, our animal model was appropriate for
studies on the effects of adolescent MP exposure.

Cross Sensitization from MP to Cocaine

A dose of 10 mg/kg MP produces more locomotor ac-
tivity than higher or lower doses of the drug (Gaytan et
al. 1997; Crawford et al. 1998; McDougall et al. 1999), an
effect observed in both young and older animals. We
found that 2 weeks following repeated treatment with
MP (10 mg/kg IP), a threshold challenge dose of co-
caine (7.5 mg/kg IP) significantly enhanced ambula-
tions and rearing, as compared to saline-treated ani-
mals. Thus, pretreatment with moderate doses of MP is
capable of supporting persistent cross sensitization to
cocaine. Similar results were also obtained when we
halved the dose of MP to 5 mg/kg and increased the
challenge cocaine dose to 15 mg/kg.

Enhanced locomotor responses are not characteristic
in humans taking MP therapeutically. Indeed, reduc-
tion of hyperactivity is the desired response. Therefore,
the animal results showing increased locomotor re-
sponses following repeated treatment with psychostim-
ulants may have less relevance to human behavior. Hu-
mans taking MP therapeutically, although exposed
intermittently over long periods of time, do not develop
hyperactivity except in the form of motor tics
(Borcherding et al. 1990; Castellanos et al. 1997; Nolan
and Gadow 1997), mostly occurring at higher doses.

Accordingly, we next tested a lower dose of MP (2
mg/kg), one that is well within the range for attaining
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therapeutic peak plasma levels, although actually lower
than therapeutically sustained levels and one that will
activate the DA system in rodents (Gerasimov et al. 2000).
After repeated treatment with this dose of MP, we no
longer observed cross sensitization to the locomotor
stimulant effects of cocaine. Given that context-inde-
pendent sensitization is dose-dependent (Browman et
al. 1998) and the importance of context for obtaining
sensitization is well established (Robinson et al. 1998;
Fraioli et al. 1999), it is possible that cross sensitization
to cocaine might have been detected had we measured
activity in the home cage. Indeed, MP at doses as low as
1.0 mg/kg IP produces context-dependent sensitization
to a 2.5 mg/kg challenge dose of MP following repeated
exposure (Kuczenski and Segal 2001) in adult rats.

Adolescent Exposure to MP Enhances Cocaine
Self-Administration in Adult Rats

Animal studies clearly show that pre-exposure to psy-
chomotor stimulants enhances subsequent SA of such
drugs (Horger et al. 1990, 1991, 1992; Pierre and Vezina
1997; Vezina et al. 1999; Lorrain et al. 2000). Consistent
with pre-exposure to nicotine (Horger et al. 1992), and
low-dose exposure to amphetamine (Pierre and Vezina
1997) we found a differential effect of low-dose MP pre-
exposure on the reinforcing and locomotor activating
effects of cocaine. Low-dose pre-exposure to MP en-
hanced the reinforcing effects of cocaine but not its lo-
comotor stimulant effects.

The impact of the psychostimulants on reward pro-
cesses is of particular interest, because some authors
have attributed behavioral aberrations in ADHD to an
elevated reward threshold (see Solanto 1998 for re-
view). Wilkison and colleagues (1995) reported that in
children with ADHD, MP increased the total number of
button-presses to obtain monetary reinforcement on a
progressive ratio schedule. This suggests that MP in-
creased efficacy of reinforcement or reduced reward
threshold in these subjects. We must assume that treat-
ment did not increase their activity, because this drug is
known to reduce the hyperactive behavior associated
with ADHD. Therefore, the reinforcement-enhancing
qualities of MP acted in a therapeutic capacity in a para-
digm similar to those used to characterize the reinforce-
ment-enhancing qualities of drugs of abuse. Our find-
ings can be considered consistent with other results
showing that MP increases reinforcement efficacy of
low reinforcers (Heyman 1992), in our case, a low dose
of cocaine. In the case of ADHD, MP may enhance
school performance by augmenting the relative value of
socially mediated reinforcers over monetary reward.

Conditions that induce sensitization to the behav-
ioral effects of cocaine also increase extracellular levels
of DA in the nucleus accumbens (Pettit and Justice 1989;
Kalivas and Duffy 1990; see White and Kalivas 1998 for
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review). One of the long-lasting alterations following
repeated psychostimulant administration that may con-
tribute to increased extracellular DA levels is reduction
in DAT synthesis in the prefrontal cortex and NAc (see
Kuhar and Pilotte 1996 for review). Consistent with
these findings, therapeutic treatment with MP de-
creases DAT binding in ADHD patients who had previ-
ously presented with increased DAT binding compared
to age- and sex-matched controls (Krause et al. 2000).
Treatment with MP lowers increased striatal DAT
availability, suggesting a potential mechanism for MP’s
therapeutic effect. This implies that one of the alter-
ations shown to occur following repeated cocaine might
also occur following repeated low-dose exposure to
MP; thereby, creating neuroadaptations associated with
both therapeutic effects and drug vulnerability, compli-
cating interpretations of clinical studies and perhaps ac-
counting in part for inconsistencies in clinical studies
on the relationship between ADHD and drug depen-
dence.

We suggest that our findings support the hypothesis
that the beneficial behavioral effect of MP is derived
from alterations in brain substrates mediating the in-
creased incentive value of low reinforcers. However, to
the extent that our protocols produce therapeutically
relevant plasma and brain levels of MP with appropri-
ate temporal patterning (which we have tried to maxi-
mize based on previous controlled studies in rats) our
results also suggest that adolescent exposure to MP
may potentially increase future vulnerability to low
doses of cocaine. This is the first evidence from care-
fully controlled laboratory experiments that adolescent
exposure to MP can facilitate psychostimulant self-
administration in adult rodents. As such, this report
sends a cautionary warning to the continued escalation
of MP use in children. Of course, continued careful clin-
ical studies will be needed to verify the extent to which
our findings accurately reflect the clinical situation.
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