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bstract

Methylphenidate (MPD), commonly known as Ritalin, is the most frequently prescribed drug to treat children and adults with attention deficit
yperactivity disorder (ADHD). Adolescence is a period of development involving numerous neuroplasticities throughout the central nervous
ystem (CNS). Exposure to a psychostimulant such as MPD during this crucial period of neurodevelopment may cause transient or permanent
hanges in the CNS. Genetic variability may also influence these differences. Thus, the objective of the present study was to determine whether
cute and chronic administration of MPD (0.6, 2.5, or 10.0 mg/kg, i.p.) elicit effects among adolescent WKY, SHR, and SD rats and to compare
hether there were strain differences. An automated, computerized, open-field activity monitoring system was used to study the dose–response

haracteristics of acute and repeated MPD administration throughout the 11-day experimental protocol. Results showed that all three adolescent
at groups exhibited dose–response characteristics following acute and chronic MPD administration, as well as strain differences. These strain
ifferences depended on the MPD dose and locomotor index. Chronic treatment of MPD in these animals did not elicit behavioral sensitization,
phenomenon described in adult rats that is characterized by the progressive augmentation of the locomotor response to repeated administration

f the drug. These results suggest that the animal’s age at time of drug treatment and strain/genetic variability play a crucial role in the acute and
hronic effect of MPD and in the development of behavioral sensitization.

2006 Elsevier Inc. All rights reserved.
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. Introduction

Methylphenidate hydrochloride (MPD) is one of the most
rescribed drugs to children and adults for the treatment of
ttention deficit hyperactivity disorder [1,32,40,69]. Attention
eficit hyperactivity disorder (ADHD) is a developmental dis-
rder that affects as much as 5–15% of school-aged children

n the United States [4,27]. MPD is a stimulant of the cen-
ral nervous system (CNS) with a neuropharmacological profile
imilar to psychostimulants such as amphetamine and cocaine
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29,42]. Cocaine, amphetamine, and MPD are known as indirect
opamine agonists [11,24,42,61]. There are anectodal reports
hat catecholerminergic agonists affect adolescent rats differ-
ntly as compared to adult rats [5,31,57,63].

Studies on behavioral sensitization in animals resulted from
hronic amphetamine and cocaine treatment have yielded con-
icting data depending upon the age of the test subject, the
rug dosage, and the intervals between repetitive drug injec-
ions [6,31]. Some investigators reported that younger animals
reated chronically with stimulants rarely exhibited behavioral

ensitization [3,8], while others reported the presence of sen-
itization to the locomotor effects of cocaine [31]. Since each
f the above reports used different rat strains and different drug
egimens of cocaine and amphetamine but none involved MPD,

mailto:Nachum.Dafny@uth.tmc.edu
dx.doi.org/10.1016/j.brainresbull.2006.09.019
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Table 1
Treatment protocol involving adolescent male rats during the 11 experimental days

N Experimental day

Day 1 Days 2–7 Days 8–10 Day 11

WKY 8 Saline Saline Washout Saline
SHR 8 Saline Saline Washout Saline
SD 8 Saline Saline Washout Saline

WKY
8 Saline 0.6 mg/kg MPD Washout 0.6 mg/kg MPD

13 Saline 2.5 mg/kg MPD Washout 2.5 mg/kg MPD
12 Saline 10.0 mg/kg MPD Washout 10.0 mg/kg MPD

SHR
8 Saline 0.6 mg/kg MPD Washout 0.6 mg/kg MPD

12 Saline 2.5 mg/kg MPD Washout 2.5 mg/kg MPD
8 Saline 10.0 mg/kg MPD Washout 10.0 mg/kg MPD

S
0.6 m
2.5 m
10.0 m
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he present study used three different rat strains of the same age
nd the same protocol with three different MPD concentrations
or a dose–response assessment and strain comparison.

