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Abstract
Methylphenidate (MPD) is the most widely used drug in the treatment of attention-deficit
hyperactivity disorder (ADHD). ADHD has a high incidence in children and can persist in
adolescence and adulthood. The relation between sex and the effects of acute and chronic MPD
treatment was examined using adolescent male and female rats from three genetically different
strains: spontaneously hyperactive rat (SHR), Wistar-Kyoto (WKY) and Sprague-Dawley (SD).
Rats from each strain and sex were randomly divided into a control group that received saline
injections and three MPD groups that received either 0.6 or 2.5 or 10 mg/kg MPD injections. All
rats received saline on experimental day 1 (ED1). On ED2 to ED7 and ED11, the rats were
injected either with saline or MPD and received no treatment on ED8 to ED10. The open field
assay was used to assess the dose response of acute and chronic MPD administration. Significant
sex differences were found. Female SHR and SD rats were significantly more active after MPD
injections than their male counterparts, while the female WKY rats were less active than the male
WKY rats. Dose dependent behavioral sensitization or tolerance to MPD treatment was not
observed for SHR or SD rats, but tolerance to MPD was found in WKY rats for the 10 mg/kg
MPD dose. The use of dose response protocol and evaluating different locomotor indices provides
the means to indentify differences between the sexes and the genetic strain in adolescent rats. In
addition these differences suggest that the differences to MPD treatment between the sexes are not
due to the reproductive hormones.
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1. Introduction
Attention-deficit/hyperactivity disorder (ADHD) is one of the most prevalent diagnosed
neuropsychiatric disorders in children, conservatively estimated to occur in 3.0 to 7.5% of
school-aged children (Goldman et al., 1998; Wilens et al., 2008a). In another report, it was
estimated that up to 20% of boys in public schools are treated for ADHD with
psychostimulants (Faraone and Wilens, 2007; LeFever et al., 1999). School-aged children
suffering of ADHD are inattentive or hyperactive-impulsive (American Psychiatric
Association 1994, Swanson et al., 1998), having disorders in motor control and perception
(Landgren et al., 2000; Wilens et al., 2008a). The pharmacotherapy treatments of choice are
methylphenidate (MPD) and/or amphetamine (Castellanos and Tannock, 2002). Although
these drugs are very effective in treating the short-term behavioral symptoms of ADHD,
there is growing concern about the potential of MPD to increase the risk for drug
dependence (Kollins, et al., 2001; Vendruscolo et al., 2008) i.e. they can produce abuse and
dependence in a long-term treatment (Dafny and Yang, 2006; Goldman et al., 1998; Levin
and Kleber, 1995). For example, exposure to MPD in adolescent rats has been shown to
endure changes in the neurobiology of the adult brain reward systems (Moll et al., 2001), or
alter the responsiveness to cocaine in adulthood (Brandon et al., 2001): while others reported
that stimulant treatment for ADHD causes a significant protective effect on the development
of any substance use disorder (Wilens et al., 2008a; Faraone and Wilens, 2007). Despite
their potential long-term adverse effects on the developing brain, psychostimulants for
ADHD treatment are increasingly being administered to children as young as two years of
age (Zito et al., 2000).

There are significant gender differences in ADHD expression (Cornforth et al., 2010). An
early study showed that the disorder is more often diagnosed in boys than in girls (Anderson
et al., 1987). Gender differences in ADHD expression were also found in adults. For
example, Biederman et al. (1994) stressed the viability and importance of identification of
female subjects with ADHD. Although there are reports indicating that the response to
psychostimulants is sex-dependent (Berger and Sagvolden, 1998; Camp and Robinson,
1988;; Cornforth et al., 2010; Glick et al., 1984; Robinson, 1984), the vast majority of
experimental studies related to ADHD in rats utilized male rats (Askenasy et al., 2007).
MPD bind to dopamine (DA) transporter (DAT) that results in an increase DA concentration
in the synaptic cleft (Volkow et al., 2005) therefore MPD is consider as an indirect
dopamine (DA) agonist (Challman and Lipsky, 2000; Gatley et al., 1999; Solanto, 1998),
DA functioning varies by sex and age which may result in the effect of MPD being different
in male and female of different ages (Cornforth et al., 2010). Prenatal cocaine dampened
behavioral responses to MPD in male and female adolescent rats exhibits sex differences in
their response to the drug (Torres-Reveron and Dow-Edwards, 2006), as well as using
incentive processing (Brenhouse et al., 2009), anxiety-related behavior (Vendruscolo et al.,
2008), juvenile toxicity assessment (Beckman et al., 2008; Teo et al., 2002), impairment of
attention (Rezvani et al., 2009), behavioral performance (Wagner et al., 2007), and circadian
activity pattern (Algahim et al., 2009; Lee et al., 2009) procedures. However, controversial
observations following MPD administration among the sexes were reported (Cornforth et
al., 2010; Dafny and Yang, 2006). Each of the previous studies used only one strain and
reported sex differences. The objective of this study is to clarify this controversy using
several different rat strains in the same dose response protocol of MPD on different sexes of
adolescent rats.

