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Abstract

The administration of methylphenidate (MPH) to girls and adults has increased in the last decade. Given the similarity of MPH to cocaine
and the increasing possibility of embryonic exposure, the gestational effects of this stimulant on development must be considered. We
administered MPH (5 mg/kg) or saline to female CD-1 mice at three different periods during pregnancy [embryonic (E) days 8—10, 12—14,
and 16—18]. MPH-exposed pups were compared with the saline-treated pups for changes in physical, motor, and behavioral development at
postnatal day (PND) 3—11. In adulthood (>60 days of age) these mice were tested in the open field, elevated plus maze, and water maze, and
given an acute MPH challenge. We observed limited effects of MPH exposure on early developmental variables. In adulthood, mice exposed to
MPH on E8—10 exhibited a general decrease in anxiety-related behaviors and a concomitant increase in exploratory behavior. Prenatal MPH
exposure did not alter water maze performance or the response to an acute MPH challenge. Our data provide an initial overview of the possible
effects occurring as a result of prenatal exposure to MPH, and strongly suggest that further studies of the in utero and developmental effects of

psychostimulants are needed.
© 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Methylphenidate hydrochloride (MPH; Ritalin) is rou-
tinely prescribed for the treatment of attention deficit hyper-
activity disorder (ADHD; Diller, 1998; Greenhill, 1995,
1998; Kimko et al., 1999). Between 1990 and 1998, there
was a 2.8-fold increase in MPH prescriptions for girls
(Robison et al., 2002). It is estimated that in up to 70% of
ADHD cases, symptoms persist into adulthood (Biederman,
1998). ADHD, although less prevalent in females (Anderson
et al., 1987), may actually be more severe in females; as they
are more likely to seek treatment (Wender, 1987), they
display greater disturbances in cerebral glucose metabolism
than males (Ernst et al., 1994), and they exhibit a higher
genetic loading for the disorder than males do (Pauls, 1991).
For these and other reasons, it has been suggested that
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ADHD may be more likely to persist beyond adolescence
in females (Andersen and Teicher, 2000). In addition, a
sevenfold increase in MPH abuse among 10—19 year olds
was reported between 1993 and 1999 (Klein-Schwartz and
McGrath, 2003). In other words, since MPH is being
increasingly prescribed to women of childbearing age, the
incidence of prenatal MPH exposure should also be increas-
ing. It is therefore imperative that we examine the effects of
MPH on the developing fetus.

Only one study has investigated the potential effects of
intrauterine exposure to MPH in humans. Infants were
identified with retrospective measures to assess the occur-
rence of maternal MPH or pentazocine abuse during preg-
nancy, and were followed for two years. The results
suggested that prenatal MPH exposure is associated with
premature birth, growth retardation, and signs of neonatal
withdrawal, but not with any teratogenic anomaly or severe
developmental delay (Debooy et al., 1993). However, the
study did not distinguish between the effects of prenatal
MPH or pentazocine and did not include sufficient controls.
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MPH is a nonamphetamine stimulant that acts to inhibit
catecholamine uptake, predominantly of dopamine, in a
manner similar with cocaine (Fowler et al., 2001). In mice,
dopamine is first detected in developing embryo at around
embryonic day 9.5 (E9.5) and peaks late in the neonatal
period, while norepinephrine appears at about E10.5 and
epinephrines and 5-HT both appear around E13.5 (Berger-
Sweeney and Hohmann, 1997; Miranda-Contreras et al.,
1998; Thomas et al., 1995). In contrast, dopaminergic
neurons appear in the rat around E12-16 (Ugrumov,
1997). Norepinephrine and 5-HT fibers, both axons and
dendrites, begin to appear at approximately E17 (Berger-
Sweeney and Hohmann, 1997). The early emergence of
catecholamine expression suggests that catecholamines
play a critical role in neural development (Pendleton et
al., 1998; Thomas et al., 1995). Early manipulations of
serotonin or dopamine can cause permanent alterations in
these systems (Mazer et al., 1997; Vitiello, 1998). Further-
more, drugs of abuse can significantly impact brain devel-
opment (for review, see Levitt, 1998). More importantly,
prenatal exposure to drugs, such as cocaine, can influence
behavior and learning later in life. Prenatal cocaine expo-
sure leads to several changes in behavioral development
including decreased ultrasonic vocalizations from 2 to 4
days of age (Hahn et al., 2000), delayed righting reflex
ability in infancy (Henderson and McMillen, 1990), defi-
cits in first-order Pavlovian conditioning at 9, but not at
12, days of age (Kosofsky and Wilkins, 1998), and
hyperactivity at 30 days of age (Henderson and McMillen,
1990). In adulthood, the enduring behavioral consequences
of prenatal cocaine exposure include impoverished social
behavior (Johns and Noonan, 1995), higher levels of
prepulse inhibition and greater immobility in a forced-
swim test (Overstreet et al., 2000), and deficits in a
Pavlovian conditioning blocking paradigm (Kosofsky and
Wilkins, 1998). It follows that exposure to MPH, an agent
that alters normal neurotransmitter levels, could result in
organizational changes in the brain, which can lead to
long-term neurobiological and behavioral changes in the
individual.