. Materials and methods

.1. Animals

Male spontaneously hyperactive/hypertensive rats (SHR), Wistar-Kyoto
WKY), and Sprague-Dawley (SD) rats (total N = 109), 34–41 days old, were
sed for this experiment. Animals were housed in the experimental room in
roups of four per cage for adaptation. The ambient temperature of the room
as 21 ± 2 ◦C with relative humidity of 37–42%. Animals were maintained on

12:12 h light/dark (05:30–17:30 h light on) with food and water given ad libi-

um. Animals were kept 5–7 days for acclimation. One day prior to the initial
ecording, they were randomly divided into groups and individually placed in
heir testing cage (see Table 1), which became their home cage for the duration
f the experiment. Briefly, each rat strain consisted of four groups (each N = 8,

b
i
l
c
l

ig. 1. Summarizes the horizontal activity, total distance traveled, vertical activity, a
he morning and showed, for all rat strains (adolescent SD, SHR, and WKY), that sa
uctuations from day to day within strains were observed. Values are presented as th
g/kg MPD Washout 0.6 mg/kg MPD
g/kg MPD Washout 2.5 mg/kg MPD

g/kg MPD Washout 10.0 mg/kg MPD

nless indicated otherwise). Group I was treated with saline. Groups II–IV were
reated with 0.6, 2.5, or 10.0 mg/kg MPD, i.p., respectively. This experimental
rotocol was adapted from previous dose–response experiments of MPD and
mphetamine [19,21,22,65–68].

.2. Apparatus

The locomotor activity testing chambers consisted of a clear, acrylic, open-
eld box (40.5 cm × 40.5 cm × 31.5 cm) fitted with two arrays of 16 infrared
otion sensors, and each located 6 and 12.5 cm above the floor of the box.
his system has been previously described in detail [16,20,21,67]. In short, the
ctivity monitoring system checked each of the sensor beams at a frequency of
00 Hz to determine whether beams were interrupted. The interruption of any
eam was recorded as an activity score. Interruption of two or more consecutive

eams separated by at least 1 s was recorded as a movement score. Repeated
nterruptions of the same beam(s) were recorded as stereotypic activity. Cumu-
ative counts were compiled and down loaded every 10 min into the OASIS data
ollection software that recognized and differentiated these counts into various
ocomotor activities indices.

nd number of stereotypic movements for the initial 2 h post-saline injection in
line injection did not modulate the locomotor activity over time. Some minor

e mean ± S.E.M. The days of saline administration are underlined.
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.3. Data analysis

All locomotor parameters were evaluated to test for the drug effects during
he initial 2 h post-injection. The acute effect of MPD was calculated as the
ifference of experimental day 2 from that of experimental day 1. The chronic
ffect of MPD was determined by comparing experimental days 3–7 and 11
o experimental day 2 (e.g., sensitization or tolerance). Two calculations were
sed: (1) the 2 h data was summed into one value (Figs. 1 and 2) and (2) the
ata was summed to 10 min bins where 12 bins were analyzed, i.e., 120 min (see
ig. 3, temporal graph). These data points were analyzed with repeated ANOVA
nd Fischer’s LSD post hoc test for differences between doses and time effect.
ifferences in the time course of the effect for doses were qualitatively described
sing the 10 min bins data to establish the maximum effect, time to maximum
ffect, and duration of the effect for each dose and locomotor index. Results were
nalyzed with within-group repeated measures ANOVA (two levels: time post-
njection and experimental day of injection). Post hoc analysis was conducted
ith Fischer’s LSD test at the 0.05 significance level.

. Results

.1. Control

Twenty-four rats were used for saline control groups (N = 8,

ach strain). Eleven consecutive locomotor recordings for
3 h/day were obtained but only activities of the initial 2 h post-
njection were evaluated. Saline was injected on experimental
ays 1–7 and 11. Data was collected in 10 min bins and summed

d
e
z
(

ig. 2. Summarizes the acute dose–response of 0.6, 2.5, or 10.0 mg/kg MPD as m
tereotypic movements obtained from adolescent WKY, SHR, and SD rats. On exp
.6 mg/kg MPD (groups M1, M4, and M7), 2.5 mg/kg MPD (groups M2, M5, and M7
re presented as the mean ± S.E.M. The symbol (*) indicates significant differences a
�) represents significant differences at the level P < 0.05 in the comparison between
ulletin 71 (2006) 301–310 303

nto hours. Fig. 1 summarizes four locomotor indices for the ini-
ial 2 h post-saline injection and showed, for all rat strains (SD,
HR, and WKY), that saline injection resulted in similar loco-
otor activity with minor fluctuations from day to day within

trains, i.e., all adolescent rats from the three strains exhibited
imilar baseline activity during the day time. Tests of between-
ubjects effects on the baseline horizontal activity, total distance,
ertical activity, and number of stereotypic movements showed
o significant difference among strains (ANOVA: strain × day).
herefore, data from the initial day following saline injection

n the drug treated groups (experimental day 1) was used as the
ontrol for animal handling and volume of injection. Any signif-
cant deviation from this recording was considered as the drug
ffect.

