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Presentaclio

Diuen que a la tercera va la venguda i en aquest cas tindran rag...

Quan em vaig incorporar al grup de Neuroquimica del Dr Ambrosio, cap el 1995, em mo-
via més la necessitat de completar i complementar la meva jornada laboral com a professora
de Bioquimica a I'ensenyament d’infermeria de la UB, que no la de fer RECERCA.

En aquell moment acabava la baixa maternal pel meu segon fill i tenia clares les prioritats:
em sentiria totalment realitzada, en el ambit acadeémic, si un cop enllestida la tasca docent
podia participar en els experiments que es portaven a terme en el grup, sempre que en ge-
neral em fos possible arribar a temps a la sortida de les escoles.

En aquests termes varem plantejar la meva participacié en el grup i aixi varem anar fent
fins que cap 'any 2002 vaig haver de decidir entre ser una “superwoman” sobrepassada per
les autoexigencies o ser una persona amb temps per viure. S’ha de dir que aquesta decisié
coincidia amb canvis en el curriculum de Infermeria i en les matéries per mi impartides
que m’exigien, de nou, més dedicacié per a la preparacié de classes i material docent.
Aquesta va ser la primera fase, eminentment experimental d’aquest treball que no va veure
la llum en forma de tesi.

A estones, per0, vaig anar realitzant experiments puntuals i revisant alguns dels temes
que haviem anat tocant i cap alla el 2006 vaig posar-m’hi de nou, per haver de reconeixer,
uns mesos després, que la tasca era massa ardua! A més a més, em mancava la necessaria
motivacid, doncs quelcom de ben extraordinari succeta amb el meu curriculum i és que
la Universitat em reconeixia dos trams de recerca pels treballs signats, a pesar de no haver
enllestit el doctorat! Aquest va ser el primer intent fallit de donar cos a la tesi

Un altre canvi en la tasca docent, en relacié al pla d’estudis de I'ensenyament d’ Infermeria
va propiciar, ara fa dos anys, el replantejar-me de nou la elaboracié d’aquest treball que s’ha

de considerar ja com un compendi retrospectiu de recerca, perd que finalment veu la llum.

El producte d’aquestes tres etapes cronologiques, la primera més de fer i les darreres més
de llegir, pensar i escriure és el que ara presento.

Per a modelar alguns aspectes bioquimics i anatomopatologics de la malaltia de Parkinson
en la rata, hem comencant utilitzant la neurotoxina MPP", de relativament recent aparici6
i la més veterana 6-OHDA i hem acabat emprant el propi neurotransmissor de les neuro-
nes que degeneren, la dopamina, intentant esbrinar els seus mecanismes de lesié. Lestudi
s’ha iniciat en el animal in vivo, ha continuat en talls gruixuts de teixit ex vivo i ha acabat
en mitocondris in vitro. Hem volgut reproduir resultats d’altres grups perd amb abordat-

ges experimentals més senzills i economics, al nostre abast. Hem volgut aplicar el nostre
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model animal per a estudis comparatius amb la malaltia humana...Confesso que aquesta
amplitud d’aspectes ha estat el més enriquidor i al mateix temps el més aclaparador a I'’hora

de recollir-ho tot en un tnic treball.

Per a la introducci6 he partit d'uns 50 articles de revisié actualitzats, amb la voluntat d’ad-
quirir una visi6 panoramica de la malaltia de Parkinson: les hipotesis etiopatogéniques, les
manifestacions cliniques, els trets anatomopatologics i bioquimics, aixi com dels models
animals que s’utilitzen per a reproduir-la. En aquests articles he trobat les referéncies bibli-
ografiques per aprofundir en els aspectes més directament relacionats amb els experiments

realitzats.

Per als resultats, que s’han de contemplar dins el marc de la participaci6 en projectes dels
nostre grup i d’altres que utilitzaven aquests models animals d’experimentacié, hem tri-
at aquells en els que he participat directament, treballs que en alguns casos han estat els
preliminars per altres treballs de doctorat del grup. Practicament tots els resultats que
presentem han estat publicats, com article, en revistes internacionals, aqui queden recollits
en I'apartat d’annexes, raé per la qual en la introduccié general no consten alguns conceptes

introductoris que apareixen en cadascun d’ells.

En tots aquests anys, he participat en una cadena de transmissié de coneixements i inquie-
tuds amb investigadors séniors i joves doctorands, no sols del grup de Neuroquimica, siné
d’altres del propi departament de Ciencies Fisiologiques II, de la Facultat de Medicina
del campus de Bellvitge i de institucions alienes, com la UAB o el CSIC. Donat el temps
transcorregut i el volum de persones relacionades, m’és impossible aqui reconeixer-les i
agrair-les nominalment pel que m’han aportar cientifica i personalment. Es per aixd que
vull concentrar i personalitzar el meu sincer agraiment a tots, en el Dr. Ambrosio, per fa-
cilitar-me la col-laboracié amb grups i persones que han enriquit i complementat la nostra
feina, quan encara aquest esperit col-laboratiu no era una prioritat institucional en la recer-
ca. | agraiment per mostrar-me la perseveranca en la recerca, inclis en les circumstancies

econdomiques menys propicies.
Y a Claudio Bado, maquillador d’aquest treball, moltes gracies.
Acabo aquesta presentacié amb un intim sentiment de felicitat per tancar una tasca pen-

dent i un altre de curiositat il-lusionada pel que em reserva la nova etapa académica que

ara s’inicia.
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Capitol 1: Introduccio 1 Objectius

La dopamina en el sistema nervios central

La recerca biomedica dels tdltims 50 anys en patologies d’elevada prevalenca com la ma-
laltia de Parkinson (PD), I'esquizofrenia, la depressio, les addiccions i el sindrome d’hipe-
ractivitat per deficit de 'atencid, ha implicat en totes elles el neurotransmissor dopamina
(DA) i les neurones dopaminergiques de la regié mesencefalica del sistema nerviés central
(SNC), al mateix temps que ha desvetllat moltes de les seves funcions reguladores sobre el
desenvolupament i 'execucié de les accions motores, I'estat d’anim, la cognici6, I’atencié i

la motivaci6é (Bloom, 2010).

Inicialment, els estudis bioquimics sobre la DA (vegeu la taula 1) es realitzaren sobre
mostres de teixit cerebral obtingudes sense considerar els possibles circuits neuronals on
intervenia aquest neurotransmissor i les altres catecolamines centrals, norepinefrina (NA) i
epinefrina (A), fet que retarda la visi6 integra d’aquestes vies, el seu abast i les seves conne-
xions, perd desvetlla, mica en mica, el metabolisme dels neurotransmissors monoamineér-
gics (catecolamines i serotonina), aixi com l'accié de molts farmacs psicotrops.

Amb les tecniques histofluorescents amb formaldehid dels anys 60 s’identificaren 12 grups
de neurones catecolaminergiques al SNC de la rata (etiquetades de A1-A12 segons I'esque-
ma classic de Dahlstrom i Fuxe, 1964), tres dels quals eren dopaminergics, els grups A8,
A9 1 A10.

Amb les técniques immunohistoquimiques anti-tirosina-hidroxilasa, s’identificaren els
primers circuits dopaminergiques implicats en el control del moviment i algunes projecci-
ons al bulb olfactori i a I'estriat ventral. Més tard, gracies a nous metodes neuroanatomics
optics i immunohistoquimics per a enzims de sintesi, receptors i transportadors, s’amplia
el mapa del sistema dopaminérgic amb projeccions al cortex, retina, cel-lules ciliades cocle-
ars i cortex prefrontal (aquestes principalment en primats) (Moore 2003).

Recentment, els estudis d’expressié génica en neurona individual i la caracteritzaci6 elec-
trofisiologica de les neurones dopaminergiques amb el soma al mesencefal mostren diferén-
cies notables entre les que projecten a l'estriat dorsal o ventral i les que innerven el cortex
prefrontal, diferencies en relaci6 al patré d’activitat eléctrica, al recanvi dopaminergic, a la
dependencia de la L-tirosina extracel-lular, a 'efecte d’agonistes i antagonistes dopaminer-
gics i farmacs antipsicotics (Moore, 2003), diferencies també respecte de la seva plasticitat

i vulnerabilitat a la neurodegeneracié (Liss i Roeper, 2008).
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Taula 1. Fites en la recerca sobre la dopamina i la malaltia de Parkinson.

any conceptes basics sobre la dopamina al cervell referencia
1817 El doctor Parkinson descriu el quadre de paralisi

agitant que portara el SEU NOM .........coiuiiiiiiiiiiiiiiiii i Parkinson, 1817
1921 Les lesions anatomiques cerebrals especifiques de la malaltia

de Parkinson (PD) es localitzen a la substancia negra del mesencefal ...............cc......... Foix, 1921
1921 Es proposa i demostra experimentalment la naturalesa quimica de la transmissié

sinaptica amb l'acetilcolina, primer neurotransmissor descobert ..........coevvierverueens Loewi, 1921
1946 Es descobreix el paper central de la norepinefrina en la neurotransmissié

del siStema NErvViGS STMPATIC ..veuvvereeaiieieeiietieiieetteiie et enee et eeeaneeeesneeseaneenneaneens Von Euler, 1946
1947 Primeres experiéncies de cirurgia estereotactica en humans

pel tractament de PD ......c.ooiiiiiiiiiiiiiieiiie et Spiegel, 1947
1957 La Dopamina (DA) és troba al cervell dels mamifers.................. Carlsson,1957; Montagu, 1957

1958 El precursor de la DA, L-dopa, pot restaurar els nivells de DA
i l'activitat motora dels animals lesionats amb l’alcaloide reserpina,
es proposa la dopamina com neurotransmissor central, la seva funcié

en el control motor extrapiramidal i el seu déficit com a causa

del PArKINSONISINE ..vviiuvieiiiieiieiiie ettt ettt et et e et e st e e e e etaeebeeenaeebaeeneeennee e Carlsson, 1958
1959 La maxima concentraci6 de DA cerebral es troba a I'estriat................... Bertler,1959; Sano,1959
1960 Els malalts de Parkinson presenten nivells molt reduits

e DA ESEIIALALL .o.veeiiieiiieitie ettt ettt e e e Ehringer, 1960
1961 Primers intents d’alleugerir els simptomes de la PD amb L-dopa .............cc...... Birkmayer, 1961
1962/4  Es localitzen i identifiquen les neurones dopaminérgiques centrals

per tecniques histofluorescents .........cccoevveeviiiirieiiieeneenn. Falck, 1962; Dalstrom & Fuxe, 1964
1967/9  S’estableix la terapia substitutiva de la PD amb L-dopa.........ccccoceoverieiiieiennnns Cotzias, 1967-9
1978 Es proposa l'estres oxidatiu com a possible mecanisme etiopatogenic de la

neurodegeneracié dopaminergica en la PD .......oocooiiiiiiiiiiiiiiiiieceee e Graham, 1978
1981 Es proposa el paper modulador de la dopamina en els ganglis basals, controlant

tant els impulsos corticals cap el nucli caudat-putamen, com l'activitat de les

interneurones i neurones de projeccié de la re@id .....cvvvvvieiiiiiiiiiiiiiiiieiieeee e Kitai, 1981
1983 S’amplia I'estudi morfometric de les neurones dopaminérgiques

en malalties neurologiques i pSIQUIALIIQUES .....covieuveiiiiiniieieienee. Bogerts, 1983; Candy, 1983
1990/96  S’identifiquen els primers gens PARK relacionats amb la
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1998 S’identifiquen alguns gens del desenvolupament de les nDAm ............. Ye, 1998; Goridis 2002
2000 S’aconsegueix convertir in vitro stem cells en neurones dopaminergiques .................... Lee, 2000

Tradicionalment, les neurones dopaminergiques s’han caracteritzat per sintetitzar i meta-
bolitzar la DA, gracies a que expressen els corresponents enzims de sintesi i degradaci6 i les

proteines transportadores, que han estat i sén molt emprades com a marcadors moleculars
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essencials per a la seva identificacid, principalment els enzims tirosina-hidroxilasa (TH) i
decarboxilasa d’aminoacids aromatics (AADC), el transportador vesicular de monoamines
(VMAT?2) o el transportador de DA (DAT) (vegeu la figura 8).

El 90% de les neurones dopaminergiques centrals tenen el soma situat al mesencefal ven-
tral, en tres grups neuronals: la part compacta de la substancia negra (SNc, o area A9),
I'area tegmental ventral (VTA o area A10) i el nucli retrorrubral (RRF o area A8), sén les
denominades mesodiencefaliques (Bjorklund i Lindvall, 1984) o mesencefaliques (nDAm)
(vegeu la figura la i b). Tot i que es tracta d’'un nombre reduit de neurones, les nDAm
emeten projeccions topograficament molt organitzades que abasten practicament tot el
prosencefal o cervell anterior, incloent el neocortex i s6n la principal font de DA al cervell
dels mamifers (Chinta and Andersen, 2005).
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Figura 1. a) Representaci6 esquematica dels principals grups neuronals dopamineérgics en el sistema nerviés
central del ratolf en un tall sagital i b) en un tall coronal corresponent a la posicié mostrada per la linia ver-
tical en (a), on es destaca la distribuci6 anatdmica de les neurones de la substancia negra pars compacta (SNc,
grup A9) i les de I'area tegmental ventral (VTA, grup A10) que juntament a les del nucli retrorrubral (RRF,
grup A8) son les denominades neurones dopaminergiques mesodiencefaliques o mesencefaliques (nDAm en
el text). Altres grups dopaminergics sén: les cel-lules interplexiformes de la retina (grup A17) (no es mostra);
les neurones dendritiques periglomerulars del bulb olfactori (OB)(A16); el grup cel-lular de la zona Incerta
del talem ventral (A13) (no es mostra); el grup cel-lular de 'hipotalem (Hyp, A12, A14 i A15) dels quals el
grup Al2 és el més gran i proveeix les projeccions tuberoinfundibular i tuberohipofisall implicades en la
regulacié neuroendocrina i el grup cel-lular mesodiencefalic de situaci6é caudal periagiieductal (A11) (no es
mostra) (Smidt i Burbach, 2007). (dreta) Esquema d’un tall sagital medial del cervell huma amb la situacid del
mesencefal o cervell mitja, situat per sota de les estructures diencefaliques (talem i hipotalem) i per sobre del

tronc (protuberancia i bulb raquidi). Disponible en http://www.afth.bio.br/nervoso/img/Nervos36.jpg
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El 10% de neurones dopaminérgiques restant formen petits circuits locals amb origen al
telencefal i diencefal i projeccions cap al diencefal i tronc cerebral: s6n les cel-lules inter-
plexiformes de la retina (grup A17), les neurones dendritiques periglomerulars (juxtaglo-
merulars) dels bulbs olfactoris (grup A16), els grups cel-lulars de I'hipotalem (arees A15,
A14, A12) dels quals el grup A12 és el més gran i proveeix les projeccions tuberoinfun-
dibular i tuberohipofisal implicades en la regulaci6é neuroendocrina; el grup cel-lular de la
zona incerta del talem ventral (A13) i el grup cel-lular de situacié mesodiencefalica caudal

denominat matéria grisa periaqueductal (A11) (Smidt i Burbach, 2007).

Quant al nombre de nDAm, hi ha una gran variabilitat entre les especies: en primats no
humans i humans el nombre decau amb I'envelliment, cosa que no succeeix en els rose-
gadors (tenen unes 45.000 nDAm). Es calcula que en la 4a década de la vida podem tenir
unes 590.000 nDAm, xifra que s’ha reduit a unes 350.000, dues décades més tard (Chinta
and Andersen, 2005).

Les nDAm formen part dels circuits dels ganglis bassals (vegeu la figura 2a) que exercei-
xen un paper central en el control del moviment. En els paragrafs segiients fem un repas

d’aquestes estructures en relaci6 als seus components i connexions.