Since MPD is used in ADHD therapy we selected to investigate the dose response property
of MPD in an animal model for ADHD-the spontaneous hyperactive rat (SHR) (McCarty
and Kopin, 1979; Pires et al., 2009; Roessner et al., 2010; Sagvolden, 2000; Thanos et al.,
2010). The SHR strain was bred from progenitor Wistar-Kyoto (WKY) rats. Therefore, the
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WKY rat strain was selected as control to the SHR strain group (Roessner et al,
2010;Simchon et al., 2010). In addition, we selected the Sprague-Dawley (SD) rat strain
since the SD strain rat is used most frequently in psychostimulant studies as “normal” rat
(Askenasy et al, 2007). Each strain of rats comprised a different gene pool that resulted in
different susceptibility to psychostimulants and its chronic effects like sensitization (Dafny
and Yang, 2006).

Several different factors can alter the rate of drug effect. The most important factors are sex
and genetically determined polymorphins in drug excitation and conjugation (Benet et al.,
1996; Cornforth et al., 2010). Therefore, the objective of this study is to investigate whether
differences in strain and sex influence MPD response. For this purpose, an MPD dose-
response study was carried out in three different rat strains as well as in male and female
adolescent rats using an open-field assay.

Our hypothesis is that MPD will show different effects in the adolescent male compared to
the adolescent female and that the different strains of adolescent rats will respond to MPD
differently.

2. Methods
2.1. Subjects

Male (N=112) and female (N=104) SHR, WKY, and SD rats, 34 days old, were purchased
from Harlan Laboratories (Indianapolis, IN, USA). For adaptation, animals were housed in
the experimental room in groups of four per cage. The ambient temperature of the room was
21±2°C, with relative humidity of 37 to 42%. Animals were maintained on a 12:12h light/
dark cycle (05:30–17:30h light on) with food and water given ad libitum. The initial 5–6
days prior to the recording sessions were used for acclimation. One day prior to the first
recording day, the rats of the same sex from each strain were randomly divided into four
groups (each group having N=8 animals, unless indicated otherwise – see Table 1), and each
animal was placed in a separate testing cage that became the home cage for the eleven
experimental days (Table 1). At a particular time, only one sex and one rat strain was used.
The experiment was done in the home cage to eliminate the novelty of the test cage as an
additional stimulus to our treatment. Many investigators have used rats of different ages and
correlated the rat’s ages to human ages, such as juvenile, periadolescent, adolescent, young
adult and adult (Bolonos et al., 1998; Brandon et al., 2001; Campbell et al., 2000; Collins et
al., 2004; Laviola et al., 1995; McDougall et al., 1999; Rezvoui and Levin, 2004; Roffman
and Raskin, 1997). Based on these reports, the following can be derived: from postnatal day
21 (P-21 to P-30; P-31 to P-39; P-40 to P-50; P-60 to P-75 and P-76) and above the rats are
considered as juveniles, periadolescent, adolescents, young adults and adult rats,
respectively. Therefore, all experiments start on P-40. The experiment was carried out in
accordance with the guidelines of the NIH and the declaration of Helsinki and was approved
by our local Animal Welfare Committee.

2.2. Drugs
Methylphenidate hydrochloride (MPD) was procured from Mallinckrodt (Hazelwood, MO).
MPD was dissolved in a 0.9% isotonic NaCl solution (saline) and dosages were calculated
as free base. Injections were given intra-peritoneally (i.p.) and equalized to a volume of
0.8cc with 0.9% saline, so that the volume of each injection was the same for all animals.
The MPD doses of 0.6, 2.5, and 10 mg/kg used in this study corresponded to low, medium,
and high doses respectively (Dafny and Yang, 2006; Gaytan et al., 1996). Saline injections
consisted of 0.8cc isotonic saline solution (0.9% NaCl) administered i.p.
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2.3. Saline and MPD treatment
All animals were treated with saline on experimental day 1 (ED1). Then, during ED2 to ED7
the animals in the control group received saline, while the animals in the other groups were
treated with 0.6 or 2.5 or 10 mg/kg MPD, i.p. All animals had a washout phase for three
days at ED8 to ED10 in which they did not receive any treatment. Finally, on the last
experimental day, ED11, the animals received the same treatment as in ED2 to ED7 (Table
1). All animals were injected between 6:30–7:00 a.m. because in a previous dose-response
study, it was found that MPD injection in the morning exerted the most significant effects
(Gaytan et al., 1996, 1997, 2000).