.2. MPD acute effect

Three different doses of MPD were used. The first dose of
.6 mg/kg, i.p., MPD failed to modulate the four locomotor
ndices from all of the rat groups. As the MPD doses increased,

ifferences between the groups were observed (Fig. 2). For
xample, the 2.5 mg/kg MPD treatment modulated the hori-
ontal activity of the WKY (F1,25 = 4.69, *P < 0.05) and SD
F1,15 = 6.96, *P < 0.05) rats. Such increase in horizontal activity

easured by horizontal activity, total distance, vertical activity, and number of
erimental day 1, these rats received saline (S), while they were injected with
), or 10.0 mg/kg MPD (groups M3, M6, and M9) on experimental day 2. Values
t the level of P < 0.05 when compared to baseline activity on day 1. The symbol
rat strains on experimental day 2.



304 P.B. Yang et al. / Brain Research Bulletin 71 (2006) 301–310

Fig. 3. Summarizes the horizontal activity of adolescent WKY rats following saline and chronic MPD treatment (0.6, 2.5, and 10.0 mg/kg MPD, i.p.). The line graphs
show the temporal response of 10 min samples during the 120 min following post-injection of saline on experimental day 1 or MPD on experimental days 2, 7, and
11. The bar graphs indicate the 2 h cumulative activity on each experimental day after saline or MPD injection. The line “—” indicates days of MPD injection. The
v fferen
t exper
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alues are presented as the mean ± S.E.M. The symbol (*) shows significant di
o experimental day 1 baseline. The symbol ( ) is indicative of P < 0.05 when

f WKY is significantly greater than that of SHR (F2,32 = 2.48,
P < 0.05) when compared among the strains. This same dose
lso significantly increased the total distance (F1,25 = 15.47,
P < 0.05; F1,23 = 4.93, *P < 0.05; F1,15 = 4.26, *P < 0.05), ver-

ical activity (F1,25 = 14.52, *P < 0.05; F1,23 = 11.63, *P < 0.05;
1,15 = 5.56, *P < 0.05), and number of stereotypic movements

F1,25 = 8.46, *P < 0.05; F1,23 = 8.52, *P < 0.05; F1,15 = 11.11,
P < 0.05) of WKY, SHR, and SD rats, respectively. When com-

i
d
g
(

ce at the level of P < 0.05 when experimental days 2, 7, and 11 were compared
imental days 7 and 11 were compared to experimental day 2.

ared among strains, the WKY rats exhibited a significantly
reater total distance than SHR (F2,32 = 6.30, �P < 0.05). Sim-
larly, the 10 mg/kg MPD increased the four locomotor indices
f all three strains (*P < 0.05). However, the intensity of this

ncrease was different among the rat groups (Fig. 2). The total
istance and vertical activity of WKY rats were significantly
reater than that of SD rats (F2,27 = 3.51, �P < 0.05) and SHR
F2,27 = 4.44, �P < 0.05), respectively.
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.3. Chronic effect of MPD

The dose–response data following 0.6, 2.5, and 10.0 mg/kg,
.p., MPD for the 11 experimental days for adolescent WKY,
HR, and SD rats are summarized in Figs. 3–5. The left part of
ach figure shows the temporal data every 10 min for 2 h post-

njection, while the right part of the figure represents activity
ummed under the curve from the temporal graph into a single
alue for each day, i.e., total horizontal activity during the initial
h post-injection for all of the 11 experimental days.

