
M
h

A
F
a

b

c

d

e

f

a

A
R
R
A

K
M
S
V
H

3
d
a
b
t
g

s
s
l
t
a
a
p
i
o

l
h
o

0
d

Neuroscience Letters 469 (2010) 375–379

Contents lists available at ScienceDirect

Neuroscience Letters

journa l homepage: www.e lsev ier .com/ locate /neule t

DMA (“ecstasy”) impairs learning in the Morris Water Maze and reduces
ippocampal LTP in young rats
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3,4-Methylenedioxymethamphetamine (MDMA), an important recreational psychostimulant drug, was
examined for its ability to alter visuo-spatial learning and synaptic plasticity. Young rats received MDMA
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(0.2 and 2 mg/kg s.c.) twice per day for 6 days while their visuo-spatial learning was tested using the
Morris Water Maze. After this, animals were sacrificed and LTP induced in hippocampal slices. Visuo-
spatial learning was impaired and LTP reduced, both dose-dependently, without changes in serotonin
levels or paired-pulse facilitation. We conclude that low, nontoxic doses of MDMA, applied during several
days, slow learning by impairing postsynaptic plasticity.

© 2009 Elsevier Ireland Ltd. All rights reserved.
isuo-spatial learning
ippocampus

,4-Methylenedioxymethamphetamine (MDMA; “ecstasy”) is a
esigner drug widely used for recreational purposes, particularly
mong young adults and adolescents [2,7]. Because the drug has
een shown at high doses and prolonged use to be toxic to sero-
onergic neurons (for review see [4]), its widespread and rapidly
rowing abuse is of major concern [13].

A further worrying aspect is that, even though some controver-
ial data have been reported, both human and animal studies have
hown that MDMA can produce cognitive impairment involving
earning and memory. Thus, a recent review [31] has emphasized
hat MDMA can impair cognitive functions across several domains,
ffecting especially learning and memory performance. Further,
ccording to the meta-analysis presented by Rogers et al. [17],
erformance in verbal and working memory tasks is decreased

n “ecstasy”-users as compared to naïve controls even though the
verall performance remained within “normal” limits.
In mice, impaired active avoidance learning, after acute and pro-
onged MDMA administration over a wide dose range (1–30 mg/kg)
as been observed. In addition, chronic application reduced mem-
ry retrieval [24]. Winsauer et al. [30] found significantly increased

∗ Corresponding author. Tel.: +562 7181108; fax: +562 6812108.
E-mail address: bernardo.morales@usach.cl (B. Morales).
URL: http://neurolab.usach.cl/ (B. Morales).

304-3940/$ – see front matter © 2009 Elsevier Ireland Ltd. All rights reserved.
oi:10.1016/j.neulet.2009.12.031
difficulty in solving complex behavioral tasks after administration
of 10 mg/kg twice daily for four days. Moreover, in a series of
papers Vorhees et al. [25–28] have shown that moderate to high
doses of MDMA, in young rats (P1–P20), impaired visual orienta-
tion and path integration learning, assessed in the Morris water
maze (MWM) as well as in the Cincinnati maze, when tested several
weeks or months later. Similarly, Sprague et al. [22] have demon-
strated impaired learning in adult rats one week after receiving two
doses of 20 mg/kg MDMA.

In most animal studies the dose regimens used might be con-
sidered neurotoxic, making it difficult to separate the direct effect
of MDMA upon cognitive processes from those originated by the
damage produced. Furthermore, the cellular mechanisms underly-
ing the possible alterations produced by MDMA on learning and
memory have not received much attention. In this context, we
have shown recently that MDMA, applied to rat hippocampal slices,
increased long-term potentiation (LTP), the model most widely
used to correlate synaptic plasticity with learning and memory
performance [20].

Based upon the above considerations, we examined whether

MDMA, in doses that are not considered toxic [14] but are close
to or below those used recreationally, might influence learning,
tested while the drug is present in the animal. Further, we tested
the effect of this treatment on LTP, evaluated in hippocampal slices
from these same animals.