2.4. Apparatus and open field activity recording
Open-field testing introduced over 70 years ago resembles a natural behavioral pattern and is
one of the most widely used methods in animal behavioral research (Askenasy et al., 2007).
Its popularity stems from the simplicity of the apparatus and of clearly defined behavior.
Open-field locomotor behaviors represent the interaction of the whole animal with the
experimental situations. The augmentation or attenuation of locomotor activity following
repeated psychostimulant administration has been referred to as behavioral sensitization or
tolerance respectively (Algahim et al., 2009; Barron et al., 2009; Gaytan et al., 1997; Lee et
al., 2008, 2009; Robinson, 1984; Yang et al., 2001, 2006, 2008, 2010).

Sixteen transparent (acrylic) boxes (40.5cm× 40.5cm× 31.5cm), each containing two arrays
of 16 infrared motion sensors, were used to record the locomotor activity after treatment.
The arrays with motion sensors were located at 6 and 12.5cm above the box floor. The
activity monitoring system checked each of the sensor beams every 10 msec to determine
whether beams were interrupted. Interruption of any beam was counted as an activity.
Cumulative counts were compiled by Accuscan analyzer (Columbus, OH, USA) and
downloaded every 10 mins to a computer, equipped with OASIS data collection software,
which computed different locomotor activity indices (Gaytan et al., 1996, 1997, 2000; Yang
et al., 2001, 2003, 2006, 2010). Four locomotor indices were studied: horizontal activity
(HA), vertical activity (VA), the total distance traveled (TDT), and the number of
stereotypic movements (NOSM). HA and VA were computed as the total number of beam
interruptions that occurred in the horizontal and vertical plane, respectively; the TDT
recorded the forward ambulation in centimeters; and the NOSM was computed as the
number of repetitive, purposeless movements having at least 1 sec interval between them
(Gaytan et al., 1997, 2000; Yang et al.,2000,2003,2006,2010). The locomotor activities were
recorded on ED1–ED7 and ED11 for 2h, after saline or MPD injection. On ED8–ED10
(washout period) the activity was recorded for 2h, at the same time as in the previous
experimental days, without injecting with saline or MPD (see Table 1).

2.5. Data analysis
For each analyzed activity the data had two formats: 1) sum of activity for the initial 2h after
saline/MPD injection; 2) temporal variation of activity computed over consecutive intervals
of 10 mins each, for the initial 2h after saline/MPD injection. The acute effect of MPD was
evaluated by comparing the activities on ED2 and ED1, while the chronic effect of MPD
was evaluated by comparing the activities on ED11 i.e. the last MPD administration to
activities on ED1 and/or ED2. All comparisons were made with multifactor ANOVA and
Post-hoc analysis with Fischer’s LSD test. Significance for all of the comparisons was set at
the level of p<0.05 along with their corresponding F-values. The power of ANOVA for this
study is estimated to be from 0.83 to 0.94 with a sample size of 8 rats/group for each motor
intex.
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3. RESULTS
3.1 Saline control

Saline was injected on seven consecutive days to female and male adolescent WKY, SHR,
and SD rats followed by three days without treatment (washout period) and an additional
day of saline injection on ED11 (Table 1). Four locomotor indices were studied: horizontal
activity (HA), vertical activity (VA), total distance travels (TDT), and number of steroptipic
movement (NOSM). Figure 1 summarizes the four locomotor indices of male and female
adolescent WKY, SHR, and SD groups and shows that for the same sex and group, the rats
exhibited similar activity, with no significant fluctuation, during all 11 experimental days.
Significant (F2, 32 = 5.96; p<0.05) differences between male and female rats were observed
in the VA of the SD rat groups (Fig. 1F), the TDT of the WKY, SHR, and SD rat groups
(Fig. 1 G, H, and I), and in the NOSM of the WKY and SHR groups (Fig. 1J and K). In
general, strain and sex differences (F6, 123 = 28.15; p<0.05) were found when females and
males of all three strains were compared.

3.2 Acute dose response characteristics of MPD in adolescent males and females of three
rat strains

3.2.1. Comparing the acute MPD effect of each group i.e., 0.6mg/kg MPD effect
on on male WKY rats only—Figure 2 summarizes the HA and TDT as a function of
acute MPD dose administered to adolescent male and female WKY, SHR, and SD rats. The
0.6 mg/kg MPD dose significantly (F1, 23 = 4.37; *p<0.05) increased only the HA (Fig. 2C)
and VA (data not shown) of female SHR when activity on ED2 was compared to that of
ED1. The 2.5 mg/kg MPD dose significantly (F1, 15 = 7.06; *p<0.05) increased the HA and
TDT (Fig. 2), as well as the VA and NOSM (data not shown), in both female and male
WKY, SHR, and SD rats when their response on ED2 was compared to that on ED1. The 10
mg/kg MPD dose resulted in a robust significant (F1, 23 = 4.11; p<0.05) increase of HA and
TDT on ED2 versus ED1 (Fig. 2), as well as the VA and NOSM (data not shown)using the
Fisher LSD test.

