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Abstract

3,4-Methylenedioxymethamphetamine (MDMA or “ecstasy”) is a widespread drug of abuse with known neurotoxic proper-
ties. The present study aimed to evaluate the differential toxic effects of MDMA in adolescent and aged Wistar rats, using
doses pharmacologically comparable to humans. Adolescent (post-natal day 40) (3 x5 mg/kg, 2 h apart) and aged (mean 20
months old) (2 x5 mg/kg, 2 h apart) rats received MDMA intraperitoneally. Animals were killed 7 days later, and the frontal
cortex, hippocampus, striatum and cerebellum brain areas were dissected, and heart, liver and kidneys were collected. MDMA
caused hyperthermia in both treated groups, but aged rats had a more dramatic temperature elevation. MDMA promoted
serotonergic neurotoxicity only in the hippocampus of aged, but not in the adolescents’ brain, and did not change the levels
of dopamine or serotonin metabolite in the striatum of both groups. Differential responses according to age were also seen
regarding brain p-Tau levels, a hallmark of a degenerative brain, since only aged animals had significant increases. MDMA
evoked brain oxidative stress in the hippocampus and striatum of aged, and in the hippocampus, frontal cortex, and striatum
brain areas of adolescents according to protein carbonylation, but only decreased GSH levels in the hippocampus of aged
animals. The brain maturational stage seems crucial for MDMA-evoked serotonergic neurotoxicity. Aged animals were
more susceptible to MDMA-induced tissue damage in the heart and kidneys, and both ages had an increase in liver fibrotic
tissue content. In conclusion, age is a determinant factor for the toxic events promoted by “ecstasy”’. This work demonstrated
special susceptibility of aged hippocampus to MDMA neurotoxicity, as well as impressive damage to the heart and kidney
tissue following “ecstasy”.
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ALT Alanine aminotransferase

AST Aspartate aminotransferase

ATP Adenosine triphosphate

BSA Bovine serum albumin

CHAPS  3-[(3-Cholamidopropyl)dimethylammonio]-
1-propanesulfonate hydrate

CKMB  Creatine kinase MB isoenzyme

DA Dopamine

DTT Dithiothreitol

EDTA  Ethylenediamine tetraacetic acid

GFAP Glial fibrillary acidic protein

GSH Reduced glutathione

GSHt Total glutathione

GSSG Oxidized glutathione

HEPES  4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic
acid

5-HIAA 5-Hydroxyindoleacetic acid

HNE Hydroxynonenal

HPLC High-performance liquid chromatography

i.p. Intraperitoneal

MDMA  3,4-Methylenedioxymethamphetamine
(MDMA,; “ecstasy”)

NA Noradrenaline

PBS Phosphate-buffered saline

OD Optic density

PMSF Phenylmethanesulfonyl fluoride

PND Post-natal day

p-Tau Phosphorylated Tau

ROS Reactive oxygen species

SERT Serotonin transporter

SDS Sodium dodecyl sulphate

TCA Trichloroacetic acid

TPH Tryptophan hydroxylase

Introduction

The ring-substituted amphetamine derivative 3,4-methylen-
edioxymethamphetamine (MDMA or “ecstasy”) is a well-
known and widely abused drug (Capela et al. 2009; Car-
valho et al. 2012). The United Nations Office on Drugs and
Crime estimated that 22 million people had used “ecstasy”
in 2015 worldwide (UNODC 2017). According to the Euro-
pean Drug Report, 14 million European adults (aged 15-64)
used MDMA at some time in their lives, and 2.3 million
young adults (15-34) used MDMA in 2016 (EMCDDA
2017). Concerns on MDMA abuse especially rely on its
serotoninergic neurotoxicity and on the long-term cogni-
tive and psychiatric problems found in users (Capela et al.
2009; Carvalho et al. 2012; Klomp et al. 2012). In addition,
toxic actions in the peripheral organs have been reported in
humans, including cardiac, hepatic or renal toxicity (Andreu
et al. 1998; Armenian et al. 2013).
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In the rat’s brain, MDMA induces acute noradrenaline
(NA), serotonin [5-hydroxytryptamine (5-HT)] and dopa-
mine (DA) release (Capela et al. 2009; Cuyas et al. 2014).
As a long-term consequence of MDMA exposure, depletion
of 5-HT and its metabolites, as well as decrease in 5-HT
transport have been consistently reported in rats (Alves
et al. 2009; Kindlundh-Hogberg et al. 2007; Reveron et al.
2005). In general, investigators wait 1 to 2 weeks following
MDMA administration to confirm the long-lasting mono-
amine depletion evoked by the drug to laboratory animals
(Broening et al. 1995; Capela et al. 2009; Goni-Allo et al.
2008a; Malberg and Seiden 1998). MDMA also inhibits the
activity of tryptophan hydroxylase (TPH) and monoamine
oxidase A (Capela et al. 2009; Che et al. 1995; Goni-Allo
et al. 2008b). In addition, the increase of DA and 5-HT
metabolism in the nerve endings and the MDMA metabo-
lites contribute to the neurotoxic actions by increasing reac-
tive oxidative species (ROS) formation (Alves et al. 2009;
Capela et al. 2007; Colado et al. 1997).

Besides its central effects, MDMA also induces periph-
eral toxicity. In recreational users, MDMA promotes a sym-
pathomimetic response with increased blood flow, increased
heart rate and also hyperthermia, which in severe cases, can
lead to rhabdomyolysis, kidney and liver failure, culminating
in death (Hall and Henry 2006; Henry et al. 1992).

Hyperthermia has been consistently reported in labora-
tory animals after MDMA exposure, and it was shown to
enhance MDMA neurotoxic actions (Che et al. 1995; Goni-
Allo et al. 2008a). In addition, age seems to influence the
hyperthermic response. In a study done by Broening and
colleagues, young rats (PND10) exposed orally to MDMA
(20 or 40 mg/kg) did not show any hyperthermic response,
while rats at PND40 and PND70 showed an hyperthermic
response after being exposed to the same dose of the drug
(Broening et al. 1995). In a study conducted by Goni-Allo
and colleagues, after administration of MDMA in a binge
dose regimen [3 x5 mg/kg, every 2 h, intraperitoneally
(i.p.)], adult rats peaked temperatures above 39 °C (Goni-
Allo et al. 2008a). Adolescent rats (PND 40), when exposed
to the same dose regimen of the previous study, never sur-
passed 39 °C even after the third MDMA dose (Teixeira-
Gomes et al. 2016). In agreement with these findings, there
are some reports that argue for the importance of the age of
exposure to MDMA either in humans (Klomp et al. 2012)
or in rats (Kelly et al. 2002; Kolyaduke and Hughes 2013;
Teixeira-Gomes et al. 2015). In rodents, MDMA neuro-
toxic effects seem to be less severe in perinatal, neonatal or
even adolescent animals when compared to adult animals
(Teixeira-Gomes et al. 2015). In humans, the age and the
stage of brain development may influence the neurotoxic
outcome after drug exposure. Human studies have shown
that “ecstasy” consumed at early adolescence (first exposure
14-18 years old) and at late adolescence/young adult (first
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exposure 18-36 years old) age have different outcomes on
the 5-HT system projection densities, which was found to
have an inverse relationship between groups (Klomp et al.
2012). Whereas in the adolescent group serotonin transporter
(SERT) density was found to be elevated, in the adolescent/
young adult group such hyperdensity was not observed. This
finding was related to the brain maturation stage at the age
of MDMA exposure (Klomp et al. 2012).

The adolescent brain is still in an active developing stage
and the toxic effects to the brain and their later consequences
are poorly known. The evaluation whether MDMA causes
any type of effect on aging is still unknown. Furthermore,
the consequences of MDMA misuse in the aged brain are
undisclosed and studies in animals of different ages may
render important findings, since the age factor contribution
for MDMA toxic effects remains to be clarified.

The vast majority of studies do not explore the differential
toxicity of MDMA to animals of dissimilar ages. Moreover,
many reports conducted in laboratory animals frequently use
high MDMA doses, rendering difficult the extrapolation to
the human situation. Additionally, most studies focus on
the neurotoxicity of MDMA and neglect the toxic events
evoked by “ecstasy” to peripheral organs. Therefore, this
work aimed to understand the differential toxic-related con-
sequences of a moderate binge MDMA regimen to either
adolescent or aged rats, with doses that are equivalent to
those consumed by humans. Four brain areas (frontal cortex,
striatum, hippocampus and cerebellum) and three peripheral
organs (heart, liver and kidneys) were collected and stud-
ied regarding several biochemical and histological mark-
ers. To the best of our knowledge, this work was the first to
expose aged animals to MDMA and compare the differen-
tial effects to adolescent animals, in such a broad panel of
determinations.

Materials and methods
Materials

MDMA was extracted and purified from high purity MDMA
tablets provided by the Portuguese Criminal Police Depart-
ment, and transformed to the respective HCI salt. The
MDMA salt was fully characterized by nuclear magnetic
resonance and mass spectrometry (Capela et al. 2006, 2007).
MDMA was dissolved in 0.9% NaCl and filtered using a 0.2-
uM filter under a sterile environment.

Isoflurane (Isoflo® 100% p/p) was purchased from Abbot
Animal Health, (Esteve Veterinaria, Italy). The local anaes-
thetic EMLA® (Lidocaine 25 mg/g+ Prilocaine 25 mg/g)
was purchased from AstraZeneca AB (London, UK).

