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Abstract
Methylphenidate (MPD) is the most prescribed drug for attention deficit hyperactivity disorder.
Licit and illicit use also occurs during pregnancy, however the effects from this use on offspring
development is unknown. To model late gestational exposure, Sprague-Dawley litters were treated
with 0, 5, 10, 20, or 30 mg/kg × 4/day every 2 h with MPD on postnatal days 11–20 (within-litter
design; days chosen to be comparable to human third trimester brain development). During
treatment, body weights were decreased in MPD-treated groups; weight recovery occurred in all
but the MPD-30 group by start of testing. MPD-treated rats showed no changes in anxiety
(elevated zero maze), swimming ability (straight channel swimming), or spatial learning/reference
memory (Morris water maze). MPD does not appear to pose a risk to these CNS functions after
exposure during a stage of rat development analogous to third trimester human brain development.
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Introduction
Methylphenidate (MPD) is the most frequently prescribed treatment for attention deficit
hyperactivity disorder (ADHD) in adults and children older than 6 years of age [17]. ADHD
prevalence in the U.S. is 6–7% and MPD is prescribed in ~90% of cases [20, 21]. MPD is
structurally related to amphetamine and causes similar acute effects including increased
attention and energy, appetite suppression, and at higher doses, euphoria [16, 17]. Moreover,
in recent years illicit MPD use has risen to be one of the top ten most frequently stolen
prescriptions [17, 20].

Illicit use has also been reported among pregnant women, especially where other
amphetamines are less available [15]. For adults with ADHD, treatment is usually continued
during pregnancy [18]. Infants exhibit withdrawal symptoms after prenatal MPD exposure
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[15, 23]. While withdrawal symptoms are manageable [15], long-term effects remain largely
unknown.

The mechanism of action for MPD is inhibition of dopamine (DA) reuptake by binding to
the DA transporter (DAT) [17], a mechanism shared with cocaine, amphetamine, and
methamphetamine. Given that the latter drugs have long-term effects on learning and
memory [1, 19, 38], further investigation of MPD after developmental exposure is
warranted.

Cross-species comparisons show that second and third trimester human brain development is
analogous to rat development during the preweaning period [4, 12, 13]. We have shown that
exposure of rats to methamphetamine on postnatal (P) days 11–20 results in impaired spatial
learning and reference memory in the Morris water maze (MWM) when tested as adults
[39]. These deficits appear as early as P30 [38, 40] and persist to at least P360 [40]. The
purpose of this experiment was to determine whether MPD given on P11–20 in the same
pattern as used previously with methamphetamine results in changes in anxiety and/or
spatial learning and reference memory in rats [34]. Based on related mechanisms of action
and previous results with other dopaminergic drugs (methamphetamine and 3,4-
methylenedioxymethamphetamine), we hypothesized that spatial learning would be
impaired in MPD-treated offspring.

Material and Methods
Subjects

Nulliparous female and male Sprague-Dawley CD IGS (Charles Rivers, Raleigh, NC) rats
were bred in-house. Birth was designated P0. On P1, litters were culled to ten pups, five of
each sex. Pups were separated from dams on P28 and offspring housed in same sex groups
until P42 then rehoused two/cage of the same sex (cage: 46×24×20 cm). Animals were
housed in a vivarium on a 14/10 h light/dark cycle (lights on at 600 h) at 21 ± 1°C with 50 ±
10% humidity. Food (Purina 5001) and water were available ad libitum. The vivarium was
accredited by the Association for the Accreditation and Assessment of Laboratory Animal
Care and the research protocol approved by the Institutional Animal Care and Use
Committee.

Treatment
Within each litter, one male/female pair was assigned to one of five treatment groups as
follows: 0 (saline: SAL), 5, 10, 20, or 30 mg/kg body weight of (±)-methylphenidate HCL
expressed as the freebase (Mallinckrodt, St. Louis, MO) and designated SAL, MPD-5,
MPD-10, MPD-20, and MPD-30, respectively. MPD was dissolved in isotonic saline and
injected subcutaneously four times daily at 2 h intervals from P11–20. The dosing volume
was 3 ml/kg and was delivered in the dorsum. Sixteen litters, for a total of 160 offspring (80/
sex), were treated.