3.2.2. Comparing the acute MPD effect of the same dose between the sexes—
In general, differences between the sexes of all three rat strains were observed following the
three MPD doses. The 0.6 mg/kg dose elicited a significant (F2, 49 = 3.74; F2, 49 = 4.02;
▲p<0.05) increase in activity between the sexes of SHR and SD rats, respectively i.e.,
female SHR and SD rats expressed higher HA compared to the male rats (Fig. 2C and E).
Following the 2.5 mg/kg MPD dose, female SHR and SD rats expressed a significant (F2, 49
= 4.01; F2, 49 = 4.35i ▲p<0.05) increase in HA respectively (Fig. 2C and E), TDT (F2, 49 =
3.98; F2, 49 = 4.31; p<0.05) respectively (Fig. 2D and F), and NOSM (data not shown).
Similar sex differences in response to MPD were observed following the 10 mg/kg dose
(F2, 49 = 4.12; F2, 49 = 4.33; p<0.05) respectively, (Fig. 2). At this dose, the male WKY rats
expressed significantly (F2, 49 = 3.96; p<0.05) higher HA than their female counterparts
(Fig. 2A); while opposite differences were found between the sexes of SHR and SD rats
(Fig. 2C, D, E, and F; F2, 49 = 3.82; F2, 49 = 3.91; F2, 49 = 4.04; F2, 49 = 4.07; p<0.05,
respectively). Both female and male WKY, SHR, and SD rats exhibited different responses
to the three MPD doses. Female SHR and SD rats exhibited a more robust increase in
locomotion compared to male rats (F10, 49 = 4.12; F10, 49 = 4.03; F10, 49 = 4.02; F10, 49 =
3.87; p<0.05, Fig. 2C, D, E, and F, respectively), except for the male WKY, which showed a
more robust (F10, 49 = 3.92; ▲p<0.05) increase in HA and TDT compared to female WKY
rats (Fig. 2A).
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3.3. Chronic MPD dose response characteristics in adolescent male and female WKY, SHR,
and SD rats

The chronic dose response characteristics for TDT in adolescent male WKY, SHR, and SD
rats was examined next. Fig. 3 summarizes the sequential 10 mins temporal effects for the
initial 2h post-injection of MPD on ED1, ED2, and ED11 and the TDT under the temporal
curve of 2h post drug injection for all experimental days (Fig. 3 inserts). Chronic treatment
with the lowest MPD dose (0.6 mg/kg) had no effect on total distance on all experimental
days in all the three strains (Fig. 3A, B, and C). When the animals were treated with 2.5mg/
kg MPD, the temporal graph shows that MPD (2.5 mg/kg) caused the WKY rats to
significantly (F1, 23 = 4.96; p<0.05) increase their TDT during the initial 30 min post-
injection period (Fig. 3D). The SHR group was not affected by this MPD dose (Fig. 3E),
while the SD rats experienced a significant (F1, 23 = 4.82; p<0.05) increase in TDT for 50
mins post-injection (Fig. 3F). However, when the TDT for ED2 to ED7 and ED11 was
summarized and compared to baseline activity on ED1, a significant (F10, 129 = 32.87;
F10, 129 = 34.03; *p<0.05) increase in locomotor activity in the WKY and SD rats was
observed respectively (Fig. 3D and F).

The 10 mg/kg MPD dose exerted a robust significant (F10, 129 = 32.66; p<0.05) increase in
TDT in adolescent male rats for each of the three rat strains (Fig. 3G, H, and I). For the
WKY rats, the peak effect occurred 30 mins. post-injection and the drug effects remained
for 110 mins post-injection (Fig. 3G). The same dose on ED11 elicited a significant increase
in TDT compared to saline (ED1). The degree of increased activity on ED11 was
significantly (F1, 23 = 4.93; p<0.05) less than that of ED2 and the duration of the MPD effect
was shorter at 20 min. i.e. for 80 min. (Fig. 3G), the 10 mg/kg MPD dose given to
adolescent male WKY (Fig. 3G) rats produced tolerance (F1, 23 = 4.87; ▲p<0.05) to its
effects as measured by TDT. Similar observations were obtained for the other locomotor
indices (HA, VA, and NOSM) recorded from the WKY strain (data not shown). The SHR
group exhibited a different response to the 10 mg/kg MPD dose. The response exhibited
double peaking at 20 mins and 90 mins post-injection on ED2 to ED7. This increase lasted
for about 110 mins. (F1, 23 = 4.69; p<0.05; Fig. 3H). On ED11, the 10 mg/kg MPD dose
produced an effect that lasted for 60 mins, compared to the 110 min duration observed on
previous experimental days. The locomotor activity of the SHR group remained about the
same during all the injection days (Fig. 3H). SD rats exhibited a different response to the
same MPD dose compared to the WKY and SHR groups. The peak effect was reached
within the initial 10 mins post-injection. This effect remained for 70 mins on ED2 and 60
mins on ED11 (Fig. 3I). The total activity under the curve was similar for all the post-
injection days (F1, 23 = 5.02; p<0.05).

