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Abstract

Rationale Previous studies in rats showed that postnatal
day (P)I1-20 exposure to +3,4-methylenedioxymetham-
phetamine (MDMA, ecstasy) causes learning and memory
deficits in adulthood. The emergence and permanence of
these learning deficits are currently unknown.

Objective This study was designed to investigate learning
and memory deficits in adolescent (P30 or P40) and older
(P180 or P360) rats exposed to MDMA from P11-20.
Materials and methods Within each litter half the animals
were exposed to MDMA (20 mg/kg) and half to saline
(SAL) twice a day (8 h apart) from P11-20. In experiment
(exp) 1, behavioral testing began on either P30 or P40,
whereas in exp 2, testing began on either P180 or P360.
Offspring were tested in the Cincinnati water maze (CWM),
a test of path integration learning (2 trials/day for 5 days),
and the Morris water maze (MWM) (three phases, with
5 days of 4 trials/day and a probe trial on the sixth day per
phase).

Results MDMA -treated rats took longer to find the plat-
form and traveled a greater distance to find the platform at
all ages tested in all phases of the MWM. MDMA -treated
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animals also spent less time in the target quadrant during
probe trials. In the CWM, P30 and P40 animals took longer
to find the goal and committed more errors in locating the
goal, while P180 and P360 MDMA-treated animals
performed similarly to SAL-treated animals.

Conclusion The data suggest that the spatial learning and
memory deficits induced by MDMA are long lasting, while
the path integration deficits recover over time.

Keywords MDMA - Spatial learning - Path integration
learning - Morris water maze - Cincinnati water maze -
Age-dependent learning - Developmental

Introduction

The principal abusers of the popular club drug 3,4-
methylenedioxymethamphetamine (MDMA) are young
adults. In the United States in 2004, 2.2-2.4% of high
school seniors and college age adults reported annual
MDMA use and half of these were women (Johnston et
al. 2005a,b). A predictable percentage of women who use
MDMA during these peak reproductive ages will become
pregnant and some of these will use MDMA during some
portion or throughout pregnancy (Ho et al. 2001). Maternal
use of substituted amphetamines, including MDMA and
methamphetamine result in exposure to the fetus, as these
substances are lipophilic and therefore easily cross the
placental (Burchfield et al. 1991) and the blood brain
barriers. To date, there have been few clinical studies of the
effects of prenatal exposure to MDMA. MDMA exposure
may increase the incidence of congenital malformations,
namely, cardiac malformation and clubfoot (McElhatton
et al. 1997, 1999). No studies have specifically investigated
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the cognitive and behavioral alterations of children prena-
tally exposed to MDMA.

The neonatal rat can be used as a model of second and
third trimester human development because brain develop-
ment in some regions is comparable between the two
organisms at this stage. For example, the development of
the granule cells of the dentate gyrus continues to postnatal
day (P)19 in rats and until birth in humans (Bayer et al.
1993). This cross-species comparison is supported by a
newer brain comparative algorithm that can be found via
the Internet (Clancy et al. 2006). Exposure to MDMA from
P11-20 in rats induces spatial and path integration learning
and memory deficits when the animals are tested during
adulthood; however exposure from P1-10 induces no
deficits in either learning paradigm (Broening et al. 2001).
In the Morris water maze (MWM), MDMA -treated animals
show increased latencies, path lengths, and cumulative
distances from the platform during acquisition, reversal
(where the platform is moved to the opposite quadrant), and
reduced platform (the platform is reduced from 10x10 cm
to 5x5 cm and moved to the original quadrant) phases of
hidden platform training (Broening et al. 2001; Williams et
al. 2003; Vorhees et al. 2004; Cohen et al. 2005). During
probe (memory) trials, MDMA-treated animals had a
greater average distance from the platform than saline
(SAL)-treated animals. The learning and memory deficits in
the MWM appear to be independent of sensorimotor
changes, as MDMA-treated animals performed similarly
to SAL-treated animals in the visible platform phase of the
MWM (Broening et al. 2001; Williams et al. 2003). Unlike
spatial learning in which the animal uses external cues to
navigate the maze, path integration learning requires an
animal to use its own locomotion cues in reference to the
start while exploring the environment to locate a goal
(Etienne and Jeffery 2004). Path integration learning after
developmental MDMA exposure was assessed using the
Cincinnati water maze (CWM; described in “Materials and
methods” and Vorhees 1987b). MDMA-treated animals
took longer to find the escape and committed more errors
compared to their SAL-treated counterparts in the CWM
(Broening et al. 2001; Williams et al. 2003; Cohen et al.
2005). The learning deficits are independent of undernutri-
tion because MDMA-treated animals showed a decrease in
performance in the MWM and the CWM compared to
animals raised in a large litter that mimicked the undernu-
trition produced by MDMA exposure (Williams et al.
2003). Maternal behavior could be an issue because
neonates exposed to MDMA from P14 exhibit increased
activity and ultrasonic vocalizations (Winslow and Insel
1990), behaviors that are known to affect dam/pup
interactions. However, the effects of MDMA from P11-20
are independent of litter composition or maternal behavior
(Williams et al. 2003) because the use of either a between-
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or within-litter design for MDMA treatment produced the
same deficits on MWM performance (Broening et al. 2001;
Williams et al. 2003).

