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3,4-Methylenedioxymethamphetamine (MDMA) (“Ecstasy”) produces neurotoxic effects, which result into an impairment of learning
and memory and other neurological dysfunctions. We examined whether MDMA induces increases in tau protein phosphorylation,
which are typically associated with Alzheimer’s disease and other chronic neurodegenerative disorders. We injected mice with MDMA at
cumulative doses of 10 –50 mg/kg intraperitoneally, which are approximately equivalent to doses generally consumed by humans.
MDMA enhanced the formation of reactive oxygen species and induced reactive gliosis in the hippocampus, without histological evidence
of neuronal loss. An acute or 6 d treatment with MDMA increased tau protein phosphorylation in the hippocampus, revealed by both
anti-phospho(Ser 404)-tau and paired helical filament-1 antibodies. This increase was restricted to the CA2/CA3 subfields and lasted 1 and
7 d after acute and repeated MDMA treatment, respectively. Tau protein was phosphorylated as a result of two nonredundant mecha-
nisms: (1) inhibition of the canonical Wnt (wingless-type MMTV integration site family) pathway, with ensuing activation of glycogen
synthase kinase-3�; and (2) activation of type-5 cyclin-dependent kinase (Cdk5). MDMA induced the expression of the Wnt antagonist,
Dickkopf-1, and the expression of the Cdk5-activating protein, p25. In addition, the increase in tau phosphorylation was attenuated by
strategies that rescued the Wnt pathway or inhibited Cdk5. Finally, an impairment in hippocampus-dependent spatial learning was
induced by doses of MDMA that increased tau phosphorylation, although the impairment outlasted this biochemical event. We conclude
that tau hyperphosphorylation in the hippocampus may contribute to the impairment of learning and memory associated with MDMA
abuse.
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Introduction
Abuse of 3,4-methylenedioxymethamphetamine (MDMA) (“Ec-
stasy”) is associated with severe neurologic and psychiatric ad-
verse events, which, in part, are related to drug-induced neuro-
toxicity (for review, see Lyles and Cadet, 2003; Cadet et al., 2007).
MDMA is toxic to central serotonergic neurons in humans (Mc-
Cann et al., 1998), nonhuman primates (Green et al., 2003), and
rats (Stone et al., 1987; Johnson et al., 1993; Yeh et al., 1999) (but
see Baumann et al., 2007), whereas it damages nigrostriatal and
mesolimbic dopaminergic pathways in mice (Stone et al., 1987;
Cadet et al., 1994, 1995; O’Callaghan and Miller, 1994; Mann et

al., 1997; Logan et al., 1998; Colado et al., 2001; O’Shea et al.,
2001). Evidence for MDMA neurotoxicity have also been re-
ported in rodent hippocampus (Stone et al., 1987; Elayan et al.,
1992; Sanchez et al., 2004; Miranda et al., 2007) and cerebral
cortex (Colado et al., 1999; Sanchez et al., 2004; O’Shea et al.,
2005; Capela et al., 2007). The toxic action of MDMA in mice
usually requires acute doses �15–20 mg/kg and is mediated inter
alia by hyperthermia, excitotoxicity, and formation of reactive
oxygen species (ROS) (Cadet et al., 1994, 1995, 2001; Cerruti et
al., 1995; Jayanthi et al., 1999; Esteban et al., 2001)

The evidence that MDMA induces electroencephalographic
(EEG) abnormalities (Dafters et al., 1999; Gamma et al., 2000)
and a long-term impairment of retrospective explicit memory
(Zakzanis and Young, 2001; Zakzanis and Campbell, 2006) in
both continued and abstinent MDMA users calls for a more in-
depth analysis for the potential pathways involved in MDMA-
induced cognitive dysfunction. There is evidence for a memory-
related hippocampal dysfunction in MDMA users. Functional
magnetic resonance imaging in polyvalent MDMA users shows
that activity related to retrieved face-profession associations from
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episodic memory is more spatially restricted in the left hip-
pocampus than in matched controls (Daumann et al., 2005). In
addition, MDMA users with prolonged reaction times in selective
and divided attention tests fail to activate the left hippocampus
normally during high verbal working memory load (Jacobsen et
al., 2004).

In rodents, repetitive doses of MDMA produce oxidative
stress, DNA single- and double-strand breaks, and long-lasting
metabolic changes in the hippocampus, associated with an in-
creased susceptibility to limbic seizures (Frenzilli et al., 2007).
The EEG changes induced by MDMA in mice are also consistent
with a long-lasting increase in limbic excitability (Giorgi et al.,
2005). Together, these findings suggest that limbic neurons
might be preferentially targeted by MDMA. Because cognitive
dysfunctions described in MDMA users are reminiscent of those
found in patients affected by degenerative dementia, we exam-
ined whether MDMA induces biochemical changes that are typ-
ically associated with the development of chronic dementia, fo-
cusing on tau protein phosphorylation. We extended the analysis
to glycogen synthase kinase-3� (GSK-3�) and type-5 cyclin-
dependent kinase (Cdk5), which are the two major enzymes in-
volved in tau protein phosphorylation (Yamaguchi et al., 1996;
Pei et al., 1997, 1998, 1999).

Materials and Methods
Animals. Male C57BL/6 mice, C3H mice (Charles River, Calco, Italy) or
mutant mice homozygous for a hypomorphic allele of Dickkopf-1
(Dkk-1) (doubleridge mice) (kindly provided by Miriam H. Meisler, Uni-
versity of Michigan, Ann Arbor, MI), 10 weeks old, weighing 22–24 g
were used. Doubleridge mice are insertional mutant mice lacking a tran-
scriptional enhancer in the Dkk-1 gene (Adamska et al., 2003; Mac-
Donald et al., 2004). All mice were kept under environmentally con-
trolled conditions (room temperature, 22°C; humidity, 40%) on a 12 h
light/dark cycle with food and water ad libitum. Experiments were per-
formed following the Guidelines for Animal Care and Use of the National
Institutes of Health.