Els ganglis basals, rol, components | interconnexions

La planificacié, direcci6 i execucié dels moviments voluntaris depen de tres arees del cortex
frontal: I'area motora primaria, I'area premotora i I'area motora suplementaria. Les neuro-
nes piramidals d’aquestes tres arees corticals projecten axons a la medul-la espinal on fan
sinapsi amb interneurones i neurones motores espinals que finalment acaben innervant els
musculs esqueleétics, és el denominat sistema piramidal, implicat en els moviments fins de
les extremitats.

Hi ha un segon conjunt de projeccions motores descendents que s’originen al tronc de
I'encefal, fonamentalment a la formaci6 reticular i al nucli vestibular i que, com les ante-
riors, van a fer sinapsi amb les neurones motores espinals de 'asta anterior de la substancia
grisa medul-lar, aquesta segona via descendent que es coneix com a via extrapiramidal es
la responsable del control de I'equilibri i la postura durant I'execucié dels moviments vo-
luntaris.

Per iniciar i executar els moviments, el cortex motor necessita informacié integrada sobre
la intencié del moviment, la motivacid, el context motor, sensitiu i emocional del cos i de
I'ambient exterior, informacié que li subministren dos sistemes moduladors: els ganglis
bassals (GB) i el cerebel (Purves, 2003); I'organitzacié d’ambdds sistemes és similar, amb

una regi6 central de processament que rep aferéncies massives del cortex sensitiu secundari
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i associatiu i des d’ on parteixen projeccions cap el talem, després de fer sinapsi en distints
nuclis de relleu intermediaris. El talem, finalment projecta cap a I’escor¢a motora des d” on
s’inicia l'acci6 motora.

Al cerebel se li atribueix la coordinacié harmonica dels moviments continus, sobre tot els
guiats per la visid, mentre que els GB modulen fonamentalment la planificacid, iniciaci6 i
acabament dels moviments complexos i el control adaptatiu de la conducta a través de la inte-
raccié de les arees sensoriomotores, cognitives i emotives del cervell (Graybiel et al., 1994)
Els GB s6n distints nuclis de substancia grisa, subcorticals, bilaterals i profusament in-
terconnectats, la regié central de processament dels quals és el nucli estriat (estriat dorsal
o neoestriat) que en els primats es troba subdividit en dos, caudat i putamen, separats
per la capsula interna, feix de substancia blanca format pels axons de la via piramidal, es
distingeix el nucli accumbens (estriat ventral), el globus pal-lid amb la divisi6 externa
o lateral (GPe) i la interna (GPi) (que en rosegadors es denominada nucli entopeduncular
— vegeu la figura 2b), tots ells situats a la base anterior de I'encefal; el nucli subtalamic
(STN) situat en el diencefal es considera, juntament amb el globus pal-lid, part del siste-
ma motor extrapiramidal. Per dltim, la substancia negra (SN) situada en el mesencefal
presenta dues parts ben diferenciades, la compacta (SNc) i la reticulada (SNr) (Jurkowsky
and Stacy, 2005).

A continuacid, revisem amb especial interés les caracteristiques de l'estriat i de la substan-
cia negra per ser dos nuclis sobre els que hem incidint repetidament en aquest treball.
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Figura 2a. (esquerra) Esquema d’un tall coronal del cervell huma a nivell de l'estriat (caudat i putamen)
(Purves, 2003 pag. 366). (dreta) Esquema d’una visi6 posterolateral dels dos sistemes cerebrals moduladors-

del moviment, els ganglis basals i el cerebel. Disponible a: http://brainmind.com/BasalGanglia.html
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Figura 2b. Esquema d’un tall sagital del cervell de rosegador amb els nuclis dels ganglis basals interconnectats:

striatum (nucli estriat que correspon al huma caudat-putamen), GP(Glob pal-lid que en ’huma correspon al GP

extern), EP(nucli entopeduncular que en el huma correspon al GP medial o intern), STN (nucli subtalamic),

SNc (part compacta de la substancia negra), SNr (part reticulada de la substancia)(Gerfen, 2010 pag. 16).

Substancia negra i vies dopamineérgiques

En un tall a nivell del mesencefal, en posici6 ventral i lateral, la substancia negra de cada

hemisferi apareix com una banda homogeénia de color fosc (d’aqui el nom) degut a l'elevat

contingut en neuromelanina. Les neurones nigrals es classifiquen segons la mida del soma,

la forma de les dendrites, el grau de pigmentacid, la connectivitat i I'expressi6 de distints

marcadors moleculars que ajuden a delimitar varies subregions:

a) La zona compacta de la SN (SNc) conté les neurones de tipus I, les més grans i
nombroses, riques en DA i neuromelanina, pigment que s’observa a simple vista en
el cervell dels primats perod no en el dels rosegadors. Dins la SNc es distingeix dos
nivells: el nivell dorsal, calbindina positiu i el nivell ventral, calbindina negatiu. Els
axons fins, amielinics i varicosos d’aquests dos nivells es dirigeixen cap al putamen
posterior (estriat dorsal) considerat I'estriat sensoriomotor i cap el putamen anterior
i el nucli caudat que es consideren l'estriat associatiu, formant en conjunt la via
nigroestriatal (vegeu la figura 2b i la figura 3), la disrupci6 de la qual es caracte-
ristica de la malaltia de Parkinson i dels models animals de parkinsonisme. Altres
projeccions de la SNc es dirigeixen als dos segments del globus pal-lid on sembla que
modulen les eferencies cap el talem. Les dendrites d’aquestes neurones dopaminergi-

ques es localitzen en part a la zona reticulada.

b) La zona reticulada de la (SNr) menys densa que la compacta, conté les neurones
de tipus II, GABAergiques, menors que les de tipus I, no pigmentades, reben inputs
des del nivell ventral de la SNc, de I'estriat i del STN i projecten principalment cap
el talem perd també cap els denominats estriosomes de l'estriat (que comentem més

endavant). La resta sén interneurones petites que es marquen amb lipofucsina.
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Figura 3. Esquema de la via dopamineérgica nigroestriatal de la rata, amb els somes agrupats en les arees A8,

A9 1 Al0 i els axons que formen el feix prosencefalic medial (mfb) en direcci6 cap a U'estriat.

Veina medial de la SN, I'area tegmental ventral (VTA) és també I'origen de neurones dopa-
minergiques que juntament amb algunes de la zona dorsomedial i rostral de la SNc¢ projec-
ten a arees limbiques com el nucli accumbens (o estriat ventral considerat I'estriat l{imbic),
als tubercles olfactoris i en menor proporci6 al septum, amigdala i hipocamp. Aquesta via
és la denominada via mesolimbica, que esta involucrada en la motivaci6 i la recompensa
de les accions motores.

De les mateixes arees, alguns axons projecten al neocortex, especialment al cortex pre-
frontal, al cortex del cingle i entorrinal, formant la que es coneix com via mesocortical.
Aquestes dues es solen considerar conjuntament com via mesocorticolimbica (vegeu la
figura 4), donada ’homogeneitat topografica dels somes neuronals i la participacié d’amb-
dues en els processos cognitius, la conducta emocional, la motivacié i el sistema de recom-

pensa involucrat en I'aprenentatge i el manteniment de les accions motores. La disfuncié

d’aquesta via s’associa a l'esquizofrénia, les addiccions i els quadres d’hiperactivitat per
deficit de I'atencié (Moore, 2003; Chinta et al. 2005).

Figura 4. Esquema de les vies dopaminérgiques mesolimbica (esquerra) i mesocortical (dreta) o mesocorti-
colimbica de la rata, amb els somes situats principalment a l‘area tegmental ventral (VTA) o area A10 i els

axons de projecci6 cap a les arees limbiques, frontals i hipocamp.
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L'estriat, centre de processament dels GB

Excepte en els primats, per la preséncia de la capsula interna de substancia blanca, I'estriat
té macroscopicament un aspecte homogeni, d’aqui que s’hagi considerat tradicionalment
com un sol nucli, tant des d'un punt de vista morfologic com funcional.

Els estudis de desenvolupament postnatal, tanmateix, distingeixen dos compartiments es-
triatals distints: els estriosomes (“patches”) que ocupen el 20% del volum del nucli i la
matriu que correspon al 80% restant. Les neurones dels estriosomes son més primerenques
1 tot d’una expressen receptors d’opiacis-p1, mentre que les de la matriu sé6n més tardanes 1

expressen calbindina (Gerfen 2010).

Lestriat madur esta constituit, en un 10% per interneurones, principalment colinergi-
ques i en menor proporcié GABAergiques (que produeixen somatostatina, parvalbimina,
o calretinina). El 90% restant sén neurones GABAergiques de projeccié, denominades
neurones espinoses mitjanes de tipus I, les que contenen encefalina (ENK) i de tipus II,
les que contenen substancia P (SP) i dinorfina (DYN). Totes presenten una elevada densi-
tat d’espines dendritiques (vegeu la figura 5), sobre les que fan sinapsi distintes aferéncies
intrinseques i extrinseques, de les quals cal destacar les dues primeres, a continuacié:

a) Aferencies glutamatérgiques provinents de tot el neocortex (excepte el visual i audi-
tiu primaris), les capes III i V del qual projecten principalment a la matriu estriatal.
Altres aferéncies procedeixen de determinats nuclis del talem (parafasciculars, ven-
tromedials i paraventriculars). Els axons glutamatérgics fan sinapsi a nivell del cap
de les espines, exercint en conjunt un rol activador dels circuits estriatals.

b) Aferéncies dopaminergiques provinents del nivell dorsal de la SNc i de la VTA fan
sinapsi amb les neurones de la matriu. Les originades en la SNc¢ ventral es dirigeixen
tant a la matriu com als estriosomes. En general, aquestes aferéncies dopaminergi-
ques fan sinapsi en el coll de les espines dendritiques exercint un paper modulador
dels senyals glutamatergics (vegeu la figura 5) (Schiffmann et al., 2007).

c) Aferencies GABAergiques, des de 'area retrorrubral (A8) a la matriu.

d) Aferéncies serotoninérgiques, des dels nuclis del Rafe.

Al seu torn, les neurones espinoses mitjanes de l'estriat dorsal projecten dos tipus d’ eferen-
cies GABAergiques cap a la SNr i el GPi, els dos nuclis de sortida dels GB amb direccié
al talem:
1) Les neurones estriatals de tipus II, dinorfinérgiques connecten els estriosomes di-
rectament amb els nuclis de sortida, constituint la denominada via estriat-nigral
directa, en la que s’expressen receptors dopaminergics D1 (acoblats a proteines Gs,

excitadores) (vegeu la figura 6).



Capitol 1: Introducci6 i Objectius 25

2) Les neurones estriatals de tipus I encefalinérgiques connecten la matriu estriatal amb
les neurones GABAérgiques del GPe que al seu torn fan sinapsi amb les neurones
glutamatergiques del STN, que fan contacte amb els nuclis de sortida. Aquesta es la
denominada via estriat-pal-lidal indirecta on s’expressen receptors dopamineérgics
de tipus D2 (acoblats a proteines Gi/o, inhibidores). Les neurones GABAergiques
del GPe també projecten directament als nuclis de sortida sense fer relleu al STN
(vegeu la figura 6) (Gerfen, 2004).
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Figura 5. Esquema de les interaccions glutamatergiques corticals (sobre el cap) i dopaminergiques nigrals (so-
bre el coll) amb les espines de les neurones espinones mitjanes de l'estriat de rata. NAc (nucli accumbens o es-

triat ventral), VP ( nucli pal-lid extern o ventral, VTA (area tegmental ventral) (Hyman and Malenka, 2001).

Segons la teoria central dels trastorns motors de la PD i de la malaltia de Huntington,
les vies estriat-nigral directa i estriat-pal-lidal indirecta competeixen funcionalment
entre elles per activar o inhibir el moviment:

a) la via estriat-nigral directa consisteix en dues connexions inhibidores GABAeérgiques
consecutives: de I'estriat al GPi i SNr i d’aquests al talem, de manera que les aferén-
cies excitadores glutamatergiques del neocortex, a través d’aquesta via desinhibeixen
el talem, el qual estimulant el cortex motor a través del seu neurotransmissor, el
glutamat, allibera el moviment.

b) la via estriat-pal-lidal indirecta, en canvi, consta de un pas extra a través del nucli
STN glutamatergic, el qual estimula els GABAergics GPi i SNr, aquests, en inhibir
el talem, inhibeixen el cortex motor i frenen el moviment (vegeu la figura 6 i 7)

(Graybiel, 2000).

En aquesta complexa xarxa neuronal, la DA té un paper modulador sobre I'activitat de les

dues vies, principalment a nivell de 'estriat. Aix{i, en situaci6 fisiologica, la unié de la DA
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amb els receptors de tipus D1 (estimuladors i localitzats en la via directa) i D2 (inhibidors i

ubicats en la via indirecta) porta a la iniciacié i desenvolupament correcte del moviment.

La disfuncié dopaminérgica repercuteix en tot el sistema dels ganglis basals: en models
animals i en els malalts de PD, tant a nivell electrofisiologic com metabolic, s’ha pogut de-
mostrar una hiperactivitat del nucli subtalamic (STN) que a través dels GPi i SNr, provoca
una sobreinhibici6 del talem i d’aquest al cortex premotor, el que explica la bradicinesia
/ acinesia i justifica els abordatges quirtrgics de la malaltia (Guridi et al., 2004). Aixi,
l'alteracié de les vies nigroestriatals implica o bé una prominéncia inhibitoria de les vies
estriat-nigrals que es tradueix en I'enlentiment dels moviments com acabem de comentar o
bé un excés d’excitabilitat d’aquestes vies amb I'aparici6 d'un quadre discinétic amb movi-
ments rapids, irregulars i incontrolats tipus coreiforme com en la malaltia de Huntington
(Ambrosio et al., 1996).
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Figura 6. Representaci6 esquematica de les interconnexions dels ganglis basals i els principals neuropeptids
sintetitzats per les neurones espinoses mitjanes estriatals de projeccié. Es senyala la ubicacié dels receptors
d’adenosina i dopamina. Les fletxes representen les connexions sinaptiques. Globus pal-lid extern (GPe);
globus pal-lid intern (GPi); substancia negra compacta (SNc¢); substancia negra reticulada (SNr); nucli sub-
talamic (STN); Encefalina (ENK); Dinorfina (Dyn); Substancia P (SP); receptors dopaminergics D1 i D2;
receptors de adenosina A2A. (Schiffmann et al., 2007).
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Figura 7. Esquema del funcionament ordinari dels ganglis basals en relacié6 a la iniciacié i execucié dels mo-
viments i funcionament alterat (dreta) pel déficit de la innervacié dopaminergica moduladora, que cursa amb

una preeminéncia de la via estriat- pal-lidal indirecta inhibitdria i un enlentiment dels moviments.

Distribucio regional de la DA i altres marcadors dopaminérgics en
els ganglis bassals

La DA no es distribueix homogeniament als GB, ni tampoc en el si de cada nucli, quan
s’estudia en cervells humans postmortem:

L estriat és el nucli més ric en DA, amb 5-7 pg/g de teixit, que correspon al 80% de tota
la DA cerebral, perd mostra un gradient de concentracié amb nivells alts al cos de l'estriat
i nivells baixos al cap i la cua (en la Fig. 2a dreta s’aprecia la forma de C dels estriats amb
el voluminds cap que correspon al putamen i cap del caudat).

La SN és el segon nucli més ric en DA (0.5 - 0.9 pg/g), amb grans diferencies regionals: la
zona compacta, amb 0.9 pg/g, triplica la concentracié de la zona reticulada, 0.3 pg/g.

El GPe, amb 0.45 pg/g, quintuplica la concentracié de DA del GPi, 0.07 pg/g i al STN és
de 0.1-0.2 pg/g (Hornykiewicz 2001).

La distribucié d’altres marcadors bioquimics propis d’aquestes neurones com TH, DAT,
VMAT?2, AADC, receptors DA pre i postsinaptics, es equivalent a la de la DA.