Figure 4 summarizes the same experimental protocol as figure 3, except adolescent female
WKY, SHR, and SD rats were used. In the WKY female rats, a 0.6 mg/kg MPD dose did not
modulate the TDT (Fig. 4A). The 2.5 mg/kg MPD dose significantly (F1, 23 = 3.98; F1, 23 =
4.13; F1, 23 =3.88; p<0.05) elevated the TDT on ED2 to ED7 and on ED11 for about 30
mins post injection (Fig. 4D) compared to saline baseline (ED1). Administration of 10 mg/
kg MPD to female WKY rats on ED2 increased significantly (F1, 23 = 3.84; p<0.05) the
TDT immediately post-injection for about 70 mins compared to ED1, while the same dose
given on ED11 exhibited a delayed effect. The significant (F1,23 =5.13; p<0.05) increase in
TDT started 30 mins post-injection and the increase in TDT lasted for only 50 mins post-
injection (Fig. 4G). The amount of TDT was significantly (F1,23 =3.74;▲p<0.05) less than
that observed on ED2, i.e., tolerance was obtained for this dose.

The 0.6 mg/kg MPD dose given to adolescent female SHR group did not modulate the TDT
(Fig. 4B) and exhibited a similar pattern with female WKY rats. However, the 2.5 and 10
mg/kg doses produced significantly (F10, 129 = 33.17; F10, 129 = 31.25; p<0.05) different
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effects on the TDT when WKY and SD rats were compared respectively (Fig. 4F and I). The
duration of the 2.5 mg/kg MPD effect on TDT was longer i.e. 70 mins. compared to 30 to 40
mins. in the WKY and SD rats, respectively. In the adolescent female SHR group, the 10
mg/kg MPD dose significantly (F1, 23 = 3.95; F1, 23 = 4.18; p<0.05) increased the TDT for
120 mins post-injection on ED2 and ED11 (Fig. 4I).

The 0.6 mg/kg MPD dose given to adolescent female SD rats did not exert any effect on
locomotion (Fig. 4C), while the 2.5 mg/kg MPD dose significantly (F1, 23 = 3.84; p<0.05)
increased the TDT for about 40 mins. (Fig 4F). Similar increases in locomotion were
observed on all the experimental days. The 10 mg/kg MPD dose elicited significantly (F1,23
= 4.16; p<0.05) robust increases in activity for about 90 mins. on all the experimental days
(Fig. 4I). Comparing the duration effects of 10mg/kg MPD between the three rat strain show
that the female SHR group responded with the longest distance traveled followed by SD and
WKY rats, respectively (Fig. 4H).

3.4. Comparison within and between groups
Figure 5 compares the HA, VA, and NOSM obtained on ED2 to ED11 in adolescent male
and female WKY, SHR, and SD rats. This comparison tested whether there were differences
in the locomotor responses between the female and male rat groups following acute and
chronic 0.6, 2.5, or 10 mg/kg MPD doses. This figure shows that adolescent female and
male rats responded to MPD with significantly (F10, 23 = 33.33; F10, 23 = 29.92; p<0.05)
different intensities of increased locomotion. When the HA for 2h post-injection on ED2
was compared to ED11, male and female WKY and SD rats showed similar levels of HA,
while the female SHR group showed significantly (F10, 23 = 31.08; p<0.05) higher activity
after the 0.6 mg/kg MPD dose compared to male SHR group, as well as other rat groups
(Fig. 5A). Following 2.5 mg/kg MPD administration, the HA of male and female WKY rats
exhibited similar activity while the female SHR and SD rats exhibited significantly (F10, 23
=31.17; F10, 23 = 33.47; p<0.05) higher activity than the male rats (Fig. 5D). In addition, the
female SD rats exhibited the most significantly (F10, 23 = 34.05; p<0.05) robust increase in
HA following a dose of 2.5 mg/kg MPD compared with the other groups, with the exception
that the NOSM of all groups exhibited a similar intensity (Fig. 5D, E, and F). After 10 mg/
kg MPD administration, the male WKY, SHR, and SD rats and female WKY rats exhibited
a similar robust increase in locomotor activity on both ED2 and ED11. However, female
SHR and SD rats exhibited significantly (F10, 23 = 33.02; F10, 23 = 35.03; p<0.05) higher HA
when compared to the WKY group (Fig. 5G). Similar observations were obtained for the
VA (Fig. 5H). The NOSM was similar for both sexes among WKY, SHR, and SD rats on
ED2 and ED11 (Fig. 5I).