3
t
a
*

ig. 4. Summarizes the horizontal activity of adolescent SHR rats following saline o
ays 2, 7, and 11. The line graphs represent the temporal response of 10 min samples
ndicate the 2 h cumulative activity on each day after saline or MPD injection. The

ean ± S.E.M. The symbol (*) indicates P < 0.05 when experimental days 2, 7, and 1
ulletin 71 (2006) 301–310 305

Fig. 3 summarizes the horizontal activity of adolescent
KY rats following 0.6, 2.5, and 10.0 mg/kg MPD, i.p., and

emonstrates that the lowest MPD dose (0.6 mg/kg) and saline
xpressed similar activity level after the initial MPD injection
nd following five consecutive daily injection, as well as an
njection of the same MPD dose on experimental day 11 after
days of washout. The 2.5 mg/kg, i.p., MPD on experimen-
al days 2, 7, and 11 elicited a significant increase in horizontal
ctivity for the initial 30 min post-injection (10 min: F3,51 = 3.87,
P < 0.05; 20 min: F2,51 = 3.64, *P < 0.05; 30 min: F3,51 = 3.80,

n experimental day 1 and 0.6, 2.5, and 10.0 mg/kg MPD, i.p., on experimental
during the 120 min following post-injection of saline or MPD. The bar graphs
line “—” indicates days of MPD injection. The values are presented as the
1 were compared to experimental day 1 baseline.
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P < 0.05) after which the activity returned to similar baseline
evel on experimental day 1. Behavioral sensitization was not
bserved (Fig. 3, temporal graph). When the horizontal activity
f 2 h post-injection of 2.5 mg/kg dose was summed into one
alue (Fig. 3, right histograms), the effect of this MPD dose was
bserved compared to baseline activity on experimental day 1

F10,142 = 4.83, *P < 0.05). Furthermore, the effect of the drug
n experimental days 3–7 and 11 exhibited similar increase in
ctivity as the initial MPD dose. The 10.0 mg/kg MPD elicited a
obust increase in horizontal activity for longer duration than the

b
t

S

ig. 5. Summarizes the horizontal activity of adolescent SD rats following saline on ex
, 7, and 11. The line graphs represent the temporal response of 10 min samples during
he 2 h cumulative activity on each day after saline or MPD injection. The line “—” in
he symbol (*) shows P < 0.05 when experimental days 2, 7, and 11 were compared
ulletin 71 (2006) 301–310

.5 mg/kg MPD dose (F10,131 = 33.24, *P < 0.05). The increase
n horizontal activity after the initial injection (experimental day
; *P < 0.05) was higher and for longer duration time (120 min)
ompared to experimental days 7 and 11. On experimental days
and 11, the MPD effect was shorter in duration (100 min com-
ared to 120 min) and lower in intensity (Fig. 3, temporal and

ar graphs; P < 0.05). Similar observations were obtained in
he other locomotor indices.

Fig. 4 summarizes the horizontal activity of the adolescent
HR following 0.6, 2.5, and 10.0 mg/kg, i.p., MPD and shows

perimental day 1 and 0.6, 2.5, and 10.0 mg/kg MPD, i.p., on experimental days
the 120 min following post-injection of saline or MPD. The bar graphs indicate
dicates days of MPD injection. The values are presented as the mean ± S.E.M.
to experimental day 1 baseline.
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hat handling of the animals elicited the same increase in activ-
ty for about 10 min whether it was saline or 0.6 mg/kg MPD.
here was not any difference obtained between the activity after
aline injection or 0.6 mg/kg MPD during the 2 h post-injection
Fig. 4, upper histogram). The middle dose of MPD (2.5 mg/kg)
ignificantly elevated the horizontal activity for about 40 min
ost-injection on experimental days 2, 7, and 11 (Fig. 4, left
emporal graph; *P < 0.05). When the horizontal activity for
he total 120 min post-injection was summed into one value for
ach experimental day, the effect of the drug was observed in
xperimental days 4–7 (Fig. 4, right histogram; F10,131 = 3.00,
P < 0.05). The 10.0 mg/kg, i.p., MPD, which was the high-
st dose used in this experiment, elicited a robust increase in
orizontal activity for the 120 min post-injection with the most
ncrease in activity observed in the first 90 min post-injection
Fig. 4, 10 mg/kg; *P < 0.05). This augmentation was clearly evi-
ent in the bar graph (F10,87 = 14.27, *P < 0.05). Similar obser-
ations were obtained in the other locomotor analyses.