En canvi, la distribucié de I'acid homovanil-lic (HVA), el principal metabolit dopamineér-
gic en el cervell huma (en el de la rata és l'acid dihidroxifenilaceétic - DOPAC), presenta
marcades diferencies que probablement reflecteixen diferencies regionals en la sintesi, em-
magatzemament, tassa de recaptacié i recanvi dopaminergic, aixi, el quocient molar HVA
/ DA oscil-la al voltant de la unitat a nivell de I'estriat huma (0.1 en el de rata), on la con-
centracié del DAT és maxima; és aproximadament de 3 a la SN, és de 10 al STN i de entre
101 50 al GP, on la concentracié del DAT és minima, (Hornykiewicz 2001).
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Metabolisme de La dopamina

La dopamina és una catecolamina que es sintetitza majoritariament a nivell de les termi-
nacions sinaptiques, a partir de 'aminoacid L-tirosina, per 'accié consecutiva dels enzims
TH i AADC que el transformen en L -3,4-dihidroxifenilalanina (L-DOPA) i DA respecti-
vament (vegeu la figura 8). La DA queda emmagatzemada en vesicules sinaptiques a través
del transportador vesicular VMAT?2 que realitza un transport antiport acoblat a H+. Larri-
bada d’un potencial d’acci6 presinaptic allibera les vesicules plenes de DA a I’espai sinaptic
permetent la seva interaccié amb receptors especifics pre i postsinaptics. Després d’exercir
la seva acci6, la DA és majoritariament recaptada i introduida de nou a les terminacions
nervioses pel transportador DAT, aqui sera en part re-vesiculada i en part metabolitzada
per la monoaminooxidasa mitocondrial (MAO) a acid 3,4-dihidroxifenilacetic (DOPAC),
un 40% del qual és eliminat i el 60% restant és metabolitzat per la catecol-O-metil-trans-

ferasa (COMT), enzim membranal d’acci6 extracel-lular, a acid homovanil-lic (HVA).
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Figura 8. A) Esquema de la sintesi dels neurotransmissors catecolaminergics, dopamina, noradrenalina i
adrenalina (Goridis and Rohrer, 2002). B) Sintesi (1,2,3), emmagatzemament (4,8), secrecié (5), interaccié
amb receptors postsinaptic (6), recaptacié (7) i metabolisme (9, 10) de la dopamina (Ben-Jonathan N. i
Hnasko R., 2001).
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Figura 9. Esquema del catabolisme enzimatic de la DA pels enzims MAO i COMT que genera els metabo-
lits DOPAC, 3-MT i HVA.

La mesura del DOPAC pot ser indicativa del grau de metabolitzaci6 de la DA i la del HVA
pot donar idea del seu alliberament, mentre que la suma dels dos metabolits en relaci6 a la
DA dona idea del recanvi dopaminergic (vegeu la figura 9) (Caudle, 2008).

En l'envelliment fisiologic, s’ha demostrat un augment del recanvi dopaminérgic, possi-
blement per augment de la TH, que resulta en un increment de la concentraci6 de DA i
metabolits en les neurones TH positives de la SNc, sense canvis perceptibles al nucli estriat
(Greenwood, 1991).

Autooxidacio de la DA | formacioé de la neuromelanina

Amb l'edat, en regions com la substancia negra i el lloc ceruli, es formen polimers a base
de catecolamines oxidades que es coneixen com a agregats de neuromelanina (NM) i que
son responsables de la pigmentacié d’aquests nuclis cerebrals en els humans. En condicions
normals, 'activitat de la MAO i 'emmagatzemament de la DA en vesicules acidiques (que
estabilitza I'estructura catecol) evita la seva autooxidacié. Tanmateix, qualsevol procés que
comporti I'augment de la sintesi del neurotransmissor, la saturacié de VMAT? o la baixa
expressi6 de MAO 1 VMAT?2 incrementara la concentracié de dopamina lliure al citosol 1

la produccié de quinones i semiquinones amb un elevat poder oxidant.
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El procés pot comengar amb la oxidacié de la DA i L-DOPA a ortoquinones (DA o-qui-
nona, L-DOPA o-quinona), formes que després d'una reestructuracié interna per ciclacié
de la cadena aminoalquil donen lloc a aminocrom i dopacrom respectivament, aquesta
reaccié pot ser catalitzada per 0, Fe?*, peroxinitrits (ONOO" i ‘NO,), citocrom P450
1A2, prostaglandina H sintasa (COX 1 i COX 2), lactoperoxidase, lipoxigenasa, xantina
oxidasa, tirosinasa i dopamina b-monooxigenasa i probablement per O,~* i HO". Aquestes
catecolquinones sén precursores de la neuromelanina cerebral (i de la melanina a la pell)
(Graumann et al., 2002) (Kostrzewa et al., 2002).

Aminocrom i dopacrom poden guanyar un electré i donar lloc a formes reduides deno-
minades semiquinones (SQ) amb un potencial citotdoxic molt superior al de les quinones
doncs inicien un cicle redox que s’autopropaga fins I'esgotament total del NADPH o la
total deplecié de l'oxigen (vegeu la figura 10) (vegeu: hipotesis etiopatogenics de la PD:

estres oxidatiu).
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Figura 10. Formaci6 de la neuromelanina i dels radicals semiquinona a partir de derivats oxidats de la DA
(Graumann et al., 2002).
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La neuromelanina és un material amorf, fosc, insoluble i d’estructura irregular que s’ha
comparat amb la dels acids himics (components basics de la matéria organica del sol).
Quan s’ha estudiat la composicié de la NM en controls i teixit cerebral postmortem de
malalts de PD mitjangant ressonancia magneética nuclear d’alta resolucié de I'estat solid
(indicada per molécules insolubles), es veuen diferencies significatives: en els controls, la
NM té el component policatecolic de la polimeritzacié dels derivats oxidats de la DA que
acabem de comentar i un de lipidic, derivat de la cadena isoprenoide del dolicol que s’ha
identificat com el component lipidic dels granuls intactes de NM, en canvi, el pigment
extret dels pacients de PD conté una petita proporcié de la composicié esmentada i sobre
tot un component lipoproteic molt resistent a proteases, en el que es detecta la proteina
o-sinucleina, entre d’altres. Aquesta diferent composici6é podria ser deguda, en part, a la
solubilitzacié del material policatecolic per I'accié de substancies oxidants com el peroxid
d’hidrogen que rendiria acids melanics solubles que es descartarien durant el procés d’ex-
traccié previa a RNM d’alta resolucié (vegeu la figural 1) (Fasano et al., 2006) (quant a I
o-sinucleina, vegeu: aspectes neuropatologics de la PD, LB i LN i també la causa geneética
de la PD).

Figura 11. Esquema de la possible degradacié au-
tocatalitica de la neuromelanina: radicals lliures
derivats de 'oxigen (ROS), com el peroxid d’hidro-
gen, ataquen l'estructura insoluble de la melanina
(en gris) produint acids melanics (en marr6) que
poden quelar els ions de ferro alliberats i potenciar
la formacié de més ROS (Fassano et al., 20006).

Receptors dopaminergics

De la interacci6 entre la dopamina i els receptors dopaminergics depén el seu efecte en les
distintes arees cerebrals o periferiques. En funcié de les homologies estructurals i de les
propietats farmacologiques i funcionals s’han descrit cinc tipus de receptors dopaminergics
centrals, agrupats en dues families: receptors de tipus D1 (D1 i D5) i receptors de tipus
D2 (D2, D3, D4).
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a) Els receptors de la familia D1 sén majoritariament postsinaptics i estan acoblats a
proteines Gs activadores de I'enzim adenilat ciclasa. Els D1 sén els de més ampla
distribuci6 i densitat a tot el cervell, essent les neurones estriatals espinoses mitjanes
de la via nigroestriatal directa les que presenten la major concentracié. També s’han
trobat a nivell presinaptic en les projeccions glutamateérgiques de cortex i talem. Els
receptors D5 abunden especialment en l'estriat ventral, illes de Calleja, tubercles
olfactoris i septum, totes, estructures limbiques.

b) Els receptors de tipus D2 s6n acoblats a proteines Go/i inhibidores de 'adenilat cicla-
sa. La distribuci6 regional dels D2 és molt similar als D1 amb algunes diferencies: 1)
menor densitat cortical, 2) localitzacié presinaptica en els terminals dopaminergics
que projecten a 'estriat, 3) localitzaci6é postsinaptica en les neurones espinoses mit-
janes de la via estriat-pal-lidal indirecta, 4) localitzaci6 en les interneurones colinér-
giques estriatals. Els receptors D3, com els D5, s6n abundants en les arees limbiques
(Hurley and Jenner, 2006).

Desenvolupament de les vies dopaminergiques

Les nDAm s’originen a partir de cél-lules progenitores embrionaries de la linia mitja ven-
tral del sol del tub neural, al voltant de la flexi6 cefalica que correspon al tegmentum.

La transformacié d’aquestes cél-lules mare en neurones dopaminérgiques es produeix al vol-
tant del dia 10,5 (ratoli) i 12 (rata) del periode embrionari com a resultat de la interaccié
del factor morfogenic local Shh (Sonic hedgehog) amb el també morfogen FGF8 (factor de
creixement de fibroblasts 8) expressat en I'adjacent centre organitzador de I'istme (ISO).
Shh provoca la desinhibici6 de la proteina transmembrana, smoothened (SMO), que al seu
torn indueix l'activacié o desinhibicié d’una serie de gens involucrats en el desenvolupa-
ment i manteniment postmitotic de les nDAm.

Tot i que encara s’han d’identificar els factors de transcripcié que sén especificament ex-
pressats per les cél-lules progenitores dopaminergiques proliferants, ja s’han caracteritzat
alguns dels que intervenen en el desenvolupament postmitotic d’aquestes: LMX1b és un
factor activador de la diferenciacié de les nDAm, en activar 'expressié6 de Msx1, amb el
producte del qual coopera per activar Ngn2. El factcor NGN2 activa les cel-lules proge-
nitores que expressen SOX2 i que més tard es desenvolupen en neurones postmitotiques
NURR positives i possiblement en nDAm TH positives.

NURRI és imprescindible per 'expressié del gen de la TH, VMAT2, DAT, i el receptor
tirosina quinasa RET. Els gens Enl i En2 poden intervenir tant en la generaci6 i/o diferen-

ciaci6é com en el manteniment de les nDAm.
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Pitx3 sembla ser exclusiu de les neurones dopaminérgiques de la via nigroestriatal, doncs
els ratolins nadons que en sén deficients conserven totes les neurones dopamineérgiques
de la VTA i de l'area retrorrubral, perd mostren una manca total de les de la SN. Pitx3 és
necessari per a la diferenciaci6 de les terminacions dopaminérgiques i pel manteniment de
les nDAm. En el ratoli, Pitx3 s’expressa des del dia 11 de la fase embrionaria fins a I'edat
adulta (vegeu la figura 12). Els nivells de mRNA de Pitx3 al mesencefal estan disminuits
en els ratolins KO per Lmx1b, en la rata parkinsoniana per 6-OHDA i en els malalts de
PD (Nunes 2003) (Sillitoe 2008).
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Figura 12. Factors implicats en el desenvolupament embrionari de les neurones dopaminergiques mesence-
faliques. (Goridis C and Rohrer H, 2002)

En general, s’accepta el principi que durant la embriogenesi del SNC hi ha una produccié
neuronal excessiva, per esdevenir-se més tard un procés natural de mort cel-lular que de-
termina el nombre final de cada poblacié neuronal a I'adult. La supervivencia en la correcta
connexi6é dependra de la capacitat de cada neurona per establir contacte amb el teixit di-
ana en captar el factor trofic rellevant i portar-lo al soma per transport retrograd (Clarke,
1985).

S’han descrit dos periodes de mort cel-lular natural per apoptosi en la SN de ratolins i rates,
el primer, entre 3 dies abans i 8 dies després del naixement i el segon al voltant del dia 15
postnatal. GDNF (Factor neurotrdfic derivat de glia) es un factor trofic que assoleix elevats
nivells d’expressi6 al voltant del segon dia postnatal en les neurones espinoses mitjanes de
I'estriat (Cho et al., 2003), aixi com succeeix en la SNc amb el seu receptor (GDNF recep-
tor 1) i el receptor tirosina quinasa Ret, durant el desenvolupament.

En cultius primaris de neurones dopaminergiques postnatals esposats a GDNF i en nadons
de rata Sprague-Dawley tractats amb GDNF intraestriatal s’ha pogut suprimir el primer
pic apoptotic fisiologic de les neurones dopaminergiques i contrariament I'administracié

intraestriatal de anticossos anti-GDNF en nadons de rata ha incrementat la mort de neuro-
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nes de la SNc durant aquesta primera onada apoptotica (Oo et al., 2003), aquestes i altres
evidencies (Kholodilov et al., 2004) recolzen el paper fisioldgic de GDNF en la regulacié
de la primera fase de mort fisiologica de les nDAm. Tanmateix, la major supervivéncia
neuronal propiciada pel GDNF sobreexpressat en 'estriat de ratolins transgeénics no s’ha
vist mantinguda en I'edat adulta, de manera que s’ha suggerit la necessitat d’altres factors
trofics derivats del teixit diana que juntament amb GDNF regulin el nombre finals de les

neurones dopamineérgiques nigroestriatals (vegeu la taula 2) (Smidt and Burbach, 2007).

Taula 2. Proteines amb un efecte neurotrofic sobre les nDAmM

LLIGAND RECEPTOR LLIGAND RECEPTOR

BDNF TrkB, receptor P75 Neurotrofina 4/5 TrkB

GDNF GFRO-cRET, GFR0.-NCAM TGFo Receptor TGFou
Neurturina GFRO-cRET TGFo Receptor EGF/TGFo
Neublastina/artemina GFR0O-cRET Neurregulina 1 Receptor ERBB3/4
Persefina GFRO4-cRET BMPs BMPR1/2
Neurotrofina 3 TrkC HB-EGF ERBBI1

GDF5 BMPR1b FGEF2 FGFR1

bFGF FGFR1-3

BDNE, brain-derived neurotrophic factor; bFGF, basic fibroblast growth factor; BMP, bone morphogenetic
protein; BMPR1, BMP recepetor type 1; cRET, RET receptor tyrosine kinase; EGFE, epidermal growth factor,
ERBBI, v-erb-a erytroblastic leukaemia viral oncogene homologue 1; GDFS, growth differentiation factor
5; GFRO, GDNF family receptor-0i; HB-EGF, heparin binding EGF; NCAM, neural cell adhesion molecule;
TGFa., transforming growth factor-ol; TrkB, tyrosine receptor kinase B) (Smidt and Burbach, 2007).

Activitat electrica de les neurones dopaminergiques

Des de fa bastants anys, el grup de Schultz (Schulz, 1986) ha obtingut registres electro-
fisiologics de l'activitat eléctrica extracel-lular de neurones dopaminérgiques en el mico
despert i actiu; més recentment altres grups han aconseguit el mateix en rosegadors.

També des de fa temps, el grup de Grace and Bunney (1984) ha fet registres electrofisiolo-
gics intracel-lulars de neurones dopaminergiques (per insercié de microeléctrodes o per la
técnica de fixaci6 de membrana, patch-clamp), perd la complexitat técnica d’aquest abor-
datge sols permet el registre en I'animal anestesiat, aix{ s’ha obtingut informaci6 essencial
sobre la seqiiencia temporal dels potencials d’accié d’aquestes neurones i de les oscil-lacions

dels potencials de membrana en I’escala subllindar, que aporten informaci6 rellevant sobre
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els tipus de canal idnic responsables de la generaci6 i control de I'activitat eléctrica neuro-
nal.