The purpose of this experiment was to examine the
emergence and relative permanence of MWM and CWM
deficits seen in neonatally MDMA-treated animals. Two
experiments were performed. The first experiment exam-
ined spatial and path integration learning and memory when
tested early, during adolescence (P30 and P40), while the
second experiment examined learning and memory when
tested much later than in previous studies, during later
adulthood (P180 and P360).

Materials and methods
Subjects and treatments

Nulliparous female Sprague-Dawley CD, IGS rats were
obtained from Charles Rivers Laboratories (Raleigh, NC,
USA) and were allowed to acclimate to the temperature
(21£1°C) and light cycle (14:10 h light-dark cycle with
lights on at 0600 h) of the vivarium for a minimum of
1 week before breeding with males of the same strain. Food
and water were available ad libitum throughout the
experiment. Breeding occurred in hanging wire cages and
the day a sperm plug was detected was considered
embryonic day (E) 0. On E14 females were singly housed
in polycarbonate cages (46x24x20 cm) and left undis-
turbed until parturition. Date of birth was considered PO,
and on P1 litters were culled to eight with equal numbers of
males and females. Animals were randomly assigned to one
of two treatment groups within each litter. Half of the litter,
divided equally by sex, received “MDMA HCI (20 mg/kg,
expressed as freebase; >95% pure and obtained from the
National Institute on Drug Abuse) twice a day delivered 8 h
apart while the other half received SAL. MDMA or SAL
was administered subcutaneously in the dorsum at a dosing
volume of 3 ml/kg. Injection sites were varied and no
visible signs of skin lesions were observed. Using inter-
species scaling (Mordenti and Chappell 1989), the doses
administered to the offspring in this study are, by
extrapolation, consistent with what are seen in chronic
MDMA users (Green et al. 2003). These doses are also
consistent with previous studies from our lab that show that
this dose and regimen of MDMA are effective in inducing
learning and memory deficits in neonatally treated animals.
This dose of MDMA did not result in any mortality or
hyperthermia. It was previously shown that MDMA does
not induce hyperthermia in preweaning rats (Broening et al.
1994). In addition, despite initial weight loss and evidence
of elevated gait in older pups (~P15-20) while the drug is
on board, MDMA-treated offspring had milk in their
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stomachs and did not exhibit observable alterations during
interactions with their dam.

The vivarium is fully accredited by the Association for
the Assessment and Accreditation of Laboratory Animal
Care and all protocols were approved by the Cincinnati
Children’s Research Foundation’s Animal Use and Care
Committee. For each experiment, 20 litters were used. For
experiment (exp) 1, litters were divided equally so that half
of the litter with one treatment pair per sex began
behavioral testing at P30 while the other half of the litter
began testing at P40. Eight groups were created per litter
with this design split by age tested, treatment, and sex. Exp
2 followed the same design with the exception that testing
began on either P180 or P360.

Straight channel swimming

Beginning on the appropriate day, animals were tested in a
15x244-cm straight channel filled to 35 cm with 21+1°C
water and with a wire escape ladder mounted on one end.
Animals were placed in the channel facing away from the
ladder (i.e., facing the back wall of the tank). Latency to
escape was measured on four consecutive trials with a
maximum time of 2 min/trial with no intertrial interval (ITT).
Cincinnati water maze

Three days after straight channel, animals were tested in the

CWM for 6 days (exp 1) or 5 days (exp 2). The CWM,
described in detail previously (Vorhees 1987b; Fig. 1), is a
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Fig. 1 The CWM is a multiple T-maze that is used to assess path
integration learning. The maze is filled with water to a depth of 25 cm
and the animal is started in position “B.” Latency to reach a wire
ladder at position A is recorded as are errors of commission. An error
is considered an entry or perseveration in a dead end “T.” Animals
were tested under red light conditions (single 25-W bulb) for two trials
per day for 5 or 6 days

9-unit multiple T-maze constructed of black acrylic and
positioned in a larger square tank. The cul-de-sacs and main
channel are 15 cm wide and the walls are 51 cm high.
Water depth is 25 cm and maintained at a temperature of
21£1°C. Testing occurred under a single red 25-W light
bulb to minimize the use of distal cues. Animals were
started facing the wall in position B as described in Vorhees
(1987b) and were allowed 5 min to attempt to escape the
maze at position A where a wire ladder was placed for
escape. Animals were administered two trials per day for
5 days with an ITI of 5 min. Latency to escape the maze
and errors of commission were counted for each trial. An
error was defined as a whole body entry into a dead-end
arm. Repetitive arm entries within a dead-end T of the maze
were each counted as multiple errors; one for entering the
first arm of the T and one for each subsequent crossing into
an opposite arm.