The caspases 3 (Ac-Asp-Gln-Asp-MCA), 8 (Ac-lle-
Glu-Thr-Asp-MCA) and 9 (Ac-Leu-Glu-His-Asp-MCA)

substrates were purchased from Peptanova (Sand-
hausen, Germany). The 4-(2-hydroxyethyl)piperazine-
1-ethanesulfonic acid (HEPES), 3-[(3-cholamidopropyl)
dimethylammonio]-1-propanesulfonate hydrate (CHAPS),
dithiothreitol (DTT), Tris—HCI, reduced glutathione (GSH),
oxidized glutathione (GSSG), nicotinamide adenine dinucle-
otide phosphate reduced form, Triton X-100, phenylmethyl-
sulphonyl fluoride (PMSF), 5,5-dithio-bis(2-nitrobenzoic
acid), glutathione reductase, bovine serum albumin (BSA),
adenosine 5'-triphosphate disodium salt hydrate (ATP)
(>99% purity), and protease inhibitor cocktail were obtained
from Sigma-Aldrich (St. Louis, MO, USA). ABX Pentra
reagents were purchased from HORIBA (Kyoto, Japan).
The following primary antibodies were used: rabbit anti-
dinitrophenyl primary antibody A-6430 from Thermo Fisher
Scientific (MA, USA), rabbit polyclonal anti-phosphorylated
protein Tau (p-Tau) at residue Ser396 SAB4504557, rab-
bit polyclonal anti-glial fibrillary acidic protein (GFAP)
G9269, clone HM-2 M4403 and mouse monoclonal anti-
a-tubulin antibody T6074 were all purchased from Sigma-
Aldrich. The primary antibody rabbit polyclonal anti-4-hy-
droxynonenal (HNE) ab46545 was purchased from Abcam
(Cambridge, United Kingdom). Anti-rabbit and anti-mouse
IgG-peroxidase polyclonal antibodies and 0.45um Amer-
sham Protran nitrocellulose blotting membrane were pur-
chased from Amersham Pharmacia Biotech (Buckingham-
shine, United Kingdom). Bio-Rad RC DC protein assay Kkit,
the Clarity™ Western ECL Substrate, Mini-PROTEAN®
TGX™ Precast Gels and the nitrocellulose membranes
(Trans-Blot® Turbo™ Mini Nitrocellulose Transfer Packs)
were purchased from Bio-Rad Laboratories (Hercules, CA,
USA). The bicinchoninic acid (BCA) protein assay was pur-
chased from Thermo Fisher Scientific (MA, USA).
Histosec paraffin pastilles were obtained from Merck
(Darmstardt, Germany). Xylene was purchased from Fis-
cher Scientific (Loughborough, United Kingdom). Eosin
1% aqueous was purchased from Biostain (Traralgon, Aus-
tralia). Harris Hematoxylin was purchased from Harris Sur-
gipath (Richmond, IL, USA) and Histofluid from Marien-
feld (Lauda-Konigshofen, Germany). Other chemicals were
obtained from Sigma-Aldrich, unless otherwise stated.

Animal model

Wistar male rats used in the study were bred in the rodent
animal house facility of the Institute of Biomedical Sci-
ences of Abel Salazar, University of Porto (ICBAS-UP).
Housing and experimental treatment of the animals were
in accordance with the guidelines defined by the European
Council Directive (2010/63/EU) transposed into Portuguese
law (Decreto-Lei no. 113/2013). Moreover, the experi-
ments were performed with the approval of the Portuguese
National Authority for Animal Health (General Directory of
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Veterinary Medicine) (process no. 0421/000/000/2015) and
the Ethical Committee of the Faculty of Pharmacy, Univer-
sity of Porto (process no. 17/03/2014). The animals were
kept under controlled environment conditions (temperature
22.0+2.0 °C, 40% humidity, 12 h light/dark cycles) and had
ad libitum access to food and water. All procedures were car-
ried out to provide appropriate animal care, minimizing their
suffering and animals had permanent veterinary supervision
throughout the experimental period.

Two groups of animals were used: ten adolescent rats at
postnatal day (PND) 40 with an average weight of 165 g
(protocol I) and 11 aged rats, with an average age of 20
months (18-22 months old) and average weight of 500 g
(protocol II). We used PNDA40 rats as an adolescent model
in accordance to our previous study (Teixeira-Gomes et al.
2016), and the 20 months old rats were considered a rela-
tively ‘early’ stage of senescence (Slotkin et al. 2000). In
fact, neurodegeneration, synaptic dysmorphology and
peripheral organ dysfunction are likely to be present when
very old animals are used, obscuring primary effects of
lesion on synaptic or cellular function, and therefore we
focused on early aged animals rather than examining ani-
mals at the later phase of life span (Slotkin et al. 2000). In
addition, the expected mortality of very old animals could
lead to the death of the animal during the handling due to
natural causes.

Three days before the experiment, the dorsocervical
region was trichotomised and a local anaesthetic (EMLA®
Lidocaine 25 mg/g + Prilocaine 25 mg/g) was allowed to
act for about 60 min. Then, each animal was subjected to a
brief inhalatory anaesthesia with isoflurane, thus allowing
the subcutaneous insertion of a temperature transponder
(BioMedic Data Systems Inc., Seaford, DE) with mini-
mum animal discomfort. This procedure ensures precise
core body temperature measurements throughout the entire
experimental period, as previously described by our group
(Alves et al. 2009; Loureiro-Vieira et al. 2018; Teixeira-
Gomes et al. 2016). Two different solutions of MDMA
were prepared: 2.5 mg/mL (protocol I) and 5.0 mg/mL
(protocol II) in sterile 0.9% saline solution as to assure that
the administered volumes were within the recommended
range for each animal age. For protocol I, on the day of
the experiment, adolescent animals, which were housed in
groups so that their conspecific social interactions could
be maintained, were caged individually and divided into
control (n=35) or MDMA treated (n=15) group. Three
doses of sterile 0.9% saline solution were administered
i.p. every 2 h to the control group, whereas three doses of
5 mg/kg of body weight of MDMA were administered i.p.,
every 2 h to the MDMA group (MDMA, ., 4ose= 15 mg/
kg of body weight). In each case, the injections were in
different sides of the abdomen (left/right/left). Starting
with the first dose of administration, the temperature of
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each animal was measured and registered every 15 min to
a total of 6-7 h. To avoid any additional stress, the tem-
perature was measured in the dorsal region of the animal
without requiring any other manipulation. For the next 7
days, animals were monitored daily by specialized veteri-
narians. In addition, during this period the weight of the
animal, food and water intake were recorded daily, as well
as their temperature at approximately the same hour of the
first injection. This MDMA binge dosing protocol (three
doses of 5 mg/kg, i.p., every 2 h) used in adolescent rats
was previously described in adult 10-week-old Wistar rats
(mean 300 g body weight) to provide serotonergic toxicity
(Goni-Allo et al. 2008a).

Protocol II used aged animals and the same procedure
was done for the temperature transponder insertion. How-
ever, due to animal body size, no group housing was done
before the day of MDMA administration to maintain ani-
mal comfort. On the day of the experiment, animals were
divided into control (n=35) or MDMA group (n=06). In pro-
tocol II, two doses of MDMA 5 mg/kg of body weight were
administered i.p., 2 h apart (MDMA | 4osc = 10 mg/kg of
body weight), and controls received two saline injections.
Of note, in this group one animal was eliminated from the
study, because after the second dose, the body temperature
surpassed 41.6 °C, and despite cooling measures, the ani-
mal remained lethargic and died after a few hours following
MDMA administration. According to the allometric scaling
principles, this 10 mg/kg dose is approximately equivalent
to the dose of 15 mg/kg used in adolescent animals. Of note,
the use of a dose regimen of three doses of 5 mg/kg in aged
animals could lead to a high death rate.

Regarding the equivalence of these doses to humans, we
calculated the equivalence to humans based on the allo-
metric scaling principles using the formula human dose
(mg/kg) =animal dose (mg/kg) X (animal weight/human
Weight)l/4 (Beck et al. 2014). According to this relation-
ship, the dose used in adolescent rats (MDMA, ., dose =
15 mg/kg of body weight) is approximately equivalent
to 180 mg in a 50 kg human. Whereas the dose used in
aged rats (MDMA ;.1 4ose = 10 mg/kg of body weight) is
equivalent to 200 mg in a 70 kg human. “Ecstasy” abus-
ers normally take more than one tablet per session, ranging
from two to four tablets in accordance with the binge-dosing
pattern (Capela et al. 2009; Teixeira-Gomes et al. 2015).
In Europe, the average content of MDMA in tablets has
increased in recent years, and in accordance with the last
European Union report on drugs of 2017, “ecstasy” tablets
had an interquartile range of 50—110 mg with high purity
(EMCDDA 2017). We estimate that the dose used in our
protocol can be approximately equivalent to intake of two
pills by humans using the binge-dosing pattern. Therefore,
the present paradigm of MDMA exposure to animals mimics
the dose schedule used by humans.
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Tissue collection and treatment

On the 7th day after treatment, animals were anesthetized
and euthanized in a chamber with isoflurane. Immediately
following this procedure, blood was collected from the
inferior vena cava and rats were immediately decapitated.
Three organs were collected (heart, liver and kidneys) and
four brain areas were dissected on ice (frontal cortex, hip-
pocampus, striatum and cerebellum). Before sectioning, all
four organs collected (brain, liver, heart and kidney) were
weighted. These procedures were done in accordance with
our previous reports (Loureiro-Vieira et al. 2018; Teixeira-
Gomes et al. 2016).

Brain areas from the right side of the hemisphere were
homogenized in RIPA buffer and treated as previously
reported (Loureiro-Vieira et al. 2018; Teixeira-Gomes
et al. 2016). The resulting supernatant was divided into two
tubes: one for the quinoproteins assay and other for blotting
analysis (slot blot and western blot assays), and were kept
at — 80 °C until analysis. The left side of the hemisphere
was collected into a perchloric acid solution 5% (w/v) and
treated as we previously stated (Loureiro-Vieira et al. 2018;
Teixeira-Gomes et al. 2016). The supernatant was sepa-
rated for high-performance liquid chromatography (HPLC)
analysis of biogenic amines, reduced glutathione/oxidized
glutathione (GSH/GSSG) and ATP determination. Samples
were maintained at — 80 °C until analysis. The pellet was
also kept for protein determination and stored at —20 °C.

Sections of 2mm? from heart, kidneys and liver were col-
lected into a 4% paraformaldehyde solution in a phosphate-
buffered solution (PBS) and kept on ice for further histo-
logical treatment. Other pieces of these organs were also
collected into a complete lysis buffer [25 mM HEPES, 5 mM
MgCl,, 1 mM ethylenediaminetetraacetic acid (EDTA), 0.5%
Triton X-100 (v/v), | mM PMSF and 5 mM DTT, pH 7.4]
for determination of caspases activity and immediately fro-
zen at — 80 °C. Other fragments of the organs were stored in
RIPA buffer (150 mM NaCl, 1% Triton X-100, 0.5% sodium
deoxycholate, 0.1% sodium dodecyl sulphate, 50 mM Tris,
0.25 mM PMSF, 1 mM NaF, 1 mM NaVOj; plus proteases
inhibitor cocktail from Sigma-Aldrich, pH 8.0). At the day
of the assay, all RIPA samples were homogenized using a
sonicator (30 s, continuously), while maintaining the tube on
ice to avoid excessive heating. The resulting homogenized
product was centrifuged at 16,000g, 15 min at 4 °C, and the
supernatant separated into tubes for the quinoproteins assay
and slot-blot analysis, and immediately frozen at — 80 °C.
The remaining organ portion was homogenized using an
Ultra-Turrax homogenizer in a 0.1M KH,PO, solution (pH
7.4) and several aliquots were collected. One aliquot of the
homogenates was placed in perchloric acid at 5% (w/v)
final concentration, and then centrifuged at 16,000g, for
10 min at 4 °C, and the resulting supernatant was collected

and separated into tubes. They were immediately stored at
—20 °C for total GSH, GSSG or at — 80 °C for ATP determi-
nation. An aliquot of the initial organ homogenate was kept
at — 20 °C for protein determination.