Few studies have examined the effects of MPH on
development in rodents. Much of the work to date has
focused on postnatal MPH neurotoxicity (Teo et al.,
2002a,b; Yuan et al., 1997; Zaczek et al., 1989). Several
studies have looked at the effects of postnatal administration
of MPH, but these have focused on the short-term effects of
MPH on behavior (Carrey et al., 2000; Penner et al., 2001)
or neurochemistry (Moll et al., 2001; Penner et al., 2002;
Sproson et al., 2001). MPH exposure for 14 days in
prepubertal rats inhibits c-fos expression in the striatum
(Chase et al., 2003). Furthermore, MPH exposure in young
rats causes a decrease in the density of striatal dopamine
transporters, which endures into adulthood, long after drug
treatment has ceased (Moll et al., 2001). Prenatal exposure
to MPH has not been investigated in rodents. There is a need
to do so; first, to establish whether administration of MPH

during pregnancy can be deleterious to the fetus, and
second, to detail any neurobehavioural changes that result
from the administration of MPH at distinct times during
embryonic development.

Our research has focused on systematically assessing
the effects of MPH exposure during infancy (Penner et
al., 2001, 2002) or just prior to puberty (Carrey et al.,
2000; McFadyen et al., 2002) on physical and behavioral
development. To complement the postnatal work that we
have done, we examined the effects of prenatal MPH
exposure on development and behaviour in infancy and
adulthood. MPH was administered to pregnant females at
three different embryonic time points. Pups were tested in
a developmental test battery between 3 and 11 days of
age. As adults, the same mice were tested in the open
field, elevated plus maze, and water maze, and were
given an acute MPH challenge and retested in the open
field.

2. Methods
2.1. Subjects

Outbred CD-1 mice (Charles River Laboratories, Quebec)
were mated in the laboratory at Dalhousie University. The
resulting litters were used as subjects. The housing room was
on a 12:12 light/dark cycle (lights off at 9:00 am) and the
temperature was maintained at 21 +/— 2°C. Food (Labora-
tory rodent chow 5001, Agribrand, Strathray, ON) and tap
water were available ad libitum in all stages of the study.
Mice were treated in accordance with the guidelines set by
the Canada Council on Animal Care, and the experimental
protocol was approved by The Dalhousie University Com-
mittee on Laboratory Animal Care.

2.2. Drugs

Pregnant females were randomly assigned to either the
experimental or the control group. Based on our previous
results in infants (Penner et al., 2001), the experimental
group received 5 mg/kg MPH (Medisca Pharmaceutique,
Montreal, Canada) in 0.9% sterile saline, by subcutaneous
injection. Given the greater metabolism of MPH in mice as
compared with humans (Faraj et al., 1974), a dose of 5 mg/
kg should be approximately equivalent to a clinically
relevant dose in humans, which ranges from 0.3 up to 1
mg/kg (Sachdev and Trollor, 2000; Solanto, 2000). The
control group received an equivalent volume of 0.9% sterile
saline. The drug was administered daily over a 3-day
embryonic period, from E8 to 10, E12 to 14, or E16 to
18, which mirrors the early appearance of dopamine, dopa-
minergic neurons, and norepinephrine and 5-HT fibers,
respectively. Thus, the last exposure period targets brain
development after the dopaminergic system is mostly in
place.
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2.3. General procedures

Female mice were housed in groups of 12 in clear
polypropylene cages (46 X 12 X 16 cm), with stainless steel
wire lids and wood chip bedding, for a period of 10— 14 days
prior to the beginning of the experiment, so as to synchronize
their estrous cycles, such that timed pregnancies could be
achieved. Each female was then individually placed in a
clear plastic cage (32 x 12 X 16 cm) with a single male.
Females were checked daily for the presence of a vaginal
plug, and the day a plug was detected was counted as EO.
Pregnant females were housed individually in opaque white
plastic hanging cages (28 X 12 X 16 cm) until their litter was
delivered and weaned. Only when two litters, one from each
drug treatment group, were born within 24 h of each other,
were they included in the study. At postnatal day 2 (PND 2),
litters were culled to four male and four female pups each,
and one half of the mice (i.e., two male and two female pups)
from each of the matched litters were cross fostered to the
litter of the opposite treatment group, to control for the
effects of drug treatment on maternal behavior.

Beginning on PND 2, pups were removed individually
from the nest, weighed, and marked with a nontoxic marker.
Testing in the developmental test battery took place every
second day, from PND 3 to 11. The mice were weaned at 21
days of age, and housed in same-sex littermate groups of
three or four (two birth siblings and two fostered siblings) in
clear plastic cages (32 X 12 X 16 cm). Beginning at 62 days
of age, the mice were tested in the open field, elevated plus
maze, and water maze, were challenged with an acute dose of
MPH (5 mg/kg), and were retested in the open field. The
mice were taken from no less than three litters for each drug
exposure group in each embryonic exposure period to
minimize litter effects. All mice were tested in each paradigm
during development and as adults.