Morris water maze

The MWM is 210 cm in diameter, constructed of stainless
steel, and painted black. On three walls (arbitrarily
representing the N, E, and W points) large geometric
figures were mounted. White curtains, which can be opened
or closed to reveal or obscure room cues, surround the
maze. Each phase consisted of 4 trials/day for 5 days, and
on the sixth day a probe trial (30 s) was performed. The
time limit for each learning trial was 2 min; animals that
failed to find the platform were placed on it. The ITI was
15 s on the platform. The platforms were either 10x10 or
5x5 cm and made of acrylic with a thin nylon mesh
attached. The platforms were submerged 1.5-2.0 cm below
the water. Water temperature was 21+1°C.

Animals were tested in three phases of the MWM:
acquisition, reversal, and reduced. The acquisition phase
began 1 (exp 1) or 2 (exp 2) days after the cessation of the
CWM and subsequent phases began the day after the probe
trail of the previous phase. In each phase, platform position
was counterbalanced so that during acquisition, half the
litters were trained to the platform in the NE quadrant,
while the second half was trained to the SW quadrant. For
the reversal phase, the platform was moved to the opposite
quadrant of the acquisition phase (i.e., those trained to the
NE were now trained to the SW). For the reduced phase,
the platform was moved back to the quadrant used for
acquisition. The 10x10 cm platform was used in the
acquisition and reversal phases, while the 5x5 cm platform
was used in the reduced phase. Four start positions were
used randomly with the exception that no start position was
used twice on a given day and the pattern of start positions
was varied on consecutive days. The start positions used for
the SW were N, E, SE, and NW. The start positions used
for the NE were S, W, NW, and SE. On probe trials, the
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platform was removed and the animals were given one 30-s
trial beginning from a novel start location (NE for SW

platform; SW for NE platform).

Performance was recorded using a Polytrack video
tracking system (San Diego Instruments, San Diego, CA,
USA). Latency, path length, cumulative distance, and first
bearing were measured for learning trials. For probe trials,
average distance, first bearing, platform crossings, time in
target quadrant, and distance in the target quadrant were
measured. Cumulative distance is the sum of the distances
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Fig. 2 Mean (+SEM) body weights during dosing (a, ¢) and testing

(b, d) for exp 1 (a, b) and exp 2 (¢, d). Rats were treated with 20 mg/kg
of MDMA or SAL twice daily from P11-20. MDMA administration
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the animal was from the platform measured in 55-ms
intervals. First bearing was calculated by measuring the
heading after the first 13 cm of travel relative to a straight
line from the start position to the platform.

Statistical methods

Because each experiment used a split litter design, offspring
were matched on multiple factors by virtue of being
littermates (Kirk 1993). To ensure that litter effects were
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produced significant decreases in weight gain from P11-20; however,

rats quickly return to control levels. *P<0.05 compared to SAL
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controlled, litter was treated as a random factor (block) in a
complete randomized block model analysis of variance
(ANOVA). In this model, treatment, sex, and age at testing
were between factors within each block and litter was the
blocking factor. Measures taken repetitively on the same
animal were treated as repeated measure factors. For maze
testing, the ANOVA was a 3-between randomized and
1-within randomized block model. In this model, treatment
had two levels (MDMA or SAL), sex had two levels, and
age had two levels (P30/P40 for exp 1 or P180/P360 for
exp 2), while test interval had five levels (day). Data were
analyzed using SAS Proc Mixed (SAS Institute, Carey, NC,
USA). Each model was checked for best fit against
covariance matrix models provided by Proc Mixed. Autore-
gressive [AR(1)] covariance structure was optimal in most
cases, however in a few cases compound symmetry was the
better fit. Proc Mixed provides adjusted degrees of freedom
and do not match those used in standard ANOVAs and
therefore can be fractional or different even among multiple
dependent variables within a given behavioral test (i.e.,
latency, path length, and cumulative distance in the MWM).
Significant interactions were analyzed using one-way sim-
ple-effect slice ANOVAs at each level of the repeated
measure factor. For the sake of clarity, F values will only
be shown for effects involving treatment. Significance was
considered at P<0.05 and trends at P<0.1. Data are
presented as the least square means+SE derived from the
ANOVA from Proc Mixed.