Fig. 5 summarizes the horizontal activity recorded from ado-
escent SD groups following 0.6, 2.5, and 10.0 mg/kg, i.p., MPD.
he 0.6 mg/kg MPD did not produce any effect on horizontal
ctivity, while the 2.5 mg/kg, i.p., MPD increased the horizontal
ctivity significantly (*P < 0.05) on experimental days 2, 7, and

1 for the initial 50 min. No differences were obtained when the
.5 mg/kg MPD was injected to naı̈ve animals (experimental day
) or to the same animals injected repeatedly with the drug on

f
�

i

ig. 6. Compares the dose–response effect of 0.6, 2.5, or 10.0 mg/kg, i.p., MPD for
ctivity, and number of stereotypic movements. Values are presented as the mean ± S
ulletin 71 (2006) 301–310 307

xperimental day 7 or 11 (Fig. 5, temporal graph, 2.5 mg/kg).
hen the 120 min activity post-injection was summed into one

alue (total number of activity under the curve of the 120 min),
t shows that this dose of MPD had similar effect on experi-

ental days 3–7 and 11 as compared to experimental day 2
ut significantly greater than experimental day 1 (F10,87 = 2.6,
P < 0.05). The 10.0 mg/kg, i.p., MPD elicited a robust increase
n all locomotor indices of SD rats for 90 min with signifi-
ant increases in horizontal activity remained for 120 min post-
njection (*P < 0.05). This robust horizontal activity was similar
n experimental days 2, 7, and 11 with some non-significant fluc-
uations. In the bar graph, the drug effect of 10.0 mg/kg MPD was
vident when compared to experimental day 1 (F10,87 = 6.21,
P < 0.05). Similar observations were found in the other loco-
otor indices (data not shown).
Fig. 6 compares the dose–response effect of 0.6, 2.5, or

0.0 mg/kg, i.p., MPD for the adolescent WKY, SHR, and SD
ats as indicated by total distance, vertical activity, and number
f stereotypic movements. In general, the comparison shows
ome differences among the three strains but without any spe-
ific pattern. For example, the total distance of WKY rats fol-
owing 2.5 and 10.0 mg/kg MPD on experimental day 2 (drug
iven to MPD-naı̈ve adolescent animals) was significantly dif-

erent when compared to that of SHR and SD rats (F2,32 = 6.30,
P < 0.05), while the same dose of MPD exerted similar effects

n vertical activity and number of stereotypic movements in all

the adolescent WKY, SHR, and SD rats as indicated by total distance, vertical
.E.M. with �P < 0.05 when compared between strains.
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hree rat strains (Fig. 6). The 0.6 mg/kg MPD on experimental
ay 11 (F2,23 = 2.72, �P < 0.05) and the 10.0 mg/kg MPD on
xperimental day 2 (F2,27 = 4.44, �P < 0.05) exhibited different
ertical activity level among the rat strains (Fig. 6, middle his-
ogram), while the number of stereotypic movements elicited by
he three MPD doses was similar among the strains.

. Discussion

The main findings of the present study are that: (1) adolescent
KY, SHR, and SD rats exhibited similar baseline activity dur-

ng the day time and throughout the 11 experimental days; (2)
he dose–response characteristics to the acute effects of 0.6, 2.5,
r 10.0 mg/kg MPD exhibited incremental increase in locomotor
ctivity, with the intensity of this increase being different among
he rat strains and locomotor indices; (3) similar dose–response
haracteristics were observed following chronic administration
f 0.6, 2.5, or 10.0 mg/kg MPD; (4) chronic administration of
ll three doses of MPD failed to elicit behavioral sensitization
r tolerance in adolescent WKY, SHR, and SD rats; (5) strain
ifferences were observed following chronic treatment of MPD
s indicated by the total distance traveled and vertical activity
f these animals.