4. Discussion
It is suggested that individuals both with and without ADHD misuse stimulant medication
(Wilens et al., 2008a). A meta analysis of 21 studies representing 113,401 subjects showed
that 5 to 9% of grade school and high school age children and 5 to 35% of college age
individuals used stimulants (Wilens et al., 2003). Moreover, today on school campuses
around the world, “students are striking deals to buy and sell prescription drugs such as
Adderall and Ritalin (MPD) to improve their academic performance (Greely et al., 2008)”.
An article in our local newspaper (Houston Chronicle, October, 2009) read, “Let healthy
people take Ritalin to boost their brains with pills, like those prescribed for ADHD kids”. A
Nature Commentary (Greely et al., 2008) suggested that “we should welcome new methods
of improving our brain function and doing it with pills is no more morally objectionable than
eating right or getting a good night sleep”. Safe and effective cognitive enhancers will
benefit both the individual and society. But it would also be foolish to ignore problems that
such use of cognitive enhance drug could create or exacerbate (Greely et al., 2008). The
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objective of this study is to investigate the effects of chronic daily MPD treatment in male
and female adolescent rats of three different genetic strains.

It was reported (Lee et al., 2009; Yang et al., 2007) that six single daily MPD injections can
be considered as a chronic treatment for rats. Life expectancy of the average Western
population is about 78 years and the life expectancy of a rat is about two years. Six days in a
rat’s life accounts for about 0.86% of a rat’s life expectancy, which is equal to about 33.4
weeks in a human’s life, i.e. more than 33 weeks of drug treatment can be considered as
chronic treatment (Lee et al., 2009; Yang et al., 2007)

In the present study, three doses of MPD was used. Reviewing the available publications
reveals that there is no universal recognized MPD dosage guidelines for clinical treatment or
what is the required blood level to achieve to obtain optimum treatment for ADHD patients
(Eichlseder, 1985; Gadow, 1997, Pelham et al., 2001, White and Yadao, 2000). In a study of
289 patients treated with MPD White and Yadao, (2000) reported that the range of MPD
doses ingested by these patients was from 0.006 to 29.3 mg/kg while other studies reported
that the majority of patients were treated with 1.0 to 3.0 mg/kg MPD (Eichlseder, 1985; El-
Zeim et al., 2005; Kollins et al., 2001; Pelham et al., 2001; Solanto, 1988; Wilens, 2003).
The dose below 5.0 mg/kg i.p. in rodents is considered as a low dose and is comparable to
doses in clinical use (Rush and Baker, 2001). MPD doses between 0.5 to 3.5 mg/kg i.p. were
reported to promote peak plasma concentration within the typical clinical range (Rush and
Baker, 2001) and considered as low MPD dose. The range of 5.0 to 10.0 mg/kg i.p. MPD
considered moderate to high dose, respectively (Rush and Baker, 2001; Kollins et al., 2001;
Stewart and Badiani, 1993; Solanto, 1998; Santosh and Taylor, 2000; Yang et al.,
2007,2010). It is known that drug effects in rodents require higher doses on a milligram per
kilogram body weight compared to humans since rodent exhibit a more rapid metabolism
(Gately et al., 1999). It is believed that the rats require higher doses of MPD than humans to
reach therapeutic levels because of the differences in pharmacokinetics, drug metabolism,
excretion, and gastric absorption between humans and rodents. Therefore, the doses of 0.6
and 2.5mg/kg MPD in this study can be considered clinically relevant.

The main findings of this study are 1) each control group (WKY, SHR, and SD) of male
adolescent rats and each control group of female adolescent rats exhibited similar activity
patterns and levels throughout all 11 experimental days following saline administration; 2)
the females of the SHR and SD groups traveled a significantly higher distance than their
male counterparts; 3) the female SD rats exhibited a higher VA than the male SD rats; 4) the
male WKY and SHR rats exhibited a higher NOSM than their female counterparts. The
observed sex differences in the activity of control animals were dependent on both the strain
and locomotor indices, but none of the factors alone could explain the observed significant
sex differences. For example, in the case of SHR group, HA and VA were not significantly
different for males and females, while TDT and NOSM were significantly different. For
WKY rats, TDT and NOSM were significantly different, while for the SD rats, VA and TDT
were significantly different. This observation suggests that each locomotor activity index is
regulated by different neuronal circuits and indicates that MPD affects each circuit
differently thus several locomotor indices need to be studied simultaneously.

