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Abstract 3,4-Methylenedioxymethamphetamine (MDMA,
‘ecstasy’) is a selective 5-HT neurotoxin in rat brain which
has been shown to produce acute neuroinflammation
characterized by activation of microglia and release of
interleukin-1beta (IL-1/). We aimed to determine whether
or not minocycline, a semi-synthetic tetracycline antibiotic
capable of inhibiting microglial activation, could prevent
the inflammatory response and reduce the toxicity induced
by MDMA. Adult male Dark Agouti rats were given
minocycline twice a day for 2 days (45 mg/kg on the first
day and 90 mg/kg on the second day; 12-h apart, i.p.).
MDMA (12.5 mg/kg; i.p.) was given after the third
minocycline injection and animals were killed either 1 h
later for the determination of NFxB binding activity, 3 h
later for the determination of IL-1f, 24 h later for the
determination of microglial activation or 7 days later for
the determination of [°H]-paroxetine binding as a measure
of 5-HT neurotoxicity. MDMA increased NFkB activation,
IL-1p release and microglial activation both in the frontal
cortex and in the hypothalamus and 7 days later produced a
reduction in the density of 5-HT uptake sites in both these
brain areas. Minocycline prevented the MDMA-induced
increase in NFxB activation, IL-1f release and microglial
activation in the frontal cortex and prevented the 5-HT
neurotoxicity 7 days later. However, in the hypothalamus,
in spite of preventing MDMA-induced microglial activa-
tion, minocycline failed to prevent MDMA-induced NFxB
activation, IL-1p release and neurotoxicity. This suggests
that the protective mechanism of minocycline against
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Abbreviations

IL-18 Interleukin-1p

MDMA  3,4-Methylenedioxymethamphetamine
NFkB Nuclear factor kappaB

PBS Phosphate buffered saline

5-HIAA 5-Hydroxyindole acetic acid
Introduction

3,4-Methylenedioxymethamphetamine (MDMA or ‘ecstasy’)
is a recreational drug commonly used by young people, par-
ticularly at crowded and warm dance venues, despite having
been shown to be a potent neurotoxin in the brain of rodents
and non-human primates (Green et al. 2003). Immunohisto-
chemical techniques have demonstrated an apparent loss of
5-HT nerve terminals (Jensen et al. 1993; O’Hearn et al. 1988;
Molliver et al. 1990) and biochemical studies have reported a
reduction of [*H]-paroxetine binding to the pre-synaptic 5-HT
transporter (Hewitt and Green 1994; Colado et al. 1997), a
decrease in tryptophan hydroxylase activity (Stone etal. 1987
O’Shea et al. 2006) and a depletion of 5-HT and 5-hydrox-
yindole acetic acid (5-HIAA) content (Colado et al. 1997;
O’Shea et al. 1998). MDMA also induces a sustained hyper-
thermic response which appears to modulate the long-term
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neuronal damage caused by the drug (Colado et al. 1999;
Sanchez et al. 2004).

It has recently been shown that MDMA administration
induces signs of neuroinflammation in the brain of Dark
Agouti rats which is reflected by an increase in interleukin-
15 (IL-1p) production and microglial activation (Orio et al.
2004; O’Shea et al. 2005). The IL-1f response appears
within 1-3 h following MDMA injection, is partially a
consequence of MDMA hyperthermia and seems to be
involved in the long-term 5-HT neurotoxicity since the
i.c.v. injection of IL-1p in the rat brain enhances the long-
lasting reduction in 5-HT transporters and 5-HT concen-
tration induced by MDMA (O’Shea et al. 2005). Activation
of microglial cells following MDMA is independent of
hyperthermia and there is no direct evidence of the possible
implication of microglial activation in MDMA-induced
long-term neurotoxicity.

Minocycline, a semi-synthetic tetracycline derivative,
has an anti-inflammatory property which is completely
independent and distinct from its antimicrobial mechanism
(Amin et al. 1996; Rifkin et al. 1993). Recent reports have
raised expectations for this category of antibiotic in the
treatment of a wide range of neurodegenerative diseases.
Minocycline has been shown to provide protection against
brain ischemia (Yrjanheikki et al. 1998, 1999), excitotox-
icity (Tikka and Koistinaho 2001), f-amyloid neurotoxicity
(Ryu et al. 2004), spinal cord injury (Stirling et al. 2004) and
dopamine neurotoxicity caused by 6-hydroxydopamine
and 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)
(Du et al. 2001; He et al. 2001; Wu et al. 2002). Neuropro-
tection is related to its ability to inhibit microglial activation
(Yrjanheikki et al. 1998) and the subsequent release of
cytotoxic substances such as oxygen and nitrogen reactive
species as well as to the property of inhibiting the formation
of mature IL-1f and the activation of NADPH-oxidase and
inducible nitric oxide synthase (iNOS), COX-2 expression
and prostaglandin E, production (Yrjinheikki et al. 1999;
Du et al. 2001; Wu et al. 2002).

