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Methylphenidate (MPH), a psychoactive agent that acts mainly by blocking the uptake of dopamine, is the main
drug used to treat Attention Deficit Hyperactivity Disorder in children and adolescents. During development,
important changes in brain architecture and plasticity occur, these changes, sensitive to exposure to stimulant
drugs, are important in the control of GnRH secretion, influencing the release of sex hormones throughout the
ovarian cycle. This study investigated the effects of repeated treatment with MPH during development on
reproductive parameters of adult female rats. Wistar rats received MPH 2.5 mg/kg, MPH 5.0 mg/kg, or tap
water (gavage) from postnatal day (PND) 21 to PND 60. From PND 75, one subgroup of females was selected
for evaluation of estrous cycle, estradiol levels, weight of sexual organs, and histomorphological analysis of
ovary follicles and uterus. In another subgroup, the sexual and maternal behaviors were evaluated at PND 90
and on lactational day 5, respectively. No significant alterations were observed in the MPH groups. This study
demonstrated that repeated administration of MPH during the period corresponding to childhood to early
adulthood does not interfere in the reproductive function of female rats in adulthood.

© 2016 Elsevier Inc. All rights reserved.
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1. Introduction

Over the past few decades, methylphenidate (MPH) has become the
main psychostimulant drug prescribed to children and adolescents in
the treatment of attention deficit hyperactivity disorder (ADHD)
[1–4]. This neurodevelopment disorder is characterized by persistent
symptoms of inattention, hyperactivity and impulsivity [5], with a
worldwide prevalence of 3.4% in children and adolescents [6].

The therapeutic effect of MPH is mainly due to increasing
dopamine (DA) signaling, primarily by blockade of the DA reuptake
transporter [7,8], although noradrenergic receptors may also
contribute to MPH activity [9].

Several studies have shown that the prevalence of ADHD is higher in
boys than in girls [10,11]. However, longitudinal studies in school-aged
children have indicated an increase in the proportion of girls usingMPH
[1,2,12], which raises major concerns for public health due to possible
persistent neurobehavioral changes [13–15].

In mammalians, important changes in the brain architecture and
plasticity occur in the period from immediately before birth until
adolescence and these changes could be influenced by exposure to
psychotropic stimulant drugs [16–18]. Monoamines, such as dopamine
(DA) and noradrenalin (NA) are widely distributed in the brain and
have a strong role in the neuroendocrine control of GnRH release in
these periods [19–21]. Alterations in GnRH secretion modulated by DA
and NA neurons could change the LH secretion profile throughout the
ovarian cycle, including the pre-ovulatory LH surge [22–24]. The
presence of DA receptors in the ovaries of rodents also suggests that
the function of the corpus luteum and/or follicular development may
be regulated by catecholaminergic innervation during the estrous
cycle [25–27]. In addition, interactions between central monoaminergic
systems and steroid hormones in the integration of reproductive
behavior are widely reported in the literature [20,21].

In this sense, despite the efficacy of MPH to reduce ADHD
symptoms [28,29], little is known about the long-term changes that
treatment with MPH could induce in the developing organism,
including the reproductive function. Previously published data
from our laboratory show that MPH administration during late in-
fancy until early adulthood may impact on the reproductive function
of adult male rats [30]. At the same time, there is a lack of studies
evaluating the effect of early treatment with MPH and its effects on
the reproduction of adult female rats.

Based on these considerations, this studywas conducted to evaluate
the long-lasting effects on reproductive function in adult female rats
submitted to MPH treatment similar to that established for ADHD,
from the late infancy period to early adulthood [31].

2. Materials and methods

2.1. Animals and treatment

A total of 10 male and 20 female Wistar rats (85–90 days) from the
colony of the State University of Londrina (UEL) were used as parental
generation. The animals were kept in a controlled environment at a
temperature of 21 ± 2 °C; 12 h light/dark cycle (lights on at
6:00 a.m.) with free access to regular lab chow (Nuvital™, Paraná,
Brazil) and water. The rats were mated (2 females and 1 male per
cage) and gestational day 0 was determined if there were sperm and
estrous phase cells in vaginal smears. On post-natal day (PND) 4, litters
were culled to 8 pups keeping 4males and 4 femaleswherever possible.
Female pups were weaned on PND 21 and divided into three groups.

