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World Health Organization (OMS: Organizacio
Mundial de la Salut)

Wild-type (salvatges) animals
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1. HISTORIA | EVOLUCIO DE LES DROGUES: DE
L’ANTIGUITAT A LA SITUACIO ACTUAL

Es denomina substancia d’abus o psicoactiva, a tota substancia que
introduida en 1’organisme té la capacitat per modificar la consciéncia,
I’humor o els pensaments d’un individu (World Health Organization,
2004). El consum de drogues apareix com una constant historica en el
recorregut de la humanitat, utilitzant-se tant en el pla religiés, com
terapeéutic, productiu o ludic, en funci6 de les diferents cultures i
religions. L’Gs i abus de les drogues ha sofert un procés evolutiu en el
transcurs de la historia segons la transformacio de la societat. El relat
biblic ja menciona el consum 1 els efectes de la droga universal per
excel-léncia: 1’alcohol. Les primeres societats urbanes com Egipte,
Mesopotamia i la vall de 1’Indu, van aportar a la Humanitat junt amb les
legislacions positives més antigues que es coneixen (Codi de Manu, Codi
d’Hammurabi), les primeres noticies documentades sobre 1’existéncia de
drogues embriagadores. En el cas d’Egipte, per exemple, les drogues més
habituals van ser I’opi 1 una espécie de cervesa el consum del qual es
gravava amb impostos. Heus aqui alguna de les caracteristiques que
acompanyaran a les drogues en el seu recorregut historic: el seu us
institucionalitzat, la seva vessant legal-il-legal i la seva unié a una
rendibilitat economica.

Si I’alcohol ha estat la droga historica d’Occident, de Turquia a la India,
passant per I’altipla de I’Iran, el protagonisme 1’ocupa els derivats del
cannabis i el cascall. L opi és també una de les drogues amb més historia.
El primer document data I’any 1550 abans de Crist (a.C) en un papir
egipci, on es parlava de capsules d’opi per produir un son reparador,
encara que es creu que el seu us es remunta molt abans. En el cas del
cannabis, la referéncia més antiga figura en un llibre de la farmacopea
Xina de I’any 2737 a.C., on se li atribueix caracter medicinal per al
tractament de diverses doléncies com el reuma, el beri-beri, la malaria 1
certs trastorns mentals. Des de llavors, aquestes drogues es van estendre
entre els diferents pobles mediterranis o d’Extrem Orient (Francesc
Freixa, 1982). A partir del segle X VIII, el consum d’aquestes drogues es
va expandir a Europa juntament amb la cocaina, primer en ambients
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elitistes 1 a mitjans del segle XIX de manera més generalitzada. Els nous
procediments per introduir en el cos huma les substancies
farmacologiques, com la xeringa i 1’agulla, i la industrialitzacié dels
productes farmaceutics van afavorir I’auge del consum de drogues. No
va ser, pero, fins al segle XX on a Occident les drogues van tenir més
resso amb ’aparicio de moviments de protesta en contra del model social
establert, com el moviment beat o també el moviment hippy. Aquests
moviments partien d’'una marginacié voluntaria del sistema, d’una no
participaci6 per a no contribuir a lo rebutjable: armes nuclears, guerra
del Vietnam i valors de classe mitja occidentals. En el moviment Aippy,
la seva mistica de I’amor veia en la droga un instrument de sinceritat i el
plaer, requisits indispensables per exaltar el valor suprem: la vida, entesa
com un joc i una alegria. En certa manera, la droga ha vingut en part a
significar la necessitat d’una nova espiritualitat en un mon que el
laicisme s’arrela sense precedents. Com a contrapartida, a Espanya va
sorgir la denominada movida madrileria, un moviment social, cultural i
ludic desenvolupat a Madrid entre els anys 1977-1984, en que artistes
liberals 1 excéntrics pretenien trencar amb 1’anterior €poca franquista i la
censura. Paral-lelament, a Valéncia va sorgir la coneguda ruta del
bakalao o ruta Destroy (finals dels 70-90), 1 va consistir en el major
moviment c/lubbing d’Espanya, amb conseqiiéncies a llarg termini sobre
la manera d’oci nocturn que es coneix a dia d’avui. Va ser en aquest
moviment on les anomenades drogues de disseny van entrar en escena
amb una gran acollida entre els joves arribant al seu punt algid de
consum. Des d’aleshores, aquestes drogues han format part del panorama
oci-cultural de la societat espanyola. En [I’actualitat on el
desenvolupament de les noves tecnologies com Internet ha propiciat
diferents maneres de comerg, I’accés a noves drogues s’ha vist facilitat.

Cal destacar que en la cronologia de I’ts de les drogues s ha passat d’un
consum restringit als sectors més alts de la societat en I’antiguitat, a un
consum ampli sense limits, on actualment el sector més vulnerable per
les seves caracteristiques dins la societat son els adolescents i els joves
adults.
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Figura 1. Cronologia de I’evoluci6 de les drogues al llarg de la historia. Panel A: consum
d’alcohol en les societats egipcies; Panel B: Fumador d’opi a Franga. El laudan, la morfina i I’opi
eren drogues comuns i legals en Europa i Ameérica durant el segle XIX. Panel C: es sintetitza
I’heroina per primera vegada. L’0is de la xeringa i ’agulla facilita la seva administracié. Panel D:
E1 LSD (dietilamida de 1’acid lisérgic) és la droga per excel-1éncia del moviment hippy. Panel E:
actuals drogues de disseny.

2. DROGUES I ADOLESCENCIA

Al llarg de les cultures 1 del temps, 1’adolescéncia s’ha senyalat sempre
com un periode de canvis tant a nivell fisic com psiquic. Encara que
molts adolescents condueixen amb exit la transicid de la dependéncia a
la auto-suficiéncia de convertir-se en una persona independent dins de la
societat, 1’adolescencia no deixa de ser un periode on I’aparicid de
malalties psiquiatriques i trastorns de la conducta, de I’alimentacid i abus
de substancies, tendeix a I’alga (Paus et al., 2008). Els adolescents
normalment mostren una conducta atrevida i en relaci6 a altres edats
exhibeixen una quantitat desproporcionada de comportaments com la
imprudéncia, la impulsivitat, I’assumpci6 de riscos 1 la recerca de noves
sensacions. En referéncia al consum de drogues, a banda d’existir el risc
de convertir-se en addictes, hi ha evidéncies que suggereixen que la taxa
de progressio a alcoholic o drogoaddicte podria ser inusualment rapida.
Per exemple, 1’addici6 a la cocaina sembla ser molt més rapida en els
adolescents que en els consumidors adults, suggerint un potencial
d’addicci6 superior en aquesta edat (Spear, 2000).
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2.1 El cervell adolescent

El cervell és un organ dinamic que esta en continua remodelacio, i
I’adolescéncia és un periode on aquesta remodelaci6 és més accentuada
1 els factor ambientals poden tenir més impacte. Estudis realitzats amb
ressonancia magnetica (MRI) han demostrat una reduccid en la matéria
gris cortical 1 un increment en la materia blanca que abasta dels 4 als 20
anys. S’ha observat que els canvis en matéria blanca sén lineals, mentre
que en la materia gris hi ha un increment a la preadolesceéncia seguit
d’una disminuci6 en 1’adolescéncia tardana (Giedd et al., 1999; Gogtay
et al., 2004). A nivell cel-lular, aquests canvis corresponen amb una
sobreproduccié d’axons i sinapsis en la pubertat, seguit d’un fenomen
d’eliminacié de neurones i sinapsis de més a fi d’incrementar la
eficiéncia de la transmissié neuronal, al final de I’adolescéncia (fenomen
de pruning) (Figura 2) (Crews et al., 2007; Prince et al., 2015).

12 anys

Durant l'adolescencia, el cervell
sofreix molts canvis. La substancia
gris disminueix aixi com les
connexions entre neurones es van
reduint a causa del fenomen de
prunning.

16 anys

A causa de que el cervell encara
s’esta desenvolupant, és molt més
sensible als efectes de les drogues

20 anys

En I'edat adulta, els canvis produits
per l'inici del consum de drogues sén
menys  probables de  causar
dependéncia i produir addiccié

Figura 2. Imatges de ressonancia magnética. Verd indica cervell menys desenvolupat ; lila
cervell més desenvolupat. Els canvis en la matéria gris son especifics de cada regid, amb un pic
al voltant dels 12 anys per al 1obul frontal i parietal i als 16 anys pel 16bul temporal, mentre en el
lobul occipital és produeix cap als 20 anys.
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El cortex prefrontal (PFC) i I’hipocamp (HC) son probablement les dos
arees principals on més canvis es produeixen durant I’adolescencia. S ha
observat que el volum absolut del PFC disminueix mentre que el de ’'HC
augmenta (Sowell et al., 2001; Guerri & Pascual, 2010). Cal mencionar
que el PFC és I’area que esta involucrada en les funcions executives com
la flexibilitat cognitiva, el processament de la memoria, 1’autoregulaciod
1 ’avaluaci6 del risc i recompensa (Crews et al., 2007). En canvi, I’'HC
participa en els processos de memoria i aprenentatge (O’Keefe &
Dostrovsky, 1971; Morris et al., 1982; Miller & Cohen, 2001). Per tant,
modificacions en aquestes regions poden repercutir en alteracions
cognitives i emocionals en 1’edat adulta.

3. 3,4-METILENDIOXIMETAMFETAMINA

3.1 Origen i Historia

La 3,4-Metilendioximetilamfetamina (MDMA) o més coneguda amb el
nom d’extasi és un derivat amfetaminic que va ser sintetitzat per primera
vegada i patentat al 1912 sota el nom safril-metil-amina per la companyia
farmaceutica Merk. En aquell moment, no se li va donar cap importancia
farmacologica, ja que només era el precursor d’un nou compost actiu, la
hidrastinina, un agent coagulant. Les primeres proves farmacologiques
que es van realitzar amb I’MDMA van ser al 1927 als laboratoris Merck
pel cientific Oberlin, concloent que no tenia efectes purament
simpaticomimetics. No va ser fins als anys 50 que es va provar la seva
toxicitat per primer cop en un estudi de la Universitat de Michigan,
patrocinat per I’armada dels Estats Units, pero els efectes toxicologics i
sobre el comportament no van ser publicats fins I’any 1973 per Hardam
H.F. i col. (1973) (Hardman et al., 1973). L’any 1976 va ser el primer
cop que ’'MDMA va ser utilitzat en psicoterapia pel doctor Leo Zeff,
encara que no va fer public cap de les seves sessions. A partir d’aquell
moment ’MDMA va comengar a popularitzar-se amb el nom d’ADAM
entre els psicoterapeutes, gracies als seus efectes d’incrementar
I’autoestima del pacient i facilitar la comunicaci6 terapeutica. No es fins
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al 1978 que es publica per primer cop els efectes de ’MDMA en humans
(Shulgin & Nichols, 1978). Mentre els doctors i els psicoterapéutics
estaven ocupats buscant nous usos terapeutics per ’'MDMA, aquesta era
utilitzada vastament als carrers amb us recreatiu entre els anys 70 i 80,
sota el nom d’éxtasi. Va ser el Regne Unit el primer en il-legalitzar
I’MDMA a I’any 1977, seguit dels Estats Units 1985, pel seu potencial
d’abus i per la falta d’aplicacio terapéutica. L’organitzacié Mundial de
la Salut (OMS) la va incloure en la llista 1 en la Convencié sobre
substancies psicotropiques a I’any 1985, on actualment encara es troba
classificada. La seva il-legalitzacio, perd, no va disminuir el seu consum
i a finals dels anys 80 el protagonisme de ’'MDMA en festes techno i
“raves” va fer que fos un element indispensable dins de la cultura
nocturna a nivell mundial. Actualment encara continua sent una de les
drogues psico-estimulats predilectes pels adolescents i els joves adults.

Figura 3. Patent n® 274350 del
1912. El text cita: Tema de la patent
es: Procediment de fabricaci6 de
alkyloxyaryl-, dialkyloxyaryl- and
alkylendioxyarylaminopropanes i els

seus derivats nitrogens
monoalquilats. (‘Gegenstand des
Patentes  ist:  Verfahren  zur

Darstellung von Alkyloxyaryl-,bzw.
deren am Stickstoff monoalkylierten
Derivaten’). Principi de la patent: 24
de decembre de 1912. El document es
refereix a la llei de patents de 1’abril
de 1891 i 6 de juny de 1911.
(Freudenmann 2006).

La principal via de consum de ’'MDMA ¢és I’oral, 1 la forma més habitual
es en forma de pastilles que es poden trobar en diferents colors, forma i
simbols. Encara que també la podem trobar en pols i forma cristal-lina,
el que fa que també es pugui esnifar (insuflacié nasal).



INTRODUCCIO

Figura 4. Formes habituals de consum de I’éxtasi.

3.2 Estructura quimica

L’MDMA és una base sintetica que pertany al grup de les fenietilamines,
emparentada estructuralment amb [’alcaloide al-lucinogen mescalina, 1
I’estimulant amfetamina. Com altres amfetamines, ’MDMA té un centre
quiral amb un parell d’enantiomers, que mostren diferent activitat
farmacologica, metabolisme estereoselectiu i diferent acumulacio en
I’organisme (Figura 5). L’enantiomer S (+) és el responsable de 1’efecte
psicoestimulant i dels efectes empatics, en contra de les propietats
al-lucinogenes que presenta I’isomer R (de la Torre et al., 2004b). El que
es troba al mercat 1 per tant el que es consumeix ¢€s el racémic, fent que
la suma de les propietats dels dos isomers li confereixen les seves
propietats estimulants i relativament al-lucindogenes.
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Figura 5. Estructura quimica de I’amfetamina, mescalina i MDMA. El punt vermell en
I’MDMA indica el centre quiral de la molécula.

3.3 Epidemiologia

S’estima que un total de 246 milions de persones, o 1 de cada 20 entre
les edats de 15 1 64 anys van consumir substancies il-legals al 2013
(UNODC (2015): The United Nations Office on Drugs and Crime). A
nivell europeu, es considera que casi una quarta part de la poblacio
adulta, més de 80 milions de persones, han provat drogues il-legals en
algun moment de la seva vida. LMDMA és una de les drogues més
consumides i es troba en el quart lloc en la llista, després del cannabis,
cocaina i amfetamina. S’estima que en 1’any 2013, 1.8 milions de joves
adults (de 15 a 34 anys; 1.4% d’aquest grup d’edat) van consumir aquesta
droga. Per tant la magnitud del problema de les drogues ¢és plausible a
nivell mundial 1 la preocupacid social, economica 1 politica és evident.
Darrerament, la innovacié en el mercat i I’augment de la puresa son obvis
en el cas de ’'MDMA. Després d’un temps en el qual les pastilles
d’MDMA van presentar una reputacié de baixa qualitat i de producte
adulterat, actualment existeix una major disponibilitat d’una MDMA de
gran puresa, tant que en ’Gltim any, el EMCDDA (2015) (European
Monitoring Centre of Drugs and Drug Addiction) i la Europol han
advertit sobre els riscos per la salut vinculats al consum d’aquest tipus
de droga.
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Cal destacar que en I’any 2013 Espanya va ser un dels paisos on el
nimero de confiscacions per MDMA va ser més gran, encara que cal
mencionar que en aquest any no es disposen de dades de paisos com
Franca, Polonia o els Paisos Baixos, les quals suposarien una contribucio
important (Figura 6). En conjunt, tots aquests indicadors de mercat de
I’MDMA apunten a una recuperacid des d’un minim assolit
aproximadament 5 anys enrere.

Namero de incautaciones de MDMA y cantidad incautada: tendencias (izquierda) y en 2013 o Gltimo afio (derecha)
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Figura 6. Mapa de confiscacions d’éxtasis a Europa durant el 2013

3.4 Farmacocinética i metabolisme

L’MDMA ¢és una base debil amb un pKa al voltant de 9 i1 d’elevada
liposolubilitat (LogP 1.68). Es caracteritza per tenir un pes molecular
baix, una uni6 a proteines plasmatiques baixa (sobre un 20%) i un alt
volum de distribucio (6.4 L/Kg) en una dosis de 100mg (de la Torre,
Farré et al., 2004). Aquestes propietats li confereixen una distribucio
amplia i facilitat per travessar les membranes i els teixits, fent que els
efectes es comencin a percebre 30-60 minuts després de la seva
administracio, 1 arribant a la concentracié maxima (Cmax) al cap d’1.5-3h
hores (Capela et al., 2009). A dosis baixes (50,75, 100 mg) 1’area sota la
corba (AUC) i la Cmax incrementen de manera dosi-depenent, mentre que

11
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a partir de 150 mg de dosis, I’increment dels parametres cinétics no soén
proporcionals, indicant una cinética no lineal. Aixo segurament es degut
a una saturacid del metabolisme d’aquesta substancia, a més d’una
interacci6 dels seus metabolits amb els enzims implicats en la seva via
metabolica. El temps de vida mitja d’eliminacié amb una dosis de 100mg
¢s entre 8-9 hores (de la Torre et al., 2004b; Capela et al., 2009).

El metabolisme de ’MDMA ha estat estudiat tan in vivo com in vitro en
diferents especies animals, sent aquestes investigacions de gran
rellevancia per la possible implicacid dels metabolits en el mecanisme
de la neurotoxicitat. Les dues vies principals de metabolitzacié son: 1)
I’N-desmetilitzacid6 de 1’amina secundaria i 2) 1’O-desmetilenacio de
I’anell metilendioxi (Figura 7). Les reaccions de N-metilaci6o i O-
metilaci6 son catalitzades per isoenzims del citocrom P450. Dos dels
principals enzims implicats en el metabolisme d’aquest derivat
amfetaminic, I’enzim CYP2D6 i la catecol-metil-transferasa (COMT)
estan subjectes d’exhibir polimorfisme genctic, condicionant d’aquesta
manera els efectes toxics que I'MDMA pot presentar a nivell
interindividual.

L’ordre de la via de metabolitzacid pot diferir segons 1’espécie estudiada,
aixi mateix trobem que en humans s’ha descrit que la principal via de
metabolitzacid és la O-desmetilenacié donant lloc a la formacio d’3,4-
dihidroximetamfetamina (HHMA), un compost altament inestable i que
seguidament es conjugat per 1’acid glucuronic o sulfat. A més, també
pot ser metilat per la COMT a 1’4-hidroxi-3-metoximetamfetamina
(HMMA). Aquests metabolits estan majoritariament tan en plasma com
en orina en forma de conjugats glucuronics. A diferéncia de la rata, la
concentracio plasmatica de 1°3,4-metilendioxiamfetamina (MDA),
producte de I’'N-desmetilitzacid, un compost farmacologicament actiu i
amb una toxicitat similar o inclis major sobre les neurones
serotoninergiques que la propia MDMA, normalment és troba per sota
del 5% (de la Torre & Farré, 2004).

En canvi, tant en rata com en ratoli la principal via és la N-
desmetilitzacio donant lloc a la formacio de ’'MDA. En rata, esta descrit
que a dosis baixes el ratio de transformacié [MDA]:[MDMA] és 0.5 1 és
dosis-depenent, mentre que a dosis a partir 10mg/kg hi ha una saturacié
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de I’eliminacio hepatica. Els metabolits HHMA i HMMA també es
troben en concentracions altes en plasma després de I’administraci6 de
la substancia. Encara que en ratoli el principal metabolit també es
I’MDA, s’ha observat que després de repetides dosis del derivat
amfetaminic (30mg/kg cada 3h, 3 cops), una hora després de 1’tltima
administracio, els nivells plasmatics de ’'MDMA s6n 450% més alts que
I’MDA 1 1900% més que ’'HHMA. Tant els nivells de ’'HHMA i
I’HMMA s6n molt similars 1 representen entre 1’1 1 el 5%. En determinar
les concentracions en estriat, només I’'MDMA 1 I’MDA van ser
detectades sent la concentraci6 de MDMA 940% superior a I’'MDA
(Escobedo et al., 2005). L’alta concentraci6 d’MDMA en els dos
compartiments segurament es degut a la inhibici6 del seu metabolisme,
coincidint amb la farmacocinética no-lineal. En les 3 espécies
esmentades la farmacocinética de ’MDMA és enantiomer-selectiva, es
a dir, tots els metabolits conserven el centre quiral i poden representar
una barreja dels dos enantiomers. En humans 1’enantiomer (S)-MDMA
presenta una semi vida d’eliminacié més curta, resultat que esta en
concordanga amb els efectes subjectius 1 psicomotors reportats en
subjectes exposats a ’'MDMA, mentre que en el seu homoleg (R)-
MDMA TI’eliminacié és més llarga correlacionant-se amb els efectes
d’estat d’anim 1 cognitius que presenten els individus dies després del
seu consum (Pizarro, N & Farré, M 2004).

El coneixement del metabolisme de 'MDMA ¢és de gran rellevancia, ja
que diversos autors estan d’acord en el fet que els metabolits d’aquest
derivat amfetaminic juguen un paper clau en el desenvolupament de la
neurotoxicitat causada per ’'MDMA (Chu et al., 1996; Miller et al.,
1996; Esteban et al., 2001; Escobedo et al., 2005).

13
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Figura 7. Les vies metaboliques de disposicio hepatica de "MDMA. La fletxa vermella indica
la principal via en rosegadors. La fletxa blava indica la principal via en humans. (adaptada de la
Torre 2004).

3.5 Efectes farmacologics

L’MDMA afecta tant al sistema nervids central (SNC) com al periféric
(SNP), i son precisament els efectes en el SNC el que fan que sigui una
de les drogues més consumides pels joves adolescents. Esta classificada
com a droga entactdogena, ja que Nichols (1986) va concloure que
I’MDMA no encaixava en les fins aleshores classificacions de droga
al-lucinogena o psicodelica, per tant 1’autor en funcio de la distintiva
farmacologia de ’'MDMA, va fixar la denominacio6 de droga entactdogena
(Nichols, 1986). Es denomina substancia entactdogena aquella que
provoca sentiments d’aproximacio als altres, empatia 1 sociabilitat.
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3.5.1 Efectes aguts

3.5.1.1 Efectes desitjats: Euforia, benestar, estimulacié i augment de
I’energia, disminucié de la son, extroversid, sentiments de proximitat
amb els altres, empatia, sociabilitat, intensificaci6 de la percepcio visual,
tactil 1 acustica, moderada desrealitzacid (sense al-lucinacions, efectes
disforics) (Liechti et al., 2000).

3.5.1.2 Efectes no desitjats: Com a contrapartida dels efectes desitjats
I’MDMA provoca també una scrie d’efectes adversos depenen de la
dosis consumida. Els principals efectes fisiologics d’aquesta substancia
inclouen un augment de la pressié arterial, taquicardia, palpitacions,
bruxisme, nistagmes, midriasis, dolor muscular, hipertérmia, nausees,
tremolor, sudoracid, hiperrefléxia i insomni. La hipertérmia és un dels
efectes colaterals més importants, ja que s’han reportat casos on la
temperatura corporal va assolir més de 43°C. Evidentment, aixo pot
donar lloc a efectes toxicologics molt importants, com rabdomiolisi,
coagulacio intravascular disseminada 1 fallada renal. També s’ha
comprovat que provoca canvis en el sistema neuroendocri, produint un
increment en plasma de les hormones adrenocorticotropa (ACTH),
cortisol, prolactina, dehidroepiandrosterona (DHEA), antidiiirctica
(ADH, vasopressina), oxitocina 1 un augment d’arginina, acompanyat
d’una disminucid plasmatica de sodi (hiponatrémia) (de la Torre et al.,
2004b). El sistema immunitari també es veu afectat per I’efecte agut de
la droga, fent que després del consum de ’MDMA hi hagi un periode en
que la immunocompeténcia esta altament afectada. Les alteracions
permanents en la homeostasis immunologica que es registren poden
comportar un empitjorament general de la salut amb un increment de la
susceptibilitat de patir infeccions o trastorns relacionats amb el sistema
immune (Pacifici et al., 2002). A nivell psicologic, dies després del
consum de la substancia els subjectes reporten sentiment de letargia,
irritabilitat, depressio, mal humor i paranoia.
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3.5.2 Efectes a llarg termini

Malauradament els efectes a llarg termini estan més relacionats amb la
neurotoxicitat que presenta aquesta substancia, encara que un estudi
recent relaciona el consum d’éxtasi en el desenvolupament de malalties
cardiovasculars (Baumann & Rothman, 2009). Els efectes neurotoxics
son més dificils de determinar, ja que en humans aquests estan basats en
metodes indirectes o en estudis de neuroimage. D’altra banda, aquests
estudis presenten la problematica que la gran majoria de consumidors
d’eéxtasis prenen tamb¢ altres substancies com tabac, alcohol, cannabis,
cocaina, entre d’altres, el qual podria ser que alguns dels efectes atribuits
a ’MDMA siguin provocats per altres substancies o que aquestes puguin
potenciar els efectes nocius de la propia droga (Parrott, 2000; Dafters et
al., 2004).

De totes maneres, estudis realitzats amb consumidors d’éxtasi mostren
una reduccid en la densitat de neurones serotoninergiques i del
transportador de serotonina (5-HTT) en el cortex 1 hipocamp. La densitat
del 5-HTT en el cortex 1 hipocamp esta relacionada amb el rendiment de
la memoria, suggerint que canvis en la seva densitat pot donar lloc a
problemes de memoria (McCann et al., 2005, 2008; Kish et al., 2010).
De fet, els efectes adversos més comunicats son problemes de memoria
1 aprenentatge, augment de la impulsivitat, depressio, atacs de panic,
entre altres problemes psiquiatrics (Parrott, 2000, 2015; Jacobsen et al.,
2004; de Win et al., 2006; Capela et al., 2009). Entre els estudis duts a
terme hi ha una certa controversia en el fet que no en tots els estudis s’ha
correlacionat el consum de I’™MDMA amb problemes cognitius.
L’aparicid, segurament, dels deficits cognitius aniria molt lligada al tipus
de consumidor (“heavy”: persona amb un historial de gran consum
d’eéxtasi) (Mueller et al., 2016). Per exemple, Jager i col. (2007) (Jager
et al., 2007) afirmen que no hi ha evidencies d’efectes nocius en la
funcionalitat del cervell a dosis baixes d’éxtasis (dosis maxima: 10
pastilles d’¢éxtasis), deixant una porta oberta a la discussio de 1’Us
terapeutic de ’'MDMA, com alguns autors han proposat especialment en
el tractament de 1’estres post-traumatic (PTSD) (Doblin, 2002; Mithoefer
etal., 2011; Oehen & Schnyder, 2013).
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3.6 Mecanisme d’accio

L’MDMA actua principalment sobre el sistema monoaminergic, tenint
una major afinitat pel sistema serotoninergic (ECso= 74.3£5.6 nM),
seguidament del noradrenergic (ECso= 136+17 nM) i dopaminérgic
(ECso= 278+12 nM) (Han & Gu, 2006; Baumann & Rothman, 2009).
Actua com a substrat del 5-HTT utilitzant-lo per entrar dins de la cel-lula,
encara que a dosis altes pot entrar també per difusié. Un cop dins la
c¢l-lula provoca un alliberament de la serotonina (5-HT) de les vesicules
d’emmagatzematge, possiblement a través del transportador vesicular
(VMAT), per canvis en el gradient de pH, fent que incrementi la
concentraci6 de 5-HT al citosol. Degut a aquest increment de
neurotransmissor (NT) en el citosol, es produeix un alliberament massiu
de 5-HT en I’escletxa sinaptica mitjancant el 5-HTT, el qual inverteix la
seva funcionalitat, inhibint la posterior recaptacié del NT (White et al.,
1996; Green et al., 2003; Capela et al., 2009). A més a més, 'MDMA
inhibeix I’activitat de D’enzim triptofan hidroxilasa (THP), enzim
limitant de la sintesi de 5-HT, efecte que provoca una reduccié en la
sintesi d’aquest NT, afavorint la depleci6. També és un inhibidor
reversible de I’enzim monoamino oxidasa A (MAO-A) i parcialment de
la MAO-B, enzims encarregats de la degradaci6 de les catecolamines,
les quals es troben en la membrana externa del mitocondri (Leonardi &
Azmitia, 1994). La suma de tots aquests processos fan que hi hagi una
gran concentracio de 5-HT en la sinapsis, donant lloc als efectes tan
caracteristics d’aquesta substancia. Els efectes al-lucinogens de la droga
son conseqiiencia de I’estimulacié del receptor serotoninergic 5-HT2a

(Figura 8).

Per altra banda, s’ha observat que ’'MDMA també s’uneix a altres
receptors amb alta afinitat com el receptor an-adrenergic, el receptor
d’histamina H;j 1 el receptor muscarinic Mi. També s’uneix, encara que
no amb tanta afinitat, amb el receptor a,- adrenérgic, muscarinic Ma, -
adrenergic, 5-HTj, i els receptors de dopamina (DA) D; i D, (Capela et
al., 2009). Recentment tamb¢ s’ha descrit que actua sobre els receptors
nicotinics a4P2 1 com agonista parcial dels receptors nicotinics a7
(Garcia-Ratés et al., 2010). Els sistemes dopaminergic, GABA¢rgic 1
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glutamatergic també estan implicats en el seu mecanisme d’accid
(Simantov, 2004).
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Figura 8. Esquema del mecanisme d’accié de "MDMA sobre els terminals serotoninérgics.

3.7 Neurotoxicitat

La neurotoxicitat de I’amfetamina ve determinada pels efectes aguts que
produeix, tenint aquests conseqiiencies a llarg termini. En el procés de
generaci6 de la neurotoxicitat hi estan involucrats efectes com la
hipertérmia, 1’alliberament massiu de 5-HT, DA 1 NA, la formacio
d’estrés oxidatiu, 1’excitotoxicitat o alteracions en el mitocondri. Tenint
en compte la seva accié directa sobre el SNC, la recerca en humans
queda molt limitada, aixi doncs els estudis en animals de laboratori son
d’una
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gran ajuda per poder comprendre el mecanisme pel qual ’'MDMA
provoca els seus efectes. Cal destacar, pero, que la neurotoxicitat que
presenta aquest compost és una neurotoxicitat espécie-selectiva. En
humans, primats i rata actua com a neurotoxina fonamentalment
serotoninergica, mentre que en ratoli €s principalment dopamineérgica.

3.7.1 Efectes a llarg termini sobre els terminals

El primer estudi en reportar que I’'MDMA produia neurotoxicitat
serotoningrgica en rata va ser publicat I’any 1986 per Schmidt (Schmidt
et al., 1986). Des de llavors, un gran nombre d’estudis han descrit
alteracions en aquest sistema. La neurotoxicitat d’aquesta amfetamina
esta associada a una reduccio a llarg termini en els marcadors bioquimics
del sistema serotoninérgic, sobretot una disminuci6 dels nivells de 5-HT
1 el seu principal metabolit 1’acid 5-hidroxiindolacétic (5-HIAA).
Aquests estudis confirmen que les reduccions més severes es localitzen
al neocortex, estriat 1 hipocamp (Schmidt et al., 1986; Stone et al., 1986;
Commins et al., 1987; O’Hearn et al., 1988). A més a més, la unio de
[*H]paroxetina al 5-HTT pre-sinaptic (substancia marcadora d’aquest
sistema de transport) es troba reduida indicant neurodegeneracié dels
terminals serotoninergics. L’activitat de ’enzim TPH també es troba
disminuida. Segons diferents estudis la taxa de recuperacié neuronal
sembla ser depenent de la regié cerebral afectada i de la dosis,
comprenent de poques setmanes fins a un any (Battaglia et al., 1988;
Scanzello et al., 1993). La neurotoxicitat serotoninérgica ¢és de lluny la
més estudiada, pero alguns autors descriuen alteracions en altres regions
del cervell. Aixi, Schmued va analitzar la localitzaci6 de la degeneracid
neuronal induida per ’'MDMA (20 o 40mg/kg dosis unica) en tot el
cervell 1 va observar degeneracido neuronal al cortex parietal, cortex

insular, al talem ventromedial/ventrolateral i a la tenia tecta (Schmued,
2003).

Tal com s’ha esmentat anteriorment, ’MDMA difereix en la seva
farmacologia en rata i en ratoli. Esta ben establert que aquesta substancia
actua com a neurotoxina dopaminergica en ratoli, (Stone et al., 1986;
O’Callaghan & Miller, 1994). O’Shea i col. (2001) van demostrar que la
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fluoxetina no inhibia la toxicitat induida per ’'MDMA, tal com ocorre
amb la rata (O’Shea et al., 2001). En canvi, en administrar un inhibidor
de la recaptacio de DA (GBR 12909), van observar un increment de
I’alliberament de DA perod una prevencié de la perdua de terminals
dopaminérgics 7 dies despres. Els autors hipotetitzen que probablement
I’MDMA no utilitza els transportador de DA per entrar a la cel-lula sind
que a causa de la seva liposolubilitat ho fa per difusio passiva, i que
probablement el GBR 12909 prevé I’entrada dins la cel-lula dels
metabolits neurotoxics de ’'MDMA evitant d’aquesta manera la seva
toxicitat.

3.7.2 El paper de la dopamina

Diversos estudis han demostrat que ’MDMA provoca un alliberament
de DA (Spanos &Yamamoto, 1989; Nash & Yamamoto, 1992), i que
aquest increment de DA podria jugar un paper clau en la neurotoxicitat
induida per aquesta substancia. Aquestes conclusions estan basades en el
fet que el pretractament amb reserpina, 6-hidroxidopamina (6-OHDA) o
amb un inhibidor selectiu del transportador de DA prevé la toxicitat de
les neurones serotoninergiques induida per ’MDMA (Stone et al., 1986;
Brodkin et al, 1993). Dc’altra banda, una administracid
intracerebroventricular (i.c.v.) de 5-HT facilita I’alliberament de DA
(Benloucif et al., 1993; Koch & Galloway, 1997). Donat aquests estudis
previs, Sprague i col. (1998) van elaborar una hipotesi sobre la
neurotoxicitat de 'MDMA on la DA hi juga un paper principal. Aquesta
hipotesi afirma que ’'MDMA provoca un alliberament agut de 5-HT 1
DA, seguit d’una depleci6 intraneuronal de I’emmagatzematge de 5-HT.
Aquest alliberament inicial de 5-HT activa els receptors post-sinaptics 5-
HTanc localitzats en les neurones GABAergiques, resultant en una
disminuci6 de la transmissi6 GABA¢rgica i un increment de la sintesi i
alliberament de DA. Aquest excés de DA pot ser transportat a través del
5-HTT a dins del terminal serotoninergic depleccionat, on per accid de
la MAO-B, la DA pot ser metabolitzada produint peroxid d’hidrogen
(H202) 1 especies reactives d’oxigen (ROS), donant lloc a una
degeneracio del terminal sinaptic (Sprague et al., 1998).
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3.7.3 El paper de la hipertérmia

S’han dut a terme un gran nombre d’estudis on es relaciona el paper de
la hipertérmia en la neurotoxicitat induida per aquesta substancia. A més
s’ha observat que en rata la temperatura ambiental pot afectar la resposta
neurotoxica de la droga, un fet a destacar si considerem que els
adolescents normalment la consumeixen en ambients tancats i on la
temperatura és més elevada. L’MDMA genera poiquilotérmia, aixi una
temperatura ambiental alta afavoreix la hipertermia després de
I’administracié6 de ’'MDMA, mentre que una temperatura ambiental
baixa provoca hipotérmia (Malberg & Seiden, 1998; Green et al., 2004).
Molts autors relacionen la hipertérmia amb una deplecié mes gran de
NT, com 5-HT i DA (Malberg & Seiden, 1998; O’Shea et al., 2005). I
d’altres conclouen que la hipotérmia podria protegir de la neurotoxicitat
(Malberg et al., 1996). En ratolins, ’'MDMA produeix la mateixa
resposta que 1’observada en rates, no obstant els canvis detectats en la
temperatura corporal després de I’administracié del derivat amfetaminic
son molt més variables que els observats en rata. Encara que s’ha reportat
una resposta hipertérmica, aquesta varia en funci6 de la dosis i la soca.
Per exemple, quan ’'MDMA va ser administrat a la soca C57/Bl6 (20
mg/kg, cada 2h 4 cops; s.c) els autors van descriure un increment de la
temperatura aproximadament de 2°C amb una durada de 8 hores
(Johnson et al., 2000, 2002a), en canvi el mateix laboratori utilitzant la
soca BALB/c i1 dosis més baixes de la droga (5 1 10mg/kg cada 2h, 4
cops; s.c.), van observar una resposta hipotérmica depenent de la dosis
(Johnson et al., 2002b). O’Shea i col. (2001) va descriure un efecte
bifasic de la temperatura corporal depenent de la dosis en la soca Swiss-
Webster, aixi doncs a una dosis baixa (10mg/kg cada 3h 3 cops; i.p.)
I’MDMA va produir un efecte hipotérmic, mentre que a dosis altes
(30mg/kg cada 3h 3 cops; i.p.) va induir un efecte hipertérmic
seguidament d’una hipotérmia (O’Shea et al., 2001). Sembla que en
ratolins els canvis de temperatura no estiguin tan relacionats amb la
neurotoxicitat com en la rata.

Un dels altres mecanismes pel qual la hipertérmia pot conduir a un
increment de la neurotoxicitat és a través de la produccié de ROS.
Colado 1 col. (2001) van administrar conjuntament amb MDMA
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clometiazol, un agent antioxidant el qual va ser capa¢ de prevenir tant la
hipertérmia com la produccid6 de ROS en I’HC. No obstant, quan la
temperatura de les rates es va mantenir elevada amb una manta térmica
hi va haver una manca d’inhibici6é de la produccié de ROS. Els autors
postulen que la produccid d’estrés oxidatiu podria ser previnguda
inhibint la hipertérmia (Colado et al., 2001).

Entre els diferents mecanismes que es consideren per explicar la
hipertérmia produida per ’'MDMA, la DA podria tenir-ne un paper clau,
ja que l’administracié conjuntament del derivat amfetaminic amb
fluoxetina, un inhibidor de la recaptacié de 5-HT, prevé la degeneracio
dels terminals serotoninérgics induida per ’'MDMA perd no té efecte
sobre la hipertérmia (Malberg et al., 1996; Sanchez et al., 2001). Per tant,
els autors proposen que ’efecte hipertermic no depen de 1’alliberament
de 5-HT. Aquesta hipotesi queda reforcada per la inhibici6 de la
hipertérmia induida per la p-cloroamfetamina, un alliberador de
serotonina, amb 1’antagonista del receptor D1, SCH 23390 (Sugimoto et
al., 2001). Actualment el mecanisme exacte encara no esta del tot
establert.

3.7.4 Estrés oxidatiu

La produccié d’estrés oxidatiu ve generat per un desequilibri entre la
producci6 de ROS i el seu mecanisme d’eliminacid (Figura 9). Aquests
desequilibris poden donar lloc a efectes toxics importants danyant
proteines, lipids 1 el DNA a través de la produccio de peroxids i radicals
lliures. Aquest fenomen ¢€s un factor comu en el desenvolupament 1
progressio de moltes malalties, entre les que destaquen les malalties
neurodegeneratives, actualment un repte per la salut publica.
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Figura 9. Representacio6 grafica del desequilibri la produccio d’espécies reactives d’oxigen
(ROS) i els mecanismes antioxidants del SNC.

Una de les hipotesis més ben establertes és que ’'MDMA causa
neurotoxicitat a través de la produccié de ROS (Sprague & Nichols,
1995; Colado et al., 1997; Jayanthi et al., 1999), els quals poden ser
formats per diferents mecanismes. En primer lloc és ben conegut que el
propi metabolisme de la substancia pot produir metabolits altament
reactius, com les quinones. Les quinones sén compostos oxidants i
electrofilics, amb una elevada predisposicid a 1’oxidacié degut als seus
potencials redox (Milhazes et al., 2006). Les quinones, com a compostos
electrofilics, reaccionen amb nucleofils com substancies endogenes que
contenen grups tiols com el glutatidé (GSH) o N-acetilcisteina (NAC)
(FiguralO) (Hiramatsu, 1990; Patel et al., 1991; Jones et al., 2005).
Alguns autors hipotetitzen que aquests metabolits son els responsables
de la neurotoxicitat de ’'MDMA, ja que [’administraci6 i.c.v. de
I"MDMA no produeix la toxicitat observada quan s’administra per via
periférica (Esteban et al., 2001; Escobedo et al., 2005). Easton i col.
(2003) van administra directament el metabolit 5-(glutatié-S-il)-a-
MeDA 1 van observar canvis en el comportament similars als produits
per ’administracio periférica de ’MDMA, aixi com alteracions en el
sistema dopaminergic, serotoninergic i1 noradrenergic a curt termini
(Easton et al., 2003).
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corresponents ortoquinones, les quals poden entrar en el cicle redox i generar radicals
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sotmetre’s a més oxidacid i polimeritzaciéo formant pigments insolubles de melanina de color
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Una altra font de generacié de ROS és a través de la MAO que catalitza
I’oxidaci6 de monoamines com la DA, 5-HT i la NA. El metabolisme
d’aquestes substancies dona lloc a la formacio residual de H>O», que a la
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vegada pot reaccionar amb el Fe?", generant el radical hidroxil (HO")
(reacci6 de Fenton) (Monks & Lau, 1997). Diversos estudis han
demostrat la implicacio de la MAO-B en la neurotoxicitat de ’'MDMA.
Aixi, ’administraci6 de selegilina, un inhibidor de la MAO-B, abans del
tractament amb la droga reverteix els efectes toxics a nivell del terminal
serotoninergic, com la depleci6 de 5-HT, la peroxidaci6 lipidica i la
inhibicié de I’enzim TPH. Sprague & nichols 1995 també van descriure
que els animals knock-out (KO) en MAO-B son resistents als efectes
toxics serotoninergics de 'MDMA (Sprague &Nichols, 1995; Fornai et
al., 2001).

Dr’altra banda, cal destacar també que la DA, per se, pot ser facilment
oxidada i produir quinones que, com s’explica en ’apartat anterior,
reaccionen facilment formant ROS. Aquesta rapida oxidacié no només
involucra la DA, ja que la NA també¢ es una catecolamina alliberada per
I’MDMA.

Finalment, esta descrit que ’'MDMA pot incrementar els nivells de calci
(Ca*") intracel-lular (Garcia-Ratés et al., 2010). Un increment de Ca**
pot desencadenar una activaci6 d’enzims dependents de Ca®*, com 1’0xid
nitric sintetasa (NOS), resultant amb una generacié d’oxid nitric (NO)
que pot reaccionar amb el radical superoxid (O;") amb la conseqiient
formaci6 del radical ONOO" i produir estres oxidatiu.

3.7.5 El paper del mitocondri

En els darrers anys el paper del mitocondri en la neurotoxicitat induida
per les amfetamines ha crescut considerablement, ja que aquest organul
jugaun paper clau en la correcta funcionalitat neuronal i la supervivéncia
de la cel-lula. Donat que el mitocondri €s el principal productor de ROS
en estat fisiologic, un petit desequilibri pot desencadenar un increment
d’estres oxidatiu alterant la funcionalitat d’aquest organul, donant lloc a
’aparicio6 de diverses malalties.