Dose regimens of MDMA in mice. Mice were either acutely or repeat-
edly injected with MDMA. Acute treatment consisted of two consecutive
intraperitoneal doses of 25 mg/kg racemic MDMA hydrochloride (in-
jected with 2 h of interval). The cumulative dose of 50 mg/kg corresponds
to 42 mg/kg MDMA free base. Alternatively, mice were treated for 6 d
with a cumulative dose of 10 or 30 mg � kg �1 � d �1 MDMA hydrochlo-
ride (corresponding to 8.4 and 25.3 mg/kg MDMA free base, respec-
tively), divided into two consecutive doses of 5 or 15 mg � kg �1 � d �1. We
selected these doses knowing that human abusers take from 80 to 250 mg
MDMA per day and that equivalent parentheral doses in experimental
animals can be calculated according the relationship Dhuman � Danimal

(Whuman/Wanimal)
0.7, where D is the dose of drug in milligrams, and W is

the body weight in kilograms (Green et al., 2003). According to this
relationship, the doses selected in mice are approximately equivalent to
an acute dose of 217 mg or to daily doses of 65 or 130 mg in a 70 kg
human.

Experimental design. C57BL/6 mice underwent an acute MDMA treat-
ment (two intraperitoneal injections of racemic MDMA hydrochloride
of 25 mg/kg, with 2 h of interval, cumulative dose of 50 mg/kg, corre-
sponding to 42 mg/kg MDMA free base) or a 6 d MDMA treatment (two
intraperitoneal daily injections of racemic MDMA hydrochloride of 5 or
15 mg/kg with 2 h of interval, cumulative dose of 10 or 30 mg/kg, corre-
sponding to 8.43 or 25.3 mg/kg MDMA free base, for 6 d). Control mice
were injected with saline (n � 6 for each experimental group). Mice were
killed by decapitation at 1, 3, 7, 45, or 90 d after MDMA treatments. In
another set of experiments, acute MDMA treatment (two intraperitoneal
injections of 25 mg/kg, with 2 h of interval) was performed in Dkk-1
hypomorphic mice (doubleridge mice; n � 6) using C3H mice as wild-
type controls. Control mice were injected with saline. Doubleridge and
C3H mice were killed by decapitation 1 d after MDMA or saline
injection.

Finally, an acute MDMA treatment (two intraperitoneal injections of
25 mg/kg, with 2 h of interval) was performed in mice pretreated with
lithium chloride (1 mEq/kg, i.p. every 12 h starting 7 d before the acute
MDMA treatment) and/or pretreated with the Cdk5 inhibitor roscovi-
tine (30 nmol/2 �l dissolved in 50% DMSO, i.c.v., twice, 30 min before
each MDMA injection). Control mice were injected with saline after a
pretreatment with saline (every 12 h starting 7 d before saline treatment)
and/or a pretreatment with 50% DMSO (2 �l, i.c.v., 30 min before each
injection of saline). Intracerebroventricular injections were performed
by a guide cannula implanted under ketamine (100 mg/kg, i.p.) plus
xylazine (10 mg/kg, i.p.) anesthesia (coordinates: 0.8 mm posterior to the
bregma, 1.4 mm lateral to the midline, 1.0 mm ventral from the surface of
skull according to the atlas of Franklin and Paxinos, 1997). All animals
(n � 6 for each experimental group) were killed by decapitation 1 d after
MDMA or saline injection. Different groups of animals were used for
histological/immunohistochemical analysis and biochemical analysis.
Dissected brains were fixed in Carnoi and embedded in paraffin. Ten
micrometer sections were used for histological/immunohistochemical
analysis. Hippocampus and striatum were dissected from different
groups of mice, and protein extracts were analyzed by Western blot
analysis.

Histology and quantitative analysis. To evaluate possible degenerating
neurons, deparaffinized 10 �m sections were processed for staining with
thionin (Nissl staining). After rinses in dH2O, sections were incubated 8
min in thionin. The number of surviving neurons in the pyramidal cell
layer was counted by a nonstereological method for the assessment of
neuronal density (neurons per cubic millimeter of tissue, Nv) using the
following formula: Nv � NA/(t � D), where NA is the number of neu-
rons per square millimeter of tissue, t is the section thickness, and D is the
neuron diameter (Abercrombie, 1946). Neurons with a rounded shape
similar to those observed in sections from control animals were consid-
ered to be viable. We also assessed the presence of degenerating neurons
by Fluoro-Jade B staining (Schmued et al., 1997; Schmued and Hopkins,
2000). Deparaffinized sections (10 �m) were incubated for 30 min in a
0.1% (v/v) acetic acid solution containing 0.001% (w/v) Fluoro-Jade B.

To evaluate the presence of DNA fragmentation, deparaffinized 10 �m
sections were processed for terminal deoxynucleotidyl transferase-
mediated biotinylated UTP nick end labeling (TUNEL) staining by using
the In Situ Cell Death Detection kit, POD (Roche Applied Science,
Mannheim, Germany).

Immunohistochemistry. Deparaffinized sections were soaked in 3% hy-
drogen peroxide to block endogenous peroxidase activity and incubated
overnight with monoclonal mouse anti-glial fibrillary acid protein
(GFAP) antibody (1:400; Sigma, Milan, Italy) and then for 1 h with
secondary biotinylated anti-mouse antibodies (1:200; Vector Laborato-
ries, Burlingame, CA); rabbit anti-phospho-tau (pSer 404) (P-tau) (1:100;
Sigma), and then for 1 h with secondary biotinylated anti-rabbit antibod-
ies (1:200; Vector Laboratories); monoclonal mouse anti-paired helical
filament (PHF) of tau (PHF-1, 1:100, pSer 396 and pSer 404; kindly pro-
vided by Peter Davies, Albert Einstein College of Medicine, New York,
NY) (Greenberg et al., 1992) and then for 1 h with secondary biotinylated
anti-mouse antibodies (1:200; Vector Laboratories); rat polyclonal anti-
Dkk-1 (1:10; R & D Systems, Minneapolis, MN) and then for 1 h with
secondary biotinylated anti-rat antibodies (1:200; Vector Laboratories).
For Dkk-1 immunostaining, sections were treated with 10 mM, pH 6.0,
citrate buffer, and heated in a microwave for 10 min for antigen retrieval.
Control staining was performed without the primary antibodies. The
immunoreaction was performed with 3,3-diaminobenzidine tetrachlo-
ride (ABC Elite kit; Vector Laboratories). P-tau and PHF-tau immuno-
reactivity was quantified by measuring the relative optical densities of the
CA2/CA3 hippocampal subfields in the stained sections using a
computer-based microdensitometer (NIH Image software).