http://www.sciencedirect.com/science/journal/03043940
http://www.elsevier.com/locate/neulet
mailto:bernardo.morales@usach.cl
dx.doi.org/10.1016/j.neulet.2009.12.031
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All animals’ care and procedures described below were
pproved by the Committee for Animal Care and Experimental
se of the University of Santiago de Chile and by the Chilean
ouncil for Science and Technology Research (CONICYT). Male
prague-Dawley rats, 21 days old (40–50 g), were housed two per
age with food and water available ad libitum under a 12:12 h
ight–dark cycle. For two days they were acclimatized to the
olding room, maintained at a temperature of 22–23 ◦C. MDMA
racemic, hydrochloride) or vehicle (isotonic saline) was admin-
stered 1 h before conducting experiments. Drug or saline was
dministered subcutaneously in the dorsum. The animals received
mg/kg MDMA (n = 22), 0.2 mg/kg MDMA (n = 22) or saline (n = 24),

espectively in the training sessions (the twelve sessions of Fig. 1).
o treatment was administered before the first two sessions and

he last one that were run without platform.
Behavioral training and testing were conducted in a circular pool

diameter 180 cm, depth 60 cm) painted white and, half-way filled
ith water that was rendered opaque with white latex paint and
aintained at a temperature of 24 ± 2 ◦C. Four geometrical figures

n black and white (approx. 20 cm wide) attached to the upper rim
f the pool and situated at an angle of 90◦ to each other, provided
he optical cues, thus forming four quadrants. A white curtain sur-
ounded the pool to obscure external cues. Behavioral data were
ecorded and analyzed using ANY-maze video tracking software
Stoelting Co., IL, USA).

In the first 2 sessions (a session consisted in only 1 trial) the rats
ere allowed to swim for 2 min in the pool. In the subsequent 6

essions a circular white platform (12 cm wide) was present, 1 cm
bove water level at a distance of 20 cm from the pool’s edge in
he middle of a quadrant whose position was changed arbitrarily
rom session to session. During the following 6 sessions the escape
latform was rendered invisible by placing it 2 cm below the water
urface without changing its position. Finally one more session was
erformed with the platform removed.

Subjects were allowed to swim until they had placed all four
aws on the platform, or until 120 s had elapsed. Animals that did
ot get to the platform in two minutes were placed on it. The ani-
als were left on the platform for 30 s after the end of each trial. For

ll groups, experimental sessions were run twice daily beginning at
0 a.m. and 15 p.m. for 6 days. Animal movements were monitored

ith a video camera mounted above the pool.

The day after the last session in the maze, the rats were sacrificed
y decapitation under halothane anesthesia. Hippocampi were dis-
ected out, slices of 400 �m thickness were cut, maintained and
lectrophysiological recordings obtained as described before [19].

ig. 1. MDMA does not influence swimming speed. There are no significant differences e
or both treated groups and n = 24 for controls; error bars: S.E.M.).
e Letters 469 (2010) 375–379

Field excitatory postsynaptic potential (fEPSP) responses in the CA1
region were evoked delivering 0.2 ms electric pulses of 15–300 �A
with a bipolar electrode stimulating the Schaeffer collaterals and
recorded in the stratum radiatum. The initial slope of the fEPSP was
used as a measure of the evoked population excitatory synaptic
response. A base line was established with test pulses adjusted to
evoke 50% of the maximal response. Applying the same stimulus
intensity, LTP was induced by application of theta burst stimulation
(TBS): 10 trains, each with 10 bursts at 5 Hz, each burst consisting
of 4 pulses at 100 Hz. Averaged slopes recorded for 20 min before
TBS were compared to data obtained between 40 and 60 min after
TBS. Paired-pulse (PP) stimulation was used varying stimulus inter-
vals between 20 and 2560 ms, doubling the times between pulses
after each stimulation, as previously described [19]. This protocol
was applied 20 min prior to the TBS application and 30 min after.
No MDMA or other drugs were applied in the slice experiments.

In a random fashion, in each rat, one of the hippocampi was cho-
sen to prepare slices for the electrophysiological recordings, while
the other one served to determine tissue serotonin content. The
tissue was stored at −80 ◦C until analysis. Then it was suspended
in HClO4 (0.1 M), sonicated and centrifuged (10,000 × g at 4 ◦C) for
5 min. Fifty microliters of the supernatant was injected into a HPLC
with electrochemical detection to quantify serotonin, as previously
described [16].

Statistical evaluation: Results of the MWM test were analyzed
using the general linear model ANOVA (fixed factor) for repeated
(intragroup) and independent (intergroup) testing as appropriate,
followed by the Newman–Keuls comparison test, as described by
Vorhees and Williams [25]. The Greenhouse-Geisser correction was
used when the variance–covariance matrices were significantly
non-spherical. The same procedure was applied comparing the
HPLC results.

The LTP data of the different groups were evaluated using the
Mann–Whitney U-test, while the Wilcoxon signed rank test was
applied for comparing values before and after TBS in the same
group.

All animals increased their weight normally, without detectable
differences between the groups (data not shown).

In the MWM experiments differences in swimming speed
between groups as well as sessions were far from being significant

implying that, MDMA did not influence locomotor activity (Fig. 1).