Doses were chosen to model late gestational exposure in humans, i.e., to an adult women
during pregnancy. Using pharmacologically-based interspecies scaling methods and the
formula Dosehuman = Doserat × (Weighthuman/Weightrat)0.7, a dose of 10 mg/kg (MPD-10) in
a 25 g rat (~P11) approximates a 58 mg absolute dose in an adult human [26, 33].
Accordingly, our MPD-5 group would be equivalent to a human non-weight adjusted
individual dose of 29 mg, MPD-10 to 58 mg, MPD-20 group to 116 mg, and the MPD-30
group to 174 mg. Using the 60 kg body mass to represent an average adult women during
pregnancy, these doses on a mg/kg basis would translate as follows: rat 5 mg/kg ≈ human
~0.5 mg/kg, rat 10 mg/kg ≈ human ~1 mg/kg, rat 20 mg/kg ≈ human ~2 mg/kg, and rat 30
mg/kg ≈ human ~3 mg/kg. Although human dosing regimens vary, the typical therapeutic
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range in a recent meta-analysis was 41.2–82 mg/day [11]; MPD abusers take much higher
doses. While our doses are given 4 times/day, rats also metabolize/clear the drug more
rapidly than humans making the present doses reasonable approximations of those used by a
pregnant human adult.

Elevated Zero-Maze
The elevated zero-maze (EZM) is a circular runway 105 cm in diameter with a 10 cm path
width made of black Kydex and divided into four equal quadrants. Two opposite quadrants
have black acrylic sidewalls (28 cm high) and two are ‘open’ except for 1.3 cm clear acrylic
curbs. The runway is elevated 72 cm above the floor [7]. Rats (~P50) were placed in one of
the closed quadrants and behavior recorded for 5 min with an overhead camera connected to
a video recorder. The maze was illuminated by a single lamp (~12 lux) and between animals
the maze was cleaned with 70% ethanol. Dependent measures were: stretch-attends, head
dips, and time-in-open areas.

Straight Channel
The day following EZM, animals were tested in a 15 × 244 cm straight swimming channel
with an escape ladder at one end. This test serves three functions: (a) acclimation to
swimming, (b) assess swimming speed/motivation to escape and ensure the absence of
motor impairment, and (c) teach that escape is possible. Rats received four trials with a limit
of 2 min/trial. Animals were placed in the channel facing one end and timed until they
reached the exit.

Morris Water Maze (MWM)
This is test of allocentric/spatial learning and reference memory [6, 14, 27, 28]. The
apparatus is 210 cm diameter made of stainless steel painted flat black. The tank was
surrounded by curtains that could be closed or opened to conceal or reveal room cues. In
addition, the three walls nearest the maze (designated arbitrarily as N, E, and W) had
geometric figures mounted on the walls. A camera was mounted above the maze and
attached to a computer and performance tracked (Polytrack software, San Diego
Instruments, San Diego, CA) [32]. Testing was conducted in three phases: acquisition,
reversal, and cued. The first two phases consisted of 4 trials/day for 5 days with the curtains
open and the platform submerged; this was followed by an additional day when a single
probe trial was given with the platform removed. The time limit was 2 min/trial with an
intertrial interval (ITI) of 15 s. If the animal did not find the platform it was placed on it. The
platform (5 × 5 cm) was 1–2 cm below the surface and was camouflaged by being
transparent against a black background. Water temperature was 21±1°C.

The acquisition phase began three days after straight channel testing. During acquisition, the
platform was located either in the SW for half the animals or NE quadrant for the other half
and positioned midway between the center and the side. Rats were started at one of four
positions located distal to the quadrant containing the platform in a quasi-random order with
the restraint that they received one trial from each starting position/day [41]. Start positions
for the SW goal were: NW, N, E, and SE (S and W were not used). Start positions for the
NE goal were S, W, NW, and SE. The day after the last acquisition trial, each rat was given
a 30 s probe trial with the platform removed. Rats were started from a position they had
never been started from before (NE or SW). Latency, path length, and cumulative distance
to the platform were recorded. For probe trials, first bearing, average distance, site
crossovers, and percent distance and time in the target quadrant were analyzed.