2.4. Developmental test battery

Seven measures (listed below) were used to examine the
effects of prenatal MPH on motor and behavioral develop-
ment. Twenty-four pups (13 male, 11 female) exposed to
MPH and 23 pups (13 male, 10 female) exposed to saline at
E8—10 were tested in the developmental test battery, as were
15 pups (9 male, 6 female) exposed to MPH and 16 pups (6
male, 10 female) exposed to saline on E12—14, and 10 pups
(5 male, 5 female) exposed to MPH and 12 pups (4 male,
8 female) exposed to saline on E16—18.

2.4.1. Body weight

Pups were weighed every test day (PND 3, 5,7, 9, and 11)
before testing began. Their adult weight was measured on
PND 78.

2.4.2. Locomotor activity and ultrasonic vocalizations
The ultrasound/activity chamber (UVbox) was made of
black plexiglass, with a clear plexiglass panel in the front of

the chamber to allow for observation of the animal being
tested. The chamber (40 X 40 X 30 cm) contained an infrared
activity monitoring system that detected horizontal locomo-
tor activity in the chamber. The total distance traveled during
the 6-min test period was analyzed.

Ultrasonic vocalizations (UVs) were detected by a QMC
bat detector (QMC Instruments, London). The microphone
was suspended 5 cm above the center of the test chamber.
The high-frequency output from the bat detector was digi-
tized using an eight-channel digitizer, with frequencies set at
30, 40, 50, 60, 70, 80, 90, and 100 kHz. A desktop computer
recorded locomotor activity and the number of UVs. Loco-
motion and UVs were recorded every test day (PND 3, 5, 7,
9, and 11).

2.4.3. Surface righting reflex

Pups were placed on a flat surface in a supine position.
The time taken to right, defined as all four limbs placed
under the body, was recorded to a maximum of 60 s. Two
trials were done on each test day (PND 3, 5, and 7), with a
60-s rest period between trials. If a pup failed to complete the
task, it was assigned the maximum allotted time (60 s). The
mean of the two daily trials was used for analysis.

2.4.4. Negative geotaxis

Pups were placed on 30° incline, with their head pointing
down the incline. The time for the pup to turn 180° was
recorded to a maximum of 60 s. Two trials, with a rest period
of 60 s between trials, were given on each test day (PND 3, 5,
and 7). The mean of the two daily trials was used for
analysis.

2.4.5. Forelimb grip strength

The forepaws of the pup were placed on a thin rubber
band suspended 6 in. above the soft bedding material. The
time to fall was recorded to a maximum of 30 s. Two trials,
with a rest period of 60 s between trials, were administered
on each test day (PND 7, 9, and 11). The better of the two
scores was recorded.

2.4.6. Swimming ability

The pups were placed in a plastic container (20 X 13 cm),
filled to a depth of 6 cm with room temperature tap water.
Whether the pups could swim, defined as their ability to keep
their nose above the water for 5 s, was recorded on each day.
The pups were removed promptly if their nose dropped
below the water. A single trial was given on each test day
(PND 5 and 7). After the trial, the pups were dried and
returned to their home cage.

2.5. Adult behavioral tests

The mice were given four tests in adulthood. Starting at
PND 62, we tested 23 mice (12 male, 11 female) exposed to
MPH and 22 mice (13 male, 9 female) exposed to saline on
E8—10; 13 mice (7 male, 6 female) exposed to MPH and 16
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mice (6 male, 10 female) exposed to saline on E12—14; and
10 mice (5 male, 5 female) exposed to MPH and 11 mice (4
male, 7 female) exposed to saline on E16—18.

2.5.1. Open field

On PND 62, each mouse was given a 5-min trial in the
open field, which provides simultaneous measures of
spontaneous locomotion (line crossing), exploration (rear-
ing), and fear or anxiety (center square entries, defecation;
Weiss and Greenberg, 1996). A detailed review of the
procedure and apparatus has appeared elsewhere (Carrey et
al., 2000).

2.5.2. Elevated plus maze

On PND 64, each mouse was individually given a 5-min
trial in the elevated plus maze, which provides a measure of
anxiety in rodents (Lister, 1987). The procedure and appa-
ratus have been described in detail elsewhere (Carrey et al.,
2000).

2.5.3. Water maze

Testing in the water maze took place over a period of 4
days, from PND 67 to 70. A visible platform was used on
the first 3 days, and a hidden platform was used on the last
day (McDonald and White, 1994). On each of the 4 days,
the mice had four trials, each up to a maximum of 60 s in
duration, with one trial beginning from each starting
location (N, S, E, or W). The procedure and apparatus
have been described in more detail elsewhere (McFadyen et
al., 2002).

2.5.4. MPH challenge

On PND 78, each mouse was given an injection of MPH
(5 mg/kg, subcutaneously), as a challenge to determine
whether prenatal exposure altered the response to MPH later
in life. One hour postinjection, the mice were tested in the
open field for a second time, using the same protocol as
described above. These data were analyzed as the difference
from the results in the open field on PND 62. This allows us
to minimize individual baseline variation and focus on the
effect of the acute drug administration.

