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Exposure of Adolescent Rats to Oral Methylphenidate: Preferential
Effects on Extracellular Norepinephrine and Absence of
Sensitization and Cross-Sensitization to Methamphetamine

Ronald Kuczenski and David S. Segal

Department of Psychiatry, School of Medicine, University of California, San Diego, La Jolla, California 92093

Methylphenidate (MP) (ritalin) is widely used in the treatment of
children and adolescents with attention deficit hyperactivity
disorder, but little is known about therapeutic mechanisms or
about possible consequences of long-term exposure. To more
closely simulate the clinical use of the drug, we orally admin-
istered MP to adolescent rats during the dark-active phase of
the circadian cycle at doses (0.75-3.0 mg/kg) below threshold
for locomotor activation. We found that doses in this range
increased extracellular norepinephrine in hippocampus without
affecting dopamine in nucleus accumbens. These results sug-
gest that norepinephrine systems may play an important role in
the therapeutic action of this drug. To examine one potential
consequence of long-term exposure to MP, i.e., the develop-
ment of locomotor sensitization, an adaptational change that
has been implicated in drug abuse liability, animals received
three daily oral administrations of these doses of MP for up to

4 weeks through adolescence. The animals were then chal-
lenged with methamphetamine (0.5 mg/kg). We found that the
behavioral response to MP did not change during the course of
chronic treatment and that MP-pretreated animals did not ex-
hibit a sensitized locomotor response to the methamphetamine
challenge. We propose that, to the extent that this treatment
protocol more closely reflects clinical exposure patterns, the
relative insensitivity of accumbens dopamine to the acute ad-
ministration of these MP doses, and the corresponding absence
of evidence for the development of locomotor sensitization, sup-
ports one clinical view that there is little abuse liability associated
with low dose, long-term MP treatment.
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Most evidence supports the use of amphetamine-like stimulants,
particularly methylphenidate (MP), as the best available pharma-
cotherapy in the treatment of children with attention deficit
hyperactivity disorder (ADHD) (Safer and Allen, 1989; Garland,
1998; Wigal et al., 1999; Challman and Lipsky, 2000; Biederman
et al., 2000). Furthermore, ADHD symptoms continue into adult-
hood in as many as 60% of these children, and continued stimu-
lant therapy remains the most effective treatment (Taylor and
Russo, 2001). Yet little is known about mechanisms contributing
to stimulant therapeutic efficacy or about possible enduring neu-
roadaptational consequences of this long-term drug exposure
(Safer and Allen, 1989; National Institutes of Health Consensus
Development Conference Statement, 2000; Greenhill, 2001). In
this regard, the persistent effects of repeated exposure to low
doses of stimulants in both animals (Robinson and Becker, 1986;
Segal and Kuczenski, 1994; Vanderschuren and Kalivas, 2000)
and humans (Sax and Strakowski, 1998; Strakowski and Sax, 1998;
Strakowski et al., 2001) have raised the possibility of subsequent
drug abuse as one consequence of long-term adolescent stimulant
treatment (Schenk and Davidson, 1998; Laviola et al., 1999;
Brandon et al., 2001).

MP promotes many of the neurochemical effects typically as-
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sociated with other psychomotor stimulants, including dose-
dependent increases in extracellular dopamine (Kuczenski and
Segal, 1997, 2001; Gerasimov et al., 2000) and norepinephrine
(Kuczenski and Segal, 1997, 2001), both of which may be impli-
cated in stimulant therapeutic actions (Biederman and Spencer,
1999; Wigal et al., 1999; Arnsten, 2001; Solanto et al., 2001). In
addition, some evidence indicates that repeated administration of
MP can result in the development of locomotor sensitization, a
response alteration that has been implicated in drug abuse liabil-
ity (Robinson and Berridge, 1993). However, the relevance of
these data within the context of stimulant exposure in the treat-
ment of children with ADHD is ambiguous because previous
preclinical studies of MP have not always considered the variety
of factors that can affect the resultant effect profiles. For one, dose
and route of administration are important because the features of
the behavioral and neurochemical responses to these drugs de-
pend on the rate of rise of drug concentration and the maximum
concentration achieved. In this regard, the clinical use of MP
typically involves oral administration of relatively low doses,
whereas most preclinical studies of this drug have used much
higher doses, generally administered intraperitoneally, leading to
peak plasma levels of the drug much higher than typically
achieved under therapeutic conditions (see Methods for more
detailed discussion). In addition, most preclinical studies of MP
used adult rats, and, with few exceptions (Gaytan et al., 1997b,
2000), have been conducted during the light phase, the period of
normal inactivity in the rat, which is 180° out of phase with
clinical treatment. Other potentially critical factors include the
duration and the pattern of drug exposure, and all these factors
have been shown to significantly influence acute and chronic
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stimulant effects (Robinson and Becker, 1986; Segal and Kuczen-
ski, 1994; Laviola et al., 1999; Gaytan et al., 1999, 2000).