– Control group (CTR): animals were gavaged with tap water daily,
from PND 21 to PND 60 (n = 28);

– MPH 2.5 mg group (MPH 2.5): animals were gavaged with
2.5 mg/kg of MPH (Ritalin™, Novartis) daily, from PND 21 to
PND 60 (n = 20) [30];
– MPH 5.0 mg group (MPH 5.0): animals were gavaged with
5.0 mg/kg of MPH (Ritalin™, Novartis) daily, from PND 21 to
PND 60 (n = 22) [30].

To avoid sibling effects, no littermateswere used for the same group.
Rats were treated daily at 4–6 p.m. The drug was dissolved in tap water
immediately prior to the treatment.

In rodents, the puberty period corresponds to the age window be-
tween postnatal days 28 (female)/35 (male) and 50 [31]. At puberty,
the hypothalamus receives neuronal input from many brain centers
for GnRH release, these changes are particularly important in females,
maintaining the regularity of the estrous cycle [32], in addition to struc-
turing relevant hypothalamic areas for reproductive behaviors [33]. In
this way, the females were treated from PND 21 to PND 60, since the
treatment with MPH in humans, although beginning during childhood,
can persist into adulthood [34], and in order to cover the critical
developmental stages of the reproductive systems.

The effective dose range in children is 0.3–1.0 mg/kg MPH [35].
Applying the BW3/4 scaling [36], the equivalent dose in rats would be
1.7–5.5 mg/kg. The highest dose used in this study (5.0 mg/kg) would
be equivalent to a clinically relevant dose in humans and higher doses
were not tested since it is already described in the literature that oral
administration of 5.0 mg/kg does not compromise weight gain [37].
Methylphenidate chloride is expressed as the formula weight
for Ritalin™ (10 mg, a 50:50 racemic mixture of the D-threo-and
L-threo-methylphenidate enantiomers). The oral gavage method
was chosen in order to provide the same administration route used
in humans.

All animal procedures were approved by the UEL Ethics Committee
for Animal Research (CEUA 16381.2012.45). All efforts were made to
minimize animal suffering and to reduce the number of animals used
in the experiments. The experimental protocol is diagramed in Fig. 1.

2.2. Parameters analyzed during development (PND 21–60)

2.2.1. Body weight
Body weight was measured daily during the treatment period as

well as observation of signs of toxicity (e.g. lacrimation, piloerection,
unusual respiratory pattern and tremors).

2.2.2. Physical sexual development
The anogenital distance (AGD, distance from the anus to the genital

tubercle) was measured using a vernier caliper on PND 21, 28 and 35.
The measurements obtained were normalized through their division
by the cube root of bodyweight [38]. From PND 30, the vaginal opening
was verified daily and considered as an indicator of the onset of
sexual maturity.

2.3. Parameters analyzed in adulthood (from PND 75)

For the evaluation of female reproductive development, each
group (CTR, MPH 2.5 and MPH 5.0) was divided into 2 subgroups
(n = 8–14/subgroup): one group for estrous cyclicity, estradiol
level, sexual organ weight and histomorphological analysis of the
ovary follicles and uterus and the other for sexual and maternal
behavior evaluation.

2.3.1. Estrous cycle evaluation
The normal length of the estrous cycle of the rodent strain used in

this study ranges from 4 to 5 days [39]. Beginning at PND 75, vaginal
smears were obtained daily, always at the same time in the morning,
over a period of 15 days. Thematerial was observed under a lightmicro-
scope and the estrous cycle phases were classified as proestrus, estrus,
metaestrus and diestrus. Proestrus was defined by smears possessing
the prevalence of nucleated epithelial cells and no leucocytes. Estrus



Fig. 1. Diagram of the experimental design. PND: postnatal day.
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was defined as smears with a large number of cornified epithelial cells,
some nucleated cells and the absence of leucocytes. Metaestrus and di-
estrus smears were defined by the presence of leucocytes. Coefficients
of proestrus (Cp), estrus (Ce) and metaestrus/diestrus (Cmd) were de-
termined by the formula C= a / b · 100% [40], where C is the coefficient
of the cycle period, a is the number of days of the corresponding cycle
period in the course of the observation, and b is the total duration of
the complete cycles (in days). The estrous cycle durationwas calculated
as the number of days between one estrous phase to the next.