L’interés per la implicacié de el mitocondri va augmentar després que
Nixford i col. (2001) demostressin que certs inhibidors de la cadena de
transport d’electrons (ETC) podien incrementar la neurotoxicitat induida
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per ’MDMA, tan en rata com en ratoli (Nixdorf et al., 2001). Altres
estudis han demostrat que I’administracié de substrats del metabolisme
energétic poden atenuar la neurotoxicitat. Aixi, la perfusido de
nicotinamida (el precursor de la nicotinamida adenina dinucleotid
deshidrogenasa (NADH)) o la ubiquinona (o Coenzim Q10 que forma
part de la ETC), 2 hores abans de la primera infusi6 ’"MDMA (10mg/kg
1.p cada 2h, 4 cops) i fins 6 hores després, va atenuar la deplecié de 5-
HT (analitzada 5 dies després) (Darvesh & Gudelsky, 2005). Puerta i col.
(2010) van descriure una disminuci6 en I’activitat del complex I després
de ’administraci6 de dosis creixents d’extasi (10, 20 i 30mg/kg cada 2h)
en ratolins, que va ser evident des d’una hora després fins a les 24h post-
administraci6, resultant en un increment del radical superoxid Oy,
intensificant I’estrés oxidatiu (Puerta et al., 2010). A més, la DA per si
mateixa pot inhibir I’activitat del complex I, sense tenir efecte en els
altres complexes (I, IV o V) (Brenner-Lavie et al., 2008, 2009). Per tant,
els autors hipotetitzen que donades les condicions que s’originen després
de ’administraci6 d’aquesta substancia, com I’excés de DA 1 la inhibici6
de la MAO, podria ser que fos la mateixa DA la responsable de la
inhibicid del complex 1. En neurones, 1’alta dependencia del mitocondri
per abastar la demanda d’adenosina 5’-trifosfat (APT) 1 el tamponament
de I’increment de Ca** per la neurotransmissio, requereix una regulacié
acurada del transit mitocondrial a través de I’ax6. Barbosa 1 col. (2014)
van demostrar una reduccid del transit mitocondrial en cultius de
neurones d’hipocamp tractades amb MDMA, dependent de la proteina
associada a microtiibuls TAU, a través de la implicacio de ’activitat de
la proteina glicogen sintetasa 3 (GSK 3f). Les alteracions en el
transport van ser dependents de les proteines mitofusina 2 (Mfn2) i
proteina relacionada dinamina (Drpl), les quals regulen els processos de
fusio 1 fissio (Figura 11) (Barbosa et al.,, 2014). Aquests resultats
concorden amb I’increment de fosforilaci6 de TAU a través de la
proteina GSK 3 i 1’activacio de la quinasa dependent de ciclina 5 (CDK-
5) en ratolins descrit per Busceti 2008 (Busceti et al., 2008). Alteracions
en el transport mitocondrial o en 1’equilibri dinamic entre els processos
de fusio 1 fissid pot contribuir a un deficit neuronal important o fins i tot
a la mort neuronal (Perier et al., 2012).
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Figura 11. Mecanisme proposat per la deficiéncia en el transport mitocondrial, tant
anterograd com retrograd, induit per PMDMA i els seus metabolits. 1) El derivat
amfetaminic afecta tant el transport anterograd com retrograd. 2) L’augment en la concentracio
de Ca®" esta associat amb els déficits de transport induits per ’'MDMA. 3-4) L’'MDMA
incrementa la fosforilacié de Tau dependent de la proteina GSK3p, produint una desestabilitzacid
dels microtubuls. 6) Tant ’MDMA com els seus metabolits incrementen la fragmentacié dels
mitocondris axonals (Barbosa et al., 2014).

Alves i col. (2007) van descriure que I’administraci6 d’MDMA en rates
(10mg/kg s.c. cada 2h 4 cops) provoca a nivell del mitocondri un
increment de la peroxidaci6 lipidica 1 de carbonils proteics.
Addicionalment, 1’analisi del DNA mitocondrial (mtDNA) va revelar
eliminacions en els gens de la nicotinamida adenina dinucleotid fosfat
deshidrogenasa subunitat I (NDI) i la subunitat II (NDII), subunitats del
complex I mitocondrial, i el citocrom ¢ oxidasa subunitat I del complex
IV, amb el subsegiient empitjorament en els gens necessaris per la
sintesi de proteines, les quals son complexes essencials per la producciod
d’energia a través de la ETC. Tots aquests efectes van ser revertits per
I’inhibidor de la MAO-B, selegilina.
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Ha quedat ben establert que ’'MDMA pot afectar diversos processos
essencials pel correcte funcionament del SNC, per tant la comprensio i
I’estudi dels seus efectes sobre possibles alteracions del SNC és de gran
importancia per poder prevenir o combatre els efectes a llarg termini.

En els segiients apartats estudiarem la relacio entre aquest derivat
amfetaminic i diferents alteracions del SNC.

4. MDMA, HIPOCAMP | MEMORIA

Tal com s’ha mencionat anteriorment, el PFC i I’HC s6n probablement
les dues regions del cervell que més canvis sofreixen durant
I’adolescencia, i tant I’'una com 1’altra estan involucrades en processos
essencials com la presa de decisions, I’aprenentatge i la memoria (Crews
et al., 2007). Per tant, alteracions en aquestes dues regions poden
repercutir seriosament en els processos cognitius.

4.1 Estructura i organitzacio de P’HC

La formaci6 hipocampal és una estructura en forma de C 1 es troba situat
al lobus temporal medial. Es poden distingir 3 regions diferents: 1) el gir
dentat (DG), I’hipocamp propiament que consisteix en 3 zones CA
(Cornu Ammonis): CA1, CA2, CA3 i el subicle. El terme hipocamp en
si, defineix la regi¢ limitada pel subicle a un extrem i el gir dentat per
I’altre (van Strien et al., 2009). L’HC conté dos regions de cel-lules
principals. L’extrem subicular esta format per cél-lules piramidals de
mida petita 1 que corresponen a la regié CA1 de Lorente de N6 (1934).
La zona proximal al gir dentat esta caracteritzada per c¢l-lules piramidals
de mida més gran, que corresponen a la regi6 CA3, I’inica que rep
contactes sinaptics des de les fibres musgoses que provenen del gir
dentat. Una altra de les regions presents en I’HC és la regio CA2, que es
situa entre les dues anteriors (Kosaka et al., 1988; Ribak et al., 1996; van
Strien et al., 2009). Les neurones principals de les regions CA sén



INTRODUCCIO

neurones piramidals (glutamatérgiques), denominades aixi per la seva
morfologia i que constitueixen aproximadament el 90% de totes les
neurones de les regions CA de la formacié hipocampal (Sweatt, 2004).
Els cossos cel-lulars de les cel-lules piramidals es disposen en una capa
simple de somes densament agrupats formant [’estrat piramidal. La
disposicio dels somes cel-lulars i projeccions dendritiques i1 axonals en
I’HC s’observa clarament en seccions transversals de 1’0organ, formant
capes que es corben i pleguen unes sobre les altres.

El DG esta format basicament per un sol tipus cel-lular, les cél-lules
granulars del DG, que formen una sola capa compacta que recobreix
I’extrem lliure de la regi6 CA3, i que estan disposades en forma d’una V
o una U. Al llarg de la capa granular i en tota la seva extensi6 es poden
trobar interneurones de mida gran que utilitzen el GABA com a
neurotransmissor (Stanfield & Cowan, 1988). Per sota de la capa
granular es troba la denominada regi6 hilus o capa polimorfica, compresa
entre les dues vores de cel-lules granulars del DG 1 la regié CA3 de la
banya de Amon.

4.1.1 Connexions propies de ’HC

L’organitzaci6 funcional basica de I’HC es denomina circuit trisinaptic,
anomenat aixi perque I’HC es considerat com una estructura que conté 3
sinapsis excitadores en serie. La primera, les fibres perforants derivades
del cortex entorrinal (que travessen el sublicle i la fissura hipocampal en
el seu cami cap al DG) contacten sobre les cel-lules granulars del DG.
La segona, els axons de les cel-lules granulars, les fibres musgoses,
formen sinapsis amb les cél-lules piramidals de la CA3. Finalment, els
axons de la CA3 de la via colateral de Schaffer contacten sinapticament
amb les cel-lules de la CAl, les quals projecten, al seu torn, sobre el
cortex entorrinal tant directament com indirectament a través del subicle,
tancant d’aquesta manera el circuit (Amaral & Witter, 1989) (Figura 12).
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Figura 12. El circuit neuronal d’hipocamp en rosegador. a) Esquema del circuit hipocampal.
a: estrat alveus, o: estrat oriens, p: estrat piramidal; r: estrat radiatum, Im: estrat lucunosum-
moleculare, g: capa granular del dir dentat b) Diagrama de la xarxa neuronal d’hipocamp. La via
excitatoria trisinaptica (cortex entorrinal (EC) — gir dentat — CA3 — CA1 — EC) esta dibuixada
per fletxes continues. Els axons de les neurones de la capa II del EC projecten cap al DG a través
de la via perforant (PP), incloent la via perforant lateral (LPP) i la via perfornat medial (MPP).
El DG envia projeccions a les cél-lules piramidals de la CA3 mitjancant les fibres musgoses. Les
neurones piramidals de la CA3 transmeten la informaci6 a les neurones piramidals de la CAl a
través de la via de Schaffer. Les neurones de la CA1 envien projeccions de tornada a les capes
profundes de les neurones del EC. La CA3 també rep projeccions directes de la capa II del EC
mitjancant la via PP. La CAl rep entrada directa de la capa III del EC a través de la via
temporoammonic (TA). Les c¢l-lules del DG també projecten a les cél-lules musgosses del hilus
i a les interneurones hilars, les quals envien projeccions excitatories i inhibitories,
respectivament, a les cél-lules granulars (Deng et al., 2010).

Naturalment, aquest circuit intrinsec tancat pot ampliar-se considerant
altres tipus de connexions sinaptiques i altres vies. L’HC és el component
central del sistema limbic, que a més compren el cortex olfactiu,
I’amigdala, 1’area septal, els cossos mamil-lars i els nuclis talamics
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anteriors. Els components de 1’estructura hipocampica es troben altament
interconnectats a través de circuits neuroanatomics, i extensament amb
els cortexs d’associacio6 del 10bul temporal, que reben senyals tant de les
arees d’associaci6 de totes les modalitats sensorials com de 1’hipocamp
(Figura 13). Constitueix, doncs, una estructura de flux d’informacio
bidireccional de totes les regions associatives corticals del SNC (Squire
& Zola-Morgan, 1991). Aixo suggereix que I’HC forma part d’un
sistema d’integracié sensorial multimodal dins del SNC, participant en
processos tals com la memoria i I’aprenentatge (Morris et al., 1982;
Sweatt, 2004).

Information flow in medial temporal
lobe memory system

Hippocampus

Other direct / ﬂk

projections \
Entorhinal

cortex

vty

Parahippocampal Gyrus

Perirhinal Postrhinal
cortex cortex
Neocortex

Figura 13. Esquema del flux d’informacié en el sistema de memoria del 1obul temporal
medial. Les estructures que estan en blau son les que formen part d’aquest sistema. El neocortex,
el qual transporta informaci6é sobre I’entorn, projecta a I’hipocamp a través del cortex entorrinal
(Bizon & Gallagher, 2005).

4.2 Aprenentatge, memoria i plasticitat

L’aprenentatge és el procés pel qual un individu adquireix uns
coneixements o habilitats. La memoria és el procés cognitiu pel qual es
codifica, s’emmagatzema, 1 es recupera informacidé i experiéncies
passades. La memoria i I’aprenentatge estan relacionats entre si pero son
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dos processos diferents. La memoria depén de 1’aprenentatge perque
porta a I’emmagatzemament i a la recuperacié de la informaci6 apresa.
Pero ’aprenentatge també depén en certa mesura de la memoria, en la
qual el coneixement emmagatzemat en la nostra memoria proporciona el
marc en el qual el nou coneixement esta vinculat per I'associaci6 i la
inferéncia. Aquesta capacitat dels humans per recordar experiéncies
passades per tal d’imaginar el futur i planificar accions €s un atribut
altament avantatjos en la nostra superviveéncia i en el desenvolupament
com especie.

La memoria pot ser classificada en:

e Memoria a curt termini, és la part inicial de la memoria i
s’encarrega d’organitzar i analitzar informacio, la duracio ¢és de
segons.

e Memoria a llarg termini, és el que propiament entenem per
memoria, son els nostres coneixements del mon fisic, els records
d’esdeveniments, etc. Existeixen dos categories principals de
memoria a llarg termini:

v' memoria implicita, la qual no és dependent de I’HC i
inclou la memoria procedimental, on les regions del
cerebel 1 I’estriat es troben implicades, i la memoria
emocional o perceptiva, amb la participacié de
I’amigdala;

v’ memoria declarativa o explicita, la qual depén de la
formacié hipocampal i inclou la memoria episodia i
semantica (Figura 14).
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Figura 14. Esquema de classificacié de la memoria. (www.human-memory.net)

L’aprenentatge implica plasticitat neuronal, es a dir, canvis a nivell
estructural 1 bioquimic en les sinapsis, alterant els efectes de les neurones
post-sinaptiques. Aquest procés principalment es dona a la formacid
hipocampal. A nivell cel-lular, un concepte important de plasticitat
sinaptica rellevant per la formacio de la memoria a llarg termini és la
potenciacio a llarg termini o long-term potentiation en anglés (LTP). La
LTP potencia la transmissio de la senyal entre dos neurones adjacents 1
pot ser induida per una estimulacio d’alta freqiiencia en la sinapsis. Es
creu que el NT glutamat juga un paper important en la formaci6 de la
LTP activant els receptor N-metil-D-aspartat (NMDA) i els receptor acid
a-amino-3-hidroxil-5-metil-4-isoxazolepropionic (AMPA)
hipocampals, els quals estan localitzats en la superficie de la membrana
de les neurones. L’activacid d’aquests receptors dona lloc a 1’obertura
dels canals de Ca*" i Na, on I’increment de Ca®" porta a I’activacié de
I’adenilat ciclasa, el qual converteix I’ATP en monofosfat d’adenosina
ciclic ((CAMP). La formaciéo de cAMP contribueix a 1’activacié de la
proteina kinasa A (PKA) i de la proteina CREB (cAMP response
element-binding factor). EIl CREB actua com a factor de transcripcio al
nucli induint la transcripcié i incrementant la producci6é de diferents
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proteines essencials per la construccido de noves sinapsis (Figura 15)
(Abel & Lattal, 2001). S’ha demostrat que la eficacia sinaptica pot induir
canvis morfologics en les espines dendritiques, les qual son petites
protuberancies que es troben en la superficie de les neurones i formen
part del component post-sinaptic de la gran majoria de les connexions
sinapiques excitatories del cervell. S'ha suggerit que 'augment de la
grandaria i/0 nombre d'espines dendritiques augmenta la solidesa de les
connexions entre les neurones. Els canvis morfologics en les espines
dendritiques requereixen de la sintesi de noves proteines, incloent
components del citoesquelet, quinases 1 receptors. Aquest procés es creu
que és el mecanisme cel-lular subjacent al fenomen de LTP (Harris et al.,
2003; Soria Fregozo & Pérez Vega, 2012).
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Figura 15. Esdeveniments moleculars subjacents a la potenciacio tant a curt com a llarg
termini. L’estimulaci6 dels receptors NMDA, com a resultat de la despolaritzacié post-sinaptica
a través dels receptors AMPA i de la uni6 del glutamat, permet 1’entrada de Ca?" a la neurona
post-sinaptica. Entre els efectes immediats del Ca®" es troben I’activacié de CaMKII, PKC i la
calcineurina. La LTP es produeix quan 1’adenilat ciclasa es activada per Ca®* o per una corrent
modulatoria, la qual activa 1’adenilat ciclasa a través dels receptors acoblats a proteina G. Aixo
porta a un increment dels nivells de cAMP, la qual activa PKA i transloca al nucli on fosforila
CREB. Altres proteines, com CaMKII, CaMKIV i MAP quinases (MAPK), també regulen
I’expressié  génica. CaMKII: Calci Calmodulina proteina quinasa II; CaMKIV: Calci
Calmodulina Proteina quinasa IV; PKC: proteina quinasa C; MAPK: proteines quinases
activades per mitogens (Mitogen Activated Protein Kinases); PKA: Protein quinasa A. (Abel &
Lattal, 2001)

4.3 Efectes de PMDMA en els processos cognitius

Estudis realitzats amb neuroimatge han demostrat una reduccié de la
densitat del SERT en consumidors d’MDMA (Semple et al., 1999;
Reneman et al., 2001; Thomasius et al., 2003; McCann et al., 2005,
2008), indicant que ’'MDMA pot causar neurotoxicitat en humans, tal
com s’ha esmentat en apartats anteriors. Encara que la magnitud i la
persisténcia de la neurotoxicitat d’aquesta droga, aixi com les seves
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conseqiiéncies a nivell funcional sén tema de controversia,(Morgan,
2000; Green et al., 2003; Gouzoulis-Mayfrank & Daumann, 2006;
Baumann et al., 2007; Capela et al., 2009) les evidencies globals
suggereixen que dosis altes ’MDMA en animals de laboratori i un
consum alt en individus produeix alteracions cognitives que poden
perdurar en el temps, particularment donant lloc a déficits d’aprenentatge
1 memoria. Diversos estudis afirmen que la toxicitat que provoca
I’MDMA en I’HC podria ser la base d’alguns d’aquests deficits. Cal tenir
en compte que I’HC és una de les arees més susceptibles a la degeneraciod
serotoninergica induida per la droga (Sharkey et al., 1991). Per exemple,
Sprague 1 col (2003) van observar neurotoxicitat serotoninergica en
I’HC, amb una disminucid del 34% dels nivells de 5-HT, després d’un
regim agut ’MDMA (20mg/kg 2 cops al dia cada 12h) 2 setmanes
després del tractament. A més els autors van realitzar el test del laberint
d’aigua (Morris Water Maze) una setmana després de 1’administracio de
la droga i van observar un deficit en la memoria de referéncia perd no en
la fase d’adquisicid. Els autors conclouen que aquest déficit de memoria
esta relacionat amb la toxicitat en 1’hipocamp produida per la droga
(Sprague et al., 2003). Un altre estudi dut a terme per Broening i col.
(2001) va demostrar que ’'MDMA produia diferents efectes segons
I’edat en que la rata era tractada. Aixi doncs, rates acabades de néixer
tractades del dia postnatal 11 al 20 (5, 10 o 20mg/kg dos dosis cada 8h),
van mostrar un empitjorament de I’aprenentatge espacial i de la memoria
de manera dosis-dependent en ’edat adulta, mentre que rates neonatals
tractades del dia 1 al 10 no van mostrar practicament cap tipus de deéficit
en memoria o aprenentatge. En aquest cas, el deficit cognitiu no es
relaciona amb canvis en els nivells de NT, ja que la determinacié
d’aquests va revelar una disminucié en els nivells de 5-HT 1 un increment
en NA en HC en tots els grups tractats amb ’MDMA (Broening et al.,
2001). Aquests resultats suggereixen que 1’efecte de ’'MDMA depen de
la fase de maduracié del SNC en el moment d’administrar la droga.
Addicionalment, també s’han descrit alteracions en la LTP, encara que
amb resultats contradictoris. Arias-Cavieres i col. (2010) van observar
una disminuci6 de la LTP en HC després de I’administraci6 d’MDMA,
mentre que Morini 1 col. (2011) 1 Rozas i col. (2012), descriuen un
increment (Arias-Cavieres et al., 2010; Morini et al., 2011; Rozas et al.,
2012). D’altra banda, estudis realitzats amb amfetamina afirmen que



INTRODUCCIO

aquesta €s capag¢ de millorar la memoria tant en animals de laboratori
com en humans (Soetens et al., 1993; Brown et al., 2000; Wiig et al.,
2009). Un estudi clinic realitzat amb pacients d’esclerosis multiple va
demostrar I’eficacia de la l-amfetamina en millorar els processos
cognitius dels pacients (Benedict et al., 2008). Els efectes en els
processos cognitius de les amfetamines semblen dependre, entre altres
factors, de I’especie 1 I’edat en que la droga es estudiada, del regim
d’administraci6 i el temps d’abstinéncia entre 1’administracio del derivat
amfetaminic 1 el test cognitiu.

Esta ben establert que les drogues d’abtis produeixen addiccid, i que
aquesta ve donada per una série de canvis extremadament estables en el
cervell que son els responsables de la conducta anomala del consumidor.
Diversos estudis postulen que el mecanisme molecular i cel-lular
subjacent a la plasticitat associada a 1’addiccié dels psicoestimulants
podria ser similar a aquell implicat en els processos d’aprenentatge i
memoria (Nestler, 2001; Beninger & Gerdjikov, 2004; D.M. et al.,
2009). Alguns autors han confirmat que I’administraci6 del derivat
amfetaminic pot produir un increment del factor neurotrofic derivat del
cervell (Brain Derived Neurotrophic Factor (BDNF) en anglés), un
factor de creixement amb la funcié de mantenir la supervivéncia de les
neurones existents i fomentar el creixement 1 la diferenciacié de noves
neurones 1 sinapsis (Martinez-Turrillas et al., 2006; Hemmerle et al.,
2012), a més de modificar I’activitat de CREB (Garcia-Osta et al., 2004)
i incrementar c-FOS en varies zones del cervell (Stephenson et al., 1999).

Estudis realitzats investigant les conseqiiencies de ’'MDMA a llarg
termini sobre la memoria i I’aprenentatge en ratolins sén escassos,
probablement degut a que en ratoli el derivat amfetaminic no provoca
degeneraci6 dels terminals sinaptics en HC (Chipana et al., 2006). Tot i
aixi, s’ha descrit que els animals tractats amb una dosis aguda i
neurotoxica d’MDMA (20mg/Kg, 2 cops) presenten deficits en la
memoria a llarg termini (Ros-Simo et al., 2013). A més també s’ha
publicat que I’administracié aguda de la droga redueix 1’adquisicio i
I’execucid del test d’evitacié activa (active avoindance), mentre que el
tractament previ repetitiu deteriora 1’adquisici6 1 recuperacié d’aquesta
tasca (Trigo et al., 2008).
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5. MDMA | NEURODEGENERACIO EXCITOTOXICA

La neurodegeneraci6 excitotoxica €s la patologia per la qual les cél-lules
nervioses pateixen disfuncionalitat neuronal i degeneracié per una
excessiva estimulacido de la neurotransmissio glutamatérgica. Aquesta
mort excitotoxica ha estat implicada en diverses alteracions del SNC,
com les malalties neurodegeneratives, la isquémia cerebral 1 I’epilepsia,
entre d’altres.

5.1 Increment de Ca?* i excitotoxicitat

Els ions de Ca®" son missatgers intracel-lulars que controlen un gran
nombre de funcions cel-lulars com el control del creixement i
diferenciacio cel-lular, D’excitabilitat de la membrana, el procés
d’exocitosi 1 I’activitat sinaptica. Per tant, les neurones disposen d’un
mecanisme homeostatic complex per controlar tant la concentracié de
Ca?" intracel-lular com la localitzaci6 dels ions. Aquests mecanismes
consisteixen en interaccions complexes entre 4 categories
d’esdeveniments: entrada de Ca?', tamponament, emmagatzematge
intern i sortida de Ca** (Figura 16) (Sattler & Tymianski, 2000).
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Figura 16. Representacio esquematica de la homeostasi del Ca?* en neurones. 1) Entrada de
Ca?"/Na* amb sortida de K* pels receptors ionotropics, com els de glutamat. 2) Sortida de Ca>* a
través de la bomba ionica amb despesa d’ ATP. 3) Entrada de Ca?" a través dels canals dependents
de voltatge. 4) Sortida de Ca>" via intercanviador Na*/Ca?*. 5) canals i0nics addicionals que
contribueixen a la repolaritzaci6 de la membrana i la homeostasi ionica. 6) Segrest i alliberament
de Ca?" a través del reticle endoplasmatic. 7) Flux de Ca?" a través de la membrana nuclear amb
efectes potencials en la transcripcié dels acids nucleics. 8) Segrest de Ca®" a través del
mitocondri. 9) Tamponament del Ca?" intracel-lular per les proteines d’uni6 al Ca?>" (CaBP)
(Sattler & Tymianski, 2000).

Malgrat tots els estudis duts a terme per donar suport a la relacio de la
sobrecarrega intracel-lular de Ca*' i el procés de neurotoxicitat, els
detalls del mecanisme exacte pel qual el Ca®" desencadenaria la mort
neuronal a dia d’avui no estan del tot definits, encara que probablement
participi més d’un mecanisme. Molts autors han descrit que 1’accio
neurotoxica de la sobrecarrega de Ca®" es atribuida a la sobrestimulacid
d’enzims com calpaines o altres proteases, proteines quinases, 1’0xid
nitric sintetasa, calcineurines i1 endonucleases. Presumiblement, aixo
portaria a la sobreproduccid de productes toxics com radicals Iliures,
alteracions letals en 1’organitzacié del citoesquelet, o I’activacio de
senyals genétiques resultant en mort cel-lular (Figura 17). (Sattler &

39



INTRODUCCIO

40

Tymianski, 2000; Arundine & Tymianski, 2003; Szydlowska &
Tymianski, 2010).
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\ :
A

\ Mitochondrial
. Damage

Figura 17. Representacié esquematica de les diferents vies per les quals el Ca?* pot induir
mort neuronal (Sattler & Tymianski, 2000).

A causa de la preséncia ubiqua dels ions de Ca®" en les cél-lules, els
diferents processos fisioldgics dependents de Ca>" es regulen per separat
a través de diferents vies de senyalitzaci6. Existeixen diferents rutes
d’entrada de Ca?" ala cel-lula, i moltes d’elles presenten una desregulacid
després de processos com I’excitotoxicitat. Sattler 1 col. (1998) van
demostrar que el principal determinant de la neurotoxicitat induida pel
Ca?" es la via per la qual aquest cati6 entra en la cél-lula. Aixi, I’entrada
de Ca’" mitjangant els canals de Ca®" dependents de voltatge no provoca
mort cel-lular, mentre que ’entrada a través de receptors glutamatergics
esta associada amb una toxicitat Ca®>" dependent (Sattler et al., 1998). La
recerca ha acabat implicant tots els membres de la familia dels receptors
glutamatergics en 1’excitotoxicitat (Choi, 1987).
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5.2 Receptor glutamateérgics

Existeixen dos grans grups de receptors de glutamat: els receptors
ionotropics (iGluR) i els metabotropics (mGluR). Els primers regulen el
pas d’ions a través de la membrana plasmatica i la seva permeabilitat a
aquests es modifica quan el glutamat s uneix al receptor. Els tres majors
tipus de receptors que formen els iGIuR son: els NMDA, AMPA i 2-
carboxil-3-carboxilmetil-4-isopropenilpirrolidina (Kainat). Els receptors
metabotropics, en canvi, després de la unié del glutamat modifiquen la
seva interacci6 amb altres proteines citosoliques via proteines G, 1 donen
lloc a I’activacio de determinades cascades de senyalitzacio intracel-lular
(Figura 18) (Kew & Kemp, 2005).

GLUTAMATE
| |
lonotropic glutamate receptors Metabotropic glutamate receptors
(iGluRs) (mGluRs)
\ 1 1 I \ 1
NMDA AMPA Kainate Group | Group I Group I
receptor Receptor Receptor
mGIluR1 mGIluR2 mGluR4
NR1 GluB1 GluR5 mGIluR5 mGIuR3 mGIluR6
NR2A GluR2 GluR6 mGIluR7
NR2B GluR3 GIluR7 mGluR8
NR2C GluR4 KA-1 \ / |
NR2D KA-2
NAR3A Gq"' Gyy G,/ G,
NR3B ! |
' } v +PLC vAC
Ca2+ Na* Na+
Na+ (Ca2+) (Ca?¥)

Figura 18. Esquema de la familia dels receptors glutamatergics. Actualment, la nomenclatura
dels receptors de KA s’ha modificat. GIuRS = Glukl; GluR6=GluK2; GluR7=GIluK3; KA-
1=GluK4; KA-2=GluKS5. (Kew & Kemp, 2005)

5.2.1 Receptors NMDA

Son els receptors glutamatérgics més estudiats i1 la seva implicacié en
processos del SNC va des de I’aprenentatge i la memoria fins a la
neurodegeneracio. Es caracteritzen per posseir una alta permeabilitat al
Ca?*. Quan s’uneix el glutamat o I’agonista NMDA al receptor,
s’estimula ’obertura del canal alliberant Mg" i permetent 1’entrada de
Ca?", que actuara com a segon missatger activant diverses cascades de
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senyalitzacio (Mori et al., 1992). Aquests receptors estan formats per la
combinacié de tres subunitats diferents, NR1-3. Normalment son
heterotretamers compostos de dos subunitats NR1 i1 dos NR2.
Conjuntament les dos subunitats NR1 formen el canal d’i6 adequat i
exhibeixen totes les propietats classiques atribuides als receptors NMDA
(NMDAR), incloent 1’activacio per glutamat, el bloqueig per magnesi
(Mg?"), la inactivacié per zinc (Zn*"), I’activacid per glicina, les
interaccions amb poliamines i la sensibilitat al pH. La despolaritzacio
dels receptors es necessaria per alliberar electroestaticament el Mg?*, que
es troba bloquejant el porus del canal idnic. Fisiologicament, el Mg** pot
ser retirat per I’activacié d’altres receptors glutamatérgics ionotropics
(AMPA i Kainat) (Lau & Tymianski, 2010). S’ha demostrat, també, que
el Zn*" pot alternativament inhibir les corrents dels receptors NMDA
provocades pel glutamat (Mayer & Vyklicky, 1989).

En contra, les subunitats NR2 tenen un paper més regulador en els
NMDAR. Existeixen 4 subtipus (NR2A-D), on el subtipus NR2A es
ampliament distribuit en el cervell, el NR2B s’expressa particularment
en el prosencefal, el NR2C en el cerebel i el subtipus NR2D en el talem.
Aquestes subunitats modulen les caracteristiques de les subunitats NR1
esmentades anteriorment. L’activacid dels NMDAR requereix la unié
simultania dels dos co-agonistes glicina 1 glutamat (Johnson & Ascher,
1987). La glicina s’uneix a les subunitats NR1 i NR3, mentre que el
glutamat s’uneix a la subunitat NR2 (Paoletti & Neyton, 2007b). A més,
en els darrers anys les subunitats NR2 han pres protagonisme, ja que s’ha
descrit que participen en ’arquitectura post-sinaptica. S’ha demostrat
que les subunitats NR2B s’uneixen a proteines post-sinaptiques, creant
microambients post-sinaptics especialitzats.

Les subunitats NR3 s’expressen en dos isoformes: NR3A, la qual
s’expressa en tot el SNC, 1 la NR3B que s’expressa majoritariament en
neurones motores. Les subunitats NR3 semblen no formar part dels
receptors NMDA funcionals quan s’expressen conjuntament amb una de
les dos subunitats NR1 o NR2 soles (NR1/NR3 o NR2/NR3) (Paoletti &
Neyton, 2007b).
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Esta ben establert que 1’activacié dels NMDAR en I’hipocamp esta
involucrada en la formaci6 de la LTP i I’aprenentatge espacial. Morris i
col. (1986) van demostrar que el bloqueig dels NMDAR per I’acid D(-)-
2-amino-5-fosfonovaléric (AP5), un antagonista d’aquest receptors
empitjora 1’aprenentatge en rates en el MWM i bloqueja la formacié de
la LTP (Morris et al., 1986). A més, 1’activaci6 d’aquest receptors
sembla estar implicada en el procés cel-lular de consolidacido de la
memoria (veure figura 15) (Nakazawa et al., 2004). Per tant, estudis de
comportament en rosegadors en els qual la funcido dels NMDAR esta
bloquejada per manipulacions farmacologiques o genétiques indica que
els NMDAR hipocampals son crucials per I’adquisicié de la memoria
dependent de I’hipocamp i particularment per la memoria episodica.
D’altra banda, 1’aveng en les técniques genétiques estd comencant a
revelar les funcions d’aquests receptors en les diferents arees
hipocampals. Aixi, per exemple els NMDAR en les neurones piramidals
de la CA1l semblen tenir un paper important en ’adquisicio de la
memoria espacial de referéncia, mentre que els NMDAR de ’area CA3
semblen ser importants en la rapida adquisicié de la memoria episodica
1 en la recuperacié de la memoria associativa (Nakazawa et al., 2004).
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Figura 19. Estructura receptors NMDA. Llocs potencials d’uni6 als receptors NMDA. La
gran majoria de NMDAR estan formats per tetramers, amb 1’associacié de dos subunitats NR1 i
dos NR2 en un “dimer de dimers” formant una arquitectura quaternaria. En la figura només es
mostra un dels dos heterodimers NR1/NR2. La regi6é extracel-lular de cada subunitat esta
formada pels dominis NTD: Domini N-Terminal i pel domini ABD: domini d’unié a 1’agonista
(agonist binding domain). En la regi6 extracel-lular, les subunitats dimeritzen al nivell del domini
ABD i probablement també al nivell del domini NTD. EI domini ABD de la subunitat NR2 es
lliga al glutamat, mentre que el domini ABD de la subunitat NR1 s’uneix al co-agonista glicina
(o D-serina). Les fletxes blanques indiquen els llocs d’unid als agonistes i antagonistes
competitius. Les fletxes gruixudes taronja indiquen els llocs d’uni6 dels moduladors al-lostérics
com el zinc (NR2A i NR2B NTDs) o pels compostos com I’ifenprodil (NR2B NTDs), els quals
actuen com a antagonistes no competitius. El domini de canal ionic també forma llocs d’uni6 per
als bloquejadors del porus com el Mg2+ endogen, MK-801, memantina o ketamina, actuant com
antagonistes no competitius. Les fletxes taronja primes indiquen llocs moduladors, que tant
poden unir-se moduladors al-lostérics positius com negatius (Paoletti & Neyton, 2007a).

5.2.2 Receptors AMPA/Kainat

Els receptors AMPA estan formats per la combinacid6 de quatre
subunitats (GluR 1-4) i només requereixen 1’aplicacié de glutamat per la
seva activacid. Son permeables majoritariament al K™ i al Na® i la
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permeabilitat al Ca®" ve donada per la composicié de les subunitats que
formen el receptor. Aixi, les subunitats GluR1, GluR3 i GluR4 mostren
permeabilitat al Ca®>*, mentre que la subunitat GluR2 elimina a aquest
permeabilitat. Fisiologicament, els AMPAR son els principals receptors
glutamateérgics ionotropics que intervenen en la transmissio excitatoria
glutamatergica rapida (Lau & Tymianski, 2010). La despolaritzacid
induida per I’activacié dels AMPAR obre els canals de Ca** dependents
de voltatge i successivament el Mg*" que bloqueja els receptors NMDA
es retirat, permeten aixi I’influx de Ca®" a través d’aquests receptors
(Arundine & Tymianski, 2003).

Cal destacar, que una de les principals funcions dels AMPAR ¢s la
regulaci6 dels canvis dinamics en les sinapsis, conegut com a plasticitat
neuronal, la qual implica una estreta regulacié del transit dels AMPAR
dins i fora de les sinapsis. El cicle de la vida dels AMPAR des de la seva
biosintesi, transport de membrana i1 diana sinaptica fins la seva

degradacio es troba estretament controlat per tota una serie
d’interaccions amb nombroses proteines intracel-lulars amb les
subunitats especifiques dels AMPAR, aixi com per modificacions post-
translacionals que ocorren en el seu domini citoplasmatic C-terminal. El
trafic regulat dels AMPAR ¢és el principal mecanisme subjacent als
canvis induits per [’activitat neuronal en la transmissio sinaptica.
Generalment, un increment en la funcionalitat d’aquests receptors a les
sinapsis resulta en la formacié de la LTP, mentre que 1’eliminacié dels
AMPAR sinaptics dona lloc a una LTD (Long-term depression)
(Derkach et al., 2007; Anggono & Huganir, 2012).

Els receptors Kainat (KAR) son receptors ionotropics tetramerics que es
componen per la combinacié de 5 subunitats diferents (GluK1-5;
antigament GluR5-7 1 KA1-2) com homoOmers o heteromers. Les
propietats dels KAR son molt similars a les dels AMPAR; son canals de
cations no selectius, moderadament permeables al Ca**. Alguns estudis
han demostrat que poden trobar-se tant a nivell pre-sinaptic com post-
sinaptic. A nivell pre-sinaptic alguns KAR (GluK2 i Gluk3) faciliten la
transmissio glutamateérgica 1 la plasticitat a curt termini, mentre que
d’altres regulen la transmissi6 GABA¢rgica. A nivell post-sinaptic
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(GluK2, GluK4 i GluKS5) son activats en condicions d’alliberament
endogen de glutamat, exercint una accid excitatoria en les neurones
piramidals i les interneurones GABA¢rgiques, el que indica que aquest
tipus de receptors poden modular la xarxa neuronal en direccions
oposades on el resultat general dependra del balang de 1’activacio de les
diferents subunitats de KARs. (Vincent & Mulle, 2009). Algunes de les
accions dels KAR estan controlades per I’obertura de canals ionics de
cations, mentre que altres venen donades per la senyalitzaci6 indirecta
de receptors metabotropics, donant lloc per exemple a la regulacio dels
canals dependents de voltatge i canvis en 1’excitabilitat neuronal. En
I’HC s’expressen predominantment en les fibres musgoses on
contribueixen amb petites i lentes corrents post-sinaptiques excitatories
(EPSC: Excitatory Postsynaptic Currents) 1 actuen a través de 1’accid
metabotropica per regular les conductancies de K* dependents de Ca**

5.2.3 Receptor metabotropics

Estan formats per set dominis que travessen la membrana cel-lular i es
troben localitzats tant a nivell pre-sinaptic com post-sinaptic. Existeixen
vuit subtipus diferents (mGluR1-8) classificats en tres grups (grup L, II,
IIT). Estan implicats en una gran varietat de funcions com 1’aprenentatge
1la memoria, I’ansietat i la percepci6 del dolor (Lau & Tymianski, 2010).
Els receptors metabotropics que formen el grup I (mGluR1, mGIluRY)
estan acoblats a proteines G que activen la fosfolipasa C, la qual té
efectes sobre la produccio6 d’inositol trifosfat i la subseqilient mobilitzacid
del Ca®" (Abe et al., 1992). Aquest grup també modula els potencials
post-sinaptics excitatoris a nivell d’HC via tirosina quinasa de manera
proteina G independent. El grup II (mGluR2, mGIluR3) i III (mGluR4,
mGIluR6, mGluR7, mGluR8) disminueixen la senyalitzacio de 1’adenilat
ciclasa, resultant amb una inhibici6 dels canals de calci dependents de
voltatge (Chavis et al., 1994). A nivell pre-sinaptic modulen la
neurotransmissio funcionant com autoreceptors i modulant I’influx dels
canals de Ca*".
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5.3 Model experimental de I’acid Kainic

L’acid kainic (monohidrat de 1’acid aceétic 2-carboxi-4-isopropenil-3-
pirrolidinil, KA) va ser aillat per primer cop en ’alga vermella, Digenea
simplex, trobada en aigiies tropicals i subtropicals (Murakami i col.
1953). El KA ¢és un analeg no degradable del glutamat i una potent
neurotoxina que exerceix les seves propietats neuroexcitotoxiques i
epileptogeniques actuant sobre els receptors glutamatérgics KA. En
rosegadors, ’administracié local o sistémica de KA desencadena un
patrd de convulsions repetitives durant varies hores, seguit d’un periode
de laténcia, 1 una posterior aparicid espontania de convulsions (Victor
Nadler, 1981; Ben-Ari, 1985; Ben-Ari & Cossart, 2000). Aquestes
convulsions causen dany cerebral, sovint associat a la formaci6 aberrant
de noves sinapsis simultaniament amb un augment de la densitat de
KAR, una activaci6 glial, i una desregulacié de la homeostasis cel-lular
amb una conseqiient pérdua de neurones hipocampals (Blumcke et al.,
2000; Cavazos et al., 2004; Zheng et al., 2011). Aquestes alteracions son
semblants a les que es desenvolupen en I’epilepsia més freqiient en
humans, I’epilépsia del lobul temporal (TLE). D’aquesta manera, el
model experimental del KA a més de reproduir la TLE, permet la
comprensid de mecanismes de mort neuronal presents en malalties
neurodegeneratives, com la malaltia d’Alzheimer, la malaltia de
Parkinson o I’Esclerosis lateral amiotrofica (ELA) (Pitt et al., 2000;
Meredith et al., 2009).

L HC és la regio més susceptible a la excitotoxicitat del KA a causa dels
alts nivells de KAR que s’expressen en aquesta area. S’ha descrit que
KARI s’expressen majoritariament en les neurones piramidals de la
CA3, mentre que KAR2 estan també presents en la CAl, tant a nivell
pre-sinaptic com post-sinaptic (Werner et al., 1991; Wisden & Seeburg,
1993; Bahn et al., 1994). La despolaritzaci6 induida per I’activacio
directa dels KAR per baixes concentracions de KA és probablement el
primer efecte quan el KA assoleix I’HC després de 1’administracio
sistétmica. A causa de la densa xarxa de receptors glutamateérgics,
I’activitat de les neurones de la CA3 sén capaces de generar activitats
sincronitzades que poden propagar-se a altres zones del sistema limbic
(Figura 19) (Ben-Ari & Cossart, 2000; Vincent & Mulle, 2009). Els
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receptors GluRS5, que s’expressen en les interneurones GABAérgiques
de la regidé CAl, i els receptors GIuR6 que majoritariament s’expressen
en la CA3, també intervenen en ’acci6 excitatoria del KA (Ben-Ari &
Cossart, 2000). Els receptors NMDA també podrien jugar un paper
important en la excitotoxicitat induida pel KA, ja que s’ha descrit que
I’administracié de I’antagonista d’aquests receptors abans o després de
les convulsions induides per KA prevé la major part del dany excitotoxic
observat en estructures del sistema limbic (Brandt et al., 2003).
Curiosament, aquesta neuroproteccié parcial dels antagonistes dels
receptors NMDA no esta associada amb una inhibicié de les convulsions
recurrents secundaries després del tractament amb KA (Brandt et al.,
2003). Aquesta dada suggereix que el dany excitotoxic i
I’epileptogenesis no estan governats per les mateixes vies.
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Figura 20. Circuit neuronal en ’HC que genera ’administracié de KA; 1) Les cel-lules
piramidals de la CA3 son particularment sensible a 1’accié del KA a causa de la seva alta
concentracido de KAR; 2) El KA causa una reduccié en la inhibicid6 GABA¢rgica (desinhibici6 o
col-lapse d’inhibicid) en les neurones piramidals de la CA1 facilitat per una disminucid en les
corrents inhibitories post-sinaptiques GABAérgiques (IPSC en anglés) evocades. Aquest efecte
es presumiblement mediat per I’activacié dels KAR que contenen la subunitat GIuRS5 en els
terminals GABAérgics, conduint a una disminucié de la probabilitat de I’alliberament de GABA.
3) Paral-lelament, concentracions baixes de KA incrementen la freqiiencia de les IPSC
espontanies a través de 1’activacio dels KAR en interneurones i la generaci6 de pics de descarrega
en aquestes neurones. Tant la facilitacio espontania dels IPSC com la inhibici6 dels IPSC evocats
son mediats pels KAR que comprenen la subunitat GluR5. En condicions fisiologiques
d’alliberament de glutamat, els KAR pre-sinaptics dels terminals de les fibres musgoses que
contenen les subunitats GluR6 i GluR7 faciliten I’alliberament del NT i participen en la plasticitat
a curt termini. Al panel de dalt, 1’sprouting (formacié de noves connexions), €s una forma de
reorganitzacio sinaptica en el DG que ocorre en la TLE en humans i en els models d’epilépsia en
animals (Vincent & Mulle, 2009). GluR5 = GluK1; GluR6 = GluK2; GluR7 = GluK3; KAl =
GluK4; KA2 = GluKS5.

L’excitaci6 produida després de 1’activacio dels receptors ionotropics de
glutamat indueix a nombrosos esdeveniments cel-lulars, incloent un
increment de Ca®" intracel-lular, produccié de ROS, disfuncionalitat
mitocondrial i mort neuronal en determinades zones del cervell,
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particularment en les subregions de 1’hipocamp CA1l, CA3 i en I’hilus
del gir dentat. Aquesta uni6 del KA amb els receptors provoca una
activacid glial i una resposta inflamatoria caracteristiques (Figura 20)
(Wang et al., 2005).
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Figura 21. Esquema que representa la toxicitat induida pel KA. 1) El KA estimula els KAR
generant un increment rapid de Ca?" ; 2) s’activen els enzims dependents de Ca®' i es genera
ROS; 3) I’excés de Ca" i la generaci6 de ROS produeix un col-lapse en el potencial de membrana
del mitocondri i una obertura en els porus de transicidé de permeabilitat mitocondrial (MPT); 4)
alliberament de factors mitocondrials (per exemple: citocrom c, factor induit per apoptosis (AIF);
5) el citocrom-c s’uneix a Apafl (apotosi protease-activating factor-1) i caspasa-9 per formar un
complex apoptosoma i activar la via de caspasa-3; 6) Subsequent condensacié nuclear i
fragmentaci6 del DNA. Alternativament, una sobrecarrega intensa de Ca®* podria causar
directament inflament i dany del mitocondri, amb una conseqiient disminucié d’ATP i més
increment de ROS, resultant en una oxidacio de proteines, lipids i del DNA, causant mort per
necrosis (Wang et al., 2005).