The inducible transcription factor nuclear factor kB
(NFxB) has been shown to play a key role in the regulation
of many genes involved in immune and inflammatory
responses. This transcription factor, ubiquitously expressed
in neurons and glial cells, is sequestered in the cytoplasm
by interaction with a family of inhibitory proteins (IxBs)
(Ghosh et al. 1998) but can be activated in response to a
broad range of stimuli which typically include free radicals
and pro-inflammatory cytokines such as IL-1/ and tumour
necrosis factor-o. (TNF-o) (Bowie and O’Neill 2000;
Mattson and Camandola 2001). The currently known sub-
unit members of the NFxkB family in mammals are p50,
p65 (RelA), c-Rel, p52 and RelB, the p65/p50 dimer being
the predominant form of NF«xB activated in many types of
cells. IxBs are phosphorylated by a signal-activated kinase
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complex known as I-xB kinase (IKK) (Ghosh and Karin
2002) which causes them to release NFxB. The liberated
NFxB dimer translocates to the nucleus where it induces
transcription of target genes that mediate the inflammatory
response by binding to high-affinity xB elements in their
promoters (Pahl 1999; Bowie and O’Neill 2000).

The aims of this study are to examine: (1) the neuro-
protective effect of minocycline against MDMA-induced
neurotoxicity and the ability of this tetracycline to inhibit
IL-1p release and microglial activation in the frontal cortex
and hypothalamus of rats following MDMA, (2) the effect
of MDMA on NF«B binding activity to the nucleus and the
ability of pyrrolidine dithiocarbamate (PDTC) to inhibit
NFxB activation and to provide protection against MDMA-
induced neurotoxicity and (3) the ability of minocycline to
prevent NFxB binding activity.

Materials and Methods
Animals and Drug Administration

Adult male Dark Agouti rats (175-200 g, Harlan Iberica,
Barcelona, Spain) were used. They were housed in groups of
six in conditions of constant temperature (21 + 2°C) and a
12-h light/dark cycle (lights on: 07:00 a.m.) and given free
access to food and water. Two dosing regimens of minocy-
cline were employed in the neuroprotection studies. In the
high-dose regimen, minocycline was administered twice a
day (12 h apart) during two consecutive days at a dose of
45 mg/kg during the first day and 90 mg/kg during the
second day. The same experiment was repeated using a
lower dose of minocycline of 45 mg/kgi.p. twice aday (12-h
apart) during two consecutive days. Rats were injected with
MDMA (12.5 mg/kg, i.p.) or saline (1 ml/kg, i.p.) immedi-
ately after the third injection of minocycline and killed by
decapitation 7 days later to determine 5-HT neurotoxicity.
Pyrrolidine dithiocarbamate (PDTC, 50 and 100 mg/kg, i.p.)
was injected 10 min before MDMA or saline (1 ml/kg, i.p.).
Biochemical and immunohistochemical studies were per-
formed in hypothalamus and frontal cortex since MDMA
increases IL-1f release and microglial activation in both
brain areas (Orio et al. 2004; O’Shea et al. 2005).

Minocycline (Sigma—Aldrich, Madrid, Spain) was dis-
solved in 0.9% w/v NaCl (saline) containing 10% of Tween
80 and injected in a volume of 5 ml/kg. MDMA (Ultrafine
Chemicals Ltd., Manchester, UK) and PDTC (Sigma—
Aldrich, Madrid, Spain) were dissolved in saline and
injected in a volume of 1 ml/kg. Doses are quoted in terms
of the base. Controls for each group were carried out fol-
lowing the same schedule of drug administration.

All experimental procedures were performed in accor-
dance with the guidelines of the Animal Welfare Committee
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of the Universidad Complutense de Madrid (following
European Council Directives 86/609/CEE and 2003/65/CE).

Measurement of Rectal Temperature

Immediately before and up to 6 h after MDMA injection,
temperature was measured by use of a digital readout
thermocouple (BAT12 thermometer, Physitemp, NJ, USA)
with a resolution of 0.1°C and accuracy of £0.1°C attached
to a RET-2 Rodent Sensor which was inserted 2.5 cm into
the rectum of the rat, the animal being lightly restrained by
holding it in the hand. A steady readout was obtained
within 10 s of probe insertion.