2.3.2. Plasmatic estradiol quantification
After evaluation of the estrous cycle (PND 90) and during the

estrus phase, the female rats were weighed, euthanized with sodium
thiopental (40 mg/kg), and blood samples were collected from the
abdominal aorta into syringes containing heparin, always at the
same time. Blood samples were centrifuged (2500 rpm for 20 min
at 2 °C) and the plasma frozen until assayed. Blood plasma estradiol
was measured by radioimmunoassay using 17-β Estradiol (E2) Dou-
ble Antibody RIA Kit (MP Biomedicals, Orangeburg, NY) according to
the manufacturer's instructions. Samples were analyzed in a double
assay format, the minimum sensitivity of the assay was 1.2 pg/mL
and intra-assay and inter-assay coefficients of variation were 2.5%
and 7.0%, respectively.

2.3.3. Collection of tissue and organs
The ovaries and uterus (with fluid) were removed and their weights

(absolute and relative to body weight) determined. Organs (left ovary
and uterus) were fixed in Bouin's solution for 24 h before being stored
in ethanol 70° for histomorphological analysis.

2.3.4. Analysis of reproductive organs
The preserved organs were cut into tissue fragments, dehydrated in

increasing concentrations of ethanol, and embedded in paraffin. Blocks
were sectioned at 5 μm (6 sections per animal/group) separated by a
distance of 50 μm, stained with hematoxylin and eosin (HE) and
analyzed under a phase-contrast microscope. The numbers of each
type of follicle and formed corpora luteawere counted in unilateral ova-
ries. Follicles were assessed by light microscopy (400× magnification).
Primordial (types 1–3b), growing (types 4–5b), and antral (types 6–8)
follicles were identified using a slight modification of Pedersen and
Peters criteria [41]. The mean number of ovarian follicles and corpora
lutea were calculated in the selected sections. In the uterus, the
endometrial height was measured, in three sections per animal, using
a linear reticule micrometer (OSM-223287, Olympus), coupled to an
ocular microscope at 100×magnification. Uterine epithelium, endome-
trial stroma, myometrium, and perimetrium were evaluated in the
middle portion of the uterus, relative to the position of the oviduct
and ovary. The endometrial glands and blood vessels were not mea-
sured. In each section, five different regions were analyzed, resulting
in a total of 15 measurements per animal.
2.3.5. Sexual behavior evaluation
The animals were allowed a 15-day period of adaptation to the

reversed light/dark cycle before the beginning of the evaluations.
The female sexual behavior (starting on PND 90) was recorded
by a video camera, linked to a monitor in an adjacent room with
sexually experienced males, under dim red light, 3 to 4 h after a
proestrus smear was observed [42]. Initially, the male was inserted
into the observation cage for 10 min and then the female was placed
in the same cage. The test lasted until ten mounts had been ob-
served [43] and results were expressed as the lordosis quotient
(LQ = [number of lordosis / total mounts] × 100) [44]. The frequency
of each lordosis magnitude, on a scale of 0 to 3, was ranked as fol-
lows: 0) absence of lordosis; 1) the female showed little flex of
spine, head and hips slightly elevated from floor; 2) the female
showed spinal flex and head raise close to an angle of 30° with the
floor; 3) maximum lordosis, with accented spinal flex and the
head inclined at an angle of 45° or more relative to the floor. Mean
lordosis scores (LS = total number of lordosis points / total number
of lordosis responses) were assigned for each test [45]. All females
were used only once.
2.3.6. Maternal behavior
Evaluation of maternal behavior was carried out between 8:00 a.m.