Tanmateix, la major part dels registres intracel-lulars de I'activitat eleéctrica dopaminergica
deriven de preparacions in vitro de seccions gruixudes (“slices”) de mesencefal o de neu-
rones dopaminérgiques acabades de dissociar, preparacions que amputen la majoria dels
axons i dendrites de la neurona (que s’obtenen d’animals massa joves com rosegadors de
2-3 setmanes) aillant-les de la complexa xarxa de connexions dels ganglis bassals de la que
formen part i que en dltima instancia és la principal controladora de l'activitat eléctrica

dopaminergica (Liss 1 Roeper, 2010).

Aixi, tan en les preparacions in vivo com in vitro i degut a la inaccessibilitat dels fins axons
i dels botons sinaptics, els registres provenen del compartiment somatodendritic. Amb tot,

s’han definit dos patrons temporals d’activitat eléctrica en les nDAm, en I'animal despert:

a) Un patré tonic basal, de marcapassos regular en les nDAm nigroestriatals, que
provoca l'exocitosi de vesicules dopaminergiques, I'augment extracel-lular de DA de
I'ordre nanomolar i que assegura les concentracions basals estables de DA en 'estriat
dorsal o sensoriomotor. Aquest patrd es caracteritza per descarregues continues de
potencials d’accié tnics, de baixa freqiiencia, d’uns 4.0 Hz (vegeu les figures 13b i
14b) (Liss i Roeper, 2008), es pensa que pot ser el correlat electric de la denominada
transmissié volumetrica caracteristica dels sistemes monoaminergics (que descriu
la difusi6 tridimensional del neurotransmissor i el seu efecte a gran distancia més
que la comunicacié focal de la transmissié sinaptica classica - Fuxe et al., 2007).
El patré tonic de marcapassos s’explica per l'activitat combinada dels tres tipus de
canals ionics: 1) canals de calci Cavl.3 (canals de Ca”* sensibles a voltatge, tipus L,
d’accié6 lenta - long-lasting), 2) canals HCN (canals no selectius de cations activats
per hiperpolaritzacié i modulats per nucleotids ciclics) i 3) canals SK3 (canals de K*
depenent de calci de baixa conductivitat i sensibles a apamina). En la zona somato-
dendritica d’aquestes neurones hi ha GIRK?2 (canals de potassi activats pels autorre-

ceptors D2 acoblats a proteines Gi) que medien la inhibici6 de l'activitat eléctrica.

Les nDAm de la via mesocorticolimbica també presenten activitat eléctrica toni-
ca de marcapassos perd de major freqiiéncia, entre 15 i 30 Hz, més irregular i sembla
independent dels canals responsables en les anteriorment esmentades. Aqui, l'acti-
vitat tonica es generaria per 'activitat dels Nav (canals de sodi depenent de voltatge
i sensibles a tetradotoxina), d'una banda, i dels contraposats Kv4.3L/Kchip3 (canals
de K* tipus A de rapida inactivacid) i els Kir (canals de potassi de rectificacid inter-

na) de l'altra. Les nDAm mesocorticolimbiques, a diferencia de les nigroestriatals,
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no expressen autorreceptors D2 ni els canals de potassi que s’hi associen, de manera
que s6n indiferents als agonistes dopaminergics D2 i tenen baixos nivells d’expressié
de DAT.

b) Un patré electric fasic en les neurones de la via mesocorticolimbica de rosega-
dors i primats estudiats in vivo, a base de trens d‘entre 2-10 potencials d’acci6, d’alta
freqiiencia, 20-80Hz, separats per intervals d'uns 60 ms, quan I'animal rep una
recompensa nova o quan esta davant d’un estimul sensorial que normalment prece-
deix una recompensa ja coneguda. Aquest patré fasic fa augmentar la DA extracel-
lular fins a I'ordre micromolar, durant cents de milisegons i quan falla la prevista
recompensa, el interval entre les tongades de potencials d’acci6 s’allarga més de 400
ms. Aquesta activitat fasica no apareix espontaniament en els registres electrofisio-
logics in vitro, perd es pot generar quelcom de similar activant farmacoldogicament
els receptors de NMDA (receptors ionotropics de glutamat sensibles a N-metil D-
aspartat) i els canals SK3 (vegeu les figures 13c i 14c).

a single action potential b pacemaker activity

Figura 13. Registre eléctric amb la técnica de patch-clamp in vitro de neurones dopaminérgiques a partir
de seccions gruixudes (slices) de teixit mesencefalic. a) tipic potencial d’accié simple. b) patré tonic basal de
marcapassos. ¢) patré fasic induit per inhibicié farmacoldgica dels canals SK. Linia de punts representa -50

mV. Barra d’escala representa 10 mV i 2 ms (a) 6 500 ms (b i ¢) (Liss and Roeper, 2010).
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Les diferencies fenotipiques i funcionals observades entre les nDAm de la via nigroestriatal
i les de la via mesocorticolimbica no acaben aqui, doncs les neurones nigroestriatals s6n
més proclius a la neurodegeneracié que les mesocorticolimbiques com es comprova en els
malalts i en els models animals de la malaltia de Parkinson, on les segones sén molt menys
afectades. A més, quan s’estudien els principals canals idnics o quan s’apliquen pertorba-
cions farmacologiques i electriques en les nDAm en animals KO, ambdues poblacions
mostren distinta flexibilitat i adaptabilitat per mantenir el seu patr6 electric intrinsec (Liss
and Roeper, 2010).

b tonic activity ¢ burst activity
S N —— - O mv
i o WS e =42 mY
w/_’_t—’jl//l —58 mV iRt bl
100 ms 250 ms

Figura 14. Registre eléctric intracel-lular de neurones dopaminérgiques in vivo, en rata anestesiada. b) patré
d’activitat tonica i ¢) patré d’activitat fasica, el petit registre en ¢) correspon a un registre extracel-lular in

vivo, barres d’escala representen 0.3 mV i 250 ms. (Liss and Roeper, 2010).

La DA en la gratificacio, I'addicio i 'aprenentatge

Al llarg de I'evolucid, els organismes han desenvolupat circuits neuronals relacionats amb
la recompensa que s’activen a partir de determinats estimuls ambientals rellevants (refor-
¢adors com l'aliment, la beguda, el sexe i el joc) per assegurar 'aprenentatge de conductes
de cerca i consumacid, ttils per a la seva supervivéncia, benestar i perpetuacié (Schultz,
2000).

Com els estimuls naturals esmentats, perd de molta més potencia, les drogues d’abus sén
“reforcadors de la conducta” que provoquen l'activacié de les neurones dopaminérgiques
mesocorticolimbiques (cos a la VTA i projeccions cap a les arees limbiques i corticals).
Els estudis classics de psicoestimulants en animals i els de neuroimatge funcional aplicats
a humans (Merims, 2008) demostren que totes les drogues indueixen un fort i rapid aug-
ment de la DA extracel-lular, especialment en el nucli accambens (NAc o estriat ventral),
augment que coincideix amb la sensacié d’euforia i de “pujada” referida pel consumidor,
sobre tot si s'administra per via endovenosa, que potencia I'efecte refor¢cador per la rapidesa

de l'efecte. E1 NAc actua de interficie entre les arees [imbiques i corticals, relacionades amb
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la motivacid, per una banda, i els circuits motors responsables de I'execuci6 de les conduc-
tes motivades, per 'altre (Wolf, 2006).

Lexcessiu alliberament de DA provoca canvis moleculars i cel-lulars compensatoris tant en
les neurones GABAergiques del NAc com en els circuits neuronals glutamatergics relaci-

onats (vegeu la figura 15).

71 Dopamine
[ GABA
[ Glutamate
[ Acetyicholine

Figura 15. Esquema del sistema dopaminergic mesocorticolimbic i circuits relacionats. L'area tegmental
ventral (VTA) conté neurones dopamineérgiques que innerven el nucli accumbens (NAc) i el cortex pre-
frontal (PFC), entre altres nuclis del cervell anterior. Les neurones GABAgrgiques del NAc reben aferéncies
glutamatergiques del cortex prefrontal PFC, de I'amigdala (AMY), de I'hipocamp (HPC) i del talem, zones
relacionades amb la motivacid i els projectes i envien eferéncies cap al globus pal-lid ventral (VP), la VTA i
la SN, regions relacionades amb 'execuci6 de les conductes motivades. Les eferéncies glutamatergiques del
PFC modulem aquests circuits fent sinapsis amb NAc, VTA, SN, PPT (nucli tegmental-peduncle-ponti) i
LTD (nucli tegmental-lateral-dorsal) (Wolf, 2006).

Els animals d’experimentaci6 tractats amb psicoestimulants presenten un augment de la
densitat de dendrites i espines dendritiques (localitzacié preferent de les sinapsis glutama-
térgiques) en el NAc i en el cortex prefrontal.

Els estudis funcionals per PET amb drogoaddictes mostren, respecte dels controls: a) una
menor densitat de receptors tipus D2 a I'estriat ventral i dorsal i b) una disminuci6 de la
DA alliberada per les neurones mesocorticolimbiques, ambdés canvis, s’especula, podrien
explicar la menor sensibilitat d’aquets malalts a la gratificacié dels refor¢adors naturals.
¢) Suposadament relacionats amb la disponibilitat de receptors D2, durant la sindrome
d’abstinéncia s’observa una activitat disminuida en el cortex orbito-frontal (implicada amb
la motivacié i 'assignacié de rellevancia als estimuls) i en el gir cinglat anterior (relacio-
nat amb el control inhibitori de les conductes), situaci6é que vira cap a una hiperactivitat
d’aquestes zones quan la droga o els senyals relacionats amb ella es presenten, fenomen que
pot tenir que veure amb el comportament compulsiu i desinhibit de cerca i consum del

drogodepenent (Volkow, 2004).
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En resum, independentment del mecanisme molecular particular de cada droga, totes aug-
menten la neurotransmissié dopaminérgica mesocorticolimbica, reforcant I'aprenentatge
i la memoria de la conducta addictiva (la cocaina, I'amfetamina i el metilfenidat alteren
directament la recaptaci6 o 'alliberament de la DA, mentre que la nicotina, 'alcohol, els
opiacis i la cannabis actuen sobre altres neurotransmissors que modulen la DA (vegeu la
figura 16).
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Figura 16. Esquema dels mecanismes a través dels quals les drogues d’abus incrementen la neurotransmissié
dopaminergica en les neurones mesocorticolimbiques: Opiacis, etanol i cannabis disminueixen la transmis-
si6 GABAegrgica en la VTA, desinhibint les neurones dopamineérgiques. Les drogues estimulants (cocaina,
amfetamina, metilfenidat) augmenten els nivells extracel-lulars de DA, interaccionant amb el DAT. La ni-
cotina, a través dels receptors nicotinics de ACh localitzats en les neurones dopaminergiques, Gabaérgiques
i terminacions glutamatergiques activa la transmissié dopaminergica i promou l'alliberament de glutamat
en la VTA (wolf, 2006).

Quant a la dopamina, no tan sols s’associa amb la recompensa sin amb la prediccié de la
recompensa i la rellevancia dels estimuls (entesa com la capacitat de I'estimul per a produir
una activacié o un canvi en la atenci6 o la conducta) de tal manera que a més dels estimuls
recompensants, la dopamina o la seva manca també “assenyalaria” els estimuls aversius,
nous i inesperats. Els registres electrofisiologics (Shultz, 2007) mostren que el patré fasic
d’activitat eléctrica dopaminérgica augmenta quan els micos entrenats reconeixen certs
estimuls ambientals associats a una immediata recompensa, o bé quan se’ls presenta una
recompensa inesperada o millor que I'esperada (el que es considera una prediccié positiva

en 'error de recompensa). En canvi, quan la recompensa és tal com s’esperava, les nDAm
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mostren el patré de dispars tonic basal i quan I'expectativa de recompensa falla (prediccié
negativa en l'error de recompensa) hi ha un silenci eléctric en aquestes neurones.

Les nDA de la VTA s’adapten rapidament a la informacié proporcionada per la prediccié
dels estimuls de recompensa, canviant en funcié del guany ajustat a la previsié del valor
de la recompensa (Tobler, 2005). Els elevats nivells extracel-lulars de la DA provocats per
les drogues motiven la cerca de més droga (independentment de si l'efecte és plaent o no) i
faciliten I'aprenentatge condicionat, de forma que els estimuls neutres ambientals associats
a la droga adquireixen rellevancia i per si sols poden desencadenar 'augment de DA i el de-
sig de consumir, d’aquf la recomanaci6 d’eliminar les circumstancies ambientals que envol-

ten el consum de les drogues d’abis per evitar les recaigudes, després de la deshabituacid.

En els dltims any, s’han publicat casos de malalts de Parkinson que han desenvolupat tras-
torns compulsius com addicci6 a la propia medicacid, hipersexualitat, ludopatia, compres o
ingesta compulsives, quelcom de sorprenent tenint en compta que ’estereotip del parkin-
sonia (persona rigida, introvertida, poc donada a les novetats i amb molt baixa incidéncia
d’abus de drogues legals) és oposada a la personalitat dels addictes (extravertida, impulsiva
i predisposada a tot lo nou). Els malalts de PD que han patit un trastorn del control dels
impulsos han estat, majoritariament, homes joves (en el moment del diagnostic) amb an-
tecedents de consum de drogues, en alguns casos amb antecedents de depressié i amb una
personalitat de “buscadors de novetats” (“novelty seeking”) segons el test de personalitat
de Cloninger. Una altra caracteristica comt d’aquest grup de malalts ha estat el comenga-
ment, pocs mesos abans de 'aparici6 del quadre d’addiccié, d’'una pauta farmacologica amb
agonistes dopaminergics (pramipexol o ropinirol) sols o combinats amb L-DOPA. Aquests
malalts han persistit en el consum compulsiu de la medicacid, a pesar de presentar en poc
temps discinesies invalidants. Quan s’han reduit les dosis o s’han retirat els agonistes dopa-
minérgics, el quadre ha remés; el desencadenant del trastorn compulsiu, possiblement, ha
estat I'excessiva estimulacié dopaminergica produida pels farmacs agonistes sobre I'estriat
ventral (NAc), prou preservat en aquests malalts joves, en comparacié amb la ja degenerada
via nigroestriatal (Merims and Giladi, 2008) (Lawrence et al., 2003).

Malalties relacionades amb la dopamina

La dopamina esta implicada en patologies neurologiques i psiquiatriques: la disminuci6
de la transmissié dopaminergica a lestriat per degeneracié de la via nigroestriatal s’associa
als simptomes motors de la PD, de l'atrofia multisistémica i d’altres parkinsonismes. En

canvi, 'augment de la dopamina en la via mesocorticolimbica i la disfuncié dopaminergica
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a nivell del cortex i hipocamp es relacionen respectivament amb els simptomes positius
(al-lucinacions, deliris) i negatius (aillament social, pobresa en 'expressié verbal, els pensa-
ments, els afectes i la motivacid) de 'esquizofrenia. En el trastorn per deficit de I'atenci6 i
hiperactivitat hi ha un déficit en el control dopaminérgic a nivell prefrontal i estriatal. En
les addiccions hi ha una alteraci6 dopamineérgica en les arees limbiques i corticals.

De tots aquests quadres, hem volgut revisar especialment la Malaltia de Parkinson per la

seva relacié amb el model de parkinsonisme en rata que hem estudiat.

Malaltia de Parkinson idiopatica i altres parkinsonismes

El parkinsonisme és una sindrome clinica neurologica que agrupa una série heterogenia de
malalties de causes diverses, perd amb el denominador comu de 'alteracié motora que es
plasma en signes com la tremolor, la rigidesa, la bradicinésia i el trastorn postural. Sota la
denominacié comu de parkinsonisme es recullen les segiients entitats cliniques:

- Malaltia de Parkinson, la més freqiient.

- Paralisi supranuclear progressiva.