2.5.5. Statistical analyses

The three embryonic injection periods were analyzed
separately because different neural systems are developing
during each embryonic period and thus may lead to differ-
ential postnatal effects or interactions. A repeated-measures
mixed between-within analysis of variance (ANOVA) was
used to analyze body weight, locomotor activity, frequency
and duration of UVs, and the adult water maze data. A chi-
square test was used to analyze swimming ability. Neuro-
motor developmental data (righting reflex, negative geotaxis,
forelimb grip strength) were analyzed by multivariate anal-
ysis of variance (MANOVA). One-way ANOVAs were used
to analyze the data collected in adulthood in the open field
and elevated plus maze. Differences in scores for the acute

MPH challenge in the open field, as they differed from open-
field measures at 62 days of age, were analyzed by MAN-
OVA. For all analyses, sex, litter, and cross fostering were
analyzed as control variables. Except where otherwise indi-
cated, the data were collapsed across these variables as no
differences were found.

3. Results
3.1. Developmental test battery

3.1.1. Body weight

Although body weight increased across days for all
treatment groups [Fgg_ 10 (4,180)=2238.57, P<.001;
Fg12_14(4,108)=512.36, P<.001; Fgi6_13(4,80)=576.90,
P<.001], pups exposed to MPH did not differ in weight
from those exposed to saline during any of the embry-
onic administration periods [Fgg_10(1,45)=1.87, P=.18;
Fg12 14(1,27)<1.0; Fg16-18(1,20)<1.0; Table 1].

3.1.2. Locomotor activity

The distance traveled in the UVbox increased across
testing days for all groups [ Fgs_10(4,120)=85.45, P<.001;
Fr12-14(4,88)=26.08, P<.001; Fgi¢_18(4,32)=36.32,
P<.001], but pups exposed to MPH did not differ from
those exposed to saline for any of the embryonic injection
periOdS [FE8—10(1»30):2~095 P:16, FE12—14(1a22)<1~0;
Frie-158(1,8)=1.12, P<.32; Fig. 1].

3.1.3. Ultrasonic vocalizations

The number of UVs changed across days
[FE8_10(4,120):4.47, P<002, FE12_14(4,88):5.30,
P<.001; Fgis-18(4,32)=1.79, P=.16], peaking at PND 7.
There were no differences between mice prenatally ex-
posed to MPH or saline for any embryonic exposure
period (Table 1).

3.1.4. Surface righting reflex

All mice reduced their latency to right from a supine
position as they aged [Fgs_10(2,90)=91.92, P<.001;
Fg1o 14(2,54)=94.86, P<.001; Fgie 18(2,40)=43.32,
P<.001]. There were no differences between those pups
exposed to MPH and those exposed to saline at E§—10 or
E12—-14 (Table 1). There was, however, a significant effect
of MPH exposure at E16—18, with MPH-exposed pups
righting faster than the saline-exposed pups from the same
embryonic exposure period (Table 1).

3.1.5. Negative geotaxis

All mice reduced their latency to show the negative
geotaxis response as they aged [ Frg_10(2,90)=62.28,
P<.001; Fgip 14(2,54)=13.27, P<.001; Fgi6_13(2,40)=
9.92, P<.001]. There were no differences between the pups
exposed to MPH and those exposed to saline at E8—10 or
E12-14 (Table 1). However, for the E16—18 exposure
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Table 1
Means ( = S.E.M.) for tasks measuring neuromotor development, including righting reflex, negative geotaxis, and forelimb grip strength
Behavior E8-10 El12-14 E16-18
SAL MPH SAL MPH SAL MPH
Body weight (g) F(1,45) F(1,27) F(1,20)
PND 3 238+0.1 230+£0.1 1.87 266+0.1 280+0.1 <I1.0 235+0.1 235+0.1 <1.0
PND 11 6.73+£02 643%0.1 6.18+03  6.52+03 63602 625+0.2
PND 78 3238409 3233+1.0 3168+ 1.3 3238413 3125+ 1.1 32.01+1.0
Neuromotor development F(2,90) F(2,54) F(2,40)
Righting reflex (s)
PND 3 3775+£3.6 4390+32 <I1.0 5123 +£29 4040%6.0 296 5456+38 3882+4.6 957%*
PND 5 19.66 +3.4 17.66 2.2 2687+4.1 15.64+4.1 3587+54 2297452
PND 7 830+23 935+2.1 747+ 1.1 7.75+3.5 1397+26  7.65+1.1
Negative geotaxis (s)
PND 3 5582+ 1.6 5451+28 <1.0 49.74+33 414754 1.12 5849+ 15 4139+69 730*
PND 5 3439+43 31.25+3.6 37.07+4.6 33.70+44 41.08+45 30.65+5.7
PND 7 2443+3.6 2392433 2493 +47 2323447 3029+5.6 23.70+6.0
Forelimb grip strength (s)
PND 7 846+1.6 7.10x1.1 <I1.0 741+£13 843+1.7 <1.0 346£0.7 4.04£08 <1.0
PND 9 1261 +1.8 1345+2.1 13.40+22 1247423 6.94+ 1.1 942+ 1.4
PND 11 1683+ 1.5 14.83+1.8 15.65+23 2030+ 1.6 1460+19 1131£13
Ultrasonic vocalizations (frequency) F(1,30) F(1,22) F(1,8)
PND 3 1.74+07 0.68+03 <1.0 1.57+08 273+1.1 29 233+18 250%+1.8 <1.0
PND 5 41717 374%15 388+13  9.09+53 6.58+2.7 13.56+6.6
PND 7 1268+49  741£25 694+23 1555+72 342+ 15 3557+£215
PND 9 6.14+18 7.86%2.9 338+1.1 4.18+1.7 843+25 286+1.0
PND 11 1.61+£09 893+83 0.56 + 0.4 02+0.2 136 £0.5 0.38+£0.38