and 2:00 p.m. on lactational day (LD) 5, since at an early time point
the energy cost of lactation is lower and the pups have limited motor
capacity. On the test day, all pups were removed from the home cage
and the nest was destroyed. After 30 min, the pups were returned to
the cage and mother–pup interaction was recorded for 30 min. Latency
for retrieval behavior and total time grouping, pup grooming, off pups
(defined as the amount of time the rat spent without any kind of
interaction with the pups regardless of her position in the cage), and
nest building were observed. All behavioral analyses were performed
using Etholog software [46].
2.4. Statistical analysis

An exploratory analysis was conducted to evaluate normal
distribution (Shapiro-Wilk test) and homogeneity of variance
(Levene's test) of each variable. Variables that presented normal
distribution and homogeneity of variance were analyzed by ANOVA
complemented with the Bonferroni post-hoc test, with data being
presented as mean ± standard error of the mean (SEM). Conversely,
for other variables the Kruskal-Wallis H complemented with Dunn's
test were performed with the presentation of data as median (1st
and 3rd quartiles). Analysis of co-variance (ANCOVA) using the
body weight was used to detect the effect of each treatment on
vaginal opening. Differences were considered significant if p b 0.05.
All statistical analyses were performed using SPSS (IBM, SPSS
Statistics v19).



Table 2
Body weight and wet weight of organs of adult female rats.

CTR [14] MPH 2.5 [10] MPH 5.0 [10]

Final body weight (g) 252.90 ± 5.33 248.53 ± 6.44 243.49 ± 6.24

Absolute weights (mg)
Uterus 446.21 ± 21.63 432.50 ± 15.48 428.10 ± 14.92
Ovary (right) 40.85 ± 2.41 42.10 ± 2.47 45.30 ± 2.62
Ovary (left) 38.86 ± 2.48 38.10 ± 2.41 37.60 ± 2.15

Relative weights (mg/100 g)
Uterus 176.99 ± 8.65 175.04 ± 7.62 176.42 ± 6.55
Ovary (right) 16.24 ± 1.00 16.99 ± 1.00 18.69 ± 1.18
Ovary (left) 15.39 ± 0.94 15.41 ± 1.03 15.45 ± 0.83

Data are means ± SEM. Numbers in brackets represent the number of animals/group.
ANOVA, p N 0.05. CTR: tap water; MPH 2.5: Methylphenidate 2.5 mg/kg; MPH 5.0:
Methylphenidate 5.0 mg/kg.
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3. Results

3.1. Parameters analyzed during development (PND 21–60)

3.1.1. Body weight and physical sexual development
The repeated administration of MPH did not affect body weight gain

during MPH treatment (CTR group: 152.42 ± 3.37 / MPH 2.5 group:
152.56 ± 4.58 / MPH 5.0 group: 150.97 ± 3.37) [F(2,69) = 0.05, p =
0,95], relative AGD (mm/g1/3) (data not shown), or the day of vaginal
opening (with the body weight on the day of the vaginal opening
used as a covariant) [F(2,66) = 0.31, p = 0.73]: CTR group = 36.04 ±
0.57, n = 28; MPH 2.5 group = 35.35 ± 0.66, n = 20; MPH 5.0
group = 34.73 ± 0.60, n = 22. The covariate body weight was
significantly related to vaginal opening [F(2,66) = 36.05, p b 0.01].

3.2. Parameters analyzed in adulthood

3.2.1. Estrous cyclicity (DPN 75–90)
Estrous data collected between PND 75–90 were subjected to

statistical analysis and are presented in Table 1. A non-parametric
Kruskal-Wallis H test showed no significant differences in the
coefficients of estrus, χ2 (2) = 1.32, p = 0.52, metaestrus/diestrus, χ2

(2) = 2.32, p= 0.31, and proestrus, χ2 (2) = 0.00, p= 0.99, or the es-
trous cycle length, χ2 (2) = 1.34, p = 0.51 (CTR group, n = 14 / MPH
2.5 group, n = 10 / MPH 5.0 group, n = 10).