Two data evaluations were performed: (1) temporal profile of
he drug effects for every 10 min bins over the 2 h post-injection
nd (2) the total activity under the curve of 2 h post-injection. The
atter evaluation failed to show that the 2.5 mg/kg dose elicited
ny effect on locomotion in all three rat strains. However, the
emporal evaluation showed that the 2.5 mg/kg MPD exerted
ignificant effects for 30, 40, and 50 min post-injection for the

KY, SHR, and SD rats, respectively. Besides the difference in
he duration of the drug effect, there was also difference in the
ntensity of the 2.5 mg/kg drug effects between the three ado-
escent groups of rats. In contrast, the 10.0 mg/kg MPD elicited
imilar robust effects on locomotion in all three strains with
ome differences in the intensity and time duration of the drug
ffects. This observation suggests that dose–response protocol
nd temporal data evaluation is essential in order to determine
hether differences in the response to MPD exist among the rat

trains.
The three rat strains used in this study were SD, SHR, and

KY. Each strain of rats comprised of a different gene pool
hich could lead to differences in the susceptibility to psy-

hostimulants and their chronic effects such as sensitization
26,30,47,55]. Because MPD is the drug most often used for
reating adolescents with ADHD, adolescent animal models that
xhibit the ADHD syndrome are one of the most desired choices
or studying the effects of MPD [51].

Many animal models for ADHD exist [51,52], including rats
elected from a general population [44], rats reared in social
solation [46], rats exposed to environmental pollutants [28,56],
ats that have undergone neonatal anoxia [13], rats that have
ndergone hippocampal X-irradiation in infancy [14], rats that

ave undergone neurotoxic brain lesions [2], Naples high/low
xcitability rats [50], and knock-out mice [25]. There are also
enetic models, including the SHR, which was bred from pro-
enitor WKY rats [35,37,39,41,53,64]. The SHR strain is a

s
M
a
T

ulletin 71 (2006) 301–310

enetic mutant of WKY, which has led many researchers to use
he SHR strain as the animal model for ADHD and the WKY
ats as their control strain. Moreover, the SHR is the only animal
train hyperactive in a variety of behavioral paradigms and has
ehavioral characteristics that are comparable to the behavioral
isturbances of children with ADHD and showing many behav-
oral characteristics consistent with ADHD, including motor and
ognitive impulsiveness, impaired sustained attention, hyperac-
ivity, and reduced dopamine (DA) function [49,51,53,59,60].

It seems that the SHR is one of the “best” animal models
o study the effects of acute and chronic MPD treatments, and
his rat strain is most frequently used as ADHD model [35,51].
hus, many investigators are using the SHR strain with the
KY strain as the control in their investigation of ADHD/MPD

tudies [39,51,52,54]. Since we used MPD as the psychostim-
lant to elicit sensitization in the present study, the SHR and
KY strains would provide a good comparison with other

tudies. Pharmacogenetic research using genetically deficient
odent strains has provided information about the contribution
f genetic factors to drug related behaviors. There are few reports
n genetic/strain differences in determining vulnerability to dif-
erent drugs [9,23,33,34,38,43]. Therefore, it is important to
nvestigate and compare the effects of MPD on another rat strain
ften used in drug research. In the recent Medline study of 200
andom papers using psychostimulants, it was found that the SD
at strain was used in 52% of the papers. Thus, we selected the
D rats as an additional genetic/strain for this study. Moreover,

n previous experiments, we studied dose–response characteris-
ics of the acute and chronic effects of MPD and other drugs on
ocomotor activity of adult SD rats [19,20,58,67,68]. Therefore,
e used SD, WKY, and SHR in this study.
None of our experimental groups exhibited behavioral sen-

itization, while there were some reports [3,6,8,31] that showed
hat adolescent rats exhibited sensitization to the locomotor acti-
ating effects of cocaine. In these experiments, the drug injection
nd the recording were performed in test cages, while in the
resent study drug treatment and recordings were performed
n the rats’ home cages. An additional difference between our
nding and the above observation is the drug. We studied the
ffects of MPD on adolescent rats; whereas, they studied a dif-
erent psychostimulant. Moreover, the definition of adolescent
ats varies among the different published reports. Based on the
apers that used rats of different ages and correlated their ages
o that of humans [5,7,10,12,15,17,18,31,36,45,48,57,62], we

ade the following determination:

uvenile P-21 to P-30
eriadolescent P-31 to P-39
dolescent P-40 to P-50
oung adult P-60 to P-75

indicates the post-natal day.