Results
Body weights

For exp 1, a main effect of treatment [F(1, 149)=208.54,
P<0.0001; Fig. 2a] was observed during the dosing period
with MDMA-treated animals weighing less than SAL-
treated animals. A treatment x day interaction was also
observed [F(9, 1,382)=54,25, P<0.0001] and showed that
beginning on P12, MDMA-treated animals weighed signif-
icantly less than SAL-treated counterparts. After weaning, a
main effect of treatment was observed for body weight
[F(1, 85.6)=7.05, P=0.0095; Fig. 2b] with MDMA -treated
animals weighing significantly less than SAL-treated
animals. There were significant sex (males weighed more
than females) and day (all animals gained weight over time)
effects observed both in dosing and postweaning weights.
For exp 2, a main effect of treatment [F(1, 137)=320.06,
P<0.0001; Fig. 2c] was observed during dosing with
MDMA-treated animals weighing less than SAL-treated
animals. A treatment x day interaction [F(9, 1,398)=13.84,
P<0.0001] was observed with MDMA-treated animals
having significantly lower body weights beginning on P11

than SAL-treated animals. For adult weights, no significant
main effect or interaction with treatment was observed
(Fig. 2d). Main effects of sex and day were observed during
dosing and adulthood with effects similar to those in exp 1.

Experiment 1: postnatal day 30 and 40 testing
Straight channel swimming

No main effect for treatment was observed in latency to
escape the 244-cm straight channel.

Cincinnati water maze

MDMA-treated animals took longer to reach the escape
ladder [F(1, 131)=11.55, P<0.001] and committed more
errors [F(1, 133)=8.45, P<0.01; Fig. 3] than SAL-treated
animals. No treatment x age effect was observed. A trend
for a treatment X day interaction was observed for latency
[F(5, 551)=2.07, P<0.1] but not for errors. Post hoc
analysis on each day showed that MDMA-treated animals
took longer to reach the escape ladder on days 1-4
compared to SAL-treated animals, and asymptotic levels
were achieved by day 5 (not shown).

Morris water maze: acquisition phase

Path length is shown as the representative measure (Fig. 4a).
MDMA-treated animals took longer to find the hidden
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Fig. 3 Effects of P11-20 MDMA treatment in the CWM on P30 and
P40. A main effect of treatment indicates that MDMA treatment
increases errors to complete the CWM. ***P<(0.001 compared to
SAL
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platform [F(1, 125)=17.21, P<0.0001], traveled a greater
path [F(1, 124)=23.77, P<0.0001], had greater cumulative
distances from the platform [F(1, 126)=27.58, P<0.0001],
and started at a greater angle of first bearing to the platform
[F(1, 125)=24.12, P<0.0001] compared to SAL-treated
animals. A treatment x day interaction for cumulative
distance [F(4, 415)=2.35, P<0.05] was the only interaction
seen during the acquisition phase. This interaction was not
followed up because it was not supported by comparable
effects on any other measure. For all measures during all
three phases of the MWM in this experiment, there was a
main effect of day, with animals performing better over
consecutive days of training.
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During probe trials, MDMA-treated animals had a higher
angle of first bearing [F(1, 104), P<0.01], crossed the
platform site less [F(1, 104)=8.24, P<0.01], and spent less
time [F(1, 104)=4.27, P=0.0413] and traveled less distance
in the target quadrant [F(1, 104)=5.24, P<0.05] than SAL-
treated animals. Percent time in target quadrant is shown in
Fig. 4b. For time in the target quadrant, there was a
treatment x sex interaction [F(1, 104)=4.33, P<0.05] and a
treatment X age interaction [F(1, 104)=3.13, P<0.10]. For
the treatment x age interaction, effect slice ANOVAs
revealed treatment effects at P30 (P<0.01), however no
effect on P40. Treatment x sex analysis revealed that
females showed a treatment effect (SAL=37.2+2.4% and
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MDMA=27.842.4%; P<0.01), while males (SAL=36.8+
2.4% and MDMA=36.84+2.5%) did not. For distance in the
target quadrant, a trend for a treatment x age interaction was
observed [F(1, 104)=3.33, P<0.10], suggesting that P30
animals were more affected by MDMA treatment (P<0.01)
than P40 animals.