5.4 MDMA i excitotoxicitat

En estudis previs, el nostre grup ha descrit que ’MDMA quan es afegit
directament en cultius de cél-lules PC12 produeix un increment de Ca*",
el qual seria mediat per 1’activacié dels receptors nicotinics a7 (Garcia-
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Ratés et al., 2010). En el mateix estudi es va observar que la prévia
incubacié amb el derivat amfetaminic a una concentraci6 de 50uM
provocava un augment sostingut (fins 24h després de ’addicié de la
substancia) de la concentraci6 basal d’aquest cati6. A aquesta
concentracio i temps, ’MDMA ocasiona una activacié de calpaina, una
proteasa implicada en diversos tipus de neurodegeneracid, i 1’activaciod
de caspasa-3, una altra proteina proteasa involucrada en la via apoptotica.
Altres autors també han proposat el paper del Ca** en la neurotoxicitat
de ’'MDMA (Azmitia et al., 1990).

El rol de I’excitotoxicitat en els efectes de 'MDMA ha estat proposat
per Capela i col. (2006), en base a que I’antagonista del receptors
NMDA, MK-801, prevé la mort de cel-lules corticals exposades a altes
concentracions del derivat amfetaminic (Capela et al., 2006).
Recentment, s’ha publicat que ’'MDMA (10mg/kg cada 2h, 2 0 4 cops)
produeix un augment sostingut de glutamat extracel-lular en I’hipocamp
de rata, 1 que seria dependent de 1’activacio dels receptors de serotonina
SHT2a/c (Anneken & Gudelsky, 2012). A més, s’ha descrit també una
disminucié de neurones parvalbumina positives en el gir dentat després
de I’administracié d’MDMA, indicant un efecte sobre les interneurones
GABacrgiques (Anneken et al., 2013). Aquests resultats coincidirien
amb [’alteracié de diferents gens involucrats en la neurotransmissio
GABAc¢rgica després de 1’administraci6 del derivat amfetaminic
(Simantov, 2004).

Per altra banda, Giorgi i col. (2005) van demostrar que els ratolins
tractats préviament a dosis baixes d’MDMA eren més susceptibles a
I’efecte del KA. En el mateix estudi, vuit setmanes després del
tractament amb el derivat amfetaminic se’ls hi va realitzar un
encefalograma (EEG) on els ratolins tractats préviament amb aquesta
substancia van manifestar canvis persistents en ’activitat de
I’encefalograma. Aquesta hiperexcitabilitat latent en les regions del
sistema limbic va anar acompanyada d’una hiperactivitat metabolica
(Giorgi et al., 2005).
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6. MDMA I MALALTIA D’ ALZHEIMER

6.1 Malaltia d’ Alzheimer

6.1.1 Aspectes generals:

La malaltia d’Alzheimer (AD: Alzheimer’s disease) va ser descrita per
primera vegada al 1907 per Alois Alzheimer (1864-1915), psiquiatra i
anamopatoleg alemany, que va publicar 1’estudi clinic 1 anatomic d’una
pacient de 51 anys (Augusta D.) que va morir d’un quadre de demeéncia
progressiva. Des de llavors, sabem que la AD ¢és una malaltia
degenerativa 1 irreversible del SNC que afecta a les arees associatives
corticals i part del sistema limbic. Es considerada com una entitat clinico-
patologica associada a una pérdua progressiva de les funcions cognitives,
presentant alteracions psicologiques i del comportament, resultant
finalment en demeéncia. La pérdua de memoria comenca manifestant-se
com una pérdua de memoria episodica, considerada una subcategoria de
la memoria declarativa (veure figura 14). La disfuncionalitat de la
memoria episodica impedeix recollir esdeveniments recents incloent
activitats autobiografiques.

6.1.2 Epidemiologia

La malaltia d’Alzheimer és la causa més comu de demeéncia entre
persones d’edat avangada. S’estima que 46.8 milions de persones a nivell
mundial van estar afectades d’aquesta demencia en el 2015. Aquest
numero casi es duplica cada 20 anys, estimant-se que arribara a 74.7
milions al 2030 1 131.5 milions al 2050. Els costos globals de la malaltia
han incrementat de 604 bilions de dolars americans en el 2010 a 818
bilions en el 2015, és a dir un 35.4% (Prince et al., 2015 World
Alzheimer Report 2015). Amb aquestes xifres per endavant no cal
esmentar que ens trobem davant d’un gran repte per la societat medico-
cientifica, ja que des de que Alois Alzheimer va descriure les
caracteristiques de la malaltia fins 1’actualitat, moltes han estat les
troballes cientifiques per comprendre la malaltia, perd a dia d’avui
encara no es disposa d’un tractament efica¢ contra aquesta patologia.



INTRODUCCIO

6.1.3 Simptomes i signes

6.1.3.1 Simptomes clinics: perdua de memoria, apraxia (alteracions del
moviment), afasia (alteracions del llenguatge), agnosia (incapacitat per
reconeixer persones o objectes), desorientacid, disfuncions sensorials i
incapacitat per al raonament. S’acaba produint un deteriorament
progressiu de la capacitat funcional de I’individu, aixi com canvis en la
personalitat, paranoia, al-lucinacions, apatia, alteracions de la son i
depressio (Reiman & Caselli, 1999).

6.1.3.2 Signes patognomics: Les caracteristiques anatomo-patologiques
per fer un diagnostic d’ Alzheimer post-mortem son (Figura 21):
e Atrofia cortical, predominantment en el Iobul temporal, amb
extensa pérdua neuronal.

e Presencia de plaques senils: diposits extracel-lulars formats per
peptids amiloides (AP).

e Aparicio de cabdells neurofibrilars intracel-lulars formats per la
proteina Tau hiperfosforilada.

Figura 22. Principals signes patognomics de la malaltia. Panel A: atrofia cortical a causa de
la pérdua de sinapsis; Panel B: representacio de diposits de proteina AB-amiloide afectant la
transmissid sinaptica; Panel C: formaci6 dels cabdells de Tau fosforilada dificultant el transport
axonal.
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A més d’aquests signes patognomics, altres alteracions estructurals i
funcionals, com la inflamacio 1 I’estrés oxidatiu, poden sobrevenir-se.
Les conseqiliencies combinades de les plaques i la fosforilacio de la
proteina tau, resulten en una disfuncionalitat sinaptica i pérdua neuronal.
En el moment de la mort, el cervell d’un pacient d’AD pot pesar una
tercera part del cervell d’una persona de la mateixa edat pero sense patir
la malaltia.

6.1.4 Tipus d’Alzheimer

La forma familiar de la malaltia d’ Alzheimer (FAD) constitueix tan sols
el 10% de tots els casos de la AD, sent per tant I’ Alzheimer esporadic o
d’inici tarda el majoritari. A diferéncia de 1’ Alzheimer esporadic, en el
que I’edat de manifestar-se la malaltia comenca sobre els 65 anys, la
forma familiar es manifesta de manera precog, on alguns pacients
comencen a desenvolupar els primers simptomes als 40 anys.

Encara que la forma familiar de I’AD ¢és molt menys freqiient que la
forma esporadica, ambdues presenten les mateixes marques
histopatologiques (plaques senils i cabdells neurofibrilars), suggerint una
patogenesi comu (Gassen & Annaert, 2003). Fins a dia d’avui s’han
identificat tres gens, les mutacions de les quals causen FAD: el gen de la
proteina precursora amiloide (APP), localitzat en el cromosoma 21, el
gen de la presenilina 1 (PS1) en el cromosoma 14 i el gen de la
presenilina 2 (PS2) situat en el cromosoma 1. Aquestes mutacions
genetiques han estat utilitzades per generar models transgeénics de
ratolins a fi d’estudiar la malaltia. En referéncia a la forma esporadica de
la AD, a dia d’avui no es coneix una causa principal que la produeixi,
pero hi ha una série de factors de risc que hi podrien tenir un paper
important.

6.1.5 Factors de risc

L’etiologia de la AD no depén d’un tnic factor, sin6 que es desenvolupa
degut a una série d’esdeveniments que ocorren en el cervell a través d’un
llarg periode de temps. Podriem dir que la malaltia d’ Alzheimer és multi-
factorial, comprenent factors genetics, ambientals i d’estil de vida.
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6.1.5.1 Gens que poden influir en la susceptibilitat a la malaltia
d’Alzheimer.

El primer gen identificat susceptible per desenvolupar la AD va ser el
gen de I’apoproteina E, el qual disposa de tres al-lels que codifiquen per
tres isoformes d’apoproteina E (E2, E3 i E4). Els individus que
produeixen la isoforma E4 tenen un major risc de desenvolupar la
malaltia. El mecanisme pel qual la isoforma promou la AD no esta del
tot establert, pero hi ha evidéncies que augmenta 1’agregacio6 del péptid
AP 1 en redueix I’eliminaci6. A més, es suggereix tamb¢ que podria
incrementar el risc de la AD promovent la patologia cardiovascular,
incrementant 1’estrés oxidatiu 1 empitjorant la plasticitat neuronal
(Mattson, 2004).

6.1.5.2 L envelliment

Les cel-lules del sistema nervios es veuen afectades per i en resposta a
I’envelliment molt més que les cél-lules d’altres organs, ja que les
cel-lules nervioses experimenten amb l’edat un increment en estrés
oxidatiu, pertorbacio de I’homeostasi energetica, acumulacidé de
proteines danyades i lesions en el seu DNA. Aquests canvis durant el
procés d’envelliment normal son exacerbats en poblacions neuronals
vulnerables als desordres neurodegeneratius. Per tant, que un individu
desenvolupi una malaltia neurodegenerativa durant I’envelliment es
determinat per factors tant genctics com ambientals que poden
contrarestar o facilitar el mecanisme molecular 1 cel-lular de
I’envelliment.

Malauradament, en 1’actualitat encara no es coneix el mecanisme pel
qual es desenvolupa la malaltia d’Alzheimer, perd hi ha un ctimul
d’evidéncies que relacionen I’envelliment amb els desordres
neurodegeneratius. Durant el procés d’envelliment es produeixen una
série de canvis que poden interaccionar amb els gens i1 1’entorn,
determinant la degeneracio, o no, neuronal. Aquests canvis agrupen:

e un increment oxidatiu del DNA, proteines i lipids, i acumulacié
de proteines modificades com addici6 de grups carbonils,
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nitrosil, etc., a més d’una important suma de proteines atipiques

com la proteina AP (Mattson & Magnus, 2006);

e cl glutamat i el procés d’excitotoxicitat, amb la conseqlient mort

neuronal;

e un increment de proteines pro-apoptotiques (per exemple
caspasa-3) (Mattson & Magnus, 2006);

e alteracions

en nombrosos

neurotransmissors i

vies

senyalitzaci6 de factors neurotrofics (BDNF) (Mattson, 2004);

e pertorbacions en la homeostasis del Ca®" neuronal.

Adaptacid

ApoE2/3

Factors genetics

o

calories

mental

Dieta i estil de vida
* Dieta baixa en

*  Exercici fisic i

Antioxidants

Figura 23. El sistema nerviés pot respondre de forma adaptativa a D’envelliment o
sucumbir. En I’envelliment i en la AD, la mort cel-lular pot ser activada per mutacions
gengétiques especifiques o per factors ambientals. Tot aixdo promou I’alteracié de I’activitat
cel-lular, com la produccio de radicals lliures, alteracions energétiques, la homeostasis del calci
i ’activacio de la cascada apoptotica. Aquests efectes juntament amb 1’edat actuen coordinant
I’increment de I’estrés oxidatiu, la inestabilitat del DNA, la desregulacié de la homeostasis
ionica, donant lloc a una desestabilitzaci6 de la integritat neuronal, i per tant produint una
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J
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disfuncio6 sinaptica i la mort cel-lular (Figura adaptada de Mattson & Magnus, 2006).
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6.1.5.3 Estres oxidatiu

Nombrosos estudis han relacionat 1’estrés oxidatiu amb la malaltia
d’Alzheimer (Barnham et al., 2004; Emerit et al., 2004; Mattson, 2004).
De fet, existeixen evidéncies que [’estrés oxidatiu ocorre abans de
aparicio dels simptomes i que el dany oxidatiu no es troba només en les
regions afectades del cervell, sind tamb¢ a nivell periferic (Perry et al.,
2003; Migliore et al., 2005). A més, alguns autors han descrit que 1’estres
oxidatiu ocorre abans de la formacid de les plaques AP, donant suport al
paper de la disfuncionalitat mitocondrial i I’estreés oxidatiu en els inicis
de la malaltia d’ Alzheimer (Migliore et al., 2005).

D’altra banda, també s’ha proposat que una de les principals fonts de
ROS en la AD esta relacionada amb el péptid AP. Per una part, durant el
procés d’agregacid dels péptids AP es genera H>O», procés que requereix
oxigen i esta potenciat pel Fe*" i el Cu’. Quan aquests processos
cel-lulars ocorren prop de la membrana cel-lular, aquesta sofreix estrés
oxidatiu produint-se oxidaci6 lipidica i com a conseqiiéncia es generen
aldehids neurotoxics, com 1’aldehid 4-hidroxinonenal (4-HNE) o
I’acroleina, que provoquen modificacions covalents en residus proteics
de cisteina, histidina i lisina. Algunes d’aquestes proteines modificades
per Destrées oxidatiu inclouen transportadors de membrana
(transportadors de glucosa, glutamat i bomba NA'/K"), receptors
metabotropics (proteines G) i canals ionics (canals dependents de
voltatge de clorur, NMDA). A més a més, modificacions oxidatives pel
4-HNE i altres especies reactives sobre la proteina Tau, poden promoure
la seva agregacid i per tant induir la formacio6 de cabdells neurofibril-lars.
Addicionalment, el péptid AP pot inclis alterar la homeostasis del Ca**
1 causar estrés oxidatiu a nivell mitocondrial, danyant la cadena
transportadora d’electrons, 1 per tant donant lloc a un augment de la
produccio6 d’ions superoxid i disminuint la produccioé d’ATP (Figura 24)
(Varadarajan et al., 2000; Mattson, 2004).
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Figura 24. Representaci6 esquematica de la generacié de ROS i I’alteracio de la homeostasis
del Ca?" causat pel péptid Ap (Mattson, 2004).

6.1.5.4 Disfuncionalitat mitocondrial

Cada cop hi ha més consens cientific en que la disfuncionalitat
mitocondrial 1 DPestrées oxidatiu van de la ma en els processos
neurodegeneratius, 1 que probablement juguen un paper important en els
estadis inicials de la patologia (Lin & Beal, 2006; Moreira et al., 2006;
Federico et al., 2012).

El mitocondri és essencial per al correcte funcionament de les neurones
a causa de que la capacitat glicolitica limitant d’aquestes cel-lules les fa
dependents de la fosforilacid oxidativa aerobica (OXPHOS) per les seves
necessites energetiques. El cervell només representa el 2% del pes total
del cos perd consumeix un 20% de I’oxigen total. Aquest requeriment
energétic és basicament degut a una demanda energetica neuronal per
mantenir els gradients d’ions a través de la membrana plasmatica, procés
critic per la generaci6 dels potencials d’acci6. Aquest requeriment intens
d’energia es continu, per tant, periodes breus de deprivacio de glucosa o
oxigen poden ocasionar mort neuronal (Moreira et al., 2010).
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Swerdlow 1 col. (2004) van proposar la hipotesi de la cascada
mitocondrial per explicar la forma esporadica de la AD de comengament
tarda. Breument, aquesta hipotesi afirma que la disfuncionalitat
mitocondrial és el primer esdeveniment que causa la deposicid de les
plaques AP, la degeneracié sinaptica i la formaci6é dels cabdells
neurofibril-lars (Swerdlow & Khan, 2004, 2009).

6.1.5.5 Genere:

Encara que la severitat d’aquesta deméncia és semblant en els dos sexes,
estudis epidemiologics han suggerit que la disminucié en els nivells
d’estrogens seguits de la menopausa podria incrementar el risc de patir
malalties neurodegeneratives en el sexe femeni (Maccioni et al., 2001).

6.1.5.6 Dieta

Diversos estudis han demostrat que la restriccidé calorica retarda els
efectes del envelliment. En concret, s’ha observat un menor déficit
cognitiu 1 de les funcions motores, a més d’una disminuci6 del dany en
el DNA 1 I’estrés oxidatiu (Mattson & Magnus, 2006). D’altra banda,
s’ha descrit que una dieta rica en grasses saturades podria afavorir el
desenvolupament de la malaltia (Mattson, 2004).

6.1.5.7 Danys vasculars

Creixent evideéncia vincula les malalties vasculars, com la hipertensio
arterial, la diabetis mellitus, I’aterosclerosi vascular, entre d’altres, amb
el risc de desenvolupar AD (Schmidt et al., 2000).

6.1.5.8 Traumes cerebrals

S’ha descrit la relacié entre antecedents de dany cerebral i el futur risc
de desenvolupar la malaltia, especialment quan implica pérdua de

consciéncia o quan es produeix varies vegades (Katzman y Kawas,
1994).
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La comprensié de les vies moleculars per les quals les diferents
alteracions patologiques comprometen la funcionalitat i la integritat
neuronal portant als simptomes clinics és el principal objectiu dels
estudis duts a terme durant décades d’investigacio. L’éxit en el
desenvolupament de models de ratolins que imitin algunes de les facetes
d’aquesta malaltia ha facilitat enormement aquest esforg.

6.2 Model experimental APPswe/PS1dE9

S’han desenvolupat un gran nombre de models animals per estudiar
I’etiologia, I’evolucié i noves terapies alternatives per combatre la
malaltia. S’han creat diversos models de ratolins transgénics amb
mutacions relacionades amb I’AD. La gran majoria estan basats en la
hipotesi de la cascada amiloide, on els ratolins presenten un increment
en el deposit de plaques AP, amb mutacions en els gens de la proteina
APP o de les secretases. Els models de ratolins doble transgénics com el
APPswe/PS1dE9 (APP/PS1) han demostrat tenir un desenvolupament
accelerat de la patologia en comparacio amb els transgénics d’una tnica
mutacio, facilitant d’aquesta manera els estudis que d’una altra manera
s’haurien de realitzar en animals més envellits 1 fragils (Hock & Lamb,
2001), a més de reduir considerablement el cost dels experiments.

Jankowsky 1 col. (2001) van desenvolupar uns ratolins transgeénics que
albergaven la mutacidé APPswe 1 la mutaci6 PS1dE9. Aquests ratolins
van ser desenvolupats per la co-injeccid dins del pronucli de dos
construccions transgeniques [ratoli/humana (Mo/Hu) APP695 quimeric
albergant la mutacid sueca (Swedish K594M/N595L) i la supressio de
I’ex6 9 de la proteina PS1] amb un unic lloc d’insercié genomica
resultant en dos transgens que es transmet com un unic locus mendelia
(Jankowsky et al., 2001).

Aquests ratolins s’han consolidat com un bon model per estudiar la
patologia amiloide de la malaltia, gracies a que la doble mutacié accelera
el procés fent aparcixer les primeres plaques en edat primerenques. Al
voltant dels 4 mesos el numero de plaques observables és molt reduit,
mentre que als 6 mesos son facilment detectables, per tant el nimero i la
grandaria de les plaques incrementa amb 1’edat. El patr6 de deposicid
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comenga en el cortex 1 hipocamp i s’estén a altres arees progressivament
aixi com els animals envelleixen (Garcia-Alloza et al., 2006). A més,
aquests animals mostren un increment amb 1’edat dels nivells d’AB, on
la relacio AP42/AB40 es favorable a I’AP42 (Jankowsky et al., 2004;
Garcia-Alloza et al., 2006). La toxicitat Af que es desenvolupa per
I’envelliment dels ratolins APP/PS1 va acompanyada d’una intensa
gliosis, la preséncia de botons sinaptics excitatoris distrofics i neuritis
tau-positiva. Els canvis patologics produits en aquests ratolins mostren
grans similituds amb la AD, com la neuropatologia severa dependent de
I’edat associada a una atrofia cerebral i una disminuci6 del metabolisme
de la glucosa (Bilkei-Gorzo, 2014).

6.2.1 Processament de 1’APP i generacid de plaques 3-amiloides.

Els péptids d’AB son formats per la proteolisis de I’APP per 1’escissio
seqiiencial d’aquesta proteina per diferents complexes d’enzim
anomenats a-, B- 1 y-secretases. En el complex o-secretasa s’han estat
identificades tres enzims, tots ells pertanyents a la familia ADAM, una
familia de desintegrines 1 metaloproteases (Adamalisin family);
ADAMY, ADAMI10 i ADAMI17 (Allinson et al., 2003). L’enzim f-
secretasa, €s un tipus d’enzim de proteina integral I, que pertany a la
familia de pepsines d’aspartat proteases (BACEI: beta-site cleavage
enzym), el qual produeix I’escissio en el lloc B de la proteina APP (Vassar
et al., 1999). El complex y-secretasa es troba compost per quatre
proteines: Presenilina 1 o 2 (PS1 i PS2), Nicastrina, Aph-1 (anterior
pharnyx defective) 1 Pen2 (presenilin enhacer 2). El lloc actiu de la y-
secretasa requereix activitat aspartil proteasa que es troba en la
presenilina, mentre que Nicastrina, Pen-2 1 Aphl participen en la
modulacid de I’activitat de la y-secretasa, dependent de la via proteolitica
on actui o en resposta a estimuls fisiologics (Maccioni et al., 2001;
Selkoe, 2001; Morishima-Kawashima & Thara, 2002; Gassen & Annaert,
2003; Mattson, 2004; Perez et al., 2005)

L’escissio 1 el processament de I’APP pot ser dividit en via no-
amiloidoigénica i via amiloidoigenica:
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Via no-amiloidoigénica

En aquesta via és I’a-secretasa I’encarregada de 1’escissio de la proteina
APP en la posicio 83 de la part C-terminal, produint un gran ectodomini
N-terminal (APPsa) el qual es secreta al medi extracel-lular. El fragment
resultant del C-terminal (CTF 83: C-terminal fragment) és retingut en la
membrana i subseqlientment és escindit per la y-secretasa generant un
fragment curt denominat p3. Cal destacar, que 1’escissio per I’ a-secretasa
ocorre en laregido AP, excloent per tant la formaci6 del peptid AP (Figura
24) (Haass et al., 1993).

Via amiloidoigénica

La via amiloidoigénica és una via d’escissio de I’ APP alternativa la qual
condueix a la formacio6 del péptid d’A. La protedlisis inicial és deguda
a I’acciod de la B-secretasa a la posicié de I’aminoacid 99 del C-terminal.
Aquesta ruptura resulta en 1’alliberament a I’espai extracel-lular del
fragment APPsp, 1 deixa el termini CTF ancorat a la membrana (C99),
amb la generacid novament del terminal N corresponent al primer
aminoacid del peptid AP. Posteriorment aquest fragment es escindit per
la y-secretasa entre els residus 38-43, alliberant un péptid AB. La gran
majoria de peéptids que es formen son de 40 residus de longitud (APa4o),
mentre que una proporcid més petita (aproximadament un 10%) esta
formada per 42 residus (AP42). La variant ABs2 és més hidrofobica i més
propensa a la formacié fibril-lar que I’APa4o, 1 és aquesta variant més
llarga també la isoforma predominant en les plaques senils (Jarrett et al.,
1993; Maccioni et al., 2001; Selkoe, 2001).



INTRODUCCIO

a Nonamyloidogenic pathway b Amyloidogenic pathway
APP APPsa APP APPsp
@ Il o4
p3 ol AB

Wﬁi‘”ﬁﬁhﬁﬁﬁﬁﬁﬁﬁﬁ I | [ | e
BT BALLLAY WAL BN Ty AMMAAAT AN

,\Y; C83 C59 ‘Y C99 C59

Figura 25. Processament de la proteina APP per les secretases. a) Via no amiloidoigeénica,
I’ APP primerament és escindit per a-secretasa per la seqiiencia AP, el qual allibera 1’ectodomini
APPsa. El posterior processament per la y-secretasa del terminal carboxil resultant dona lloc a
I’alliberament del fragment P3. b) La via amiloidogénica s’inicia quan la B-secretasa escindeix
la proteina APP per la fracciéo amino terminal del péptid AP i allibera I’ectodomini APPsf. El
posterior processament per la y-secretasa de terminal carboxil restant resulta amb la formaci6 del
peptid AP (adaptat de de Strooper et al., 2010).

6.3 Efectes de PMDMA en la malaltia d’ Alzheimer

En T’actualitat no es disposa de cap estudi on els efectes de ’'MDMA
hagin estat testats directament en un model de la malaltia d’Alzheimer.
Malgrat aix0, molts autors postulen que I’is 1 abts d’aquest derivat
amfetaminic podria ser un factor de risc per desenvolupar la malaltia a
causa dels seus efectes a llarg termini, com la disminuci6 de la
concentracio de 5-HT o del seu transportador o problemes de memoria,
com alguns consumidors descriuen. Si que es cert que ’MDMA es capag
de produir tota una serie d’alteracions en processos forgament relacionats
amb la supervivencia 1 ’estabilitat de la cel-lula, com desequilibris en
I’homeostasi del calci, produccid d’estrées oxidatiu, alteracions
mitocondrials, tots ells descrits com a factors de risc per desenvolupar la
malaltia d’Alzheimer.

En base a totes aquestes dades previes, en la present tesi doctoral ens
vam plantejar els segiients objectius
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OBJECTIVES

The present thesis has been structured in three main chapters

1. Study of the effects of MDMA on plasticity and memory
In rats:

- To determine the effects of a chronic treatment of MDMA on
spatial learning and memory.

- To investigate the impact of the consumption of MDMA on
CAL1 hippocampal pyramidals neurons.

In mouse:

- To evaluate the effects of an intermittent and prolonged
treatment of MDMA on plasticity markers of the mice
hippocampus.

2. Study of the effects of MDMA on an excitotoxicity model

- To determine whether a recreational treatment of the
amphetamine derivative might favor an epileptic status

- To assess whether previous MDMA exposition might
enhance the neurotoxicity of kainic acid, a model of
excitotoxicity.

3. To investigate the effects of MDMA on the nigrostriatal
pathway in a model of Alzheimer’s Disease.

- To study whether an abusive consumption during
adolescence may trigger or favor alterations in the
nigrostriatal pathway in a model of Familial Alzheimer’s
Disease.

- To evaluate whether a prolonged exposition of MDMA
during adolescence might potentiate or accelerate the
appearance of AP plaques in the adulthood in this model of
Alzheimer’s Disease.
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3.1 Publicaci6 1

MDMA enhances hippocampal-dependent learning and memory
under restrictive conditions, and modifies hippocampal spine
density

Sonia Abad, Alberto Fole, Nuria del Olmo, David Pubill, Merc¢ Pallas, Félix Junyent,

Jorge Camarasa, Antonio Camins, Elena Escubedo (2014). Psycopharmacology
231:863-874

L’MDMA ¢és una de les substancies psicoactives més consumides pels
joves adolescents. Esta ben establert que el cervell és un organ dinamic,
1 que ’adolescencia es un periode de remodelacié on es produeixen els
canvis necessaris per assolir la maduresa. D’altra banda, diversos
estudis han descrit que les substancies d’abus produeixen plasticitat
estructural en algunes arees del cervell.

L’objectiu de I’estudi va ser investigar ’efecte de I’exposicid cronica
de ’'MDMA sobre les neurones piramidals de la CA1 de I’hipocamp de
rata, 1 com aquesta exposicid afectava la memoria i 1’aprenentatge
dependent de I’hipocamp.

Els animals van ser tractats amb un régim que imita 1’exposicid cronica
a la substancia. Una setmana després de 1’ultima administracio, els
animals van ser sotmesos a diferents test de comportament per tal
d’avaluar I’efecte d’aquest tractament en memoria 1 aprenentatge. A
més a més, es van realitzar els test del camp obert, per valorar nivells
d’ansietat 1 el test de la natacid forgada, per determinar si el régim
utilitzat podia provocar un comportament depressiu en els animals que
interferis en els test posteriors.

Els animals exposat a ’'MDMA no van mostrar un comportament que
diferis del grup control en el test de la natacié forgada. Quan els
animals van ser sotmesos tant al test de reconeixement d’objectes com
al test del laberint d’aigua, per tal d’avaluar aprenentatge i memoria, no
es van observar diferéncies significatives entre grups. En canvi, quan
els animals van realitzar un test del laberint d’aigua més restrictiu, el
grup tractat préviament amb el derivat amfetaminic va mostrar millors
resultats, tan en el test de memoria com en la fase d’aprenentatge. A
més, cal destacar que el grup exposat a 'MDMA va restar més temps
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en el centre en la prova del camp obert, mostrant un comportament
ansiolitic.

L’avaluacio del factor neurotrofic BDNF va revelar un increment en
tots els grups tractats amb MDMA. No obstant, les rates tractades amb
el derivat amfetaminic van mostrar una disminucido en la densitat
d’espines dendritiques en comparaciéo amb el grup control, la qual va
ser revertida per l’entrenament, mostrant aixi un increment en la
densitat d’espines en els grups que havien realitzat el test del laberint
d’aigua.

En conclusio, I’exposicié a aquest tipus de tractament amb MDMA
produeix una disminucio en 1’ansietat i una millora 1’aprenentatge 1 la
memoria dependent de I’hipocamp sota condicions restrictives, a més
de produir un increment en els nivells de BDNF. Aquesta millora en
I’aprenentatge és correlaciona amb un increment en la densitat
d’espines dendritiques.
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Abstract

Objectives Addictive drugs produce forms of structural plas-
ticity in the nucleus accumbens and prefrontal cortex. The aim
of this study was to investigate the impact of chronic MDMA
exposure on pyramidal neurons in the CA1 region of hippo-
campus and drug-related spatial learning and memory
changes.

Methods and results Adolescent rats were exposed to saline
or MDMA in a regime that mimicked chronic administration.
One week later, when acquisition or reference memory was
evaluated in a standard Morris water maze (MWM), no dif-
ferences were obtained between groups. However, MDMA-
exposed animals performed better when the MWM was im-
plemented under more difficult conditions. Animals of
MDMA group were less anxious and were more prepared to
take risks, as in the open field test they ventured more fre-
quently into the central area. We have demonstrated that
MDMA caused an increase in brain-derived neurotrophic
factor (BDNF) expression. When spine density was evaluated,
MDMA-treated rats presented a reduced density when com-
pared with saline, but overall, training increased the total
number of spines, concluding that in MDMA-group, training
prevented a reduction in spine density or induced its recovery.
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Conclusions This study provides support for the conclusion
that binge administration of MDMA, known to be associated
to neurotoxic damage of hippocampal serotonergic terminals,
increases BDNF expression and stimulates synaptic plasticity
when associated with training. In these conditions, adolescent
rats perform better in a more difficult water maze task under
restricted conditions of learning and memory. The effect on
this task could be modulated by other behavioural changes
provoked by MDMA.

Keywords Adolescentrats - Brain-derived neurotrophic
factor - Hippocampus - Learning - MDMA - Spines

Introduction

MDMA (3,4-methylenedioxymethamphetamine, or ecstasy)
is a synthetic drug belonging to the amphetamine family and
has both stimulant and hallucinogenic properties. Recently,
Mithoefer et al. (2011, 2013) concluded that MDMA could
represent as an aid to psychotherapy in the treatment of post-
traumatic stress disorder, especially in patients who are resis-
tant to other forms of treatment. It is an unusual situation
indicating that MDMA, besides its rewarding properties, it
may also represent a therapeutic tool. Nevertheless, amphet-
amine compounds are not uncommonly used for enhanced
productivity and for study purposes. In fact, prescription stim-
ulants are currently used by college students, many of whom
obtain them for use as recreational drugs and study aids.
Amphetamines abuse is often characterised by a repeated
pattern of frequent drug administration (binge) followed by a
period of abstinence.

Chronic exposure of rats to MDMA has been associated
with degradation of serotonin projections to the hippocampus

@ Springer

73



864

Psychopharmacology (2014) 231:863-874

and cortex (Pubill et al. 2003). The behavioural consequences
of MDMA exposure have also been studied extensively. A
number of research efforts have been focused on demonstrat-
ing the undesirable cognitive effects induced by MDMA
(Able et al. 2006; Arias-Cavieres et al. 2010; Skelton et al.
2008; Sprague et al. 2003). Evidence to date has shown that
developmental exposure to this substance results in adverse
effects on the rat’s developing brain and learning and memory
impairments in adults (Broening et al. 2001). However, the
relationship between these behavioural changes and possible
drug-induced serotonergic damage is not yet clear. Rodsiri
et al. (2011) provided evidence of long-term disruption of
novel object discrimination following “binge-type” repeated
MDMA administration, but they demonstrated that this im-
pairment of recognition and working memory was not directly
related to any neurotoxic loss of serotonin neurons.

However, some authors have described other effects of
MDMA in the Morris water maze (MWM) test, which seem
to depend on animal strain, sex, age, nutrition, stress, appara-
tus, training procedure (D’Hooge and De Deyn 2001) and also
on drug treatment and MDMA abstinent period (Thompson
et al. 2009; Skelton et al. 2012; Vorhees et al. 2009, 2011).
Furthermore, contradictory results were obtained for MDMA
effects on long-term potentiation (LTP), an indicator of syn-
aptic plasticity linked to learning and memory (Arias-Cavieres
et al. 2010; Morini et al. 2011).

Neuroanatomical and neurophysiological studies have pro-
vided direct support for the notion that the molecular and
cellular mechanisms underlying the long-lasting behavioural
plasticity associated with psychostimulant action may be sim-
ilar to those implicated in learning and memory (Beninger and
Gerdjikov 2004; Everitt and Robbins 2005; Preissmann et al.
2012). It has been suggested that part of the addictive potential
of psychostimulant drugs of abuse may result from their
ability to enhance memory for drug-related experiences
through actions on memory consolidation (Leri et al. 2013;
Simon and Setlow 2006; Wiig et al. 2009). This controversy
leads us to consider that the effects of MDMA in cognitive
processes are complex and both neurotoxicity and addiction-
associate plasticity can contribute to them.

Dendritic spines, thought to serve as basic units of memory
storage, are highly mobile and can undergo remodelling.
Spine remodelling and the formation of new synapses provide
a basis for memory formation (Kirov and Harris 1999). Some
studies have reported correlations between the morphological
and functional parameters of spines (Arellano et al. 2007).
Over the past few years, several groups have reported that
repeated exposure to a drug of abuse causes structural plastic-
ity and changes in specific neuronal cell types that reflect a
reorganisation of synaptic connectivity patterns, but the func-
tional consequences of these changes are unknown (Fole et al.
2011; Robinson and Kolb 1997, 1999;). Importantly, these
changes have been shown to persist for at least 1 month after
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the last drug exposure and are hypothesised to represent the
neural substrate for the near-permanent sensitisation in drug
responsiveness seen in certain animal models of addiction. For
MDMA, Ball et al. (2009) reported that a sensitising regimen
induces increased spine density in limbic-cortico-striatal cir-
cuitry. Although the functional significance of such plasticity
remains a subject of controversy, their integration within the
existing hippocampal circuits might participate in certain
forms of learning and memory (Leuner et al. 2003).

The aim of the present study was to determine whether
treatment with MDMA, simulating a chronic schedule, could
modulate hippocampal learning and memory in adolescent
Sprague—Dawley rats in the MWM. Because the complexity of
the task could have modulated any behavioural change provoked
by the drug, we designed a more difficult MWM task. In
addition, it was also considered of interest to determine whether
the hippocampus of these animals presented structural and mark-
er changes and if training in the MWM could modify the effect
of MDMA on this structural plasticity. Recently (Hemmerle et al.
2012), it has been determined that in adult rats, MDMA in-
creases expression of brain-derived neurotrophic factor
(BDNF) and its receptor trkB in the hippocampal CAl region
few hours after administration. We have analysed its expression
in the hippocampus because it has been reported that under some
conditions, application of BDNF is sufficient to induce protein
synthesis-dependent spine enlargement (Tanaka et al. 2008).

An acute administration of 10—15 mg/kg of MDMA to rats
creates similar plasma concentrations to those of a human who
consumes a 150-mg tablet (Green et al. 2003). However, as
we wanted to simulate chronic human abuse, it was necessary
to maintain MDMA plasma levels for a significant period of
time. This can be achieved by using an administration sched-
ule such as that used in this study (Battaglia et al. 1988; Pubill
et al. 2003).

In addition to the MWM, other behavioural tests were used
to provide additional data and facilitate interpretation of the
results. Forced swimming test (FST) is a common test for
depression-related behaviour in animals, and the novel object
recognition task (ORT) has become a benchmark task for
assessing recognition memory, which seems to play an impor-
tant role the hippocampus (Broadbent et al. 2009). In the open
field, rat permanence in the periphery is associated with
anxiety-like behaviour, while time spent in the centre puts
the animal at risk, thus is an indirect measure of risk-taking
or impulsive behaviour (Colorado et al. 2000).

Materials and methods

Treatment groups

Experimental protocols for the use of animals in this study were
approved by the Animal Ethics Committee of the University
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of Barcelona under the supervision of the Autonomous
Government of Catalonia, following the guidelines of the
European Communities Council (86/609/EEC). Five-week-
old male Sprague-Dawley rats (Harlan Ibérica, Barcelona,
Spain) were used.

The animals received saline or a neurotoxic dosage regi-
men of MDMA that is thought to be equivalent to a chronic
administration (Battaglia et al. 1988; Pubill et al. 2003) of
20 mg/kg (s.c.) bid for 4 days. Increased acute hyperthermic
response and neurotoxicity occurs when MDMA is adminis-
tered in a hot room environment compared to normal room
temperature conditions (Sanchez et al. 2004). Consequently,
animals were housed one per cage and allowed to acclimatise
for 1 h to an environmental temperature of 26+1 °C before
receiving the first dose of MDMA and were kept under these
conditions for 2 h after the final dose. Body temperature was
measured using a lubricated and flexible rectal probe inserted
at 2.5 cm into the rectum and attached to a digital thermometer
(0331 PANLAB, SL, Barcelona, Spain) 1 h after the first daily
injection of MDMA. Experiments are listed in Table 1. For
each treatment group, a number of 8—12 animals were used.

Morris water maze
Standard method

Non-spatial (cued) and spatial learning and reference memory
were assessed in a MWM 1 week after the end of treatment
following the method described by Camarasa et al. (2008)
(Table 1). Spatial learning sessions (acquisition) were
conducted on four consecutive days (days 1-4), performing
six trials per day with an acquisition—retrieval interval (ARI)
of 10-12 min. During this interval, animals remained in their
cages. In each trial, time taken to reach the hidden platform
(escape latency) and the pathway length were recorded (Smart
3, Panlab SL, Barcelona, Spain). This procedure was repeated
with each rat starting in each of the four quadrants. The
average escape latency to find hidden platform of all trials in
a day was calculated for each animal. The mean of all animals
was obtained for every day.

The rats were subjected to a single-test session (probe test)
on the fifth day (free swimming without platform) to assess
their memory of the platform location for 1 min. The total time
spent swimming in the target quadrant (where the platform
should have been located) and the opposite quadrant was
measured.

Spatial reversal

At the end of the probe test and to evaluate whether rats could
reverse their spatial learning, the platform was reinserted into
the pool in the quadrant opposite to its original position and
the rats were guided to the platform with a flag in the first trial,

and left there for 30 s. Immediately after this trial, the time to
find the platform without a flag in a second and a third trial
was measured (reversal test lasting a maximum of 60 s). An
ARI of 10 min was used.

Restrictive method

In a second treatment (Table 1), 1 week after the end of
the first treatment, animals were submitted to the spatial
learning test under more difficult conditions to hinder this
learning. It is known that the latency in the retrieval trails
of the water maze increases with the acquisition—retrieval
interval (Brandeis et al. 1989). Therefore, a new experi-
ment in the MWM was conducted using 3 days of acqui-
sition with an ARI of 45-50 min. To counterbalance,
eight trials were performed every day. Another similar
treatment was performed 1 month after the end of MDMA
exposure.

Novel object recognition task

One week after finishing treatment, the animal’s performance
was tested using ORT, following the method described by
Camarasa et al. (2008) (Table 1). The test consists of a
familiarisation session (two consecutive days) in which rats
explored the arena during 10 min. Rats were trained (day 3,
10 min) with two identical objects, (two objects “A”). Novel
object recognition was tested 1 h after the training session,
when rats were exposed to the familiar object A and a novel
object B for 3 min. The cumulative time spent by the rats at
each of the objects was measured in seconds. The data are
presented as percentage of time exploring novel and familiar
object.

Open field behaviour

One week after the end of the animals’ exposure to saline or
MDMA, rats were monitored (Smart 3, Panlab SL, Barcelona,
Spain) for 10 min during the first familiarisation trial de-
scribed previously. The floor of the circular arena was divided
virtually into two zones, centre of 70 cm and periphery of
100 cm in diameter, respectively. The time spent in these two
defined zones was recorded. Results are expressed as the
fraction of total exploratory time spent in the central or pe-
ripheral zone.

Forced swimming test

FST was performed in another group of animals 1 week after
finishing the treatment (Table 1). Rats were individually
forced to swim inside a Plexiglass cylinder (height 40 cm,

diameter 18 cm and contained 22 cm of water, at 25 °C). After
a pre-exposure to forced swimming for 15 min the day before
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Table 1 Treatments carried out

in order to perform behavioural Treatment Group Behavioural test Other test” Starting time of
tests and quantification of den- behavioural test
dritic spines, BDNF and PSD-95.
MWM Morris water maze, FST 1 Saline Standard MWM Reversal MWM 1 week
forced swimming test, ORT ob- MDMA Standard MWM Reversal MWM 1 week
ject recognition task. Tests were 2 Saline _ Spine density 1 week
performed 1 week or 1 month af- . .
ter the end of treatment. “Other MDMA - Spine density 1 week
tests were performed after Saline Restrictive MWM Spine density 1 week
finishing the parallel behavioural MDMA Restrictive MWM Spine density 1 week
test 3 Saline - BDNF, PSD-95 1 week
MDMA - BDNF, PSD-95 1 week
Saline Restrictive MWM BDNF, PSD-95 1 week
MDMA Restrictive MWM BDNF, PSD-95 1 week
4 Saline Restrictive MWM - 1 month
MDMA Restrictive MWM - 1 month
5 Saline FST - 1 week
MDMA FST - 1 week
6 Saline Open field ORT 1 week
MDMA Open field ORT 1 week

(Slattery and Cryan 2012), animals were again placed in the
cylinder 24 h later and the total duration of immobility was
measured during a 5-min test. The test is considered an index
of despair in response to stress and this behavioural despair is
not only sensitive to antidepressant treatments but also to
stimulants like amphetamine and caffeine (Porsolt et al.
1978). Results are expressed as seconds of immobility.

Hippocampal spine density analysis

Twenty-four hours after the restrictive MWM (Table 1), rats
were deeply anaesthetised by injection (i.p.) of pentobarbital
(80 mg/kg) and perfused with 4 % paraformaldehyde in 0.1 M
phosphate buffer (PB).The hippocampi were removed. Golgi
staining was performed as described by Fole et al. (2011).
Finally, the sections were immersed in pure glycerol and
mounted on glass slides with glass covers. Five Golgi-
impregnated pyramidal neurons per animal, discernible from
nearby impregnated cells, were selected. These neurons were
located within the CA1 region of the hippocampal formation.
Measurement was done at least 50 pm from the soma along
consecutive 10 pm fragments on secondary branches starting
10 pum after branching from the primary dendrite. The neurons
were located using lower (5-20) magnification lenses on an
Eclipse 50i-Nikon equipped with a camera (DS-5 M). Spine
density and type were evaluated usingx 100 magnification
lens andx300 zoom using NIS-Elements software. Spine
density was calculated by dividing the number of spines per
segment by the length of the segment and was expressed as the
number of spines per 10 pm of dendrite. Spine density was
evaluated in some of the animals from each group.
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Tissue sample preparation

Expression of BDNF and PSD-95 was determined in the
four groups of animals (saline-treated trained or not,
MDMA-treated, trained with restrictive MWM or not,
see Table 1). Twenty-four hours after the last training
day, the animals were decapitated. The hippocampus
was quickly dissected out, frozen and stored at —80 °C
until use. When required, tissue samples were thawed and
homogenated at 4 °C in 20 volumes of buffer (5 mM of
Tris—HCI, 320 mM of sucrose, 4.5 pg url of aprotinin,
0.1 mM of phenylmethylsulfonyl fluoride and 1 mM of
sodium orthovanadate) at pH 7.4, in a Polytron homoge-
nizer. The homogenates were centrifuged at 500xg
for 5 min at 4 °C. Supernatant was centrifuged again at
15,000xg for 15 min at 4 °C. Pellets were resuspended
and stored at —80 °C until use.