3.2.2. Plasma estradiol quantification
The repeated administration of MPH did not cause significant

alteration in the plasma estradiol level in adulthood (CTR group:
174.23 ± 34.34 / MPH 2.5 group: 227.06 ± 52.00 / MPH 5.0 group:
179.59 ± 32.64; pg/ml) [F(2,29) = 0.51, p = 0.61] (n = 10/group,
since that 14 samples were collected in the CTR group, only 10 were
randomly chosen, and this number is usually enough for proper
statistical analysis).

3.2.3. Body weight and reproductive organ weight
The final bodyweight andweight of reproductive organs of the adult

females are presented in Table 2. No significant differences as a result of
the MPH treatment were found in the final body weight [F(2,33) = 0.65,
p=0.53].Meanweights of the uterus and ovaries (absolute and relative
to body weight) were similar between the experimental groups (CTR
group, n = 14 / MPH 2.5 group, n = 10 / MPH 5.0 group, n = 10).

3.2.4. Ovarian follicle quantification and morphometric measurements
There were no significant differences (CTR group, n= 12 / MPH 2.5

group, n = 9 / MPH 5.0 group, n = 8, p N 0.05, the number of samples
were reduced in all groups once this number is usually enough for prop-
er statistical analysis) in the corpora lutea [F(2,28) = 1.46, p=0.25] and
follicles counts (primary, grow and antral) among the experimental
groups (Table 3) observed 40 days after the treatment period. There
was no evidence of morphological impairment in the perimetrium
[F(2,28) = 0.61, p = 0.55], myometrium [F(2,28) = 1.15, p = 0.33] or in
the luminal epithelium [F(2,28) = 0.03, p = 0.97] of MPH-treated rats,
compared to the control groups. In MPH 2.5 animals, the endometrial
Table 1
Coefficients of the different stages of estrous cycle and estrous cycle length (PND 75–90).

CTR [14]

Coefficient of proestrus (Cp) 20.00 (20.00–25.00)
Coefficient of estrus (Ce) 26.67 (21.67–26.67)
Coefficient of metaestrus/diestrus (Cmd) 53.33 (53.33–53.33)
Estrus cycle length (days) 4.82 (4.06–5.00)

Data are medians (1st and 3rd quartiles). Numbers in brackets represent the number of
formula C = a / b · 100%, where C is the coefficient of the cycle period, a is the number of
total duration of the complete cycles (in days). CTR: tap water; MPH 2.5: Methylphenidat
stroma [F(2,28) = 0.41, p = 0.05] was increased compared to MPH 5.0
group.

3.2.5. Sexual behavior
Regarding the sexual behavior, all mounts were accompanied by

lordosis (LQ = 100%) in all experimental groups. Moreover,
treatment with MPH did not alter the lordosis score (CTR group:
2.95 (2.83–3.00), n = 14 / MPH 2.5 group: 2.90 (2.80–3.00), n =
10 / MPH 5.0 group: 3.00 (2.80–3.00), n = 12) as shown by the
Kruskal-Wallis H test, χ2 (2) = 0.20, p = 0.91.

3.2.6. Maternal behavior
Maternal behavior results (LD 5) are shown in Table 4. Two CTR and

three MPH 5.0 rats did not retrieve all pups. Data from these animals
were removed from the analysis. There was no significant difference
(Fisher's test, p N 0.05) in the percentage of MPH-treated groups that
displayed retrieving behavior compared to the CTR group. Moreover,
the repeated administration ofMPH did not cause significant alterations
in retrieval behavior, time spent grouping, pup grooming, off pups or
nest building (ANOVA, p N 0.05).