Both sexes exhibit dose response effects of MPD treatment, however each strain and sex
exhibit different levels of change. SHR and SD females exhibited significantly higher
activity than their male counterparts for MPD doses of 2.5 and 10 mg/kg, while the WKY
females exhibited significantly lower activity than the WKY males for the dose of 10 mg/kg.
The MPD dose of 0.6 mg/kg did not produce a significant increase in activity (excepting for
the SHR group, Fig. 2C), while higher MPD doses of 2.5 and 10 mg/kg produced a robust
activity increase for all animals. In studies examining the expression of genes involved in
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dopamine (DA) signaling and metabolism and the quantitative real time RT-PCR procedure
using SHR and WKY rats–following MPD administration, significant differences were
reported between these two animal strains in the striatal DA transporter (DAT) density
strains (Roessner et al., 2010). Similar observations studying the density of DAT was
reported by others (Simchon et al., 2010) which may explain the differences in the MPD
effects on their locomotor behavior observed in this study.

The SHR and SD strain rats exhibited no significant differences in response to MPD
injection on ED11 compared to MPD injection on ED2, indicating that no behavioral
sensitization or tolerance was induced by chronic MPD treatment, independent of MPD dose
and sex similar observation was reported by Valvassori et al., (2007) using Wistar rats. A
similar experimental protocol, designed to study the effects of the chronic MPD treatment in
adult rats, indicated that behavioral sensitization was induced by MPD doses of 2.5 mg/kg
and 10 mg/kg (Gaytan et al., 1997, 2000; Yang et al., 2003, 2006). This suggests that, in
addition to MPD dose, age also influences whether behavioral sensitization or tolerance after
chronic administration of MPD will be expressed (Dafny and Yang, 2006). The higher dose
of 10 mg/kg MPD produced tolerance in both adolescent male and female WKY rats. It is
possible that this dose caused stereotypic behavior and, thus, interpreted as tolerance for the
HA and TDT.; but our stereotypic activity did not increase which suggests that this
attenuation of activity can express tolerance. The amount of TDT was significantly smaller
on ED11 than that obtained on ED2. For adolescent male WKY rats, an MPD dose of 10
mg/kg also produced a significant decrease in sequential TDT on ED11 in comparison with
sequential TDT on ED2. This effect was not observed for adolescent female WKY rats.

Sex differences in the locomotor response to MPD treatment were not found in two other
recent experiments using adolescent rats. Those experiments utilized lower MPD doses or
different rat strains (Ferguson and Cada, 2003; Wooters et al., 2006). Using male and female
SHR, WKY, and SD adolescent rats, the acute response to MPD was studied by recording
open field activity 1 hr before (baseline) and 1 hr after an i.p. injection of 2 mg/kg MPD,
given on postnatal days P45 and P88 (Ferguson and Cada, 2003). Significant differences
were found only in the post drug activity between the same-sex strains, but not between the
males and females of the same strain. In another experiment (Wooters et al., 2006), the
locomotor activity of periadolescent (P25) and adult (P60) male and female SD rats, first
classified as high responders (HR) or low responders (LR) based on the level of their
activity in an inescapable novel environment, was subsequently assessed after ten daily
injections of MPD (3 or 10 mg/kg, s.c.) or saline. After fifteen days, the rats were challenged
with saline or MPD (10 mg/kg) over two days. The adult females showed greater MPD-
induced hyperactivity than adult males during the repeated MPD treatment phase, as we
have observed previously (Gaytan et al., 1997, 2000; Yang et al., 2003, 2006). No
significant difference in MPD-induced hyperactivity was found between HR and LR rats of
either age and sex.

The vast majority of experimental studies in rats related to ADHD were carried out using
male rats (Askenasy et al., 2007), despite the remarkable gender difference in ADHD
expression in humans. For example, a study based on positron emission tomography found
that the global Cerebral glucose metabolism (CMRglu) in ADHD girls (N=5) was 15%
lower than in normal girls (N=6) while the CMRglu in ADHD boys did not differ from that
of normal boys (Ernst et al., 1994). ADHD is more often diagnosed in males than in females
(Anderson et al., 1987), but the females exhibit more severe symptoms than males
(Biederman et al., 1994), perhaps due to their “higher genetic loading for the ADHD”
(Pauls, 1991). In one of the few animal studies on sex differences in an ADHD model
(Anderson et al., 2000), it was suggested that these differences might be explained by
differences in dopamine receptor density. Between 24–40 days (the onset of puberty for rats)
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the striatal male D2 receptor density increases 144±26%, while female D2 receptor increases
only 31±7%.