Western blot analysis. Hippocampus or striatum was homogenized at
4°C in ice-cold lysis buffer with a motor-driven Teflon-glass homoge-
nizer (1700 revolutions per minute). Five microliters of homogenates
were used for protein determinations. Fifty micrograms of proteins were
resuspended in SDS-bromophenol blue reducing buffer and loaded per
lane. Western blot analyses were performed using SDS polyacrylamide
gels (10% for P-tau and PHF-tau proteins, 15% for Dkk-1 protein, and
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12% for p35/p25 and Cdk5 proteins), on a minigel
or maxigel apparatus (Mini or Maxi Protean II Cell;
Bio-Rad, Milan, Italy). Gels were electroblotted on
ImmunBlot Polyvinylidene Difluoride Membrane
(Bio-Rad) for 1 h using a semidry electroblotting
system (Trans-blot system SD; Bio-Rad), and filters
were blocked overnight in TTBS buffer (100 mM

Tris-HCl, 0.9% NaCl, and 0.1% Tween 20, pH 7.4)
containing 5% nonfat dry milk; for phosphorylated
proteins, the blocking solution contained 3% BSA
and 2% nonfat dry milk. Blots for phosphorylated
proteins were incubated for 1 h at room tempera-
ture with primary rabbit polyclonal antibody for
P-tau (0.5 �g/ml; Oncogene, Cambridge, MA) and
with mouse monoclonal antibody anti-PHF-tau
(PHF-1 pSer 396 and pSer 404, 1 �g/ml; kindly pro-
vided by Peter Davies, Albert Einstein College of
Medicine). Blots for Dkk-1, Cdk5, and p35/25 were
incubated overnight at 4°C with the respective an-
tibodies: goat polyclonal Dkk-1 (2 �g/ml; R & D
Systems), mouse monoclonal Cdk5 (1 �g/ml; Up-
state Biotechnology, Lake Placid, NY), and rabbit
polyclonal p35/25 (2 �g/ml; Santa Cruz Biotech-
nology, Tebu, France). Blots for mouse monoclonal
�-actin (Sigma) were incubated for 1 h at room
temperature (1:60,000). Blots for GSK-3� and
P-GSK-3� were incubated overnight at 4°C with
the respective antibodies: mouse monoclonal
GSK-3� (1:200; Santa Cruz Biotechnology) and
rabbit polyclonal P-GSK-3� (1:1000; Cell Signaling
Technology, Danvers, MA). Filters were washed
three times with TTBS buffer and then incubated
for 1 h with secondary peroxidase-coupled anti-
bodies (anti-rabbit at 1:7000, anti-mouse at 1:7000,
or anti-goat at 1:2000; Calbiochem, Milan, Italy).

Immunostaining was revealed by enhanced
chemiluminescence luminosity (GE Healthcare,
Milan, Italy).

GSK-3� assay. GSK-3� activity was measured as
32P transfer from [�- 32P]ATP to a peptide substrate
by using the GSK-3� Activity Assay kit (Sigma).
The kinase was immunoprecipitated from hip-
pocampal protein extracts with an anti-GSK-3� an-
tibody. Assays were performed at room tempera-
ture and stopped 8 min later by spotting 20 �l of the
mixture onto a P81 phosphocellulose square (spot-
ted in duplicates). The paper was washed three
times in 100 mM phosphoric acid and bound radio-
activity was quantified by scintillation counting
(model SL 3801; Beckman Coulter, Fullerton, CA).

Cdk5 assay. Tissue lysates containing 500 �g of
protein were diluted in lysis buffer to a volume of
500 �l and precleared with 50 �l of Protein A aga-
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Figure 1. Hippocampal toxicity induced by MDMA in mice. A, Assessment of ROS formation in the hippocampus, striatum,
and cerebral cortex of freely moving mice injected twice intraperitoneally with 25 mg/kg MDMA (arrows). Values are
means � SEM of five to seven determinations. *p � 0.05 (one-way ANOVA and Fisher’s PLSD) versus values obtained before
MDMA injection in the hippocampus. B, Lack of neuronal loss in the hippocampus of mice after an acute treatment (cumu-
lative dose, 50 mg/kg., i.p.) or a 6 d treatment (30 mg/kg, i.p., once a day) with MDMA. The corresponding control groups

4

were treated with saline. Nissl and Fluoro-Jade B staining were
performed 7 d after the last injection of acute MDMA treatment, 90
d after 6 d MDMA treatment or saline. Counts of pyramidal cells in
the whole hippocampus are shown in C, where values are
means � SEM of five mice per group. Reactive astrocytes in the
hippocampus and striatum of mice treated with MDMA (see above)
are shown in D and E, respectively. GFAP immunostaining was
performed at the indicated days after the last injection of MDMA.
The top horizontal lanes in D and E show the border between hip-
pocampus and striatum around the lateral ventricle in a sagittal
section. No reactive gliosis was ever found in mice treated with
saline. Examples of mice killed 7 d after the last injection of saline
are shown.
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rose beads (50% slurry in lysis buffer; Santa Cruz
Biotechnology) at 4°C for 2 h. Cdk5 was immu-
noprecipitated with 5 �g of anti-Cdk5 IgG from
precleared lysates by overnight incubation at
4°C, followed by a 3 h incubation at 4°C with 25
�l of Protein A agarose beads. Immunoprecipi-
tates were washed twice with lysis buffer and
twice with kinase buffer (20 mM Tris HCl, pH
7.4, 10 mM MgCl2, 1 mM EDTA, 10 �M NaF, and
1 �M Na2VO3) and resuspended in 30 �l of wa-
ter. Ten microliters of kinase assay mixture [100
mM Tris HCl, pH 7.4, 50 mM MgCl2, 5 mM