4. Discussion

TheMPH dosing regimen used in this studywas chosen to mimic, in
humans, the clinically therapeutic doses and administration route. In
humans, the main MPH urinary metabolite is the deesterified product,
ritalinic acid, accounting for 80% of the dose [47,48]. Similar to humans,
a major metabolite in rat urine is ritalinic acid [49]. In rodents, pharma-
cokinetics parameters have been determined by a number of studies
[50,51]. In adult male CD-1 mice, the plasma concentration of MPH
was measured at two end points (15 and 30min) after a single oral ad-
ministration at a dose of 5 mg/kg, values exceeded (above 60 ng/mL)
the typical therapeutic range of MPH [50], which is between 8 and
10 ng/mL in children (about 80% of DA transporters occupancy) [52].
In a study conducted in adult Sprague-Dawley rats, it was observed
thatMPH at a dose of 5mg/kg has its maximum effect, increasing extra-
cellular DA concentration in the nucleus accumbens, 40 min after the
oral administration and returns to baseline values in approximately
2.5 h [51]. Based on these considerations, it can be stated that in the
MPH 2.5 [10] MPH 5.0 [10]

20.00 (20.00–26.67) 20.00 (20.00–20.67)
26.67 (26.67–31.67) 26.67 (26.67–28.67)
46.67 (46.67–53.33) 53.33 (48.33–53.33)
5.00 (3.75–5.00) 5.00 (5.00–5.00)

animals/group. Kruskal–Wallis H, p N 0.05. Cp, Ce, and Cmd were determined by the
days of the corresponding cycle period in the course of the observation, and b is the
e 2.5 mg/kg; MPH 5.0: Methylphenidate 5.0 mg/kg.



Table 3
Corpora lutea count, ovarian follicle quantification and morphometric analysis of uterus.

CTR [12] MPH 2.5 [9] MPH 5.0 [8]

Corpora lutea 6.44 ± 0.50 7.76 ± 0.89 6.27 ± 0.56

Follicles
Primary 7.76 ± 1.31 6.74 ± 1.09 10.72 ± 1.23
Grow 4.16 ± 0.42 4.59 ± 0.75 5.23 ± 0.88
Antral 8.08 ± 0.31 9.29 ± 1.10 8.58 ± 1.05

Uterus parameters (μm)
Perimetrium 14.12 ± 0.87 13.36 ± 0.35 13.01 ± 0.75
Endometrial stroma 651.97 ± 32.84 723.51 ± 33.25# 581.09 ± 43.54
Myometrium 418.95 ± 28.28 432.30 ± 34.56 365.77 ± 28.46
Luminal epithelium 27.25 ± 1.12 26.98 ± 0.95 26.86 ± 1.56

Data aremeans±SEM.Numbers in brackets represent the number of animals/group. CTR:
tap water; MPH 2.5: Methylphenidate 2.5 mg/kg; MPH 5.0: Methylphenidate 5.0 mg/kg.

# p b 0.05 compared to MPH 5.0 group (ANOVA complemented with Bonferroni).
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present study, the doses used for MPH were able to interfere with DA
transporters.

Data in the literature shows that children treated with MPH can
present either weight loss [53] or the absence of this effect [54]. In the
present study, the repeated administration of MPH did not affect body
weight of female rats during the treatment period. In developingWistar
rats (PND 7–70), oral treatment with MPH at a dose of 50 mg/kg/day
decreased the body weight of females only during the pre-pubertal
period (days 16, 17, and 21 to 28) while at a dose of 100 mg/kg/day,
the decrease in weight gain is observed from day 12 and persists
throughout the treatment [37]. Similar to our data, females that re-
ceived 5 mg/kg/day presented weight gain similar to the controls [37].
Additionally, as already published in other studies, at a daily dose up
to 5 mg/kg, repeated oral treatment with MPH during development
did not affect weight gain [55,56]. Since changes in body weight gain
could impair sexual maturation [57] and hormonal profile [58], MPH
doses that have no influence on body weight were selected for the
present study [30].