Morris water maze: reversal phase

As seen during the acquisition phase, MDMA-treated
animals had longer latencies [F(1, 137)=21.55, P<0.0001],
greater path lengths [F(1, 135)=22.06, P<0.0001; Fig. 4c]
and cumulative distance from the platform [F(1, 135)=
18.83, P<0.0001], and had a larger angle of first bearing to
the platform [F(1, 117)=16.94, P<0.0001] than SAL-
treated animals. Treatment x age effects were seen for
latency [F(1, 134)=4.53, P<0.05], path length [F(1, 135)=
7.18, P<0.01], and cumulative distance [F(1, 135)=6.73,
P<0.01]. For latency, slice-effect ANOVA revealed signif-
icant treatment effects at P30 (P<0.001) and P40 (P<0.05).
For path length, MDMA treatment increased path length on
P30 (P<0.0001) and showed a trend toward increased path
length at P40 (P<0.10). MDMA increased the cumulative
distance from the platform in P30 animals (P<0.0001) but
not in P40.

During reversal phase probe trials, MDMA treatment
increased first bearing [F(1, 112)=7.78, P<0.01], decreased
platform crossings [F(1, 112)=5.26, P<0.05], and de-
creased time [F(1, 112)=4.57, P<0.05; Fig. 4d] and
distance [F(1, 112)=4.91, P<0.05] in the target quadrant.
There was also a trend toward a treatment effect in average
distance from the platform [F(1, 112)=3.38, P<0.10].
Treatment x age interactions were observed for first bearing
[F(1,112)=10.59, P<0.001], platform crossings [F(1, 112)=
7.25, P=0.01], time [F(1, 112)=6.48, P<0.01], and distance
[F(1, 112)=7.65, P<0.01] in the target quadrant. MDMA
treatment increased the angle of first bearing (P<0.001), and
decreased platform crossings (P<0.001), time (P<0.001),
and distance (P<0.001) in the target quadrant on P30;
however, no effects of treatment were seen in P40.

Morris water maze: reduced platform trials

Treatment effects were seen for latency [F(1, 136)=26.77,
P<0.0001], path length [F(1, 135)=24.47, P<0.0001;
Fig. 4e], cumulative distance [F(1, 136)=22.74,
P<0.0001], and angle of first bearing [F(1, 117)=14.37,
P<0.001]. Treatment x age interactions were observed for
latency [F(1, 136)=6.45, P<0.01], path length [F(1, 135)=
7.27, P=0.01], and cumulative distance [F(1, 136)=7.59,
P=0.01]. For latency, MDMA treatment increased time to
reach the platform at P30 (P<0.0001) and P40 (P<0.05).
For path length, MDMA treatment increased the distance to

reach the platform on P30 (P<0.0001) and showed a trend
toward increased path length on P40 (P<0.10). Similar
effects were seen for cumulative distance (P30, £<0.0001;
P40, P<0.10).

For probe trials during the reduced phase, MDMA
treatment increased the angle of first bearing [F(1, 109)=
9.83, P<0.01], reduced platform crossings [F(1, 109)=
6.33, P<0.01], time [F(1, 109)=4.42, P<0.05; Fig. 4f], and
distance [F(1, 109)=5.03, P<0.05] in the target quadrant.
No treatment X age interactions were observed for any
parameter.

Experiment 2: postnatal day 180 and 360 testing
Straight channel swimming

No effects of treatment were seen for straight channel
swimming.

Cincinnati water maze

No effects of treatment were observed for latency and errors
in the CWM (data not shown). An effect of day was
observed for both measures, showing that the animals,
regardless of treatment, learned the task. A main effect of
age was observed for latency. Further investigation showed
that P360 animals took longer to reach the platform than
P180 animals.

Morris water maze: acquisition

Similar to the effects observed in the young animals, MDMA-
treated older animals took longer to reach the platform [F(1,
130)=9.08, P<0.01], traveled a greater path to the platform
[F(1, 130)=9.22, P<0.01; Fig. 5a], remained farther away
from the platform [F(1, 131)=11.86, P<0.001], and started
with a larger angle of first bearing to the platform
[F(1, 129)=38.19, P<0.0001] compared to SAL-treated
animals. A main effect of age was observed for latency,
path length, and cumulative distance that demonstrated that
P180 animals found the platform faster and with a shorter
distance traveled than P360 animals. A main effect of day
was observed for this and all phases of the MWM in exp 2
showing that all animals learned the task over days. No
treatment X age interaction was observed for the acquisition
phase of the MWM.