EDTA, 50 �M NaF, 5 �M Na2VO3, 5 mM DTT,
and 50 �M NF-H peptide (VKSPAKEKAKSPVK;
Sigma Genosys, Milan, Italy)] were added to 30
�l of the immunoprecipitates. Kinase assays
were performed at 30°C for 60 min by adding 5
�Ci [� 32P]ATP (specific activity, 3 Ci/mmol,
GE Healthcare). The specificity of Cdk5 activity
was assessed in the presence of roscovitine (10
�M). The reaction was stopped by adding a sim-
ilar volume of 10% trichloroacetic acid. Twenty
microliters of reaction mixture were transferred
onto P81 phosphocellulose squares (spotted in
duplicates), air dried, and washed five times for
15 min each in 75 mM phosphoric acid and once
in 95% ethanol. Air-dried strips were transferred
to vials and counted in a scintillation counter.

Microdialysis in freely moving mice. Male
C57BL/6 mice, 10 weeks old (Charles River),
weighing 22–24 g, were used to measure the pro-
duction of free radicals in the hippocampus, stri-
atum, and cerebral cortex of freely moving mice
by microdialysis after systemic injection of
MDMA. Mice were implanted with microdialy-
sis intracerebral guides (CMA/7 guide cannula;
CMA/Microdialysis, Stockholm, Sweden), un-
der ketamine (100 mg/kg, i.p.) plus xylazine (10
mg/kg, i.p.) anesthesia, in a Kopf stereotaxic
frame (David Kopf Instruments, Tujunga, CA).
The site of implantation was the left hippocam-
pus (coordinates: 3.0 mm posterior to the
bregma, 2.8 mm lateral to the midline, 2.0 – 4.0
mm ventral from the surface of skull), the left
striatum (coordinates: 0.6 mm anterior to the
bregma, 1.7 mm lateral to the midline, 2.5– 4.5
mm ventral from the surface of skull), or the
cerebral cortex (coordinates: 1.8 mm anterior to
the bregma, 2.2 mm lateral to the midline, 1.8 –
3.8 mm ventral from the surface of skull), ac-
cording to the atlas of Franklin and Paxinos
(1997). After surgery, mice were housed in sep-
arate cages in a temperature-controlled environment on a 12 h light/dark
cycle, with access to water and food ad libitum, and allowed to recover for
4 d before the experiment. On the evening before the experiment, a probe
was inserted into the intracerebral guide, after removing a dummy, and
mice were transferred to a plastic bowl cage with a moving arm (CMA/
120 System for Freely-Moving Animals; CMA/Microdialysis) with access
to water and food ad libitum. Concentric vertical microdialysis probes 2
mm long and 0.24 mm in outer diameter having a cuprophane mem-
brane with a molecular cutoff of 6000 Da (CMA/7 Microdialysis Probe;
CMA/Microdialysis) were used. The probes were perfused continuously
with artificial CSF (ACSF), at a flow rate of 1.5 �l/min, using a microin-
jection pump (Bioanalytical Systems, West Lafayette, IN). The ACSF
contained the following (in mM): 150 NaCl, 3 KCl, 1.7 CaCl2, and 0.9
MgCl2. This solution was not buffered, and the pH was tipically 6.5. On
the following morning, 30 �l (20 min) of consecutive perfusate sample
fractions were continuously collected by a fraction collector (CMA/142
Microfraction Collector; CMA/Microdialysis). After three sample frac-

tions, used to determine the basal levels of ROS, mice received two injec-
tions of MDMA (25 mg/kg, i.p., 2 h apart), and sample fractions were
collected for the following 2 h, after injection of MDMA. Formation of
ROS was examined by monitoring 2,3-dihydroxybenzoic acid (2,3-
DHBA), a product of the reaction of salycilate (5 mM, added to ACSF)
with hydroxyl radicals. Analysis of 2,3-DHBA was performed by HPLC
with electrochemical detection. Twenty microliters of the perfusate were
injected into an HPLC equipped with an autosampler 507 (Beckman
Coulter), a programmable solvent module 126 (Beckman Coulter), an
analytical C18 reverse-phase column kept at 30°C (Ultrasphere ODS 5
�m, 80 Å pore, 250 � 4.6 mm; Beckman Coulter), and a Coulochem II
electrochemical detector (ESA, Chelmsford, MA). The holding poten-
tials were set at �350 and �350 mV for the detection of 2,3-DHBA. The
mobile phase consisted of 80 mM sodium phosphate, 40 mM citric acid,
0.4 mM EDTA, 3 mM 1-heptansulphonic acid, and 12.5% methanol,
brought to pH 2.75 with phosphoric acid (run under isocratic condi-
tions, at 1 ml/min).
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Figure 2. Transient increase in the hippocampal levels of phosphorylated tau protein induced by MDMA in mice. A, B,
Time-dependent increase in tau phosphorylation, as assessed by immunoblot analysis with P-tau and PHF-tau antibodies in
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Morris water maze test. The Morris water maze test was performed as
described by Morris (1984). The experimental apparatus consisted of a
circular water tank (diameter, 97 cm; height, 60 cm) containing water at
24 � 1°C. The target platform (diameter, 10 cm) was submerged 1 cm
below the water surface and placed at the midpoint of one quadrant. The
platform was located in a fixed position, equidistant from the center and
the wall of the pool. The pool was located in a test room containing
various prominent visual cues. The acquisition training sessions were
performed either 7 or 40 d after a 6 d treatment with MDMA (10 or 30
mg � kg �1 � d �1). Each mouse was submitted to a daily session compris-
ing five trials over 4 successive days during which the animals were left in
the tank facing the wall and allowed to swim freely to the escape platform.
If an animal did not find the platform within a period of 60 s, it was gently
guided to it. The animal was allowed to remain on the platform for 20 s
after reaching it. The starting points varied in a pseudorandomized man-
ner. The probe trial was performed by removing the platform from the
pool and allowing each mouse to swim for 60 s in the maze. The time
spent in a smaller region near to the point where the platform was located
was recorded on a videotape by an observer who was unaware of the
treatments.