IL-1p Immunoassay

Levels of IL-15 were determined using a commercially
available sandwich ELISA system (rat IL-18 immunoas-
say; Quantikine-M R&D Systems, Minneapolis, MN,
USA). According to the manufacturer, the kit provides a
valid measure of the levels of mature 17-kDa IL-1f (the
limit of sensitivity was 5 pg/ml) but underestimates the
precursor form, 31-kDa IL-1f (non-biologically active).
Samples were prepared by homogenization of frontal cor-
tex and hypothalamus in six volumes of ice-cold buffer (pH
7.0) containing 50-mM Tris, 320-mM sucrose, 1-mM
dithiothreitol and a number of protease inhibitors (leu-
peptin 10 pg/ml, soybean trypsin 10 pg/ml, aprotinin
2 pg/ml and 0.2% phenanthroline). Samples were centri-
fuged at 14,000xg for 10 min at 4°C. Protein was
determined in the supernatant fluid (Lowry et al. 1951).
Supernatant fluids were assayed in triplicate following the
manufacturer’s guidelines. The quantification of IL-1f was
performed using a standard curve of increasing concen-
trations of recombinant IL-1f (4-1000 pg/ml). The optical
density of each well was determined using a microplate
reader (ELXS808IU, Ultra Microplate Reader; Bio-Tek
Instruments, Inc., Winoski, VT, USA) set to 450 nm
(correction wavelength set at 540 nm). Intra- and interas-
say variations were less than 5 and 15%, respectively.

Immunohistochemistry of Microglia

Rats were anaesthetized with pentobarbitone and perfused
transcardially through the left ventricle with 200 ml of
0.2-M sodium phosphate buffer as a vascular rinse
followed by 300 ml of fixative solution containing 4%
paraformaldehyde in 0.1-M sodium phosphate buffer (pH
7.4). Brains were removed, fixed in the same solution of
paraformaldehyde for 4 h at room temperature and cryo-
protected by immersion at 4°C in 0.1-M sodium phosphate
buffer containing 30% sucrose. Brains were then placed on
cryostat stages, frozen to —30°C and sliced at 8 pm in the

coronal plane through the whole hypothalamus and frontal
cortex.

Cerebral sections were incubated in the cold for 10 minin
acetone and then for 30 min in 0.1% Triton X-100 in PBS
and 30 min in 3% bovine serum albumin. Sections were then
washed six times with PBS for 5 min each time and then
incubated for 1 h with the primary antibody mouse anti-rat
CD11b (Serotec; Raleigh, NC, USA; clone MRC 0OX-42,
1:50 dilution in PBS) to identify microglial cells. Sections
next underwent six 5-min washes with PBS and were then
incubated for 1 h in darkness with secondary antibody Cy™
2-labelled goat anti-mouse IgG (Amersham, Barcelona,
Spain; 1:10 diluted in PBS; green colour with fluorescence
maximum at 506 nm). Brain sections were washed in
darkness six times with PBS (5 min each wash) and then
mounted with glycerol (1:1 dilution in PBS). Visualization
was performed under a fluorescence microscope (Eclipse
TE300; Nikon Corporation, Tokyo, Japan) using Plan Fluor
20x/0.45 or 40x/0.6 objectives and a B2A Nikon filter for
Cy2 fluorescence. Image acquisition was carried out with a
laser scanning confocal imaging system (MRC1024; Bio-
Rad, Hemel Hempstead, UK).

Preparation of Nuclear Extracts

Frontal cortex was homogenized in 500 pl and hypothala-
mus in 250 pl of buffer A [10-mM HEPES pH 7.9, 1-mM
EDTA, 1-mM EGTA, 10-mM KCI, 1-mM dithiothreitol
(DTT), 0.5-mM phenylmethanesulfonyl fluoride (PMSF),
40-pg/ml aprotinin, 4-pg/ml leupeptin, 4-pg/ml N-alpha-
tosyl-L-lysine chloromethyl ketone (TLCK), 5-mM FNa,
10-mM Na,MoO,, 1-mM NaVO,] and Nonidet P-40® was
added to reach 0.1% (v/v). Nuclei were collected by centri-
fugation at 13,000x g for 15 min at 4°C. The pellets were
resuspended in 100 pl (cortex) or 50 pl (hypothalamus) of
buffer A supplemented with 0.4-M NaCl and 20% glycerol
and gently shaken for 30 min at4°C. Nuclear protein extracts
were obtained by centrifugation at 13,000x g for 15 min at
4°C and aliquots of the supernatant were stored at —80°C.
All steps of the fractionation were carried out at 4°C. Nuclear
proteins were quantified by the method of Bradford (1976).