During reversal, rats had to find the platform in the opposite quadrant for another 5 days, 4
trials/day. Following reversal, a second probe trial was given. 24 h later cued MWM testing
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commenced. Cued trials tested the animals’ ability to see and use proximal cues. The
platform remained submerged but its location was marked with a plastic ball attached to a
rod that protruded above the surface of the water by 10 cm. The curtains were closed to
minimize extramaze cues and animals were tested for one trial per day for five days with the
start and platform positions randomly positioned each day.

Statistical Procedures
Data were analyzed using mixed linear analyses of variance (ANOVAs) (SAS Proc Mixed,
SAS Institute, v.9.2, Cary, NC). Litter was used as a random (block) factor in a completely
randomized block ANOVA. Treatment group and sex were factors within blocks.
Covariance matrices were checked using fit statistics; in most cases the autoregressive-1
structure showed best fit. Kenward-Roger adjusted degrees of freedom were used. Measures
taken repetitively on the same animal were repeated measure factors in the model.
Significant interactions were analyzed using slice-effect ANOVAs. Data are presented as
least square (LS) means ± LS SEM.

Results
Body Weight

During MPD administration, there was an effect of treatment (F(4,134) = 72.23, p<0.001)
and a treatment × day interaction (F(36,1327) = 10.37, p<0.0001) (Figure 1). The interaction
showed that MPD-treated pups were significantly lighter than SAL controls. This weight
difference continued from P14 and throughout the treatment period to P20.

Weekly body weights were obtained after treatment and a significant treatment main effect
was observed (F(4,134) = 7.88, p<0.0001). All MPD-treated groups showed body weight
reductions that progressively recovered. The MPD-5, 10, and 20 groups recovered
completely by P49; however the MPD-30 group weighed less than SAL controls (Table 1).
There was a significant main effect of sex; females weighed less than males during
treatment (F(4,134) = 3.29, p<0.002). After treatment on P77, there was also a main effect of
treatment, F(1,134) = 2024.45, p<0.0001). As can be seen in Table 1, only the MPD-30
group differed significantly from the SAL group at P77.

Elevated Zero-Maze
MPD treatment had no effect on time-in-open (s): SAL: 30.83 ± 9.63, MPD-5: 33.21 ± 9.62,
MPD-10: 35.47 ± 9.63, MPD-20: 25.18 ± 9.63, MPD-30: 31.71 ± 9.63), stretch-attends,
head dips, or zone entries compared with SAL animals. During the EZM test, females
exhibited an increase in stretch-attends (F(1,147) = 5.23, p<0.03), head dips (F(1,147) =
22.12, p<0.0001), and zone entries (F(1,147) = 36.13, p<0.0001), as well as time-in-open
(F(1,147) = 36.45, p<0.0001) compared with males. MPD did not interact with sex.

Straight Channel
All groups showed reduced latency to the goal over the course of the four trials (main effect
of trial: F (3, 359) = 163.78, p<0.0001). No significant main effect of treatment was found
for straight channel swimming (SAL: 30.8 ± 9.6 s, MPD-5: 33.2 ± 9.6 s, MPD-10: 35.5 ±
9.6 s, MPD-20: 25.2 ± 9.6 s, MPD-30: 31.7 ± 9.6 s). There were no sex differences and no
interactions between MPD and sex or trial.

Morris Water Maze
Acquisition—All groups showed learning as evidenced by decreased latencies over days
(main effect of day F (4, 516) = 98.01, p<0.0001). However, no significant main effect or
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treatment-related interaction with MPD was observed (Figure 2A). A sex effect was found;
males performed better than females (latency, F(1,118) = 32.66, P<0.0001). Platform
placement affected performance during acquisition; animals learning the SW platform
position found the goal more quickly than those learning the NE platform position (F(1,13.1)
= 6.74, p<0.03) but goal location did not interact with treatment.

Acquisition Probe—For probe trials, first bearing, average distance, crossovers, percent
distance in target quadrant, and time in target quadrant were analyzed. Average distance was
representative. No treatment effect or treatment-related interaction was found (SAL: 81.7 ±
3.2, MPD-5: 78.1 ± 3.2, MPD-10: 84.22 ± 3.2, MPD-20: 77.1 ± 3.2, MPD-30: 82.0 ± 3.2
cm). Sex effects were found for average distance (F(1,129) = 21.27, p<0.0001), crossovers
(F(1,129) = 7.83, p<0.01), percent distance in target quadrant (F(1,129) = 8.38, p<0.005),
and time in target quadrant (F(4,129) = 8.69, p<.005); males performed better in each index
compared with females.