- Parkinsonismes farmacologics degut a) neuroléptics classics del grup de les fenotia-
zines i butirofenones com ’haloperidol; b) neuroléptics utilitzats pel tractament del
vertigen (proclorperazina), la dispepsia i els vomits (metoclopramida) o la depressié
bipolar (clorpromazina); ¢) la reserpina utilitzada abans com antipsicotic i antihiper-
tensiu; d) els antagonistes del calci (flunarizina, cinnarizina); e) I'anticonvulsivant
valproat sodic, principalment. (Index farmacoldgic, 2000; Lees et al., 2009).

- Atrofies multisistémiques

- Parkinsonisme vascular

- Encefalopatia multiinfart

- Leucoencefalopatia de Binswanger

- Malaltia d’Alzheimer.

- Hidrocefalia normo o hipertensiva.

La malaltia de Parkinson esporadica o idiopatica (PD) (per diferenciar-la de la PD familiar
de base genética) va ser descrita fa més de 180 anys per James Parkinson com una para-
lisi agitant (Parkinson, 1817). Encara que el seu estudi ha generat i genera una ingent
quantitat de literatura cientifica, en totes les referéncies es segueix afirmant “malaltia de
causa desconeguda”. El que si és cert és la manca de tractament curatiu, tanmateix ['enor-
me quantitat de dades epidemiologiques, cliniques i experimentals acumulades durant
els darrers 50 anys, perfilen més clarament la seva fisiopatologia, aixi com els abordatges

terapeutics actuals i futurs.
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Epidemiologia de la PD

La PD es considera el segon trastorn neurodegeneratiu més freqiient a la poblacié mundial,
després de la malaltia d’Alzheimer, amb una incidéncia de 20 casos/100.000 habitants/any
i una tendéncia a I'al¢a paral-lela a 'augment de I'esperanga de vida de la poblaci6 (Schapira
and Olanow, 2004). Hi ha, tanmateix, controversia sobre les dades epidemiologiques de la
PD degut, en part, a la dificultat d’establir el diagnostic precis de la malaltia i en part, als
freqlients casos no diagnosticats.

Els estudis d’incidéncia demostren que la taxa de PD augmenta considerablement després
de la cinquena década de vida, amb una edat d’inici promig de 60 anys i una major inci-
déncia entre els homes, també s’observen diferencies étniques (Van Den Eeden et al., 2003).
La prevalenga augmenta a mida que augmenta I'edat del grup estudiat: és del 0,9% en
persones de 65-69 any; del 1,5% en les que tenen entre 70 i 74 anys; de 3,7 en les de entre
75179 anys; 5% entre els de 80-84 anys i de 5,1% pel grup de 85-89 anys, de manera que
I'edat es converteix en el primer factor de risc d’aquesta patologia (De Rijk et al., 1997). En
general, es veu una major incidéncia entre els familiars dels malalts joves i entre germans
bessons quan un d’ells desenvolupa la malaltia abans dels 50 anys (Tanner, 1999).
Respecte a la poblacié espanyola, un estudi epidemiologic en persones d’entre 65 i 85
anys situa la incidéncia en 186 por cada 100.000 habitants/any (Benito-Leon et al., 2004).
Es calcula que al nostre pafs hauria aproximadament entre 120.000 1 150.000 malalts de

Parkinson.

Clinica i diagnostic de la PD

Per facilitar el maneig clinic dels afectats, es solen descriure quatre etapes evolutives de la
malaltia (Juri and Chand, 2006)

a) Etapa presimptomatica, des de I'inici del procés fins que apareixen els primers sig-
nes i simptomes, es pot descobrir per técniques de neuroimatge, en aquelles perso-
nes susceptibles de patir un parkinsonisme familiar. Es pensa que aquesta etapa no
sobrepassa els set anys de durada i evidentment es considera el moment ideal per
aplicar terapies neuroprotectores que frenin o retardin la progressié de la malaltia
(Di Monte, 2002).

b) Etapa inicial, des de 'aparici6 dels simptomes fins que es presenten les primers com-
plicacions degudes al tractament farmacologic, pot oscil-lar entre 5 i 10 anys.

¢) Etapa intermeédia, a partir de I'aparici6 de les complicacions pel tractament i fins que
es fan evidents alteracions psiquiatriques.

d) Etapa avancada, es fa evident el deterior cognitiu i autonomic del malalt amb signes
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que no responen a levodopa com la imantacié de la marxa.
Els signes i simptomes inicials s6n for¢a inespecifics, els afectats es queixen de lentitud, de
perdua d’agilitat per realitzar les tasques quotidianes i de gran cansament als petits esfor-
cos. Els familiars comenten que 'afectat ha envellit de cop.
Poc a poc es manifesten els signes motors caracteristics que inicialment solen ser unilate-
rals: bradicineésia (lentitud dels moviments) i hipocinésia (retardament en el inici dels
moviments), tremolor en repos que recorda el moviment de rodar boles, rigidesa mus-
cular, actitud postural en flexid, trastorns que provoquen inestabilitat postural, marxa
lenta, maldestra i com en bloc, sense braceig, amb facilitat per “quedar clavat al terra” o
per “no poder parar”, hi ha caigudes freqiients, dificultat en canviar de posici6 al llit, curi-
osament el pujar i baixar escales quasi no s’afecta. Hi ha dificultat per realitzar moviments
fins i precisos (micrografia i canvis en l'escriptura, dificultat per vestir-se, rentar-se, tallar
aliments, tocar instruments, etc).
Pot haver alteracions respiratories i de la parla per disminucié dels moviments respiratoris
i dels musculs que controlen la fonacid, la vocalitzacié i I'entonacié (expressié verbal lenta,
monotona, sense ritme ni entonaci6). Lexpressi6 facial és rigida, immobil pobre en parpe-
lleig (Garcia Ruiz i Fontan, 2000).
Es poden presentar alteracions no vinculades directament amb els trastorns motors volun-
taris que deterioren la qualitat de vida dels afectats: hiposmia (disminucié de la agudesa
olfactiva que pot precedir I'aparicié dels signes motors), transtorns del SN autdnom com
disfagia (dificultat per empassar), sialorrea (augment de la salivacid), nausees, enlentiment
del transit gastrointestinal i restrenyiment, incontinéncia urinaria, disfuncions sexuals i
vasculars periferiques (Lopez del Val y Navas Vinagre, 2000).
En un 40% dels casos, hi ha antecedents de depressié endogena (Cummings, 1992) que
pot emmascarar els simptomes motors inicials (evidenciant la possible afectacié dels cir-
cuits mesolimbics implicats en I'estat d’anim - Becker et al., 1997) i que és viscuda pel ma-
lalt com un dels aspectes més desagradables de la seva situacié. A més a més, I'antecedent
de depressi6 és molt més freqiient en els casos de PD que evolucionen cap a demeéncia (23
% front al 2,3 % de malalts sense I'antecedent de depressid) (Lennox and Lennox, 2002).
També pot apareixer un quadre psicotic secundari a la depressi6 o al tractament substitutiu
amb levodopa, que en parkinsonians grans sol ser 'anunci de demeéncia. En qualsevol grup
de malalts s’intenta reduir o eliminar els farmacs que poden causar o exacerbar la psicosi:
anticolinérgics (benzhexol), inhibidors de la MAO-B (selegilina), antivirals (amantadina)
i agonistes dopaminergics (ropinirol, cabergolina, bromocriptina, pergolida, pramipexol,
rotigotina). L'acceptacié de la tremolor i les discinesies es el preu que alguns malalts han
de pagar per millorar la seva salut mental.

La demeéncia terminal és sis vegades més freqiient en els malalts grans de PD que en con-
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trols sans, la prevalenca és del 30% en malalts majors de 65 anys i de 65% en majors de
85 anys (Mayeux et al., 1990). Els quadres més severs s’associen a simptomes neurologics
atipics com trastorn autdnom precog, presentacié bilateral i simetrica dels signes motors i
la pobre resposta als farmacs agonistes dopaminérgics.

Comparats amb controls sans, els malalts de Parkinson tenen el doble de risc de morir,
sobre tot per les complicacions dels traumatismes a conseqiiéncia del trastorn de la marxa.
(Bennet et al., 1996)

El diagnostic en vida del malalt es basa en criteris clinics:
-la presentaci6 asimetrica dels signes motors.
-la persisténcia durant un perfode llarg de temps de la bradicineésia - hipocinésia i al
menys, dos dels altres signes motors caracteristics: la rigidesa, la tremolor en repos i la
inestabilitat postural.
-la bona i perllongada resposta al tractament amb L-DOPA (Koller, 1992).

Precisament, la manca de proves diagnostiques objectives especifiques origina un conside-
rable percentatge d’errors en 'etiquetatge dels malalts (24 % dels casos diagnosticats en

vida i estudiats en necropsies (Hughes et al., 1993).

Lestadificaci6 clinica és I'estandard actual de referéncia per al seguiment de I'evoluci6 de la
malaltia. L'escala més completa i ampliament utilitzada és la denominada “Escala unificada
de valoracié de la Malaltia de Parkinson” (UPDRS o Unified Parkinson’s Disease Rating
Scale) (Fahn and Elton, 1987). Malgrat els seus punts forts, pero, 'escala té una serie de
limitacions clares: els pacients tenen simptomes que varien de dia a dia, pot haver una
considerable variabilitat interobservador, a més a més, per definicid, I'escala és ineficag per
a detectar la malaltia presimptomatica.

Per una altra banda, les técniques d’imatge actuals més sensible per al seguiment de la ma-
laltia s6n la tomografia per emissié de positrons (PET) que mesura I'absorcié de la levodopa
en el cos estriat i la tomografia computoritzada per emissi6 de fot6 tnic (SPECT) que utilit-
za el lligand del transportador de dopamina 3-CIT. Ambdues teécniques mesuren els canvis
del cos estriat, perd no els de la propia SNc i sén majorment sensibles en I'etapa simptoma-
tica, ambdues tenen un cost elevat que les fa poc accessibles per a un ts ample i encara tenen
un altre inconvenient i és que s’han d’aplicar després de com a minim 12 hores de deixar
la medicacié. D’altra banda, les técniques d’imatge per ressonancia magnetica (RMI) sén
més senzilles d’aplicar i relativament més barates que les anteriors. El seu ts en la PD s’ha
encaminat a estudiar els canvis en els diposits de ferro que s’observen en la SN dels malalts
(i tot i que en menor grau, també en els controls sans) i els canvis en 'amplada d’aquest

nucli, els resultats obtinguts per RMI no sén concloents (Hutchinson i Raff, 2000).
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Aspectes neuropatologics i bioquimics de la PD

El diagnostic de certesa de PD requereix la confirmacié neuropatologica post-mortem, a
partir de les segiients troballes (Marsden, 1990; Lees et al., 2009):

1) Desaparicié de més del 60% de les neurones pigmentades de la SNc, visible ma-
croscopicament en el teixit cerebral mesencefalic postmortem (vegeu la figura 17) i que
es tradueix en la disminuci6 de la immunoreactivitat per a la TH a la SN 1 a I'estriat. La
peérdua neuronal en la SN caracteristica de la PD, i practicament oposada a la observada en
I'envelliment fisiologic, afecta principalment a la zona ventrolateral de la SNc que innerva

el putamen i és menor en la regié dorsal i ventromedial de la SNc que innerva el caudat.
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Figura 17. Microfotografia del teixit mesencefalic cerebral postmortem a nivell de la substancia negra, pig-
mentada en un individu normal (A) i d'un afectat per PD que ha perdut gran part de la pigmentacié (B).
En la part superior es mostra I'esquema dels nuclis caudat i putamen, dianes de les fibres dopaminérgica

nigroestriatals.

Tanmateix, la via nigroestriatal no és la Gnica regi6 afectada per la neurodegeneraci6 en
la PD, la via mesocorticolimbica també degenera en fases avancades. Els malalts de PD
afectats de demeéncia, en relacid als que no presenten aquesta anomalia, presenten pérdua
neuronal en el lloc ceruli (LC, origen de les neurones noradrenergiques centrals) que pot
provocar un déficit de NA del 40 - 80 %, a les arees de projecci6é (medul-la espinal, cerebel,
mateéria grisa central del mesencefal, amigdala, substancia innominada, talem, cortex lim-
bic i neocortex). L'afectaci6 dels nuclis del rafe, origen de les neurones serotonineérgiques

centrals (que projecten a la medul-la espinal, cerebel, SN, amigdala, hipocamp, estriat i
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cortex) pot provocar en estriat i cortex una reducci6 del 50 % de la serotonina i I'acid 5-hi-
droxi-indolacetic (5-HIAA, el principal metabolit). L'afectacié del nucli basal de Meynert,
origen d’amples entrades colinérgiques al cervell, fa disminuir I” acetilcolina al neocortex i
a |’ hipocamp. El nucli dorsal del vago (DMV) i el nucli olfactori anterior també es troben

afectats (vegeu la figura 18).
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Figura 18. Il.lustraci6 de les regions catecolaminergiques i serotonineérgiques centrals que presenten alte-
racions anatomopatoldogiques caracteristiques en la malaltia de Parkinson. (Lang A.E. 2008 disponible en:

htep://www.dana.org/news/publications/detail.aspx?id=12236

2) Disminuci6 del 70-80% de la DA i els seus metabolits al nucli estriat, especial-
ment en la porcié més caudal del putamen on pot arribar a ser del 95% (Marsden, 1990).
El quocient molar HVA / DA augmenta un 300 % al nucli caudat (HVA / DA = 3,5) i un
2.200 % al putamen (HVA / DA = 27), el que evidencia un augment del recanvi dopa-
minergic en les neurones romanents de la SNc. Aquesta gran capacitat per a compensar la
perdua de DA explica 'aparici6 tardana dels primers signes motors, quan ja més del 80%

de les neurones del putamen han desaparegut.
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3) Presencia caracteristica d’inclusions neuronals andmales: els cossos (LB) 1 neuri-
tes (LN) de Lewy i els cossos pal-lids (PB), principalment en les neurones supervivents

de la SN i en les arees catecolaminergiques esmentades en 1).

Els LB s6n inclusions anomales intraneuronals, esferiques i eosinofiliques, de naturalesa
proteica fibril-lar, el principal component estructural de les quals es la 0t-sinucleina (Spi-
llantini et al., 1997), també s’hi detecta ubiqiiitina, proteina neurofilamentosa i alfa-B-
cristalina (vegeu la figura 19). Els PB es consideren formes prévies, més clares i grans que
els anteriors. Els LB sén caracteristics perd no exclusius de la PD, doncs apareixen a altres
malalties neurodegeneratives (Ol-sinucleinopaties) (Goedert, 2001).

Hi ha controvérsia quant al paper patogénic dels LB: per a uns, la simple acumulacié dels
agregats de Ot-sinucleina desencadena la patologia (Goedert, 2001). Per a d’altres, la forma-
ci6 d’aquests agregats és un mecanisme segrestador de proteines anomales que protegeix la
cel-lula afectada i que explicaria I'agressivitat i precocitat d’algunes formes familiars de PD
que no presenten LB (McNaught i Jenner, 2001) i també que I'expressié d’ Ol-sinucleina
sigui major en les neurones supervivents de la SN que no en les que degeneren (Kholodi-
lov et al., 1999). Per alguns investigadors, la preséncia d’oligdmers a base de 0t-sinucleina
formant adductes amb DA i potenciats per ROS, (en lloc de la formacié de les fibril-les
que formen el cor dels LB) serien els responsables de la toxicitat i la mort de les neurones

dopaminergiques. (Conway et al., 2001).
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Figura 19. Microfotografia d'una secci6 fina de teixit parafinat corresponent a la SN amb els classics cossos de
Lewy (LB) i neurites de Lewy (LN) immunoreactius per a I'0-sinucleina (Li et al, 2008) (esquerra i centre) i

per ubiqiiitina (dreta) disponible : http://www.nature.com/nm/journal/v14/n5/fig_tab/nm1746_F2.html

Basada en la distribuci6 anatomica i I'aparicié cronoldgica de les inclusions neuronals ano-
males, 'anatomista Braak (Braak et al., 2003) hipotetitza que s’ha de buscar l'inici de la
neurodegeneracié dopaminérgica en els nuclis motors dorsals dels nervis glossofaringi i

vago i/o als bulbs olfactoris, on es troben LB i LN que progressen, en direccié ascendent,
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cap als ganglis basals subcorticals i finalment cap a les arees corticals (on es troben els PB),
progressié en paral-lel a la de la malaltia, des de les fases precliniques a les fases terminals
amb afectacié cognitiva. Braak i altres troben les inclusions anomales fins i tot en estruc-
tures nervioses periferiques com el gangli celfac i el sistema nervids entéric dels malalts
de PD (Pan-Montojo et al., 2010) suggerint una possible relacié causal entre noxes que

utilitzen el tub digestiu i les vies aéries superiors com a porta d’entrada i la PD.