Electrophoretic Mobility Shift Assay (EMSA) for
NFxB

We measured p65/pS0 binding activity since it is known
that most of the NFxB transcriptional activity is mediated
through these complexes (Baldwin 1996). Oligonucleotides
were synthesized in an oligonucleotide synthesizer
(Amersham Pharmacia Biotech, Little Chalfont, UK). The
oligonucleotide sequence corresponding to the consensus
NFxB binding site (nucleotides —978 to —952) was
5'TGCTAGGGGGATTTTCCCTCTCTCTGT3' (Xie et al.
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1994). Oligonucleotides were annealed with their com-
plementary sequence by incubation for 5 min at 85°C in
10-mM Tris-HClI pH 8.0, containing 50-mM NaCl,
10-mM MgCl,, 1-mM DTT. Aliquots of 600 ng of these
annealed oligonucleotides were end-labelled with the
Klenow enzyme (Amersham Pharmacia Biotech, Barcelona,
Spain) fragment in the presence of 50 uCi of [¢-**P]dCTP
(Amersham) and the other unlabelled dNTPs in a final
volume of 20 pl. Then 15 x 10* dpm of the DNA probe
were used for each binding assay of nuclear extracts as
follows: 25 pg of nuclear protein were incubated for
20 min at 4°C with the DNA and 1 pg of poly(dI-dC), 5%
glycerol, 1-mM EDTA, 0.05-mM NaCl, 5-mM MgCl,,
1-mM DTT and 20-mM HEPES pH 8.0 in a final volume of
20 pl. The DNA-protein complexes were separated on
native 6% bisacrylamide gels in 0.5% Tris—borate—-EDTA
buffer (Diaz-Guerra et al. 1996). Supershift assays were
carried out after incubation of the nuclear extracts with the
antibody against NFxB protein p65 (0.5 pg, Santa Cruz
Biotechnology, Santa Cruz, CA, USA) for 1 h at 4°C,
followed by EMSA. Gels were run at 150 V and dried in a
vacuum drier system (Amersham) for 2 h at 80°C. Then
gels were exposed to autoradiography films (Hyperfilm™,
Amersham) for several days at —80°C. Different exposure
times were checked to ensure the optimal image resolution.
Autoradiographs were quantified with a densitometric
system (Total Lab, Biorad) and expressed in arbitrary units.

Quantification of [’H]-Paroxetine Binding in Tissue
Homogenates

[*H]-Paroxetine binding was measured in fresh hypothala-
mical and cortical tissue by the method described in detail by
Hewitt and Green (1994). Briefly, tissue was homogenized
in ice-cold Tris—HCl (50-mM, pH 7.4) containing NaCl
(120-mM) and KCl (5-mM) using an Ultra-Turrax. The
homogenate was centrifuged at 30,000 x g for 10 min at 4°C.
The supernatant was discarded and the wash procedure
repeated twice more. The pellet was finally resuspended in
the Tris buffer at a concentration of 10-mg tissue/ml. Ali-
quots of tissue (800 pl) were incubated with [*H]-paroxetine
(1 nM) for 60 min at room temperature in the absence and
presence of 5-HT (100 pM) for determination of total and
non-specific binding, respectively. Assays were terminated
by rapid filtration through glass fibre filters and radioactivity
determined by scintillation spectrometry. Protein was
determined by the method of Lowry et al. (1951).

Measurement of MDMA Concentration in Cortical
Tissue

Brain concentrations of MDMA were determined 1 h after
injection following a previously described method with
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minor modifications (Sanchez et al. 2001). This time point
was chosen because the cerebral concentration of MDMA
normally peaks 60 min after MDMA injection (Esteban
et al. 2001). The cortical tissue was homogenized in ice-cold
sodium carbonate—sodium bicarbonate buffer (pH 11.5)
using an ultrasonicator. The homogenate was centrifuged at
27,000 x g for 20 min at 4°C. The supernatant was applied to
a 145-mg C8 end-capped SPE light column (International
Sorbent Technology, Waters). The column was washed with
methanol (2 ml) followed by distilled water (2 ml) before
applying the sample (400 pl of supernatant + 350 pl of
distilled water). The column was washed with water (2 ml)
before selective elution of MDMA with methanol (1 ml).
An aliquot (20 pl) of the resulting eluate was injected
into a Waters HPLC system which consisted of a pump
(Waters 510) linked to a manual sample injector (loop
20 pl, Rheodyne), a stainless steel column (RP 18, 5 pm,
150 x 4.6 mm, XTerra) fitted with a pre-column (RP 18,
5 um, 20 x 3.9 mm, XTerra), and a UV/visible detector
(Waters 2487). The current produced was monitored using
an integrator (Waters M745). The mobile phase consisted
of 20-mM potassium dihydrogen phosphate (75%) and
acetonitrile (25%), pH 2.5; the flow rate was set to
0.8 ml/min and UV absorption was measured at 235 nm.

Statistics

Data from ELISA, EMSA and binding studies were ana-
lysed using one-way ANOVA followed by the Newman-—
Keuls multiple-comparisons test when a significant F value
was obtained. Data from brain MDMA concentration were
analysed using Student’s test. Statistical analyses of the
temperature measurements were performed using the sta-
tistical computer package BMDP/386 Dynamic (BMDP
Statistical Solutions, Cork, Ireland). Data were analysed by
ANOVA with repeated measures (program 2V) or, where
missing values occurred, an unbalanced repeated measure
model (program 5V). Both used treatment as the between-
subjects factor and time as the repeated measure. ANOVA
was performed on both pre- and post-treatment data.