A previous experiment using adult rats of the same three

trains and similar protocol reported that chronic 2.5 mg/kg

PD elicited locomotor sensitization of male WKY and SD rats
nd tolerance to the 10.0 mg/kg MPD to all three rat strains [68].
his suggests that the chronic response to MPD between adult



arch B

a
o
t
i

a
i
a
e
M
m
p
t
p

A

M
C
A
D

R

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

P.B. Yang et al. / Brain Rese

nd adolescent rats are different, implying that the ontogeny
f the effects of psychostimulants on the CNS/behavior during
he time of neuronal pruning and adulthood warrants further
nvestigation.

In conclusion, the present study demonstrated that the age
t the time of drug treatment and pharmacokinetic differences
n the absorption, distribution and/or metabolism of the drug
s well as strain/genetic variability could significantly influ-
nce both the acute and chronic effect of psychostimulants (e.g.,
PD) and the development of behavioral sensitization. Further-
ore, strain/genetic comparisons, such as those performed in the

resent study, are crucial since in animal models could simulate
he heterogeneity of populations in clinical studies involving
atients.
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30] G.J. LaHoste, P. Mormède, J.M. Rivet, M. LeMoal, New evidence for dis-
tinct patterns of brain organization in rats differentiated on the basis of
inherent laterality, Brain Res. 474 (1988) 296–308.

31] G. Laviola, R.D. Wood, C. Kuhn, R. Francis, L.P. Spear, Cocaine sensitiza-
tion in periadolescent and adult rats, J. Pharmacol. Exp. Ther. 275 (1995)
345–357.

32] F.R. Levin, H.D. Kleber, Attention-deficit hyperactivity disorder and sub-
stance abuse: relationships and implications for treatment, Harv. Rev.
Psychiatry 2 (1995) 246–258.

33] C. Lopez-Rubaleava, I. Lucki, Strain differences in the behavioral effects
of antidepressant drugs in the rat forced swimming test, Neuropsychophar-
macology 22 (2000) 191–199.

34] A. Lucki, A. Dalvi, A.J. Mayorga, Sensitivity to the effects of pharmaco-
logically selective antidepressants in different strains of mice, Psychophar-
macology 155 (2001) 315–322.

35] R. McCarty, I.J. Kopin, Patterns of behavioral development in spon-
taneously hypertensive rats and Wistar-Kyoto normotensive controls,

Develop. Psychobiol. 12 (1979) 239–243.

36] S.A. McDougall, R.L. Collins, P.E. Karper, J.B. Watson, C.A. Crawford,
Effects of repeated methylphenidate treatment in the young rat: sensi-
tization to both locomotor activity and stereotyped sniffing, Exp. Clin.
Psychopharmacol. 7 (1999) 208–218.



3 arch B

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

10 P.B. Yang et al. / Brain Rese

37] D.M. Mook, J. Jeffrey, A. Neuringer, Spontaneously hypertensive rats
(SHR) readily learn to vary but not repeat instrumental responses, Behav.
Neural Biol. 59 (1993) 126–135.

38] A.C. Morse, G. Erwin, B.C. Jones, Pharmacogenetics of cocaine: a critical
review, Pharmacogenetics 5 (1995) 183–192.

39] M.M. Myers, R.E. Musty, E.D. Hendley, Attenuation of hyperactivity in
the spontaneously hypertensive rat by amphetamine, Behav. Neural Biol.
34 (1982) 42–54.

40] E.E. Nolan, K.D. Gadow, J. Sprafkin, Stimulant medication withdrawal
during long-term therapy in children with comorbid attention-deficit hyper-
activity disorder and chronic multiple Tic disorder, Pediatrics 103 (1999)
730–737.

41] K. Okamoto, K. Aoki, Development of a strain of spontaneously hyperten-
sive rats, Jpn. Circ. J. 27 (1963) 282–293.

42] K.S. Patrick, J.S. Markowitz, Pharmacology of methylphenidate,
amphetamine enantiomers, and penoline in attention deficit/hyperactivity
disorder, Human Psychopharmacol. 12 (1997) 527–546.

43] T.J. Phillips, Behavior genetics of drug sensitization, Crit. Rev. Neurobiol.
11 (1997) 21–33.

44] T. Puumala, S. Ruotsalainen, P. Jakala, E. Koivisto, P. Riekkinen, J. Sirviö,
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