Results
Treatment with MDMA enhanced the formation of ROS but
did not cause neuronal death in the hippocampus
We assessed the formation of ROS in freely moving mice treated
with MDMA by measuring the production of 2,3-DHBA from
salicylic acid added in the perfusate. Treatment with MDMA
(two consecutive doses of 25 mg/kg, i.p.) substantially increased
ROS formation in the hippocampus but, unexpectedly, had no
effect in the striatum or cerebral cortex (Fig. 1A). We next exam-
ined whether MDMA treatment caused neuronal death in mice.
Mice were assessed for neuronal death by either Nissl or Fluoro-
Jade B staining 7 d after an acute treatment with MDMA (cumu-
lative dose of 50 mg/kg) or 7 d after a 6 d treatment with MDMA
(cumulative dose of 30 mg � kg�1 � d�1, i.p.). No neuronal loss
could be detected after acute or repeated injections of MDMA in
the hippocampus (Fig. 1B,C), as well as in the striatum or cere-

bral cortex (data not shown). In addition, we did not find degen-
erating cells stained with Fluoro-Jade B in hippocampus (Fig. 1B)
and in all microscopic fields examined (data not shown). No
neuronal loss was seen at longer times (45 or 90 d) after a 6 d
treatment with MDMA (data not shown). We did not find neu-
rons bearing DNA fragmentation in the hippocampus, as as-
sessed by TUNEL staining. In contrast, we consistently found
reactive gliosis in the hippocampus of mice treated with MDMA.
Reactive gliosis in the hippocampus was transient after an acute
treatment with MDMA but lasted up to 90 d after a 6 d treatment
with MDMA. No reactive gliosis was ever found in the striatum
(Fig. 1D,E).

Induction of tau protein phosphorylation by MDMA in mice
We performed immunoblot analysis of phosphorylated tau using
either a polyclonal antibody detecting tau phosphorylated on
Ser 404 (P-tau) or the monoclonal PHF-1 antibody detecting tau
phosphorylated on Ser 396 and Ser 404 (PHF-tau). An acute treat-
ment with MDMA (cumulative dose of 50 mg/kg) induced a
transient increase of both P-tau and PHF-tau levels in the hip-
pocampus, which was detected after 1 d, and declined back to
normal after 3 d (Fig. 2A). A 6 d treatment with 30
mg � kg�1 � d�1 MDMA induced an increase in hippocampal
P-tau and PHF-tau levels, which was seen at 1, 3, and 7 d but not
at 45 or 90 d, after the last administration (Fig. 2B). An increase in
PHF-tau levels could be detected 1 week after a 6 d treatment with
the lower dose of MDMA (10 mg � kg�1 � d�1) (Fig. 2C). Levels
of P-tau or PHF-tau were also increased in the striatum of
MDMA-treated mice but only at 1 d after the end of the treatment
(Fig. 3A,B). We performed immunohistochemical analysis of
P-tau and PHF-tau in the hippocampus of control or MDMA-
treated mice. Interestingly, the increase in tau phosphorylation
induced by MDMA was restricted to the stratum radiatum of the
CA2 region and the stratum lucidum and stratum radiatum of the
CA3 region. No increase was found in the pyramidal cell layer of
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Figure 3. Immunoblot analysis of phosphorylated tau protein in the striatum of mice treated with MDMA. Immunoblot analysis of P-tau and PHF-tau levels in the striatum of mice after an acute
treatment (cumulative dose, 50 mg/kg., i.p.) or a 6 d treatment (30 mg � kg �1 � d �1, i.p.) with MDMA is shown in A and B, respectively. Mice were killed at the indicated days after the last MDMA
injection. Control values refer to mice killed 7 d after the last injection of saline. Densitometric values are means � SEM of five to six individual determinations. *p � 0.05 (one-way ANOVA plus
Fisher’s PLSD) versus mice injected with saline.
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the CA2/CA3 regions or in other hippocampal subfields (Fig.
4A,B). The temporal profile of the increase in P-tau and PHF-tau
detected by immunohistochemistry was identical to that detected
by immunoblotting after acute or repeated MDMA injections
(Fig. 4A,B).

Characterization of the signaling pathways involved in the
induction of tau phosphorylation by MDMA
GSK-3� and Cdk5 are the two major enzymes involved in tau
protein phosphorylation (Yamaguchi et al., 1996; Pei et al., 1997,
1998, 1999). GSK-3� activity is negatively regulated by the ca-
nonical Wnt (wingless-type MMTV integration site family) path-
way, which, in turn, is inhibited by the secreted protein Dkk-1.
Expression of Dkk-1 has been detected in the Alzheimer’s brain
and is causally related to tau phosphorylation in cultured neu-
rons challenged with �-amyloid (Caricasole et al., 2004). We
found an increased expression of Dkk-1 in the hippocampus at 1
and 3 d after a single injection of MDMA (50 mg/kg) and at 1, 3,
and 7 d after a 6 d treatment with 30 mg � kg�1 � d�1 MDMA
(Fig. 5A,B). Dkk-1 was preferentially induced in the CA2/CA3
region and was consistently found in the pyramidal cell layer,
both intracellularly and extracellularly (Fig. 5A). In the striatum,
a slight increase in Dkk-1 expression was exclusively observed in
the first 3 d after a 6 d treatment with MDMA (data not shown).
Together, these data suggest that MDMA causes a transient inhi-

bition of the canonical Wnt pathway,
which follows the induction of Dkk-1. We
directly addressed this hypothesis by mea-
suring the activity of GSK-3� in the hip-
pocampus of mice receiving a single injec-
tion of MDMA. GSK-3� activity increased
1 d after a single injection of MDMA and
returned back to normal at 3 d (Fig. 6A),
when Dkk-1 expression was still increased.
Interestingly, the levels of Ser9-phos-
phorylated(inhibited) GSK-3� were found
to be increased at 3 and 7 d (but not at 1 d)
after a single MDMA injection (Fig. 6B),
suggesting a complex time-dependent reg-
ulation of GSK-3� activity in response to
MDMA.