Tractament farmacologic de la PD

No hi ha un tractament curatiu per a la PD, de manera que 'objectiu terapeutic és neu-
roprotector i simptomatic, encaminat a retardar 1’evolucié de la malaltia, minimitzar els
simptomes i disminuir els efectes indesitjables de la medicacié. Com en qualsevol malaltia
cronica, és imprescindible potenciar habits saludables en els afectats i recolzar-se en terapi-
es complementaries (psicoterapia, fisioterapia, logoterapia i terapia ocupacional) que poden

millorar molt la seva qualitat de vida.

En relaci6 als agents neuroprotectors, aquells que poden actuar favorablement sobre la
patogenesi o el curs de la malaltia produint efectes perdurables mesurables, Ravina et al.
(2003) fan una avaluaci6 sistematica dels que han demostrat una certa eficacia en models
animals, dels que hi ha dades sobre la seva seguretat i capacitat de travessar la BHE en hu-
mans i dels que hi ha estudis farmacologics i/o epidemiologics controlats i en seleccionen
12, entre ells: la cafeina, la nicotina, la coenzim Q10, els estrogens, 'antibiotic minocicli-
na, els inhibidors selectius de la MAO-B (rasagilina-selegilina, sobre tot el primer que no
produeix els metabolits amfetaminics del segon i del que hi ha evidéncia d’'un efecte anti-
apoptétic) i els agonistes dopaminergics (ropinirole i pramipexole) dels que hi ha eviden-
cies d’'un cert efecte antioxidant i antiapoptotic in vitro. Lantiviral amantadina s’utilitza
perque millora alguns signes de la PD, com altres farmacs amb acci6 antiglutamatergica
(ramacemida, riluzol) s’ha estudiat el seu possible efecte neuroprotector en contrarrestar la
exitotoxicitat derivada de la hiperactivitat del nucli subtalamic (glutamatergic) en la PD.
Actualment, per cap d’ells s’Tha demostrat una accié neuroprotectora clara (Valldeoriola i

Villegas, 2007) (vegeu la pagina 53).

Pel tractament substitutiu, la L-DOPA (levodopa), tot i ser I'agent antiparkinsonia més
antic, continua sent el més efectiu. La naturalesa polar de la DA impedeix el seu pas a
través de la BHE, en canvi el seu precursor L-DOPA la travessa com aminoacid actiu i es
transforma en DA a nivell de les terminacions dopamineérgiques de les neurones romanents
i d’altres ceél-lules amb AADC. La levodopa millora els simptomes motors de la PD de

forma dosi-depenent, fet que serveix per confirmar el diagnostic clinic de la malaltia (Le-
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Witt, 2008). Curiosament, en la medicina tradicional ayurvédica, la pols de la leguminosa
mucuma pruviens, molt rica en levodopa, s’ha utilitzat des de molt antic pel tractament del
Parkinsonisme, en el 2004, Katzenschlager et al. han presentat un estudi clinic i farma-
cologic a doble cec en un petit grup de parkinsonians demostrant alguns avantatges del
preparat natural respecte del tractament farmacologic habitual.

Desgraciadament, el tractament cronic amb L-DOPA comporta, invariablement, I'aparicié
de discinesies invalidants (moviments involuntaris distdnics i coreics), fluctuacions mo-
tores ON-OFF (periodes d’activitat motora discinética i periodes acinetics) i fenomens de
congelaci6 (“freezing”), entre 2 i 5 anys després de I'inici, en el 40 % dels tractats i en el
90 % dels malalts després de 10 anys de tractament (Lane and Dunnett, 2008).

En un principi, les discinésies s’han atribuit a 'augment dels receptors dopaminérgics
postsinaptics en l'estriat mancat de DA (Ungerstedt, 1971). Actualment, es creu que el
deficit dopaminergic estriatal altera 'expressié génica de les neurones espinoses mitjanes,
augmentant la densitat dels receptors D2 en la via estriat-pal-lidal indirecta i disminuint
la dels receptors D1 en la via estriat-nigral directa, on a més a més, alteraria I'acoblament
dels receptors al sistema de transduccié que activa ERK1/2, l'activaci6 repetida de la qual
provocaria les discinesies (Gerfen, 2010).

Per retardar 'aparici6é dels fenomens ON-OFF i les discinésies, en afectats joves en fase
inicial, es tendeix a disminuir la dosi de levodopa, combinant-la amb farmacs complemen-

taris

Pel tractament complementari es compta amb els segiients grups de farmacs:
a) Inhibidors de la DDC (carbidopa o bencerazida) que eviten la conversi6 periférica de levo-
dopa a DA i els efectes cardiocirculatoris indesitjables deguts a 'efecte simpaticomimetic

sobre els receptors B1l-adrenergics (taquicardia, hipotensid, nausees) (LeWitt, 2008).

b) Inhibidors de la COMT (entacapone i tolcapone) que eviten el metabolisme enzimatic de

la DA i asseguren una major concentraci6 sanguinia periferica i central.

©) Inhibidors de la MAO-B (selegilina-deprenil® o rasagilina), eviten el metabolisme ce-
rebral de la DA. La selegilina, a més, inhibeix la recaptacié de la DA i té propietats anti-
oxidants. A comengament dels anys 90 va ser inclosa en 'estudi DATATOP (prospectiu,
a doble cec, randomitzat i controlat contra placebo) per esbrinar la seva capacitat neuro-
protectora en front a altes dosis de vitamina E, en les fases inicials de la malaltia. Es va
concloure que la millora de la simptomatologia motora després d’'un any de seguiment era
probablement conseqtiencia de la seva accié farmacologica més que de la neuroprotectora

(Parkinson study group, 19906).

d) Agonistes dopaminérgics tipus no ergotics (pramipexole i ropinirole) i ergotics (cabergolina,
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bromocriptina, pergolide, lisuride). En dos estudis prospectius, REAL-PET (Whone et al.,
2003) i CALM-PD (Parkinson Study Group, 2000), mitjangant 1'Gs de técniques d’imatge
funcionals i comparats amb levodopa, aquests farmacs han demostrat una menor pérdua de
neurones dopaminérgiques, perqué sén més neuroprotectors i/o bé perqueé sén menys to-
xics que aquella, tanmateix s’ha de tenir en compta que els primers estudis amb técniques

de neuroimatge han donat resultats contradictoris.

e) Anticolinérgics (benzatropina, biperidén) (LeWitt. 2008).

Tractament Quirargic de la PD

Les primeres experiencies en el tractament quirtrgic estereotactic de la PD daten de mit-
jans del segle passat. Lany 1947, Spiegel i Wycis han aconseguit construir un aparell
estereotactic per humans similar als utilitzats des de principis del segle en micos, a més,
han perfilat les coordenades per abordar zones corticals i subcorticals del cervell huma i
coneixen la relacié funcional entre el talem i I'escor¢a motora primaria, també sén testi-
monis de les desastroses conseqiiencies, sobre la personalitat i la conducta, de la lobotomia
prefrontal aplicada per tractar alguns signes de la PD, de tot aix0 se’n deriven les primeres
intervencions que realitzen i publiquen per tractar la tremolor asimetrica intractable de la
PD: ablacions dels nuclis dorsomedial i vetrolateral del talem que milloren el quadre.

La introducci6 del tractament farmacoldgic amb levodopa, a mitjans dels 60, va minvar
I'entusiasme inicial per 'abordatge quirtrgic, que tanmateix va reprendre rellevancia cap a
finals dels 70 per dos motius, primer pel desenvolupament de la tomografia axial computo-
ritzada (TAC) que simplificava i augmentava la precisi6 de la tecnica estereotactica i segon,
per 'acumulacié d’evidencies dels efectes indesitjables de la levodopa a mig i llarg termi-
ni (discinesies, ON-OFF i “freezing”), efectes que es van comencar a tractar amb la pal-

lidotomia posteroventral (ablaci6 de la porcié motora del GPi) (Guridi i Obeso, 1995).

Segons els conceptes fisiopatologics dels ganglis basals, la lesi6 del GPi (que amb la SNr
son els dos nuclis de sortida dels GB cap el talem) ha de reduir la hiperactivitat inhibidora
d’aquest nucli i retornar I'equilibri al sistema (vegeu la figura 20).

La pal-lidotomia unilateral millora en més d'un 30%, practicament tots els signes motors
de la PD de predomini asimeétric, en malalts molt discineétics, sobre tot en el cant6 con-
tralateral i augmenta la perfusié de I'area motora suplementaria i cortex prefrontal casi als
valors normals (valorat per PET); en el canté ipsilateral al tractat, el benefici no és tan gran
ni tan mantingut en el temps. En conjunt, milloren les activitats de la vida quotidiana
valorades per la UPDRS, pero el malalt no pot reduir la medicacié substitutiva.

La pal-lidotomia bilateral no es realitza per les alteracions cognitives i del llenguatge que

comporta.
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Com a alternativa a la pal-lidotomia es practica DBS-GPi (“deep brain stimulation” o esti-
mulaci6 cerebral profunda del GPi) uni o bilateral, que a més d’evitar les complicacions de
la pal-lidotomia bilateral, millora en casi un 40% els signes cardinals de la PD i es manté
fins a 3 anys, baldament el malalt no pugui deixar la medicacié.

La DBS-VIM unilateral (estimulaci6 cerebral profunda del nucli intermediventral del ta-
lem) es realitza sobre tot per controlar la tremolor en el costat contralateral, tanmateix, la

col-locacié bilateral d’electrodes és ben tolerada.
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(STN) (Ford, 2005).

Actualment, la tecnica quirtrgica d’elecci6 per a la PD és la DBS-STN (nucli subtalamic)
uni o bilateral. Va ser introduida en la decada dels 90, a Franga, pel Dr. Benabid, en cons-
tatar la desaparici6 de la tremolor per 'estimulacié eléctrica del nucli, mentre explorava
un malalt en el curs d’'una talamotomia (Ford, 2005). Els seus avantatges respecte de les
dues tecniques anteriors s6n: a) un efecte sobre les dues eferéncies dels ganglis basals (GPi i
SNr) i sobre el sistema troncoencefalic que millora la marxa, 'equilibri i la postura, b) facil
localitzaci6 cerebral del STN, ¢) mida petita (160 mm3 comparat amb el GPi que té 458
mm?®) que facilita I'accés de 'estimulaci6 eléctrica a les unitats neuronals sobre les que es
vol actuar, d) pot abolir totalment la tremolor, e) redueix la dosi de levodopa, f) no provoca
una lesié permanent del STN, sin6 que I'estimula de forma reversible i programada. A pe-
sar dels beneficis, alguns grups fan servir les lesions al STN en lloc de I'estimulacié cerebral
profunda, per 'elevat cost del tot el sistema d’estimulaci6 i per la dificultat de regular els

parametres d’estimulacié en alguns malats (Guridi et al., 2004).

La reinnervacié estriatal mitjancant implants de cel-lules dopaminérgiques obtin-

gudes d’embrions de 7 - 8 setmanes s’ha provat en alguns casos de malalts avangats de PD,
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amb distints abordatges (Freed et al., 1992): implants unilaterals en els caudat i putamen
contralaterals al costat amb signes més greus de PD i implants bilaterals en el putamen.
Els resultats, en un principi, s’han considerat positius doncs tant els que han seguit terapia
immunosupressora com els que no, han millorat en les escales de valoracié de la activitat de
la vida diaria i de 'activitat motora. La medicaci6 s’ha pogut reduir en tots els casos (7) un
40% de mitjana i I'estudi de PET amb fluorodopa practicat a un dels malalts ha estat com-
patible amb la supervivéncia de 'implant dos anys després de la cirurgia. El mateix grup
d’investigadors, nou anys més tard (Freed et al., 2001) ha publicat els resultats d'un estudi
comparatiu entre implants bilaterals en putamen i placebo (sols es perfora la calota crani-
ana, perd no la duramater) en un grup de 40 malalts; sols els implantats joves presenten
una certa millora clinica respecte del grup control placebo, no detecten diferencies entre
els malalts grans i en canvi comptabilitzen greus discinesies en una important proporcié
dels implantats, corroborades per altres grups (Olanow et al., 2003) i que poden tenir
relacié amb la situaci6 dels implants dins el putamen. Tot i que les cél-lules implantades
sobreviuen i creixen en el teixit hoste, actualment no es recomanen els implants de cel-lules
embrionaries com a terapia de la PD.

Dins el camp de la neurorestauracié dopaminérgica actualment també es treballa amb fac-
tors de creixement com el GDNF que ha donat bons resultats quan s’administra a 'estriat
mitjangant bombes d’infusié (Gill et al. 2003) i altres cel-lules productores de dopamina

com les del cos carotidi que van mostrar beneficis motors en micos (Luquin et al. 1999).

Etiologia de la PD

A pesar que ara es coneixen varies mutacions genétiques causants de parkinsonisme here-
ditari en un nombre molt reduit de families afectades i a pesar que I'exposicié a toxics am-
bientals, com a causa dels quadres esporadics, ha estat la hipotesi etiologica més acceptada,
actualment es tendeix a considerar la PD idiopatica com una sindrome de causa multifacto-
rial, amb una predisposicié geneética sobre la que interactuen de forma complexa toxics in-
terns i externs i factors ambientals, per desencadenar-la (Olanow, 2007). En aquest apartat

revisem les dues hipotesis etiologiques més estudiades de la PD, la toxica i la genética:

Lexposicié a toxics ambientals es va considerar de risc des del moment que el Dr. Par-
kinson va descriure la malaltia, a I’Anglaterra de la revoluci6 industrial. Des d’aleshores,
com a possibles candidats s’han assenyalat molts pesticides i herbicides, per posar uns
exemples: el paraquat que presenta similitud estructural amb la neurotoxina MPP*. El
DDT i dieldrin (pesticides organoclorats extensament usats durant la segona meitat del
passat segle, sobre tot en els conreus de blat de moro i cot6 i que es troben significativament

augmentats en el teixit cerebral postmorten de parkinsonians en relacié als controls sans).
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El plaguicida heptaclor que ha estat totalment prohibit a principis dels 90 per la seva to-
xicitat i llarga permanéncia en la cadena trofica i que altera 'expressié de DAT. Carbamats
i tiocarbamats, insecticides que estan ampliament presents en processos industrials, farma-
ceutics i agricoles, i que s’han demostrat toxics pel sistema nigroestriatal, actuant de forma
sinérgica amb altres neurotoxines. Els pesticides organofosfatats i derivats de la rotenona
(un dels pocs pesticides permesos a I'agricultura biologica fins I'any 2007) sén inhibidors
del complex I de la cadena respiratoria mitocondrial i s’han utilitzat per modelar la PD en
rosegadors.

De fet, una de les pistes més consistents aportades pels estudis epidemiologics sobre la PD
és la seva relacié amb, al menys, un dels segiients factors de risc: residir en zona rural, treba-
llar en granges, consumir aigua de pou, estar exposat a plaguicides i herbicides (Di Monte,
2002), ser treballador de “mono blau”, miner del manganes, treballador industrial exposat
a metalls pesants, acid cianhidric, laques i solvents organics, (Pezzoli et al., 2000).