To more closely simulate the clinical use of MP, we used low
doses of oral MP administered to young rats during the dark—
active phase of the circadian cycle. The doses were selected on
the basis of pharmacokinetic modeling to achieve peak plasma
levels near the clinical range. We compared the nucleus accum-
bens dopamine and hippocampus norepinephrine responses to
determine how these transmitters might be affected by low oral
doses of the drug. We also assessed possible changes in behavioral
response associated with repeated exposure under these more
clinically relevant conditions: oral M P, administered three times
each day during the dark—active phase, initiated in adolescent
animals and continued (for 4 weeks) into early adulthood. Finally,
because a sensitized behavioral response to later stimulant chal-
lenge may be expressed in the absence of changes during repeated
treatment, we also determined whether locomotor sensitization in
response to methamphetamine (M ETH) challenge occurred 10 d
after discontinuation of the chronic MP administration.

MATERIALS AND METHODS

Subjects. Male Sprague Dawley rats, 28-d-old and weighing 110-130 gm
(1 week after weaning), were obtained from Simonsen Labs (Gilroy, CA).
Before treatment, animals were housed in groups of three in wire mesh
cages, with ad libitum access to food and water, in a temperature- and
humidity-controlled room, maintained on a reversed 12 hr dark (7:00
A.M. to 7:00 P.M.), 12 hr light cycle. All studies adhered to animal
welfare guidelines (Principles of Laboratory Animal Care, National Insti-
tutes of Health Publication #85-23).

Drugs. Methylphenidate HC1 (National Institute on Drug Abuse,
Rockville, MD) was dissolved in saline and administered in a volume of
2 ml/kg by gavage. Methamphetamine HCI (Sigma, St. Louis, MO) was
dissolved in saline and administered subcutaneously. Doses represent the
free base.

Apparatus. Behavior was monitored in custom-designed activity cham-
bers (Segal and Kuczenski, 1987). Briefly, each of the chambers was
located in a sound-attenuated cabinet maintained on a 12 hr reversed
light/dark cycle with constant temperature (24°C) and humidity (55 *
5%). Each chamber consisted of two compartments: an activity—explor-
atory compartment (30 X 20 X 38 cm) and a smaller “home” compart-
ment (14 X 14 X 10 cm) in which food and water were available ad
libitum. Movements of the animal between quadrants within the activity—
exploratory compartment (i.e., crossovers) and rearings against the wall,
as well as eating and drinking and other vertical and horizontal move-
ments (e.g., intercompartment crossings) were monitored continuously
by computer. In addition to the computer-monitored behaviors, repre-
sentative animals (n values = 5-7 per group) were simultaneously vid-
eotaped for 60 sec at successive 5 min intervals throughout the response
to further assess qualitative features of the behavior. After each sampling
interval, the possible appearance of responses or behavior patterns,
undetectable by our automated methods, were noted by the rater, who
was unaware of treatment conditions.

Microdialysis. For dialysis studies, animals were stereotaxically im-
planted with guide cannulas using procedures previously described in
detail (Kuczenski and Segal, 1989). Guide cannulas extended 2.6 mm
below the surface of the skull and were aimed at the dorsal hippocampus
(3.8 mm posterior to bregma, 2.0 mm lateral, and 4.0 mm below dura)
and the nucleus accumbens (2.2 mm anterior, 1.5 mm lateral, 7.8 mm
below dura). After surgery, animals were housed individually and were
allowed 1 week to recover before receiving any treatment.