Measurement of plasma markers of hepatic
or cardiac damage

The blood was collected in EDTA-containing tubes and
centrifuged at 920g for 10 min, to separate the plasma. The
plasma was frozen at —20 °C until measurement of total
creatine kinase (CK-R), creatine kinase MB isoenzyme
(CKMB), aspartate aminotransferase (AST) and alanine
aminotransferase (ALT) activities. These parameters were
determined using enzymatic assays in the apparatus ABX
Pentra 400 (HORIBA, Kyoto, Japan), as we previously
reported (Loureiro-Vieira et al. 2018).

Histology procedures and optical microscopy
analysis of tissue sections

All histological procedures were conducted according to
previously published procedures (Dores-Sousa et al. 2015;
Loureiro-Vieira et al. 2018; Teixeira-Gomes et al. 2016).
The sections of heart, kidney and liver were subjected to two
types of staining: hematoxylin and eosin for routine histo-
logical evaluation and Sirius red for fibrous tissue staining.

All preparations were analyzed and photographed using
a Carl Zeiss Imager Al light microscope equipped with
AxioCam MRc 5 digital camera (Oberkochen, Germany).
For Sirius red analysis, several sections from the heart, kid-
neys and liver of three animals from each group were done.
Each animal/organ yielded one slide containing five tissue
sections, which were photographed and analyzed using
the Image-Pro Plus 6.0 software (Media Cybernetics, Inc.,
Rockville, MD, USA). The fibrous tissue stains bright red
and the surrounding tissue stains yellow, which allows for a
quantification of the percentage area of collagen (red) and
surrounding tissues (yellow). The results are presented as
percentage area per ratio of collagen/cardiomyocytes (heart),
renal cells (kidney) or hepatic cells (liver), as previously
reported by our group (Dores-Sousa et al. 2015).

Assessment of caspases 3, 8 and 9 activities

The activity of each caspase was assessed by fluorescence
assays in peripheral organs, as previously described by
our group (Dores-Sousa et al. 2015; Teixeira-Gomes et al.
2016). Briefly, after thawing, tissues were lysed in com-
plete caspase assay lysis buffer and homogenized using a
Potter AGV-8 Bunsen (Madrid, Spain). The samples were
then centrifuged at 16,000g, 30 min at 4 °C, and the cyto-
plasmic fraction collected into new tubes that were kept on
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ice. For the enzymatic reactions, 50 uL of cell lysates were
placed in a black 96-well plate followed by 200 uL of assay
buffer (100 mM NaCl, 50 mM HEPES, 1 mM EDTA, 10%
glycerol (v/v), 0.1% CHAPS (w/v), 10 mM DTT, pH 7.4).
The following substrates were used in a final concentration
of 100 uM: Ac-Ile-Glu-Thr-Asp-MCA for caspase 8 activ-
ity, Ac-Leu-Glu-His-Asp-MCA for caspase 9 activity, and
Ac-Asp-Gln-Asp-MCA for caspase 3 activity. As negative
control, assay buffer (no cytoplasmic fraction) was used.
The reaction mixture was incubated at 37 °C, for 24 h, after
which fluorescence was evaluated (excitation 360 nm/emis-
sion 460 nm) using a microplate reader Biotech Synergy
HT (Winooski, VT, USA). Results were normalized to the
amount of protein sample loaded in each well. Caspase
activity was expressed in fluorescent units per pg of protein
(FU/ug protein).

Monoamines quantification by high performance
liquid chromatography

The left brain areas were used for the determination of
monoamine [DA, 5-HT and 5-hydroxyindoleacetic acid
(5-HIAA)] contents by high-performance liquid chro-
matography with coulometric electrochemical detection
(HPLC-CED), as previously described (Pereira et al. 2011).
The acidic supernatants obtained were filtered (9,000g,
10 min, 4 °C) using 0.2-um Nylon microfilters (Spin-X®
Centrifuge Tube Filter). Monoamines were separated on
a Grace Platinum EPS C18 column (4.6 mm X 150 mm;
100 A; 5 um) with a mobile phase (pH 2.5) consisting of
potassium dihydrogen phosphate (25 mM), 1-heptane sul-
phonic acid (0.4 mM), EDTA (50 uM), 3% acetonitrile (v/v).
Samples were quantified by an analytical cell (model 5011,
ESA Analytical, Dorton Aylesbury, Buckinghamshire, UK)
coupled to a Coulochem-II electrochemical detector (ESA,
Analytical) and set at E1 =+ 250 mV. Serotonin detection
was achieved using a flow rate of 1 mL/min and a sensitiv-
ity of 100nA, while DA detection was achieved using a flow
rate of 0.5 mL/min and a sensitivity of 500nA. Monoamine
concentration in each sample was determined by comparison
to peak areas of standards, and expressed in ng/mg protein.

Adenosine 5'-triphosphate levels

ATP levels in the heart, kidneys, liver and brain areas were
assessed by a bioluminescent assay based on the firefly reac-
tion of luciferin-luciferase system, as previously described
(Costa et al. 2007). For each measurement, an ATP stand-
ard curve was done (ATP >99% purity according to Sigma-
Aldrich). ATP in the samples/standards is consumed in the
reaction of luciferin oxidation by the luciferase enzyme and
emits light that is detected. Bioluminescence was imme-
diately read in a microplate reader Biotech Synergy HT
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(Winooski, VT, USA). The results were expressed in nmol
of ATP per mg of protein.

Total glutathione and oxidized glutathione levels

The determination of total glutathione (total GSH) and
GSSG levels was done by the 5,5'-dithiobis(2-nitrobenzoic
acid) (DTNB)-GSSG reductase recycling assay according
to previous works (Costa et al. 2007; Teixeira-Gomes et al.
2016). The levels of GSH were determined considering the
following ratio: GSH=total GSH — 2XGSSG. The results
were expressed in nmol of GSH or GSSG per mg of protein.

Quinoprotein levels

To determine the protein-bound quinones (quinoproteins)
in the different brain areas and also in peripheral organs,
the nitrotetrazolium blue/glycinate assay was performed as
detailed previously (Capela et al. 2007). RIPA lysates con-
taining 50 pg of protein in the case of brain areas, and 25 pg
of protein for the peripheral organs were used as samples,
and the results were expressed in OD at 535 nm per mg of
protein.

Protein carbonylation evaluation by slot blot

Protein carbonyls, an index of protein oxidation, were
determined as previously described (Barbosa et al. 2012,
2015; Teixeira-Gomes et al. 2016). Samples were allowed
to react with 2,4-dinitrophenylhydrazine, and then (0.2 pg)
were loaded into nitrocellulose membranes under vacuum,
using a Hybri-Slot apparatus (Filtration manifold, Gibco
BRL, Life Technologies, Gaithersburg, MD, USA). Then,
after washing and blocking, membranes were incubated
with a rabbit polyclonal anti-dinitrophenylhydrazine pri-
mary antibody (1:1,000) overnight, at 4 °C. After washing,
membranes were then incubated with the anti-rabbit IgG-
peroxidase secondary antibody (1:2,000) for 2 h, at room
temperature. Immunoreactive bands were detected using
the Clarity™ Western ECL Substrate, according to the sup-
plier’s instructions. Digital images were acquired using a
Molecular Imager® ChemiDoc™ XRS + System (Bio-Rad
Laboratories, CA, USA) and analyzed with Image Lab™
Software (Bio-Rad Laboratories, CA, USA). Optical density
results were expressed as % of control values.

Western blot analysis

Samples were diluted to an equal protein concentration,
and 50 uL were mixed with 50 pL SDS-PAGE reduc-
ing buffer [4% SDS(w/v), 125 mM Tris base (pH 6.8),
15% glycerol (v/v), 1% bromophenol blue (w/v), and 20%
B-mercaptoethanol (v/v)]. 60 pg of protein were loaded and
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separated in Mini-PROTEAN® TGX™ Precast Gels, at a
constant voltage of 150 mV, using a running buffer [25 mM
Tris Base, 19 mM glycine, and 0.1% SDS (w/v), pH 8.6].
Gels were transferred to nitrocellulose membranes (Trans-
Blot® Turbo™ Mini Nitrocellulose Transfer Packs), at a
constant amperage of 2.5 mA, for 10 min, in a Trans-Blot®
Turbo™ Transfer System (Bio-Rad Laboratories). Mem-
branes were then rinsed in TBS-T, and non-specific sites
were blocked for 1 h, at room temperature, in blocking buffer
[5% milk (w/v) in TBS-T]. Membranes were incubated with
primary antibodies overnight at 4 °C: rabbit polyclonal anti-
phospho-Tau Ser396 (1:5,000), and rabbit polyclonal anti-
GFAP (1:500). After washing five times (10 min each) with
TBS-T, membranes were then incubated with the anti-rabbit
IgG-peroxidase (1:2,000 or 1:1,000, respectively) second-
ary antibody, for 2 h, at room temperature. All antibodies
were diluted in blocking buffer. For protein loading control,
membranes were routinely stripped in stripping buffer [0.7%
B-mercaptoethanol (v/v) in 63 mM Tris—HCI, pH 6.8, and
2% SDS (w/v)] for 30 min, at 65 °C, blocked for 1 h, at room
temperature, in blocking buffer, and reprobed with mouse
monoclonal anti-a-tubulin antibody (1:5,000), overnight,
at 4 °C. This was followed by the anti-mouse IgG-perox-
idase (1:2,000) secondary antibody incubation, for 2 h, at
room temperature. Following three washes (10 min each)
with TBS-T, immunoreactive bands were detected using
the Clarity™ Western ECL Substrate, according to the sup-
plier’s instructions. Digital images were acquired using a
Molecular Imager® ChemiDoc™ XRS + System (Bio-Rad
Laboratories, CA, USA) and analyzed with Image Lab™
Software (Bio-Rad Laboratories, CA, USA). To normalize
phospho-Tau Ser396 and GFAP immunoreactivity, the OD
ratios of these proteins to the loading control of a-tubulin
were calculated. Results were presented as OD ratio of the
protein of interest/a-tubulin.

Assessment of 4-hydroxynonenal immunoreactivity
by slot blot

Immunocontent of 4-HNE-modified proteins was deter-
mined as previously described (Yin et al. 2009), with adapta-
tions. 30 pg of protein were loaded into nitrocellulose mem-
branes under vacuum, using a hybrid-slot filtration manifold
apparatus (Gibco BRL, Life Technologies Gaithersburg,
MD, USA). Then, after washing with TBS-T, non-specific
sites were blocked for 1 h, at room temperature, in block-
ing buffer [5% milk (w/v) in TBS-T]. Membranes were then
incubated with rabbit polyclonal anti-4-HNE primary anti-
body (1:1,000) overnight, at 4 °C. After washing five times
(10 min each) with TBS-T, membranes were then incubated
with the anti-rabbit IgG-peroxidase secondary antibody
(1:1,000) for 2 h, at room temperature. Antibodies were
diluted in blocking buffer. Following three washes (10 min

each) with TBS-T, immunoreactive bands were detected
using the Clarity™ Western ECL Substrate, according to the
supplier’s instructions. Digital images were acquired using a
Molecular Imager® ChemiDoc™ XRS 4+ System (Bio-Rad
Laboratories, CA, USA) and analyzed with Image Lab™
Software (Bio-Rad Laboratories, CA, USA). Optical density
results were expressed as % of control values.