There is increasing concern regarding exposure to xenobiotics
during critical periods, such as juvenile and puberty periods, and the
possibility of decreasing sensitivity to sex hormones [59]. Changes in
hormonal profile during this period could produce permanent changes
in brain function and consequently in behavior [60]. In mammalians,
puberty is triggered by the activation of the gonadotropin-releasing
hormone (GnRH) neurons from a state of relative quiescence, activating
the hypothalamic-pituitary-gonadal (HPG) axis, beginning the se-
quence of pubertal development [61–63]. Hypothalamus is controlled
by numerous afferent inputs from many neuronal systems with stimu-
latory and inhibitory effects on GnRH release [64]. Catecholamines are
present in all areas ofmigration inGnRHneurons during prenatal devel-
opment [19] and it has also been demonstrated in vitro that approxi-
mately 50% of GnRH neurons express D1-and/or D2-like receptors
with a strong suppressive role from dopaminergic inputs [23], which
may suggest amajor influence ofDA in this system. In this study, despite
the potential interference of DA agonists on sexual development,
Table 4
Maternal behavior of adult female rats at LD 5.

Parameters (s) CTR [12] MPH 2.5 [10] MPH 5.0 [9]

Time to retrieve first pup 143.07 ± 55.19 46.40 ± 8.35 84.10 ± 42.01
Time to retrieve 4 pups 356.49 ± 67.64 237.42 ± 60.47 239.39 ± 47.78
Time to retrieve all pups 450.06 ± 75.05 333.03 ± 51.79 360.81 ± 84.96
Total time grouping 118.27 ± 21.11 105.24 ± 16.12 159.51 ± 34.35
Pup grooming 384.58 ± 36.69 379.97 ± 67.61 334.13 ± 73.55
Nest building 147.14 ± 24.78 219.48 ± 54.34 206.46 ± 41.19
Off pups 1102.68 ± 22.97 1075.09 ± 93.25 1081.42 ± 36.75

Data are means ± SEM. Numbers in brackets represent the number of animals/group.
ANOVA, p N 0.05. CTR: tap water; MPH 2.5: Methylphenidate 2.5 mg/kg; MPH 5.0:
Methylphenidate 5.0 mg/kg.
repeated treatment with MPH did not affect the onset of puberty,
observed by the day of vaginal opening.

The estrous cycle is controlled by a cascade of neuroendocrine
events, involving the activation of the hypothalamus-pituitary-
gonadal axis. Although changes in puberty and the estrous cycle were
not observed in the present study, in Sprague-Dawley rats, 4 weeks of
daily subcutaneous administrations of MPH (450 μg, beginning on
PND 28) impaired ovarian folliculogenesis and retarded pituitary LH re-
lease and the occurrence of vaginal opening [32]. Moreover, it seems
that earlier MPH treatment could be directly related with long lasting
impairment of female reproductive function in Sprague-Dawley rats,
since a persistent decrease in the number of regular estrous
cycles was observed when the MPH treatment started on PND 5–7
(35 mg/kg/day, subcutaneously), however when the injections
were initiated on PND 21–23, impairment of the estrous cycle was
observed only during the treatment period (30 days) without persis-
tence during the post-treatment observation period (18 days) [65]. In
our study, in order to assess whether early treatment with MPH could
interfere with reproductive function of adult female rats, the monitor-
ing of the estrous cycle was performed approximately two weeks after
the end of MPH administrations. The different results in the literature
compared to our study could be related to the different administration
routes, treatment period, window of post-treatment observation and
decrease in body weight observed in Chatterjee-Chakrabarty et al.
[32] and Greeley and Kizer [65], besides using different strains of rats.