Results

Effect of Minocycline on MDMA-Induced Loss
of 5-HT Transporters and Hyperthermia

One-way ANOVA indicated that there was a significant
effect of treatment in frontal cortex (F334 = 25.64,
P < 0.0001; Fig. la) and hypothalamus (F3 ;6 = 6.20,
P = 0.0076; Fig. 1b). Post hoc Newman—Keuls test
revealed that MDMA produced a significant reduction in the
density of 5-HT uptake sites in frontal cortex (Fig. 1a) and
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hypothalamus (Fig. 1b) 7 days after drug injection. The
high-dose regimen of minocycline administration attenuated
this effect in frontal cortex (Fig. la), the effect being not
significant in the hypothalamus (Fig. 1b). There was no
neuroprotective effect following the lower dose of

<« Fig. 1 Effect of minocycline on MDMA-induced loss of 5-HT
uptake sites in frontal cortex (a) and hypothalamus (b) and
hyperthermia (c¢). Minocycline was injected i.p. every 12 h during
two consecutive days at 45 mg/kg the first day and 90 mg/kg the
second day. MDMA (12.5 mg/kg, i.p.) was injected immediately after
the third injection of minocycline. Animals were killed 7 days after
MDMA injection to perform [*H]-paroxetine binding in cortex and
hypothalamus. Results are shown as mean & SEM (n = 4-11).
Different from saline group: * P < 0.05, *** P < 0.001. Different
from MDMA-treated group: AA p < 0.01. Different from minocy-
cline-treated group: ' P < 0.05, P <0.01. MDMA produced a
marked increase in rectal temperature which peaked 30 min after drug
administration and was sustained up to 6 h after treatment
[F12, = 24.07, P < 0.001]. Minocycline did not modify the hyper-
thermic response to MDMA [F) 5, = 0.18, P = 0.65, n.s.] or did it
modify the rectal temperature of saline-treated rats [F ;6 = 0.0008,
P =097, ns.]

minocycline (data not shown); therefore, the lower dose was
not used in the rest of experiments. Minocycline did not alter
the density of 5-HT uptake sites in saline-treated rats.
MDMA produced a hyperthermic response which
peaked between 30 and 60 min after treatment and was
sustained for up to 6 h after MDMA injection. Minocycline
had no effect on the hyperthermia of MDMA (Fig. 1c) or
the rectal temperature of saline-treated animals (Fig. 1c).

Effect of Minocycline on Microglial Activation
and IL-1/ Release

Figure 2 shows OX-42 immunostaining in frontal cortex
(upper panel) and hypothalamus (lower panel) of rats
treated with minocycline and MDMA in combination or
alone. There was increased OX-42 immunoreactivity in
frontal cortex and hypothalamus 24 h after MDMA injec-
tion (Fig. 2b, f). Minocycline administration strongly
reduced the number of OX-42 positive cells in both frontal
cortex (Fig. 2c) and hypothalamus (Fig. 2g) 24 h after
MDMA administration. Minocycline did not modify
0X-42 immunostaining in saline-treated rats (Fig. 2d, h).

Regarding data of IL-1f release, one-way ANOVA
indicated that there was a significant effect of treatment in
frontal cortex (F337; = 7.17, P = 0.0007; Fig. 3a) and
hypothalamus (F3,3 = 23.41, P < 0.0001; Fig. 3b). Post
hoc Newman—Keuls test revealed that MDMA produced a
substantial increase in IL-1f levels in frontal cortex
(Fig. 3a) and hypothalamus (Fig. 3b) 3 h after drug
administration. Minocycline significantly reduced this
effect in frontal cortex but not in hypothalamus (Fig. 3a, b).
Minocycline did not alter IL-1f levels in the brain of sal-
ine-treated rats (Fig. 3a, b).

Changes Induced by MDMA in NFxB Activation

One-way ANOVA indicated that there was a significant
effect of treatment in frontal cortex (Fy,3 = 7.70,
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Fig. 2 OX-42 immunostaining in frontal cortex (upper panel) and
hypothalamus (lower panel) showing the effect of minocycline on
MDMA-induced microglial activation: a, e saline and vehicle; b, f
MDMA and vehicle; ¢, g minocycline and MDMA; d, h minocycline
and saline. Minocycline was administered twice a day (12-h apart)
during two consecutive days at 45 mg/kg i.p. (first day) and 90 mg/kg
(second day). MDMA (12.5 mg/kg, i.p.) was administered immedi-
ately after the third minocycline injection. Rats were killed 24 h after

P =0.0017; Fig. 4a) and hypothalamus (F459 = 7.32,
P = 0.0015; Fig. 4b). Post hoc Newman—Keuls test
revealed that shortly after MDMA administration there was
an increase in NFxB (p50/p65 heterodimer) DNA-binding.
This effect was evident 1 and 3 h after MDMA injection in
both frontal cortex (Fig. 4a) and hypothalamus (Fig. 4b). No
change was observed in either area 6 h after MDMA injec-
tion (Fig. 4a, b).