On the day before the experimental day (3:00-4:00 P.M.), each rat was
placed in the dialysis chamber, and the dialysis probes were inserted to
allow for acclimation to the test environment and for adequate equili-
bration of the dialysis probes. The dialysis chambers were essentially
identical to the behavioral chambers described above, with the exception
that the “home” compartment was removed to prevent interferences
introduced by the dialysis methodology. Concentric microdialysis probes
were constructed of Spectra/Por hollow fiber (molecular weight cutoff
6000, outer diameter 250 wm) according to the method of Robinson and
Whishaw (1988) with modifications (Kuczenski and Segal, 1989). The
length of the active probe membrane was 2 mm for hippocampus and 1.5
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mm for nucleus accumbens. Probes were perfused with artificial CSF (in
mMm: 147 NaCl, 1.2 CaCl,, 0.9 MgCl,, and 4.0 KCIl) delivered by a
microinfusion pump (1.5 pl/min) via 50 cm of Micro-line ethyl vinyl
acetate tubing connected to a fluid swivel. Dialysate was collected
through glass capillary tubing into vials containing 20 ul of 25% meth-
anol and 0.2 M sodium citrate, pH 3.8. Under these conditions, dialysate
norepinephrine, dopamine, and serotonin and metabolites were stable
throughout the collection and analysis interval. Samples were collected
outside the experimental chamber to avoid disturbing the animal. Indi-
vidual probe recoveries were estimated by sampling a standard dopamine
solution in vitro. Preliminary studies indicated that individual probe
recoveries for dopamine and norepinephrine were similar. At the end of
the experiment, each animal was perfused with formalin for histological
verification of probe placements.

Dialysate samples were collected every 20 min. Nucleus accumbens
samples were assayed for dopamine, 3,4-dihydroxyphenylacetic acid,
homovanillic acid, 3-methoxytyramine 5-hydroxyindoleacetic acid, and
serotonin. In all experiments, solutions of standards revealed a clean
separation between 3-methoxytyramine and serotonin. The HPLC-EC
consisted of a 100 X 4.6 mm ODS-C18 3 um column (Regis) maintained
at 40°C. Mobile phase (0.05 M citric acid, 7% methanol, 0.1 mm
Na,EDTA, and 0.2 mM octane sulfonate adjusted to pH 4.0-4.5) was
delivered at 0.6—0.8 ml/min by a Waters model 510 pump. In hippocam-
pus samples, norepinephrine was separated using a similar mobile phase
containing 4% methanol and 1.5 mM octane sulfonate. Amines were
detected with a Waters 460 detector with a glassy carbon electrode
maintained at +0.65 V relative to a Ag-AgCl reference electrode.
Concentrations were estimated from peak heights using a Waters Max-
ima 820 data station. Substances in the dialysates were corrected for
individual probe recoveries to account for this source of variability, and,
although the exact relationship between dialysate concentration and
actual extracellular transmitter content is not clear, values are presented
as dialysate concentration to allow for meaningful comparisons to other
data in the literature.

Methods. Ten days after arrival (38-d-old, 140-160 gm), and 3 d before
initiation of drug treatment, animals were placed in individual experi-
mental chambers where they remained for the duration of the experi-
ment. For all experiments, n values = 6-10/group. To facilitate habitu-
ation to the chambers and procedures, animals were handled and
administered saline two times each day. During the remainder of the day
and night, animals were not disturbed, and their behavior was continu-
ously monitored. By initiation of drug treatment, animals exhibited a
typical circadian pattern of behavioral activity, time spent in the home
chamber, and ingestion, corresponding to the reversed light/dark cycle,
and the dark phase activity of saline-treated animals remained stable
throughout the duration of the experiment (data not shown).

Rationale for selection of doses. The clinical use of MP in the treatment
of ADHD typically involves oral administration of doses (0.25-1.0 mg/
kg), which result in peak plasma levels of MP in the 8-40 ng/ml range,
with ~10 ng/ml typically considered optimal (Swanson et al., 1999;
Swanson and Volkow, 2002). Although our previous studies (Kuczenski
and Segal, 2001) used doses of MP which, on a milligram per kilogram
basis, are equivalent to therapeutic doses, they did not take into account
other, potentially critical pharmacokinetic factors. For one, we had used
the intraperitoneal route of M P administration, which results in a faster
rate of drug accumulation and higher peak drug concentrations than does
oral administration of comparable doses. Thus, the response to oral
administration is effectively equivalent to a lower intraperitoneal dose
(Gerasimov et al., 2000). Second, although extrapolation on a milligram
per kilogram basis provides a crude estimate of equivalent doses, it does
not take into account species differences in gastric absorption, volume of
drug distribution, drug metabolism, and excretion rates (Wargin et al.,
1983; Patrick et al., 1984; Mordenti, 1986; Benet et al., 1990). Therefore,
the selection of appropriate doses in rats to achieve a more accurate
representation of the clinical range of plasma levels cannot rely simply on
equating doses on a milligram per kilogram basis.