Mice were prenatally exposed to either saline (SAL) or methylphenidate (MPH), at embryonic (E) days 8—10, 12—14, or 16—18, and were then tested at
postnatal days (PND) 3—11. Body weight and UV data were analyzed as repeated measures, and F values for between-subject analyses are given. Neuromotor

developmental data were analyzed by MANOVA.
* P<.02.

period, MPH-exposed pups turned faster on the negative
geotaxis than the saline-exposed pups did (Table 1).

3.1.6. Forelimb grip strength

The latency to fall in the forelimb grip strength test
increased for all pups as they aged [ Fgg_10(2,90)=15.81,
P<.001; Fgip 14(2,54)=13.85, P<.001; Fgi6 13(2,40)=
26.79, P<.001]. There were no differences between pups
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Fig. 1. Mean (= S.E.M.) distance traveled in the developmental open field
(UVbox) by pups (3—11 days of age) prenatally exposed to MPH or saline
at one of three embryonic time periods.

exposed to MPH and pups exposed to saline at any embryonic
exposure period (Table 1).

3.1.7. Swimming ability

There were no significant effects of MPH on swimming
ability. At PND 5, for E8—10 treated pups, 66.6% of MPH-
exposed and 78.3% of saline-exposed pups could swim
[F*es_10(1)<1.0]; for E12—14 treated pups, 38.5% of
MPH-exposed and 56.3% of saline-exposed pups could
swim [1g12_14(1)<1.0]; for E16—18 treated pups, 70.0%
of MPH-exposed and 33.3% of saline-exposed pups could
swim [7%g16-15 (1)=2.93, P=.086]. At PND 7, for E8—10
treated pups, 91.7% of MPH-exposed and 95.7% of saline-
exposed pups could swim [y*gs_10(1)<1.0]; for E12—14
treated pups, 100% of MPH-exposed pups and 93.8% of
saline-exposed pups could swim [1*g12_14(1) < 1.0]; and for
E16—18 treated pups, 100% of pups in both exposure groups
could swim (no variability between groups).

3.2. Adult behavioral tests

3.2.1. Open field

Mice exposed to MPH from ES8 to 10 reared more often
in the open field than did the mice exposed to saline over
the same embryonic period [Fgg_q9(1,44)=4.19, P<.05;
FElZ* 14(1,27) < 10, FE167 18(1, 19) < 10, Flg 2] These
same MPH-exposed mice showed a trend toward entering
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Fig. 2. Mean (+ S.E.M.) number of rears exhibited across 5 min in the open
field by adult mice that were prenatally exposed to MPH or saline at one of
three embryonic time periods (* P<.05).

the center square of the open field more often than the
saline-exposed mice did [ Fgg_10(1,44)=3.39, P<.07;
FE12—14(1927)<1~0; FE16—18(1a19):2~62]: but there was
no difference in the total time they spent in the
center square |[Fgg_10(1,44)<1.0; Fgo_14(1,27)<1.0;
Fe16-18(1,19)<1.0]. Mice exposed to MPH from E8 to
10 spent more time sniffing the floor than saline-exposed
mice [FE8710(1a44):7'91’ P<01, FE12714(1727):2'53;
Fr16-18(1,19)=1.84] and defecated more frequently in the
open field than the saline-exposed mice did [ Fgg_10(1,44)=
40.35, P<.02; Fgi12_14(1,27)<1.0; Fgie_15(1,19)<1.0].
Mice exposed to MPH from E16 to 18 sniffed the floor
and walls less frequently than did the saline-exposed mice
[ Fe16-18(1,19)=8.34, P<.01], but the MPH-exposed mice
sniffed the air more frequently than did the saline-
exposed mice [Fgg_10(1,44)=1.21; Fg1o_14(1,27)<1.0;
Fri6_13(1,19)= 9.36, P<.01]. There were no differences
in locomotor activity [ Fgg_10(1,44)<1.0; Fgio_14(1,27)<
1.0; Fgie-18(1,19)=1.12] and grooming frequency
[Fes - 10(1,44)<1.0; Fgi2 14(1,27)<1.0;
FE16—18(1919)<1~0] or duration [FE8710(1744):3~045
P<.09; Frio_14 (1,27)<1.0; Fr16_15 (1,19)=1.56].