Our study aimed to evaluate the MPH effects around 40 days after
the end of treatment, since MPH is commonly prescribed for children
and adolescentswith ADHDand considering the possibility of persistent
symptoms on reproductive function in adulthood. Organ weight
changes are often associated with treatment-related toxic effects of a
drug [66], as in hormone dependent organs in animals treated with
drugs that act on the HPG axis [67]. Although MPH could promote
changes in the sex hormone profile due to interference in the pulsatile
release of hypothalamic GnRH [32], in our study, the weight of the
reproductive organs of adult animals was not changed after the
treatment with MPH from childhood to young adulthood. Previously
published data fromour laboratory demonstrated thatMPHadministra-
tion (PND 18–20) is unable to change the uterine weight in immature
female rats (PND 21), at least at the tested doses (2.5 and 5.0 mg/kg,
daily) [68]. In adult females, one study demonstrated a transient
increase in the weight of the ovaries after 90 days of a treatment-
regimen with D-MPH active enantiomer, but only at doses of
50mg/kg/day [69]. Although the lack of studies investigating the effects
of MPH on the weight of the female reproductive organs restricts the
discussion, our results suggest that early treatment (PND 21–60) with
MPH at doses of 2.5 and 5.0 mg/kg does not cause changes in female
reproductive organ weights at the time of euthanasia.

It was noticed that even thoughMPHmay alter important hormonal
systems for female reproductive function, it does not appear to be
able to interfere in circulating estradiol concentrations. In this study,
repeated treatment with MPH during the development of female rats
did not change the plasma concentration of this hormone. Similar
results were also found in Chatterjee-Chakrabarty et al. [32], where
the values for serum estradiol levels in animals subcutaneously treated
with MPH (450 μg/day, PND 28–56) were similar to the control group,
and in Ferguson and Boctor [70], in which oral treatment with MPH
(3mg/day) during PND 29–50, did not implicate in changes in estradiol
plasmatic levels in adult females (PND 90).

In the rodent uterus, morphometric measurement of the endometri-
al epithelium is directly correlated with estradiol levels and based on
the stage of the cycle, uterine thickness at estrus is significantly greater
compared to other stages [71,72]. No influence on the uterus measure-
ment (perimetrium, endometrial stroma, myometrium and luminal
epithelium) of females in the estrus phase was observed in this study,
as observed in the follicle count. These findings were expected, since
estradiol levels were unchanged at the time of euthanasia.
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It is proposed that projections from the hypothalamic medial
preoptic area interactwith themesolimbic DA system to promote appe-
titive and consummatory aspects of sexual and maternal behavior [73].
Despite the MPH capacity to change DA levels during development
of the organism and considering the DA system involvement in the es-
tablishment of reproductive behavior, no influence on sexual behavior
was observed following the MPH treatment in the present study. Our
study, indeed, is the first to investigate the effects of repeated treatment
with MPH on sexual behavior of female rats.

The maternal behavior evaluation, in turn, was performed on fe-
males at LD 5, about eight weeks after the end of treatment with MPH,
without changes in observed parameters. Two studies have evaluated
the effects of MPH on maternal behavior in mice. In virgin female CD1
mice, the subcutaneous administration of MPH (5 mg/kg), starting
3 days before pup exposure and for a 10 day test period, reduced pup
licking and crouch over pups [74]. In another study, in Balb-c mice,
oral MPH administration during early lactation (5 mg/kg, days 2 to
4) impairedmaternal behavior at LD 5, increasing the latency to retrieve
the pups [75]. Compared to both studies, the absence of alterations in
maternal behavior in our study could be related to differences in the
experimental protocol and the time proximity between the MPH
administration and behavior analysis, in addition to using Wistar rats.
It is known that drugs that act similarly to MPH, such as cocaine
and methamphetamine can affect maternal behavior motivation
[76–78]. However, it is difficult to compare the results, since these
psychostimulants differ in affinity to the carriers, as well as effects by
other monoamines [79,80], i.e., even though DA is the major neuro-
transmitter involved in the reward andmotivation ofmaternal behavior
[81,82], NA and serotonin may also modulate this behavior [83,84].
Although there is evidence suggesting the development of central
nervous system plasticity changes after MPH treatment [75], the lack
of MPH effect on maternal behavior in our study could suggest that,
probably, the potential DA neurotransmitter changes induced by MPH
were no longer present at the time of behavior evaluation. In the case
that changes in brain plasticity that may affect maternal behavior
happened, they did not persist in adult animals.

5. Conclusions

The present study demonstrated that repeated MPH administration
during the period corresponding to childhood to early adulthood did
not impair the female reproductive system.
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