En canvi, dins la llarga llista de toxics ambientals no s’inclou el tabac, que fins i tot sembla
ser neuroprotector dopaminergic en forma dosidependent (comprovat en cultius cel-lulars
i model de PD en rosegadors), actuant a través de la inhibicié de la MAO-A i B que dis-
minueix el metabolisme de la DA i la producci6 de radicals lliures que se'n deriva, a més
d’evitar I'activacié de neurotoxines com 'MPTP. En l'estriat i la substancia negra post-
mortem de grans fumadors s’ha comprovat la disminuci6 significativa del quocient HVA/
DA, com a index de recanvi dopamineérgic, a més els fumadors presenten nivells baixos
d’activitat MAO A i B. (Seidler et al., 1996).

Un estudi sobre el consum de te en la poblacié xinesa (Chan, 1998) i experiments amb
cafeina administrada a rosegadors hemiparkinsonians (lesionats amb 6-OHDA i MPTP)
han demostrat caracteristiques protectores de la cafeina front la degeneracié nigroestriatal.
El mecanisme proposat és el bloqueig dels receptors A2A d’adenosina abundants a I'estriat
i que interaccionen amb els receptors tipus D2 per modular les neurones GABAergiques

estriat-pal-lidals de la via indirecta (Ferré et al., 1997).

Lany 1983 als EEUU, un grup de joves toxicomans van ser diagnosticats de parkinsonis-
me irreversible després de consumir heroina contaminada amb una, fins aleshores, desco-
neguda substancia, 'MPTP. Aquest fet va aportar una evideéncia, encara més convincent,
en favor del toxic ambiental com a causa de la PD. Els joves afectats, que com els malalts
de PD respongueren bé al tractament amb levodopa, van morir entre 3 i 16 anys després
de l'inici de la sindrome i I'estudi anatomopatologic dels seus cervells va aportar moltes
dades: la esperada perdua neuronal a la SNc era present a tots, en canvi, els caracteristics
LB i LN no, probablement per la rapidesa de la neurodegeneracié aguda post toxina; en

alguns s’observa marcada gliosi i concentracié de microglia al voltant de les neurones de la
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SN; un d’ells mostra intensa acumulacié extraneuronal de neuromelanina a la SN. A partir
d’aquests resultats es va plantejar la hipotesi patogeénica inflamatoria causada per la neuro-

toxina i perpetuada en el temps per citoquines d’origen glial (Langston et al., 1999).
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Figura 21. Subestructura de la dopamina i dels agents quimics que poden induir parkinsonisme en humans
(Ubeda, 2000)

Toxics endogens com les tetrahidroisoquinolines i les betacarbolines, també s’han relacio-
nat amb la PD, les betacarbolines sén alcaloides naturals presents a alguns aliments rics en
2-feniletilamina com la xocolata i alguns formatges fermentats (Olanow i Tatton, 1999),
aquests compostos comparteixen una similitud estructural amb 'MPTP i un dels seus
hipotetics mecanismes d’accid, doncs, en ser bioactivats a les formes quinolini i carbanili,
respectivament, interfereixen amb la respiracié mitocondrial (Di Monte et al., 2002).

Finalment, recolzant la causa toxicologica, hi ha la série de farmacs registrats amb efectes
indesitjables parkinsonitzants, que com la majoria dels compostos organics citats, presen-
ten una agrupacio estructural proxima a la DA (vegeu la figura 21) (Ubeda, 2000). Lestres
oxidatiu va ser la primera hipotesi etiopatogenica desenvolupada per explicar la neurotoxi-

citat de tots aquests coOmpostos.

La causa genetica de la PD ha generat una gran quantitat d’estudis i dades rellevants.
En un principi, es potencia la cerca de mutacions en els gens que codifiquen per proteines
relacionades amb l'estres oxidatiu a les neurones dopaminérgiques mesencefaliques, com
Apo-4, tirosina hidroxilasa, glutati6é peroxidasa, catalasa, superoxid dismutasa Cu/Zn ci-
tosélica (SOD-1) i mitocondrial (SOD-2), receptors dopaminergics tipus D2, D3 i D4. En
cap cas s’ha pogut relacionar I'alteracié Gnica de qualsevol d’aquests gens amb la malaltia
(Gasser et al., 1994), tot i que els ratolins deficients en SOD-1 o SOD-2 es mostren més

sensibles que els controls a la toxicitat per TMPTP, fet que apunta a una predisposici6
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genética per a la PD (Good et al.,1997). Coherent amb I'anterior, s’ha demostrat que la
sobreexpressié de la SOD-1 o SOD-2 en els ratolins atenua la toxicitat de MPTP (Przed-
borski et al., 1992; Klivenyi et al., 1998).

Polimorfismes en certs gens, com els que codifiquen per a la proteina transportadora de DA
(DAT), la 0o-1-antiquimiotripsina, la MAO-B i el citocrom P450-1A1 (CYP1A1) s’han

associat, també, amb un major risc de patir MP (Prasad et al., 1999).

Una activitat alterada del complex I mitocondrial observada en la SN, plaquetes i fibres
musculars de necropsies de malalts de PD estimula la cerca de mutacions en els gens mito-
condrials o nuclears que codifiquen pels components de la cadena respiratdria (Schapira et
al., 1990). El DNA mitocondrial, a més a més, és molt susceptible d’acumular mutacions
amb l'edat per estar cronicament exposat a radicals lliures derivats de 'oxigen (ROS), per
mancar-li un revestiment d’histones i per tenir pocs sistemes reparadors. Hi ha controver-
sia en les dades, doncs alguns estudis no troben defectes especifics en els gens de la cadena
respiratoria (Olanow i Tatton, 1999), mentre que d’altres utilitzant cibrids (a partir de
plaquetes de malalts de Parkinson i cél-lules deficients en mtDNA per exposici6 a bromur
d’etidi) observen un defecte especific del 25% en l'activitat del complex I que demostra
que en aquest grup de malalts I'alteracié de la cadena respiratoria es causada per mutacié
del mtDNA (Gu et al., 1998).

Recentment, s’han identificat alteracions genétiques (mutacions, duplicacions, triplicaci-
ons) en distintes formes de PD familiar d’inici precog (abans de la cinquena década de vida)
(vegeu la Taula 3). El primer gen identificat va ser el SNCA o PARK1 que codifica per a la
proteina O-sinucleina, amb tres distintes mutacions conegudes fins ara: A5S3T (Polymero-
poulos et al., 1997), A30P (Kruger et al., 1998) i E476K (Zarranz et al., 2004).

Taula 3. Relacié de les mutacions geniques responsables de formes familiars de la PD

Map
Lotus position Onsat | Inherit. Gare'Protein

FARKT | 4921 405 Dominant | SNCAlg-synuclein
FARKZ | 6025 20s Recessive | PARKZ/parkin
PARK3 | 2p13 Bls Crominant | Unknown

PARK4 | 4q21 30s Dominant | «-Synuklein Trip.n
PARKS | 4pi4 ~ 50 | Demirant | UCHLY

PARKS | 1p35-37 | ~ 40 | Recessive | PIVKT

PARKT | 1p33 ~ 40 Recessive | PARKTT-1

~ 50 Dominant | PARKSILRRKZ
xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx

PARKID | 1p32 S0-30 | Dominant | Unknown
PARK11 | 2934 late Dominant | Unknown
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L' o-sinucleina és un dels principals components dels LB i LN. Es tracta d'una petita
proteina acidica que es localitza a prop de les vesicules sinaptiques amb les que pot interac-
cionar (d’aqui el rol que se li atribueix en la sinaptogénesi), aixi com amb moltes proteines,
de les que pot modificar I'activitat: TH, DAT, proteinal4-3-3, MAPK, PL, D2, PKC,
parkina, tau...el que fa pensar en un paper de xaperona per a I’ 0-sinucleina.

Quan es troba mutada o quan augmenta la seva expressio a la cel-lula, I'0t-sinucleina és pro-
pensa a perdre la seva estructura nativa soluble i a autoagregar-se i enganxar-se amb d’altres
proteines formant inclusions insolubles que alteren el funcionament del sistema proteolitic
ubiqiiitina-proteasoma (UPS). A més, la formacié d’oligdomers toxics de la proteina és esti-
mulada per la presencia de ions metal-lics, per 'augment de la for¢a ionica i la concentracié
de proteines i per la disminuci6 del pH. Aquests oligomers d’ 0(-sinucleina podrien provo-
car pors en la membrana plasmatica, la del reticle endoplasmatic o en les vesicules sinapti-
ques, alterant ’homeostasi ionica (Ca**) i la localitzacié normal dels neurotransmissors en
la terminacié sinaptica (Conway et al., 2000; Cookson i Van der Brug, 2008).

Les alteracions en el gen de I’ 0-sinucleina provoquen formes autosomiques dominants de
PD familiar amb inclusions intraneuronals indistingibles de la PD, alteracions similars es
reprodueixen en models cel-lulars i en ratolins transgeénics que la sobrexpressen (Olanow,
2007).

Posteriorment es va identificar una mutaci6 en el gen de la parkina, PRKN o PARK2, que
s’associa a un quadre de PD autosdomic recessiu. La parkina és una ubiqiiitina lligasa invo-
lucrada en el sistema UPS. Els afectats tenen nivells alts de substrats no ubiqiiitinilats de
parkina, a més de mitocondris morfologicament alterats amb fragmentacié de les crestes.
Aquest és el tipus de mutacié que més freqiientment s’ha trobat en parkinsonians joves.
La proteina Uch-L1, al seu torn, catalitza la desunié entre la ubiqiiitina i la proteina que es
dirigeix al proteasoma, la mutacié del gen UCH-L1 o PARKS, a més d’alterar el UPS, re-
dueix el nivell de ubiqiitina necessaria per a la degradaci6 d’altres proteines inservibles.
La proteina codificada pel gen PINK1 o PARKG és una serina /treonina kinasa mitocon-
drial que sembla protegir de 'estres oxidatiu i de la inhibicié del proteasoma, es creu que
actua en la mateixa via que la parkina, perd cascada amunt. La mutaci6 del gen resulta en
una forma autosdomica recessiva juvenil de PD.

La proteina codificada pel DJ-1 o PARKY7 es creu que actua com un sensor de 'estrés oxi-
datiu o com una xaperona, la seva mutacié propicia la agregacié de la Ol-sinucleina.

Per dltim, la mutacié del gen LRRK2 o PARKS que codifica per a la quinasa rica en leu-
cina 2 també indueix neurodegeneracié, a més de trobar-se en casos autosomics dominants
de PD familiar, esta present en un 3% dels casos esporadics d’inici tarda. Per la seva estruc-
tura es creu que actua com a quinasa lligada a la membrana externa mitocondrial externa,

des d’ on interactuaria amb la parkina (Hernandez et al., 2005).
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Hipotesis sobre els mecanismes patogeénics de la PD

Probablement, hem de renunciar al desig d’un Gnic mecanisme, en favor de distints meca-
nismes patogénics que porten a la neurodegeneracié de la PD. En aquest apartat revisem
doncs les principals hipotesis de perque i com degeneren les neurones dopaminérgiques

sigui quina sigui la causa desencadenant:

A) Lestres oxidatiu es defineix com un desequilibri redox degut a la producci6 excessiva
de substancies oxidants, principalment radicals lliures derivats de 'oxigen, ROS (“reactive
oxigen species”) i RNS (“reactive nitrogen species”) i/o al déficit de sistemes antioxidants.
Distintes caracteristiques estructurals del cervell el fan especialment vulnerable a I'estres
oxidatiu. De fet, I'estrés oxidatiu, com a causa primaria o com a producte d’altres disfunci-
ons cel-lulars causades per toxines exogenes i/o endogenes i/o un perfil genetic facilitador,
ha estat el primer mecanisme patogenic seriosament considerat, tant en la PD com en d’al-
tres malalties neurodegeneratives (vegeu la figura 23). (Olanow, 1993; Chinta i Andersen,
2008):

1- El cervell representa sols el 2% del pes total del cos, perd consumeix el 20% de

I'oxigen total en repos.

2- Lelevada proporcié d’acids grassos poliinsaturats com a components de les membra-

nes neuronals, les fan molt susceptibles a 'oxidacié.

3- El cervell presenta nivells baixos d’antioxidants: pobre activitat catalasa i glutati6 peroxi-
dasa (GPO) i deficit dels sistemes antiradicalaris glutati6 reduit (GSH) i vitamina E.

Figura 22. Esquema de la homeostasi del ferro
a nivell cerebral, on la barrera hematoencefa-
lica “filtra” el ferro plasmatic i els oligoden-
drocits, la microglia i les neurones en sén els
Transferrin - @ principals reservoris. La expressié de la protei-
mﬁ%ﬂ? : p e s na intracel-lular lligadora de ferro, la ferritina,
e o és molt baixa en els astrocits, per la qual cosa,

es creu que aquestes cel-lules glials no n’em-

magatzemen gaire (Zecca et al., 2004). Dispo-

— . @
Oligodendrocyte nible http://neurobsesion.com/page/19/

Synaptic terminal
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El ferro és un cofactor essencial per a distintes proteines involucrades en el funciona-
ment normal del teixit nervids, entre d’altres els complexes de la cadena respiratoria
mitocondrial i la TH. Hi ha una progressiva acumulaci6 de ferro, en funcié de I'edat,
especialment, en les zones del cervell relacionades amb les funcions motores, com el
globus pal-lid i la substancia negra (inclds per sobre de les concentracions hepati-
ques) i en putamen, cortex motor i cortex prefrontal, zones especialment proclius a
la neurodegeneracié en la PD i la malaltia d’Alzheimer. La causa de la concentracié
augmentada de ferro en les esmentades regions no es coneix perod s’ha especulat amb
determinats polimorfismes genetics relacionats amb el transport i emmagatzema-
ment del ferro o bé possibles alteracions en la permeabilitat de la barrera hematoen-
cefalica a nivell de la SN (vegeu la figura 22) (Zecca et al., 2004).

Al cervell, es troba una baixa concentraci6 de transferrina (proteina transportadora
de ferro, proporcionalment menor que a la sang, amb aparici6 de ferro lliure al liquid
cerebroespinal (CSF), ferro reactiu que actua com a potenciador de les reaccions de

Fenton i de Haber-Weiss generadores de ROS (vegeu ¢ i & del requadre 1).

Els principals generadors d’energia de les cel-lules, els mitocondris s6n al mateix

temps una font de ROS i la immediata i vulnerable diana dels mateixos.

El metabolisme dels neurotransmissors com la dopamina produeix ROS tant per
via enzimatica (vegeu a del requadre 1) com per autooxidacié no enzimatica a pH
neutre, que genera quinones i semiquinones, aquestes Gltimes especialment citoto-
xiques per la seva tendeéncia a iniciar un cicle redox que continua fins a produir la
depleci6 total del NADPH i del oxigen citoplasmatic (vegeu & del requadre 1). El
potencial generador de ROS del metabolisme de la DA, DOPAC i L-DOPA es pot
veure incrementat, encara més, si augmenta el recanvi dopaminergic com a compen-

sacié d’'una perdua neuronal (vegeu la pagina 30).