The SHR rat is considered one of the best rodent models for studying the ADHD disorder
(Barron et al., 2009; McCarty and Kopin, 1979; Pires et al., 2009; Roessner et al., 2010;
Sagvolden, 2000; Thanos et al., 2010). WKY rats, from which the SHR rats were bred, were
also used in this study. Usually in ADHD studies, the WKY rats are used as controls for the
SHR rats (Roessner et al., 2010; Sagvolden et al., 1993; Sagvolden and Sergeant, 1998;
Simchon et al., 2010; Thanos et al., 2010), therefore, this rat strain was used in this study.
The SD strain was also included in this study because this strain was often used in
psychostimulant studies (Askenasy et al, 2007; Dafny and Yang, 2006), and because in our
previous experiments, we studied the effects of multiple MPD doses on locomotor activity
of adolescent and adult SD rats (Algahim et al., 2009; Gaytan et al., 1996, 1997, 2000; Lee
et al., 2008, 2009; Sripada et al., 1998; Yang et al., 2001, 2003, 2006, 2007, 2010).

Sex differences in the acute and chronic effects of MPD treatment were found mostly in
SHR, then in SD rats, and none in WKY adolescent rats. On the other hand, WKY
adolescent rats were the only ones that exhibited tolerance to MPD chronic administration.
The results obtained in our open-field assay experiment are at odds with results obtained in a
study of temporal processing (Ferguson et al., 2007) in which the same rat strains were used.
Ferguson et al., (2007) observed that the baseline behavior differed among rat strains while
the sensitivity to administered stimulant drugs (MPD and d-amphetamine) did not differ
among strains. They concluded that the SHR rat was not a suitable model for ADHD. Strain
differences in addition to sex differences were observed in this study for MPD doses in the
same range, which suggests that movements in open field assay experiments are more
sensitive than temporal processing in studying the MPD effects among rat strains.

In conclusion, the above described experiments demonstrate that MPD treatment of WKY,
SHR, and SD adolescent male and female rats elicits significantly different locomotor
effects as measured by the open field assay. These differences were revealed by a dose
response protocol, recording of different locomotor indices such as HA, VA, TDT, and
NOSM, statistical analysis of 10 min sequential (temporal) activity for 2 hours showing the
latency, duration and the MPD peak effect as well as the sum of activity under a 2 hour of
the temporal graph. Sex differences in response to MPD were observed in adolescent rats
prior to puberty; therefore, it is possible to assume that these differences to MPD treatment
are not due to the reproductive hormones. Since MPD treatment in adolescence critically
influences the effects of MPD treatment in adulthood (Barron et al., 2009; Yang et al.,
2010), further studies are necessary in order to evaluate the influence of MPD on adult rat
strains of both sexes, treated previously with MPD in their adolescence.

Research Highlights

• Sex plays major role in animal’s response to methylphenidate

• Genotype plays major role in animal’s response to methylphenidate

• Each sex exhibits different dose response characteristics

• Each genotype exhibits different dose response characteristics

• The highest dose of MPD elicits similar effects in all the groups
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Figure 1.
Summarizes the control groups and show the mean locomotor activity of the initial 2 hour
post-saline injection of the male and female WKY, SHR, and SD rat groups during the 11
consecutive experimental days. Saline injection was give on ED1 to ED7 and ED11 (see
Table 1). Label * indicates significant (p<0.05) sex differences between the daily and
locomotor activities using the Fisher LSD test. Error bars are SEM.
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Figure 2.
Acute effect of methylphenidate (MPD) of the horizontal activity and total distance
traveling. Label * indicates significant (p<0.05) acute MPD effect by comparing the activity
after the first MPD treatment (ED2) to that obtained after saline injection on ED1 of each
group, using the Fisher LSD test i.e. male WKY ED1 was compared to male WKY ED2.
Label ▲ indicates significant (p<0.05) sex difference in response to acute MPD
administration. For easy comparison all the scales for all of the MPD doses kept the same.
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Figure 3.
Sequential, 10 minute distance traveled for 2 hours of ED1, ED2, and ED11 (see Table 1), to
show the acute and chronic dose response effect of the 3 MPD doses as well as the total
activity (the insert) under the temporal graph for each of the experimental days for the male
WKY, SHR and SD rat groups. Label * indicates significant (p<0.05) difference compared
to ED1: ▲ indicates significant (p<0.05) difference compared to ED2. The scale for each
dose was different to show the dose response.
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Figure 4.
Summary of the same experimental protocol as Figure 3 show for the female WKY, SHR,
and SD rat groups.
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Figure 5.
Horizontal activity, vertical activity, and stereotypic movement of male and female WKY,
SHR, and SD rat groups in ED 11 (the last day of MPD administration) compared to that
obtained in ED 2 (the first MPD administration). Label * indicates significant (p<0.05)
difference between the compared groups using the post-hoc analysis with Fisher’s LSD test.
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