Reversal—Latencies for the reversal phase showed no significant effect of treatment or
treatment-related interaction. All groups improved across days (day main effect F(4, 372) =
56.58, p < .0001) (Figure 2B). The sex effect seen during acquisition continued during
reversal (F(1,116) = 30.29, p<0.0001), with males performing better than females; however
no effect of platform position was observed.

Reversal Probe—The results were similar to acquisition probe: there were no treatment
main effects or treatment-related interactions. The means for average distance from the
platform were: SAL: 96.7 ± 10.3, MPD-5: 95.2 ± 10.3, MPD-10: 99.6 ± 10.3, MPD-20:
101.9 ± 10.3, MPD-30: 104.7 ± 10.3 cm). There was a sex effect on average distance
(F(1,128) = 28.44, p<0.0001) and crossovers (F(1,128) = 10.38, p<0.0016). Males
performed better than females.

Cued—No significant effect of treatment or treatment-related interaction was found during
cued trial learning. The means for latency (s) are as follows: SAL: 21.4 ± 3.7, MPD-5: 24.0
± 3.7, MPD-10: 28.8 ± 3.7, MPD-20: 26.9 ± 3.7, MPD-30: 27.1 ± 3.7. Sex was again
significant (F(1,117) = 35.85, p<0.0001) with males performing better than females.

Discussion
The potential long-term effect of third trimester MPD exposure in humans has received little
attention. In a P11–20 rat model (analogous to the end of second trimester for cortical
regions and third trimester for limbic regions, especially the hippocampus [12, 13, 34]), rats
were treated with MPD 4 times per day at 2 h intervals and the long-term effects on anxiety-
related behavior and spatial learning and reference memory were evaluated in the offspring
as adults. We found no long-term effects of higher doses of MPD on EZM performance,
swimming ability, or spatial learning and reference memory in the MWM even though the
doses given caused significant decreases in body weights during and after MPD treatment.
For body weight, the data show the drug had dose-dependent effects that gradually
diminished after the termination of treatment. Body weight differences completely
disappeared in the three lower dose groups by the time behavioral testing commenced, but a
residual deficit remained in the MPD-30 group. Despite these reductions in growth, there
were no effects on the behavioral tests used herein.

To our knowledge, a model of late in utero MPD exposure (which is postnatal in rodents)
has not been previously studied in rats. There are data in mice. Pregnant mice were given a 5
mg/kg/day dose over a three day period during one of three treatment intervals: E8–10, E12–
14, or E16–18. Offspring showed decreased anxiety in the elevated plus maze, but no other
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significant behavioral changes in a test battery which included a 3 day water maze task
(visible platform) and a 4th day hidden platform probe trial [25]. The decreased anxiety may
be explained by their use of short-term doses during gestation, whereas our regimen used
longer exposure during later stages of brain development in order to model late second to
third trimester development.

Most studies examining MPD expose juvenile animals to model ADHD treatment in
children. As a result, rats are generally dosed from P20 onward. These studies have mixed
results based on exposure length, but in general there are no effects on hippocampally-
dependent learning [5, 10], something we also found in this study. Behaviors in adult
animals that are affected after juvenile MPD exposure include the forced swim test and
place conditioning [3, 10]. In another study, a longer dosing period (P15–45) produced
negative effects on MWM performance, including increased latencies in both spatial and
working memory versions of the task [31]. It should be noted that in this study, behavioral
testing began immediately after the end of MPD exposure. In addition, Bethancourt et al.
noted acute effects of MPD on fear conditioning; effects which resolved 48 h later [5]. In
juvenile rats, MPD effects are mostly seen shortly after the end of treatment. Our study
includes a significantly longer off-drug period before testing.

Results in animal experiments must be extrapolated to humans and this is complicated by
the fact that animal models of ADHD were not used in these studies. Clinical studies in
ADHD-afflicted children show improvement in a spatial memory task, but no improvement
when distracting interference is introduced[30]. Others have found effects of developmental
cocaine exposure on non-spatial learning ability during fMRI in clinical subjects [22], and
using novel object recognition and delayed non-matching-to-sample in rats [29].