Although the few pharmacokinetic data in the literature regarding oral
MP in rats are not entirely consistent (Patrick et al., 1984), two reports
suggest a reasonable approximation of plasma levels equivalent to ther-
apeutic conditions. In the most systematic study, Aoyama et al. (1990)
examined several MP doses and reported nonlinearity that was particu-
larly evident in the lower range of the dose-response curve, with peak
plasma levels at 15 min of 2.1 ng/ml after 0.5 mg/kg MP, 36 ng/ml after
2.0 mg/kg, and 62 ng/ml after 3.5 mg/kg. Based on these results, doses
between 0.5 mg/kg and 3.5 mg/kg should promote peak plasma MP
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concentrations within the typical clinical range (8—40 ng/ml). The find-
ings of Wargin et al. (1983) are consistent with these estimates. Further-
more, our own pharmacokinetic data, obtained in collaboration with Dr.
John Cashman (Human Bio Molecular Institute, San Diego, CA), are
similar to the results of both Aoyama et al. (1990) and Wargin et al.
(1983). Plasma levels of MP were assessed after dichloromethane—
isopropanol extraction in the presence of deuterated internal standards
(Doerge et al., 2000) using a Hewlett Packard 1100 LC/MSD single
quadrupole mass spectrometer. We found plasma concentrations of 9.3 +
2.3 ng/ml during the 5-15 min after oral administration of 1.0 mg/kg to
our adolescent rats (n = 8). Based on all these results, we estimate that
oral administration of 0.75 mg/kg would yield peak plasma levels be-
tween 2 and 9 ng/ml, corresponding to the lower limit of typical clinical
values, whereas a dose of 3.0 mg/kg would promote peak plasma con-
centrations between 30 and 60 ng/ml, corresponding to the upper ex-
treme of the clinical range. We included both these, as well as interme-
diate doses in our studies, based on the assumption that analyses over the
full range of clinically relevant doses should provide a more complete
and more interpretable characterization of the spectrum of effects asso-
ciated with clinical treatment than would be possible with a single dose.

Chronic MP treatment. Because MP has a shorter half-life in rats (~1
hr) (Patrick et al., 1984; Aoyama et al., 1990; Thai et al., 1999) compared
with humans (2-3 hr) (Patrick and Markowitz, 1997), it has been sug-
gested that this difference in duration of exposure can be best corrected
by increasing the intraperitoneal dose (Gerasimov et al., 2000). However,
as previously discussed, considerable evidence shows that the absolute
peak level and the rate at which it is achieved, as well as duration of
exposure, are both important factors in determining the acute and
chronic effects of stimulants. Therefore, in our chronic studies we used
three daily oral administrations of the drug, spaced at 3 hr intervals, as a
more appropriate means of adjusting the duration of daily drug exposure.
MP or saline administration was initiated in 41-d-old animals (experi-
mental day 1), and throughout the chronic MP treatment, animals
remained in the activity chambers while their behavior was continuously
monitored. Chronic MP exposure was maintained 5 d/week over a 4
week period, with the final treatment occurring on day 26. No drug was
administered on weekend days [corresponding to the drug-free periods
frequently associated with clinical treatment (Committee on Children
with Disabilities, 1996)], at which time all animals were handled during
normal servicing of the experimental chambers.

It has been argued that a drug-free interval may be required to
optimize the expression of a sensitized locomotor response (Kalivas and
Duffy, 1993a,b; Paulson and Robinson, 1995). Therefore, the animals
remained drug-free for 10 d before stimulant challenge. For the 5 d after
cessation of MP administration (days 27-32), all animals continued to
receive a single daily saline administration by gavage. Then, in prepara-
tion for subsequent subcutanecous METH challenge, on days 33-36,
animals received a single daily subcutaneous saline injection, and on day
37, animals were challenged with 0.5 mg/kg METH. On the subsequent
16 d (through day 53), all animals continued to receive single daily
subcutaneous injections of 0.5 mg/kg METH.

Data analysis. Behavioral and neurochemical data were statistically
analyzed using repeated measures ANOVA and ¢ tests with Bonferroni
corrections for specific group and time comparisons.