Effect of Minocycline and PDTC on MDMA-Induced
NFxB Activation

With respect to the minocycline study, one-way ANOVA
indicated that there was a significant effect of treatment in
frontal cortex (F3 9 = 4.46, P = 0.0186; Fig. 5a) and
hypothalamus (F3 34 = 9.99, P < 0.0001; Fig. 5b). Post hoc
Newman—Keuls test revealed that MDMA (12.5 mg/kg, i.p.)
administration increased the DNA binding of the p65/p50
heterodimer of NFxB 1 h after drug injection in frontal
cortex (Fig. 5a) and hypothalamus (Fig. 5b). Minocycline
reduced the NFkB DNA binding induced by MDMA 1 h
after drug administration in frontal cortex (Fig. 5a) but notin
hypothalamus (Fig. 5b). Minocycline did not modify the
NFxB binding activity in saline-treated animals (Fig. 5a, b).

Regarding the PDTC study, one-way ANOVA indicated
that there was a significant effect of treatment in frontal
cortex (F5,3 = 3.51, P = 0.0415; Fig. 6a) and hypothal-
amus (F5359 = 10.30, P = 0.0001; Fig. 6b). Post hoc
Newman-Keuls test revealed that MDMA (12.5 mg/kg,
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MDMA administration. OX-42 immunostaining reveals the presence
of activated microglia throughout the frontal cortex (b) and
hypothalamus (f) 24 h after MDMA injection. Rats treated with
minocycline and MDMA showed a decrease in the number of OX-42-
stained cells both in frontal cortex (c¢) and hypothalamus (g) when
compared with MDMA-treated rats (b, f). Minocycline did not change
0X-42 immunostaining in saline-treated animals (d, h). Scale bar
25 pm

1.p.) administration increased the DNA binding of the p65/
P50 heterodimer of NFxB 1 h after drug injection in frontal
cortex (Fig. 6a) and hypothalamus (Fig. 6b). PDTC
(100 mg/kg, i.p.) given immediately before MDMA
(12.5 mg/kg, i.p.) prevented the effect of MDMA in frontal
cortex (Fig. 6a) but not in hypothalamus (Fig. 6b). PDTC
treatment did not modify the NFxB DNA binding in saline-
treated animals (Fig. 6a, b).

Effect of PDTC on MDMA-Induced Loss of 5-HT
Transporters and Hyperthermia

One-way ANOVA indicated that there was a significant
effect of treatment in frontal cortex (F3,;5 = 20.35,
P < 0.0001; Fig. 7a) and hypothalamus (F3,4 = 11.25,
P < 0.0001; Fig. 7b). Post hoc Newman—Keuls test revealed
that animals treated with PDTC (100 mg/kg, i.p.) immedi-
ately before MDMA administration (12.5 mg/kg, i.p.)
showed attenuation in the loss of 5-HT uptake sites observed
in MDMA-treated animals in frontal cortex (Fig. 7a) but not
in hypothalamus (Fig. 7b). A lower dose of PDTC (50 mg/kg,
i.p.) did not modify the loss of 5-HT uptake site density
induced by MDMA in frontal cortex (data not shown).

MDMA (12.5 mg/kg, i.p.) administration to rats induced
a rise in rectal temperature which peaked 30 min after
injection (Fig. 7c). Pre-treatment with PDTC (100 mg/kg,
i.p.) did not modify the MDMA-induced hyperthermia
(Fig. 7c¢) or the rectal temperature of saline-treated animals
(Fig. 7c¢).
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Fig. 3 Effect of minocycline on the MDMA-induced changes in
interleukin-1beta (IL-1f) levels in frontal cortex (a) and hypothala-
mus (b). Minocycline was administered twice a day (12-h apart)
during two consecutive days at 45 mg/kg i.p. (first day) and 90 mg/kg
(second day). MDMA (12.5 mg/kg, i.p.) was administered immedi-
ately after the third minocycline injection. Rats were killed 3 h after
MDMA administration. Results are shown as mean + SEM (n =
4-13). Different from saline group: ** P < 0.01, *** P < 0.001.
Different from MDMA-treated group: AAA p < 0.001. Different from
PDTC-treated group: " P < 0.001

Effect of Minocycline and PDTC on Cortical Levels
of MDMA

In order to investigate the possible effect of minocycline
and PDTC on the concentration of MDMA in the brain, rats
were given each compound plus MDMA following the
same protocol as that used in the experiments mentioned

before. Rats were killed 1 h after MDMA injection. There
was no difference between the MDMA levels found in the
frontal cortex of rats treated with minocycline plus MDMA
(27.50 £ 2.07 nmol/g tissue, n = 5) and those treated only
with MDMA (31.78 £ 0.50 nmol/g tissue, n = 5). In a
separate experiment the MDMA levels found in the cortex
of rats treated with PDTC (100 mg/kg, i.p.) and MDMA
(25.06 = 2.11 nmol/g tissue, n = 4) were similar to those
observed in rats treated with MDMA alone
(20.43 £ 5.60 nmol/g tissue, n = 4).