Quantification of BDNF and PSD-95 by western blot

A general western blotting and immunodetection protocol was
used to determine BDNF levels as described (Garcia-Ratés
etal. 2010). Primary rabbit polyclonal antibody against BDNF
(Santa Cruz Biotechnology Inc., Europe), PSD-95 (Abcam,
Cambridge, England) and peroxidase-conjugated antirabbit
IgG antibody were used. Immunodetection of 3-actin (mouse
monoclonal antibody, Sigma, St. Louis, USA; dilution of 1:2,
500) served as a control of load uniformity for each lane and
was used to normalise differences in BDNF and PSD-95
expressions due to protein content. The statistical analysis
was performed.
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Data analysis

Results are given as the mean+SEM. One-way ANOVA,
followed by Tukey’s test, was used to verify the significance
between means. The p values less than 0.05 were considered
as significant. Two-way ANOVA was used when two vari-
ables were studied jointly (software, InvivoStat). In this test,
when the interaction effect was not significant, the statistic
value was omitted in order to simplify reading text. Results
from forced swimming test and object recognition task exper-
iments were analysed using the independent and paired
Student’s ¢ test, respectively. Linear regression was analysed
using GraphPad Prism (GraphPad Software, San Diego, CA,
USA).

Results
Effects of MDMA on rectal temperature and body weight

As expected, MDMA induced hyperthermia in rats (see
Fig. 1a) measured 1 h after the first daily dose (two-way
ANOVA, variable treatment (F'(; 54y=87.32, p<0.001)).
This effect was maintained over all days of the treatment.
Moreover, while saline-treated animals showed a significant
increase in body weight during treatment days, the body
weight of MDMA-treated animals fell (see Fig. 1b).

Effects of MDMA treatment on spatial and reversal learning
in a standard MWM

At the end of the treatment with saline or MDMA, some
animals were subjected to the MWM, starting 1 week after
cessation of exposure. The swimming speed was calculated in
each day and was not modified by the treatment (overall 26.24+
1.48 cmy/s for saline-treated animals and 26.78+1.49 cm/s
for MDMA-treated rats); performance of this task was
analysed in terms of escape latency rather than length of
pathway.

Cued learning was evaluated on day 0 in the MWM, where
the hidden platform was indicated by a flag. For this data
analysis, trials were collapsed into three blocks of two con-
secutive trials. Two-way repeated measures ANOVA
evidenced a significant effect of trials (#(2,16)=22.60,
»<0.001) but not of the treatment (51.42+7.98 s saline;
46.43+6.52 s MDMA).

In the acquisition phase, the average escape latency to find
hidden platform of all trials in a day was calculated for each
animal. The mean of all animals was obtained for every day.
Two-way repeated measures ANOVA showed a significant
effect of variable days of acquisition (F;45)=14.37,
»<0.001) and the interaction treatmentxday (F'348)=5.31,
p<0.01), indicating that escape latency diminished as training
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Fig. 1 a MDMA-induced hyperthermia. Rats were treated with saline or
MDMA 20 mg/kg bid for four consecutive days. Data are expressed as
mean body temperature+SEM. ***p <0.001 vs saline on the same day. b
Effect of the same treatment on body weight MDMA-treated animals
showed a significant decrease in body weight measured on the first and
the last day of treatment.***p <0.001 vs saline

proceeded (see Fig. 2a). MDMA-treated animals showed a
decrease in escape latency that was significant on the second
day (p= 0.01) and on the fourth day (p= 0.05) (Fig. 2a).

Reference memory was evaluated on day 5. The rats were
subjected to a probe test for 60 s in which the platform had
been removed. Two-way repeated measures ANOVA showed
a significant effect of quadrant (F; 15)=32.64, p< 0.001) but
a non-significant effect of treatment (F(;16=0.22, n.s.).
Saline- and MDMA-treated animals exhibited quadrant pref-
erence during this test, spending 50 and 53 % of all time
(respectively) in the quadrant where the platform should have
been (Fig. 2b).

Reversal learning

Immediately following the probe test, rats were submitted to a
reversed learning session, with the escape platform positioned
in the quadrant opposite to the training one. Since there is the
possibility that MDMA leads to learning modification of the
MWM that only appears sporadically in initial novel training
trials, we performed statistical test analyses for each trial to
explore this possible effect. In these experiments, two-way
repeated measures ANOVA showed a significant effect of
trials (F(2,24y=4.92, p=0.01) but a marginal effect of
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Fig. 2 a Evaluation of spatial learning in a standard Morris water maze
(MWM) in adolescent Sprague-Dawley rats treated a week earlier with
saline or MDMA. Rats were given six trials per day with an ARI of 10—
12 min. Data represent the mean+SEM (n=8-12 per group) of day 0
(cued learning) and days 1-4 (acquisition phase). Two-way repeated
measures ANOVA showed a significant effect of variable treatment and
variable days of acquisition. *p <0.05; ** p<0.01 vs saline on the same
day. b Time in target and opposite quadrant of the MWM in the test
performed on day 5. Data represent the mean+SEM. ###p <0.001 vs
target in the same group. ¢ Improvement in reversal learning by MDMA.
Data represent the mean+SEM (n =6-8 per group) of escape latency time
to find the hidden platform positioned in the quadrant opposite to the
training one for each trial. *p <0.05 vs saline

treatment (F(;,12)=3.77, p=0.076). MDMA-treated rats
showed lower latencies than saline-treated ones. Post hoc
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analysis revealed a significant effect of MDMA in the last
trial (p= 0.05) (Fig. 2c).

Effects of MDMA on spatial learning in the restrictive MWM
One week after treatment

One week after the drug schedule, both saline- and MDMA-
treated groups were divided into two groups, one of which
was subjected to training in the MWM (trained groups, T) and
the other remained as controls (not trained groups, NT). The
spatial learning test was carried out under more restrictive
conditions to hinder this learning. For data analysis of cued
learning results, trials were collapsed into four blocks of two
consecutive trials. Two-way repeated measures ANOVA
showed a significant effect of treatment (F(; 3)=17.96,
p<0.001) and block of trials (F 3 50)=23.12, p< 0.001), indi-
cating a better performance of the MDMA group in this task
when the inter-trial interval was extended (60.04+4.90 s sa-
line; 26.22+4.05 s MDMA).

Under these conditions, spatial learning of MDMA-treated
rats during the acquisition phase improved significantly vs the
saline-treated group (Fig. 3a). Two-way repeated measures
ANOVA showed a significant effect of treatment (F(; 17)=
6.86, p< 0.05) and training days (F 2 34)=22.24, p< 0.001). In
both groups, latency on the third day was significantly lower
than on the first day (saline p< 0.01; MDMA p< 0.001).

When a probe test was performed on day 4 with the escape
platform removed from the pool, two-way repeated measures
ANOVA showed a significant effect of quadrant (F(; 6=
16.83, p<0.001) and treatment (F'(; 16,=4.49, p <0.05). The
MDMA group showed better memory (p< 0.05 vs saline), as
animals in this group swam in the target quadrant for 52.5 %
of total time while saline-treated rats did so for 35.6 % of the
time (see Fig. 3b).

One month after treatment

Another treatment was performed and an experiment in the
MWM under restrictive conditions was carried out 1 month
after the end of MDMA exposure. Cued learning showed a
significant effect of block of trials (F'333,=10.12, p< 0.001)
but not treatment (£, ;1,=0.56, p= 0.471). Consequently,
under restricted conditions the effect of MDMA on cued
learning disappears 1 month after treatment (37.68+5.87 s
saline; 31.17+£5.89 s MDMA).

There were no differences in acquisition between the
saline- and MDMA-treated groups (Fig. 4a) (F(,11)=0.23,
n.s.). Two-way ANOVA of the probe test results for the fourth
day showed no difference in the time in target quadrant
between the two groups. However, when considering the
relationship target quadrant vs the opposite quadrant, ani-
mals in the saline group did not prefer the target quadrant
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over the opposite one, whereas the MDMA group did
(target quadrantypya Vs opposite quadrantypya p <0.05)
(Fig. 4b).

Effects of MDMA on the novel object recognition task
and open field

In a new treatment, animals were subjected to an object
recognition task 1 week after MDMA exposure to determine
its effect on recognition memory. Rats spent a similar period
of time exploring the two identical objects in the first trial
(familiarisation, day 3). Statistical analysis showed no signif-
icant differences in the exploration time of the identical ob-
jects (Al and A2) during this phase in any treatment group
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Fig. 4 a Assessment of spatial learning in restrictive MWM in adoles-
cent Sprague—Dawley rats treated 1 month earlier with saline or MDMA.
Rats were given eight trials per day with an ARI of 45-50 min. Data
represent the mean+SEM (n=6-7 per group) of the acquisition phase
(days 1-3). Two-way repeated measures ANOVA showed a non-signif-
icant effect of treatment. b Time in target and opposite quadrant of the
MWM in the test performed on day 4. Data represent the mean+SEM.
Two-way repeated measures ANOVA showed a non-significant effect of
treatment. When considering the relationship target quadrant vs opposite
quadrant, animals in the saline group did not prefer the target quadrant
over the opposite but rats in the MDMA group did. #p <005 vs target in
the same group

Saline

(saline, 50.58 + 1.55 % A1 and 49.42 + 1.54 % A2; MDMA,
49.41 £4.14 % A1l and 50.59 + 4.14 % A2). When explora-
tion time was registered in the testing trial, all rats preferen-
tially explored the novel object. Preference index (time spent
exploring novel vs familiar object) was significantly above
chance for both saline (p< 0.05) and MDMA (p< 0.01)
groups (Fig. 5a). Two-way ANOVA showed a non-
significant effect of treatment (F'(; 17)=3.38, n.s.).

Prior to submitting the animals to the object recognition
task, behavioural exploration was recorded individually in
the open field for 10 min. Two-way repeated measures
ANOVA showed a significant effect of zone (F; 17)=1064.15,
p<0.001) and the interaction zone X treatment (F(; 17,=44.23,
p<0.001). Animals exposed to MDMA spent significantly
more time in the central area (centre vs periphery, 5.31 % in
saline group, 26 % in MDMA group, see Fig. 5b).
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Fig. 5 a Comparison of the exploration time (in percentage) obtained in
the object recognition task. Data represent the mean+SEM (n=7-9 per
group) of the time spent by rats exploring the old and the new objects in
the testing trial. Values *p <0.05 and **p <0.01 indicate the significant
difference between the familiar and the novel object. b Comparison of
exploratory behaviour in the open field of saline- and MDMA-treated
rats. Data represent the mean+SEM (n=7-9 per group) of the percentage
of time spent by animals in the periphery or in the centre of the arena.
Values *p<0.05 and **p<0.01 indicate the significant difference be-
tween centre and periphery for each treatment group. ###p <0.001 vs
centre of saline group

Effects of MDMA on the FST

In another experiment, animals treated with saline or MDMA
were submitted to FST 1 week after treatment in order to
investigate whether a depressive effect could modify the re-
sults in other behavioural tests. We compared the behaviour of
saline-treated animals with that of MDMA-treated ones in this
task. Total floating time was recorded. No difference between
the groups was found (61.14+19.93 s saline; 42.41+15.06 s
MDMA).

Effects of MDMA on spine density in the hippocampus

It is known that repeated psychostimulant exposure increases
the number of dendritic branch points and spines in the NAcc
and striatum and of pyramidal neurons in the medial prefrontal

cortex; this phenomenon is related to behavioural sensitisation
to these drugs (Robinson and Kolb 1999). As MDMA-treated
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rats showed a better performance in the MWM, the next
objective was to study whether treatment with MDMA could
also modify spine morphology in the hippocampus, which
could be correlated with the observed learning improvement.

Figure 6b shows some representative images of those used
to quantify dendritic spine density in the CA1 region of the
hippocampus of saline- and MDMA-exposed rats, trained (T)
or not trained (NT) in the MWM. MDMA-NT rats presented a
significant decrease in spine density vs saline NT (p <0.01).
Training in the MWM increased the total number of spines in
this area. Two-way ANOVA showed a significant effect of this
variable (F(1,16)=16.12, p< 0.001) and the interaction train-
ingx treatment (F' (1 16=24.56, p <0.05) (Fig. 6a). These re-
sults indicate that a short training period has a positive effect
on the density of dendritic spines in the CAl region in
MDMA-treated animals.

Effects of MDMA on BDNF and PSD-95 expressions

Levels of BDNF protein were determined in all groups
(Table 1). Two-way ANOVA showed a significant effect
of treatment (F(; 36)=8.74, p< 0.01) on BDNF expression,
but overall, those levels were non-dependent on training
(Fig. 7a, b).

PSD-95 has important functions at the synapses, such as
organisation of ionotropic glutamate receptors and, in general,
regulation of synaptic transmission and plasticity (reviewed in
Kim and Sheng 2004). In this sense we analysed the expres-
sion of this protein in the hippocampus of treated animals
(Table 1). Restrictive training in the MWM increased the
immunoreactivity to this scaffolding protein. Two-way
ANOVA showed a significant effect of training (F(; 16~
14.17, p<0.01), but not of treatment (saline-NT, 99.97+
0.36, saline-T, 122.34+6.06; MDMA-NT, 108.57+0.41;
MDMA-T, 126.24+6.1). These results indicate that a short
training period has a positive effect on the hippocampal ex-
pression of PSD-95.

Discussion

The recent work of Preissmann et al. (2012) provides direct
support for the notion that the molecular and cellular mecha-
nisms underlying the long-lasting behavioural plasticity asso-
ciated with psychostimulant action may be similar to those
implicated in learning and memory. The effect of amphet-
amines, specifically MDMA, in memory tasks have been
extensively analysed (see “Introduction”). The most common
finding is the improvement of this task, but some papers
describe contradictory MDMA effects in the MWM test,
which seem to depend on animal strain, sex, age, nutrition,
stress, apparatus, training procedure (D’Hooge and De Deyn
2001) and also on drug treatment and MDMA abstinent
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hippocampal CA1 field of treated rats, trained (T) or not (NT), as an
example of those analysed in the present study. Spine density was
calculated by dividing the number of spines per segment by the length
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Fig. 7 a Quantification of brain-derived neurotrophic factor (BDNF)
levels from all the western blots performed. (3-actin expression was used
as a gel load control and to normalise the results as the ratio BDNF/f3-
actin expression. T trained in the MWM, NT not trained in the MWM.
Two-way ANOVA showed a significant effect of treatment (p <0.01) on
BDNF expression. b Representative western blots showing individual
BDNF expression in the four groups of animals in the same order as in a

period (Able et al. 2006; Camarasa et al. 2008; Cohen et al.
2005; Sprague et al. 2003; Vorhees et al. 2009).

MDMA is classified as a psychostimulant by promoting
the release the dopamine and specially serotonin at neuronal
synapses. The period of adolescence is characterised by ex-
tensive remodelling along with the overexpression and subse-
quent reduction in the number of monoaminergic receptors
and related signalling proteins throughout the brain (Andersen
and Navalta 2004; Brenhouse and Andersen 2011). Thus, the
effects of stimulants may differ when experienced in adoles-
cence, as opposed to adult or childhood (Moenk and
Matuszewich 2012). A growing literature has begun to dem-
onstrate that the dopamine systems differ across developmen-
tal periods in humans and rats and therefore, the behavioural
effects of stimulants may differ as well (Kolta et al. 1990;
Doremus-Fitzwater and Spear 2010; Tirelli et al. 2003).

The present study examined the effects of MDMA on
memory and learning in adolescent rats, as assessed using
the MWM and ORT. The effect of this amphetamine deriva-
tive on these tasks has been correlated with the density of
dendritic spines of CA1 pyramidal cells in the hippocampi of
rats and with the expression of BDNF and PSD-95.The main
finding was that MDMA induced a slight improvement of
spatial learning in the MWM but a notable enhancement of
both learning and reference memory processes when tasks
were performed under restricted conditions. This improve-
ment correlated with an increase in BDNF expression and
coexisted with a rise in the number of spines only when
animals were water maze-trained.

The dosage schedule employed in the present study was
chosen in accordance with the literature and is thought to be
equivalent to chronic administration (Battaglia et al. 1988;
Pubill et al. 2003). It induces a neurotoxic effect on seroto-
nergic terminals in the cortex, striatum and hippocampus of
rats 3 days post-treatment, which is partially reversed 4 days
later in the striatum and hippocampus (Camarasa et al. 2008).
This lesion is not accompanied by intense and permanent
microglial activation (Pubill et al. 2003).

Consistent with the appetite suppressant effect of amphet-
amines, the MDMA-treated animals in this study suffered a
body weight loss of about 4 %, whereas body weight in the
saline-treated controls increased by 14 %. For substituted
amphetamines to induce neurotoxic damage, a combination
of acute hyperthermia and increased neurotransmitter
mobilisation is required. Induction of only one of these effects
is not sufficient to cause serotonergic nerve terminal degrada-
tion (O’Loinsigh et al. 2001). Accordingly, in the present
study, the treatment of animals was carried out at a high
ambient temperature, and a hyperthermic effect of MDMA
was observed every treatment day.

One week after treatment, rats were subjected individually
to FST and to an open field test. In the FST, the total floating
time was not significant different between groups. This result
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allows us to rule out that 1 week after drug exposure, rats
exhibit a depressive behaviour that can modify their perfor-
mance in other test. The behaviour in the open field is a
measure of anxiety and also of risk-taking or impulsive be-
haviour because rats normally prefer to stay close to a wall
where no predators can attack from behind (McMillen et al.
1998; Mechan et al. 2002). Under these conditions, the
MDMA group ventured more frequently into the central area,
a behaviour that can be associated with faster adaptation to a
novel environment. Similarly, Mechan et al. (2002) concluded
that MDMA-treated rats explored more, were less “anxious”
and were more prepared to take risks 80 days after a neuro-
toxic dosage of the drug, supported by studies in the open field
and elevated plus maze. The increase in the impulsivity com-
portment and the reduction in anxious attitude lead to a high
exploration behaviour that could explain, in part, why
MDMA-treated rats can cope better with new situations and
perform better in some paradigms. This could contribute to the
rationalisation of MDMA use in anxiety disorders (Johansen
and Krebs 2009).

One week after the drug schedule, animals were initiated to
training in the MWM. When this test was carried out under
standard learning conditions, escape latency shortened signif-
icantly in both groups as the trials progressed, indicating that
there was appropriate task learning. The MDMA group
showed better spatial learning on days 2 and 4 of acquisition.
A few trials of reversal learning were performed in order to
examine the animals’ flexibility in their ability to learn across
phases of new learning. As the trials evolved, the MDMA
group performed better significant difference being observed
in the third trial. Additionally, MDMA did not modify refer-
ence memory when analysed in the probe test or recognition
memory when assessed in the novel object recognition task.

In the second experiment, water maze test was carried out
under more restrictive learning conditions, increasing the ac-
quisition—retrieval interval and shortening the acquisition
days. In these conditions, saline-treated animals showed inad-
equate learning. However, MDMA-treated animals obtained a
better score in cued learning, acquisition and final probe tests.
These effects disappeared when the test was performed
1 month later.

Changes in behaviour and psychological function that oc-
cur as a function of experience, such as those associated with
learning and memory, are thought to be due to the
reorganisation of synaptic connections (structural plasticity).
Potentially addictive drugs, including amphetamines, produce
forms of structural plasticity evidenced in the nucleus accum-
bens and prefrontal cortex, which reflects a reorganisation of
patterns of synaptic connectivity (Robinson and Kolb 2004).
MDMA has been associated with stable adaptations in the
dendritic structures of cortico-striatal neurons based on a large
increase in the spine density in both areas (Ball et al. 2009). So
far, no studies have been performed with MDMA in the
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hippocampus. In our study, MDMA induced a decrease in
spine density in the CAl region of the hippocampus. This
decrease is probably associated with the degenerative effect of
the drug on serotonergic terminals in the hippocampus.

The number of dendritic spines in hippocampal CA1l
pyramidal neurons increases when rats experience an en-
vironment that promotes spatial learning for several days
(Hongpaisan and Alkon 2007; Hongpaisan et al. 2013;
Moser et al. 1994). In our study, when rats were trained
in the MWM, the density of hippocampal dendritic spines
increased. Upon comparison of animals treated with
MDMA, a very significant difference was obtained be-
tween trained and untrained group. Additionally, protein
levels of PSD-95, a major scaffolding protein used as a
synaptic marker, were also increased with training. These
results indicate that a short training period has a positive
effect on the density of dendritic spines in the CA1 region
in MDMA group, recovering their initial reduction.

Some hypotheses can be suggested to explain the synaptic
plasticity of MDMA-exposed rats when learning and memory
training. Together with the strong synaptic increase in cate-
cholamines and serotonin, MDMA induces a dose-related
release of acetylcholine (Nair and Gudelsky 2006) and gluta-
mate in the hippocampus (Anneken and Gudelsky 2012).
Additionally, Hongpaisan et al. (2013) carried out experi-
ments in aged rats which exhibited a deficit in mushroom
spines synapses and found that PKC activation during mem-
ory training restores mushroom spine synapses in these ani-
mals. In this sense, it is described that MDMA, through the
stimulation of serotonin receptors after this neurotransmitter
release, activates this calcium- and diacylglycerol-dependent
kinase (Chipana et al. 2006; Kramer et al. 1997).

Furthermore, in previous studies our group has described a
partial agonist effect of MDMA on neuronal nicotinic «7
receptor subtype that implies a sustained increase in cytosolic
calcium (Garcia-Ratés et al. 2010). Selective activation of this
receptor has effects upon the BDNF-TrkB pathway (Serres
and Carney 2006), and Tanaka et al. (2008) demonstrated that
the application of BDNF is sufficient to induce protein
synthesis-dependent spine enlargement. In our study, animals
treated with MDMA experienced a significant increase in
BDNF expression that further increased (although not signif-
icantly) with training. When animals were not trained, treat-
ment with MDMA resulted in a reduction of dendritic spines,
despite increased BDNF expression. However, if these ani-
mals were subjected to the MWM, the combined effect of
training and increased BDNF correlated with the appearance
of a higher number of dendritic spines. Closely related to these
findings, Hemmerle et al. (2012) found that MDMA increases
early expression of BDNF in the rat hippocampus, probably
due to the increase in dopamine release. In addition, ecstasy-
addicted human subjects show increased serum levels of this
neurotrophic factor (Angelucci et al. 2010).
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Overall, the evidence summarised in this paper demonstrates
that following binge administration, adolescent Sprague—
Dawley rats performed better in some behavioural tests only
under restricted conditions of learning and memory. This im-
provement correlates with a rise in the number of spines. This
synaptic plasticity could be the measurable consequence of the
cooperativity of learning/memory training and MDMA effects
on the brain-derived trophic factor, PKC and neurotransmitters.
BDNF may provide a key to the behavioural findings, though
further work is required to identify the mechanisms by which
BDNEF, being a trophic factor with multiple effects, could lead
to improved cognitive performance. It cannot be ruled out that
the effect of MDMA on learning could also be due to the action
of this substance in decreasing feelings of fear, reducing anxiety
and increasing impulsivity, which can accelerate adaptation to
the novel environment of a water maze.
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Adaptive plasticity in the hippocampus of young mice
intermittently exposed to MDMA could be the origin of memory
deficits

Sonia Abad, Jorge Camarasa, Antonio Camins, Elena Escubedo (2015). Molecular
Neurobiology [Epub ahead of print] DOI 10.1007/s12035-015-9618-z

Es ben conegut que ’'MDMA presenta una farmacologia espécie-
dependent. En rata, humans i primats actua com a neurotoxina
serotoninérgica, mentre que en ratolins, es presenta com a neurotoxina
dopaminérgica, sense afectar els terminals serotoninérgics de

I’hipocamp.

L’objectiu principal d’aquest estudi va ser examinar si un tractament
intermitent 1 perllongat amb el derivat amfetaminic en ratolins
adolescents, podia afectar la memoria 1 D’expressi6 de diferents

marcadors de plasticitat en hipocamp.

Per dur a terme aquest estudi, els animals van ser tractats durant vuit
setmanes amb dosis creixents de la droga una vegada per setmana. Els
animals van ser sacrificats en dos periodes de temps diferents: quinze
dies després de 1’ultima administraci6 de ’'MDMA (2w — adults-joves)
o tres mesos després (3m adults-madurs). Una setmana abans del
sacrifici els animals van ser sotmesos al test de reconeixement

d’objectes.

El tractament no va modificar 1’expressi6 de [’enzim triptofan
hidroxilasa 2 en hipocamp, un marcador de toxicitat serotoninérgica,
perd en canvi va produir una disminucié de neurones dopamingrgiques
en substancia nigra, a les 2w que va romandre estable tres mesos

despres. Paral-lelament, a les 2w I’MDMA va provocar una disminucié
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dels nivells de dopamina en estriat, els quals van tornar als nivells
basals tres mesos despres. En el test de memoria tan els animals joves
com madurs administrats previs amb el derivat amfetaminic van
demostrar perdua de memoria a llarg termini. Dos setmanes després del
tractament els animals tractats van mostrar un increment en la forma
fosforilada de CREB i en DI’expressio de c-FOS, efecte que va ser
transitori ja que tres mesos després no es van observar canvis. Tant el
BDNF com I’ Arc van exhibir una sobreexpressio sostinguda i duradora.
Els nivells dels receptors NMDA2B i1 la PSD-95 no es van veure

afectats.

En conclusio, un tractament intermitent amb MDMA provoca déficit de
memoria que €s estable en el temps. Aquest déficit podria ser la causa

d’un procés de plasticitat maladaptativa en I”’hipocamp.
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Abstract (+£)3,4-Methylenedioxymethamphetamine
(MDMA) is a relatively selective dopaminergic neurotoxin in
mice. This study was designed to evaluate whether MDMA
exposure affects their recognition memory and hippocampal
expression of plasticity markers. Mice were administered with
increasing doses of MDMA once per week for 8 weeks (three
times in 1 day, every 3 h) and killed 2 weeks (2w) or 3 months
(3m) later. The treatment did not modify hippocampal trypto-
phan hydroxylase 2, a serotonergic indicator, but induced an
initial reduction in dopaminergic markers in substantia nigra,
which remained stable for at least 3 months. In parallel,
MDMA produced a decrease in dopamine (DA) levels in the
striatum at 2w, which were restored 3 months later, suggesting
dopaminergic terminal regeneration (sprouting phenomenon).
Moreover, recognition memory was assessed using the ob-
ject recognition test. Young (2w) and mature (3m) adult
mice exhibited impaired memory after 24-h but not after
just 1-h retention interval. Two weeks after the treatment,
animals showed constant levels of CREB but an increase in
its phosphorylated form and in c-Fos expression. Brain-
derived neurotrophic factor (BDNF) and especially Arc
overexpression was sustained and long-lasting. We cannot
rule out the absence of MDMA injury in the hippocampus
being due to the generation of BDNF. The levels of
NMDAR2B, PSD-95, and synaptophysin were unaffected.
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In conclusion, the young mice exposed to MDMA showed
increased expression of early key markers of plasticity,
which sometimes remained for 3 months, and suggests
hippocampal maladaptive plasticity that could explain
memory deficits evidenced here.

Keywords MDMA - Mice - Recognition memory - BDNF -
ARC - Synaptic plasticity

Highlights

« Intermittent repeated MDMA exposure reduces mouse
TH immunoreactivity in the SN.

* MDMA treatment induces a transient decrease in the
striatal DA levels.

¢ Mice exhibit a delay-dependent memory impairment that
lasts for 3 months.

e The animals show a significant increase in p-CREB, c-
Fos, BDNF, and Arc expression.

*  We suggest that hippocampal maladaptive plasticity ex-
plains the memory deficits.

Introduction

(+)3,4-Methylenedioxymethamphetamine (MDMA, “ecsta-
sy”) is one of the most popular recreational psychoactive sub-
stances. Repeated MDMA administration at doses that are not
thought to have any persistent effect on the dopaminergic
system [1] produces long-term deficits in neurochemical indi-
ces of serotonergic function in the rat brain [2]. Conversely, it
is generally agreed that in mice, high doses of MDMA induce
a relatively selective dopaminergic terminal injury in the
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striatum [3, 4] and only transiently disrupts serotonin (5-HT)
neurochemistry in the frontal cortex [3, 5], depending on the
administration schedule and dose [6, 7].

Several studies in rats report acute effects of MDMA on
learning and spatial memory functions [8—10]. Moreover, im-
paired memory has been reported 3 months after MDMA
administration in rats [11]. Studies focusing on long-term con-
sequences of MDMA in mouse memory are sparse, probably
due to the fact that only a few studies have focused on the
mouse hippocampus as a potential target for the effects in-
duced by MDMA [12-14]. Moreover, none of those studies
focuses on plasticity markers and memory with either a short
or a long delay after MDMA exposition.

The importance of such research comes from the fact that
MDMA is considered an addictive substance. Addictive
drugs, including amphetamines, produce forms of structural
plasticity that can be observed in the nucleus accumbens and
prefrontal cortex. This plasticity reflects reorganization of pat-
terns of synaptic connectivity [15], involving stable changes
in the brain that are responsible for addiction, a life-long con-
dition. In addition to the mesolimbic dopamine (DA) pathway,
the plasticity may affect structures that mediate learned or
conditioned responses, such as the amygdala, the hippocam-
pus, and the cerebral cortex [16]. MDMA in particular has
been associated with stable adaptations in the dendritic struc-
tures of cortico-striatal neurons, based on a large increase in
the spine density in both areas [17].

Alterations in intracellular messenger pathways, transcrip-
tion factors, and immediate early genes seem to be of funda-
mental importance for the development of plasticity, which is
associated with addiction and cognition. Moreover, it is
known that phospho-CREB (p-CREB) regulates the transcrip-
tion of genes that contain a cAMP response element (CRE)
site within their regulatory regions. This upregulation initiates
some of the long-term changes in neuronal circuit functions
that in turn promote the transcription of many genes, among
them Arc, c-Fos, and expression of the NMDA receptor NR1
subunits NR/ and NR2. c¢-Fos is an immediate-early gene
(IEG). Its expression by individual neurons can be used
as a marker of cell activation. Arc (the activity-regulated
cytoskeleton-associated gene) is also an IEG which is
translated to a cytosolic protein involved in the mechanism
of synaptic plasticity associated with long-term potentia-
tion (LTP) and learning [18]. Expression of 4rc messenger
RNA (mRNA) and/or protein is increased by neuronal ex-
citation induced by electrical stimulation or by activation
of glutamatergic, dopaminergic, or serotonergic receptors
[19-21].

Another DA-dependent change, strongly associated with
drug-induced neuroplasticity, is activation of the brain-
derived neurotrophic factor (BDNF) expression. BDNF be-
longs to the class of psychostimulant-regulated IEGs [22]. It
is well known that BDNF promotes forms of excitatory
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synaptic plasticity, such as early- and late-phase LTP, and also
promotes dendritic spine formation [23]. Until now, there
were no studies of the impact of MDMA on the expression
of this neurotrophin in the hippocampus of mice, which could
provide useful information regarding the plasticity developed
by the amphetamine derivative.

The effects of MDMA on learning and memory depend on
the drug schedule and on the age at which the drug is admin-
istered [24]. Although a great deal of research has been devot-
ed to elucidating the molecular mechanisms responsible for
the cognitive deficits induced by MDMA, to date not a single
molecule or pathway has been identified. In the present paper,
we focus on MDMA exposure in young mice and its conse-
quences for the young and mature adult brain. We attempt to
simulate the pattern of human recreational consumption of
MDMA through the dosage schedule we apply. We use mice,
not rats, because this treatment schedule seems more likely to
produce behavioral deficits in mice without inducing hippo-
campal toxicity.

Therefore, this study was designed to evaluate whether
repetitive and intermittent MDMA exposure affects recogni-
tion memory and the expression of markers related with this
cognitive process in a short period after ecstasy exposure. We
also aimed to determine whether any such changes remain and
become chronic, and to identify the type and nature of the
factors that are mainly responsible for the impact of MDMA
on recognition memory.

Materials and Methods
Animals

Adolescent male C57BL/6 mice (4-5 weeks old at the be-
ginning of the experiment; Charles River Laboratories,
France) were kept under controlled temperature, humidity,
and light conditions with food and water provided ad
libitum. They were treated according to European Commu-
nity Council Directive 86/ 609EEC and the procedure reg-
istered at the Department d’Agricultura, Ramaderia i Pesca
of the Generalitat de Catalunya.

Drug Treatment

To model recreational MDMA use, we considered appropriate
to simulate the widespread practice of “boosting” (taking sup-
plemental doses over time in order to maintain the drug’s
effect) [25], MDMA was administered three times in a day,
every 3 h, once a week for 8 weeks. The treatment schedule
started with a standard dose of MDMA (5 mg/kg) or saline
(5 ml/kg) [26], and drug increased over the treatment period
(up to 10 mg/kg) imitating the classic consumption of a rein-
forcing compound. Accordingly, the doses were 5 mg/kg
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(2 weeks), 7.5 mg/kg (the following 3 weeks), and 10 mg/kg
(the last 3 weeks). Taking into account that the neurotoxic
dose in mice is 25 mg/kg, three times in a day, every 3 h [6],
the highest dose selected was 10 mg/kg. Exposition was at
high ambient temperature (26 °C) as described elsewhere
[27]. After the end of the treatment (ATET), mice were killed
at two different time points: 2 weeks ATET (3.5 months old,
n=31) and 3 months ATET (6 months old, n=36). At 3—
6 months of age, mice have completed their development
but are not affected by senescence yet; we referred to them
as young (3.5 months old) and mature (6 months old) adults.

Therefore, in the present study, four groups were
considered:

¢ Saline-treated mice, killed 2 weeks ATET: Saline 2w

«  MDMA-treated mice, killed 2 weeks ATET: MDMA 2w
¢ SalineOtreated mice, killed 3 months ATET: Saline 3m

¢ MDMA-treated mice, killed 3 months ATET: MDMA 3m

Object Recognition Test

One week before death, the recognition memory of the ani-
mals was tested using the object recognition test (ORT). The
test consisted of a familiarization session (three consecutive
days) in which mice explored an arena (a circular area mea-
suring 40 cm in diameter) without objects for 10 min. During
the first familiarization session, the animals were monitored to
assess locomotor activity (Smart 3; Panlab SL, Barcelona,
Spain). On the fourth day, the mice were trained with two
identical objects (two objects “A”; 10 min). Novel object rec-
ognition was tested 1 and 24 h after the training session, when
mice were exposed to the familiar object A and a novel object
B (1 h) or C (24 h) for 10 min. The time spent by the mice at
each of the objects was measured in seconds. Exploration of
the objects was defined as sniffing, touching, and having mov-
ing vibrissae while directing the nose toward the object at a
distance of less than 1 cm. The data were expressed as mea-
sures of discrimination between the new and familiar object,
thus correcting the difference in the exploratory time of each
object by the total exploration time.

Tyrosine Hydroxylase—Positive Neurons in Substantia
Nigra

Mice were anaesthetized by i.p. injection of ketamine
(100 mg/kg) plus xylazine (10 mg/kg) and were perfused with
4 % paraformaldehyde in 0.1 M phosphate buffer, after which
the brains were removed. Coronal sections of 30 pm were
obtained. Free-floating sections were rinsed in 0.1 M phos-
phate buffer, pH 7.2, and preincubated in a blocking solution
(10 % fetal bovine serum (FBS), 0.2 mol/l of glycine, Triton
X-100 0.2 % in 0.2 % PBS-gelatin). Then, the sections were

incubated for 48 h at 4 °C with mouse anti-tyrosine hydroxy-
lase antibody (1:200 BD Biosciencies). After that, the sections
were incubated with Alexa Fluor 488 goat anti-mouse second-
ary antibody (1:200; Sigma-Aldrich) for 2 h at room temper-
ature. Finally, the slices were mounted on glass slides using
Fluoromount (EMS). To quantify the total number of tyrosine
hydroxylase (TH)-positive neurons in the substantia nigra
(SN), unbiased counting frame was positioned on each pho-
tomicrograph taken at a magnification of x 10, according to the
atlas of [28]. TH neurons were counted in both hemispheres
using the ImageJ software, and the density (cells/area) was
calculated in relation to the area delimited by the frame.

Measurement of Neurotransmitters

For analysis of neurotransmitter levels, the mice were killed
by cervical dislocation and decapitation, the brains rapidly
removed, and the striatum dissected out on ice. Samples were
prepared by sonication in 10 volumes of 0.1 M perchloric
acid, centrifuged for 30 min at 12,000xg after which 40 ul
of filtered supernatant was injected into HPLC system
equipped with a Waters 2465 electrochemical detector set to
a potential +0.70 V, and a column Nova Pack C18 4 pum 3.90 x
150 mm (Waters, Milford, MA). The mobile phase consisted
of purified water with 10 % methanol, 1.92 mM 1-
octanesulfonic acid, 0.1 mM EDTA, and 10 mM phospho-
ric acid. Column temperature was set at 37 °C and a flow
rate of 1 ml/min. The retention times for norepinephrine
(NE), 3,4-dihydroxyphenylacetic acid (DOPAC), 5-
hydroxyindoleacetic acid (5-HIAA), DA, homovanillic ac-
id (HVA), and serotonin (5-HT) were 2.74, 4.46, 6.95,
8.13, 11.24, and 20.66 min, respectively.

Hippocampal Lysate Preparation

The hippocampus was quickly dissected out, frozen, and
stored at —80 °C until use. When required, tissue samples were
thawed and homogenated at 4 °C in lysis buffer (Tris-HCl
20 mM, NaCl 137 mM, Nonidet P40 1 %, EDTA 2 mM,
4.5 ng/ul of aprotinin, 0.1 mM of phenylmethylsulfonyl fluo-
ride, | mM of sodium orthovanadate, and phosphatase inhib-
itor cocktail 1 (Sigma-Aldrich, St. Louis, MO, USA)); lysated
samples were mixted in an orbital for 2 h at 4 °C. The protein
samples were then centrifuged at 15,000xg for 30 min. The
supernatant was recovered and protein content was deter-
mined using the Bio-Rad Protein Reagent.

Western Blotting and Immunodetection

Western blotting (WB) and immunodetection protocol was
used to determine the proteins levels as described [29]. Prima-
ry antibodies are detailed in supplementary material. All
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results are normalized to GAPDH or Actine, unless stated
otherwise.

RNA Extraction and Quantification

Total RNA was isolated from the hippocampus of mice, using
the RNeasy Lipid Tissue Mini Kit, according to manufac-
turer’s protocol (Qiagen). RNA pellet was reconstituted in
RNAse-free water, with the RNA integrity determined by
Agilent 2100 Bioanalyzer.

Quantitative RT-PCR

First-strand complementary DNA (cDNA) was reverse tran-
scribed from 1 pg of total RNA from the hippocampus, using
the High Capacity cDNA Reverse Transcription kit, according
to manufacturer’s protocol (Applied Biosystems). Equal
amounts of cDNA of each individual animal were subsequent-
ly used for qRT-PCR, and each sample was analyzed in du-
plicate for each gene. The PCR reaction contained 15 ng of
reverse-transcribed RNA, 2x IQ™ 2SYBRGreen Supermix
(BioRad, Barcelona, Spain), and 100 nM of each primer.
The PCR assays were performed on a StepOnePlus Real-
Time PCR system (Applied Biosystems) and normalized to
the average transcription levels of actin, using the delta—
delta Ct method [30]. Primer Express Software (Applied
Biosystems, Foster City, CA) was used to design the
primers (supplementary material).

Statistical Analysis

Unless otherwise indicated, we used Student’s ¢ test for com-
paring the means of two treatments (saline or MDMA). All
data are presented as mean+ SEM, and the P values less than
0.05 were considered as significant.

Results
Object Recognition Test

On the first day of the familiarization of the ORT, locomotor
activity was registered. Student’s ¢ test for distance travelled
and locomotor speed showed a significant effect of treatment
when assayed short time after finishing drug exposure (2w)
(distance, 3081.3+£160.5 cm saline vs 2604.0+132.9 cm
MDMA, p<0.05; speed, 5.14+0.24 cm/s saline vs 4.45+
0.23 cm/s MDMA, p<0.05; n=26). This effect disappeared
3 months after finishing exposure.

Memory results were analyzed using two-way ANOVA
and post hoc comparisons by Tukey’s procedure, as we
wanted to assess the effect of two variables: treatment and
delay time. Both young and mature adult mice previously
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exposed to MDMA exhibited impaired object recognition
memory, measured as reduced novel preference, after a reten-
tion interval of 24 h but not after just 1 h. Statistical analysis
revealed a significant effect of delay time (2w, F ,4=83.78,
p<0.001,7=26;3 m, F, ,,=33.23, p<0.001, n=23) and of the
interaction treatment x delay time (2w, F; 24,=4.27, p<0.05,
n=26; 3 m, F;,,=60.95, p<0.001, n=23; see Fig. la, b).
These results indicate a delay-dependent deleterious effect of
the drug on memory.

As glucocorticoids impair performance of spatial memory
(Bodnoff et al. 1995), we determined the effect of our chronic
MDMA regimen on this receptor protein in this area. Neither
the 2w group nor the 3 m group showed any effect of MDMA
exposure (2w, 100+7.90 % saline vs 91.88+9.46 % MDMA,
n=17, not significant (n.s.); 3 m, 100£11.76 % saline vs
120.96+15.47 % MDMA, n=7,n.s.)
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Fig. 1 Assessment of recognition memory in animals exposed to saline
or MDMA and tested 1 week (a, n=26) or 3 months (b, n=23) after the
end of the treatment. The time spent exploring new object was registered
1 and 24 h after the familiarization session and expressed as measures of
discrimination between the new and familiar object. Data are presented as
mean+ SEM. Two-way ANOVA revealed a significant effect of delay
time (2w, F; 4 =83.78, p<0.001; 3 m, F; 5, =33.23, p<0.001) and of
the interaction treatment x delay time (2w, F;,4=4.27, p<0.05; 3 m,
F1,1=60.95, p<0.001). Post hoc comparisons by Tukey’s procedure
yielded the significances that are displayed in the graph. *p <0.05
versus time-matched saline
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Effects of MDMA on Neuronal Injury Markers

To assess the neurotoxicity, we measured neurotransmitter
levels in striatum, also counting TH-positive cells in SN.
To confirm that the treatment did not damage serotonergic
terminals in the hippocampus, we also evaluated
tryptophan-hydroxylase 2 (TPH2), a marker of 5-HT
terminals.

Two weeks after the treatment, MDMA exposure caused
a significant decrease of striatal DA levels (42.1£4.1 nmol/
g wet tissue (wt) saline vs 24.8 £4.7 nmol/g wt MDMA, n=
8, p=0.057) and its main metabolite, DOPAC (14.3 +
1.0 nmol/g wt saline vs 9.31£0.98 nmol/g wt MDMA,
n=38, p<0.05), without changing norepinephrine (0.66 +
0.07 nmol/g wt saline vs 0.67+0.19 nmol/g wt MDMA,
n=238) or 5-HT levels (1.78+0.37 nmol/g wt saline vs
1.77+0.33 nmol/g wt MDMA, n=_8). In parallel, we found
a slight MDMA-induced decrease in the number of TH-
positive neurons in SN (0.26+0.02 positive cells/area sa-
line vs 0.20+0.01 positive cells/area MDMA, n=12,
p<0.05; Fig. 2). However, no changes were observed for
TPH2 expression in the hippocampus (100+£9.67 % saline,
102.54+7.98 % MDMA, n=17).