We also examined the expression of
Cdk5, its physiological regulator p35, and
the p35 cleavage product p25, which causes
a sustained activation of Cdk5 (Hisanaga
and Saito, 2003). Western blot analysis
showed detectable levels of all three pro-
teins in the hippocampus of control mice.
The detection of p25 in untreated mice was
unexpected because the protein is usually
absent under control conditions and is
generated from p35 cleavage only under
pathological conditions that trigger calpain
activity (Patrick et al., 1999; Lee et al.,
2000). We found an increase in hippocam-
pal levels of p25, p35, and Cdk5 in mice
treated with MDMA. After a single MDMA
injection (50 mg/kg), the increase in Cdk5,
p35, and p25 levels was substantial at 1 and
3 d and declined at 7 d (supplemental Fig.
1A, available at www.jneurosci.org as sup-
plemental material). A similar temporal
profile was found after a 6 d treatment with

30 mg � kg�1 � d�1 MDMA, although changes in Cdk5 expres-
sion were less prominent (supplemental Fig. 1C, available at ww-
w.jneurosci.org as supplemental material). We also assessed the
enzymatic activity of Cdk5 in hippocampal extracts, finding a
significant increase at 1 and 3 d, but not at 7 d, after a single
MDMA injection (supplemental Fig. 1B, available at www.jneu-
rosci.org as supplemental material).

Finally, we examined the causal relationship between Dkk-1-
dependent Wnt inhibition or Cdk5 activation and tau phosphor-
ylation in response to MDMA. We used doubleridge mice, which
are insertional mutant mice lacking a transcriptional enhancer in
the Dkk-1 gene (Adamska et al., 2003; MacDonald et al., 2004).
These mice showed a normal constitutive expression of Dkk-1 in
the hippocampus but a blunted Dkk-1 expression in response to
MDMA compared with C3H control mice (Fig. 7A,B). A single
injection of MDMA induced a lower increase in P-tau and PHF-
tau levels in the hippocampus of doubleridge mice (Fig. 7A,B).
We also treated C57BL/6 mice with the Cdk5 inhibitor roscovi-
tine and/or with lithium ions, which inhibit GSK-3� and there-
fore rescue the canonical Wnt pathway from the Dkk-1 blockade.
Roscovitine was injected intracerebroventricularly at the dose of
30 nmol/2 �l twice, 30 min before each of the two consecutive
injections of MDMA. Lithium ions were injected intraperitone-
ally (as LiCl, 1 mEq/kg every 12 h) in the 7 d preceding MDMA
injection. Treatment with roscovitine or lithium alone reduced
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Figure 4. Transient increase in phosphorylated tau protein induced by MDMA in the mouse hippocampus. Immunohisto-
chemical analysis of P-tau and PHF-tau levels in the hippocampus of mice after an acute treatment intraperitoneally with 50
mg/kg MDMA (A) or a 6 d treatment intraperitoneally with 30 mg � kg �1 � d �1 with MDMA (B). Densitometric analysis of
hippocampal P-tau and PHF-tau immunostaining was performed on comparable sections from five to six mice. *p � 0.05
(one-way ANOVA plus Fisher’s PLSD) versus the respective control mice treated with saline. Note the selective increase in P-tau
and PHF-tau in the CA2/CA3 subfields in mice treated with MDMA.
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the increase in both P-tau and PHF-tau
levels induced by MDMA, although rosco-
vitine was more effective than lithium. A
combined treatment with roscovitine and
lithium completely abolished the increase
in tau phosphorylation induced by an
acute treatment with MDMA in the hip-
pocampus (Fig. 8A,B). Together, these
data indicate that the increase in tau pro-
tein phosphorylation induced by MDMA
in the hippocampus is mediated by Cdk5
activation combined with the inhibition
of the canonical Wnt pathway.

Assessment of spatial learning
Spatial learning was assessed by the Morris
water maze in mice injected daily for 6 d
with saline or MDMA (10 or 30 mg/kg), 7
or 40 d after the last injection. At 7 d, mice
treated with saline learned the task, as
demonstrated by a significant day effect
for latency (Fig. 9A). Data of MDMA-
treated mice were confounded by a higher
speed of these mice in the maze on day 1 of
training (data not shown), which ac-
counted for their lower latency in finding
the platform (Fig. 9A). This is in agree-
ment with the finding that mice repeatedly
injected with MDMA develop a progres-
sive hypermotility that outlasts the end of
the treatment for several days (Frenzilli et
al., 2007). MDMA-treated mice showed a
learning deficit in the probe trial, spending
less time in the target region after removal
of the platform (Fig. 9B). At 40 d after
treatment, when all groups of mice per-
formed similarly on the first day of acqui-
sition, MDMA-treated mice showed a
learning deficit in the acquisition phase,
with no significant difference between the
two doses of the drug (Fig. 9C). Mice
treated with 30 mg � kg�1 � d�1 MDMA
also showed a significant learning impair-
ment in the probe trial (Fig. 9D).