Discussion

This study shows for the first time that the semi-synthetic
tetracycline minocycline attenuates the MDMA-induced
damage to 5-HT nerve endings in the frontal cortex of Dark
Agouti rats and that the beneficial effect is associated with
reduction of IL-1f release and microglia activation which
remain in resting state when the animal is treated with
minocycline. Minocycline exhibits region-specific actions
in the CNS. In the hypothalamus, although minocycline
treatment attenuates microglial activation, it does not
reduce IL-1p release and it fails to afford protection against
5-HT neurotoxicity induced by MDMA.

IL-1f is generated as an inactive 31-kDa precursor
protein (pro-IL-1f) (March et al. 1985) which is proteo-
lytically processed into the 17-kDa mature IL-15 by a
specific intracellular cysteine protease, the IL-1 convert-
ing enzyme (ICE) also termed caspase-1 (Thornberry et al.
1992). The enzyme is localized in the cytoplasm and on the
external cell surface membranes where it forms a pore
allowing the release of IL-1p from cells (Singer et al. 1995;
Ferrari et al. 1996) to function as an intercellular messen-
ger (Singer et al. 1995; Miossec et al. 1996). It has been
demonstrated that minocycline attenuates the increased
expression of procaspase-1 and inhibits caspase-1 upregu-
lation induced by the R6/2 transgenic model of Hunting-
ton’s disease in the brain (Chen et al. 2000; Mievis et al.
2007), reduces the induction of caspase-1 mRNA following
global brain ischemia (Yrjénheikki et al. 1998; Chen et al.
2000), and prevents diabetes-induced activation of caspase-
1 in the early phase of diabetic retinopathy (Mohr 2004).
Thus, it would to be expected that this tetracycline would
be able to reduce IL-1p release in both brain areas. Nev-
ertheless, we have recently observed regional heterogeneity
in the release of IL-1p in response to MDMA (O’Shea et al.
2005). MDMA alters, in a region-specific manner, the
mechanisms which regulate IL-1§ production in the brain
of Dark Agouti rats. Thus, MDMA shortly after adminis-
tration increases pro-IL-18 synthesis and, in addition,
facilitates the conversion of the inactive pro-IL-1f to the
active form in the frontal cortex. This latter change is
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reflected by both an increase in caspase-1-like protease
activity, and a higher protein expression of the p20 subunit,
the active form of caspase-1. However, these effects are not
observed in the hypothalamus since MDMA does not
modify pro-IL-18 synthesis or caspase-1-protease cleavage
in spite of also producing a rise in IL-1f release. These
data indicate that the mechanisms leading to MDMA-
induced externalization of IL-1f show region-specific dif-
ferences and that in some brain areas such as hypothalamus
IL-1p export is regulated independently of caspase-1-like
protease activation. Thus, regional differences in the
expression and elaboration of IL-1§ may determine the
susceptibility of brain regions to minocycline.

Our results show for the first time that MDMA produces
NFxB pathway activation reflected as an increase in p65/
p50 heterodimer DNA binding in frontal cortex and
hypothalamus between 1 and 3 h after drug injection. The
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IL-1p release after MDMA injection could be one of the
stimuli responsible for NFxB activation. There is abundant
evidence that IL-1f acting through type-I IL-1 receptor
(IL-1R1) can promote NFxB activity in brain cells via
phosphorylation and degradation of IxBs (Auron 1998;
Hu et al. 2005). Persistent IL-1f signalling causes activa-
tion of NFxkB in human glial cells (Griffin and Moynagh
2006) and i.c.v administration of IL-1f induces NFxB
activation in ependymal cells lining the lateral and third
ventricle, choroid plexus, preoptic area and dentatus gyrus
(Konsman et al. 2000). The effect of MDMA on IL-1f
release (Orio et al. 2004) lasted longer than that on NFxB
activation (this paper), which may indicate that activation
of the transcription factor NFxB regulates the expression of
a large number of different genes involved in inflammation
which includes enzymes such as COX-2 and iNOS (Xie
et al. 1994; Nadjar et al. 2005) and more proinflammatory
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Fig. 5 Effect of minocycline on
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cytokines such as IL-1f in a cyclic mechanism involving
further IL-1p release and inflammation (Ahn and Aggarwal
2005).

In addition, suppression of the increase in cortical IL-1
levels by minocycline inhibits the MDMA-induced NFxB
DNA binding in frontal cortex, whilst it has no effect in the
hypothalamus where minocycline does not modify
MDMA -induced IL-1p release.