When the same parameters were evaluated 3 months
ATET, the levels of DA (37.20+2.65 saline vs 37.70+6.96
MDMA, n=15) and DOPAC (14.48+1.16 saline vs 12.83
+1.34 MDMA, n=15) were restored in mice exposed to

TH
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Fig. 2 Exposure to MDMA significantly decreased the TH-positive
neurons in the SN. Bar graph shows the number of TH-positive
neurons in SN, 2 weeks after the last exposure to the drug. Data
represent the mean = SEM. Post hoc Turkey test: *p <0.05 versus saline.
Shown are representative photomicrographs of the effects of Saline or
MDMA on TH immunofluorescence in the SN, after 2 weeks of
withdrawal. Scale bar: 50 uM

MDMA. As expected, the MDMA effect on TH-positive cells
in the SN was maintained (0.23 £0.01 positive cells/area saline
vs 0.18£0.01 positive cells/area MDMA, n=8, p<.0.05;
Fig. 3), and no changes in TPH2 expression in hippocam-
pus were found (100+13.54 % saline, 92.18+8.90 %
MDMA, n=38).

Effects of MDMA on Plasticity Markers (p-CREB/CREB)
in the Hippocampus

Two weeks after the chronic administration of MDMA, no
changes in the total level of CREB protein were detected
(100£21.37 % saline, 97.35+8.57 % MDMA, n=9), but an
increase in its phosporylated form was observed (100+
21.37 % saline, 165.8+14.62 % MDMA; p<0.05). As ex-
pected, this increase disappeared 3 months after the last
dose of the drug (100+13.95 % saline, 89.95+15.72 %
MDMA, n.s., n=38; Fig. 4).

Early Genes/Proteins

We performed PCR and WB assays to determine changes in
genes or proteins strongly associated with neuroplasticity
[22]. Of the CREB-regulated genes, we chose Arc and c-Fos.

Results showed that both ¢-Fos mRNA and c-FOS pro-
tein in the hippocampus were significantly induced by

TH
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Fig. 3 Long-lasting effect of exposure to MDMA on TH-positive
neurons in the SN. Bar graph shows the number of TH-positive
neurons in SN, 3 months after the last exposure to the drug. Data
represent the mean = SEM. Post hoc Turkey test: *p <0.05 versus saline.
Shown are representative photomicrographs of the effects of MDMA on
TH immunofluorescence in the SN, after 3 months of withdrawal. Scale
bar: 50 uM
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Fig. 4 Effect of MDMA CREB CREB
exposure on the expression of 125+ 125-
mouse hippocampal proteins
CREB (a, ¢) and p-CREB (b, d). 1004 | 1004 [
This was assessed 2 weeks (2w, a, 5 g
b) or 3 months (3 m, ¢, d) after the B 75 2 754
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MDMA shortly ATET (mRNA, 100+23.77 % saline, n=4,
391.1+£46.8 % MDMA, n=9, p<0.01; protein, 100+
7.92 % saline, 144.0+£8.7 % MDMA, n=8, p<0.01) but
returned to basal values when assayed 3 months ATET
(Fig. 5; mRNA, 100+12.24 % saline, 117.1+17.17 %
MDMA, n.s., n=9; protein, 100+ 16.68 % saline, 96.74 +
16.68 % MDMA, n.s., n=9). The overexpression of c-Fos
mRNA and c-FOS protein that lasts 2 weeks indicates a
very strong signal during drug exposure.

Regarding ARC, repeated administration of MDMA to
C57BL/6 mice induced significant expression of Arc
mRNA (100+11.72 % saline, 190.2+22.47 % MDMA,
p<0.05, n=9) and ARC protein (100+5.96 % saline,
126+£4.61 % MDMA, p<0.05, n=8) when assayed
2 weeks ATET (Fig. 6a, b). Surprisingly, the overexpres-
sion of this gene was sustained and long-lasting (100 +
11.17 % saline, 163.7+20.67 % MDMA, p<0.05, n=9),
as shown in MDMA-treated mice, 3 months ATET. Never-
theless, no changes were found in ARC protein levels
(100+4.43 % saline, 114.0+11.32 % MDMA, n.s.,
n=7) in mature adult mice (Fig. 6¢c, d).
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BDNF

Despite of in the present study MDMA did not modify 5-
HT parameters in hippocampus, we sought to measure its
effect on the expression of BDNF, as our group reported
increased hippocampal BDNF levels depending on cogni-
tive training in rats exposed to MDMA [27].

Figure 7 summarizes the effects of MDMA on BDNF
levels. A significant increase in BDNF mRNA transcript
expression was found shortly after drug withdrawal (100 +
8.01 % saline, 133.6+7.07 % MDMA, p<0.05, n=10).
Likewise, MDMA-treated animals showed a slight in-
crease in BDNF protein levels, although it did not reach
statistical significance (100+10.06 % saline, 126.8
+10.19 % MDMA, n.s., n=38)

In mature adult mice (3 months ATET), a delayed expres-
sion of BDNF protein was observed in MDMA-trated animals
(100+5.57 % saline, 138.35+11.08 MDMA, p<0.05, n=9),
although mRNA showed non-significant changes (100 +
11.61 % saline, 124.2+11.08 % MDMA, n.s., n=10). The
changes in BDNF expression related with the amphetamine
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Fig. 5 Effect of MDMA
exposure on the expression of
mouse hippocampal c-Fos
mRNA transcript (a, ¢) and
protein (b, d) tested 2 weeks (2w)
or 3 months (3 m) after the end of
the treatment (a, b; and ¢, d,
respectively). Data are presented
as mean + SEM; *p <0.05 versus
saline

Fig. 6 Consequences of repeated
and intermittent MDMA
exposure for mouse hippocampal
Arc mRNA transcript (a, ¢) and
protein expression (b, d) assessed
2 weeks (2w, a, b) or 3 months
(3 m, ¢, d) after the end of the
treatment. Data are presented as
mean + SEM; *p <0.05 and
**p<0.01 versus saline
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Fig. 7 Effect of MDMA Bdnf mRNA Bdnf mRNA
exposure on mouse hippocampal 175+ 175-
BDNF mRNA transcript (a, ¢)
and protein expression (b, d) 1504 * 150+
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derivative exposure are thus independent of the impact of
MDMA on hippocampal 5-HT neurochemistry, absent from
our study.

Regulation of Synaptic Plasticity-Related Proteins

Finally, other CREB-regulated genes are those encoding glu-
tamate receptors. Synaptic plasticity associated with addiction
and cognition relies on the normal integration of glutamate
receptors at the post-synaptic density (PSD). Therefore, we
studied the effects of MDMA exposure in the levels of four
synaptic proteins: PSD-95, NR1, NR2B, and synaptophysin
2w, n=7-9; 3 m, n=8-11).

The effects of the assayed MDMA schedule on these pro-
teins are shown in Fig. 8 and are presented as relative protein
expression. Although an apparent decrease was observed for
NRI1 expression in both young and mature adults, statistical
significance was not reached (2w, 100+24.18 % saline, 71.91
+8.52% MDMA, n.s.,n="7;3 m, 100£27.83 % saline, 62.55
+12.70 % MDMA, p=0.2835, n=10; Fig. 8a, e). Moreover,
MDMA failed to induce any change in NR2B expression
(Fig. 8b, 1).

Studies have shown that interactions between the PSD-95
protein and NMDA receptors located at the spine tip may also
regulate dendritic spine morphology. Thus, we analyzed the
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expression of this protein in the hippocampus of the treated
animals. According to our results with NR2B, MDMA did not
significantly modify the levels of this scaffolding protein
(Fig. 8c, g; 2w, 100+ 15.24 % saline, 71.28 £6.11 % MDMA,
n.s., n=238;3 m, 100+5.58 % saline, 86.52+6.42 % MDMA,
n.s., n=9).

Finally, to explore the relationship between the cognitive
changes observed in MDMA-treated mice and synaptic mod-
ifications, we studied the effect of a recent or a long earlier
exposure in synaptophysin. Once again, our results revealed
no relationship in this sense (Fig. 8d, h; 2w, 100+14.67 %
saline, 96.45+16.62 % MDMA, n.s., n=9;3m, 100+4.79 %
saline, 108.67+14.34 % MDMA, n.s., n=38)

Discussion

MDMA is an amphetamine derivative that acts as a
psychostimulant by increasing catecholamine concentration
in synapses. In comparison with methamphetamine, MDMA
has enhanced potency for 5-HT release and reduced potency
for DA release [31]. It also acts as an agonist of 5-HT2A
receptors [32] and, at high doses, as a 5S-HT or DA neurotoxin
in non-human primates, rats, and mice, often associated with
depletion of 5-HT or DA terminal markers [2].
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Fig. 8 Lack of specific regulation of synaptic plasticity-related proteins
by repeated and intermittent MDMA treatment, in mouse hippocampus.
Expression of the NR1 (a, e), NR2 (b, f), PSD-95 (¢, g), and

It is well established that MDMA has a different pharma-
cology in mouse compared to rat. In contrast to its selective
5-HT neurotoxicity in rats, after a binge schedule in mice
(20-30 mg/kg, t.i.d, 3-h intervals), it is a relatively selective
DA neurotoxin without long-lasting effects on the 5-HT
content. Long-term studies in rats demonstrated that after
MDMA-induced neurotoxicity, significant (even complete)
recovery may occur from 8 weeks to a whole year [34].
Nevertheless, other studies have shown incomplete recovery
in certain brain areas or in particular animals after 12—
18 months post-treatment [35, 36]. Another important find-
ing from those time course studies in rats was the late
appearance of a serotonergic hyperinnervation of certain
subcortical brain areas, a phenomenon thought to reflect
axonal/terminal sprouting following synaptic loss.

In the present study, we applied a dosage schedule that
imitated classic weekend recreational use of MDMA. The
highest dose used was notably lower than the dose established
as toxic in binge regimens [6], but we used a more extended
treatment. Costa et al. [37] also used a prolonged and inter-
mittent exposure (10 mg/kg two times in a day, twice per week
during 9 weeks); nevertheless, we thought that once per week
and administering increasing doses simulates better the pattern
of consumption in adolescents. This treatment produced an
initial reduction in TH immunoreactivity in the SN, which
agreed with the results of Costa et al. There were no previous
reports of longer-term effects of MDMA on mice, but our
results here indicate an irreversible effect on dopaminergic
neurons in SN or, alternatively, suggest that recovery from
dopaminergic damage in mice takes more than 3 months.
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In the striatum, neurotransmitter analysis revealed initial
major decrements in DA levels, which recovered 3 months
later. This suggests an increase in catecholamine synthesis or
a compensatory DA axonal sprouting and branching after syn-
aptic loss, or both. Acute activation of striatal dopamine syn-
thesis after MDMA could be a compensatory response to the
carrier-mediated efflux of transmitter [38]. Regarding dopa-
minergic terminal regeneration (sprouting), it was reported in
mice 30 days after MDMA exposure [39] and involves plas-
ticity events such as reactive synaptogenesis and rerouting of
axons to unusual locations. In parallel, MDMA-exposed mice
significantly reduced the distance travelled and speed when
assayed shortly after finishing the treatment. These results
agree with the reduction of DA neurons in SN and with DA
depletion in the striatum, and this depressant effect disap-
peared 3 months later, correlating with the restoration of
striatal DA levels.

In contrast, analysis of the hippocampus collected in 2w
and 3m groups yielded no changes in the serotonergic marker
(TPH2). In the same groups, prior to killing, recognition mem-
ory was tested using the ORT. When this task was tested after
a short retention interval (1 h), the MDMA-treated mice per-
formed similarly to control animals. However, when memory
was tested after a long retention interval (24 h), for which a
key role of the hippocampus has been reported, the MDMA
group showed a very significant deficit, which was maintained
for a prolonged time ATET. We ruled out changes in the glu-
cocorticoid receptor as the origin of these deficits. These re-
sults indicate a delay-dependent deleterious effect of the drug
on recognition memory and that the hippocampus is the
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structure mainly responsible. The hippocampus is involved in
object recognition memory regardless of retention interval,
but parahippocampal structures (e.g., perirhinal cortex) are
sufficient to support object recognition memory over short
retention intervals [40].

On the other hand, it has been suggested that structural
plasticity associated with exposure to drugs of abuse
reflects a reorganization of the patterns of synaptic connec-
tivity which contributes to some of the persistent effects
associated with drug use, including addiction. Exposure
to amphetamine, cocaine, nicotine, or morphine produces
persistent changes in the structure of dendrites and dendrit-
ic spines on neurons in some brain regions, such as those
associated with incentive motivation, reward, and judg-
ment [15]. Furthermore, persistent changes, such as those
associated with learning and memory, are thought to be due
to the reorganization of synaptic connections in brain cir-
cuits. Therefore MDMA, which induces anomalous
neuroplasticity as a consequence of its addictive properties
[41], could affect memory processes. This only could be
possible if the plasticity changes are present in brain struc-
tures related to memory, such as hippocampus. Following
rat developmental MDMA exposure, Williams et al. [42]
found neuronal cytoarchitectural changes, which are long-
lasting and are in regions consistent with the learning and
memory deficits observed in such animals. Eight weeks
after chronic administration of MDMA to rats, van
Nieuwenhuijzen et al. [43] reported residual changes in
hippocampal proteins implicated in learning-related
neuroplasticity, and our group reported increased hippo-
campal BDNF levels and an effect on spine density
depending on cognitive training [27]. However, previously,
there were no data on the effects on mice, where the con-
sequences of MDMA are known to be different.

The cAMP response element-binding protein binds to
CRE sites as a dimer and only activates transcription when
both subunits are phosphorylated at their Ser133 residue
(p-CREB). As CREB can be phosphorylated at Ser133 by
protein kinase A (PKA), p-CREB can be detected after DA
typel receptor stimulation by classical psychostimulants.
p-CREB may initiate some long-term changes in neuronal
circuit functions, thereby promoting the transcription of
many genes, among them Arc, c-Fos, NRI, and NR2B.
Therefore, CREB may be a universal modulator of pro-
cesses required for memory formation [44]. Mice exposed
to the assayed MDMA schedule showed constant levels of
CREB but an increase in its phosphorylated form. It is
worth stressing that these results were obtained in animals
whose MDMA exposure finished 2 weeks previously, in-
dicating an important phosphorylation stimulus. This was
confirmed by measuring c-Fos, a marker of cell activation
that behaves similarly to p-CREB, which increased shortly
after treatment but had then reverted 3 months ATET.

@ Springer

96

Activity-regulated gene 3.1 (4rg3.1), also known as Arc, is
an IEG that is regulated by BDNF- and CREB-dependent
signaling [45, 46]. Arc protein acts as a stabilization factor
for filamentous-actin, which results in the regulation of den-
dritic spine morphology [47, 48]. Arc could be considered a
key regulator of protein synthesis-dependent forms of synap-
tic plasticity, which are thought to underlie memory storage
[49]. In rats, single or repeated cocaine treatment, as well as
long-term abstinence (48 days) following drug administration,
increases Arc expression [50-52], although it is associated, at
the same time, with alterations in the finely tuned mechanisms
that regulate Arc degradation [52]. In our experiments,
MDMA increased Arc transcript and protein expression af-
ter 2 weeks of withdrawal, which was also evident, although
reduced, after 3 months of withdrawal. These results indi-
cate an intense effect of MDMA on synaptic plasticity par-
ticularly intense in the early stages of withdrawal which
fades with time.

In the same way, we assayed the effects of MDMA on
BDNF. The mRNAs related to BDNF gene and to that of
Arc are induced by cellular activity and transported into den-
drites, thereby promoting plasticity [22]. The changes in
BDNF accumulate and rise with increasing periods of absti-
nence [53]. Martinez-Turrillas et al. [54] studied the effects of
an acute administration of MDMA to rats. They found that
after MDMA, BDNF mRNA levels were increased in frontal
cortex but reduced in hippocampus after 48 h, in spite of the
marked increase at this time point in the levels of the transcrip-
tion factor pCREB. Those authors attributed this variation to
the high vulnerability of the rat hippocampus to the neurotoxic
effects of the amphetamine. However, because hippocampus
serotonergic neurotransmission is not affected by MDMA in
mice, the consequences for BDNF levels are probably differ-
ent. In neurons, the expression of BDNF mRNA is enhanced
when the AMPA-type glutamate receptor is activated [55, 56],
and requires an increase in intracellular calcium concentra-
tions [57, 58]. We found [59] that treatment with MDMA
significantly disrupted calcium homeostasis, favoring gluta-
mate release in the hippocampus. These results allowed us to
speculate about a possible effect of MDMA on BDNF expres-
sion. Indeed, in this area, we observed that few days after
treatment, BDNF mRNA levels were increased with no sig-
nificant effects at protein levels. Conversely, BDNF mRNA
levels were not affected 3 months after exposure, while it
significantly increased protein levels. This suggests that
prolonged exposure to MDMA differently affects BDNF tran-
scription and translation. It is known [60] that after an appro-
priate stimulus, a homogenous increase of BDNF mRNAs is
carried out in the cell body, and it can be selectively targeted to
the active synapse or non-selectively translocated to dendrites,
but trapped by an active spine, where it would be quickly
translated to BDNF protein. Therefore, BDNF mRNA and
BDNF protein may be non-simultaneously stored in different
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locations inside the neurons [61], which would explain the
discrepancy between mRNA and protein levels found in the
present study. We cannot dismiss the idea that in our model,
the absence of injury in the hippocampus is due to the gener-
ation of BDNF in this area [62].

In addition to being involved in learning plasticity and
neural cell death [63], the glutamate/glutamatergic system is
involved in addiction to several drugs of abuse [64]; but
knowledge of glutamate receptor regulation following
MDMA administration is limited. Kindlundh-Hogberg
et al. [65] investigated in adolescent rats the immediate ef-
fects of repeated intermittent MDMA administration upon
gene transcript levels of glutamatergic receptors. In contrast
to other brain areas, they did not find changes in hippocam-
pal NR1 or NR2B expression, 10 h after the last injection. In
our study, the evaluation of NR2B, PSD-95, and
synaptophysin also yielded constant levels, with only NR1
showing a tendency to decrease, which was not statistically
significant.

Drugs of abuse, such as psychostimulants, usurp the nor-
mal basic reward function, essentially hijacking molecular and
cellular processes, such as those involved in addiction, leading
to persistent adaptive behavioral responses [64]. It is not
completely understood to what extent these maladaptive
changes in the reward circuit expand and affect other brain
areas. In the present study, young mice exposed to intermittent
and repeated doses of MDMA showed increased expression
of key early markers of plasticity, which sometimes persisted
for 3 months. Considering that the neuronal injury was detect-
ed in the SN but not in the hippocampus, we suggest that
hippocampal maladaptive plasticity could explain the memory
deficits evidenced here.

Conclusions

Mice exposed to an intermittent and repetitive schedule of
MDMA for 8 weeks initially showed lower locomotor activ-
ity, concordant with the reduction of DA neurons in the SN
and the depletion of DA in the striatum. Consistent with what
happens with DA in the striatum, 3 months after treatment,
this hypolocomotor effect disappeared. Mice also exhibited
deficits in recognition memory that persisted at least 3 months
ATET. However, in the hippocampus, MDMA administration
did not cause any changes in 5-HT terminals or in NMDA
subunits, indicating that other mechanisms underlie MDMA-
elicited memory deficits. These behavioral changes correlate
with significant overexpression of hippocampal plasticity
markers downstream of CREB phosphorylation, which could
be the result of DA D1 receptor stimulation. It is especially
worth stressing the long-lasting increase in BDNF protein
after drug exposure.
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3.3 Publicaci6 3

3,4-Methylendioxyamphetamine enhances kainic acid convulsive
susceptibility

Sonia Abad, Félix Junyent, Carme Auladell, David Pubill, Mercé Pallas, Jorge
Camarasa, Elena Escubdeo, Antonio Camins. (2014) Progress in Neuro-
Psychopharmacology & Biological Psychiatry 54:231-242

L’acid kainic (KA) causa convulsions i mort neuronal en 1’hipocamp
probablement mitjancant excitotoxicitat. En el procés d’excitotoxicitat
tant el glutamat com la disrupcié de la homeostasis del Ca®" hi juguen
un paper important. Recentment, ha estat publicat que 'MDMA pot
alliberar glutamat en 1’hipocamp, a més de produir un increment del

Ca?" intracel-lular.

L’objectiu principal d’aquest estudi va ser determinar si un tractament
recreacional amb MDMA afavoria el desenvolupament de les
convulsions ocasionades pel KA i potenciava la neurotoxicitat induida

per aquesta neurotoxina.

El tractament recreacional consisteix en imitar el patré de consum dels
joves adolescents, un cop per setmana, varies preses al dia, durant 4
setmanes. Vint-i-quatre hores després de ['ultima administracid
d’MDMA, els ratolins van ser injectats amb KA. Es van avaluar les
convulsions, la mort neuronal, I’activaci6 glial i ’expressié de diferents
proteines d’uni6 al Ca*" (CaBP). El tractament previ amb el derivat
amfetaminic va afavorir les convulsions induides per KA, 1 va potenciar
la mort neuronal en ’area CA1 de I’hipocamp i I’activacid glial tant en
la CAl com en el gir dentat. A més, ’'MDMA també va exacerbar la
disminucié de I’expressié de la proteina parvalbumina (PV) produida

per KA. L’MDMA, per se, va provocar una disminucio transitoria de
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les proteines calretinina (Cr) i calbindina (Cb), a més d’una disminuci6
persistent de la proteina PV. En cultius de cel-lules corticals, el
tractament amb el derivat amfetaminic a dosis de 10uM i 50uM va
provocar un increment sostingut de la basal de Ca®" intracel-lular,
mentre que la basal de Na* va disminuir, potenciant d’aquesta manera

la resposta al KA.

En conclusio, el tractament previ amb MDMA predisposa a les
convulsions induides per KA 1 potencia la neurodegeneracio. El
mecanisme proposat €s mitjangcant canvis en ’homeostasi ionica de la

cel-lula i/0 a un efecte indirecte a través dels receptors glutamatergics.
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Kainic acid (KA) causes seizures and neuronal loss in the hippocampus. The present study investigated
whether a recreational schedule of 3,4-methylenedioxymethamphetamine (MDMA) favours the develop-
ment of a seizure state in a model of KA-induced epilepsy and potentiates the toxicity profile of KA (20 or
30 mg/kg). Adolescent male C57BL/6 mice received saline or MDMA t.i.d. (s.c. every 3 h), on 1 day a
week, for 4 consecutive weeks. Twenty-four hours after the last MDMA exposure, the animals were injected
with saline or KA (20 or 30 mg/kg). After this injection, we evaluated seizures, hippocampal neuronal cell

gmsg?; death, microgliosis, astrogliosis, and calcium binding proteins. MDMA pretreatment, by itself, did not in-

Calretinin duce neuronal damage but increased seizure susceptibility in all KA treatments and potentiated the pres-

Kainic acid ence of Fluoro-Jade-positive cells in CA1. Furthermore, MDMA, like KA, significantly decreased

MDMA parvalbumin levels in CA1 and dentate gyrus, where it potentiated the effects of KA. The amphetamine de-

l;awalbllmin rivative also promoted a transient decrease in calbindin and calretinin levels, indicative of an abnormal neu-
el1zures

ronal discharge. In addition, treatment of cortical neurons with MDMA (10-50 puM) for 6 or 48 h
significantly increased basal Ca®*, reduced basal Na™ levels and potentiated kainate response. These results
indicate that MDMA potentiates KA-induced neurodegeneration and also increases KA seizure susceptibil-
ity. The mechanism proposed includes changes in Calcium Binding Proteins expression, probably due to the

disruption of intracellular ionic homeostasis, or/and an indirect effect through glutamate release.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

A substantial number of studies have been performed on the neuro-
pharmacological mechanisms involved in the adverse effects of 3,4-
methylenedioxymethamphetamine (MDMA, “Ecstasy”) in laboratory
animals, in which it has been shown to be neurotoxic to dopamine
(DA) and serotonin (5-HT) terminals (Chipana et al., 2006; Cuyas
et al,, 2014; Esteban et al., 2001; O’Shea et al., 2006; Sanchez et al.,
2004). It is well known that these neurotoxic effects are species-
dependent (Logan et al., 1988). In mice, it is generally agreed that
MDMA, at high doses (three doses of 25-30 mg/kg at 3 h intervals), in-
duces dopaminergic terminal injury in the striatum (Chipana et al.,
2006) and disrupts 5-HT neurochemistry in the hippocampus,

Abbreviations: MDMA, 3,4-methylenedioxymethamphetamine; KA, Kainic acid; CaBP,
calcium binding proteins; PV, parvalbumin; CB, calbindin; CR, calretinin.

* Corresponding author at: Department of Pharmacology and Therapeutic Chemistry,
Faculty of Pharmacy, University of Barcelona, Avda. Joan XXIII s/n. Barcelona 08028,
Spain. Tel.: +34 934024531; fax: + 34 934035982.

E-mail address: eescubedo@ub.edu (E. Escubedo).

1 EE. and A.C. contributed equally to this work.

http://dx.doi.org/10.1016/j.pnpbp.2014.06.007
0278-5846/© 2014 Elsevier Inc. All rights reserved.

depending on schedule dose used. In contrast, administration of a neu-
rotoxic regimen of this amphetamine derivative to rats results in a se-
lective reduction in cerebral tissue concentrations of 5-HT and also in
5-HT uptake sites in cortex and hippocampus, pointing to a selective in-
jury of serotonergic terminals (Green et al., 2003; Pubill et al., 2003).

Likewise recent reports documented the finding that repeated expo-
sure of rats to MDMA increases glutamate release in the hippocampus
(Anneken and Gudelsky, 2012). Sustained increases in extracellular glu-
tamate have the potential to promote excitotoxicity and could be in-
volved in the neurotoxic effects of MDMA in the brain (Capela et al.,
2006).

Collectively all these data provide support to the suggestion that the
consequences of chronic exposure to MDMA are not limited to specific
neuron terminals, but that other elements are also susceptible to dam-
age. In this sense, changes in the EEG records have been described in
long-term MDMA users and epileptic seizures associated with these al-
tered records are one of the most frequent disturbances in ecstasy
abusers (Zagnoni and Albano, 2002). Giorgi et al. (2005) reported, for
the first time, that MDMA lowered the threshold for kainate-induced
seizures. These data are important because MDMA might predispose
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to seizures due to alterations in brain excitability (Brown et al., 2011;
Zagnoni and Albano, 2002) or increasing basal calcium levels (Garcia-
Ratés et al., 2010). However there have been few studies evaluating
the proconvulsant effect of MDMA in experimental models of epilepsy
(Giorgi et al., 2005) and they use a different schedule of MDMA admin-
istration than that of the present study.

Kainic acid (KA) has been widely used for its ability to replicate
many of the phenomenological features of human temporal lobe epilep-
sy (Ben-Ari and Cossart, 2000; Leite et al., 2002). Seizures cause exten-
sive brain damage concomitant with an increase in reactivity of the
glia, as well as failure of the cellular homeostasis (Cavazos et al., 2004;
Junyent et al., 201143, 2011b; Kondratyev and Gale, 2004; Niquet et al.,
1994; Represa et al., 1995). KA has direct excitatory effects on neurons
but its potent neurotoxic action involves also the activation of presynap-
tic receptors on glutamatergic terminals, thereby releasing Asp and Glu.
Endogenous glutamate, by activating NMDA, AMPA or mGluR1 recep-
tors, may contribute to the brain damage occurring acutely after status
epilepticus (Meldrum, 2000).

The aim of the present study was to evaluate whether MDMA fa-
vours the development of a seizure state in adolescent mice treated
with the neurotoxin KA. We used a regimen of MDMA that differed
from the classic neurotoxic exposure, trying to simulate classical adoles-
cent weekend binge use of this substance. We observed a decrease in
time to first seizure and an increase in seizure activity induced by KA.
We also investigated whether hippocampal neurotoxicity after two dif-
ferent doses of KA is potentiated by MDMA. We also investigated by im-
munohistochemistry the effects of these treatments on the expression
of calcium binding proteins (CaBP), which are crucial for calcium ho-
meostasis in neurons, as well as the impact on Ca?™ levels in cortical
neuron cultures.

Our data indicate that MDMA potentiates KA-induced neurodegen-
eration and also increases KA seizure susceptibility.

2. Experimental procedures
2.1. Animals

Adolescent male C57/BL6 mice (4-5 weeks old) (Charles River Lab-
oratories, France) were kept under controlled temperature, humidity
and light conditions with food and water provided ad libitum. They
were treated according to European Community Council Directive 86/
609EEC and the procedure registered at the Department d’Agricultura,
Ramaderia i Pesca of the Generalitat de Catalunya. Efforts were made
to minimize animal suffering and to reduce the number of animals used.

2.2. Drug treatments and sample preparation

To model recreational MDMA use, we used adolescent mice. It could
also be considered appropriate to simulate the widespread practice of
“boosting” (taking supplemental doses over time in order to maintain
the drug’s effect) (Hammersley et al., 1999; Meyer et al., 2008). To select
the appropriate MDMA dose we took into account that the dose regi-
men used in neurotoxic experiments with mice is 25 mg/kg three
times per day (tid) every 3 h (Colado et al,, 2001) or 20 mg/kg every 2
h for a total of four injections (O’Callaghan and Miller, 1994). Conse-
quently, a maximal dose of 10 mg/kg tid was choosen. Treatment
schedule started with a standard psychostimulant dose of MDMA
(5 mg/kg) (Spanos and Yamamoto, 1989) that increased over the treat-
ment, imitating the classic consumption of a reinforcing compound. In
order to simulate its recreational use, MDMA was administered once a
week during all the periadolescent period (from week 4-8 of age)
(Smith, 2003). Drug administration was carried out at high environ-
mental temperature, thus simulating the hot environments in which
this substance tends to be consumed (clubs, raves).

Initially, the animals were randomly assigned to the following
treatment groups: saline + saline (saline), MDMA —+ saline (M),
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saline + Kainate 20 mg/kg (KA20), MDMA + Kainate 20 mg/kg
(M + KA20), saline + Kainate 30 mg/kg (KA30), MDMA + Kainate
30 mg/kg (M + KA30).

The animals (n = 7-10) for every treatment group in each experi-
ment received a chronic dosage regimen of saline (5 ml/kg) or MDMA
ti.d. (s.c, every 3 h) on 1 day a week (the same day every week), for 4
consecutive weeks. MDMA and KA doses and the treatment schedule
were as illustrated in Fig. 1. On the day of treatment, the environmental
temperature was maintained at 26 4+ 1 °C until 2 h after the last dose.
Thereafter, the animals were returned to normal housing conditions
(22 4 1 °C). One hour after the second daily dose of saline or MDMA,
rectal temperature was measured using a lubricated, flexible rectal
probe inserted into the rectum and attached to a digital thermometer
(0331 Panlab SL, Barcelona, Spain). The dose of MDMA increased
every week. Accordingly, the doses were: 5 mg/kg, 7.5 mg/kg (for 2
consecutive weeks) and 10 mg/kg. Twenty-four hours after the last
dose of MDMA or saline, the animals were exposed to low/moderate
(20 mg/kg) or high (30 mg/kg) epileptogenic KA i.p. doses (Santos
and Schauwecker, 2003; Sonn et al., 2010).

After the KA injection, the animals were put in individual plexiglas
cages and observed for a period of 4 h to evaluate the occurrence and in-
tensity of seizures. Seizures were assessed according to an adaptation of
the Racine’s scale (Racine, 1972) consisting of seven stages (0-6), which
correspond to the successive developmental stages of motor seizures:
(0) normal non-epileptic activity; (1) Still and crouched in a corner,
staring; (2) Stretches body out, tail becomes straight and rigid, ears
laid back, bulging eyes; (3) Repetitive head bobbing, rears into a sitting
position with forepaws resting on belly (4) Rearing and falling tonic
clonic seizures broken by periods of total stillness, jumping clonus, run-
ning clonus; (5) Continuous Level 4 seizures and (6) Body in clonus, no
longer using limbs to maintain posture, usually a precursor to death.

The animals were killed 24 h or 72 h later. All mice were anaesthetized
by i.p. injection of ketamine (100 mg/kg) and xylazine (10 mg/kg) and
were perfused with paraformaldehyde 4% in phosphate buffer 0.1 M,
after which the brains were removed. These were subsequently rinsed
in paraformaldehyde 4% with 30% sucrose for 24 h and then frozen.
Coronal sections of 30 um were obtained. Brains from mice killed after
24 h of KA treatment were used for microgliosis immunohistochemistry,
and brains from mice killed after 3 days of KA treatment were used for
GFAP immunohistochemistry. Fluoro-Jade B staining, calbindin-D28k,
calretinin and parvalbumin immunohistochemistry were performed
either at 24 or 72 h.

2.3. Fluoro-Jade B staining

Slides were defatted by dehydration in ethanol before being
rehydrated, rinsed in phosphate-buffered saline (PBS), and incubated
with 5 nmol/l of Hoechst 33342 for 10 min in the dark. After two
washes in distilled water, the slides were immersed in 0.06 g/I of potas-
sium permanganate (KMnQy,) for 15 min in the dark. After two washes,
the slides were transferred to the staining solution containing 0.1 ml/l of
acetic acid and 4 pl/1 Fluoro-Jade B for 30 min, in the dark. The slides
were rinsed in distilled water, dried, and then submerged directly in
xylene and mounted in DPX medium. They were analysed with an
epifluorescence microscope (Olympus BX61).

2.4. Immunohistochemistry

Free-floating coronal sections were rinsed in 0.1 mol/I PB, pH 7.2,
and then treated with 5 ml/l H,0, and 100 ml/l methanol in PBS for
15 minutes. After that, they were preincubated in a blocking solution
(10% fetal bovine serum (FBS), 0.2 mol/I of glycine, Triton X-100 0.2%
in 0.2% PBS-gelatin). Then, the sections were incubated overnight at
4 °C with different primary antibodies: rabbit anticalbindin-D28k, rab-
bit anticalretinin and rabbit antiparvalbumin (1:1,000; Swant,
Belinzona, Switzerland), rabbit antilba-1 (Wako Chemicals, Japan
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Fig. 1. Treatment schedule. The animals were randomly assigned to the following treatment groups: saline + saline, MDMA + saline (M), saline + kainate 20 mg/kg (KA20), MDMA + kainate
20 mg/kg (M + KA20), saline + kainate 30 mg/kg (KA30), MDMA + kainate 30 mg/kg (M + KA30). The animals (n = 7-10 for each treatment group in each experiment) received a chronic
dosage regimen of saline (5 ml/kg) or MDMA t.i.d. (s.c, every 3 h) on 1 day a week, for 4 consecutive weeks. On the day of treatment, the environmental temperature was 26 + 1 °Cand this was
maintained until 2 h after the last dose. Twenty-four hours after the last dose of MDMA or saline, the mice were exposed to KA i.p. 20 or 30 mg/kg. Latency and presence of seizures were re-

corded immediately after KA administration. The animals were killed 24 h or 72 h later.

1:1000) and rabbit antiglial fibrillary acidic protein (GFAP; 1:1,000;
Dako, Denmark). After that, the sections were incubated with biotinyl-
ated secondary antibodies (1:200; Sigma-Aldrich) for 2 h at room tem-
perature and then incubated with the avidin-biotin-peroxidase
complex (ABC; 1:200; Vector, Burlingame, CA). The peroxidase reaction
was developed with 0.5 g/l diaminobenzidine in 0.1 mol/l PB and
0.1 ml/l H,0,, and immunoreacted sections were mounted on
gelatinized slides. The stained sections were examined under a light mi-
croscope (Olympus BX61).

Since the shape and marking profile of PV-positive cells was well de-
fined and they were not very numerous, they were counted manually
by an experimenter blinded to the experimental conditions. Cell counts
were carried out with Photoshop 5.0 software after acquiring digitized
images with the microscope (Olympus BX61, 25 x objective) equipped
with a digital camera. GFAP, calbindin and calretinin immunostaining
density in brain sections were determined using the Image] software
(National Institute of Health), via which the regions of interest were de-
fined and the corresponding intensity calculated. To quantify microglia
in the hippocampus an unbiased counting frame was positioned on each
photomicrograph taken at a magnification of 10x. The cells in the den-
tate gyrus and CA1 areas were counted manually and the density
(cells/area) was calculated in relation to the area delimited by the
frame. Microglial activation was assessed by manually delineating
10-15 cells in each area, followed by quantification of their staining
density by means of Image-] software. The total microglial activation
for each area was estimated by multiplying the staining density by the
number of cells.

2.5. Quantification of dopaminergic and serotonergic terminals

2.5.1. Tissue sample preparation

For dopamine and serotonin transporter quantification, the fresh
brains of animals killed 96 h post MDMA administration were used.
Crude membrane preparations from the hippocampus and striatum
were prepared as described elsewhere (Escubedo et al., 2005). Sam-
ples were homogenized at 4 °C in 20 volumes of buffer consisting of

5 mM Tris-HCl, 320 mM sucrose, and protease inhibitors (aprotinin
4.5 ng/ul, 0.1 mM phenylmethylsulfonyl fluoride, and 1 mM sodium
orthovanadate), pH 7.4. The homogenates were centrifuged at
15,000 xg for 30 min at 4 °C. The pellets were resuspended and cen-
trifuged at 15,000 xg for 30 min at 4 °C two more times. The final pellets
(crude membrane preparation) were resuspended in the appropriate
buffer and stored at — 80 °C until use in radioligand binding experi-
ments. Protein content was determined using the Bio-Rad Protein Re-
agent, according to the manufacturer’s instructions.

2.5.2. DA and 5-HT transporter density

The density of DA transporter in mice striatal membranes was mea-
sured using [*H]WIN35428 binding assays. Membranes were resus-
pended in phosphate-buffered 0.32 M sucrose, pH 7.9 at 4 °C to a
concentration of 1 pg/ul. Striatal membrane assays were performed in
glass tubes containing 250 pl of [°H]WIN 35428 (final radioligand con-
centration, 5 nM) and 50 pg of membranes. The tubes were incubated
for 2 h at 4 °C and non-specific binding was determined in the presence
of 30 uM bupropion.

The density of 5-HT transporter in the hippocampal membranes was
quantified by measuring the specific binding of 0.05 nM [*H]paroxetine
after incubation with 150 pg of protein at 25 °C for 2 h in a Tris-HCl buff-
er (50 mM, pH 7.4), containing 120 mM NaCl and 5 mM KCl to a final
volume of 1.6 ml. Clomipramine (100 uM) was used to determine
non-specific binding.

All incubations were finished by rapid filtration under vacuum
though Whatman GF/B glass fibre filters (Whatman Intl. Ltd., Maid-
stone, U.K). The radioactivity in the filters was measured by liquid scin-
tillation spectrometry.

2.6. Neuronal cell cultures
Primary neuronal cultures of cerebral cortex were obtained from

mice embryos (E-16-18) as described by Crespo-Biel et al. (2010) with
minor modifications adapted to cortical cells.
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Cell viability was assessed using two different methods, calcein and
of 3-(4,5-dimethylthiazol-2yl)-2,5-diphenyl tetrazolium bromide
(MTT), because these two assays use a different endpoint to assess cell
viability (intracellular esterase activity and mitochondrial dehydroge-
nase, respectively).

2.6.1. Calcium and sodium fluorimetry

Increases in intracellular Ca?* and Na " levels were monitored as de-
scribed by Garcia-Ratés et al. (2010) using Ca®*-sensitive dye Fluo-
4 AM (3 uM) and Na™"-sensitive dye Corona-Green (3 puM). The fluores-
cence measurements were continued for a further 60 s or 300 s. To nor-
malize Fluo-4 or Corona-Green signals, the responses from each well
were calibrated by determining the maximum and minimum fluores-
cence values. This was done by adding 2 pM ionomicyn (Fmax) followed
by 10 mM EGTA (Fmin) in calcium experiments, and 1 mM gramicidin
(Fmax) or tyrode without sodium (Fmin) in sodium experiments.
Peak fluorescence responses in each well were calculated as a percent-
age of (Fmax — Fmin). The incubation times with MDMA were selected
to determine the short-time effect of this substance on cellular homeo-
stasis (6 h) and to mimic the schedule of the in vivo treatment because
kainate was administered 48 h after the last dose of MDMA.

2.7. Data analysis

One-way or two-way ANOVA were used (InvivoStat). When the sta-
tistic value (F) was not significant, it was omitted. In all cases, post-
hocTurkey’s pairwise comparisons were performed. All data are pre-
sented as mean + SEM, and differences are considered significant at
*p < 0.05, **p < 0.01, and ***p < 0.001. The incidence of convulsions
was evaluated by the Fisher’s exact test.

3. Results

All weekly MDMA doses induced a significant increase in body tem-
perature. Mild hyperthermia was apparent after MDMA 5 mg/kg
(36.58 + 0.35 °C MDMA; saline: 36.02 4+ 0.44 °C; p <0.05),
MDMA 7.5 mg/kg (37.56 + 0.39 °C MDMA; saline: 36.44 +
0.51 °C; p <0.001 second week; 37.91 + 0.13 °C MDMA; saline:
36.70 + 0.44 °C; p < 0.0.001 third week) and 10 mg/kg (37.83 +
0.69 °C MDMA; saline: 36.39 4 0.52 °C; p < 0.001).

We investigated whether this recreational MDMA exposure
could provoke a neurotoxic effect on neuronal terminals. In the
hippocampus of animals killed 4 days post-treatment, we detected
a non-significant decrease in the density of [*H]paroxetine binding
sites, corresponding to serotonergic terminals (100 + 4.8% saline,
84.33 £ 5.35% MDMA, p = 0.10). Similarly, when assessing the
dopaminergic terminal injury in striatum by labeling the dopa-
mine transporter with [*HJWIN35428, we found no significant
change in density (100 4 8.69% saline, 99.85 4 8.63% MDMA,
p = 0.99).

Table 1

3.1. MDMA decreases seizure threshold and increases kainic acid neurotox-
icity in mouse hippocampus

The administration of MDMA plus KA sensitized mice to a seizure
state (Table 1). We treated mice with saline plus KA 20 mg/kg and
found that this dose convulsed only 6.25% of the animals (1/16) with a
time lag of 58 minutes and seizure intensity of 1.8 However, previous
treatment with MDMA favoured the seizure state; 64.3% mice that had
undergone pre-treatment showed seizures (4th stage) when KA was
administered (9/14), the latency time was reduced by half, while sei-
zure intensity was potentiated (3.6).

As shown in Table 1, mice treated with saline plus KA 30 mg/kg
showed a more severe convulsive state (7/8, 87.5%) with a latency
of 1 hour and seizure intensity of 4.6. Interestingly, those mice that
had previously been treated with MDMA all convulsed, with a laten-
cy reduced by half. However, although the mean value of intensity
obtained was higher (5.2) it did not reach statistical significance.
Only the group M + KA30 experienced fatalities after KA administra-
tion (25%).

To evaluate neurodegeneration, Fluoro-Jade B staining was per-
formed at 24 h or 72 h after KA administration. No labeled cells were
seen in hippocampus of saline or M groups. In Fig. 2 we show that pre-
treatment with MDMA significantly enhanced the presence of
degenerating neurons due to KA 30 mg/kg in the hippocampal area
CA1 at 24 h. However, KA neurotoxicity was not modified in other hip-
pocampal areas such as CA3 and the dentate gyrus (DG). Similar results
were obtained 72 h post KA dosage. The administration of KA 20 mg/kg
did not give rise to Fluoro-Jade B-positive staining, and MDMA pretreat-
ment did not modify staining (data not shown). Thus, the combined
data demonstrate that this MDMA treatment specifically potentiates
KA 30 mg/kg neuronal toxicity, which implies the involvement of the
CA1 hippocampal area.

3.2. Glial and microglial activation in mouse hippocampus

Despite the presence of some inconsistencies in the literature, there
is considerable evidence that MDMA doses that produce substantial,
long-lasting reductions in 5-HT and other serotonergic markers do not
reliably provoke astroglial or microglial responses. No microglial activa-
tion is noticeable at either 3 or 7 days after MDMA exposure to a neuro-
toxic schedule (Pubill et al., 2003), but after just 3-24 h Orio et al.
(2004) found an increase in a specific microglial marker. For this reason,
in the present study microgliosis was evaluated 24 h after KA treatment,
using a specific marker of these non-neuronal cells, namely IBA-1. Our
data demonstrated that there was mild hippocampal microglial activa-
tion in groups M, K20 or M + K20, which did not reach significance.
In contrast, mice treated with KA 30 mg/kg showed activation, which
was not enhanced by the recreational MDMA pretreatment (Fs 1, =
40.757, p < 0.001, CA1; F3 11 = 82.331, p < 0.001, DG) (See Fig. 3).