Protein quantification

The quantification of the protein content on tissue homoge-
nates or brain’s protein pellet was done according to the
standard Lowry method or the bicinchoninic acid (BCA)
protein assay. For samples containing high concentrations of
detergents or reducing agents (RIPA buffer or caspase lyses
buffer), the DC™ Protein Assay kit (Bio-Rad Laboratories,
CA, USA) was used according to the manufacturer’s instruc-
tions. Standard curves were done using BSA protein.

Statistical analysis

Results are presented as mean + standard deviation (SD).
Statistical analysis was conducted using GraphPad Prism
version 6 (GraphPad Software, CA, USA). Outliers were
identified by the ROUT test (Q=1%) and removed before
further statistical analyses. The Shapiro—Wilk normality test
was conducted before group comparison. When two groups
were compared, the unpaired ¢ test was used for data that fol-
lowed a normal distribution or the Mann—Whitney rank sum
test, if data did not pass the normality test. Regarding the
statistical analysis of temperature, animal weight, food and
water intake, a two-way analysis of variance (ANOVA), with
repeated measurements, was used followed by Bonferroni
post hoc test, once a significant p was achieved. Statistical
significance was accepted at p values lower than 0.05.

Results

The MDMA-induced hyperthermic response in aged
rats was more marked than in adolescent animals

MDMA administration to laboratory animals is known
to evoke an hyperthermic response (Capela et al. 2009;
Teixeira-Gomes et al. 2015), and binge doses were shown
to promote hyperthermia in rats (Goni-Allo et al. 2008a;
Teixeira-Gomes et al. 2016). Herein, aged rats attained
higher levels of body temperature when compared to ado-
lescent animals (Fig. 1). Both adolescent and aged ani-
mals revealed a hyperthermic response following MDMA
doses that are equivalent to the human use. Adolescent
rats already showed a temperature increase after the first
dose of 5 mg/kg of MDMA at 105 min when compared
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Fig.1 Temperature (°C) of control and MDMA exposed animals in
adolescent (A) and aged (B) groups. Temperature was monitored fol-
lowing the first dose throughout 420 min for the adolescent [control

to the control group (Fig. 1A). After the second and third
MDMA administrations, the temperature of the MDMA
group remained elevated and significantly different from
the control group up to 420 min (Fig. 1A). The highest
mean temperature presented by the adolescent MDMA-
treated animals was 38.8 °C and it was reached at 165 min.
The difference of temperature between MDMA-treated and
control adolescent animals ranged from 1 to 1.5 °C, even
following three doses of 5 mg/kg leading to a cumulative
dose of 15 mg/kg. In the case of aged rats, after the first
MDMA dose of 5 mg/kg no significant temperature dif-
ferences were found to controls (Fig. 1B). However, after
the second dose of MDMA, which was given 2 h after
the first administration, the temperature of the MDMA
group increased and remained significantly elevated in
comparison to controls until 330 min. The temperature
reached in some animals a maximum of 41 °C at 165 min,
and around this timepoint the differences towards control
animals attained a mean of 3 °C (Fig. 1B).

Animals’ temperature was assessed daily during the next
7 days after MDMA administration, to ascertain whether
MDMA could promote thermoregulation impairment. Inter-
estingly, on the first day post-MDMA exposure, MDMA-
treated aged animals showed higher temperature when
comparing to controls, attaining more than one degree of
difference (Fig. 2A2). These body temperature differences
between aged treated and controls were abolished in the next
6 days. Meanwhile, MDMA-treated adolescent animals did
not present any difference to controls in the temperature dur-
ing the days following MDMA exposure (Fig. 2A1). Once
again, aged animals are more prone to the MDMA-evoked
effects in body temperature than adolescents, revealing ther-
moregulatory impairment 24 h following MDMA exposure.
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n=5; MDMA n=>5] and for 330 min in the case of aged [control
n=>35; MDMA n=>5] animals (*p <0.05, **p <0.01, ***p <0.001 and
*#%¥p <0.0001 MDMA versus control at the same timepoint)

Regarding the animal behavior observed following
MDMA exposure, adolescent-treated animals revealed
signs of greater motor activity and piloerection than con-
trols. In the case of aged animals, in the first minutes fol-
lowing the second MDMA dose there were signs of greater
motor activity, then followed by signs of decreased motor
activity, with prostration, increased salivary secretion,
exophthalmos and discomfort.

MDMA treatment led to changes in food and water
intake only in the aged group

The body weight, food and water intake of animals were
monitored daily during 7 days, until the day of sacrifice.
Regarding the adolescent group, only on the first day post-
exposure a significant decrease on the body weight of the
MDMA group was observed (Fig. 2B1). However, no dif-
ferences were found regarding food and water consump-
tion among groups on the days following MDMA exposure
(Fig. 2C1, D1).

When considering the aged group, there was a signifi-
cant difference between the control and the drug-exposed
animals during the 2 days post-administration regarding
food intake. A significant decrease on the food intake for
the MDMA group on the first day was followed by a signif-
icant increase on the second day post-treatment (Fig. 2C2).
Of note, there was a significant increase in water consump-
tion in MDMA-treated aged rats on the first and second
days post-MDMA administration (Fig. 2D2). Meanwhile,
no differences were found among control and MDMA-
treated aged animals in terms of body weight throughout
the 7 days (Fig. 2B2).
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Fig.2 Temperature, animal weight, food and water intake in adoles-
cent [control n=5; MDMA n=5] and aged [control n=5; MDMA
n=5] groups along the 7 days following “ecstasy” administration.
(A) Temperature (°C) of the control and the MDMA groups, of either
the adolescent (A1) or aged (A2) animals. (B) Weight gain per day
(percentage of weight gain per day) post-treatment of the control and
MDMA groups for the adolescent (B1) or aged (B2) animals. (C)

Neurotoxicity- and brain-associated changes
after MDMA exposure

MDMA promoted serotonergic neurotoxicity in aged,
but not in adolescent rats

MDMA exposure has been associated with long-term
depletion of brain serotonergic markers, an indicator of
long-term neurotoxicity (Capela et al. 2009). 7 days after
MDMA exposure, the levels of 5-HT in four brain areas,
hippocampus, frontal cortex, striatum and cerebellum
were assessed. In adolescent animals, the binge dose of
MDMA (3 x5 mg/kg) did not alter the 5-HT levels on
the hippocampus (Fig. 3A1), the frontal cortex (Fig. 3A3),
the striatum (Fig. 3AS5) or on the cerebellum (Fig. 3A7),
when comparing to respective control levels. When
assessing 5-HT brain levels of aged animals, a significant
decrease on the hippocampus of the MDMA-treated group
(2 x5 mg/kg) was observed (Fig. 3A2). No differences
to controls were found on the 5-HT levels of the fron-
tal cortex (Fig. 3A4), striatum (Fig. 3A6) or cerebellum
(Fig. 3A8) of aged animals treated with MDMA. These
results point for a higher susceptibility of aged animals,
and in particular the hippocampus, in terms of serotoner-
gic neurotoxicity of MDMA.

It was only possible to measure the levels of the 5-HT
metabolite, 5-HIAA, (Fig. 3B) and DA (Fig. 3C) in the stria-
tum. No significant differences in 5-HIAA or DA were found

Food intake per day and per initial weight (g/day/g), of the control
and MDMA group, for the adolescent (C1) or aged (C2) animals. (D)
Water intake per day and per initial weight (g/day/g), of the control
and MDMA group, for the adolescent (D1) or aged (D2) animals
(*p<0.05, ¥*¥p<0.01 and ***p <0.001 MDMA versus control at the
same timepoint)

in the striatum of control and MDMA-treated rats in either
adolescent (Fig. 3B1, C1) or aged (Fig. 3B2, C2) groups.

Noteworthy, differences among animal age in terms of
brain tissue 5-HT levels were seen. In the hippocampus and
striatum of adolescent rats, 5-HT levels were approximately
the double of those found in aged animals (Fig. 3A1-2,
A5-6). Regarding the 5-HT metabolite, the levels measured
in the striatum of adolescent rats were approximately four
times higher than those found in aged animals (Fig. 3B1-2).
There were also remarkable differences in terms of DA con-
tent in the striatum, as adolescent animals showed circa four
times higher levels than aged rats (Fig. 3C1-2).

MDMA evoked an increase in Tau protein phosphorylation
in the brain of aged, but not adolescent rats

We examined whether MDMA evoked in rats an increase in
brain tau protein phosphorylation (p-Tau). Considering the
adolescent population, there were no differences between the
MDMA and control groups in p-Tau Ser396 immunoreactiv-
ity across the four brain regions evaluated (Fig. 4A1, A3,
A5, AT7). However, in the aged group, a significant increase
in Tau phosphorylation at Ser396 was observed in the hip-
pocampus (Fig. 4A2), striatum (Fig. 4A6) and cerebellum
(Fig. 4A8) of MDMA-treated animals. Meanwhile, in the
frontal cortex of aged animals, the difference among control
and MDMA-treated rats was not significant (Fig. 4A4).
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5-hydroxyindoleacetic acid (5-HIAA) and dopamine (DA) levels
in the striatum of adolescent and aged animals. (A) Total content of
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n=5] (A1) and aged [control=4; MDMA n=5] (A2) groups; cor-
tex for the adolescent [control n=4; MDMA n=5] (A3) and aged
[control n=4; MDMA n=5] (A4) groups; striatum for the adoles-
cent [control n=4; MDMA n=5] (AS5) and the aged [control n=4;
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[control n=4; MDMA n=5] (A7) and aged [control n=4; MDMA
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trol n=4; MDMA n=4] (B2) animals. (C) Total content of DA in the
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aged [control n=5; MDMA n=5] (C2) animals (*p <0.05 MDMA
versus control)