With the platform visible (cued trials), only a session effect was
detected (F1,404 = 10.42, p < .001) as in all groups the latencies to
reach the visible escape platform decreased significantly and with
a similar time course during the 6 sessions (Fig. 2A). There were

ither between groups or between sessions (control, 0.2 mg/kg and 2 mg/kg; n = 22
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o significant differences between the groups. Treatment did not
ffect acclimation to the task.

When visuo-spatial learning was tested, with the platform ren-
ered invisible, there were significant effects of drug treatment
F4,992 = 13.82, p < .001) and session (F1,035 = 6.61, p < .001), whereas
o significant interaction of drug treatment × session was detected.
hus, both MDMA-treated groups were slower in learning the task,
ompared to the controls (Fig. 2B). Significant differences in the
ean latency to reach the platform were observed comparing

he group treated with 2 mg/kg MDMA with the control group,
eginning with the 3rd session. In the 0.2 mg/kg group significant

ifferences were found only in the 5th and 6th sessions. The dif-
erences in the average latencies comparing the group treated with
mg/kg with the 0.2 mg/kg group never reached significance even

hough the 0.2 mg/kg values (3rd through 6th session) were consis-

ig. 2. MDMA slows learning in the MWM. (A) Cued trials: average times to reach the
isible platform diminished in a similar way for animals with and without treatment.
verage times for the first session compared with the last session were signifi-
antly different for all groups. (B) Training trials: visuo-spatial learning with the
nvisible platform was dose-dependently slower when rats had received MDMA.
owever, all groups showed a significant learning effect that is also seen in (C)
here average times are shown that animals stayed before and after training in the

uadrant where the hidden platform was situated during training trials. (n = 22 for
oth treated groups and n = 24 for controls; *p < 0.05; **p < 0.01; ***p < 0.001; error
ars: S.E.M.).

Fig. 3. MDMA reduced LTP in the CA1 region of the hippocampus in a dose-
dependent manner. (A) All groups display significant potentiation after TBS, the
increase being significantly different between the groups (p < 0.01 throughout).
Inset: traces for each condition at 40 min post TBS (thin) compared to recordings
before TBS (thick) (n = 7 from 7 slices for all groups). (B) Paired-pulse facilita-

tion remained unchanged across all ISI before and after TBS (left: control; middle:
0.2 mg/kg; right: 2 mg/kg). Inset: traces for each condition; 20 ms interval; open
symbols: before TBS; closed symbols: after TBS.

tently shorter than those for the 2 mg/kg group. These results are
compatible with a dose-dependent effect.

On the day after the last training session the time spent in the
quadrant where the platform had been was recorded. As shown in
Fig. 2C, all groups remained significantly longer in that quadrant as
compared to the time spent there before training. However, con-
trols were found significantly more time in this quadrant than the
treated animals (p < 0.01). These data demonstrate that all groups
did learn, but in the treated groups learning was less efficient.

fEPSPs were recorded from hippocampal slices of the same rats
used in the MWM behavioral studies, 24 h after the last session. As
shown in Fig. 3, LTP was significantly reduced in the slices obtained
from MDMA-treated rats as compared to those from control rats.
Interestingly, this reduction was also dose-dependent.

On the other hand, no difference was found in the responses to
PPF protocols between treated rats and controls before and after
TBS (Fig. 3B), suggesting that the observed change in LTP was post-
synaptic.

In order to exclude possible neurotoxic effects of MDMA,
we measured serotonin levels in the hippocampus. No signif-
icant differences among the three experimental groups were
detected (in ng/g of tissue: control (n = 13) 506.5 ± 127.3;
0.2 mg/kg (n = 11) 617.3 ± 134.8; 2 mg/kg (n = 12) 536.5 ± 187.1;
means ± SEM; p > 0.05). These figures are close to those reported
previously [3,10,14].

The main result of the present study is that MDMA, adminis-
tered in a non-neurotoxic dose regime [13] to young rats for a week,
impairs visuo-spatial learning and, in the same animals, reduces

LTP in the hippocampal CA1 region. The observations are congruent
as LTP has been shown to occur together with behavioral manifes-
tations of learning [29]. Further, the hippocampus plays a major
role in visuo-spatial learning as shown by Morris et al. [12]. There-
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ore, our results are compatible with the idea that MDMA-induced
earning impairment be caused by an impairment of LTP induction.

During our experiments animals were 23–31 days old. While it
s difficult to identify an equivalent age in humans and, although
he brain is still developing, all classical neurotransmitter receptors
re present and active at this age [9]. The age resembles human
hildhood and adolescence more than those in previous studies that
sed either adult or very young animals at the moment of MDMA
dministration [1,22,25–28].