It is well known that KA favours hippocampal glial activation in ro-
dents after an excitotoxic treatment. GFAP was evaluated 3 days after
KA treatment as this is the time when its maximal immunoreactivity
is detected (Pernot et al., 2011). Recreational MDMA pretreatment

Effects of treatment on motor seizures measured as number of animals with tonic-clonic convulsions, time delay to show them immediately after KA administration and seizure intensity

(according to scale of severity explained in materials and methods).

Treatment group Animals with seizures n/N° Latency (min) Seizure intensity Mortality
MDMA + saline (M) 0/8 0 0 0/8
Saline + Kainate 20 mg/kg (KA20) 1/16 58.00 18 £02 0/16
MDMA + Kainate 20 mg/kg (M + KA20) 9/14** 30.00 + 4.87* 3.6 £ 0.2 0/14
Saline + Kainate 30 mg/kg (KA30) 7/8 51.14 + 636 46 + 03 0/8
MDMA + Kainate 30 mg/kg (M + KA30) 8/8 2437 + 7.52** 52+03 2/8

$ n/N: Number of animals that showed seizure episodes (4th stage)/number of animals per group.
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p < 0.001 versus the corresponding saline + kainate group.
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Fig. 2. Pretreatment with MDMA significantly enhanced the presence of degenerating neurons due to KA 30 mg/kg in hippocampal area CA1. Panels A and B show the number of Fluoro-
Jade-positive neurons, in different hippocampal areas (CA1, CA3 and DG), 24 h and 72 h post KA30 mg/kg administration, respectively. C: Representative horizontal sections of hippocam-
pal subfield CA1 (C1-C2 24 h and C3-C4 72 h post KA administration). *p < 0.05 versus KA30 in the same area.

enhances astrogliosis (measured using a specific antibody GFAP) in degenerative neurons in the hippocampus of mice treated with KA
mice treated with 30 mg/kg KA (CA1: F333 = 9.540, p < 0.001, DG: 20 mg/kg, no astroglial activation was observed at this dose, in either
F333 =21.971 p < 0.001, see Fig. 4). Additionally, given the lack of saline- or MDMA-pretreated animals.

Saline

Iba-1 Immunostaining density (%)

Fig. 3. 24 h post KA administration mice were killed for histological analysis of microgliosis using Iba-1. Upper panel shows the quantification of Iba-1 immunostaining density in CA1 and
DG areas of hippocampus. *** p < 0.001 versus saline in the same area. Lower panels show representative immunohistochemistry for Iba-1 expression in horizontal sections of hippocam-
pus from animals treated with saline + saline (A,B) MDMA + saline (C,D), saline + KA 30 mg/kg (E,F) or MDMA + KA 30 mg/kg (G,H). Scale bars: 200 pm in the upper panels, 20 pm in
the lower panels. Recreational MDMA pretreatment did not enhance the effect of KA.
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Fig. 4.3 days post KA administration the mice were killed for histological analysis of astrogliosis using GFAP. Upper panel shows the quantification of GFAP immunostaining density in CA1
and DG areas of hippocampus. *p < 0.05 and *** p < 0.001 versus saline; ## p < 0.01 versus K30 in the same area. Lower panels show representative immunohistochemistry for GFAP ex-
pression in horizontal sections of hippocampus from animals treated with saline + saline (A,B) MDMA + saline (C,D), saline + KA 30 mg/kg (E,F) or MDMA + KA 30 mg/kg (G,H). Scale
bars: 200 um in the upper panels, 20 um in the lower panels. Recreational MDMA pretreatment enhanced KA-induced astrogliosis.

3.3. Evaluation of the calcium binding proteins: parvalbumin, calbindin and
calretinin

CaBP afford neuroprotection by buffering the sustained increase of
intracellular calcium. The effects of treatments on the expression of
these proteins in the hippocampus were determined using parvalbumin
(PV), calbindin (CB) and calretinin (CR) immunostaining. It is known
that the immunoreactivity to these CaBP was reduced as a consequence
of KA treatment (Junyent et al., 2011a, 2011b).

In our experiments, exposure to MDMA plus saline resulted in a
significant reduction in PV-positive GABA neurons that became
more apparent 72 after saline administration in the DG (Figs. 5 and
6 and supplementary information A and B) (F, 17 = 3.61, p <0.05
CAT1; F217 = 13.938, p < 0.001 DG). MDMA induced a reduction in
this neuron type, compared to control animals, of about 68% in the
DG and 48% in CA1. Mice treated with kainate also exhibited a de-
crease of PV-positive neurons. Two-way ANOVA evidenced a signif-
icant effect of treatment (F5 14 = 5.27, p <0.05 CA1; Fy 14 = 45.41,
p < 0.001 DG). These animals exhibited a more significant reduction
in DG immunostaining than in CA1. Moreover, immunohistochemis-
try results show a decrease of this protein in the DG of mice treated
with the combination M + KA20 (24 h: 10.52 + 1.06 KA20, 6.35 +
144 M + KA20, p = 0.05).

With regard to calbindin (CB), the immunohistochemistry results at
24 h show a significant decrease of this protein in the CA1 area (78.05%)
(F2.17 = 15.739, p <0.001 CA1) and also in the DG granular zone
(37.3%) (Fp.17 = 13.475, p < 0.001) after treatment with MDMA. In
the kainate groups, two-way ANOVA evidenced a significant effect of
the variable treatment on the density of CB-immunoreactive neurons
(F232 = 6.88,p<0.01 CA1; F; 3, = 21.00, p < 0.001 DG), of the variable
time (F; 32 = 25.07,p< 0.001 CA1; F; 3, = 19.18,p< 0.001 DG) and the
interaction treatment X time (Fp3, = 12.57, p <0.001 CA1, Fy 3, =
18.86, p <0.001 DG). Therefore, the initial decline evidenced in
MDMA-exposed animals was also apparent in the animals treated
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with KA 30 mg/kg (70.4% CA1; 70% DG). The animals exposed to
MDMA plus KA 20 mg/kg or KA 30 mg/kg did not show any enhancing
effect versus kainate alone (Figs. 5 and 6, Supplementary information C).
The parallelism between the two substances, MDMA and KA 30 mg/kg,
was also evident in the results obtained at later times. Thus in all groups,
after 72 h, calbindin levels exceeded and immunostaining values
returned to control values.

It is well known that CR is expressed in the population of GABAergic
neurons known as interneuron-specific cells (Gulyas et al., 1996). In our
study, the density of CR-immunoreactive neurons was significantly re-
duced 24 h after exposure to MDMA (F,,4 = 43.982, p < 0.001 CA1;
Fa24 = 17.943,p < 0.001 DG) or KA30 (two-way ANOVA variable treat-
mentF, 43 = 38.14,p< 0.001 CA1; F, 45 = 6.47, p<0.01 DG; interaction
treatment X time F, 45 = 10.93, p < 0.001 CA1; F,45 = 3.28, p <0.05
DG) and this decrease was more apparent in CA1 (98.4% MDMA,
72.2% KA30) than in the DG (25.6% MDMA, 18.9% KA30) (Figs. 5 and
6, supplementary information D). Similarly to calbindin, 72 h after
kainate administration all values recovered so they did not differ from
those saline-treated mice. Animals exposed to MDMA plus KA
20 mg/kg or KA 30 mg/kg did not show any enhancing effect.

However, there are also a small number of CR immunoreactive gran-
ule cells, mainly in the infragranular zone of the granular layer of the DG.
It has been reported that kainate causes the proliferation of these cells
(Dominguez et al., 2003). Our results indicate that when animals were
exposed to MDMA, concomitantly with the loss of CR-immunostaining
in the hippocampus molecular layer, there was a substantial increase
of it in small cells in the infragranular zone (saline: 100 + 4.61%;
MDMA 48 h: 134.65 + 10.08%; MDMA 96 h: 13345 + 8.71%, p < 0.01),
as also occurred in response to kainate.

3.4. Evaluation of intracellular calcium in cortical neuronal cultures

The entry of calcium into neurons is strongly associated with sei-
zures (McNamara, 1992; Meyer, 1989) and the sustained entry induces
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Fig. 5. Effect of treatment on hippocampal parvalbumin (A,B), calbindin (C,D) and calretinin (E,F) immunoreactivity in CA1 of mouse groups: saline, saline 4+ KA 20 mg/kg (K20), saline
+ KA 30 mg/kg (K30) and MDMA + saline (MDMA). Left panel: kainate effects; right panel: MDMA effects. Temporal bars under figures display the time elapsed between the last kainate
or saline administration and sacrifice. Two-way ANOVA was used to study two variables jointly, kainate concentration and time. One-way ANOVA was used to study the effect of MDMA

exposure. *p < 0.05; **p < 0.01 and **p < 0.001 versus saline.

excitotoxicity, leading to alterations of mitochondria and subsequent
cell death (Cano-Abad et al., 2001). CaBP are crucial for calcium homeo-
stasis in neurons (Baimbridge et al., 1992). When changes in CaBP levels
are detected, this preludes fluctuations in intracellular calcium levels.

Since in vivo results demonstrate that MDMA induces changes in
CaBP, the next series of experiments were carried out to determine
whether MDMA increases cytosolic calcium in cultures of cortical cells
or potentiates the calcium influx induced by the glutamatergic agonist.
As KA induced a very low entry of calcium in these cultures, we used
NMDA (N-methyl-D-aspartate), the agonist of NMDA receptors. Endog-
enous glutamate (released by activation of kainate presynaptic recep-
tor) activates those highly Ca> ™ permeable ionotropic receptors.

Prior to the experiments on calcium levels, we confirmed that the
MDMA concentrations used (10-100 uM) have no effect on cortical
cell viability (calcein assay 48 h: saline 100.00 + 2.61%, MDMA
100 pM 107.98 & 3.79%, n.s.; MTT assay 48 h: saline 100.00 + 1.75%,
MDMA 100 pM 102.92 £ 2.21%, n.s.).

Fig. 7A shows that pre-treatment of cultured cortical neurons (6 h
and 48 h) with different concentrations of MDMA (10, 50 uM) signifi-
cantly increased basal cytosolic free Ca> . Two-way ANOVA evidenced
a significant effect of treatment (F» 54 = 1525.21, p < 0.001), time of in-
cubation (Fy 54 = 2248.97, p < 0.001) and the interaction treatment X
time (F»54 = 615.58, p < 0.001). It can be concluded that MDMA exhib-
ited an inverse concentration- and time-dependent effect (MDMA 10 or
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Fig. 6. Effect of treatment on hippocampal parvalbumin (A,B), calbindin (C,D) and calretinin (E,F) immunoreactivity in dentate gyrus of mouse groups: saline, saline + KA 20 mg/kg (K20),
saline + KA 30 mg/kg (K30), MDMA + saline (MDMA). Left panel: kainate effects, right panel: MDMA effects. Temporal bars under the figures display the time elapsed between the last
kainate or saline administration and sacrifice. Two-way ANOVA was used to study two variables jointly, kainate concentration and time. One-way ANOVA was used to study the effect of

MDMA exposure. *p < 0.05; **p < 0.01 and ***p < 0.001 versus saline.

50 uM higher increases at 6 h than 48 h). According to these results,
MDMA sensitizes cortical neurons to maintain elevated intracellular
levels of calcium and this effect is more apparent at low doses and
shorter times of MDMA exposure. Likewise, after this pre-incubation
we treated cortical neurons with 20 uM NMDA. This glutamatergic ago-
nist induced a rapid increase in fluorescence that was maintained for
more than 5 min (results not shown). Values of calcium concentration
were averaged out between 20-30 s after NMDA addition, and results
were evaluated using two-way ANOVA. We found a higher calcium
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increase when preincubation with the amphetamine derivative was car-
ried out (F, 7, = 625.73, p < 0.001). This potentiation was more apparent
when using a short period of preincubation (F; 7> = 553.34, p < 0.001)
and low MDMA concentrations (F» 7, = 401.06, p < 0.001)(see Fig. 7B
and C).

In parallel with these changes in calcium homeostasis, basal levels of
intracellular sodium were decreased in cells incubated with MDMA
(F254 = 382.79, p < 0.001)(Fig. 8A). When cells were challenged with
500 UM Kainate, the Na* influx was higher in those pre-treated with
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Fig. 7. Assays in cultured cortical cells. Effect of 6 h or 48 h preincubation with MDMA 10 (M10) or 50 uM (M50) on intracellular calcium levels. Panel A: basal intracellular calcium levels.
Panel B: time-course of the increases in Fluo-4 fluorescence after the addition of NMDA 20 uM (at the arrow), in cells pre-treated for 6 h with saline or MDMA 10 or 50 pM. Panel C: increase
in cytosolic calcium induced by NMDA 20 pM (values of Fluo-4 were averaged between 20-30 s after NMDA addition). Two-way ANOVA was used to study two variables jointly, MDMA
concentration and preincubation time. ***p < 0.001 versus saline; ###p < 0.001 versus time-matched MDMA 50 pM.

10 iM MDMA (F,61 = 7.53, p < 0.001), reaching the same maximal so-
dium level than cell treated with kainate alone, even though they
started from lower basal Na™ levels (Fig. 8B,C).

4. Discussion

The recreational consumption of amphetamines may be responsible
for a significant proportion of drug-induced seizures. Thus it has been
reported that MDMA induces seizures as a consequence of its brain neu-
rotoxicity (Holmes et al., 1999), but other hypotheses have been pro-
posed in order to explain the proconvulsant mechanism of MDMA.
Seizures could be attributed to the metabolic effects of MDMA, mainly
acute hyponatraemia combined with the hyperthermia that usually af-
fects MDMA users. Clinical studies also suggest that the effects of MDMA
modulation of the brain monoamine systems, specifically serotonin and
norepinephine, could be responsible for lowering the seizure threshold.
Other authors (Giorgi et al., 2006) reported the lack of mossy fiber
sprouting at short time intervals following MDMA (2 weeks) as a possi-
ble explanation to this adverse effect, and recent data (Anneken and
Gudelsky, 2012) lead to the conclusion that glutamate release could
be involved in the development of seizures. Few experimental studies
have analysed the last hypothesis.

In the present study we investigated the effect of a recreational
schedule of MDMA on neurotoxicity and seizures induced by KA. Sys-
temic KA is a potent means of inducing limbic seizures with a primary
action in the hippocampus between other areas (Lothman et al.,
1981). When administered at high doses (30 mg/kg), KA can also in-
duce neurotoxic injuries in the “resistant” strain C57BL/6 (Benkovic
et al., 2006).

One of the most important results of the present study is that MDMA
potentiated KA neurotoxicity in the hippocampus and altered calcium
homeostasis. These alterations combined with a depletion of CaBP,
markers of specific GABAergic subpopulations, can explain the in-
creased susceptibility to KA-induced seizures. Our results are consistent
with a role of MDMA in altering mouse brain excitability and unveiling
proconvulsant activity in the presence of glutamate release. Giorgi and
colleagues (Giorgi et al., 2005) also found evidence of this phenomenon,
although they used different MDMA exposure. In our study, the in-
creased susceptibility to seizures was specifically observed in response
to low doses of KA (20 mg/kg), such that MDMA decreased the latency
and increased the seizure intensity and the number of mice with sei-
zures with respect to KA alone.

As mentioned above, one of the most interesting results of the pres-
ent study is the increased neuronal cell death in hippocampal neurons
in area CA1 in the treatment group M + K30. Other hippocampal
areas (the CA3 and the DG) were not affected by MDMA pretreatment.
We also analysed microgliosis and astrogliosis as characteristics of KA-
induced neurodegeneration. Interestingly, MDMA pretreatment, by it-
self, was not able to trigger hippocampal astro- or microgliosis. Howev-
er, 30 mg/kg but not 20 mg/kg KA induced hippocampal injury,
astrogliosis and microglial activation, which is generally believed to
contribute to neuroinflammation and neurodegeneration (Penkowa
et al,, 2001; Ravizza et al., 2005). The absence of these glial responses
in MDMA group was reasonable, since the recreational regimen applied
was not sufficient to produce a great degree of neuronal damage (non
Fluoro-Jade B immunoreactive neurons, non-significant loss of seroto-
nergic and dopaminergic terminals) (Colado et al.,, 2001; O’Callaghan
and Miller, 1994).
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Fig. 8. Assays in cultured cortical cells. Effect of 6 h or 48 h preincubation with MDMA 10 (M10) or 50 uM (M50) on intracellular sodium levels. Panel A: basal intracellular sodium levels.
Panel B: time-course of the increases in Corona-Green fluorescence after the addition of Kainate 500 uM (at the arrow), in cells pre-treated for 6 h with saline or MDMA 10 or
50 uM. Panel C: intracellular sodium increase after kainate administration. Two-way ANOVA was used to study two variables jointly, MDMA concentration and preincubation
time. *p < 0.05; ***p < 0.001 versus saline; ##p < 0.01 and ###p < 0.001 versus time-matched MDMA 50 uM.

Although the measure of the typical parameters indicative of nerve
terminal injury did not show a significant effect of the applied treat-
ment, this does not completely exclude minor disruptions or other con-
sequences of MDMA exposure (Frenzilli et al., 2007; Wang et al., 2004).
Such consequences probably exist in the present study as the treatment
with MDMA is able to potentiate the astrogliosis and neurotoxic effects
of KA 30 mg/kg. Anneken et al. (2013) concluded that, within the hip-
pocampus, MDMA produces neuroinflammatory mediators and a sub-
sequent increase in glutamate release. This assumption could explain
the enhancement of KA-induced neurodegeneration obtained in our
experiments.

Calcium binding proteins (CaBP) are expressed by distinct sub-
sets of GABAergic interneurons in the hippocampus and they are cru-
cial for calcium homeostasis in neurons. These include parvalbumin,
calbindin-D28k and calretinin. In the present study, using immuno-
histochemistry for these three proteins, we compared the KA-
associated changes in hippocampal regions with those induced by
MDMA. Based on the MDMA effects described by Anneken and
Gudelsky (Anneken and Gudelsky, 2012), we have limited the
study to the hippocampus.

CaBP act as intracellular facilitators of calcium diffusion or as intra-
cellular calcium buffering systems. Since an increase in intracellular cal-
cium levels triggers molecular events related to neuronal degeneration,
it has been suggested that CaBP protect against calcium overload, ren-
dering neurons more resistant to various toxic insults and neurodegen-
erative diseases (Figueredo-Cardenas et al., 1998; Lukas and Jones,
1994; Tsuboi et al., 2000). However, the efficacy of reduced CaBPs as
markers of neuronal death in the epileptic hippocampus has been chal-
lenged. In a study by Kim et al. (2006) the expression of CaBPs was re-
duced in the hippocampus in a stimulus-dependent manner following
electroconvulsive shock, and recovered to the control level later. It
was concluded that the reduced expression of CaBPs induced by seizure
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activity may be indicative of the hyperactivity of CaBP-positive neurons,
which is a practical consequence of the abnormal discharge, and that
they may play an important role in regulating seizure activity.

Our results demonstrated an early decrease in the expression of
these different molecular markers when animals were exposed to
high epileptogenic doses of KA, and we have also shown that exposure
of adolescent mice to recreational doses of MDMA produces a similar
profile of CaBPs.

MDMA greatly reduced CB levels in hippocampal CA1 48 h post-
administration. This robust reduction can be attributed also to the fact
that serotonergic afferents from the median raphe nucleus, which are
affected by MDMA (Sharkey et al., 1991), were shown to heavily inner-
vate CB-containing GABAergic interneurons in the hippocampus
(Freund et al., 1990). It is known that this amphetamine derivative gen-
erates an acute 5-HT release. Repeated MDMA exposure used in the
present study tends to reduce, but not significantly, the density of 5-
HT transporter in the hippocampus. Indeed, binge administration of
MDMA can cause reductions in 5-HT without changing transporter
levels (Wang et al.,, 2004). Therefore, can be assumed that the stimula-
tion rate of postsynaptic 5-HT receptors changes after MDMA exposure.
This could be the explanation to the changes of CB-containing interneu-
rons detected early after MDMA, and also described by Gongalves et al.
(2010) after an acute high dose of methamphetamine. As expected, in
general, this MDMA- and KA-induced decrease was reversed later. Sim-
ilar results were obtained in the dentate gyrus.

CR immunoreactivity showed a similar profile to that of CB, with
comparable effects in the K30 and MDMA groups 24 h after completing
treatment.

Additionally, both treatments increased CR immunoreactivity of
granule cells in the infragranular zone of DG, which are considered to
be recently generated neurons (Liu et al., 1996). It is known that after
KA-induced hippocampal damage, the number of CR immunoreactive
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cells present in the subgranular layer increases significantly (Dominguez
et al., 2003). These cells could represent a reservoir of pre-existing not
completely differentiated granule cells. Surprisingly, MDMA exposure
induced a similar intensification of this marker. This adds to the evidence
of parallel effects of KA and the psychostimulant, which should not be
surprising when one considers that this amphetamine derivative trig-
gers glutamate release (Anneken and Gudelsky, 2012).

In the present study we also found that MDMA, in parallel with
kainate, reduces the number of PV-positive neurons, especially in DG.
This decrease was potentiated in the M + K20 group. The reduction in
PV interneuron activity has been reported to be associated with an in-
crease in the risk of epileptogenic processes, thus increasing the suscep-
tibility to seizures (Sloviter et al.,, 2001).

Finally, another interesting outcome of our study is the evidence that
in cultures of cortical neurons low concentrations of MDMA (10, 50 M)
increase basal intracellular calcium concentrations. Our data thus sug-
gest that previous exposure to MDMA sensitizes neurons to maintain
high intracellular levels of calcium and potentiates the glutamate ago-
nist response to an acute challenge of NMDA. These in vitro results
could contribute to explain the observed in vivo changes in CaBP densi-
ty. The reduction in basal intracellular sodium concentrations could also
have a role in destabilizing neuronal ionic homeostasis, enhancing the
Na* response to a kainate challenge.

5. Conclusions

The results of the present study provide evidence that the schedule
of MDMA used, by itself, does not induce neuronal damage but potenti-
ates the presence of degenerating neurons in CA1 due to KA 30 mg/kg
exposure, increasing seizure susceptibility in all KA treatments. The
MDMA-induced decrease in CaBP immunoreactivity, especially in the
PV-positive neurons, may affect the excitability of hippocampal net-
works. The proconvulsant effect of MDMA correlates with modifications
in these hippocampal interneurons markers and, interestingly, run in
parallel with the changes induced by KA. It can be speculated that
these CaBP modifications could be the consequence of either a direct
mechanism involving changes in calcium homeostasis or/and an indi-
rect effect through glutamate release. Recently, it has been described
that MDMA increases glutamate release in the dorsal hippocampus of
rats (Anneken and Gudelsky, 2012), but our in vitro results point to
changes in calcium homeostasis as an additional molecular event that
can contribute also to these GABAergic modifications. The variation of
the ionic balance observed in cortical cells after the incubation with
MDMA could explain that the responses to the depolarizing stimuli
have been altered. Probably other mechanisms such as free radical pro-
duction or the modification on mossy fiber sprouting could also pro-
mote this convulsive susceptibility.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.pnpbp.2014.06.007.
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RESULTATS

3.4 Publicacio6 4

Adolescent exposure to MDMA induces dopaminergic toxicity in
substantia nigra and potentiates the amyloid plaque deposition in
the striatum of APPswe/PS1dE9 mice

Sonia Abad, Carla Ramon, David Pubill, Jorge Camarasa, Antonio Camins, Elena
Escubedo. Sent to: BBA Molecular Basis of the Disease. Under revision

L’MDMA és una de les substancies d’abus més populars entre els joves
adolescents, 1 encara que no presenti toxicitat directa sobre els
terminals dopaminérgics en humans, s’han notificat casos de problemes
psicomotors en una part dels consumidors.

La malaltia d’Alzheimer (AD) és la malaltia neurodegenerativa més
comuna en la poblacié anciana, on entre el 35-40% dels malalts
presenten signes extrapiramidals resultat d’alteracions en la via
nigroestriatal, I’aparici6 dels quals s’ha relacionat amb un pitjor

pronostic de la malaltia.

L’objectiu de 1’estudi va ser determinar si una exposicidé repetida a
I’MDMA durant 1’adolesceéncia podria afavorir una disfuncionalitat
nigroestriatal en I’edat adulta en subjectes amb predisposicid genética a

la AD, donant lloc a un pitjor pronostic .

Per dur a terme el nostre objectiu es van utilitzar els animals doble
transgenics APPswe/PS1dE9 (APP/PS1), els quals estan establerts com
a model de la AD, a més de presentar alteracions en la via
nigroestriatal. Per tal de valorar si el nostre tractament podia accelerar o
potenciar aquesta disfuncionalitat dopaminergica en aquests animals, es
van elegir dos temps de sacrifici després del tractament: dos setmanes

(tres mesos d’edat) o tres mesos després (sis mesos d’edat).
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Durant el transcurs de I’estudi, vam observar diferéncies entre genotips
que cal tenir en compte, ja que podrien emmascarar o modular els
efectes de ’'MDMA. Als sis mesos, els animals APP/PS1 van exhibir
alteracions dopaminergiques estriatals, com un increment en els nivells
de dopamina (DA), Tirosina Hidroxilasa (TH) i estrés oxidatiu, aixi
com una disminuci6 en els nivells de MAO-A i en el transportador de

DA (DAT).

L’administracié repetida del derivat amfetaminic va causar una
disminucié del nimero de neurones dopamineérgiques en substancia
nigra (SN), independentment del genotip, que va ser persistent almenys
tres mesos després del tractament. A nivell d’estriat, 'MDMA va
causar una aparent depleci6 dels nivells de DA en els animals wild-type
(WT), la qual es correlacionaria amb la disminucid de I’activitat
locomotora observada, mentre que els nivells de TH i DAT no es van
veure modificats. En canvi, en els animals APP/PS1 el tractament no va
afectar ni el neurotransmissor DA ni D’activitat locomotora, perd va
produir una disminucio en els nivells de DAT 1 un augment superior en
la peroxidacio lipidica. Tres mesos després els efectes del tractament
van desapar¢ixer. D’altra banda, el resultat més important de 1’estudi va
ser la potenciacié de la deposicid de les plaques B-amiloides (AB) en

estriat per part del tractament amb MDMA.

En conclusio, ’MDMA indueix una pérdua neuronal en SN que no
depén del genotip. En els animals APP/PS1, malgrat que ’MDMA no
produeix canvis en els nivells de DA, la disminucio del DAT i
I’increment de 4-HNE en estriat suggereixen una lesid superior. El
tractament amb el derivat amfetaminic potencia 1’aparicié de plaques

AB.
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Abstract

3,4 Methylenedioxymethamphetamine (MDMA) is one of the most used drugs by adolescents whereas
Alzheimer disease (AD) is the main cause of dementia in the elderly, thus both issues are of great interest for
public health. Many patients of AD have predisposition to suffer nigrostriatal alterations, therefore individuals
with this pathology develop extrapyramidal symptoms. Some authors described that early exposure to MDMA
may render the dopaminergic neurons more vulnerable to the effects of future neurotoxic insults. The aim of the
present study was to elucidate whether in APPswe/PS1dE9 (APP/PS1), a mouse model of familiar AD (FAD),
adolescent exposure to MDMA might later produce a nigrostriatal dysfunction on adulthood. We used a MDMA
schedule aiming to simulate the typical weekend binge abuse of this substance. Our MDMA schedule produced a
genotype-independent decrease in dopaminergic neurons in the substantia nigra that remained at least 3 months.
Shortly after the injury, APP/PS1 mice did not show the typical acute striatal dopamine reduction produced by
binge MDMA, although we suggest that the drug-induced damage is more severe in this group, since dopamine
transporter (DAT) levels were recovering more slowly and they showed higher levels of oxidative stress and a
changed trend in dopamine turnover. We found that these disturbances are age-related characteristics that this
special genotype develops spontaneously much later. Therefore, MDMA administration seems to accelerate the
appearance of the striatal dopaminergic dysfunction in this FAD model. The most important outcome lies in a

potentiation, by MDMA, of the amyloid beta deposition in the striatum.

Keywords

3,4 Methylenedioxymethamphetamine, APPswe/PS1dE9 mice, striatum, dopaminergic dysfunction, amyloid

plaques.
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1. Introduction

Both the recreational use of drugs and neurodegenerative diseases still represent a big challenge for public
health. Usually, drugs are consumed by adolescents and young people in a recreational context. It is also during
the adolescence when the brains are suffering many transformation to achieve the necessary maturation [1], thus
the impact of the drugs in this period might have negative consequences in the adulthood. 3.4
Methylenedioxymethamphetamine (MDMA), also known as ecstasy, is one of the most consumed amphetamine
derivative drugs due to its stimulant and mild hallucinogenic properties. Its acts mainly on the monoaminergic
system in the central nervous system (CNS) by stimulating the release of serotonin, norepinephrine and
dopamine (DA) from the mesocorticolimbic and nigrostriatal systems. This drug can also act as an agonist on
central 5-HT receptors and inhibit monoamine oxidase [2,3]. In mice, MDMA is considered a relatively selective
dopaminergic neurotoxin, leading to a decrease in the concentration of DA and its main metabolites [4]. One of
the most robust evidences by which MDMA causes long-term toxicity is through oxidative stress [5,6] that, in

turn, is a common feature of different neurodegenerative diseases [7-9].

Nowadays, Alzheimer Disease (AD) is the most common cause of dementia in the elderly. One of the
neuropathological hallmarks of the AD is the presence of extracellular amyloid plaques, mostly composed of
amyloid-B (AP) peptides, derived from sequential cleavage of amyloid-p protein precursor (APP) [10,11].
Additionally, Horvath et al., (2014) [12] reported loss of neurons in the substantia nigra (SN) and in the
putamen, suggesting pre-and postsynaptic lesions of the nigrostriatal pathway in AD patients. As a consequence,
many patients of Alzheimer’s disease develop extrapyramidal symptoms throughout the disease. This

concomitant parkinsonian syndrome contributes to a worse prognosis of the disease [13,14].

A number of research efforts have been focused on demonstrating the possible relationship between MDMA
consumption and dopaminergic neurodegeneration [15,16]. The effects elicited by MPTP in motor brain areas
(SN pars compacta (SNc) and striatum) have been shown to be more marked in adult mice treated with MDMA
during adolescence [17,18], suggesting that early exposure to MDMA may render the dopaminergic neurons
more vulnerable to the detrimental effects of further neurotoxic insults. Furthermore, it is also well established
that MDMA might produce cognitive deficits [19-23] although they only can be evidenced in certain paradigms.
However, no studies have been performed to investigate whether a prolonged consumption of MDMA might
increase the development of dopaminergic dysfunctions in a model of AD. Therefore, we studied the effect of
this amphetamine in the SN but also focused in the striatum of a murine model of AD. We used double
transgenic mice APPswe/PS1dE9 (APP/PS1), which is a well-established transgenic animal model of FAD.
These mice secrete elevated amounts of human AP peptide, inducing an age-dependent amyloid plaque
deposition in the brain [24-26]. Perez et al., (2005) [27] investigated a possible dopaminergic nigrostriatal
dysfunction in the brains of 3- to 17-month-old APP/PS1 mice, and reported some alterations in the nigrostriatal

pathway closely related with amyloid deposition.

Hence, the aim of the present study was to elucidate whether prolonged and intermittent exposition to MDMA
during adolescence was able to produce such dopaminergic alteration, which might trigger a nigrostriatal

dysfunction in this model of FAD. To carry out the study we used a regimen of MDMA that differed from the
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classic short but intensely neurotoxic exposure, with the intention to model, in adolescent mice, the classical
binge use of this substance during the weekends. We chose two time points to sacrifice the animals and

investigate whether the treatment might accelerate or potentiate the nigrostriatal dysfunction in this model.

Our findings suggest that, in APP/PS1 mice, MDMA does not produce all the typical signs of striatal
dopaminergic toxicity but seems to accelerate the ulterior nigrostriatal dysfunction that these transgenic mice
develop. Moreover, MDMA induced a significant neuronal loss in SN in both strains and, importantly,

potentiated AP deposition in the striatum.

2. Materials and methods
2.1. Mice

Adolescent male APPswe/PS1dE9 and C57BL/6 mice (4-5 weeks old) were used in this study. These transgenic
animals co-express a Swedish (K594M/N595L) mutation of a chimeric mouse/human APP (Mo/HuAPP695swe),
together with the human exon-9-deleted variant of PS1 (PS1-dE9). The animals were kept under controlled
temperature, humidity and light conditions with food and water provided ad libitum. Mice were treated in
accordance with the European Community Council Directive 86/609/EEC and the procedures established by the
Department d'Agricultura, Ramaderia i1 Pesca of the Generalitat de Catalunya. Efforts were made to reduce the
number of animals used. MDMA was provided by the National Health Laboratory (Barcelona, Spain).
2.2. Drug treatment

MDMA or saline were administered according to the treatment schedule displayed in Fig. 1. To model the
pattern of weekend consumption of this substance in adolescents, we used intermittent and repeated MDMA
administration, given as binges mimicking the widespread practice of “boosting”. Animals received 3 doses in
one day, every 3 hours, once per week for 8 weeks. The doses increased along the treatment as described
elsewhere [19]. Taking into account that the neurotoxic regimen in mice is 25 mg/kg three times in one day
[28], the maximum doses given in our study was 10 mg/kg. Drug administration was carried out at high ambient
temperature, thus simulating the hot environments in which this substance tends to be consumed (i.e. dance
clubs, raves). Mice were killed at 2 different points after the treatment: 2 weeks (3 months old, young adults; n=
59) or 3 months later (6 months old, mature adults; n= 68). The treatment groups were: Wild-type/Saline/ (WT
Saline), Wild-type/MDMA (WT MDMA), APPswe/PS1dE9/Saline (APP Saline), APPswe/PSIdE9/MDMA
(APP MDMA).

2.3. Open Field Test (OF)

One week before the sacrifice, animals were monitored for 10 min in a circular arena of 40 cm of diameter. The
locomotor activities were recorded and expressed as total distance travelled and average speed (Smart 3, Panlab

SL, Barcelona, Spain).

2.4. Measurement of neurotransmitter levels
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In the experiments aiming at analyzing neurotransmitter levels, mice were killed by cervical dislocation followed
by decapitation, the brains rapidly removed and striata were dissected out on ice. Samples were prepared by
sonication in 10 volumes of 0.1 M perchloric acid, centrifuged for 30 min at 12,000 x g after which 40 pul of
filtered supernatant was injected into an HPLC system equipped with a Waters 2465 electrochemical detector set
to a potential +0.70 V, column oven and a column Nova Pack C18 4pm 3.90 x 150 mm (Waters, Milford, MA).
The mobile phase consisted of purified water with 10% methanol, 1.92 mM 1-octanesulfonic acid, 0.1 mM
EDTA and 10 mM phosphoric acid. Column temperature was set at 37 °C and the flow rate to 1 ml/min. The
retention times for NE, DOPAC, 5-HIAA, DA, HVA and 5-HT were 2.74, 4.46, 6.95, 8.13, 11.24 and 20.66 min,

respectively.

2.5. Immunofluorescence and thioflavine S staining

Mice were anaesthetized by i.p. injection of ketamine (100 mg/kg) plus xylazine (10 mg/kg) and perfused with
4% paraformaldehyde in 0.1 M phosphate buffer, after which the brains were removed. Coronal sections of 30
um were obtained and incubated with primary antibody against tyrosine hydroxylase (TH) (1:200; BD
Biosciencies). Immunofluorescence procedure was carried out as described elsewhere [29]. For Thioflavine S
staining, free-floating sections were rinsed three times in 0.1 M PBS for 5 minutes each. Afterwards, the sections
were incubated with 0.3% Thioflavine S (Sigma-Aldrich) for 8 min at room temperature in the dark, and washed
twice with 50% ethanol, for 1 minute. Finally, the slices were mounted on glass slides using Fluoromount
(EMS). Image acquisition was performed with a fluorescence laser microscope (BX41, Olympus, Germany). To
quantify the total number of TH-positive neurons in the SN, an unbiased counting frame was positioned on each
photomicrograph taken at a magnification of 10 x, according to the atlas of Paxinos and Franklin [30]. TH-
neurons were counted in both hemispheres using the Image J software and the density (cells/area) was calculated

in relation to the area delimited by the frame.
2.6. Tissue Sample Preparation

The striatum was quickly dissected out, frozen and stored at —80 °C until use. When required, tissue samples
were thawed and homogenized at 4 °C in lysis buffer (Tris-HCl 20mM, NaCl 137 mM, Nonidet P40 1%, EDTA
2mM, 4.5 pg/ul aprotinin, 0.1 mM phenylmethylsulfonyl fluoride, 1 mM sodium orthovanadate), followed by
mixing in an orbital shaker for 2 h at 4 °C. The samples were then centrifuged at 15000 x g for 30 min. The

supernatant was recovered and protein content was determined using the Bio-Rad Protein Reagent.
2.7. Western blotting and immunodetection

A Western blotting (WB) and immunodetection protocol was used to determine the proteins levels as described
[19]. Primary antibodies are detailed in Table 1. All results are normalized to GAPDH or Actine, unless

otherwise stated.
2.8. Statistical analysis

Two- or three-way ANOVA (InvivoStat software) was used when two (genotype and treatment) or three (plus
time) variables were studied together. When the statistic value (F) was not significant, it was omitted in order to

simplify reading the text. In all cases, post-hoc Turkey tests were performed to compare the treated groups
5
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versus their controls. All data are presented as means = SEM, and the p values less than 0.05 were considered

statistically significant.
3. Results
3.1. MDMA decreases the number of TH-positive neurons in the SN

To determine whether the regimen of MDMA used in this study affected the dopaminergic neurons in the SN,
TH immunofluorescence was performed. This quantification allows determining whether the MDMA treatment
led to a loss of neuronal bodies. Representative images of TH immunostaining in the coronal section of the brain

of saline and MDMA-treated wild-type and mutant mice are presented in Figure 2.

2 weeks after the treatment, two-way ANOVA showed a significant effect of the variable treatment (F, ;5=16.53,
p=0.001). We observed that MDMA induced a decrease in the number of TH-positive neurons, which was
similar in both strains (WT MDMA 23%; APP MDMA 32%, versus the corresponding saline group). This effect
of MDMA was still present and statistically significant 3 months later (Fig. 2B; two-way ANOVA, effect of
treatment: F, 1,=16.60, p=0.001). Interestingly, at this time, genotype affected almost significantly the number of
dopamine neurons in this area (p=0.06). This suggests that in mature adult transgenic mice there is a tendency to

reduce the number of dopaminergic neurons in the SN.
3.2. Open Field Test
Short-term effects

Explorative behavior was assessed individually in the open field for 10 min one week after the treatment. Two-
way ANOVA showed a significant effect of genotype (F;sqs = 9.043, p<0.01 distance; F; s, = 4.590, p<0.05
speed) and treatment (F, 5, = 5.651, p<0.05 distance; F s, = 7.584, p<0.01 speed) for both parameters. Transgenic
mice exhibited hyperactive behavior. Post-hoc analyses showed statistical significance of the lower rates of
traveled distance and speed exhibited by the WT MDMA group, compared to their matching controls. Although
APP/PS1 mice exposed to MDMA also showed a reduction in their locomotor activity, this decline did not reach

statistical significance (Table 2).

Long-term effects

When the test was applied at the age of 6 months, two-way ANOVA analysis of overall activity indicated a
significant effect of genotype (F, 5 = 12.74 p<0.001 distance; F, 65 = 12.46 p<0.001 speed). Table 3 shows the
values of distance traveled and speed. Transgenic mice exhibited higher total activity than WT mice, but no

differences were found between saline- and MDMA-treated animals of the same genotype
3.3. Dopaminergic parameters and oxidative stress in striatum
3.3.1. Neurotransmitter levels
Short-term effects

This approach has been widely used to characterize the MDMA-induced lesion [4,28]. Results are shown in table
4. The statistical analysis of DA and DOPAC levels did not reach significance due to the great deviations in the
6
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APP Saline group. However, continued exposure to MDMA in WT animals brought to an apparent decrease of
striatal DA levels (41%) and its main metabolite, DOPAC (37%). We can note that levels of SHIIA declined
significantly in WT MDMA group (two-way ANOVA, variable treatment, F, ;5= 7.69, p<0.05).

In transgenic mice, results showed that MDMA, despite provoking a TH reduction in the SN, did not produce
any change in DA levels compared with their matching controls, but reversed the trend of its turnover, estimated

by the ratio of brain tissue levels of DOPAC over DA.

Long-Term effects

Brain monoamine levels are listed in Table 5. Results from two-way ANOVA revealed a significant effect of
genotype (F,; = 6.199, p<0.051) in DA as well as in its turnover (F,,; = 11.93 p<0.01). The APP/PS1 mice
exhibited increased DA levels versus WT animals, whereas DOPAC levels and the DA turnover were decreased,
pointing to a dysregulation in the DA system. MDMA exposure accentuated the decrease in DA turnover in
double transgenic mice. By contrast, neurotransmitter levels were recovered in the MDMA-exposed WT animals

after 3 months of withdrawal.
3.3.2. MAO-A and MAO-B expression
Short-Term effects

Both monoamine oxidases, MAO-A and MAO-B, are enzymes that catalyze the oxidation of monoamines. To
evaluate whether MDMA may affect the DA metabolism in APP/PS1 mice differently than in WT, we
determined the expression of these enzymes. No differences were found in the expression of MAO-A, but the
exposure to MDMA produced a decrease in the expression of MAO-B in APP/PS1 mice (two-way ANOVA:
F, o= 5.146, p<0.05), which might be responsible for the changes in DA turnover detected in this group (Figure 3
A, B)

Long-term effects

Results of MAO-A expression at 6 month-old showed a very significant effect of genotype (F; ;o = 18.61,
p=0.001). The double transgenic mice exhibited a reduction of 40% in MAO-A expression. In this sense, the
exposure to MDMA contributed to these low values. No differences were observed in MAO-B expression

(Figure 3 C, D).
3.3.3. TH and DAT expression
Short-term effects

To assess whether MDMA exposure caused any alteration in striatal dopaminergic terminals, TH and DAT, two
of the main dopaminergic markers, were determined by WB. Results of TH did not show any significant
difference between groups. Therefore, the reduction of TH induced by MDMA in SN is not accompanied by a
decrease of TH in the striatum. However, when statistic were applied to DAT results, it revealed a significant
effect of treatment on DAT expression (F; ;=8.91, p<0.01), especially evident in APP MDMA group (Figure 4
A,B).
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Long-Term effects

3 months after the end of the treatment, TH protein was increased in the APP/PS1 strain (genotype: F, 5 =17.17,
p<0.001). Conversely, the double transgenic mice evidenced a decrease in DAT expression (genotype: F, 3 =

6.21, p<0.05) (Figure 4 C,D).
3.3.4. Mitochondria and oxidative stress

As mentioned above, one of the mechanisms whereby MDMA produces neurotoxicity is through the production
of reactive oxygen species (ROS). Thus we further investigated the role of peroxisome proliferator-activated
receptor gamma co-activator 1 alpha (PGC-1a), since it has been described that PGC-1a is a broad and powerful

regulator of ROS metabolism, coordinating the expression of several genes coding for antioxidant enzymes [31].
Short-term effects

We investigated whether our treatment modified PGC-1a expression, as well as it produced any alterations in
lipid peroxidation. Two-way ANOVA evidenced a significant effect of genotype (F;o = 7.20, p<0.05) and the
interaction genotype x treatment (F; o = 9.64, p<0.05). Particularly, the exposure to MDMA, had opposite effects
in both genotypes, increasing PGC-1a expression in double transgenic animals and lowering it in WT (Figure 5

A).

4-Hydroxynonenal (4-HNE) is a chemotactic aldehydic end-product of lipid peroxidation playing a role in the
harmful effects of oxidative stress. Two-way ANOVA demonstrated a significant effect of genotype (Fio =
15.28, p<0.01), treatment (F,o = 36.40, p<0.001), and interaction genotype X treatment (F,o = 7.87, p<0.05).
Namely, MDMA treatment produced a significant increase in 4-HNE in both phenotypes, which was much

larger in double transgenic animals (Figure 5 B).