Discussion
Systemically injected MDMA in mice in-
duced a transient increase in tau protein
phosphorylation in the hippocampus, at
doses that are approximately equivalent to
those abused by humans (Green et al.,
2003). Tau hyperphosphorylation was as-
sociated with a transient increase in the activity of GSK-3� and
Cdk5, two enzymes that phosphorylate tau protein at multiple
sites, including those (Ser 396 and Ser 404) that are recognized by
PHF-1 antibodies (Gong et al., 2006; Liu et al., 2006a; Sengupta et
al., 2006). Multiple intracellular pathways converge to regulate
GSK-3� activity, including the canonical Wnt pathway. Interac-
tion of Wnt glycoproteins with the membrane receptors Frizzled
and LRP5/6 (low-density lipoprotein-receptor related proteins 5
and 6) inhibits the activity of GSK-3� by dissociating the enzyme
from a multiprotein complex containing axin, adenomatous pol-
yposis coli, and �-catenin (Hinck et al., 1994; Aberle et al., 1997;

Willert and Nusse, 1998). MDMA induced the expression of
Dkk-1, a secreted Wnt inhibitor (for review, see Niehrs, 2006),
which is causally related to tau phosphorylation and neuronal
damage in in vitro and in vivo models of neurodegenerative dis-
orders (Caricasole et al., 2004; Cappuccio et al., 2005; Busceti et
al., 2007). The dkk-1 gene is induced by the tumor-suppressing
protein p53 (Wang et al., 2000), which is a major sensor of DNA
damage in eukaryotic cells (Smith and Seo, 2002; Seo and Jung,
2004). A possible scenario is that MDMA induces the formation
of ROS in the hippocampus (Frenzilli et al., 2007; see also present
data), leading to DNA damage, p53 expression, Dkk-1 induction,
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Figure 5. Transient induction of the Wnt antagonist Dickkopf-1 (Dkk-1) in the hippocampus of mice treated with MDMA.
Immunohistochemical (A) and immunoblot (B) analysis of Dkk-1 in the hippocampus of mice treated with MDMA. Mice received
an acute treatment (50 mg/kg., i.p.) or a 6 day treatment (30 mg � kg �1 � d �1) with MDMA and were killed at the indicated days
after the last injection. Control values refer to mice killed 7 d after the last injection of saline. Dkk-1 levels did not change at any
other time in response to saline. In B, densitometric values are means � SEM of six determinations. *p � 0.05 (one-way ANOVA
plus Fisher’s PLSD) versus mice injected with saline.

Figure 6. Transient increase in GSK-3� activity induced by MDMA in the mouse hippocampus. GSK-3� activity (A) and
immunoblot analysis of GSK-3� and P-GSK-3� levels (B) in the hippocampus of mice treated with MDMA (acute treatment;
cumulative dose, 50 mg/kg, i.p.). Control values refer to mice killed 7 d after an acute injection of saline. Values of counts per
minute (c.p.m.) are expressed as means � SEM of six determinations. *p � 0.05 (one-way ANOVA plus Fisher’s PLSD) versus
control mice. Each lane of the blot is loaded with hippocampal extracts from different mice.
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and inhibition of the canonical Wnt/
GSK-3� pathway. A role for Dkk-1 in
MDMA-induced tau hyperphosphoryla-
tion was suggested by data obtained with
Dkk-1-defective doubleridge mice or with
mice treated with lithium ions, which, iter
alia, rescue the Wnt pathway by inhibiting
GSK-3� activity (Klein and Melton, 1996).
Although GSK-3� is under the control of
the canonical Wnt pathway, we found a
temporal dissociation between Dkk-1 ex-
pression and GSK-3� activity in the hip-
pocampus of MDMA-treated mice: Dkk-1
expression was higher at 1 and 3 d, whereas
GSK-3� activity was higher only at 1 d af-
ter a single MDMA injection. This might
reflect the activation of defensive mecha-
nisms that limit the extent and duration of
GSK-3� activation in response to MDMA.
Accordingly, MDMA induced a delayed
increase in Ser9-phosphorylated(inhib-
ited)–GSK3� levels after 3 and 7 d but not
after 1 d. The identity of the pathway that
phosphorylates GSK-3� is unknown.

Cdk5 is a nonmitotic cyclin-dependent
kinase that has been implicated in mecha-
nisms of neurodegeneration (Patrick et al.,
1999; Lee et al., 2000; Patzke and Tsai,
2002; Tseng et al., 2002; Lee and Tsai,
2003). Two related neuron-specific pro-
teins, p35 and p39, are necessary and suf-
ficient to activate Cdk5 on direct binding
(Dhavan and Tsai, 2001). p25, which is
generated from calpain-dependent p35
cleavage, overactivates Cdk5, causing neu-
ronal damage (Patrick et al., 1999; Nath et
al., 2000). Transgenic mice overexpressing
p25 exhibit neurodegeneration and tau-
associated pathology (Cruz et al., 2003).
The increase in Cdk5 activity we found in
the hippocampus of MDMA-treated mice
was associated with increases in p25, p35,
and Cdk5 protein levels. This was unex-
pected because increases in p25 levels are
usually combined with reductions or no
changes in p35 levels (Chen et al., 2000;
Zhu et al., 2002; Cruz et al., 2003; Keroko-
ski et al., 2004; Crespo-Biel et al., 2007;
Wang et al., 2007). It is possible that
MDMA treatment induces the expression
of p35, which is then partially cleaved into
p25. Induction of p35 has been shown in
neuroblastoma cells and PC12 cells differ-
entiating in response to retinoic acid and
nerve growth factor, respectively. Under
both circumstances, p35 induction follows
the activation of the mitogen-activated
protein kinase (MAPK) pathway (Harada
et al., 2001; Lee and Kim, 2004). Whether
MDMA enhances p35 expression through
the activation of the MAPK pathway
and/or other signaling pathways remains
to be established. We examined the role of
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Figure 7. MDMA induces tau protein phosphorylation to a lesser extent in Dkk-1-deficient mice. Immunohistochemical (A) and
immunoblot (B) analysis of Dkk-1, P-tau, and PHF-tau in the hippocampus of wild-type C3H mice and doubleridge mice treated
with saline or MDMA (acute treatment of 50 mg/kg, i.p.) and killed 24 h later. In A, densitometric analysis of hippocampal P-tau
and PHF-tau immunostaining was performed on comparable sections from five to six mice. In B, values are means � SEM of six
determinations. In A and B, p � 0.05 (one-way ANOVA plus Fisher’s PLSD) versus the respective control mice treated with saline
(*) or versus the respective groups of wild-type mice treated with MDMA (#).