RESULTS

Neurotransmitter responses to acute oral

MP administration

We had previously reported a dose-dependent increase in extra-
cellular norepinephrine concentrations in hippocampus after
acute intraperitoneal administration of low doses of M P, whereas
nucleus accumbens dopamine was relatively less affected (Kuc-
zenski and Segal, 2001). To determine whether this preferential
effect on norepinephrine responsivity was evident after oral ad-
ministration of low doses of MP to adolescent rats during the
active—dark phase of the circadian cycle, we assessed norepineph-
rine and dopamine in these same regions in response to 1.0, 2.5,
and 5.0 mg/kg MP. The 1.0 and 2.5 mg/kg doses were selected to
achieve peak plasma MP concentrations within the clinically
relevant range, whereas the 5.0 mg/kg dose was estimated to
produce peak plasma levels exceeding this range. Consistent with
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Hippocampus Norepinephrine Response to Oral
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Figure 1. Dose-response and temporal profiles of the hippocampus

extracellular norepinephrine response to an acute oral administration of
methylphenidate (1.0, 2.5, 5.0 mg/kg), presented as absolute values cor-
rected for probe recovery. Values represent the mean = SEM. BL values
are the median of the three samples collected immediately before drug
administration. *p < 0.05 compared with the sample collected immedi-
ately before drug administration.
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Figure 2. Dose-response and temporal profile of the nucleus accumbens
extracellular dopamine response to an acute oral administration of meth-
ylphenidate (1.0, 2.5, 5.0 mg/kg), presented as absolute values corrected
for probe recovery. Values represent the mean = SEM. BL values are the
median of the three samples collected immediately before drug adminis-
tration. *p < 0.05 compared with the sample collected immediately before
drug administration.

a previous report (Gerasimov et al., 2000), only the 5.0 mg/kg
dose produced a significant increase in locomotor activity [Cross-
overs (10—60 min): saline, 39 * 8; 5.0 mg/kg MP, 68 = 9; ¢ = 2.27,
p < 0.05].

The hippocampus norepinephrine and nucleus accumbens do-
pamine responses are summarized in Figures 1 and 2, respectively.
MP promoted a dose-dependent increase in both norepinephrine
and dopamine, but there was a preferential norepinephrine re-
sponse that was particularly pronounced at the MP doses in the
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Locomotor Response to Oral MP Administration
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clinical range. Thus, the two lower M P doses significantly increased
norepinephrine levels (Fig. 1) without a significant effect on dopa-
mine (Fig. 2). We did observe a significant increase in dopamine
(~40%) in response to the highest dose of oral MP (5 mg/kg) (Fig.
2), consistent with the recent results of Gerasimov et al. (2000).

Behavioral response to acute oral MP

The doses of MP which, when administered orally, preferentially
increased extracellular norepinephrine, tended to decrease loco-
motion (F 4, = 2.32; p = 0.07) (Fig. 3). This trend toward
decreased locomotor behavior achieved statistical significance for
activity, cumulated for the three 3 hr intervals after the three
successive MP administrations through the day (F44,) = 4.88;
p = 0.002) (Fig. 3). Videotaped observations revealed that the
behavior of the M P-treated animals was otherwise not obviously
distinguishable from saline-treated control animals.

Behavioral responsivity during and after chronic

oral MP

Animals that received three daily oral administrations of saline or
MP (0.75 or 3.0 mg/kg) for 4 weeks did not exhibit tolerance
or sensitization in response to the drug during the course of
the treatment [crossings (0-540 min), first day vs last day; dose:
F218) = 2.49, p = 0.1; days of treatment: F; ;5) = 2.89,p = 0.1;
dose X days: F(5 5 = 1.0, p = 0.4].

Because an altered response to later stimulant challenge may
be expressed in the absence of changes during chronic treatment,
we also determined the effect of this 4 week chronic MP pretreat-
ment on the response to a METH challenge. On the tenth day
after the last MP treatment, all animals received METH (0.5
mg/kg, s.c.), and their locomotor responses are summarized in
Figure 4. There was no evidence for a sensitized locomotor
response in the MP-pretreated groups, and, in fact these animals
exhibited significantly less locomotion than saline-pretreated con-
trols during the initial intervals after METH administration
[crossovers (0-20 min) F, ;) = 5.79, p = 0.01]. This observation
was replicated in a related study, in which animals received oral
MP (1.0 or 2.5 mg/kg) three times daily for five successive days.
When these adolescent rats were challenged with METH (0.5