Minocycline attenuates the MDMA-induced loss of 5-HT
transporters in the frontal cortex and this protection is
associated with the reduction of MDMA-induced IL-1§
release and microglia activation and with the attenuation in
the NFxB binding activity. In the hypothalamus, neither
neuroprotection nor a reduction in IL-1p release or NFxB
binding activity is observed although microglial activation
was attenuated. It is worth noting that in the hypothalamus, a
region with a readily releasable pool of mature IL-1f of
neuronal origin (Lindberg et al. 2004), glial cells seem not to
be the only source for the expression of this cytokine. There
is evidence for the neuronal origin of immunoreactive IL-1§

whose release is modulated by dopamine and corticotropin-
releasing hormone in a concentration-dependent manner
(Tringali et al. 1996, 1997) and it is well known that MDMA
administration rapidly increases the extracellular concen-
tration of dopamine in several brain areas.

Our findings on the effect of minocycline on MDMA
neurotoxicity are at least partially consistent with those
reported by Zhang et al. (2006). These authors showed that
minocycline partially prevented the MDMA-induced 5-HT
loss in frontal cortex and dopamine loss in the striatum of
mice. Minocycline was also able to reduce microglial
activation in the striatum. Nevertheless, the MDMA-
induced microglial activation in mice seems not to be
involved in the long-term loss of 5-HT occurring in frontal
cortex as there is no microglial activation in this brain area
following MDMA.

Reports on the effect of amphetamine derivatives on
NFkB activation are scarce. Recently, Lai et al. (2009)
have shown that methamphetamine, at doses produc-
ing dopamine neurotoxicity (three consecutive doses,
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Fig. 6 Effect of PDTC on
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10 mg/kg each), enhances nuclear NFxB expression in
striatal tissue 24 and 72 h after administration to mice.
Mice also show an increased expression of TNF-a. Both
factors seem to be involved in methamphetamine-induced
damage as manipulations preventing the elevated TNF-a
expression and activation of NFxB reduce methamphet-
amine-induced dopamine depletion.

NFxB has been found to be activated in response to a
broad range of stimuli and conditions which include an
increase in oxidative stress (Bowie and O’Neill 2000) and
it is well known that MDMA and methamphetamine pro-
duce a rise in free radical content immediately after
injection (Colado et al. 1997; Shankaran et al. 1999; Imam
et al. 2001) which is involved in the neurotoxic effects
induced by the amphetamines. In this study, the relatively
specific inhibitor of NFxB activation PDTC attenuates the
MDMA-induced increase in cortical NFkB DNA binding
and partially prevents neurotoxicity in this same brain area.
PDTC inhibits the activity of IxB-ubiquitin ligase (Hayakawa
et al. 2003), an enzyme which degrades inhibitory IxB unit
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and frees NFkB for translocation and DNA binding. In
addition, PDTC is also known to be a powerful thiol
antioxidant (Bowie and O’Neill 2000; Tsuchihashi et al.
2003) and it scavenges haemin- and FeSO4-induced ROS
in cultured neurons; therefore, this could be responsible for
inhibition of the MDMA-induced NFxB activation leading
to its neuroprotective actions. We cannot rule out the
possibility that the antioxidant properties of PDTC may
play a role in preventing MDMA-induced neurotoxicity.

What can also be stated unequivocally is that the neu-
roprotective effects of minocycline and PDTC against
MDMA toxicity are not related to an effect on body tem-
perature. The hyperthermic response immediately follow-
ing MDMA was not modified in rats also given either
minocycline or PDTC. In addition, neuroprotection appears
to be unrelated to changes in MDMA metabolism since
neither minocycline nor PDTC altered the concentration of
MDMA in the brain.

Taken together, our results show that minocycline sig-
nificantly attenuated the long-term loss of cortical 5-HT
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transporters induced by MDMA and acutely reduced
microglial activation, IL-1f release and NFxB activation.
The antioxidant PDTC also prevented the loss of the 5-HT
marker in frontal cortex and NFxB binding activity. These
results indicate that NFxB activation is involved in

<« Fig. 7 Effect of PDTC on MDMA-induced loss of 5-HT uptake sites
in frontal cortex (a) and hypothalamus (b) and hyperthermia (c).
PDTC (100 mg/kg, i.p.) was injected immediately before MDMA
administration (12.5 mg/kg, i.p.). Animals were killed 7 days after
treatment. Results are shown as mean = SEM (n = 4-8). Different
from saline group: * P < 0.05, ** P < 0.01, *** P < 0.001. Different
from MDMA-treated group: ** P < 0.01. Different from PDTC-
treated group: T p <0.01. MDMA produced a marked increase in
rectal temperature which peaked 30-60 min after drug administration
and was sustained up to 6 h after treatment [F; ;o = 72.7, P < 0.001].
Pre-treatment with PDTC (100 mg/kg, i.p.) did not modify the
hyperthermic response to MDMA [F; ;53 = 2.40, P = 0.15, n.s.] or the
rectal temperature of saline-treated rats [F; o = 0.26, P = 0.62, n.s.]

MDMA-induced neurotoxicity possibly through a mecha-
nism involving IL-1f signalling.
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