Busceti et al. • P-tau and MDMA Neurotoxicity J. Neurosci., March 19, 2008 • 28(12):3234 –3245 • 3241



Cdk5 in tau phosphorylation using rosco-
vitine, a Cdk inhibitor with preferential ac-
tivity at Cdk5 (Knockaert et al., 2002). In
MDMA-treated mice, tau hyperphospho-
rylation was reduced by roscovitine alone
and was abolished when roscovitine was
combined with lithium. Thus, Cdk5 acti-
vation and inhibition of the canonical Wnt
pathway are nonredundant mechanisms
that mediate tau hyperphosphorylation in
response to MDMA. However, we cannot
exclude that these two mechanisms are in-
terdependent because (1) Cdk5 enhances
the transcriptional activity of the Dkk-1
inducer p53 in neurons (Wesierska-Gadek
et al., 2006); and (2) overactivation of
Cdk5 in transgenic mice results into an
age-dependent inhibition of GSK-3� ac-
tivity, which limits tau hyperphosphoryla-
tion in these mice (Plattner et al., 2006).
The relative impact of these processes to
the overall extent of tau hyperphosphory-
lation in the hippocampus of MDMA-
treated mice is unknown.

Hyperphosphorylated tau causes insta-
bility of microtubules, leading to neuronal
dysfunction (Alonso et al., 1994, 1996,
1997; Alonso Adel et al., 2006), and induc-
tion of tau phosphorylation by activation
of GSK-3� (Liu et al., 2006b), activation of
Cdk5 (Liao et al., 2004), or inhibition of
protein phosphatases (Sun et al., 2003)
leads to an impairment of spatial memory.
In addition, transgenic mice expressing a
phosphorylation-prone truncated tau
show a deficit in the Morris water maze
test, with no changes in spontaneous loco-
motor activity and no anxiety (Hrnkova et
al., 2007). We searched for a correlation
between tau hyperphosphorylation and
learning impairment using the Morris wa-
ter maze. Mice exhibited a lower perfor-
mance in the probe trial, which is the gold
standard for assessing hippocampus-
dependent spatial learning, 1 week after a
6 d treatment with 10 or 30
mg � kg�1 � d�1 MDMA, when tau protein
was hyperphosphorylated in the hip-
pocampus. However, a learning deficit
could also be detected 40 d later, when tau
hyperphosphorylation was no longer visi-
ble. Thus, tau hyperphosphorylation may
contribute to, but is not the only determi-
nant of, learning impairment in response
to MDMA.

Interestingly, tau hyperphosphoryla-
tion was found in the CA2/CA3 regions and not in other hip-
pocampal subfields. There is a high density of serotonergic fibers
in the CA3 region (Szyndler et al., 2002; Bjarkam et al., 2003), and
a 4 d treatment with neurotoxic doses of MDMA causes a selec-
tive upregulation of 5-HT2C (formerly known as 5-HT1C) sero-
tonin receptors in the CA3 region with no changes in other hip-
pocampal subfields (Yau et al., 1994). Thus, the CA3 region

might be a preferential target for MDMA because of the anatom-
ical organization of monoaminergic afferent pathways. A dys-
function of CA3 neurons caused by tau hyperphosphorylation
and cytoskeletal damage might compromise the transfer of the
memory trace from the dentate gyrus to the CA1 region (Gruart
et al., 2006), thus contributing to the cognitive impairment in-
duced by MDMA.
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Figure 8. Drugs that rescue the canonical Wnt pathway or inhibit Cdk5 reduce tau protein phosphorylation in the hippocampus
of MDMA-treated mice. Immunohistochemical analysis of P-tau and PHF-tau (A) and immunoblot analysis of PHF-tau (B) in the
hippocampus of C57BL/6 mice treated with saline or MDMA (acute treatment of 50 mg/kg, i.p.) alone or combined with lithium
ions and/or roscovitine (Rosc). Lithium ions were injected intraperitoneally as LiCl, at the dose of 1 mEq/kg twice a day, starting 7 d
before MDMA or saline injection. Roscovitine was injected intracerebroventricular at the dose of 30 nmol/2 �l, twice, 30 min
before each of the two consecutive injections of saline or MDMA. Vehicle refers to the solution used for the injection of roscovitine
(saline containing 50% DMSO). Mice were killed 24 h after saline or MDMA injection. Treatment with LiCl or roscovitine had no
effect on P-tau or PHF-tau levels in mice treated with saline (data not shown). Densitometric analysis of hippocampal P-tau and
PHF-tau immunostaining was performed on comparable sections from five to six mice. In B, values are means � SEM of six
determinations. p � 0.05 (one-way ANOVA plus Fisher’s PLSD) versus control mice treated with saline (*) or versus mice treated
with MDMA alone (#).
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In conclusion, we have shown that MDMA treatment in mice
enhances tau phosphorylation, a biochemical hallmark of Alzhei-
mer’s disease, frontotemporal dementia, and other chronic neu-
rodegenerative disorders characterized by a progressive cognitive
decline (Grundke-Iqbal et al., 1986; Iqbal et al., 1989; Lee et al.,
1991). This raises additional concern about the potential neuro-
toxicity of MDMA abuse. There are at least two important issues
that remain to be addressed: (1) how is tau hyperphosphorylation
related to the primary action of MDMA on dopaminergic or
serotonergic axon terminals; and (2) how long is tau hyperphos-
phorylation lasting in relation to the dose, frequency, and dura-
tion of MDMA administration.
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