For the probe trial, neonatal MDMA treatment increased
average distance from the platform [F(1, 121)=7.11,
P<0.01], angle of first bearing [F(1, 121)=5.85, P<0.05],
and decreased platform crossings [F(1, 121)=6.96, P<0.01],
but percent time in the target quadrant was not significant
(Fig. 5b). For platform crossings, an interaction of
treatment x age [F(1, 121)=4.46, P<0.05] was observed

@ Springer



314 Psychopharmacology (2006) 189:307-318
Fig. 5 Mean path length for A B
hidden platform (a, ¢, and e) or 2500 A [ saL 50 -
percent time in target quadrant EEN MDMA ]
during probe trials (b, d, and f) s
in P30 and P40 animals. Rats ’é 2000 * = 40 7
treated with MDMA from P11— o i 3-
20 show a main effect of treat- = 1500 o 30
ment with increased path length 0 g)
during acquisition (a), reversal @ | - |
(c), and reduced platform (e) j 1000 £ 20
phases of the MWM and de- s g
creased time in the target quad- A 500 A = 10 +
rant during probe trials (b, d, °
and f, respectively). *P<0.05 0 0
skesfesk
and " P=0.00T compared to P180 P360 Combined P180 P360 Combined
C D
2500 - 50
I
g
~ 2000 ~ = 40
£ 3
2 o *
= 1500 % S 30
b=y * oy
5 * 8
— 1000 ~ g 20 4
= (]
s g
500 = 10 1
=X
0 0
P180 P360 Combined P180 P360 Combined
E F
2500 ~ 50
k=
g
~ 2000 ~ = 40 1
g s *
2 = *
= 1500 ~ * o 30 *
50 * 20 *
=) < *
Q -
— 1000 ~ g 20 4 *
= (]
s =
B~ 500 = 10 -
=X
0 0

P180 P360 Combined

and showed that MDMA-treated animals crossed the
platform fewer times when tested at P180 compared to
SAL-treated animals; however, there was no treatment effect
at P360. A main effect of sex was observed for average
distance, first bearing, and platform crossings with males
being closer to the platform, having a smaller first bearing,
and crossing the platform more often than females.

Morris water maze: reversal phase
Consistent with the acquisition phase of this experiment
and the previous experiment, MDMA treatment increased

latency [F(1, 129)=15.53, P<0.0001] to reach the platform,
increased the path taken to the platform [F(1, 130)=6.47,
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P<0.01; Fig. 5c], and the distance from the platform [F(1,
131)=10.12, P<0.001]. MDMA-treated animals also
started with a greater angle of first bearing to the platform
[F(1, 129)=50.91, P<0.0001]. For all measures, a sex
effect was observed with males performing better in the
maze compared to females. An age effect was observed for
latency, path length, and cumulative distance with younger
animals finding the platform more efficiently than older
animals. For path length, a treatment x sex x age interaction
was observed [F(1, 130)=6.47, P<0.05]. This interaction
was minor and did not materially change the interpretation
of the findings based on the main effects noted above.

In the probe trial, a main effect of treatment was observed
for first bearing [F(1, 128)=19.85, P<0.0001], platform
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crossings [F(1, 128)=3.95, P<0.05], time [F(1, 28)=4.29,
P<0.05; Fig. 5d], and distance [F(1, 128)=5.41, P<0.05] in
the target quadrant. MDMA-treated animals were farther off
course, spent less time, traveled less in the target quadrant,
and crossed the platform fewer times than SAL-treated
animals. A treatment x sex X age interaction was observed
for distance [F(1, 128)=4.13, P<0.05] and time in the target
quadrant [F(1, 128)=4.47, P<0.05]. Subsequent analyses
showed that MDMA treatment decreased time (P<0.01) and
distance (P<0.01) in the target quadrant for males at P180
(means for percent time: SAL=39.8+3.3% and MDMA=
31.94£3.3%, P<0.01) but not for females (percent time:
SAL=25.6+4.2% and MDMA=33.0+4.2%, P>0.05) and
females at P360 (P<0.01 and P<0.05, respectively; means
for percent time: SAL=36.6+3.37% and MDMA=27.3+
3.37%, P<0.01, but not for males: SAL=30.6+4.5% and
MDMA=23.44+4.4%, P>0.05).

Morris water maze: reduced phase

Main effects of treatment were observed with MDMA-
treated animals having a longer latency [F(1, 130)=25.30,
P<0.0001], path length [F(1, 128)=17.23, P<0.0001;
Fig. 5e], cumulative distance [F(1, 129)=23.31, P<
0.0001], and angle of first bearing [F(1, 129), P<0.0001].
Cumulative distance [F(1, 129)=4.93, P<0.05] and path
length [F(1, 128)=8.21, P<0.01] showed a treatment x sex %
age interaction that indicated that MDMA-treated females at
P180 and MDMA-treated males at P360 had greater path
lengths and were further from the platform than SAL-treated
counterparts. Main effects of sex and day were observed on
all measures, with males performing better than females and
all animals had improved performance over days.