Hippocampus Frontal Cortex Striatum Cerebellum
ADOLESCENT AGED ADOLESCENT AGED ADOLESCENT AGED ADOLESCENT AGED
s - - e P ans & W p-Tau Ser396
Al s .y e seS TR Aq = A5 T EER,, cooEmm - A8 a-Tubulin
—_—— D il e —— e — - e ——
1.5 15 15 1.5 2.0 20 1.0 1.0 e
£ £ £ £ £ £ £ £
3 5 3 3 3 3 bl 3 08 T 3 o0s T
32 32 2 2 2 3 E 3
g £ 10 £ 10 i 2 10 2 10 2" ER T 2 2
- Q =) T a aQ a a a 06 a 06
T S <] Q <] S 10 S 10 S ]
o 3 3 3 3 3 3 3 04 3 04
K 05 £ 05 Kk 05 £ 05 [ T g L Lol
S o . a o 05 ad 05 < 02 < 02
8 8 ¢ | mm 8 8 s | M 8 8
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Control MDMA Control MDMA Control MDMA Control MDMA Control MDMA Control MDMA Control MDMA Control MDMA
Bl o B2 me o B3 (e Bl B5 o B6 ___ B7 il . B3 e weew GFAP
. 06 — 05T —— 0] S w0 — — 20— — 207 et S 25 Se—— —— 2.5 Wi S o-Tubulin
H £ 4 T H 5 3 £ 5
2 3 2 H F) 3 15 g 20 3 20
a E 04 - 2 o4 2 o4 2 04 . i T 2 E .'g
%3 3 a a a Q Q 15 o 15 T
s 2 T 9o 9o T 9 10 9 10 <] T 9]
w o s T T T o T I
[T) 5 0.2 g oz < o2 £ 02 g = T = 1.0 g 10
° <] o] G 05 O 0.5 & ]
8 8 Q Q Q aQ q 05 a 05
0.0 0.0 o o o o ] 3
. - 0.0 0.0 00 0.0 0.0 0.0
Control MDMA

Control MDMA Control MDMA Control MDMA

Fig.4 Western blot analysis of phospho-tau Ser396 (p-Tau) and glial
fibrillary acidic protein (GFAP) levels in the brain areas of adoles-
cent [control n=5; MDMA n=>5] and aged [control n=5; MDMA
n=>5] animals. (A) Optic density (OD) of p-Tau normalized to the
OD of a-tubulin in the hippocampus of the adolescent (A1) and the
aged (A2) animals; frontal cortex of the adolescent (A3) and the
aged (A4) groups; striatum of the adolescent (A5) and the aged (A6)
groups; cerebellum of the adolescent (A7) and the aged groups (AS8).
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(B) Glial fibrillary acidic protein (GFAP) content normalized to the
OD of a-tubulin in the hippocampus of the adolescent (B1) and the
aged (B2) groups; in the frontal cortex of the adolescent (B3) and the
aged (B4) groups; in the striatum of the adolescent (BS) and the aged
(B6) groups; and in the cerebellum of the adolescent (B7) and the
aged (B8) groups (*p <0.05, **p <0.01, ***p <0.001 MDMA versus
control)
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Reactive astrogliosis and increases in the brain levels of
GFAP have been associated to several neurotoxic insults,
though many times absent in the case of MDMA-induced
neurotoxicity (Capela et al. 2009). The MDMA-treated ado-
lescent animals showed no differences in GFAP expression
in all four brain areas analyzed (Fig. 4B1, B3, B5, B7), when
comparing to the controls. Meanwhile, in the frontal cor-
tex of aged rats MDMA promoted a significant decrease in
GFAP protein content, when compared to the control group
(Fig. 4B4). In the hippocampus, striatum, or cerebellum of
aged animals, no differences were found between the control
and the MDMA -exposed group regarding the GFAP expres-
sion (Fig. 4B2, B6, B8).

MDMA-evoked brain oxidative stress in both adolescent
and aged rats

The formation of reactive oxygen species has been shown to
be involved in MDMA-mediated neurotoxic events (Capela
et al. 2009; Teixeira-Gomes et al. 2016). Several biochemi-
cal markers related to oxidative stress were measured to
ascertain its contribution for MDMA-evoked events 7 days
after treatment. In the MDMA-treated adolescent animals,
a significant increase in protein carbonylation was observed

in the hippocampus, frontal cortex, and in the striatum
(Fig. 5A1, A3, AS), while no differences were found in the
cerebellum (Fig. 5A7). In aged animals, protein carbonyla-
tion increased in the hippocampus and striatum of MDMA-
treated rats (Fig. 5A2, A6). As for the frontal cortex or cer-
ebellum of aged rats, no differences in protein carbonylation
were found between MDMA-treated and control animals
(Fig. 5A4, AB).

The assessment of 4-HNE brain content did not reveal
any increases following MDMA exposure in the four brain
areas of both aged and adolescent animals (Fig. 5B). How-
ever, there was a significant decrease on the hippocampal
4-HNE content of MDMA-exposed aged rats (Fig. 5B2).

Another indicator of oxidative stress-related changes,
quinoprotein levels, revealed a significant increase in the
adolescent frontal cortex, when compared to the control ani-
mals (Fig. 5C3). Meanwhile, no differences were found in
the other brain areas of adolescent rats (Fig. 5C1, C5, C7).
On the aged group, no differences were found between con-
trol and MDMA-exposed animals in all brain areas analyzed
(Fig. 5C2, C4, C6, C8).

The levels of GSH and the ratio of GSH/GSSG were
also evaluated in the brain of MDMA-administered ani-
mals 7 days following treatment. Only in the hippocampus
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Fig.5 Oxidative stress parameters in the brain areas of adoles-
cent [control n=5; MDMA n=5] and aged [control n=5; MDMA
n=>5] animals exposed to MDMA. (A) Protein carbonylation levels
expressed in percentage of controls in the hippocampus of adolescent
(A1) and the aged (A2) animals; in the frontal cortex of the adoles-
cent (A3) and the aged (A4) animals; the striatum of the adolescent
(A5) and the aged (A6) animals; and in the cerebellum of the adoles-
cent (A7) and the aged (A8) animals. (B) 4-Hydroxynonenal (4-HNE)
levels expressed in percentage of controls in the hippocampus of the
adolescent (B1) and the aged (B2) animals; in the frontal cortex of
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the adolescent (B3) and the aged (B4) animals; the striatum of the
adolescent (B5) and the aged (B6) animals; and in the cerebellum of
the adolescent (B7) and the aged (B8) animals. (C) Quinoproteins
levels are presented as the OD 530 nm/mg of protein in the hip-
pocampus of the adolescent (C1) and the aged (C2) animals; in the
frontal cortex of the adolescent (C3) and the aged (C4) animals; in
the striatum of the adolescent (C5) and the aged (C6) animals; and
the cerebellum of the adolescent (C7) and the aged animals (C8)
(*p<0.05, **p<0.01 MDMA versus control)
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of aged animals, a significant decrease in total GSH levels
was found, when compared to the controls (Table 1), and
no significant differences were found on the GSH/GSSG
ratio content in that same brain area. Of note, control-aged
animals had about three times less total GSH in the hip-
pocampus than control adolescents, meanwhile for other
brain areas analyzed values were similar. Regarding the
other brain regions, no differences were found in aged ani-
mals in both total GSH and GSH/GSSG ratios (Table 1). No
changes were found in adolescent rats in terms of total GSH
or GSH/GSSG ratio following MDMA exposure on all brain
areas analyzed (Table 1).

The cerebellum of aged animals presented lower ATP levels
following MDMA exposure

The brain energetic levels were also assessed in both popula-
tions. A significant decrease on ATP levels in the cerebellum
of aged rats exposed to MDMA was found, when compared
to controls (Table 1). No differences were found on the hip-
pocampus, cortex or striatum of the aged group. Regarding
the adolescent group, no differences were found between
control and MDMA-treated animals across all brain areas
studied (Table 1).

Peripheral organ-associated changes
following MDMA exposure

MDMA promoted vascular congestion in the heart
and kidneys of adolescent and aged animals: a higher
susceptibility of the aged kidney

To evaluate the damage promoted by MDMA to the periph-
eral organs, we performed an histological observation of
heart, kidney and liver tissue sections following routine
hematoxylin/eosin staining. Histological evaluation of ado-
lescent heart tissue from MDMA-treated rats showed sev-
eral morphological differences, when compared to controls
(Fig. 6A1). 7 days following exposure to MDMA, the heart
of adolescent rats (Fig. 6A2) showed widespread vascular
congestion, with enlarged blood vessels filled with abundant
red blood cells (Fig. 6A2, A3). A general enlargement of
intercellular space, suggestive of interstitial oedema, was
also notorious (Fig. 6A3). No signals of intracellular oedema
in cardiomyocytes were observed in these animals. When
compared to controls (Fig. 6B1), the heart of MDMA-treated
aged rats (Fig. 6B2) revealed intense vascular congestion
and interstitial oedema. Moreover, some clusters of cardio-
myocytes evidencing signs of intracellular oedema, sug-
gested by the enlarged intermyofibrillar space and by the
presence of a white perinuclear halo, were also observed
(Fig. 6B3). Of note, the vascular congestion and the inter-
stitial oedema seen in the heart tissue of MDMA-treated
aged animals were more intense than those found in their
adolescent counterparts.

Table 1 Total glutathione

. Parameter Adolescents Aged
(total GSH), the ratio of
reduced (GSH) and oxidized Control MDMA Control MDMA
(GSSG) levels, and adenosine
triphosphate (ATP) levels, Hippocampus
in the hippocampus, frontal Total GSH (nmol/mg protein) 48.80+3.92 51.00+6.28 16.72+1.66 14.48 +0.66*
cortex, striatum, and cerebellum oG99G 720641249  64.06+1048  41.81+8.02  41.35+1.90
of adolescent [control n=35, .
MDMA 1=>5; exception for ATP (nmol/mg protein) 5.46+0.82 5.71+1.46 2.11+0.60 2.67+0.72
hippocampus GSH/GSSG Frontal cortex
control n=5, MDMA n=4] Total GSH (nmol/mg protein) 39.98+4.81 4596 +7.97 28.62+5.24 26.50+3.29
and aged [control =5, MDMA  Ggp/GssG 69.60+18.89  59.45+5.94 36.69+451  39.18+632
n=>5] groups 7 days after .
MDMA exposure ATP (nmol/mg protein) 1470+ 11.17 10.10+3.19 2.84+0.76 3.99+1.28
Striatum
Total GSH (nmol/mg protein) 12.39+1.05 12.37+1.53 13.20+0.97 13.51+0.79
GSH/GSSG 13.12+2.11 10.87+3.43 25.83+6.17 29.93+2.77
ATP (nmol/mg protein) 5.37+0.89 6.58+0.78 2.29+0.56 2.45+0.27
Cerebellum
Total GSH (nmol/mg protein) 9.72+1.04 9.83+0.80 9.54+1.15 9.45+1.21
GSH/GSSG 14.02+0.82 14.47+3.02 16.18 +£2.21 14.42+1.52
ATP (nmol/mg protein) 1.97+0.22 2.00+0.42 3.01+0.45 2.16+0.42*
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Results are expressed in nmol per mg of protein (nmol/mg protein) (*p <0.05 MDMA versus control)
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Fig.6 Representative microphotographs of heart tissue from adoles-
cent (A1, A2, and A3) and aged animals (B1, B2, and B3), stained
with hematoxylin/eosin. The heart of adolescent and aged controls
(A1, B1) showed a normal structure. In MDMA-exposed adolescent
animals (A2, A3), it can be seen vascular congestion (yellow arrows),
with abundant blood vessels filled with erythrocytes and fibrin-like
material. In aged animals treated with MDMA, the vascular conges-

When evaluating the kidney tissue of the adolescent
group (Fig. 7A1-3), vascular congestion was present in
MDMA-treated animals (Fig. 7A2), as suggested by the
enlarged vessels and glomerular capillaries, with erythro-
cytes and deposition of fibrin-like material in the glomeruli
and periglomerular capillaries (Fig. 7A3). Importantly, the
kidneys of aged animals revealed the most dramatic changes
(Fig. 7B1-3). The kidney tissue of MDMA-exposed aged
animals showed an enlargement of the blood vessels with
accumulation of erythrocytes in their interior, as well as
proximal tubules with frequent oedematous/necrotic cells
(Fig. 7B2). The glomeruli of aged animals exposed to
MDMA, when compared to controls, presented an apparent
atrophy with loss of endothelial cell nucleus, with enlarge-
ment of Bowman’s space (Fig. 7B3). Apparently, the renal
injury caused by MDMA to aged rats was higher when com-
pared to adolescent animals, with special affectation of the
glomeruli.