To estimate the relevance of the doses applied in the
resent study to doses taken by humans, we may use
he formula proposed by Mordenti and Chappell [11]:
human = Danimal(Whuman/Wanimal)0.7. In our case the dose of
mg/kg and an animal weighing 70 g, compared to a 70 kg
uman, would yield approximately: 142 �g (absolute single
ose given) × (70,000 g/70 g)0.7 = 17.6 mg, or, a relative dose of
bout 0.25 mg/kg, and the lower dose would even correspond to
.025 mg/kg. Taking into account that this dose was administered
wice daily over 6 days, this amounts to 3/0.3 mg/kg or an absolute
ntake of 211/21 mg. The higher dose regimen might therefore
esemble that of a “novice” to “moderate” human user [15,21],
ith the difference that the human subject will have taken this
ose in a single session of several hours. Only a “heavy” user would
ave taken MDMA on several occasions during the week, possibly
xceeding one gram in this period. The lower dose regimen is far
elow anything but an averaged “weekly” dose of a hypothetical
ccasional user taking one tablet a month.

Earlier studies assessing the effects of MDMA on learning in rats
ith the MWM were performed using higher doses (≥10 mg/kg),

eporting significant reductions in serotonin levels [1,21]. This
mplies toxic effects at serotonergic terminals [3]. In contrast, we
elieve that the doses applied in the present study did not reach
oxic levels as evidenced by the serotonin contents remaining
nchanged and within the normal range. Further, in the present
xperiments no abnormalities in locomotor activity (Fig. 1) or
eight gain were detected.

Together with the dose the timing of MDMA application seems
o be a critical factor. It makes a difference whether the drug is
ctually present in the brain or effects caused by a pretreatment
f several days are being investigated. In the slice experiments the
ifferences seem to be clear cut. Acutely applied, MDMA furthers
TP (EC50 = 12.5 �M; [20]), whereas in the present experiments a
retreatment of the whole animal over days caused LTP reduction
ithout MDMA present in the tissue (the last injection was given

bout 44 h before the animal was sacrificed for tissue preparation
nd recordings).

In the MWM experiments it is not possible to separate effects
f acute and sustained treatment and neither it is clear whether
cquisition, recall, or both are affected and resulted in the impaired
erformance observed. Still, the LTP results imply that the impair-
ent of visuo-spatial learning observed is due to postsynaptic

lasticity mechanisms and not to other factors like a change in
ttention as in the case of methylphenidate [32]. Interestingly, for
he latter substance, as with the case of acute MDMA treatment, an
ncrease of LTP has been reported [5].

In mice, acute MDMA administration (3 mg/kg) led to an
mproved performance in an avoidance task that was not
ttributable to enhanced locomotor activity. However, a pretreat-
ent over several days impaired the acquisition performance

ested two days later, particularly with higher doses [24]. Interest-
ngly, recall was impaired even at a dose of 1 mg/kg. These effects

id not last longer than a few days.

These and other findings [18] together with the present results
nderline the complex action of MDMA on learning—being advan-
ageous when the substance is present, but impeding learning
fter pretreatment. Our LTP data, showing LTP increase as acute

[
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effect [20], but decrease after pretreatment, are in line with this
view. A pretreatment with repetitive administration of relatively
high doses may cause long-term or permanent damage (espe-
cially in very young individuals) as shown by the group of Vorhees
[1,25–28], whereas lower doses may induce only transitory learn-
ing impairment [24].

Of the three hypothetical ways by which MDMA affects learning,
namely a toxic, long-lasting effect, a short-term effect of treat-
ment over several days and the immediate effect of the substance
being actually present, the underlying pharmacological and molec-
ular mechanisms still remain unclear. However, Gudelsky and
Yamamoto [8], employing in vivo microdialysis, found that MDMA
increases the release of dopamine, serotonin and acetylcholine in
the hippocampus and various other brain areas implicated in learn-
ing and memory (see also [6,23]). Moreover, they demonstrate
that the dopamine release is modulated by serotonin receptor
activation (5-HT2A/C or 5-HT2B/C). Consistent with their finding,
we have presented preliminary evidence that the MDMA-induced
increase of LTP seen with acute application may be mediated by
5-HT2A/2C and D1 receptors [20]. Thus, a next step, we suggest,
should be a further elucidation of the mechanisms that pro-
duce MDMA-induced learning impairment through long-term and
medium-term changes.

In summary, three important conclusions can be drawn from the
results of this study. First, low, presumably non-neurotoxic doses of
MDMA, can produce impairment in visuo-spatial learning. Second,
that impairment is correlated with a reduction in LTP. Third, MDMA
pretreatment at low doses over several days, produces postsynaptic
changes involved in LTP induction.
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