For probe trials, main effects of treatment were observed
with MDMA-treated animals having greater average dis-
tances from the platform [F(1, 123)=23.85, P<0.0001],
decreased platform crossings [F(1, 123)=4.57, P<0.05],
larger angles of first bearings [F(1, 123)=13.57, P<0.001],
and decreases in time [F(1, 123)=15.15, P<0.001; Fig. 5f]
and distance [F(1, 123)=23.85, P<0.0001] in the target
quadrant. A treatment X age interaction was observed only
for distance traveled in the target quadrant [F(1, 123)=11.77,
P<0.01]. A main effect of sex was observed with males
performing better than females during the probe trials.

Discussion

We have previously shown that MDMA treatment from
P11-20 causes spatial and path integration learning and
memory deficits when the animals are tested at P60
(Broening et al. 2001; Williams et al. 2003; Vorhees et al.
2004) and at approximately P90 (Cohen et al. 2005). The

purpose of this study was to further elucidate the behavioral
effects of MDMA by testing younger (P30 and P40) and
older (P180 and P360) rats in the MWM and CWM. We
found that MDMA treatment caused deficits in the hidden
platform and probe trial phases of the MWM at all ages
tested. It is interesting to note that path integration deficits,
examined by the CWM, were seen in the animals tested at
P30 or P40, but not in animals tested at P180 or P360. The
path integration deficits do not appear to be the result of the
SAL-treated animals performing more poorly in this task as
they age because control performance was similar at all
ages. Instead, the data suggest that the effects of MDMA on
path integration learning are transient and persist only into
early adulthood. Path integration is thought to be one of the
most basic types of learning found in organisms from ants
to humans (Etienne and Jeffery 2004). Currently, the brain
region or regions responsible for path integration learning
are not well defined, although several regions were
implicated (see Etienne and Jeffery 2004). Path integration
and spatial mapping share overlapping neural networks
(Rondi-Reig et al. 2006; Sargolini et al. 2006). It is possible
that spatial learning is more sensitive to neuronal insult
during early development than path integration circuits or
that path integration circuits feed into to spatial circuits
redundantly such that path integration may recover even as
spatial mapping is disrupted. This is further supported by
the type of learning required to complete the MWM
compared to the CWM. In the MWM, the animal learns
to navigate to the goal using extramaze cues, while the
CWM requires the animal to use self-movement cues to
locate its position relative to the start and goal. In the
MWM, an experienced animal has no trouble finding the
goal if a novel start position is used, however, in the CWM,
even an experienced animal’s performance is disrupted if
the start or goal is moved because the trajectory of the path
is rearranged. In the CWM, as run here with overhead
lighting, it is likely that animals use some combination of
both place and path cues. To fully dissociate these
contributions to CWM performance, newer data indicate
animals must be tested under infrared conditions that
prevent the animal from using distal cues (unpublished
observations). While treatment effects were still significant
in the MWM, age was also a factor with P180 animals
performing better than P360 animals in hidden platform
training.

This is the first study to examine path integration
learning in younger rats (i.e., P30) using the CWM. As
previously stated, the younger animals treated with SAL
performed similarly to their older counterparts. The differ-
ences seen in the MDMA-treated animals at P30 compared
to SAL-treated animals at this age show that the CWM is
effective in detecting learning deficits in younger animals.
The CWM may also be more effective in detecting learning
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deficits caused by amphetamine analogs. For example,
adult animals treated with the potent serotonin (5-HT)-
depleting agent fenfluramine fail to show deficits in the
MWM; however, they show deficits in CWM learning
(Williams et al. 2002; Skelton et al. 2004) and develop-
mental exposure to fenfluramine induces both CWM and
MWM deficits (Morford et al. 2002). Administration of
MDMA to adult animals produces CWM deficits while
producing only memory deficits in the MWM (Sprague et
al. 2003; Cohen et al. 2005; Able et al. 2006).