Long-Term effects

Regarding PGC-la, statistical analysis exhibited a significant effect of treatment (F,;, = 6.66, p<0.05),

displaying a lasting effect over this master regulator of mitochondria (Figure 5 C).

We further examined the 4-HNE expression and results from two-way ANOVA indicated a significant effect of
the interaction genotype x treatment (F,;; = 41.36, p<0.001). APP/PS1 mice showed higher levels of 4-HNE
than those of WT. The WT MDMA mice still had significantly increased 4-HNE levels, suggesting a persistent
oxidative stress effect whereas, surprisingly, transgenic mice exposed to MDMA did showed a slight decrease in

this product (Figure 5 D).
3.4. Plaque deposition in the striatum of APP/PS1 mice.

To quantify the plaque deposition, Thioflavine S staining was performed. Amyloid plaques were only detected in
the striatum of double transgenic mice aged 6 months. Therefore the results were analyzed using Student’s t-test.
Interestingly, the exposure of APP/PS1 mice to the amphetamine derivative exacerbated the deposition of A in

the striatum of these animals, leading to a very significant increase in the number of plaques (p<0.01) (Figure 6).
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3.5. Age-related differences in explorative behavior and striatal neurochemistry between wild-type

and APP/PS1 animals.

Throughout the experimental process, we observed several differences in the explorative behavior and striatal
neurochemistry between both genotypes. Given the novelty that this point shows, we decided to plot together the
values of these parameters at both time periods in order to better appreciate the different evolution of both
genotypes with age, and to carry out a statistical analysis by means of a three-way ANOVA (variables: genotype,

treatment and age).

3.5.1. Open Field Test

Results showed a significant effect of genotype in both, traveled distance (F;120=18.99, p<0.001) and speed
(F1.120=18.73, p<0.001). Taking only the groups WT Saline and APP Saline, post-hoc analysis evidenced in both
ages, (3 and 6 months old), a significantly higher locomotor activity and speed in the APP/PS1 mice compared to
WT (Figure 7).

3.5.2. Neurotransmitters levels

Likewise than in open field test, APP/PS1 mice revealed progressive changes in neurochemical parameters,
especially in dopaminergic neurochemistry. Three-way ANOVA showed a significant effect of genotype in DA
levels (F,3,=6.17, p<0.05) and DA turnover (F,3,=4.71 p<0.05). The post-hoc analysis indicated that the
evolution of both parameters depends on the genotype. Thus, the APP/PS1 mice showed an increase in DA
levels versus their WT while had a decrease in DA turnover. Regarding noradrenaline, APP/PS1 also showed

increasing levels with ageing, as occurred with DA, although did not reach statistical significance (Figure 8).
4. Discussion

Insults in the early-life may contribute to the development of some neurodegenerative diseases in the adulthood.
Processes like myelination and connectivity continue from pre-natal days to late adolescence. Therefore several
insults during this period could interfere with brain development, but the consequences might not be evidenced
until much later. Previous studies suggested that MDMA may constitute a risk factor for dopaminergic neuron
degeneration [17,32]. Here, we investigated whether chronic administration of MDMA in mice during
adolescence could predispose to the appearance or acceleration of nigrostriatal dysfunction in APPswe/PS1dE9,

a model of FAD.

Apart from the effects of MDMA, we found differences in behavior and striatal neurochemistry between both
genotypes. Hence, we considered worthy paying attention to such differences, since they might probably

modulate the response to MDMA.

Although locomotor activity tended to decline with age in both genotypes, young and mature transgenic adults
showed higher locomotor activity than the wild-type, a feature that was also described by Maroof et al., (2014)
[33]. Also, WT animals displayed a slight reduction of DA levels with age, yet the turnover of this
neurotransmitter was increased. Nevertheless, in APP/PS1 mice the time-course of both parameters was the
opposite. Probably, this may be due to increasing levels of TH and a decrease in DAT and MAO-A expression

observed in striatum at 6 months old. Furthermore, as expected, the mature adult transgenic mice showed higher
9
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levels of lipid peroxidation. Perez et al. (2005) [27] already reported alterations in the nigrostriatal pathway in
these mice consisting in an age-dependent increase in TH immunoreactivity in SN and a significant reduction in
the levels of DOPAC in the striatum, only from age 10-month onwards. However, in their study the animals did
not show any changes in striatal DA levels. This discrepancy with our results might be due to the fact that we
compared animals aged 3 and 6 months; whereas in the study by Perez et al. [27] these ages were put in the same

group, so that any change between 3 and 6 months was unnoticed.

This is the first time that an experimental model of Alzheimer’s disease has been used to study the consequences
of exposure to MDMA. As the goal of the study was to describe the effects of MDMA in the nigrostriatal
pathway in an AD model, we did not focus on the memory alterations that this strain may show. We aimed to
simulate the typical pattern of consumption of MDMA in adolescents by using a dosage schedule that modeled
the recreational use of the drug and we chose 2 time points to evaluate parameters. The first check point was 15
days after the last dose, when the most important effects of MDMA (1-7 days) have already ceased and brain
recovers from the homeostatic changes, leaving only the most persistent changes [17,32]. The other check point
was 3 months after the end of treatment, when the mice were 6-months-old. At that age, the APP/PS1 animals
show amyloid plaques in several areas of the CNS but their number could yet greatly increase after insults such
as exposure to MDMA. Although MDMA is one of the most studied recreational drugs, one of the special

features of this work is that we studied the effects 3 months after ending the treatment.

Our treatment produced an initial reduction in the number of dopaminergic neurons in SN. Under our drug
schedule, the highest dose used was notably lower than the dose established as toxic [28], therefore repeated
binge exposure is essential for the neurotoxic effect. Our results are in agreement with reported dopaminergic
degeneration in SN after sporadic and prolonged exposure to MDMA [17]. This reduction is still present at 6
months-old, suggesting either an irreversible lesion or that recovery takes more than 3 months. This reduction in
nigrostrial functionality would hasten the onset of extrapyramidal symptoms that are not apparent until a

threshold loss has occurred.
4.1. Dopaminergic parameters and oxidative stress in striatum
4.1.1. Short-term effects of MDMA

In the open field test, the amphetamine derivative significantly reduced locomotor activity in mice. This result is
in line with the observed loss of dopaminergic neurons in SN. In the WT group this result is also consistent with
the apparent depletion of DA and its main metabolite DOPAC in the striatum, without changing the DA
turnover. TH and DAT levels are commonly used as markers of DA neurons. Mice exposed to a binge regimen
of MDMA might show a decrease in striatal TH expression and DA reuptake sites [6], depending on the MDMA
schedule and time after treatment [4,32]. In our study, exposure to the amphetamine derivative did not affect
these parameters measured after two weeks of washout. This is in agreement with the findings from Costa et al.
(2013) [17], where the decrease in DA neurons in SN, three weeks after treatment with MDMA, did not run in
parallel with a decrease in the striatal TH. One mechanism responsible for this discrepancy between both areas
could be a neuronal sprouting that took place as a recovery phenomenon after MDMA, and detected only some
time after the drug exposure. Concerning APP/PS1 mice, MDMA treatment did not diminish striatal TH

expression but, when analyzing DAT expression, we found a significant reduction in this group, suggesting an
10
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impaired recovery after dopaminergic injury. This feature, jointly with the decreased MAO-B expression,
suggests a residual effect of MDMA on DA terminal functionality in these transgenic mice, leading to a decrease

in DA turnover, which was probably the responsible for the lack of effect on DA levels in the striatum.

Evidence suggests that mitochondrial dysfunction occurs early in all major neurodegenerative diseases [8,34].
Interestingly, exposure to MDMA produced opposite effects on PGC-1a expression, depending on the genotype.
This different response could be due to two factors. Firstly, exposing APP/PS1 mice to MDMA may produce
greater levels of oxidative stress. This would be in agreement with the levels of 4-HNE observed in this group.
Or secondly, the response to oxidative stress could be different according to genotype. It would not be surprising
since these APP/PS1 mice show mitochondrial alterations at the early age of 3 months [35]. Clearly, both

processes may also have occurred at once.
4.1.2. Long-Term effects of MDMA

Despite the SN lesion still being present 3 months after treatment, no dopaminergic alterations were observed in
the striatum of the MDMA-exposed mice, pointing to a transient effect of the drug in this area. Only the
APP/PS1 mice treated with the drug showed a residual effect in their DA turnover, which was still reduced at the
age of 6 months. This suggests that these mice were unable to recover the basal levels and ran in parallel with a

low expression of MAO-A.

Unlike what occurs in the cortex or the hippocampus, the number of AB-plaques in the striatum at 6 months old
is lower than in these areas due to the pattern of appearance of AP deposition. Early deposition occurs most
prominently in the cortex and, as the animals age, AP deposition becomes more widespread and both the size and
the number of plaques is increased. In animals aged 6 months, the deposition plaque also appears in other brain
zones, such as striatum [11]. Thus the number and size at this stage in the striatum are still low and small in APP
saline. The most novel finding shown in this study is that adolescent exposure to MDMA produces an increase in
the number of AB-amyloid plaques in the striatum of APP/PS1 mice in their early adulthood. The potentiation of
plaque deposition is a finding of great importance and this is the first study showing such potentiation by an
amphetamine derivative in a murine model of FAD. This result opens the door to study if this potentiation takes

place also in other brain areas more directly involved with FAD.

Surprisingly, the expression of PGC-1a remained affected by the treatment. Its increase would probably be a
residual effect of the oxidative stress generated by MDMA. Indeed, as a consequence of this production of ROS,
the results for 4-HNE were still elevated in the WT MDMA animals. Unexpectedly, the 4-HNE levels in the
APP MDMA group were reduced, while these animals exhibited a high increase in deposition of AB. Our
hypothesis regarding this result is that, in the APP MDMA animals, the production of oxidative stress was
constant and much greater than in the WT MDMA mice. In fact, the APP SF group already showed increased 4-
HNE levels compared with WT SF, which indicates a higher basal oxidative stress. The reduced 4-HNE
observed in APP MDMA mice could be explained by an adaptive induction of its metabolic pathway [36] and
with the appearance of senile plaques. In fact, 4-HNE immunoreactivity was identified in neurofibrillary tangles

and some neurons in brain tissue of patients diagnosed with AD, but not in the AP deposits [37].
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In summary, young and mature adult APP/PS1 mice exhibit hyperlocomotion that could be related with the
dopaminergic alterations evidenced in the striatum of animals aged 6 months, namely higher DA levels and
lower DA turnover. Our model of intermittent exposure to increasing doses of MDMA produces a genotype-
independent decrease in dopaminergic neurons in the SN that remains in the adulthood. Although two weeks
after the treatment, striatal DA levels were not decreased by MDMA in APP/PS1 mice, we hypothesize that the
consequences triggered by the drug are more severe in this group, since DAT levels were recovering more
slowly and they showed higher levels of oxidative stress and a changed trend in DA turnover. These disturbances
are age-related characteristics that this genotype develops spontaneously much later in the saline-treated animals.
Therefore, MDMA administration seems to accelerate the appearance of the striatal dopaminergic dysfunction in
this FAD model. APP/PS1 mice exposed to MDMA during the adolescence show an increased amount of AP
plaques in the striatum in early adulthood, probably contributing to a worse prognosis of the neurodegenerative

process associated with the AD.
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Figure 1. Treatment schedule.

Figure 2. Effect of MDMA on TH-positive neurons in the SN, in wild type (WT) and APPswe/PS1dE9 (APP)
mice. Bar graphs A and B show the number of TH positive neurons in SN, 2 weeks and 3 months after the last
exposure to the drug, respectively. Two-way ANOVA showed a significant effect of the variable treatment (2
weeks: F1,15=16.11, P=0.01; 3 months: F1,14 =16.54, P=0.001) Data represent the mean + SEM (n =4-5
animals/group). Post-hoc Turkey test: * p<0.05; ** p<0.01 versus the corresponding saline group. Panels Al-4
and B1-4 show representative photomicrographs of the effects of MDMA on TH immunofluorescence in the SN

at two time points, 2w and 3m, respectively. Scale bar: 200uM.

Figure 3. Quantification of MAO-A and MAO-B expression 2 weeks (panels A and B) and 3 months (panels C
and D) after the last exposition to MDMA or saline in wild type (WT) and APPswe/PS1dE9 (APP) mice.
Proteins were detected and quantified by Western blotting. Representative WB autoradiographs, and the results
of the two-way ANOVA are displayed below each bar graph: n.s. non-significant; $ p<0.05, $$$ p<0.001. Post-
hoc Turkey test: * p<0.05 versus the corresponding saline group. Data represent the means = SEM (n =3-5

animals/group) of normalized values.

Figure 4. Effects of MDMA on the striatal dopaminergic markers TH and DAT 2 weeks (panels A and B) and 3
months (panels C and D) after the last exposition to MDMA or saline in wild type (WT) and APPswe/PS1dE9
(APP) mice. Panels show the protein levels of protein measured by WB. Representative WB autoradiographs are
shown below bar graphs. Results of the two-way ANOVA are displayed in the tables below each graph: n.s. non-
significant; $ p<0.05; $$ p<0.01. Data represent the means + SEM (n=4-5 animals/group) of normalized values.

Post-hoc Turkey tests: * p<0.05 versus the corresponding saline group.

Figure 5. Determination of PGC-1a and 4-HNE levels, 2 weeks after the treatment (panels A and B), and 3
months later (panels C and D), in wild type (WT) and APPswe/PSIdE9 (APP) mice. Representative WB
autoradiographs, and the results of the two-way ANOVA are displayed in the tables below each graph: n.s. non-
significant; $ p<0.05; $$ p<0.01; $$$ p<0.001. Data represent the mean = SEM (n=4-5 animals/group) of
normalized values. Post-hoc Turkey tests: * p<0.05; ** p<0.01 versus the corresponding saline group. & p<0.05;

&& p<0.01 versus same group-treated animals but different genotype.
Figure 6. Thioflavin S staining of B-amyloid plaques in 6 month-old APPswe/PS1dE9 mouse brain. MDMA
exposure induced a very significant increase in the number of AB-depositions. ** p<0.01 versus saline (n=4

animals/group). A, B, C and D representative pictures of thioflavine staining. Str: striatum; Ctx: cortex. Scale

bar: 200uM (panels A and C); 20 uM (panels B and D).
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Figure 7. Comparison of the locomotor activity between 3 and 6-month-old wild type (WT) and
APPswe/PS1dE9 (APP) mice. Considering that three-way ANOVA showed a significant effect of genotype in
traveled distance and speed, the values of the MDMA group were removed from graph to simplify,. Panel A:
distance traveled. Panel B: Speed. I. Data represent the mean £ SEM (n =12-19 animals/group). Post-hoc Turkey
tests: * p<0.05 versus the WT age-matched group.

Figure 8. Temporal evolution of neurotransmitters in wild type (WT) and APPswe/PS1dE9 (APP) mice of 3 and
6 months of age. Three-way ANOVA showed a significant effect of genotype in DA as well as in its turnover. In
order to simplify, values of the MDMA group were removed from graph. Panel A: DA levels. Panel B: DA
turnover. Panel C: Norepinephrine. Data represent the means = SEM (n=4-5 animals/group). Post-hoc Turkey

tests: * p<0.05 versus the WT age-matched group.
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Table 1. A list of antibodies used for the immunoblotting experiments

Protein Antibody Dilution

Tyrosine hydroxylase (TH) TH-612300 (Transduction Laboratories) 1:1000

Monomine Oxidase A (MAO-A) Anti-MAOA (H-70) Sc:20156 (Santa Cruz) 1:200

Monomine Oxidase B (MAO-B) Anti-MAOB (C-17) Sc:18401 (Santa Cruz) 1:500

Dopamine Transporter (DAT) Anti-  Dopamine  Transporter ~ ABI591P 1:500
(Millipore)

Peroxisome proliferator-activated ~ Anti- PGC-1a (H-300) Sc: 13067 (Santa Cruz) 1:500
receptor gamma co-activator 1 alpha

(PGC-1a)

4-Hydroxynonenal (4-HNE) Anti-4-Hydroxynonenal ab46545 (Abcam) 1:500

Table 2. Effects of treatment on locomotor activity in the open field test one week after the end of the treatment,
measured as traveled distance (cm/s) and speed (s). Two-way ANOVA showed a significant effect of variable
genotype and treatment (traveled distance p<0.01; speed p< 0.05). Double transgenic mice showed a hyperactive
behavior. Post-hoc test showed a significant effect of MDMA in WT animals. Data represent the means + SEM

(n=12-18 animals/group). * p<0.05 versus the corresponding saline group.

PARAMETER WT SF WT MDMA APP SF APP MDMA
Distance (cm) 3081.30+160.05 2603.99+132.97* 3634.63+221.95 3201.89+292.25
Speed (cm/s) 5.14+0.27 4.45+£024* 6.06+0.37 5.34+0.49

Table 3. Locomotor activity in the open field 3 months after the last exposition to MDMA. Statistical analysis
showed an effect of genotype (traveled distance and speed p <0.001). Double transgenic mice still showed a
hyperactive behavior compared with WT animals. No effects of MDMA were evidenced. Data represent the

means £ SEM (n=15-18 animals/group).

PARAMETER WT SF WT MDMA APP SF APP MDMA
Distance (cm) 2514.00+£239.9 2573.16+83.13 3306.20+224.25 3401.84+364.59
Speed (cm/s) 4.19+0.40 4.29+0.14 5.50+0.38 5.67+0.6

18

134



Table 4. Effects of treatment on the neurotransmitters levels in striatum two weeks after the end of the
treatment. SHIIA levels declined significantly in WT MDMA group. Although the two-way ANOVA did not
reach significance, residual effects by MDMA exposition were observed in DA, DOPAC levels in WT animals
compared with their matching saline group. Nevertheless, no effects of MDMA were perceived in double

transgenic mice. Data represent the means + SEM (n= 4-5 animals/group). **p<0.01 versus the corresponding

saline group.

PARAMETER WT SF WT MDMA APP SF APP MDMA
(nmols/g wet tissue)

NE 0.66+0.074 0.67+0.19 0.654+0.08 0.69+0.09
DOPAC 14.22+1.28 9.31+0.98 15.57+4.20 11.21£1.96
DA 42.38+5.01 24.76+4.73 41.68+7.68 39.534+2.89
DOPAC/DA 0.32+0.08 0.39+0.03 0.39+0.06 0.28+0.04
HVA 3.87+0.66 2.96+0.62 4.77+0.64 4.25+0.73
SHITIA 1.94+0.14 1.2540.06* 1.81+0.18 1.69+0.11
S5HT 1.24+0.37 1.77£0.33 2.30+0.30 2.68+0.07
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5. Quantification of the neurotransmitters levels 3 months after the end of the treatment. Two-way ANOVA
showed an effect of variable genotype in DA (p=0.05), DOPAC (p<0.01) and in the DA turnover (DOPAC/DA)
(»<0.01). Double transgenic mice exhibited an increase in dopamine levels, while a decrease in DOPAC levels
and the DA turnover. Post-hoc test showed a significant effect of MDMA in the dopamine turnover and DOPAC
levels in APP/PS1 mice. Data represent the means + SEM (n=4-5 animals/group). * p<0.05 versus the

corresponding saline group.

PARAMETER WT SF WT MDMA APP SF APP MDMA
(nmols/g wet

tissue)

NE 0.68+0.06 0.80+0.04 0.77+0.06 0.81+0.07
DOPAC 14.48+1.16 12.83+1.34 13.18+1.45 7.91+1.43*
DA 37.20+2.65 37.70+6.96 51.40+5.35 53.20+6.93
DOPAC/DA 0.41+0.05 0.38+0.07 0.25+0.04 0.13+0.02*
HVA 3.50+0.46 2.89+0.45 3.41+0.67 3.20+0.61
SHIIA 1.60+0.10 1.72+0.11 1.59+0.13 1.57+0.34
SHT 2.70+£0.28 2.24+0.10 2.19£0.15 2.89+0.29
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Figure 4
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Figure 5
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Figure 7
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DISCUSSIO

Encara que el consum de substancies psicoactives ha existit al llarg de
la historia, en les ultimes décades ha pres una nova dimensid. En
I’actualitat la relacio directa entre les societats desenvolupades i el
consum abusiu de substancies psicoactives és notable. Per tant, en
aquest marc, cal destacat que el consum de substancies d’abus
constitueix en I’actualitat un important fenomen social que té especial
repercussio en els adolescents. La prevalenga de 1'is 1 abts de les
drogues en I’etapa adolescent i1 en 1’adultesa primerenca és remarcable.
Tal com s’ha mencionat en la introduccié, ’'MDMA és una de les
drogues predilectes pels adolescents a causa de les seves propietats
entactogenes. En la literatura podem trobar un gran nombre d’estudis
experimentals realitzats sobre els efectes en el SNC d’aquesta
substancia en animals d’experimentacid, perd els diferents autors no
aconsegueixen posar-se d’acord en el seu potencial neurotoxic, ja que
depén molt de la dosis utilitzada, temps de durada del tractament,
model d’experimentacid, edat, soca animal o temps d’abstinéncia de la
substancia. Cal destacar que el nimero d’estudis experimentals
realitzats en animals en edat adolescent constitueix menys d’una quarta
part del total. Les investigacions realitzades durant aquest periode de la
vida son de gran rellevancia per tal de poder similar al maxim les
condicions de consum d’aquesta substancia. Cal insistir que és en
I’adolescencia quan el cervell experimenta una gran remodelacié a
causa del procés de maduracid. Els canvis ocorren a diversos nivells,
des del nivell neuroanatomic, tant en una regié especifica o com en la
seva connexid a diferents regions, a la funcionalitat dels sistemes de
neurotransmissio 1 la seva reactivitat als agents farmacologics tan a curt
com a llarg termini. La naturalesa i el grau pel qual I’exposici6 a
substancies d’abus influencia la topografia final en 1’adult ve
determinada per la fase de maduracié d’aquests factors critics.

Per tant, la present tesi s’ha focalitzat en els efectes en diferents
processos del SNC d’una de les substancies psicoactives més populars
entre els joves adolescents, la 3,4-metieldioximetamfetamina o més
coneguda amb el nom d’¢xtasi o MDMA. Per tal de simular al maxim
els factors que envolten el consum d’aquesta substancia, tots els estudis
s’han dut a terme en animals adolescents i a una temperatura ambiental

147



DISCUSSIO

elevada, imitant d’aquesta manera [’entorn on els adolescents
acostumen a consumir aquestes substancies.

4.1  Estudi dels efectes de PMDMA en la plasticitat i memoria

En els ultims anys s’ha fet evident que I’exposicid repetida a
substancies psicoactives, com 1I’amfetamina, cocaina o ’'MDMA poden
conduir a canvis estructurals, alteracions en el comportament i
transformacions neuroquimiques en el cervell que poden persistir inclas
molt de temps després de que I’administracié de la substancia hagi
cessat. Aquests canvis també poden ser induits a través de processos
com |’aprenentatge o ’estrés i poden alterar substancialment el patrd
d’activacié neuronal. Aquest fenomen es coneix com a neuroplasticitat,
un concepte que €s ampliament considerat com un procés important no
unicament en el desenvolupament saludable de la memoria i
I’aprenentatge, sind també en traumes cerebrals 1 en la recuperaci6 d’un
dany neuronal. Els efectes de les substancies d’abus en els processos
cognitius o d’addiccié comprenen alteracions en la plasticitat cerebral i
en els diferents sistemes de neurotransmissio relacionats amb aquests
processos.

L’MDMA ¢és un derivat amfetaminic en el qual la seva habilitat per
alliberar 5-HT, NA i DA en arees relacionades amb els processos
d’aprenentatge i memoria esta ben establerta (veure introduccid). Com
tamb¢é esta ben establert la seva diferent farmacotoxicologia segons
I’espécie estudiada. En humans, primats i1 rates la seva accid
neurotoxica €s principalment en els terminals serotoninérgics de ’HC 1
cortex, tenint poca o nul-la afectaci6 dopaminérgica, en canvi en
ratolins es considera principalment una neurotoxina dopaminergica, tot
1 que també es descriuen afectacions de terminals serotoninérgics
(Chipana et al., 2006). Aquestes diferéncies poden venir donades pel
tipus de metabolisme de la substancia, ja que esta ben estudiat que el
metabolisme difereix entre especies.

Tal com s’ha explicat en la Introduccio, el metabolisme de ’'MDMA
juga un paper molt important en la diferent neurotoxicitat entre
especies. Molts autors coincideixen en que la metabolitzacid hepatica
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d’aquesta substancia €s necessaria per exercir la seva neurotoxicitat (de
la Torre et al., 2004; Escobedo et al., 2005). Aquesta hipotesi neix a
partir de resultats on ’administraci6 i.c.v. tant de 'MDMA com del seu
metabolit actiu MDA en el cervell no provoquen els mateixos canvis
observats quan aquestes substancies son administrades via periférica
(Esteban et al., 2001). L’administracié i.c.v dels seus principals
metabolits HMMA i HHA, tampoc produeixen la neurotoxicitat
esperada (Johnson et al., 1992; Chu et al., 1996). Els adductes tiocters
amb quinones formats a partir de I’autooxidacié dels metabolits HHAA
1 HHA han estat postulats com les especies més probables d’estar
involucrades en la neurotoxicitat serotoninergica (Miller et al., 1996;
Easton et al., 2003). A més, diferéncies tant en la cinctica de I’enzim
que metabolitza ’'MDMA com en la inhibicié induida per la propia
substancia a través de la formaci6 del complex enzim-metabolit,
suggereixen que pot existir diferent susceptibilitat entre especies a
causa dels diferents index de formacido de les diferents molécules
reactives neurotoxiques (de la Torre & Farré, 2004). Per exemple, en
les femelles de la soca Dark Agouti, I’enzim encarregat de metabolitzar
I’MDMA ¢és absent, el qual explica la seva sensibilitat i toxicitat a
aquesta substancia (Colado et al., 1995). Cal tenir en compte que
I’MDMA provoca una disrupcié en la neuroquimica del cervell que
inclou interaccions dinamiques entre els diferents sistemes de
neurotransmissido que no pot ser minimitzat a un sol mecanisme, perd
aquestes diferéncies entre el metabolisme de les especies podria
explicar la seva diferent neurotoxicitat. A causa d’aquesta discrepancia
entre especies es fa dificil la comparaci6 dels estudis realitzats.

4.1.1 Efectes de ’MDMA en rata

Les accions neurotoxiques de I'MDMA en les neurones
serotoninergiques depenen tant de la dosis administrada com del
nombre d’administracions. A més, la dosis i/o el numero
d’administracions pot afectar diferencialment els diferents marcadors
serotoninergics per determinar la neurotoxicitat, per tant cal diferenciar
entre les dosis que produeixen efectes supressors sobre el metabolisme
de la 5-HT en neurones estructuralment intactes, i les que produeixen
efectes neurodegeneratius del derivat amfetaminic sobre la integritat
estructural dels axons i terminals serotoninérgics (Battaglia et al.,
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1988). En el nostre estudi, en rates adultes la dosis escollida provoca
neurotoxicitat en els terminals serotoninergics del cortex, HC i estriat,
produint una reduccié tant en els nivells de 5-HT com en el nombre de
SHTT, observable a partir de les divuit hores post-administracio, i
parcialment revertida una setmana després en HC i estriat (Pubill et al.,
2003). La taxa de recuperacié neuronal depen de la regid i podria venir
donada per una recuperacio inicial rapida des d’unes hores després de
I’administracié fins quatre setmanes, la qual aniria seguida d’una taxa
de recuperacio definitiva més lenta que podria ocorrer fins un any
després (Battaglia et al., 1988).

En els nostres experiments, una setmana després del regim
d’administraci6 els animals tractats amb el derivat amfetaminic no van
mostrar un comportament depressiu, tal com van indicar els resultats en
el test de natacidé forcada o Forced Swimming Test (FST). D’altra
banda, en el test del camp obert o Open field (OF) els animals sotmesos
a ’MDMA van aventurar-se a restar més temps en el centre de I’area
mostrant un comportament ansiolitic en comparaci6 amb el grup
control. Aquest comportament podria ser el resultat d’una rapida
adaptacidé a un nou entorn. En els darrers anys, I’interés per aquesta
substancia en el camp de la terapéutica ha incrementat a causa del seu
possible us per tractar I’estrés post-traumatic (PSTD) en pacients
resistents a les terapies convencionals (Doblin, 2002; Mithoefer et al.,
2011, 2013, 2016). Mithoefer i col. (2011) van publicar el primer estudi
clinic realitzat en pacients amb PSTD on s’avaluava D’efecte de
I’MDMA per tractar aquest desordre. Tant a la finalitzacio de I’estudi
com en els seguiments realitzats durant setanta-quatre mesos després es
van obtenir resultats positius sense informar de cap efecte secundari
greu (Mithoefer et al., 2011, 2013). S ha hipotetitzat que aquest efecte
ansiolitic seria el resultat d’un increment en 1’alliberaci6 d’oxitocina i
un augment de I’activitat en 1’area prefrontal ventromedial juntament
amb una disminucid de l’activitat en I’amigdala. A més, esta ben
establert que ’'MDMA provoca una alliberament de NA 1 cortisol que
podria facilitar 1’extincié de records associats a situacions perilloses
(Johansen & Krebs, 2009). Conseqiientment, els animals amb uns
nivells d’ansietat més baixos poden gestionar millor les noves
situacions, donant lloc a un increment de I’exploracio.
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En un altre grup d’animals, una setmana després del tractament els
animals van ser sotmesos a la prova del laberint d’aigua o Morris
Water Maze (MWM) per avaluar 1’aprenentatge espacial i la memoria
de referéncia. Els animals tractats préviament amb la substancia no van
mostrar cap deficit en els processos cognitius, per contra van exhibir un
millor aprenentatge en els dies dos i1 quatre, contrariament a 1’esperat.
Per tal d’examinar la flexibilitat en I’habilitat d’aprendre un procés nou,
I’altim dia després de la prova de memoria, es va dur a terme
I’aprenentatge invertit o reversal learning, on la plataforma es troba en
el quadrant oposat i els animals han de ser capagos de re-aprendre la
nova posicio de la plataforma tan sols en tres proves. Tal com el test es
va anar desenvolupant, el grup tractat amb MDMA va demostrar una
millor habilitat en el re-aprenentatge. A la vista d’aquests resultats vam
voler sotmetre els animals a un test de memoria més restrictiu,
disminuint els dies d’adquisicid i incrementant el temps entre proves,
per a dificultar la seva memoritzaci6. Sorprenentment, els animals
administrats amb MDMA van exhibir una millor puntuaci6é tant en
I’adquisici6 com en la prova de memoria. Aquests efectes van
desapareixer un mes després del tractament. En la literatura, els
resultats sobre els efectes de les amfetamines en ’aprenentatge son
motiu de controversia. Per exemple, Sprague i col. (2003) no van
observar diferencies en I’adquisicio en el test MWM en animals tractats
amb MDMA, pero si un deficit en el test de memoria (Sprague et al.,
2003). En canvi, Brown i col. (2000) van descriure que 1’administracid
de D-amfetamina després de cada prova en el MWM facilitava
I’aprenentatge d’aquesta tasca (Brown et al., 2000). Cal destacar que el
grau de la lesid, el deficit que aquesta pugui provocar i la taxa de
recuperacio depenen de diversos factors mencionats anteriorment.
S’han descrit diferéncies en I’efecte de 'MDMA segons 1’edat de
I’animal (Broening et al., 2001; Thompson et al., 2009). Aixi, s’ha
observat que els animals periadolescents sobn més resistents als efectes
d’aquesta substancia. Colado i col. (1997) van descriure que el cervell
de rates joves disposava d’un alt sistema de captura de radicals lliure
que fa que aquests animals siguin més resistents als efectes neurotoxics
de 'MDMA (Colado et al., 1997). A més, I’estadi de maduracio en el
qual es troba el cervell en el moment de I’exposicido també juga un
paper molt important en 1’esdevenir dels resultats, ja que els principals
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sistemes de neurotransmissié es troben en fase de remodelacio.
Addicionalment, els efectes de 'MDMA en el MWM semblen
dependre, a més d’aquests factors, de I’estrés (D’Hooge & De Deyn,
2001). En el nostre estudi els animals exposats al derivat amfetaminic
van mostrar un comportament ansiolitic, el qual podria ajudar a la
capacitat d’adaptacio en front d’una situacions nova. Cal recordar que
el MWM es considera un test de motivacioé aversiu, el qual pot suposar
un cert grau d’estres pels animals. De fet, aquests resultats tampoc ens
haurien de sorprendre si es té en compte que els derivats amfetaminics
indueixin un increment en la capacitat de concentracio, com és el cas
d’un analeg, el metilfenidat, utilitzat en terapéutica pel tractament del
deficit d’atenci6 i1 hiperactivitat en nens.

Les alteracions en el comportament i en certes funcions fisiologiques
venen donades per alteracions a nivell molecular. Canvis en I’HC que
resultin de D’aprenentatge, 1’enriquiment ambiental, el consum de
substancies d’abus o d’una recuperacidé després d’un dany cerebral
estan tots ells associats amb alteracions estructurals en circuits
rellevants del SNC. Entre moltes altres neuroadaptacions que ocorren
després de D’administraci6 repetida d’aquestes substancies, s’han
observat alteracions en la morfologia cel-lular incloent canvis en les
espines dendritiques. La sinaptogenesis associada amb les experiéncies
com D’aprenentatge o la complexitat ambiental es reflecteix en canvis
en el nombre d’espines dendritiques o modificacions en la forma de les
ja existents (Rampon et al., 2000; Tsay & Yuste, 2004).

En el nostre estudi el tractament amb MDMA va produir una
disminuci6 d’espines dendritiques en la regi6 CAl de ’'HC dotze dies
després del tractament, conseqiiéncia probablement relacionada amb
I’efecte neurotoxic de la substancia sobre els terminals serotoninérgics.
Aquest efecte va ser revertit quan els animals van ser sotmesos al test
del MWM. Quan es va comparar la densitat d’espines entre els animals
sotmesos al MWM en front dels que no van realitzar la prova es va
observar un increment significatiu en els animals entrenats. A més a
més, aquests animals també van presentar un increment dels nivells de
la proteina PSD95, un marcador sinaptic. Es important emfatitzar que
el tipus d’alteracions estructurals observades amb la técnica de Golgi
no proporciona informaci6é del funcionament cel-lular o dels propis
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circuits. De fet, alteracions aparentment similars en les dendrites
produides per diferents tractaments, pot tenir resultats molt diversos en
la funcionalitat i circuit cel-lular si els inputs sinaptics estan reordenats
diferentment. A més a més, la resposta pot ser totalment diferent segons
I’area estudiada. (Robinson & Kolb, 2004).

Diverses hipotesis podrien explicar els efectes neuroplastics en els
animals tractats amb el derivat amfetaminic. L’'MDMA actua com
agonista del receptor 5-HT2a, el qual es troba extensament expressat en
arees corticals, on participa en processos d’atencio. A més a més, s’ha
observat un efecte positiu en aquest sentit dels agonistes dels receptors
5-HTzanc, que podria ser particularment eficient en situacions on la
dificultat de la tasca es troba incrementada, com seria ¢l cas del MWM
restrictiu (Buhot et al., 2000). Tanmateix, ’'MDMA provoca també un
alliberament d’acetilcolina en el PFC que podria ser el resultat d’una
accid indirecta de la propia substancia o a través de 1’activacio dels
receptors 5-HT> (Acquas et al., 2001; Nair & Gudelsky, 2006). La gran
majoria de receptors serotoninergics interaccionen amb el sistema
colinergic en I’HC 1 el cortex frontal, els quals representen els
principals substrats subjacents en els processos d’aprenentatge i
memoria.

Tant la 5-HT com el factor trofic BDNF juguen un paper clau en la
regulacid sinaptica, neurogenesis 1 la superviveéncia cel-lular en el
cervell adult. Aquestes dos senyals funcionen sovint com un conjunt
per regular aquests processos de plasticitat. L’activacio dels receptors
de 5-HT acoblats a la producci6 d’cAMP 1 D’activaci6 de CREB
indueixen la transcripcio del gen de BDNF. D’altra banda, el BDNF pot
estimular el creixement 1 ’sprouting en els axons de neurones
serotoninergiques, incrementant d’aquesta manera el nombre de
sinapsis. Tant el BDNF com la 5-HT poden activar gens que actuen de
manera complementaria en la plasticitat neuronal i1 la supervivencia
cel-lular (Mattson

et al., 2004). En el nostre estudi, els nivells de BDNF es van veure
augmentats pel tractament de ’'MDMA, els quals van ser majors,
encara que no significativament, en els animals sotmesos a
I’aprenentatge. Diversos autors han observat una regulacio a 1’alga en
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I’expressi6 de BDNF en diferents arees del cervell després de
I’administraci6 de I"MDMA, que pot diferir segons el regim
administrat o el temps d’abstinéncia de la substancia (Martinez-
Turrillas et al., 2006; Hemmerle et al., 2012). Addicionalment,
Angelucci i col. (2010) van reportar nivells elevats de BDNF en sérum
en consumidors d’MDMA (Angelucci et al., 2010). L’increment de
BDNF observat en els nostres animals podria ser un mecanisme
compensatori del cervell per restaurar el dany serotoninergic, o el
resultat de 1’activacid per part de 'MDMA de diferents receptors, com
els receptors serotoninérgics acoblats a proteines G, els quals activarien
quinases dependents de Ca** o dependents de diacilglicerol (DAG), o a
través dels receptors nicotinics a7 que sabem associats a la via BDNF-
TrkB (Tyrosine receptor Kinase B, el receptor del BDNF) (Serres &
Carney, 2006). Cal destacar que el BDNF incrementa la densitat
d’espines dendritiques 1 en les sinapsis millora la LTP, procés vinculat
amb I’enfortiment sinaptic relacionat amb 1’aprenentatge i la memoria
(Alonso et al., 2004; Bramham & Messaoudi, 2005).

Per tant, ’administraci6 d’aquest regim d’MDMA sobre rates
adolescents no tan sols no ha produit un déficit de memoria en els
diferents test realitzats, sind que sota condicions restrictives o de més
dificultat, el grup tractat amb el derivat amfetaminic va gestionar millor
aquests tests obtenint millors resultat. Aquesta millora es correlaciona
amb un increment en la densitat de les espines dendritiques en la regio
CALl de I’'HC. Aquest resultat podria ser la conseqiiéncia d’una sinergia
entre la plasticitat produida per la propia substancia juntament amb la
plasticitat que genera el procés d’aprenentatge i memoria. L’increment
de BDNF observat en els animals tractats podria estar involucrat en el
mecanisme subjacent de plasticitat. No podem descartar que aquesta
millora en DP’aprenentatge i la memoria sigui per un increment en
I’atenci6 de 1’animal a través de 1’activacio dels receptors 5-HT2a, 0
per una disminucié de D’ansietat amb una rapida adaptacié a les
situacions noves, o per la combinacié dels dos processos.
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4.1.2 Efectes de ’MDMA en ratoli

En el cervell de ratoli, aquesta substancia mostra un perfil neurotoxic
que difereix significativament de I’observat en rates (O’Shea et al.,
2001), on els efectes d’aquesta substancia recauen principalment en
I’estriat mostrant poca afectacid a nivell ’HC. A més a més, sembla
tenir molt poc efecte sobre I’enzim TPH en el cervell de ratoli (Green et
al., 2003). De manera que estudis focalitzats en les conseqiiencies a
llarg termini sobre 1’efecte d’aquesta substancia en ’'HC de ratoli son
escassos. Ha quedat evidenciat que 'MDMA ¢és capag¢ de produir
plasticitat en I’HC i afectar els processos cognitius, per tant 1’objectiu
principal de I’estudi amb ratolins va ser determinar 1’efecte d’aquesta
substancia sobre la plasticitat i la memoria, en un model que no
produeix toxicitat serotoninérgica.

Per tal d’imitar el consum classic d’MDMA en els joves adolescents
durant els caps de setmana, es va escollir un régim de dosificacié
setmanal on les dosis es van anar incrementant paulatinament al llarg
del tractament. Cal destacar que la finalitat principal de I’estudi no era
provocar un efecte neurotoxic dopaminergic, per tant la dosis més alta
utilitzada va ser molt menor que 1’establerta com a toxica (dosis toxica:
25mg/kg, 3 cops al dia) (Colado et al., 2001), encara que la durada del
tractament va ser extensa per tal d’abastar tot el periode adolescent 1
I’adultesa primerenca. Com s’ha esmentat amb anterioritat, les
substancies psicoestimulants produeixen modificacions estables en el
cervell que poden durar molt de temps inclus després d’haver deixat de
consumir la droga. Conseqiientment, es va voler determinar si els
efectes produits a curt termini podien ser encara observats mesos
després de cessar I’administraci6. Aixi, els animals es van sacrificar
quinze dies (curt termini) o tres mesos (llarg termini) després de
I’0ltima dosis.

Per wvalorar si el tractament havia provocat neurotoxicitat
dopaminérgica es van determinar els nivells de neurotransmissors en
estriat i es va comptabilitzar el namero de neurones TH® en SN.
Malgrat no utilitzar dosis neurotoxiques, dos setmanes després del
tractament els animals exposats al derivat amfetaminic van mostrar una
reduccid en el nimero de neurones dopaminergiques en SN. Per tant,
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cal remarcar que tot i utilitzar dosis per sota de 1’establerta com a
toxica, la durada de I’exposici6 €s un component clau en la
neurotoxicitat d’aquesta substancia. Aquest resultat observat en SN
concorda amb els resultats observats per Costa i col. (2013) on també
van reportar una reduccid del nimero de neurones dopaminérgiques
amb un tractament no toxic, perllongat i esporadic d’MDMA (Costa et
al.,, 2013). Aquesta reduccid encara va ser evident tres mesos post-
tractament, indicant un efecte irreversible sobre aquestes neurones. La
falta de recuperacio neuronal estaria en acord amb ’estudi de Granado 1
col. (2008) els quals també van descriure una reduccié en el nombre de
neurones dopaminergiques en la SNpc un més després d’un régim
neurotoxic, concloent que 1’efecte de ’'MDMA sobre aquestes neurones
era irreversible (Granado et al., 2008b).

En referencia a D’estriat, els nivells de DA 1 el seu principal metabolit
DOPAC es van veure lleugerament reduits a curt termini en els animals
exposats al derivat amfetaminic. Aquesta disminuci6 de DA es va
correlacionar amb una reduccio de 1’activitat locomotora observada en
aquests grup. Tant els nivells de neurotransmissors com 1 activitat
locomotora es van recuperar tres mesos després, indicant aixi un efecte
transitori sobre aquests marcadors. Aix0 suggeriria un increment en la
sintesi de catecolamines o un fenomen compensatori d’sprouting dels
terminals dopaminergics (Granado et al., 2008b; Costa et al., 2013).

En canvi, quan vam determinar els nivells de la proteina TPH> en HC,
un marcador serotoninérgic, no es van observar canvis pel tractament
amb MDMA en cap dels dos periodes analitzats. Per tal d’estudiar els
efectes sobre la memoria, tots els animals van realitzar el test de
reconeixement d’objectes una setmana abans del sacrifici. El grup
tractat amb el derivat amfetaminic no va manifestar diferéncies respecte
al seu control quan en el test es va utilitzar un temps de retencid curt
(1h), en canvi amb un temps de retencio llarg (24h) si que van exhibir
un deficit de memoria, el qual encara va ser evident amb els animals
que van realitzar el test tres mesos després. Aquestes diferencies
podrien ser degudes a que el tractament afectés diferents arees. S’ha
descrit que mentre el cortex perirrinal esta involucrat en el
reconeixement d’objectes després d’un interval de retencio curt, ’'HC
¢s responsable pel reconeixement d’objectes després d’un interval de
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retenci6 llarg (Reger et al., 2009). Per tant, ’HC mitjangant la
codificaci6 de la memoria de I’objecte, intervé en la forta preferéncia
per I’objecte nou després d’un interval de retencid llarg, perd no breu
(Hammond et al., 2004). Aixi, malgrat la no observar canvis en la TPH»
en I’HC, sembla que el tractament amb IMDMA va afectar
significativament el funcionament d’aquesta estructura. Diversos autors
han reportat en rata canvis a llarg termini en diferents comportaments
després de 1’administraci6 d’MDMA sense produir déficits en els
nivells de 5-HT o en el 5-HTT (Fone et al., 2002; Rodsiri et al., 2011).