3.2.2. Elevated plus maze

Mice exposed to MPH from E8 to 10 spent more
time in the open arms of the elevated plus maze than
did saline-exposed mice [Fgg_10(1,44)=7.35, P=.01;
FE12,14(1,27)<1.O; FE16718(1919)<1~0; Flg 3] Similar-
ly, mice exposed to MPH from E8 to 10 exhibited
a trend towards more frequent open arm entries
[FE8,10(1,44):3.27, P< 08, FE12714(1327)= 135,
Fe16-158(1,19)<1.0]. The total number of arm entries did
not differ between MPH and saline-exposed mice at any
embryonic exposure period [Fgg_19(1,44)<1.0;
FE12714(1727):2-32; FE16718(1,19)<1~0]7 indicating that
there was no difference in the overall locomotor behavior.
Mice exposed to MPH from E8 to 10 performed more head
dips than saline-exposed controls in the elevated plus maze
did, indicating a decrease in fear [ Fgg_10(1,44)=28.63,

160
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Fig. 3. Mean ( + S.E.M.) time spent in the open arms of the elevated plus
maze in a 5-min trial by adult mice prenatally exposed to MPH or saline at
one of three embryonic time periods (* P<.05).

P< 01, FE12714(1927) < 10, FE16718(1519) < 10, Flg 4]
MPH-exposed mice from the E12—14 group reared more
often in the elevated plus maze than did the saline-exposed
controls [FE8710(1’44) < 10, FE127 ]4(1,27) =1 147, P< 01,
Fri6-13(1,19)<1.0]. Mice exposed to MPH from E16 to 18
spent more time grooming in the elevated plus maze than the
saline-exposed mice did [Fgg_10(1,44)<1.0;
FE12714(1»27) < 10, FE16718(1319) = 477, P=04] The fre-
quency of protected (within the closed arms) stretch attends
[ Fes 10(1,44)=3.06, P<.09; Fgio 14(1,27)=2.96; Fgi6_
18(1,19)=1.06] and the frequency of unprotected (within
the open arms) stretch attends [ Fgg_19(1,44)<1.0; Fgia_
14(1,27)<1.0; Fgi6-18(1,19)=2.98] did not differ between
the drug- and saline-exposed mice for any exposure period.
Mice exposed to MPH from E16 to 18 defecated more often
than saline-exposed controls in the elevated plus maze
[FES— 10(1,44) = 181, FE127 14(1,27) = 380, P:06, FE167
18(1,19)=4.79, P=.04].

o Saline
50 m MPH

Head Dips (frequency)
D
o

E8-10 E12-14
Treatment

E16-18

Fig. 4. Mean (+ S.E.M.) number of head dips in the elevated plus maze by
adult mice prenatally exposed to MPH or saline during one of three
embryonic periods (* P<.05).
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Table 2

497

Mean latencies ( = S.E.M.) to find the visible (Days 1-3) and hidden (Day 4) platform in the water maze for adult mice prenatally exposed to saline (SAL) or

methylphenidate (MPH) at embryonic (E) days 8—10, 12—14, or 16—18

Latency E8-10 El12-14 E16-18
SAL MPH F(1,42) SAL MPH F(1,27) SAL MPH F(1,19)
Time to find platform (s)
Day 1 29.80+2.3 28.69+2.4 1.85 32.76 £2.0 28.51+2.8 1.08 31.04 +3.0 31.50+3.6 <1.0
Day 2 17.71 £ 2.0 15.86 + 1.7 1338+ 1.8 13.86+ 1.9 1338+ 1.7 18.45+3.1
Day 3 15.00+2.3 1031+ 1.0 133726 8.86 + 1.1 8.16£0.7 8.78 £ 1.1
Day 4 18.86 £ 2.1 1773+ 1.5 20.19+2.3 20.55+3.0 20.85+ 1.3 23.82+4.5

Data were analyzed as repeated measures, and F values for between-subject analyses are given.

3.2.3. Water maze

Performance in the water maze improved across the first
three days, reflecting the learning curve for the task, and
was poorer on the fourth day, reflecting the harder task of
finding the hidden platform [Fgg_10(3,126)=30.31,
P< 001, FE12,14(3,81) :3327, P< 001, FE16718(3:57) =
32.69, P<.001]. However, there were no differences be-
tween MPH- and saline-exposed mice for any embryonic
exposure period [ Fgg_10(1,42)=1.85; Fri2_14(1,27)=1.08;
Fri6-18(1,19)<1.0; Table 2].