Previously, we have has shown deficits in the MWM following methamphetamine and
MDMA exposure during the same time period as used in the present experiment [34, 38,
40]. Both methamphetamine and MDMA affect reuptake of monoamines via inhibiting DAT
and/or SERT and cause these transporters to reverse direction cause DA and 5-HT efflux
rather than normal reuptake. Both drugs also inhibit VMAT2-regulated vesicular reuptake
and MAO metabolism. In combination, these effects lead to increases of monoamines in the
presynaptic terminal and extracellularly in the synaptic cleft [35]. The molecular mechanism
of MPD differs in that it, similarly to cocaine, it inhibits DAT but does not reverse the
direction of DAT flux, or inhibit VMAT2 or MAO [35]. Interestingly, cocaine, while
addictive, has a similar lack of effects on spatial learning in the MWM when animals are
exposed during the same or nearly the same developmental period as in the present study
[19, 36, 37]. The MPD mechanism of action has been speculated to include increased
catecholaminergic signaling in the prefrontal cortex in addition to increased DA and 5-HT at
the synaptic cleft [9]. During juvenile periods of exposure, increases in CREB, an important
transcription factor, can also be seen after MPD exposure [3]. Because of its integral role in
synaptogenesis and maintenance [2, 24] regulating cellular processes and gene
transcription[8], CREB may be part of a neuroadaptive developmental mechanism activated
during developmental MPD exposure. This may partially explain a lack of detrimental
effects on learning and memory, although more research into mechanisms and behavioral
outcomes are clearly needed.

Finally, treatment in previous studies has been 2–5 mg/kg dose, which is considered
clinically relevant to children on a mg/kg basis. Our study differs in that a broader dose-
response range was included. Although the 5 mg/kg dose is included here, the response
curve was increased to include higher doses which model the upper end of the clinical
extending into the abuse range. The higher doses, putatively in the maternal MPD abuse
range, could cause detrimental effects on the offspring but apparently not on spatial learning
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and reference memory. Results in this study indicate that MPD use during late pregnancy
causes presumptive evidence of harm to the extent tested in the elevated zero and Morris
water mazes.

Limitations to the present study include evaluating behavior using only one test of learning
and memory. Also, only one exposure period was employed although it was specifically
chosen to match previous experiments with other stimulants, i.e., the exposure was during
granule cell development in the rat hippocampus and dentate gyrus and the MWM assesses
predominantly hippocampally-dependent learning and memory and this test is sensitive to
exposure at these ages to other psychostimulants. We used a range of doses; therefore, it is
unlikely that effects were missed because of an inadequate dose range but effects on other
forms of learning and memory or other behaviors cannot be ruled out.

Conclusion
Using P11–20 exposure in rats, MPD-treatment caused decreases in body weight compared
with SAL-treated controls across a broad range of doses. This effect gradually dissipated
after treatment ended. MPD had no effects on anxiety-regulated behavior in the EZM,
swimming ability or motivation in a simple-to-learn straight swimming channel, or in spatial
acquisition or reversal learning in the MWM, or reference memory during probe trials
suggesting that MPD does not pose a risk to these functions after late gestational-trimester
equivalent exposure in rats on P11–20.
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Abbreviations

ADHD Attention Deficit Hyperactivity Disorder

MPD Methylphenidate

DA Dopamine

DAT Dopamine Transporter

MDMA Methylenedioxymethamphetamine

SERT Serotonin Transporter

VMAT2 Vesicular monoamine transporter 2

5-HT Serotonin

MAO Monoamine oxidase

SAL Saline
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Research Highlights

• Developmental exposure to methylphenidate in rats

• Elevated zero-maze test of anxiety

• Morris water maze test of spatial learning and reference memory

• No effects of methylphenidate on elevated zero-maze or Morris maze were
found
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Figure 1.
Offspring body weight during MPD treatment. All MPD treated groups differed
significantly from SAL after P14, with pups exhibiting lower body weights and decreased
weight gain. This persisted throughout dosing (see text for significance) but recovered in all
MPD group after the end of dosing except in the MPD-30 group.
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Figure 2.
Morris water maze latency. A) Acquisition Phase. B) Reversal Phase. Both panels highlight
the ability of both MPD-treated and SAL control to master the MWM. There was no
significant effect of treatment between groups.
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