SAL 0.75 1.0 2.5 3.0
Dose of MP (mg/kg)

Total Activity
(0-540 min)

Figure 3. Effects of oral MP administration on
locomotor activity of adolescent rats during the
dark (active) phase of the circadian cycle. Left,
Temporal pattern of locomotor activity in re-
sponse to three successive oral MP adminis-
trations (arrows). Animals received three admin-
istrations of SAL or one of the indicated doses
of MP at 3 hr intervals. Values represent the
mean = SEM. Right, The cumulated locomotor
response to three successive oral administrations
of MP or SAL. Values represent the cumulated
activity (mean = SEM) during the 9 hr after the
first administration. Data were obtained from
two separate experiments, and the control
groups, which did not differ significantly in their
response to saline administration, were com-
bined for subsequent statistical analysis. ANOVA
revealed a significant effect of drug treatment
during the 9 hr interval (F,,, = 4.88 p <
0.0022) (*p < 0.05; **p < 0.01 compared with
saline) but no significant effect of drug treatment
during the initial 150 min interval (F(4 47y = 2.32;
p = 0.07).

Locomotor Response To METH (0.5 mg/kg): Day 1
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Figure 4. Effects of oral MP pretreatment on the temporal pattern of
locomotor activity in response to a subcutaneous METH (0.5 mg/kg)
challenge. Groups of animals received oral saline or MP (0.75 or 3.0
mg/kg) three times daily for 4 weeks. See Materials and Methods for
details. Ten days after the last pretreatment administration, animals were
challenged with METH (0.5 mg/kg). Values represent the mean = SEM.
Bar graphs represent the cumulated response during the initial 20 min
after drug administration. ANOVA revealed a significant effect of pre-
treatment (F, 19y = 5.79; p = 0.01). **p < 0.01 compared with saline-
pretreated group.

mg/kg) on the tenth day after the last pretreatment, the MP-
pretreated groups exhibited a significantly decreased locomotor
response (crossovers, 0-180 min: saline, 412 * 28; 1.0 mg/kg
MP, 286 = 49; 2.5 mg/kg MP, 273 = 43; ANOVA: F, »7y = 3.46,
p < 0.05).

To determine whether the development and/or expression of
locomotor sensitization to repeated, intermittent administration
of METH would be altered by the oral M P pretreatment, and the
animals pretreated with 0.75 or 3.0 mg/kg MP for 4 weeks
continued to receive single daily injections of 0.5 mg/kg METH
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Locomotor Response To METH (0.5 mg/kg): Day 17
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Figure 5. Effects of oral MP pretreatment on the temporal pattern of
locomotor activity in response to the 17th METH (0.5 mg/kg) adminis-
tration. Groups of animals received oral saline or MP (0.75 or 3.0 mg/kg)
three times daily for 4 weeks. See Materials and Methods for details. Ten
days after the last pretreatment administration, animals were treated with
single daily subcutaneous administration of METH (0.5 mg/kg). Values
represent the mean = SEM. ANOVA revealed a significant effect of
repeated METH treatment compared with the response on day 1 (Fig. 4)
(F1,10) = 29.64; p < 0.001).

for an additional 16 d. The response to the METH treatment on
the 17" day is summarized in Figure 5. All groups exhibited a
marked sensitization after repeated METH treatment (F(; 19y =
29.64; p < 0.001), but there were no significant differences in the
responses to the METH challenge as a function of MP pretreat-
ment (F(, 19y = 1.59, p = 0.2; interaction: F, 1, = 0.41, p = 0.7).

DISCUSSION

In the present series of studies, we characterized the neurochem-
ical and behavioral effects of low doses of MP in adolescent rats
under conditions that attempt to approximate the pattern of
exposure associated with clinical treatment of ADHD. Under
these conditions we found unique characteristics of this drug that
differ from the effects of higher doses, and therefore may be
relevant to the therapeutic efficacy of the stimulants, and to the
potential consequences of their long-term administration.