3.2.4. MPH challenge

Mice exposed to MPH or saline at any of the three
embryonic periods did not differ in most of the behaviors
examined in the open field when challenged with MPH and
when data were analyzed as the change from baseline (Table
3). For all exposure periods, there was no variation between
groups in their difference scores for locomotion, rearing,
center square entries, time spent in the center square, or in
the frequency or duration of grooming. There were no
differences between exposure groups in the time spent
sniffing the floor and walls. However, mice exposed to

Table 3

MPH from E12 to 14 sniffed the floor and walls more
frequently compared with the saline-exposed mice, but mice
exposed to MPH from E8 to 10 or from E16 to 18 showed
no differences in this measure. There were no differences
between exposure groups in the change in frequency or
duration of sniffing the air. Lastly, there were no differences
in the defecation between the groups.

4. Discussion

Prenatal MPH exposure resulted in both acute and
enduring behavioral modifications. The differences ob-
served in both the pups and adult mice provide evidence
that MPH exposure, particularly from E8 to 10, reduced
fearful behavior and increased exploration. Pups spent more
time in the center of the UVbox and, as adults, they spent
more time in the open arms of the elevated plus maze, reared
more frequently in the open field, and entered the center
square of the open field more frequently. This correlates
well with the findings of Sobrian et al. (2003), who reported
that the exploration and total time spent in the open arms of

Difference scores (+S.E.M.) for each behavior in the open field (means in open field subtracted from means in open field after MPH challenge) for mice
prenatally exposed to either saline (SAL) or methylphenidate (MPH) at embryonic (E) days 8—10, 12—14, or 16—18

Behavior E8-10 El12-14 E16-18
SAL MPH F(1,43) SAL MPH F(1,27)  SAL MPH F(1,19)

Open field
Line crossings 51.05+7.7 43.09 £ 6.0 1.03 39.56 + 10.7 17.85+9.2 2.24 —2273+127 —-238+126 <1.0
Rearing —39+43 —4.17+2.0 201  —544+£50 -3.69+£50 <1.0 —-9.55+62 —5.70+45 <1.0
Center square

Number of entries 1.10£ 0.6 030+£0.7 <1.0 —-0.50%+09 —2.08+£0.8 1.55 —2.09%0.6 —-150+1.0 <I1.0

Duration (s) —-0.57+1.7 —322+24 <10 —9.69+2.6 —16.62+3.3 2.75 —2.73+2.0 7.70 £ 6.7 2.41
Grooming

Frequency —0.67+0.4 —-043+0.3 1.26 0.19+0.3 038+05 <1.0 —0.09+0.7 1.40+0.9 1.64

Duration (s) —0.05+1.1 —-2.04+£08 <1.0 1.75+ 1.5 254+1.1 <10 245+25 8.20+3.1 2.08
Sniffing floor/walls

Frequency —-376+ 1.1 —235+13 3.64 1.31+1.0 —-1.92+1.1 4.58%* —627+1.4 —3.70+1.35 1.72

Duration (s) —12.05+33 —16.15+34 2.44 5.63+3.2 —4.69+54 2.89 —7.00+2.38 -630+29 <I1.0
Sniffing air

Frequency 229+0.7 239+0.8 2.18 2.13+0.8 —-023+0.9 3.63 0.18+ 1.1 —-1.00+1.7 <I1.0

Duration (s) 395+ 1.4 7.07£3.0 2.25 456+1.6 0.46 + 1.7 2.94 —891+78 220425 1.68
Defecation 3.62+0.9 248+09 <1.0 2.56+09 30812 <1.0 3.82+09 240+ 1.5 <1.0

Difference scores were analyzed by MANOVA.

*P<.05.
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the elevated plus maze was increased in adult rats that had
been prenatally exposed to cocaine (40 mg/kg). However,
others have reported no effects of gestational cocaine (15
mg/kg) on elevated plus maze behavior (Overstreet et al.,
2000). The difference in the dose between these two studies
may be the critical factor for the variable effects observed in
the elevated plus maze following prenatal cocaine exposure.
The predominant behavioral effects we observed occurred
following MPH exposure during the E8—10 embryonic
period, when dopamine first appears, suggesting an interac-
tion between the dopaminergic effects of the drug and
ontogeny. As dopamine is a crucial neurotransmitter, effects
at this time point were expected.

Overall, MPH administration at each of our exposure
periods during gestation resulted in limited effects on early
development. The effect of prenatal cocaine exposure on
body weight varies across studies with reports of both
decreased weight (Henderson and McMillen, 1990; Mid-
daugh et al., 1996) and no change in weight (Smith et al.,
1989). Our results demonstrate that a short period of
prenatal exposure to MPH has no effect on pup or adult
weight. It is possible that a chronic prenatal exposure, or a
higher dose of MPH, would have a more significant effect
on growth. We did not follow maternal weight changes in
this study, as it has already been shown that MPH (6 mg/
kg), chronically administered from E7 through lactation day
20, at doses just slightly higher than those we used in our
study, had no effect on maternal body weight (Teo et al.,
2002a). Furthermore, chronic prenatal cocaine administra-
tion (40 mg/kg) did not alter gestational length, fetal
mortality (Choi et al., 1998), litter size, or gender compo-
sition (Stewart et al., 1998), thus, we did not record these
measures in our study.