While MDMA-treated animals do not perform as well in
the MWM as SAL-treated animals, the MDMA-treated
animals do learn the task. Learning curves for treatments by
age are shown in Fig. S1. Similar learning curves were seen
for the CWM. It is interesting to note that there are no
effects of sex in the younger animals in the MWM while
the older animals show sex-related learning differences:
Males performed better than the females in the MWM. This
sex difference is likely due to the activational effects of
gonadal steroids because the P30 and P40 animals were
tested before puberty or during the transition from puberty
to adulthood. Therefore, the incomplete maturation of the
gonadal hormones may prevent the sexually dimorphic
effects seen in young-adult and older animals (tested after
P60) (Broening et al. 2001; Williams et al. 2003; Vorhees et
al. 2004). Slight weight differences were seen in the
younger animals; however, these did not appear to affect
the motor performance of MDMA-treated animals. For
example, all animals performed similarly in straight channel
swimming, a measure that was previously shown to
uncover motor deficits in offspring exposed to valproic
acid (Vorhees 1987a). Offspring exposed to MDMA were
also shown not to be affected in the visible platform phase
of the MWM (Broening et al. 2001; Vorhees et al. 2004;
Williams et al. 2005), which further supports that MDMA
does not induce deficits to sensorimotor systems. The
weight differences seen in the pups during dosing do not
appear to be due to the inability of the animals to nurse, as
large litter control groups that simulate comparable degrees
of undernutrition to that induced by MDMA do not show
learning and memory deficits as do the MDMA-treated
offspring (Williams et al. 2003). Further, treating animals
using split- or between-litter designs that could create
theoretically different maternal-pup interactions produce
essentially identical effects after developmental MDMA
treatment on later learning (Broening et al. 2001; Williams
et al. 2003).

The dose of MDMA used in this study was 20 mg/kg.
Typically, the recreational user of MDMA consumes 100—
150 mg of MDMA per use, or approximately 2 mg/kg for a
60-kg human (Green et al. 2003). However, using the inter-
species scaling formula, Doseuman=D0S€Animall WT Human/
WTAnima1]0‘7, the dose to a 25-g pup on P11 is equivalent of
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a 116-mg dose to a 60-kg human (Mordenti and Chappell
1989). On P20, with the average weight of a pup increasing
to approximately 40 g, the equivalent human dose is equal to
a 133-g dose to the same 60-kg human. Both of these doses
are well within the range of human exposure, and may
actually be below doses used by chronic abusers (Scholey et
al. 2004; Kouimtsidis et al. 2006). Furthermore, it was
shown that administration of 10 mg/kg to rats creates similar
concentrations in plasma of MDMA to a human who
consumes a 150-mg tablet (Green et al. 2003).

The mechanisms related to MDMA-induced learning and
memory deficits are still unclear. P11-20 MDMA exposure
slightly decreases hippocampal 5-HT levels when examined
as adults; however, these differences appear to be unrelated to
the learning and memory deficits because animals that were
treated from P1-10 showed similar 5-HT reductions but no
learning and memory deficits (Broening et al. 2001). A
possible mechanism involving 5-HT signaling, however,
does exist. First, recent data showed that after MDMA
exposure on P11, hippocampal 5-HT levels drop sharply
(Williams et al. 2005; Schaefer et al. 2006). Second, MDMA
treatment from P11-20 increases 5-HT 5 receptor activity in
the hippocampus (Crawford et al. 2006). Third, depletion of
5-HT with the tryptophan hydroxylase inhibitor p-chloro-
phenylalanine from P10-20 was shown to cause deficits in
the radial arm maze in adult animals (Mazer et al. 1997).
Similar depletions were shown to alter synaptic architecture
and decrease long-term potentiation in brain slice prepara-
tions (for review, see Sodhi and Sanders-Bush 2004).
Therefore, early 5-HT perturbation may permanently in-
crease 5-HT signaling, such that 5-HT reductions per se are
not as important as changes in receptors (Williams et al.
2002; Skelton et al. 2004). Alterations in brain-derived
neurotrophic factor (BDNF) levels may be another influence
for the learning deficits after MDMA administration because
it was reported that P11-20 MDMA exposure increases
BDNF levels in the hippocampus and striatum on P21
(Koprich et al. 2003). BDNF is known to play a role in
learning and memory, neuronal plasticity, and survival
(Figurov et al. 1996; Linnarsson et al. 1997). Another
possible mechanism for the long-term learning and memory
deficits may involve the hypothalamic-pituitary-adrenal axis.
In rodents, the stress hyporesponsive period (SHRP) begins
at approximately P2 and extends to P14 (Sapolsky and
Meaney 1986). This is during a time of significant
hippocampal neurogenesis, and the SHRP is thought to
protect developing neurons from the aversive effects of high
levels of glucocorticoids. MDMA administration on P11
produces marked increases in corticosterone (CORT) levels
(Williams et al. 2005), which could lead to alterations in
neural development. Increases in CORT were shown to alter
learning and memory in adult animals, and blocking CORT
was shown to alleviate the path integration deficits in
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fenfluramine-treated animals (de Quervain et al. 1998;
Williams et al. 2002; Skelton et al. 2004). Finally, prelimi-
nary data suggest that the NMDA receptor may play a role in
P11-20 MDMA-induced learning and memory deficits
(Skelton et al. 2005).
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