Neurotransmitter responses

The present results show that oral administration of low MP
doses to adolescent animals during the dark—active phase of the
circadian cycle can increase extracellular norepinephrine concen-
trations in hippocampus without significantly affecting extracel-
lular dopamine in nucleus accumbens. These observations are of
potential therapeutic relevance because the doses of MP which
produced this preferential effect are estimated to result in plasma
(Wargin et al., 1983; Aoyama et al., 1990) and brain (Volkow et
al., 1998) levels of the drug within the range typically achieved
under clinical conditions (Shaywitz et al., 1982; Wargin et al.,
1983; Swanson et al., 1999; Vitiello et al., 2001). Thus, these
results indicate that stimulant-induced changes in norepinephrine
pathways may be particularly important to the therapeutic efficacy
of these drugs. This suggestion is consistent with accumulating
evidence that pharmacotherapy involving drugs with relative se-
lectivity toward norepinephrine can be efficacious in the treat-
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ment of ADHD symptoms (Biederman and Spencer, 1999; Mich-
elson et al., 2001; Scahill et al., 2001; Szabo and Blier, 2001).

A number of studies have also suggested a role for mesolimbic
dopamine in the stimulant treatment of ADHD (Salamone et al.,
1997; Hollander and Evers, 2001; Sagvolden, 2001; Taylor and
Jentsch, 2001). In support of this view, Volkow et al. (2001)
recently used positron emission tomography and displacement of
["'CJraclopride to measure changes in extracellular dopamine
after oral administration of MP to an adult volunteer group.
Using this approach, they observed a small but significant in-
crease in extracellular dopamine in striatum. Our failure to ob-
serve a significant increase in accumbens dopamine (Fig. 2) with
doses of the drug that we estimated to be in the clinical range is
not necessarily inconsistent with these human data. Those au-
thors used a relatively high dose of MP (0.8 mg/kg) to achieve
peak plasma MP concentrations of 34 ng/ml, at the upper limits
of the clinical range. Furthermore, the changes in extracellular
dopamine they observed included some individuals with minimal
(3%) dopamine responses, suggesting that even this relatively
high dose of MP (0.8 mg/kg) may be near threshold for the
induction of a significant striatal dopamine response. Additional
pharmacokinetic studies will be required to determine how the
highest dose we used to approximate the clinical range compares
to the 0.8 mg/kg dose in the human study. Nevertheless, our
dose-response results suggest that lower, more typical therapeu-
tic doses of M P may be below the threshold for increasing striatal
dopamine.

However, a minimal effect of low doses of MP on dopamine in
nucleus accumbens does not preclude a more substantial effect in
other dopamine projection sites, particularly in prefrontal cortex,
which appears to play a particularly important role in processes
that have been implicated in ADHD (Hale et al., 2000; Mehta et
al., 2000; Moll et al., 2000; Robbins, 2000; Arnsten, 2001). For
one, compared with mesostriatal (including accumbens) dopa-
mine, cortical dopamine afferents exhibit a lower density of
dopamine transporters (Sesack et al., 1998), which may result in a
slower dopamine uptake. In addition, evidence suggests that, as
one consequence of the low density of dopamine transporters,
extracellular dopamine in cortex may be partially inactivated by
uptake into norepinephrine nerve terminals (Tanda et al., 1997,
Wayment et al., 2001). In this regard, although we did not exam-
ine the effects of oral doses of M P on cortical norepinephrine, we
found in our previous examination of the regional norepinephrine
responses to stimulants, that hippocampus and prefrontal cortex
norepinephrine respond with similar sensitivity to these drugs
(Kuczenski and Segal, 1992; Florin et al., 1994). Thus, inhibition
of norepinephrine uptake by clinically relevant doses of MP may
also contribute to an M P-induced increase in cortical dopamine,
and, as a consequence, cortical dopaminergic transmission may be
facilitated at doses of the stimulant that do not affect accumbens
dopamine. Dopaminergic effects of MP in cortex may be impor-
tant with regard to therapeutic efficacy because cortical dopa-
mine, like norepinephrine, has been linked to attentional and
cognitive functions that may be implicated in ADHD (Goldman-
Rakic et al., 2000; Robbins, 2000; Arnsten, 2001).