We did not find any overall enhancement or detriment to
motor ability as a result of prenatal MPH exposure, although
there were some inconsistent effects observed for the E16—
18 period, including faster righting latencies and slower
negative geotaxis turn times. Prenatal cocaine exposure can
delay the development of the righting reflex (Henderson and
McMillen, 1990); however, this effect was observed when
pregnant females received cocaine throughout their pregnan-
cy. There were also no general effects of prenatal MPH
exposure on spontaneous activity in pups or adults. The
literature examining the influence of prenatal cocaine on
spontaneous or novelty-induced activity is divided as to the
effects produced in the offspring. For instance, Church and
Tilak (1996) reported hypoactivity in both pups and adults
following cocaine administration (40 or 80 mg/kg) from E7
to 20. However, Henderson and McMillen (1990) reported
hyperactivity in 30-day-old mice following gestational co-
caine (15 mg/kg) exposure throughout pregnancy. Lastly,
others have reported no effect of prenatal cocaine (40 mg/kg)
exposure from E12 to 21 on locomotor activity in offspring
(Choi et al., 1998). It seems reasonable that these apparent
discrepancies may actually be due to differences in quantity,
schedule, and route of stimulant dosing, as well as to the age

at behavioral testing and the specific paradigm used to
determine locomotor activity.

MPH exhibits similar pharmacological properties to co-
caine (Fowler et al., 2001) and also shares important rein-
forcing (Volkow et al., 2002) and sensitizing (Gaytan et al.,
2001) properties. Prior exposure to MPH can sensitize an
organism to the rewarding properties of MPH (Meririnne et
al., 2001) or other drugs (Brandon et al., 2001; Schenk and
Izenwasser, 2002). Exposure of adolescent rats to MPH
results in increased susceptibility to the reinforcing effects
of cocaine, as measured by self-administration (Brandon et
al., 2001; Schenk and Izenwasser, 2002). However, preado-
lescent exposure to MPH did not enhance the reinforcing
effects of cocaine, and even increased the aversive properties
of a moderate dose of cocaine in a conditioned place
preference test (Andersen et al., 2002). The method of
cocaine administration (passive vs. self-administration) dif-
fered across these studies, as did the age of exposure to
MPH, which could account for these results. It is clear that
postnatal MPH exposure can enhance both the aversive and
reinforcing effects of other drugs via cross sensitization.
However, in our study, prenatal MPH and saline-exposed
mice responded similarly to an acute MPH challenge,
suggesting that prenatal MPH exposure did not influence
reaction to the drug later in life. Similar results have been
reported in studies where prenatal cocaine exposure was
followed by a later cocaine or amphetamine challenge (Glatt
et al., 2000; Sobrian et al., 2003). Our finding that prenatal
MPH exposure did not interact with the response to a later
MPH challenge may be due to the very short intrauterine
exposure period. Further experiments are needed to deter-
mine the potential for cross sensitization after longer prenatal
MPH exposure.

In addition to the direct effects of MPH administration on
development, we need to consider other factors which might
have influenced early development in our mice. Early
postnatal experiences, such as brief separation from the
dam (for up to 15 min), can modulate stress reactivity (Caldji
etal., 2000; Francis et al., 1999) and fearfulness (Caldji et al.,
1998) in offspring. The deleterious effects of prenatal co-
caine exposure can be exacerbated by stress or be minimized
by environmental enrichment, in the form of early handling
(Spear et al., 1998). This may provide a compensatory
mechanism through which detrimental effects of prenatal
MPH exposure are nullified or decreased during develop-
ment. Future studies should include several doses of MPH,
with a focus on chronic administration periods during
gestation. Our study aimed to evaluate the effect of MPH
administration during specific embryonic developmental
periods. However, it is critical that chronic prenatal MPH
administration also be evaluated because fetal exposure will
be long term in pregnant women who are prescribed with
MPH. Future studies should also further evaluate neuro-
motor development, exploration, and anxiety-related behav-
iors, as well as focus on other aspects of behavior, including
learning and memory, social behavior, and drug self-admin-
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istration. In addition, interactions between prenatal and
postnatal exposure to MPH need to be examined.

Prenatal cocaine exposure has been reported to delay
righting reflex, alter locomotor activity (Choi et al., 1998;
Church and Tilak, 1996; Henderson and McMillen, 1990),
and disrupt Pavlovian conditioning (Kosofsky and Wilkins,
1998). Furthermore, the prenatal administration of Haloper-
idol, a neuroleptic that antagonizes dopamine receptors,
increases anxiety-related behaviors in the open field and
elevated plus maze (Singh and Singh, 2002). The reductions
in anxiety-related behaviors in adult mice and the sporadic
developmental effects in infancy that we have observed are
similar with the findings with cocaine. In addition, there are
similar effects observed following prenatal cocaine exposure
in both rats and humans, including an enduring increase in
activity levels (Henderson and McMillen, 1990; Nulman et
al., 2001). This suggests caution in the administration of
MPH to women who are pregnant, or are considering
becoming pregnant, and highlights another important factor
in the growing concern about increasing MPH abuse.
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