In sections stained with hematoxylin/eosin, the liver tis-
sue of adolescent and aged animals showed no differences
between the respective control and MDMA-treated groups
(data not shown).

Several plasma biochemical parameters, which are gener-
ally regarded as biomarkers of heart and liver damage, were

tion is also marked (B2, yellow arrows), being depicted in B3 a clus-
ter of oedematous cardiomyocytes evidenced by the white perinuclear
halo (green arrows) and by the enlargement of intermyofibrillar space
(white arrows). The enlargement of interstitial space is notorious in
A2 and B2, being more pronounced in aged animals. (Color figure
online)

also assessed. 7 days post-MDMA exposure, no statistically
significant changes in plasma levels of ALT, AST/ALT ratio,
CKMB and CK-R were found in the MDMA-exposed ani-
mals (Table 2). Only the plasma levels of AST were signifi-
cantly decreased in MDMA-exposed aged animals (Table 2).

MDMA promoted the increase of collagen/fibrotic tissue
in the liver of both adolescent and aged animals

Sirius red staining was performed to evaluate the presence
of fibrosis in the three peripheral organs analyzed. In the
liver tissue, there was a significant increase on the colla-
gen percentage in both adolescent and aged MDMA-treated
rats when compared to their control counterparts (Table 3).
Evaluation of the percentage of collagen present in the heart
(Table 4) and kidney (Table 5) of adolescent or aged animals
showed no differences between MDMA-treated and saline-
treated animals.

Despite the above described tissue changes, caspase 3,
8 and 9 activities were not increased on the liver, heart or
kidneys of either adolescent or aged animals 7 days follow-
ing exposure to MDMA, when compared to their respective
control groups (Tables 3, 4, 5). However, the activities of
caspase 3 and 8 in the liver of MDMA-treated adolescent
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Fig.7 Representative microphotographs of kidney tissue from
adolescent (A1, A2, and A3) and aged animals (B1, B2, and B3),
stained with hematoxylin/eosin. The kidney of adolescent and aged
controls (A1, B1) showed a normal structure, with B1 presenting a
light enlargement of proximal tubules with cellular debris within,
explained by an age effect paralleled with the used method of fixation
by diffusion. In adolescent MDMA-treated animals (A2, A3), several
blood vessels filled with erythrocytes and fibrin-like material, sugges-
tive of vascular congestion (white arrows), are depicted in A2; in this

Table 2 Plasma biochemical parameters in the adolescent [AST and
ALT, control n=5, MDMA n=5; CKMB, control n=4 and MDMA
n=5; CK-R, control n=4, MDMA n=4] and aged [AST, CKMB,

group, capillary congestion, within the glomerulus and in periglomer-
ular space, was also notorious (A3, white arrows). In aged animals
exposed to MDMA (B2, B3), it can be observed in B2 several oedem-
atous/necrotic cells in the proximal tubules (green arrows), signs of
vascular congestion (grey arrows), and a glomerulus with enlarged
Bowman’s space (asterisk); in the other microphotograph from this
group (B3), the dilation of glomerular capillaries with reduced num-
ber of endothelial nuclei (yellow arrows) and the enlargement of
Bowman’s space (asterisk) are also depicted. (Color figure online)

and CK-R, control n=5, MDMA n=35; ALT, control n=5, MDMA
n=4] groups 7 days after MDMA exposure

Parameter Adolescents Aged

Control MDMA Control MDMA
AST (U/L) 106.20+34.82 73.80+8.67 156.40+89.71 49.20+39.52*
ALT (U/L) 54.80+£9.42 43.00+16.36 35.80+7.79 26.00+5.94
AST/ALT ratio 1.90+0.37 2.04+1.08 4.63+2.79 2.60+1.76
CKMB (U/L) 403.50+327.29 315.40+101.41 183.00+35.02 165.00+27.83
CK-R (U/L) 270.4+£171.58 164.60+31.49 173.20+£19.58 146.00+35.04

Results are expressed in units per liter (U/L) (*p <0.05 MDMA versus control)

rats were significantly lower than their respective controls
(Table 3).

To exclude any difference in organ weight, we also evalu-
ated the relative weight at the time of killing. There were
no differences between the control and the MDMA-treated
groups regarding the liver, heart or kidney weight per brain
weight ratio (Tables 3, 4, 5) in both adolescent and aged
groups.

@ Springer

No changes in oxidative stress and in ATP levels were
evoked by MDMA in the peripheral organs

Several oxidative stress parameters were determined in the
three peripheral organs. None of the studied parameters
was significantly altered following exposure to MDMA, in
either adolescent or aged populations. The total GSH lev-
els and the GSH/GSSG ratio were not altered in the liver,
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Tgble 3 .Biochemical and Parameter Adolescents Aged
histological parameters
analyzed in the liver of Control MDMA Control MDMA
adolescent [n=5, MDMA n=5;
exception for caspase 3 and 8, Liver weight/brain weight ratio 5.00+0.49 4.80+0.63 8.21+0.90 7.33+0.93
control n=35, MDMA n=4; Total GSH (nmol/mg protein) 70.22+8.10 58.48+18.59 35.80+4.92 31.29+7.50
collagen ratio, control n=3, GSH/GSSG 3433+6.16 32.01+12.84 19754653  18.07+5.09
MDMA n=3] and aged [control . . .

Quinoproteins (OD530nm/mg protein) 4.15+0.25 4.41+0.60 6.09+0.24 5.91+0.38

n=>5, MDMA n=5; exception
for collagen ratio, control n=3,
MDMA n=3] groups 7 days
after MDMA exposure

Table 4 Biochemical and
histological parameters analyzed
in the heart of adolescent [n=35,
MDMA n=S5; exception for
collagen ratio, control n=3,
MDMA n=3] and aged [control
n=5, MDMA n=35; exception
for ATP, control n=4, MDMA
n=35; collagen ratio, control
n=3, MDMA n=23] groups 7
days after MDMA exposure

Table 5 Biochemical and
histological parameters
analyzed in the kidney of
adolescent [n=5, MDMA n=5;
exception for total GSH, control
n=5, MDMA n=4; collagen
ratio, control n=3, MDMA
n=3] and aged [control n=35,
MDMA n=35; exception for
caspase 3, control n=5, MDMA
n=4; collagen ratio, control
n=3, MDMA n=3] groups 7
days after MDMA exposure

Protein carbonylation (%control)

100.00+18.57 93.55+12.28

100.00+15.95 99.76 +27.11

ATP (nmol/mg protein) 0.76+£0.35 0.76+0.29 0.48+0.27 0.59+0.30
Caspase 3 activity (FU/ug protein) 3.78+0.95 2.44+0.21* 0.60+0.27 0.83+0.36
Caspase 9 activity (FU/ug protein) 2.62+0.54 2.06+0.72 0.53+0.21 0.72+0.24
Caspase 8 activity (FU/ug protein) 2.67+0.54 1.75+0.16* 0.38+0.16 0.48+0.11
Collagen ratio (% collagen/cells) 0.03+0.02 0.05+0.02%* 0.04+0.03 0.07+0.04*
*p <0.05 MDMA versus control
Parameter Adolescents Aged

Control MDMA Control MDMA
Heart weight/brain weight ratio 0.40+0.03 0.40+0.06 0.67+0.08 0.64+0.05
Total GSH (nmol/mg protein) 13.01+2.49 13.56+1.48 6.99+1.84 7.22+1.77
GSH/GSSG (nmol/mg protein) 8.21+3.39 6.67+2.23 1244+6.88 11.64+6.77
Quinoproteins (OD530nm/mg protein) 8.56+0.72 8.15+0.52 5.31+0.44 5.32+0.20
Protein carbonylation (%control) 100.00+34.64 100.75+43.17 100.00+19.55 87.40+10.64
ATP (nmol/mg protein) 0.80+0.25 0.86+0.21 0.29+0.07 0.71+0.59
Caspase 3 activity (FU/ug protein) 1.51+0.26 1.45+0.37 0.22+0.09 0.24+0.12
Caspase 9 activity (FU/ug protein) 0.98+0.30 0.98 +£0.50 0.18+0.09 0.20+0.13
Caspase 8 activity (FU/ug protein) 2.50+0.47 2.26+0.42 0.36+0.08 0.37+0.17
Collagen ratio (% collagen/cells) 0.05+0.04 0.03+0.02 0.04+0.04 0.04+0.03
Parameter Adolescents Aged

Control MDMA Control MDMA
Kidneys weight/brain weight ratio 0.93+0.05 0.87+0.13 1.59+0.21 1.38+0.15
Total GSH (nmol/mg protein) 2.97+0.57 3.31+0.04 2.52+0.50 4.14+1.97
GSH/GSSG (nmol/mg protein) 5531+12.88 52.79+15.09 79.86+65.76 50.01+20.62
Quinoproteins (OD530nm/mg protein) 6.56 +1.44 7.18+1.14 4.81+0.43 490+1.53
Protein carbonylation (%control) 100.00+15.31 101.67+8.98 100.00+15.95 96.76+27.11
ATP (nmol/mg protein) 0.72+0.31 0.93+0.23 0.29+0.21 0.71+0.59
Caspase 3 activity (FU/ug protein) 2.30+0.65 2.44+0.63 0.72+0.15 0.70+0.08
Caspase 9 activity (FU/ug protein) 2.79+0.75 3.20+£0.54 0.79+0.20 1.03+0.25
Caspase 8 activity (FU/ug protein) 2.12+0.70 2.21+0.22 0.54+0.13 0.65+0.15
Collagen ratio (% collagen/cells) 0.12+0.07 0.10+0.07 0.08 +£0.03 0.07+0.04

heart or kidneys in either group following MDMA treatment
(Tables 3, 4, 5). In agreement with these results, no differ-
ences were found in quinoprotein levels or protein carbon-
ylation across all organs and animal groups (Tables 3, 4,
5). It is also interesting to note the great differences seen
among animal age in terms of total GSH. The cardiac and

hepatic levels of total GSH in adolescent rats were roughly
the double of those found on aged animals.