Behavioral responses

The decrease in behavioral activity that we observed in response
to acute oral administration of the lower range (0.75-3.0 mg/kg)
of M P doses contrasts with the increased locomotor response that
we found in past studies using intraperitoneal administration of
similar MP doses (Kuczenski and Segal, 2001). However, it
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should be noted that higher peak plasma drug levels result from
the intraperitoneal route (Patrick et al., 1984), and thus, the
correspondingly greater effect on nucleus accumbens dopamine
could be sufficient to promote behavioral activation. Therefore,
the biphasic pattern of the dose—response with respect to loco-
motion may reflect the increasing predominance of dopamine
activation, relative to norepinephrine, as the dose is increased. It
should be emphasized that the low dose M P-induced reduction in
locomotor activity was relatively small and only achieved statis-
tical significance when comparisons were made over the 9 hr
interval incorporating three successive MP administrations. Nev-
ertheless, the available data further establishes the importance of
identifying an appropriate dose range to study mechanisms po-
tentially relevant to stimulant pharmacotherapy. This issue may
be particularly germane to the accurate determination of possible
consequences of chronic exposure to MP, such as the develop-
ment of stimulant sensitization, which appears to be critically
dependent, at least in part, on the stimulant dosing regimen.
Sensitization processes may be implicated in drug abuse liabil-
ity (Robinson and Berridge, 1993), and mesolimbic dopamine
plays a critical role in stimulant-induced locomotor sensitization
(for review, see Robinson and Becker, 1986; Segal and Kuczenski,
1994; White, 1996; Pierce and Kalivas, 1997; White and Kalivas,
1998; Vanderschuren and Kalivas, 2000). Thus, the absence of a
significant accumbens dopamine response at the MP doses that
we estimate to be clinically relevant may have important conse-
quences for long-term effects. In this regard, few studies have
been described that used the low doses typically associated with
clinical treatment or that considered the other factors relevant to
therapeutic treatment that might significantly influence the long-
term effects of M P. In general, the results of the studies that have
used doses of M P that, at least on a milligram per kilogram basis
are near the clinical range, are contradictory with respect to the
induction of locomotor sensitization (McNamara et al., 1993;
Gaytan et al., 1997a; Sripada et al., 1998; Brandon et al., 2000;
Gaytan et al., 2000; Kuczenski and Segal, 2001), or the conse-
quences of chronic pretreatment on various measures of abuse
liability. For example, two recent reports, designed to examine
possible abuse liability, characterized persistent behavioral effects
of repeated M P exposure in young animals [postnatal days 35-42
(Brandon et al., 2001) or 20-35 (Andersen et al., 2002)] using
similar dosing (2 mg/kg, i.p.). In one of these studies, Brandon et
al. (2001) reported an increase in cocaine self-administration
when animals were subsequently tested as young adults; however,
Andersen et al. (2002) found a decrease in cocaine reward when
animals were tested using a place conditioning paradigm. A
variety of explanations might contribute to the inconsistent re-
sults, including the use of different methodologies. In addition,
although it has been argued that, because of the short half-life of
MP in rats, an intraperitoneal MP dose of 2 mg/kg may approx-
imate the clinical exposure pattern (Gerasimov et al., 2000), the
available data (Patrick et al., 1984; Thai et al., 1999), suggest that
doses in this range would yield peak plasma drug concentrations
near 150-200 ng/ml, well beyond typical clinical values. It should
be noted, however, that although we have suggested multiple
administrations of oral doses as a more appropriate means of
simulating the duration of daily therapeutic treatment, the rela-
tive merits of the various dosing regimens remain to be deter-
mined. Nevertheless, our results using multiple oral doses clearly
indicate that sensitization of the locomotor response does not
develop either to MP during the chronic treatment, or to a
METH challenge, perhaps in part because therapeutic doses of
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MP may not promote sufficient mesolimbic dopamine activation
to initiate those processes required for the induction of sensiti-
zation. Because the development of sensitization has been impli-
cated in drug abuse liability, our results would support the con-
clusions of some clinical studies that there is no increased risk for
stimulant abuse associated with ADHD stimulant pharmacother-
apy (Biederman et al., 1999; Loney et al., 2002).

In summary, the acute oral administration of MP to adolescent
rats using a dosing regimen that attempts to simulate the thera-
peutic exposure pattern in the treatment of ADHD preferentially
increases extracellular norepinephrine compared with nucleus
accumbens dopamine, suggesting that norepinephrine systems
may play an important role in this action of the stimulants.
Furthermore, repeated daily exposure of animals to these doses
throughout adolescence and into early adulthood does not lead to
the development of locomotor sensitization in response to a
subsequent stimulant challenge. We propose that, to the extent
that this treatment protocol more closely reflects clinical exposure
patterns, our findings of the relative insensitivity of accumbens
dopamine to the acute administration of these M P doses, and the
absence of evidence for the development of sensitization with
repeated M P administration supports one clinical view that there
is no abuse liability associated with therapeutic MP treatment.
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