L’expressio especifica de determinats gens d’expressié6 immediata
(IEGs: immediate-early genes) es induida per ’activitat neuronal, que
produeix canvis estables en les sinapsis (Abraham et al., 1993; Worley
et al., 1993), i per la formacié de certes conductes (Nagahara & Handa,
1995; Vann et al., 2000). Aix0 ha donat lloc a la hipotesi que

I’expressio d’aquests IEG juguen un paper en els mecanismes de
neuroplasticitat necessaris pel procés de consolidacié de la memoria
(Robertson, 1992; Dragunow, 1996; Tischmeyer & Grimm, 1999).
L’activacio dels receptors D1 pot induir una fosforilaci6 del factor de
transcripci6 CREB via cAMP 1 PKA, el qual sota la seva forma
activada desencadena 1’expressio de certs IEG, com Arc, c-Fos i Bdnf
(Lovenberg et al., 1991). En el nostre estudi, els animals sotmesos al
derivat amfetaminic van mostrar uns nivells de fosforilaci6 de CREB
elevats inclus dos setmanes després del tractament. A més a més,
aquest increment en la fosforilaci6 va anar acompanyat per un
increment de 1’expressio tant genica com a nivell de proteina de c-Fos,
indicant una forta activaci6 cel-lular. Resultats similars van ser
publicats per Calabrese 1 col. (2013) els quals van observar un
increment tant de I’expressio de c-Fos com Arc un més després d’un
tractament amb amfetamina durant set dies (Calabrese et al., 2013). Els
autors hipotetitzen que 1’augment sostingut d’aquests IEGs podria ser el
resultat d’un enfortiment exagerat de les sinapsis el que representaria
un estimul que interferiria en la neuroplasticitat fisiologica a causa
d’una saturaci6 sinaptica. D’altra banda, alguns autors suggereixen
també que I’expressid continuada de c-Fos precedeix a la mort
cel-lular, indicant aixi que un increment perllongat en aquest IEG
actuaria com a marcador de mort neuronal (Schreiber et al., 1993;
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Smeyne et al., 1993; Sakhi et al., 1994). Tres mesos despres els nivells
tant de c-Fos com de p-CREB van ser restaurats.

L’activaci6 de CREB també porta a la regulacio d’Arc, el qual juga un
paper important en la plasticitat sinaptica, reorganitzant el citoesquelet i
regulant I’activitat de la CaMKII localitzada en les dendrites (Lyford et
al., 1995; Wallace et al., 1998). L’expressio d’Arc es regulada per
I’estimulacié que indueix la LTP i per ’activitat fisiologica neuronal.
Un altre regulador d’Arc és el BDNF, on s’ha descrit que I’aplicacié
local de BDNF en I’HC desencadena LTP, la qual esta associada amb
I’activacio de CREB dependent de la quinasa que regula I’expressio
extracel-lular (ERK: extracellular signal-regulated protein kinase) i la
regulaci6 a I’alga d’Arc, que és rapidament alliberat a les dendrites on
alli es traduit (Ying et al., 2002). En el nostre estudi I’expressi6 genica i
els nivells de proteina d’Arc van incrementar a curt termini després de
I’administraci6 de I’'MDMA, mostrant aixi un fort efecte sobre la
plasticitat. Tres mesos després del tractament encara va ser evident un
increment en 1’expressio genica d’Arc, indicant un efecte perllongat en
la plasticitat. Beveridge i col. (2004) van observar un increment del
mRNA d’Arc en la CAl vint-i-dos dies després d’una tunica dosis
d’MDMA en rates, per tant tenint en compte el nostre régim de
tractament de vuit setmanes no es sorprenent que tres mesos després els
nivells del mRNA encara estiguin elevats. Aquests autors hipotetitzen
que la inducci6 d’Arc no es controlada per la 5-HT, ja que la
disminucié d’aquest NT no sembla atenuar I’expressio d’Arc. A més
especulen que 1’augment d’Arc podria interrompre la plasticitat
neuronal 1 desencadenar una disfuncid cognitiva (Beveridge et al.,
2004). A més a més, s’ha reportat que el tractament amb
metamfetamina 1 cocaina també incrementa els nivells d’Arc en
diferents zones del cervell i que aquest increment es revertit pels
antagonistes del receptor D1 (SCH23390) o per I’antagonista dels
receptors NMDA (MK-801) (Fosnaugh et al., 1995; Kodama et al.,
1998). Tenint en compte que ’'MDMA produeix un alliberament tant
de dopamina com de glutamat en HC (Anneken & Gudelsky, 2012),
podriem especular que aquest increment d’Arc podria venir mediat per
I’activacio dels receptors D1 i els NMDA, la qual podria mostrar una
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potenciacié sinérgica per induir 1’expressio del mRNA d’Arc (Kodama
et al., 1998).

Dues setmanes després del tractament també es va observar un
increment del mRNA del Bdnf, que no va anar acompanyat d’un
augment de la sintesi proteica. A nivell cel-lular 1’expressid del
mRNA augmenta quan els receptors glutamatergics tipus AMPA son
activats (Zafra et al., 1990; Lauterborn et al., 2000). A més a més, s’ha
observat que un increment de Ca®" a través dels receptors NMDA
també pot incrementar I’expressid6 del mRNA. Hem descrit que un
tractament amb MDMA pot produir una disrupcié en la homeostasis
del Ca*" que pot afavorir un alliberament de glutamat en I’'HC (Abad et
al., 2014), el qual podria donar lloc a aquest increment d’expressio del
mRNA. Contrariament als resultats observat a curt termini, tres mesos
després vam observar només un increment en la proteina de BDNF, ja
que tal com hem observat en I’estudi en rata un tipus d’exposicié més
curta 1 neurotoxica, difereix amb els resultats obtinguts en ratoli a curt
termini. Aquesta diferéncia entre 1’expressio 1 la sintesi de proteina
mostra que una exposicid perllongada a I’MDMA pot afectar
diferencialment la regulacié de la transcripcio 1 traduccié del BDNF.
Aquestes discrepancies també van ser observades després d’una
exposicid repetida amb cocaina, indicant una afectaci6 de la
transcripcié 1 traduccid, i una alteracid en el processament de la
neurotrofina (Fumagalli et al., 2007). Cal dir que diversos autors han
confirmat un augment en els nivells de BDNF (Meredith et al., 2002;
Graham et al., 2007), que es consoliden 1 persisteixen en el temps
durant I’abstinéncia a les substancies psicoestimulants (Grimm et al.,
2003; Pu et al., 2006). Per exemple, Grimm 1 col. (2003) van observar
un increment dels nivells proteics de BDNF tres mesos després de
finalitzar el tractament amb cocaina en 1’area ventral tegmental (VTA),
amigdala 1 en el nucli accumbens (NAc) (Grimm et al., 2003). Els
autors correlacionen aquest increment amb els processos de
sensibilitzaci6 i d’addiccio induits per les substancies d’abus.

Esta ben establert que els receptors NMDA estan implicats en les

conductes addictives en les drogues d’abus, a més de ser necessaris per
la plasticitat sinaptica associada als mecanismes d’aprenentatge i
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memoria. S’ha descrit que el complex de la subunitat NR2B amb la
proteina PSD-95, una proteina post-sinaptica que es troba
exclusivament localitzada a les sinapsis glutamatérgiques, juga un
paper important en la regulaci6 de la sinaptogeénesis, plasticitat
sinaptica i en els processos d’aprenentatge i memoria (Migaud et al.,
1998; Kennedy, 2000). També¢ la subunitat NR1 dels receptors NMDA
de la CA1 d’HC esta implicada en la formacio de la LTP hipocampal.
La sinaptofisina és una proteina que es troba a les vesicules pre-
sinaptiques que contenen el NT i estaria involucrada en la formacié de
les sinapsis i1 I’exocitosis (Wiedenmann & Franke, 1985). En el nostre
estudi 1’tnic que va mostrar una tendéncia a la baixa en els seus nivells
totals va ser la subunitat NR1, mentre que en els altres marcadors no es
va observar cap canvi significatiu. Cal recordar que I’inica subunitat
indispensable per la formacié dels receptors NMDA ¢és la NR1, per tal
aquesta tendencia a la baixa podria indicar una alteracid en aquests
receptors. Que no s’observin alteracions en la NR2B podria ser per un
canvi en la formaci6 de les subunitats dels receptors, ja que esta descrit
que tal com els individus maduren aquesta subunitat és intercanviada
per la NR2A, la qual també esta unida a la PSD9S5 (Tsien, 2000; Li &
Tsien, 2009).

En base als resultats, es podria postular que un increment en la
plasticitat podria donar lloc a una plasticitat maladaptativa, 1
conseqiientment ser la causa dels deficits de memoria observats en els
animals. D’altra banda, si és t¢ en compte la hipotesi que una
expressio sostinguda de c-Fos és un preludi de mort neuronal, també
podriem especular que el tractament hagués causat més toxicitat a ’HC
que la propiament esperada, 1 que I’increment sostingut tant d’Arc com
BDNF fos un mecanisme compensatori del cervell per intentar restaurar
el dany produit.
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4.2 Estudi dels efectes de PMDMA en un model d’excitotoxicitat

S’han descrit alguns casos on el consum d’MDMA produeix
convulsions, probablement relacionades majoritariament amb els seus
efectes sistémics, com la hiponatrémia i la hipertérmia (Zagnoni &
Albano, 2002; Giorgi et al., 2006). A més aquest efecte també pot venir
donat per alteracions en el sistema monoaminergic o glutamatergic, ja
que recentment s’ha publicat que ’'MDMA ¢és capag¢ d’alliberar
glutamat en I’HC (Anneken & Gudelsky, 2012). Tal com s’ha
mencionat anteriorment, un augment de glutamat pot donar lloc a un
procés excitotoxic, i son pocs els estudis que s’han focalitzat en els
efectes de ’MDMA sobre aquest procés.

Per dur a terme ’estudi es va utilitzar, igual que en I’estudi anterior, un
régim de tractament que imita el consum recreatiu dels adolescents amb
dosis que incrementen setmanalment que va abastar, en aquest cas,
només el periode d’adolescéncia (quatre setmanes). Es va utilitzar un
temps de tractament més curt considerant que els efectes que voliem
determinar eren a curt termini. Per tal de valorar la toxicitat del
tractament es va realitzar ’estudi de la densitat dels transportadors,
DAT en estriat 1 5-HTT en hipocamp, el qual va revelar que el regim de
dosificaci6 utilitzat no va produir toxicitat en els terminals.

L’avaluaci6 de I’aparici6 i la intensitat de les convulsions, vint-i-quatre
hores després de 1’ultima dosis ’MDMA, va demostrar que 1’exposicid
al derivat amfetaminic va potenciar les convulsions induides pel KA,
augmentant tant la intensitat de les convulsions com el numero
d’animals que van convulsionar, a més de disminuir el temps de
laténcia. Aquesta potenciacid va ser evident sobretot quan els animals
van ser injectats amb la dosis de 20mg/Kg de KA, considerada en
aquesta soca com a dosis baixa o moderada (Sonn et al., 2010). Aquests
resultats es troben en concordanga amb els publicats per Giogi i col.
(2005), on un tractament previ amb diferents dosis acumulatives
d’MDMA va incrementar la susceptibilitat a les convulsions induides
per KA. FEls autors descriuen alteracions persistents en els
encefalogrames 1 una hiperactivitat latent metabolica en els ratolins
exposats a ’'MDMA, factors que relacionen amb 1’alta susceptibilitat
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d’aquests animals a les convulsions provocades pel KA (Giorgi et al.,
2005). En el nostre estudi vam observar una alteraci6 en la homeostasis
ionica cel-lular acompanyada d’una disminuci6 en les proteines d’unid
al Ca*" (CaBP: Calcium Binding Proteins), que a més de contribuir al
control de la concentracid intracel-lular d’aquest catio i participar en
nombroses funcions cel-lulars (Yafiez M. et al., 2012), marquen
subpoblacions de neurones GABA¢érgiques, per tant canvis en aquestes
proteines o en la homeostasi del Ca®" pot desencadenar un procés
d’excitabilitat.

Un dels resultats a destacar a nivell molecular és la potenciacio, en els
animals tractats préviament amb I’'MDMA, de la neurodegeneracid en
I’area CA1 i de ’astrogliosis, tant en la CA1 com en el DG de I’'HC,
induides pel KA administrat a la dosis de 30mg/kg. Aquesta
potenciacid podria venir donada per un increment en la concentracid
del glutamat extracel-lular per part de ’'MDMA 1 potenciat pel KA.
Anneken 1 col. (2012) van descriure un increment sostingut de glutamat
en ’HC després de diverses administracions del derivat amfetaminic,
postulant que aquest augment podria ser el resultat de 1’activaci6 dels
receptors 5S-HT24 localitzats als astrocits, per part de la 5-HT alliberada
per ’'MDMA (Anneken & Gudelsky, 2012; Collins et al., 2015).
L’activaci6 d’aquests receptors dona lloc a 1’activaci6 de la
ciclooxigenasa (COX), la qual incrementa la formacié de prostanoids, i
aquests alliberen glutamat des dels astrocits (Anneken et al., 2013). Cal
destacar, que I’activacid d’aquests receptors incrementa 1’alliberament
de glutamat de manera Ca*>" dependent (Meller et al., 2002), i tal com
s’ha observat en aquest estudi, TMDMA pot produir un increment
persistent de Ca®". Per tant, I’alliberament de glutamat induit per
I’MDMA podria ser el responsable d’aquesta potenciacié en la mort
neuronal. Conseqlientment, en aquest grup I’increment en la
neurodegeneraci6 va anar acompanyat d’un augment en ’astrogliosis,
probablement a causa d’una major toxicitat, i d’un increment de
mediadors inflamatoris induits per I’exposicio a ’'MDMA (Anneken et
al., 2013).

D’altra banda ni el KA 20mg/kg ni 1’exposicié a ’'MDMA van induir
per se degeneracid neuronal i/0 neuroinflamaci6. L’abséncia de mort
neuronal 1 inflamacidé en els animals tractats amb el derivat
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amfetaminic es correlaciona amb la falta de toxicitat en els terminals
dopaminérgics i serotoninergics.

Alguns autors afirmen que 'MDMA causa toxicitat més enlla dels
sistemes dopaminergics i serotoninergics. En la hipotesi de la toxicitat

de ’'MDMA descrita per Sprague i col. (1998), la qual es centra en el
paper de la DA, les interneurones GABA¢rgiques hi juguen un paper
clau (Sprague et al., 1998). Alguns autors han confirmat ’afectacio
d’aquestes neurones per I’administraci6 d’MDMA (Armstrong &
Noguchi, 2004; Anneken et al., 2013; Collins et al., 2015). En I’'HC, les
CaBP, com la Parvalbumina (PV), Calbindina (CB) i Calretinina (CR),
s’expressen en diferents subpoblacions d’interneurones
GABAc¢rgiques, I’expressio de les quals es troba disminuida després de
I’administracié de KA (Best et al., 1993; Kotti et al., 1996; Yang et al.,
1997; Junyent et al., 2011). Donat que la mort neuronal produida pel
KA s’atribueix a un increment de Ca®' intracel-lular resultat de
I’activacio dels receptors glutamatergics, s’ha suggerit la contribucid
d’aquestes proteines en la neuroproteccio en front d’aquesta toxina, ja
que desenvolupen un paper clau en el tamponament del Ca’** i en la
participacio de nombroses funcions cel-lulars, com el transport d’aquest
catio a través de les membranes. Cal recordar, que el nostre laboratori
va descriure un increment en el Ca®" intracel-lular induit per 1’exposici6
a 'MDMA a través dels receptors nicotinics a7 (Garcia-Ratés et al.,
2010). En base aquestes dades previes vam voler determinar ’efecte de
I’MDMA sobre aquestes proteines i comparar-ho amb els efectes
produits pel KA.

El perfil d’expressido que van mostrar les CaBP estudiades després de
I’administraci6 d’MDMA en animals adolescents va ser similar a
I’observat en els animals tractats amb KA 30g/Kg. Diversos estudis han
descrit una disminucid en la proteina CB després de 1’administracio de
KA, reflectint una pertorbacié en la homeostasis del Ca®" i suggerint
que aquesta alteracio en I’expressié de CB podria estar involucrada en
el baix llindar de les cél-lules a les convulsions (Sloviter, 1989; Yang et
al., 1997). L’exposici6 a ’'MDMA va causar una forta reduccié en els
nivells de CB a l’area CAl de I’HC quaranta-vuit hores post-
administraci6, observant-se el mateix patrd en els animals administrats
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amb KA30. Probablement, aquesta reduccio es deu a una disrupcio de
la homeostasi del Ca’, suggerint alteracions en la dinamica d’aquest
cati6 convertint les cél-lules més susceptibles a un estimul excitatori
posterior. A més a més, en el cas de ’'MDMA, aquesta reducci6 podria
ser atribuida també al fet que les aferents serotoninergiques del nucli
del rafe mitja, les quals estan afectades per I’exposici6 a aquesta
substancia  (Sharkey et al.,, 1991) innerven interneurones
GABAérgiques CB" (Freund et al., 1990). En el nostre estudi,
I’exposicié repetida al derivat amfetaminic va mostrar una lleugera,
perd no significativa, disminuci6 en la densitat dels terminals
serotoninergics, que podria donar lloc a una disminucié en aquesta
proteina. Els nivells de CB en la CAl van ser restablerts quatre dies
després de ’administracié de ’'MDMA. En el DG ’'MDMA va causar
un efecte similar a I’observat en la CA1 a curt termini, en canvi quatre
dies després del tractament els resultats van mostrar una regulacio a
I’al¢ga de I’expressi6 d’aquesta proteina, possiblement a causa d’un
mecanisme compensatori que podria ser degut a un increment en la
neurogenesis o a una estimulaci6 de la sintesi de la proteina (Lee et al.,
1997; Carter et al., 2008). De fet, s’ha descrit que després d’un dany
neuronal la neurogenesis incrementa en la zona subgranular del DG
(Parent et al., 1997; Sharp et al., 2002; Dong et al., 2003), on en
aquesta zona el marcatge amb CB s’utilitza com un marcador de
neurones madures (Brandt et al., 2003; Von Bohlen Und Halbach,
2007).

El patro d’expressio de la CR després de I’administraci6 de ’'MDMA
va ser similar a I’observat per la CB, encara que 1’efecte sobre 1’area
CA1l de I’HC va ser més pronunciat. Cal destacar que I’area més
afectada pel tractament amb MDMA respecte a 1’expressio d’aquestes
proteines va ser la CA1, sobre la qual es va observar una potenciacio de
la neurodegeneracio. Per tant, podriem hipotetitzar que una disminucid
robusta d’aquestes proteines tamponadores de Ca®" deixa les cél-lules
més vulnerables a possibles estimuls excitatoris posteriors, donant lloc
a un increment en la mort neuronal. Els nivells de CR van tornar als
nivells basals quatre dies després del tractament en les dos arees
estudiades. D’altra banda, Dominguez i col. (2003) van descriure un
increment en el marcatge de CR en la zona subgranular del DG després
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d’un tractament amb KA. Els autors van concloure que les cél-lules
immunoreactives per CR, malgrat presentar caracteristiques de cel-lules
immadures, no eren producte d’una neurogeénesis reactiva, suggerint
que podien representar un reservori de cél-lules granulars pre-existents
no completament diferenciades que reaccionen en front d’un dany
(Dominguez et al., 2003). Curiosament, |’exposicié al derivat
amfetaminic, al igual que amb kainat, va produir un increment en el
marcatge de cél-lules CR" en la zona subgranular del DG als dos temps
estudiats. Diversos estudis han reportat que un tractament amb MDMA
afecta la neurogénesis en la zona subgranular de I’'HC. Aixi, Catlow i
col. (2010) van descriure alteracions en la proliferacio i Ia
superviveéncia de la cel-lula de nova sintesi de manera dosis-dependent
en animals adolescents després d’un tractament amb MDMA (Catlow
et al., 2010), mentre que en animals adults la capacitat proliferativa dels
progenitors hipocampals no es va veure afectada pero si la
superviveéncia de les cel-lules adultes generades de nou (Herndndez-
Rabaza et al., 2006). Per tant, es podria postular també que I’augment
de cél-lules reactives a CR 1 I’increment observat en CB més tard en el
DG, podria ser degut a modificacions en la neurogenesis i en el desti
d’aquestes cel-lules, o bé a 1’activacidé de cel-lules en estat quiescent
que reaccionarien en front de 1’estimul provocat per I’exposicio a
I"MDMA. Respecte al KA30, els efectes sobre 1’expressio de la CR van
ser similars als observats per "'MDMA

En el nostre estudi I’exposicio al derivat amfetaminic, paral-lelament
amb el KA30, va produir una disminuci6 del nimero de PV"
especialment en el DG. Aquesta disminucio es va veure potenciada en
el grup KA20+M. Anneken i col. (2013) també van descriure una
disminucié de neurones PV en el DG després d’una exposicio a
I’MDMA, donant suport al paper del glutamat en la perdua d’aquestes
neurones GABAce¢rgiques (Anneken et al., 2013; Collins et al., 2015). A
més a més, una disminucid en aquesta proteina estd associada a un
augment del risc d’un procés epileptogenic (Gorter et al., 2001). Cal
recordar que els efectes de 'MDMA sobre la susceptibilitat a les
convulsions van ser més evidents en aquest grup.
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Finalment, cal destacar que la incubaci6 d’MDMA a concentracions
baixes en cultius de neurones corticals va produir una disrupcidé en
I’homeostasi de les cél-lules, resultant en un increment en la basal del
Ca?" i deixant les cél-lules més sensibles a I’accié del NMDA, el qual
aplicat en el medi provoca I’entrada de Ca?*. En les cél-lules incubades
préeviament amb el derivat amfetaminic, ’'NMDA va provocar una
entrada menor de Ca?", probablement a causa d’una saturacié d’aquest
cati6 en les neurones, les quals es van quedar sobrecarregades de Ca*".
Paral-lelament, les cél-lules incubades amb MDMA també van mostrar
una disminucié en la concentracié basal de Na®, donant lloc a una
potenciaci6 de la resposta en front a I’aplicaci6 de KA. Aquesta
disminuci6 en la basal del Na* podria venir donada per una activacio
de la bomba ATPasa Na'/K' per I’alliberament de catecolamines
(Desaiah & Ho, 1979; Swann et al., 1980). A més, s’ha reportat que
I’amfetamina produeix un efecte bifasic sobre aquesta ATPasa,
incrementant la seva activitat a dosis baixes (Rangaraj & Harold,
1978). Una alteracio en el gradient del Na® pot comprometre la
funcionalitat d’altres bombes intercanviadores d’ions, com la bomba
Na“/Ca®" participant en la disrupci6 de I’homeostasi cel-lular
(Kaczorowskis et al., 1984). Aquests resultats in vitro poden contribuir
a D’explicacio dels canvis observats en les CaBP in vivo 1 reforcen la
hipotesi de la disrupcid i0nica en la susceptibilitat a les convulsions
per KA.

4.3  Efectes de PMDMA sobre la via nigroestriatal en un model
de la malaltia d’Alzheimer

Entre el 35-40% dels malalts d’Alzheimer presenten signes
extrapiramidals conjuntament amb el deteriorament cognitiu, donant
suport a la idea que les neurones dopaminérgiques també pateixen
canvis neurodegeneratius (Lopez et al., 1997). Les neurones que
formen la via nigroestriatal mostren diverses caracteristiques
patologiques com els cabdells neurofibril-lars, deposit d’Ap, pérdua
neuronal i disminuci6 en el contingut de DA, canvis que suggereixen
una implicaci6 clara de la DA en la fisiopatologia del deteriorament i
dels simptomes de la AD (Selden et al., 1994; Storga et al., 1996; Burns
et al., 2005). Els signes extrapiramidals com la bradicinésia, tremolors i
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trastorns de la marxa, poden ocorre en els primers estadis o més
comunament en els estadis avancats de la malaltia (Portet et al., 2009;
Vilalta-Franch et al., 2013), on I’aparici6 dels quals representa un
pronostic d’evolucid negativa. Per tant, si la deficiéncia en el sistema
dopaminérgic ocorre en estats inicials, el deteriorament cognitiu i
I’evolucio de la malaltia sera més rapida. En els darrers anys, diverses
dades experimentals evidencien un interes renovat en el paper de la DA
en la AD (Martorana & Koch, 2014). De fet, Perez i col. (2005) van
mostrar en el model APPswe/PS1dE9, utilitzat en el nostre estudi, com
la patologia dopaminérgica i la deposici6 amiloide es troben
estretament relacionades, postulant un paper causal de I’amiloide en la
disfuncionalitat dopaminergica (Perez et al., 2005). Cal destacar, que en
la FAD que involucra la mutacié dE9 de la PS1 s’associa sovint amb
trastorns motors, suggerint la possibilitat de la participacié de I’estriat
en algunes formes de la malaltia (Richner et al., 2009).

Encara que ’MDMA no presenti toxicitat directa sobre els terminals
dopaminérgics en humans (Semple et al., 1999; Reneman et al., 2002),
s’han notificat casos de problemes psicomotors en una part dels
consumidors (Kuniyoshi M & Jankovic, 2003; O’Suilleabhain & Giller,
2003). Parrot i col. (2002) van descriure tremolors 1 espasmes en
abstinents d’¢xtasi depenent del tipus de consum, els quals es van fer
més evidents en els consumidors més abusius del derivat amfetaminic,
hipotetitzant que els usuaris amb signes psicomotors inicials podrien
tenir un risc més elevat de desenvolupar una patologia motora (Parrott
et al., 2002). De fet, molts estudis s’han focalitzat en la possible relacio
entre el consum d’MDMA 1 la malaltia de Parkinson (Granado et al.,
2008b; Flavel et al., 2012; Costa et al., 2013), tenint en compte que en
ratolins aquesta substancia actua com a neurotoxina dopaminergica
(Colado et al., 2001; Granado et al., 2008a, 2008b). Pero fins a dia
d’avui no s’ha dut a terme cap estudi per valorar si un consum abusiu
d’eéxtasi en I’adolescencia podria afavorir un quadre dopaminergic en
subjectes amb predisposicid genética a la AD, donant lloc a una
acceleracid de la malaltia amb un pitjor pronostic.

Per dur a terme el nostre objectiu vam utilitzar els ratolins doble
transgenics APPswe/PS1dE9 (APP/PS1), el qual esta ben establert com
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a model de la AD familiar (Garcia-Alloza et al., 2006) i que s’han
proposats com a model valid per estudiar I’impacte de la deposicid
d’ApP sobre el sistema nigroestriatal (Perez et al., 2005). En el transcurs
del procés experimental vam observar canvis progressius entre
genotips, tant a nivell de la neuroquimica estriatal com en els
experiments de comportament, els quals podrien modular la resposta al
tractament amb 1’amfetamina. A nivell del comportament, encara que
els dos genotips van presentar una reduccid de ’activitat locomotora
amb [’edat, els animals APP/PS1 van exhibir una activitat motora
superior en comparacié amb els animals WT en els dos temps estudiats,
caracteristica que també va ser descrita per Maroof i col. (2014)
(Maroof et al., 2014). En referéncia a la neuroquimica estriatal, els
animals transgenics de tres mesos, tot 1 mostrar una activitat
locomotora més elevada, no van presentar diferéncies en els nivells
tissulars de DA respecte els animals WT, hipotetitzant que la
disponibilitat o D’alliberament d’aquest neurotransmissor ¢és diferent
segons el genotip, provocant un efecte major en els APP/PS1. A I’edat
de sis mesos, aquests animals van seguir manifestant una activitat
locomotora superior, perd en aquest cas si que va anar acompanyada
d’alteracions en el metabolisme de la DA, com un increment en els
nivells de DA 1 una disminuci6 en el seu recanvi, efectes probablement
deguts a I’increment de sintesi de TH 1 a la disminucid en els nivells
de MAO-A enregistrats. Aquestes alteracions en la via nigroestriatal
podrien venir donades per I’afectacid dels terminals dopaminérgics a
causa dels deposits d’Ap, hipotesi que es reforca amb I’increment
observat de peroxidaci6 lipidica i la disminuci6 de la proteina DAT en
I’estriat en aquesta edat. De fet, Liu 1 col. (2008) descriuen que aquests
animals doble transgenics presenten una degeneracidé dels terminals
monoaminérgics, majoritariament TH', en diferents arees cerebrals
atribuible a 1’efecte dels deposits d’AP, que precedeix a la mort
neuronal (Liu et al., 2008). A més, tal com s’ha mencionat anteriorment
Perez 1 col. (2005) també van descriure una disfuncionalitat
dopaminérgica en I’estriat dels animals APP/PS1 estretament
relacionada amb les plaques amiloides (Perez et al., 2005). Es podria
postular que I’increment de TH amb el conseqiient augment en els
nivells de DA seria un efecte compensatori transitori, ja que a edats
més tardanes (deu-dotze mesos) altres autors no observen diferéncies
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en els nivells d’aquest NT, en canvi si que s’ha descrit una disminucid
en els nivells de DOPAC, atribuible a una possible alteraciéo del
metabolisme de la DA causat per una disfuncionalitat de la MAO o del
mitocondri (Perez et al.,, 2005). Diversos estudis han demostrat
alteracions mitocondrials en aquest model de FAD. Pedroés i col. (2014)
van descriure alteracions en estadis considerats pre-plaques (Pedros et
al.,, 2014), i Xie i col. (2013) en un estudi realitzat in vivo van
demostrar la relacié directa entre les plaques amiloides 1 alteracions
tant de tipus funcional com estructurals en el mitocondri (Xie et al.,
2013). En el nostre estudi, els animals APP/PS1 mostren una
disminucié dels nivells de la MAO-A als sis mesos, la qual
probablement és la responsable d’aquesta alteraci6 en el recanvi de la
DA, sense afectar els altres NT. Cal destacar, que la MAO-A es troba
majoritariament en les neurones dopaminergiques 1 noradrenergiques,
tant en els cossos cel-lulars com en els seus terminals axonics
(Willoughby et al., 1988; Westlund et al., 1993), i que el metabolisme
de les catecolamines ocorre majoritariament en el citoplasma de les
neurones on es sintetitzen (Eisenhofer, 2004). Tenint en compte que en
I’estriat hi predominen els terminals dopaminérgics, suposadament soén
aquests els més afectats per la toxicitat produida per la deposicio d’Ap.
Per tant es podria hipotetitzar que aquesta disminucié de la MAO-A
vindria donada per D’alteracié d’aquests terminals afectant d’aquesta
manera només el metabolisme de la DA. Probablement, totes aquestes
modificacions observades en els animals APP/PS1 soén alteracions que
precedeixen als canvis observats en edats més tardanes per altres autors
(Perez et al., 2005; Liu et al., 2008; Richner et al., 2009).

Respecte al tractament amb MDMA, en aquest estudi es van seguir les
mateixes pautes de tractament i temps de sacrifici utilitzats en el segon
treball (Abad et al., 2015). Tres 1 sis mesos d’edat van ser elegits per
investigar 1’efecte d’aquesta substancia en diferents estadis de la
patologia. Dos setmanes després de finalitzar el tractament (3mesos) es
considera temps suficient perqué la substancia no es trobi en
I’organisme i només restin els efectes més persistents, a més en aquesta
edat ho considerariem com un estadi anterior a la deposicio de plaques
amiloides. Als sis mesos la deposicido d’aquestes plaques es troba
extensament distribuida per tot el cervell (McGowan et al., 1999), pero
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el seu nombre encara podria augmentar per 1’efecte d’una substancia
com ’'MDMA.

Aquest tractament d’MDMA va provocar una reduccié en el nombre de
neurones dopaminergiques de la SN, en els dos temps estudiats, la qual
no es va veure afectada pel genotip, indicant que els ratolins
transgeénics no mostren una susceptibilitat més alta en aquesta area a
I’MDMA.

Parametres dopaminérgics i estrés oxidatiu en ’estriat

Efectes a curt termini de [’exposicio a ’MDMA

En la prova del camp obert, I’exposici6 a 'MDMA va reduir
significativament 1’activitat locomotora en els animals WT, resultat
consistent amb la disminuci6 del nombre de neurones dopaminergiques
en SN i ’aparent deplecié de DA i DOPAC en I’estriat. Malgrat la
reduccié de neurones dopaminergiques en SN, els nivells de proteina de
DAT i TH no van mostrar canvis en aquest grup respecte el seu control.
Aquests resultats coincideixen amb els resultats publicats per Costa 1
col. (2014), els quals també van observar una reducci6 de neurones
dopaminergiques en SN que no va anar acompanyada d’una disminucid
de TH en estriat (Costa et al., 2013). Un mecanisme responsable
d’aquestes diferéncies entre arees podria ser degut al fenomen
d’sprouting com a mecanisme compensatori dels terminals danyats. Cal
esmentar que Granado i col. (2008) ja van descriure una recuperacid
dels terminals dopaminergics després d’un tractament neurotoxic
d’MDMA que va tenir lloc a partir del tercer dia post-administracid
(Granado et al., 2008b). Després d’analitzar aquests resultats on
s’observa una disminucié en I’activitat locomotora i1 en el nimero de
neurones dopaminergiques en la SN, sense afectacio dels nivells de TH
1 DAT, caldria reflexionar sobre els parametres utilitzats per mesurar la
lesié en estriat. En el nostre estudi, probablement el parametre més
fiable seria la determinacid dels nivells de DA que reflecteix 1’efecte
sobre 1’activitat locomotora, ja que I’expressi6 de TH i DAT esta
sotmesa a una regulacio diferent segons el tipus i grau de lesio, i el
temps d’abstinéncia després de I’estimul toxic.
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En referéncia als animals APP/PSI, el tractament amb MDMA tampoc
va produir una reducci6 dels nivells de TH en estriat, en canvi si que va
provocar una reduccid de la proteina DAT, suggerint que en aquest
grup el dany provocat sobre els terminals dopaminérgics va ser major o
més lent en la seva recuperacio. S’ha descrit que després d’una lesio
estriatal es pot produir una regulacio a I’alga en I’expressié6 de mRNA
de TH en les neurones restants o en diferents neurones que passen a
expressar aquesta proteina per tal de compensar el dany produit
(Nakahara et al., 2001; Jakowec et al., 2004). A més, aquests ultims
autors van demostrar que després d’una lesié amb la toxina 1-metil-4-
fenil-1,2,3,6-tetrahidropiridina  (MPTP) les proteines TH i1 DAT
diferien en la seva taxa de recuperacid, on els nivells de DAT van
mostrar una recuperacido més lenta, postulant que aquesta diferéncia en
la taxa de recuperaci6 podria jugar un paper clau en els nivells de DA
en estriat (Jakowec et al, 2004). En quant als nivells de
neurotransmissors, els animals tractats amb MDMA no van manifestar
cap descens en comparacié amb els seus controls. Amb totes les dades
obtingudes no podem explicar aquesta falta d’efecte sobre els nivells de
DA, suggerint que un mecanisme addicional sobre aquest sistema
aconsegueixi recuperar els nivells de DA. Podria especular-se que la
disfuncionalitat dopaminergica observada en aquests animals als sis
mesos (increment de DA 1 TH, disminucié de DAT 1 MAO-A) estigui
latent emmascarant els déficits dopaminérgics induits per aquesta
substancia.

El mitocondri ¢és el responsable de la produccié de la gran majoria de
ROS a través de la cadena de transport d’electrons, per tant una
alteracio perllongada en 1’activitat mitocondrial pot donar lloc a un risc
en la superproduccié d’aquestes especies toxiques (Balaban et al.,
2005). El PGC-1a (peroxisome proliferator-activated receptor gamma
co-activator 1 alpha) és un ampli regulador del metabolisme de 1’estres
oxidatiu, coordinant I’expressio de diferents gens que codifiquen per
enzims antioxidants (St-Pierre et al., 2006). Sorprenentment, en el
nostre estudi 1’exposicio a ’'MDMA va provocar els efectes oposats
sobre la proteina PGC-1a, depenent del genotip. Aquesta resposta
diferent podria ser deguda a dos factors. Primerament, 1’exposicié de
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I’MDMA en els animals APP/PS1 podria haver produit un estres
oxidatiu superior, tal com van indicar els nivells més elevats de 4-HNE.
S’ha descrit que I’expressio de PGC-la és altament induida per la
produccié6 de ROS, i que aquest al seu torn, regula un sistema de
defensa de ROS complex i multifacétic (St-Pierre et al., 2006). Per tant,
podria ser que aquest increment observat en els animals APP/PS1 fos
un mecanisme de proteccid contra I’increment d’estrés oxidatiu
observat en aquests animals, tot 1 que no va ser suficient per tamponar-
lo. Mudo i col. (2012) van descriure que una activacid6 de PGC-la
protegia les cel-lules dopaminergiques de la lesi6 amb MTPT
combatent I’estrés oxidatiu i la viabilitat neuronal (Mudo et al., 2012).
O en segon lloc, la resposta a I’estrés oxidatiu podria ser diferent
segons el genotip. Cal recordar que aquests animals APP/PS1 presenten
alteracions mitocondrials en aquesta edat (Pedros et al., 2014), per tant
davant d’una substancia toxica la resposta de la cel-lula pot ser
totalment diferent en comparaci6 amb un animal WT. Evidentment, els
dos processos poden ser possibles.

Efectes a llarg termini de [’exposicio a 'MDMA

Malgrat observar encara una disminuci6 en el nombre de neurones
dopaminergiques en la SN tres mesos després de finalitzar el
tractament, els animals exposats a 'MDMA no van mostrar alteracions
dopaminérgiques en I’estriat, suggerint o bé un efecte transitori o bé un
efecte compensatori sobre aquesta area. Només el grup dels animals
APP/PSI1 tractats amb el derivat amfetaminic va exhibir un efecte
residual en el recanvi de la DA, el qual va mostrar una disminucio
significativa.

El nombre de plaques AP en I’estriat als sis mesos €s menor que les
observades en cortex 1 hipocamp a causa del patrd6 que presenta la
deposici6 de les plaques amiloides (McGowan et al., 1999).
Conseqiientment, el nombre de plaques en I’estriat dels animals
APP/PS1 control encara és baix. En el nostre estudi, 1’exposicid
perllongada a ’MDMA va causar un augment en el nimero de plaques
amiloides en I’estriat en els animals adults. Cal destacar, que aquest és
el primer estudi que demostra que un consum abusiu del derivat
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amfetaminic pot potenciar la deposicido de plaques AP, sent aquest
resultat de gran rellevancia tenint en compte que ’'MDMA és una de
les substancies més consumides en els paisos occidentals.

Inesperadament, els nivells de PGC-1a encara van romandre afectats en
els animals exposat a 'MDMA tres mesos després de finalitzar el
tractament. L.’ increment observat podria ser un efecte residual a causa
de D’estrés oxidatiu generat per la substancia. De fet, encara es va
observar un increment en els nivells de 4-HNE en els animals WT.
Sorprenentment, en els animals doble transgeénics exposats al derivat
amfetaminic els nivells de 4-HNE es van veure reduits. La nostra
hipotesi respecte aquest resultat inesperat és que en aquest grup la
produccid d’estres oxidatiu a causa de ’MDMA va ser major que en els
animals WT, 1 possiblement va experimentar una producci6é constat i
creixent a causa del deposit d’AP, tal com pot apreciar-se per
I’increment en els nivells de 4-HNE en el grup APPswe/PS1dE9
control. La formaci6 continua de 4-HNE podria donar lloc a una
regulacio a I’al¢ca de les vies de metabolitzaci6 d’aquest compost, ja
que s’ha descrit que el 4-HNE ¢és capa¢ d’estimular I’activitat de la
glutatid S-transferasa, el seu enzim detoxificant principal (Zheng et al.,
2014). S’ha reportat que les cel-lules sotmeses a un estreés oxidatiu
adquireixen la capacitat d’excloure el 4-HNE del seu entorn més
rapidament (Cheng et al., 2001). Consistents amb aquests resultats,
Awasthi 1 col. (2004) van descriure que quan les cel-lules estaven
precondionades amb estimuls oxidants aconseguien metabolitzar i
excloure el 4-HNE intracel-lular a un ritme més rapid (Awasthi et al.,
2004). D’altra banda, aquest increment sostingut dels nivells de PGC-
la en els animals APP/PS1 exposats a ’'MDMA podria contribuir a
I’increment del deposit de plaques AP, ja que s’ha publicat que la
sobreexpressio de PGC-1a en un model de la AD exacerba la deposicio
de plaques amiloides, probablement per una disrupcidé en 1’activitat
proteosomal (Dumont et al., 2014).

En base als resultats, es podria hipotetitzar que la hiperactivitat
locomotora descrita inicialment en els animals APP/PS1 podria ser
deguda a les alteracions observades en 1’estriat d’aquests animals als sis
mesos, basicament per 1’increment dels nivells de DA i la disminucio
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del seu recanvi, acompanyada d’un augment de TH i un descens de
MAO-A. L’exposici6 intermitent a ’'MDMA provoca una reduccio del
nombre de neurones dopaminergiques en SN, que és independent del
genotip. Malgrat no observar una disminucié en els nivells de DA en
els animals doble transgeénics dos setmanes després del tractament, es
suggereix una lesié major en aquest grup, tal com indica la disminuci6
en la proteina DAT 1 I’augment en ’estrés oxidatiu, caracteristiques
existents a edats més tardanes en aquets animals APP/PS1. Per tant,
sembla que I’exposicio a ’'MDMA pugui accelerar la disfuncionalitat
dopaminérgica observada en aquest model de FAD. L’exposicid
abusiva durant I’adolescéncia incrementa el nombre de plaques AP en
estriat en els animals adults, probablement contribuint a un pitjor
pronostic del procés neurodegeneratiu.
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The conclusions of the present doctoral thesis are the following:

5.1

Study of the effects of MDMA on plasticity and memory

Effects of MDMA in rats

1.1)  The treatment used in our study does not produce neither
memory loss nor learning alterations in the water maze
test; in contrast, the MDMA-exposed animals show an
improved ability both in the learning of a new task and
in the restrictive water maze, as well as an anxiolytic
behavior.

1.2) The treatment with MDMA induces a decrease in spine
density in the CA1 region, which is reversed by training

the rats in the water maze.

1.3) MDMA produces an increase of BDNF in the
hippocampus, which is not related to training.

Effects of MDMA in mice

1.4) Intermittent and prolonged MDMA administration
during adolescence causes a loss in long-term memory,
even three months after finishing the treatment.

1.5) MDMA produces a strong induction of c-Fos and p-
CREB, triggering the activation of other IEGs, such as
Arc and BDNF, probably giving as a response a
maladaptive plasticity, resulting in memory deficits,
which are not related to NMDA receptor subunits.

Global effects of MDMA on plasticity and memory
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5.2

5.3
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1.6)

MDMA increases plasticity in the hippocampus and
affects the memory process; however, the enhancement
or impairment of this process is dependent on the pattern
of consumption.

Study of MDMA in a model of excitotoxicity

2.1)

Intermittent MDMA administration during adolescence
enhances kainic acid convulsive susceptibility and
potentiates kainate-induced neurodegeneration and
astrogliosis. These effects are likely the result of the
ionic cellular homeostatic disruption, in addition to the
reduction of the expression of calcium binding proteins.

Effects of MDMA on the nigrostriatal pathway in a familial
model of Alzheimer’s disease.

3.1)

3.2)

3.3)

APPswe/PS1dE9 animals show age-related
dopaminergic alterations, which at six months of age are
manifested by an increase in dopamine levels and a
reduction in its turnover, probably due to a rise of TH
synthesis and decreased levels of MAO-A and DAT.
Furthermore, at both time points studied these animals
exhibit greater locomotor activity, which 1is likely
attributable to this dopaminergic dysfunction.

Initially, the lesion induced by MDMA in the striatum of
the transgenic animals is apparently greater than in the
wild-type mice. This is due to the reduction in DAT
levels and the increase of PGCl-0, in addition to the
higher levels of lipid peroxidation observed, resulting in
an acceleration of the dopaminergic dysfunction
observed in these animals in later stages of life.

The intermittent and prolonged exposure to MDMA in
adolescence causes an increase in the number of
amyloid plaques in the striatum of adult animals.
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“A veces sentimos que lo que hacemos es tan solo una gota en el mar,
pero el mar seria menos si le faltara una gota”

M. Teresa de Calculta