When assessing the ATP levels in the three organs, no
significant differences were found between the control and
MDMA-treated groups in either adolescent or aged rats
(Tables 3, 4, 5).
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Discussion

The present work revealed the differential toxic effects of
MDMA in adolescent and aged rats, using MDMA doses
comparable to human “ecstasy” intake. This study was
the first to use aged rats to evaluate the effects of MDMA.
Our major findings were: (1) aged animals are more prone
to MDMA-evoked hyperthermia than adolescents; (2)
MDMA-induced serotonergic neurotoxicity in the hip-
pocampus of aged animals, but not in any brain area of
adolescent rats; (3) MDMA promoted an increase in Tau
phosphorylation, a biochemical hallmark of several neu-
rodegenerative disorders, again only in the brain of aged
animals; (4) MDMA evoked brain protein carbonylation
in the hippocampus and striatum of aged animals and in
the hippocampus, frontal cortex, and striatum brain areas
of adolescent animals, but only decreased total GSH levels
in the hippocampus of MDMA-treated aged animals; (5)
Aged animals were more susceptible to MDMA-mediated
histological damage in the heart and kidneys, than their
adolescent counterparts; (6) MDMA treatment promoted
an increase in liver fibrotic tissue both in aged and in ado-
lescent animals.

Many reports have shown the acute hyperthermic effects
of MDMA to rats [for a review see (Capela et al. 2009)].
However, only a few research groups have explored the
role of aging in MDMA-induced hyperthermia. Aged rats
presented a more robust hyperthermia than adolescents
(maximal temperature increase of 3 °C versus 1 °C), and
aged animals showed thermoregulatory impairment reveal-
ing signs of hyperthermia on the next day post-exposure.
The differential susceptibility of adolescents versus aged
animals to MDMA evoked hyperthermia may be a con-
tributing factor for other differences found following drug
exposure. Previous studies in rats and mice conducted with
adolescent and young adult animals have also shown a
distinct hyperthermic response following MDMA, but no
study, to the best of our knowledge, has explored the aged
rats’ response. In male Sprague—Dawley rats and using
higher MDMA doses (20 and 40 mg/kg, given orally) than
our study, it was found that a single MDMA dose could
elicit a more robust hyperthermic response in PND 70
than in PND 40 rats (Broening et al. 1995). In addition,
10-week-old C57B1/6J mice presented a higher magnitude
of response than 4-week-old counterparts, after exposure
to (+)-MDMA (20 mg/kg X 4, s.c.) (Reveron et al. 2005).
Thus, older animals seem more prone to present a more
robust hyperthermic response to MDMA.

In our study, aged animals were the only group that
showed differences in terms of water and food intake dur-
ing the next 2 days after MDMA exposure. The high tem-
peratures reached by these animals in the day of exposure,
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followed by the thermoregulation impairment strongly
contributed to these effects in aged animals, which were
not seen in their younger counterparts. No changes in
body weight were verified in both ages 7 days following
MDMA exposure, despite the known anorectic effect of
amphetamines (Teixeira-Gomes et al. 2015). We previ-
ously reported no differences among control and MDMA-
treated adolescent PND40 rats regarding body weight gain,
food, or water intake, 24 h after exposure to the same dose
scheme used in adolescent animals in the present study
(Teixeira-Gomes et al. 2016). Therefore, MDMA evoked
changes to the brain and peripheral organs are unlikely
related to changes in body-weight, water and food intake.

MDMA neurotoxicity is generally accompanied by a
long-term decrease in serotonergic markers, including deple-
tion of 5-HT and its main metabolite 5-HIAA, as well as
SERT and TPH immunoreactivity (Alves et al. 2009; Capela
et al. 2009; Colado et al. 1997; Goni-Allo et al. 2008a; Teix-
eira-Gomes et al. 2015). We proved that aged animals are
more susceptible to MDMA-induced serotonergic neuro-
toxicity than adolescent rats. In fact, aged MDMA-treated
rats were the only group that revealed 5-HT depletion in the
hippocampus 7 days following exposure. The MDMA dose
regimen used in the adolescent group (3 X5 mg/kg, every
2 h, i.p.) was previously proven in adult male Wistar rats to
promote serotonergic neurotoxicity, leading to a decrease
in the 5-HT levels and its metabolite 5-HIAA in the hip-
pocampus, frontal cortex and striatum (Goni-Allo et al.
2008a). Therefore, there are important and consistent dif-
ferences among adolescent, adult and aged rats in terms of
vulnerability to the serotonergic neurotoxicity promoted by
MDMA, and the hippocampus is clearly more vulnerable.
In fact, susceptibility of the serotonergic system is markedly
increased when exposure to MDMA occurs in adulthood
(Teixeira-Gomes et al. 2015).

A correlation between hyperthermia and serotonergic
neurotoxicity has been clearly established (Malberg and Sei-
den 1998). In adult rats, increases in core animal tempera-
ture potentiated MDMA-induced serotonergic neurotoxicity
(Goni-Allo et al. 2008a; Malberg and Seiden 1998). How-
ever, many drugs that protect against MDMA-induced neu-
rotoxicity do not interfere with the hyperthermic response
evoked by MDMA, such as fluoxetine (Malberg et al. 1996)
or selegiline (Alves et al. 2007), ruling that hyperthermia is
not crucial for MDMA-evoked serotonergic neurotoxicity.
Additionally, body temperature can interfere with MDMA
metabolism. The administration of MDMA (3 X5 mg/kg,
every 2 h, i.p.) to adult rats at a 30 °C environmental tem-
perature leaded to an increase in plasma concentrations
of MDMA metabolites, 6 h after the first MDMA injec-
tion, when compared to rats at 15 and 21 °C (Goni-Allo
et al. 2008a). It might therefore be assumed that the higher
core body temperature found in aged rats might be an
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important explanation for the potentiation of serotonergic
neurotoxicity.

The stage of brain development and the maturity of meta-
bolic pathways are important factors when exploring the dif-
ferences among adults, adolescents and aged animals. On the
other hand, MDMA metabolites are known to be neurotoxic
and play an important role in MDMA neurotoxic events
(Barbosa et al. 2014a, b; Capela et al. 2006, 2007, 2009).
There might be important differences among ages in terms
of MDMA metabolism, although this remains to be clarified.
In addition, the maturational stage of the 5-HT projections
might be relevant. In fact, a previous study found that reduc-
tions in SERT binding were less pronounced in several brain
areas of adolescent rats when compared to adult rats (PND38
in adolescent animals and PND74 in adult animals at the
time of analysis) 7 days after MDMA exposure of male
Wistar rats (10 mg/kg, subcutaneous, b.i.d, 4 days) (Klomp
et al. 2012). In our study, only the hippocampus of aged rats
revealed 5-HT depletion promoted by MDMA, meanwhile
other brain areas were not affected. The hippocampus is
known to be strongly affected by MDMA-mediated long-
lasting neurotoxicity (Capela et al. 2009). A recent study
analyzed the recovery of serotonergic fibers in Dark Agouti
rats, following exposure to a single neurotoxic dose of
MDMA (15 mg/kg, i.p.) (Adori et al. 2011). These research-
ers found that 6 months after exposure only the hippocampus
presented decreased TPH immunoreactivity, meanwhile in
the cortex and caudate putamen there was an earlier recov-
ery (Adori et al. 2011). It is known that the hippocampus is
highly enervated by serotonergic fibers, but a decreased sero-
tonergic innervation of the hippocampal formation is known
to occur during aging (Nishimura et al. 1995; van Luijtelaar
et al. 1988). As we showed, control aged animals revealed
lower levels of 5-HT in the hippocampus than their adoles-
cent counterparts, rendering them more prone to neurotoxic
actions. Overall, aging seems to play a role in MDMA sero-
tonergic neurotoxicity. Of note, the depletion of 5-HT in
the hippocampus of aged animals was not accompanied by
an increase in GFAP immunoreactivity, which is in accord-
ance to other studies (Capela et al. 2009). Using the same
dose scheme of our study, a recent report also showed the
absence of GFAP activation in male Sprague—Dawley rats
aged PND 33 or PND 54, 24 h following exposure during
1 day or during 4 days of MDMA (3 X5 mg/kg, i.p., every
2 h) (Garcia-Cabrerizo and Garcia-Fuster 2015). Also, in
agreement, Adori and co-workers reported no differences
in the hippocampus, cortex, and caudate putamen brain
areas regarding the GFAP astroglia marker and the isolectin
B4 microglia marker in 24-25-month-old rats, which were
treated with MDMA at adolescent/young adult age with an
intermittent regimen (15 mg/kg, i.p., every 7th day for 4
weeks) or with a single-dose regimen (15 mg/kg, i.p.) (Adori
et al. 2011).

Enhanced Tau phosphorylation is a hallmark of Alz-
heimer’s disease and other chronic neurodegenerative dis-
eases, and Tau hyperphosphorylation causes instability in
the microtubules leading to neurodegeneration (Igbal et al.
2009). Only aged rats revealed an increase in Tau Ser396
phosphorylation in the hippocampus, striatum and cerebel-
lum, 7 days following exposure to MDMA, ruling for a
long-lasting event not seen in MDMA-treated adolescent
animals. The wide range of brain areas affected proves that
the MDMA-prompted instability to the microtubules is not
restricted to a single brain area. A previous study conducted
in 10-week-old C57BL/6 mice exposed 6 days to high
MDMA doses [cumulative doses of 60 or 180 mg/kg (10 or
30 mg/kg, daily for 6 days, i.p.)] revealed increased p-Tau
levels in the CA2/CA3 regions of the hippocampus 1 week
after treatment (Busceti et al. 2008). These events argue for
robust brain changes associated to MDMA misuse that go
beyond serotonergic neurotoxicity. The combination of 5-HT
depletion, oxidative stress, and Tau Ser396 phosphorylation
in the hippocampus directs for a higher susceptibility of this
brain area to MDMA neurotoxic actions. Aging and MDMA
may cooperate for the development of neurological disorders
linked to p-Tau. Moreover, the hippocampus vulnerability to
MDMA neurotoxic actions raises the possibility of specific
neurological disorders linked to this brain area, given its
important role in memory and learning.

Oxidative stress-related changes have been reported in
the brain of animals exposed to MDMA and other ampheta-
mines, and several contributing factors for MDMA-induced
oxidative stress have been raised, including the formation of
redox-active MDMA metabolites, monoamine neurotrans-
mitters metabolism by monoamine oxidase, nitric oxide
formation and hyperthermia (Barbosa et al. 2012, 2014b;
Capela et al. 2009; Carvalho et al. 2012; Teixeira-Gomes
et al. 2015). In our paradigm of exposure, MDMA evoked
brain oxidative stress in both adolescent and aged rats, as
evaluated by several parameters. However, only the hip-
pocampus of aged animals showed lower levels of total
GSH, while no changes were seen in other areas. The lack
of changes in the brain GSH levels of adolescent rats is in
agreement with our previous results obtained 24 h after
exposure to MDMA in adolescents (Teixeira-Gomes et al.
2016). In fact, the hippocampus of control aged animals had
a total GSH content about three times lower than their ado-
lescent counterparts, which certainly renders aged animals
more susceptible to oxidative stress. We can speculate that
brain oxidative stress-related changes develop over time and
become evident days following MDMA exposure. Thus,
the hippocampus is once more a critical area affected by
MDMA-evoked oxidative stress.

Amphetamines are known to interfere with ATP levels,
promote neuronal mitochondrial dysfunction and impair
mitochondrial neuronal trafficking (Barbosa et al. 2014c,
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2015). MDMA only decreased ATP levels in the cerebellum
of aged animals, while other brain areas were not affected.
We previously reported that MDMA induced a decrease in
ATP levels in the frontal cortex of male adolescent PND40
Wistar rats, 24 h after exposure to the dose scheme used
herein (Teixeira-Gomes et al. 2016). Therefore, we can con-
clude that in adolescent animals, ATP decreases in the fron-
tal cortex are not long-lasting and a recovery occurs, unlike
aged animals where changes in the cerebellum were not tran-
sient. The cerebellum brain area is known to possess low
SERT levels, and most studies either conduced in humans
(Klomp et al. 2012) or in animals (Adori et al. 2011; Goni-
Allo et al. 2008a; Malberg and Seiden 1998) do not evalu-
ate this brain area following MDMA exposure. In fact, the
cerebellum is generally used as a reference for background
radioactivity in neuroimaging studies that evaluate SERT
density (Klomp et al. 2012). However, bilateral gray matter
concentration reductions in the cerebellar hemispheres were
found in a study conducted with MDMA polydrug users
using a voxel-based morphometry technique (Cowan et al.
2003). The decrease in ATP levels coupled to the increase
in Tau phosphorylation seen in the cerebellum of aged ani-
mals point out the vulnerability of this brain area to MDMA
toxicity.

Human reports of heart, renal and liver injuries in MDMA
users have been well documented and are a great challenge
to professionals in intensive care units (Greene et al. 2003;
Hall and Henry 2006). We report that aged animals were
more prone to MDMA-induced renal and cardiac tissue
damage when compared to adolescent animals. Although
aged animals, per se, revealed lower levels of GSH in the
peripheral organs (cardiac and hepatic levels of total GSH
were about two times lower) in comparison to their ado-
lescent counterparts, the aged population did not show a
higher susceptibility in terms of oxidative damage following
MDMA exposure.

The vascular changes and structural damage observed in
the heart and kidneys of either adolescent or aged animals, 7
days after exposure to MDMA, are suggestive of prolonged
organ tissue disturbances. Two important factors can be
postulated as determinants for these events: the MDMA-
evoked hyperthermia and the cardiovascular response. Pre-
viously, we have shown that MDMA promoted significant
histological tissue alterations, including vascular congestion,
in the liver, heart and kidneys of PND40 adolescent Wistar
rats, 24 h after the same MDMA dose regimen used herein
(3% 5 mg/kg, every 2 h, i.p.) (Teixeira-Gomes et al. 2016). It
was reported that Wistar rats exposed for 30 min to tempera-
tures of 40.5 °C present vascular stasis and enlarged blood
vessels in the heart and kidneys (Vlad et al. 2010). Consist-
ent with the major role of hyperthermia is the fact that tis-
sue damage was more severe in aged animals, which devel-
oped a remarkable hyperthermia that was still present on
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the next day following MDMA exposure. Previous reports
conducted in laboratory animals have confirmed the ability
of MDMA to produce serious cardiac toxicity. In rats either
single MDMA doses (20 mg/kg, i.p.) (Shintani-ishida et al.
2014) or MDMA binges (four cycles of MDMA dosing, each
consisting of 9 mg/kg, b.i.d., i.v for 4 days, separated by a
10 day drug-free period) (Shenouda et al. 2008) were shown
to produce left ventricular dysfunction. In rats, disrupted
cytoarchitecture and necrosis were observed in the hearts of
adult animals treated with a high cumulative MDMA dose,
three binge administrations of MDMA (each binge of 9 mg/
kg intravenous, b.i.d., for 4 days) (Badon et al. 2002). The
hearts of adolescent male Sprague—Dawley rats (7-week-
old) 24 h after a single MDMA dose (20 mg/kg, i.p.) pre-
sented autophagic vacuoles in the cardiomyocytes seen by
electron microscopy (Shintani-ishida et al. 2014). MDMA
activated the autophagy-lysosomal pathway and the released
lysosomal proteases damage myofibrils that may lead to left
ventricular systolic dysfunction and altered cytoarchitecture
in rat heart (Shintani-ishida et al. 2014). The literature on
the renal histopathologic observations after MDMA is very
scarce. We found a single study reporting necrosis, haemor-
rhage and oedema in the kidneys of male albino mice weigh-
ing 25-30 g following 24 h exposure to MDMA (20 mg/ kg,
i.p.) (Karami et al. 2014). Our study not only illustrates the
differential susceptibility of ages towards MDMA heart and
kidney toxicity, but also highlights that tissue damage in
peripheral organs might be long-lasting.

MDMA is a known sympathomimetic drug that pro-
motes the release of NA not only in the brain but also in
the peripheral organs (Capela et al. 2009; Teixeira-Gomes
et al. 2015). A recent study evaluated the cardiac sympa-
thetic activity and the cellular stress in adolescent naive male
CD-1 mice that were killed 48 h (PND 40), 72 h (PND 41)
or 7 days (PND 45) after MDMA administration (20 mg/kg
X 2, 1.p.) (Navarro-Zaragoza et al. 2015). In the left ventri-
cle of MDMA-treated mice, the NA and normetanephrine
content increased, as well as the normetanephrine / NA ratio
72 h after MDMA exposure, while TH phosphorylation at
serine 31, was increased 72 h and 7 days after MDMA, indi-
cating an increased NA turnover and sympathetic cardiac
activity (Navarro-Zaragoza et al. 2015). In parallel with the
described modifications in the cardiac sympathetic activity,
an increase in HSP27 expression (72 h) and phosphoryla-
tion (7 days) was seen in the left ventricle following MDMA
exposure, supporting the idea that it exacerbates cellular
stress (Navarro-Zaragoza et al. 2015). Thus, it seems reason-
able that the observed cardiac damage is partially dependent
on MDMA-increased sympathetic tone.

Caspases form an intracellular proteolytic cascade during
apoptosis, and have an important role in apoptotic events
during development, tissue remodeling, cell homeostasis,
defense processes and immune responses (Bantel et al.
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2001). Despite the changes verified in the tissues of the three
peripheral organs following MDMA exposure, we did not
find an increase in caspase activity in any MDMA-treated
group. In accordance, our previous study in adolescent rats
did not show an increase in caspase 3, 8 or 9 activities in the
liver, heart or kidneys 24 h following exposure to MDMA
(Teixeira-Gomes et al. 2016). Altogether, apoptosis does not
seem to be involved either in the short or in the long-term
effects of MDMA to the tissues. We could though speculate
that the loss of cells seen in the kidney of aged animals
treated with MDMA might involve necrosis. Interestingly,
the liver of MDMA-treated adolescent animals showed a
decline in the activity of caspase 3 and 8. In agreement, our
previous study conducted with adolescent animals revealed
lower caspase 8 activity in the liver of MDMA-treated ani-
mals 24 h post-exposure (Teixeira-Gomes et al. 2016). This
decrease might be more related to a lower tissue remodeling,
since hepatobiliary diseases are generally characterized by
elevated caspase activation and apoptosis (Bantel et al.
2001). Despite the distinct effects in several parameters,
both adolescent and aged animals developed an increase in
the liver fibrotic tissue after MDMA exposure, while they
did not show any signs of liver damage in the haematoxylin/
eosin histological examination. It is known that chronic liver
inflammation may lead to fibrosis and cirrhosis (Szabo and
Csak 2012). We did not find any signs of increased levels of
immune cells in the liver and we did not evaluate markers
of inflammation, but we can speculate that an inflammatory
process may have preceded the liver fibrosis. MDMA liver
metabolism is known to produce highly reactive metabolites
(Capela et al. 2009), which associated with hyperthermia
may be the cause for the increase in the fibrotic tissue seen
in the liver of MDMA-treated animals. Juvenile male CD-1
mice treated with mitoxantrone showed an increase in car-
diac fibrotic tissue, accompanied by a decrease in caspase 3
activity (Dores-Sousa et al. 2015). Therefore, the increase
in fibrotic tissue that we saw in the liver of MDMA treated
rats can be accompanied by a decrease in caspase 3 activity,
since that increase may not be linked to apoptosis.

The heart and kidneys are known to receive consider-
able sympathetic enervation and are subjected to high cat-
echolamine levels (Costa et al. 2011; de Champlain et al.
1967) and they showed marked histological damage follow-
ing MDMA, while the liver with low catecholamine con-
tent (de Champlain et al. 1967) did not reveal any vascular
changes. Altogether, these results point out to the impor-
tance of increased sympathetic activity and the release of
NA in MDMA-induced adverse events to peripheral organs.
In fact, the body temperature increase following “ecstasy”
may result from the activation of the sympathetic nervous
system and the hypothalamic—pituitary—thyroid/adrenal axis
(Mills et al. 2004). Our age distinct effects might also be
due to differences among ages to the heat stressor. In line

with our results, in senescent rats, altered NA turnover was
reported during heating (Kregel 1994). Fischer 344 rats
heated to 41.0 °C demonstrated marked elevations in NA
turnover in the left ventricle, renal cortex, liver, and adrenal
gland, which was significantly higher in the kidney and liver
of senescent (24 months old) rats compared to their mature
(12 months old) counterparts (Kregel 1994). Therefore,
MDMA evoked hyperthermia and increased sympathetic
activity may cooperate together to evoke a more robust dam-
age in the heart and kidney tissue of aged animals.

In summary, there are important age differences in the
toxic events promoted by “ecstasy” in relevant doses to the
human scenario of drug usage. The hippocampus of aged
animals revealed 5-HT neurotoxicity following MDMA,
while no neurotransmitter changes were seen in their ado-
lescent counterparts. In addition, aged animals are more
susceptible than adolescent rats to tissue damage in the
heart and kidneys following “ecstasy”, thus suggesting a
direct relationship between the age of the “ecstasy” user
and MDMA -related toxic events.
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