La cascada de reaccions oxidatives s’autopropaga, de manera que un ROS tendeix a
generar un altre, aixi, en presencia del i6 ferrés (Fe?*), el perdxid d’hidrogen (H,0))
es pot autooxidar, per la denominada reaccié de Fenton, produint el radical hidroxil
(HO") (vegeu ¢ del requadre 1), un dels radicals lliures més reactius, especialment
amb els grups sulthidril (-SH) (del glutatié reduit i de les proteines) i els lipids in-
saturats, perd també, amb el ADN, ARN i carbohidrats.
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Requadre 1. hipotesi de I'estrés oxidatiu en la PD

MAO-B
(@ DA+0,+H,0 » DOPAC + NH,+ H,0,

NADPH
(b) DA +0, ———> aminocrom + 0, * <«——————> aminocrom SQ * + O,

DA+ 0, "+ 2H*— SQ* + H,0,
NADPH
L-DOPA + O, —— dopacrom+ 0, * < » dopacrom SQ *+ O,

() H,0, + Fe* —— HO"+ HO"
(d 0,°+H,0, —— HO"+HO +0,//HO" + 0, + Fe** — 0,+ Fe*+ HO-

() 0, + °NO + H*—> HONOO- ——— HO"+ °NO,

Una altra font de radicals hidroxil és la denominada reaccié de Haber-Weiss, mitjan-
gant la qual I'ani6 superoxid (O, ~*) reacciona amb el peroxid d’hidrogen (vegeu o del
requadre 1) i encara una reacci6 addicional pot generar peroxonitrits (RNS) derivats

de l'oxid nitric (NO) (vegeu e del requadre 1).

Quan es revisa la qiiestié en la PD, es troben moltes evidéncies d’'un important quadre

oxidatiu en la SN del teixit cerebral postmortem de malalts (i de models animals):

1- Elevat contingut de substancies com 4-hidroxinonenal i malondialdehid, demos-
tratives de la peroxidaci6 lipidica. Increment dels nivells de 8-hidroxi-2-desoxigua-
nosina que reflecteix I'oxidacié del DNA. Augment d’adductes catecol-proteina com
a productes derivats de I'oxidaci6 proteica que pot suposar fins al 40% d’increment
respecte dels controls i que no deixa de sorprendre, si es té en compta que les neuro-
nes dopaminertgiques de la SNc representen sols del 5 al 15 % de totes les cel-lules
que conformen aquest nucli. Laugment d’encreuament proteic es plasma en la pre-
sencia dels anomals cossos de Lewy (LB), en els que es detecta Ot-sinucleina nitrosi-
lada en tirosines, un fet indicatiu de la formacié de radicals "NO que probablement
contribueix a la pérdua de la solubilitat de la proteina i promou la seva agregaci6
(Giasson, 2000)(Di Monte, 2002).

2- Hi ha una elevaci6 de la ratio GSSG / GHS que demostra el desgast d'un dels
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principals sistemes antiradicalaris cel-lulars (Riederer et al., 1989) i un augment
dels adductes catecol-cisteines, superior al que es troba en I'envelliment fisiologic.
Aquests compostos intervenen en el procés de formacié de la neuromelanina (vegeu
la figura 10).

3- Hi ha una afectaci6 del metabolisme del ferro i altres ions metal-lics a la SN, amb
un augment del ferro total, una disminucié del coure i una elevaci6 del zinc (Dexter
et al., 1987). D’altre banda, els granuls de melanina de la SN i el noradrenergic lloc
ceruli (LC) tenen un gran capacitat quelant de ferro, perd amb l'edat, 'homeostasi
del ferro es manté més conservada en LC que en SN, on es troben els LB amb diposits

de ferro acumulat en la periféria.

4- Hi ha un augment en l'expressi dels receptors de lactoferrina a neurones, mi-
crovasos i algunes cel-lules de la glia, amb valors normals o disminuits de ferritina
neuronal (proteina intracel-lular lligadora del ferro idnic), que indica un estat lliure
i reactiu del ferro intraneuronal que com hem comentat abans, potencia les cascades

oxidatives (Faucheux et al., 1995).

5- Les activitats peroxidasa i catalasa es troben reduides a mesencefal i estriats mentre
que l'activitat SOD-2 induible es mostra elevada possiblement en resposta a la situ-

aci6 d’estres oxidatiu cronic (Ambani et al., 1975).

B) Una altra hipotesi neuropatogenica de la PD, en part relacionada amb l'anterior, emfa-

titza la disfuncié mitocondprial i el deficit d’ATP en les neurones dopaminérgiques de la

SN, com a origen o com a conseqiiencia de 'augment dels radicals lliures, ROS i especial-

ment dels RNS, que poden interaccionar especifica i irreversiblement amb els complexes

de la cadena respiratoria, el blanc més sensible de la qual és el complex IV o citocrom ¢

oxidasa, inhibint la seva activitat. El deficit de ATP provoca l'alteracié de ’homeostasi del

sodi i calci intracel-lular i engega els mecanismes de mort. Algunes evidéncies en relaci6 a

la hipotesi mitocondrial s6n (vegeu la figura 23):

1- Els mitocondris de les nDAm de casi la meitat dels cervells parkinsonians post-
mortem estudiats mostren una activitat NADH-DH i alfacetoglutarat-DH dismi
nuida en un 30% - 40% respecte dels controls, sense afectacié d’altres zones cere-
brals, disminucié que també esta present en el teixit muscular esquelétic i les pla-
quetes dels afectats (sense defectes genetics observables en el mDNA) (Schapira et
al., 1990; Mann et al., 1992).
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2- Les neurotoxines que actuen inhibint el complex I mitocondrial augmenten l'es-
trés oxidatiu i provoquen neurodegeneracié dopaminérgica tant en humans com en
models animals per administracié de MPP* (Nicklas et al., 1985), 6-OHDA (Glinka

et al.,1996) o rotenona.

3- Lalteracié del complex I mitocondrial pot disminuir el gradient de protons i el
potencial de la membrana mitocondrial interna, augmentant-hi la permeabilitat i

l'alliberament de factors pro apoptotics com el citocrom c.

C) Hi ha una possible implicaci6 del sistema immunitari i de la inflamacié cronica lo-
cal en la mort neuronal caracteristica de les malalties neurodegeneratives (McGeer et al.,
1995). En la SN dels teixits postmortem de malalts de PD, estudis immunohisquimics van
evidenciar, ja fa anys, una important activacié de la microglia (McGeer et al., 1988), i un
augment de citocines proinflamatories en I'estriat i el CSF dels malalts (Mogi et al., 1994;
Fiszer et al., 1994).

La inflamaci6 en el cervell esta mediada per I'activitat dels astrocits i la microglia, els pri-
mers, en ser activats per distints insults cerebrals i immunologics, augmenten |'expressié
de GFAP, principalment. La microglia en ser activada, adopta una morfologia ameboide
i fa una rapida regulacié ascendent de molecules de superficie (receptors de proteines del
complement, molécules del CMH) i distintes molécules solubles, entre elles, alguns factors
trofics, perd sobre tot, diferents mediadors proinflamatoris, com NO, TNFaq, IL-1, IL-6,
potencialment neurotoxics en una zona constitutivament rica en microglia com és la SN
(Liu et al., 2003).

Quant al possible origen de la inflamacié observada en la neurodegeneracié de la PD i a
partir d’estudis epidemiologics s’han proposat les infeccions virals en les primeres etapes de
la vida, les infeccions bacterianes sobre tot relacionades amb el tracte gastrointestinal, els
traumatismes cranioencefalics (en veterans de la segona guerra mundial, en boxejadors), els
pesticides, fungicides (maneb) i altres toxics ambientals citats anteriorment. Sigui quina
sigui la causa detonant de la inflamacid, la preséncia extracel-lular d’algunes molécules de
neuromelanina alliberada per les neurones dopaminergiques que degeneren (neuromela-
nina carregada de ferro, toxics i quinones) podria mantenir 'activacié microglial, entrant
en un cercle cronic de neuroinflamacié i neurodegeneracié (Wilms et al., 2003) en el que
la o-sinucleina extraneuronal també podria participar (mentre la neuromelanina roman a
I'interior de les neurones pigmentades exerciria un paper neuroprotector actuant com a

quelant dels ions metal-lics reactius, pesticides i altres toxines, Zecca et al., 2003).
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Tot i que encara no hi ha estudis clinics prospectius en humans sobre 'accié neuroprotec-
tora dels antiinflamatoris, algunes dades epidemioldgiques retrospectives indiquen una
menor incidéncia de PD en persones tractades cronicament amb antiinflamatoris no es-
teroidals (AINES) (Chen et al., 2003), principalment I'ibuprofé, perd no l'aspirina o I
acetaminofé (Gao et al., 2011).

Alguns AINES han mostrat efectes neuroprotectors en models animals de parkinsonisme
per LPS, MPTP o 6-OHDA (Gao et al, 2003); en el ratol{ parkinsonia per MPTP, I'in-
hibidor de la microglia activada, minociclina, també ha disminuit la neurodegeneracié
dopaminergica. En tots aquests models, s’Tha demostrat I'efecte lesiu sinérgic de la infla-
maci6 periferica i de la neurotoxina administrada en cada cas, sobre les neurones dopa-
minérgiques, efecte sumatori que s'atribueix a 'augment de IL-13 i TNFa directe en el
teixit cerebral o indirecte, pel seu transport des de la sang, a més s’ha vist que monocits
reclutats des de la sang periférica poden estar potenciant la inflamacié central (Machado
etal., 2011).

D) Lexitotoxicitat com a hipotesi patogenica de la PD implica I'estrés traumatic i cro-
nic que fa augmentar els nivells de glucocorticoides circulants, aquests, a nivell central
frenen la recaptacié de DA i glutamat i augmenten els efectes dels aminoacids excitadors.
La sinergia d’aquests tres fendomens provocaria el quadre excitotoxic fatal per les neurones
dopaminergiques amb hiperestimulaci6 dels receptors NMDA de glutamat, l'augment de
I'entrada de ions calci i sodi al citosol que portarien a I'estrées osmotic, inflor de la cel-lula
i dels organuls subcel-lulars, activaci6 de proteases i fosfolipases i mort cel-lular. Els glu-
cocorticoides, a més a més, augmenten els nivells cel-lulars de proteines proapoptotiques i
disminueixen la concentracié de neurotrofines i molécules antiapoptotiques (Smith et al.,
2002)

Lexcés de DA lliure al citosol potencia la produccié de ROS i una menor protecci6 front
als aminoacids excitadors. Aix0 ens fa representar la PD com una manifestacié més d’'una

malaltia sistémica amb afectaci6 endocrina i immunologica.

E) La hipotesi de I'estres proteolitic / proteasomal ha assolit rellevancia degut a la ca-
racteritzacié dels LB i LN a base de Ot-sinucleina i ubiqiiitina, presents tant en la malaltia
idiopatica com en algunes formes familiars de la PD (vegeu la figura. 23).

En les cel-lules eucariotes, les proteines mutants, danyades o inservibles s6n eliminades pel
sistema ubiqiiitina-proteasoma (UPS), els aminoacids i péptids resultants s6n reutilitzats
per a la sintesi de noves proteines, mentre que els monomers de ubiqiiitina tornen a marcar
noves proteines eliminables. Quan el volum de proteines inservibles sobrepassa la capacitat

del UPS o bé quan alguns dels seus components s’altera s’esdevé estres proteolitic.
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Figura 23. Esquema de les principals hipotesis etiopatogeniques de la neurodegeneracié en la malaltia de
Parkinson, on poden interactuar anomalies genétiques, toxics ambientals o el propi neurotransmissor per
generar una disfuncié del mitocondri i del sistema ubiqiiitina-proteasoma que desemboquen en un quadre

d’estres oxidatiu, una acumulacié de proteines andmales i la mort cel-lular programada (Abou-Sleiman et

al., 2006).

Ledat s’associa a un augment gradual dels nivells cel-lulars de proteines alterades i a una
disminuci6 de l'activitat proteasomal, a més a més, la SNc es relativament pobre en ac-
tivitat proteasomal, a pesar que el metabolisme dopaminergic és una font de ROS i de
possiblement una tassa elevada de proteines oxidades, d’aqui que els LB es considerin per
alguns com a una estratégia protectora per “emmagatzemar” I'excés de proteines alterades
en aquestes cel-lules (Kholodilov et al., 1999).

Estudis postmorten de cervells de malalts de PD esporadica mostren una activitat prote-
asomal reduida a la SN, activitat que esta totalment anul-lada en els casos familiars per
mutaci6 dels gens PARK i UCHL1 (Kahle et al., 2002).

A més a més, 'administracié d’inhibidors del proteasoma en la rata produeix una pérdua
de neurones dopaminérgiques a la SNc i d’aferéncies dopaminergiques a 'estriat aixi com
alguns simptomes de PD (McNaught et al. 2004).
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F) Hipotesi del dany neuronal primari extranigra. Lanatomista Braak i els seus col-
laboradors han suggerit aquesta hipétesi, recolzant-se en el llarg periode sense simptoma-
tologia motora de la PD, pero durant el qual es desenvolupen alteracions olfactives, del to
vagal i de la son; aquest grup té en compta, a més, la localitzacié primerenca dels LB al bulb
olfactori i al plexes nerviosos entérics. Hipotetitzen que un patogen neurotrop, probablement
viral, podria penetrar al 1obul temporal del cervell per via anterdograda, des de la mucosa na-
sal i des de 'estomac (a través de fibres del plexe de Meissner). Des del lobul temporal i per
via transsindptica el patogen assoliria les neurones motores parasimpatiques preganglionars
del nervi vago i seguiria per via retrograda, fins a la medul-la, protuberancia, mesencefal i la
SNc, moment en que s’iniciaria la simptomatologia motora (Hawkes et al., 2007).

També s’ha demostrat en cultius neuronals primaris que els oligomers de Ot-sinucleina po-
den ser endocitats, formar agregats intraneuronals i ser transportats de neurona a neurona

produint-hi inclusions i mort neuronal (Pan-Montojo et al., 2010).

G) Individualment, cap dels mecanismes etiopatogénics mencionats fins ara pot explicar
tots els casos esporadics o familiars de la PD, en canvi, cadascun per separat pot induir
apoptosi en cultius de neurones dopaminergiques. L'apoptosi és una de les distintes for-
mes morfoldogiques que adopta la mort cel-lular programada i es caracteritza per la contra-
cci6 i formaci6 de fragments cel-lulars limitats per membrana, per la condensacié del nucli

i per la fragmentaci6é del DNA.

En un principi, es va intentar evidenciar les neurones en procés apoptotic en els teixits
cerebrals postmortem de malats de PD, perd els resultats van ser, en molts casos, con-
tradictoris degut a les técniques emprades, basicament la técnica de TUNEL (terminal
deoxynucleotidyl transferase mediated dUTP nick-end labelling) que ara se sap, pot donar
falsos positius en teixits que han patit hipoxia (eventualitat no infreqiient en malalts grans
terminals), a més els malalts terminals de PD tenen poques neurones dopaminergiques i és
poc probable trobar-ne moltes amb morfologia apoptotica, procés molt rapid en relaci6 a
la lentitud de la neurodegeneracié.

Mes tard i també en teixits postmortem, s’ha intentar evidenciar els components molecu-
lars de la maquinaria apoptotica, perd el que més esta ajudant a establir el rol de la mort
programada en la patogenia de les malalties neurodegeneratives és manipular les molécules
implicades en models transgenics i “nockouts” o inhibir-les amb agents farmacologics o

vectors virals en models experimentals (Vila i Przedborski, 2003).

En aquest sentit, s’ha trobat immunomarcatge augmentat per a la proteina proapoptética

Bax en la SNc dels cervells postmortem de parkinsonians respecte dels controls, que pot
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evidenciar un procés apoptotic actiu en la regié, confirmat per altres estudis que mos-
tren una major activitat de I'efectora caspasa 3 i de les caspases iniciadores 8 i 9 (Tatton,
2000).

En ratolins parkinsonians per administracié cronica de dosis baixes de la neurotoxina MPTP
s’ha trobat morfologia apoptotica en les neurones dopaminergiques de la SN, a més de I'aug-

ment d’expressié de Bax i baixa expressié de I'antiapoptética Bel2 (vegeu la figura 24).
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Figura 24. Esquema del possible mecanisme subjacent a la mort per apoptosi de les neurones dopaminér-
giques de la SNc en el ratoli parkinsonia per MPTP: I'estrés oxidatiu desencadenat per la neurotoxina i el
conseqiient dany al DNA activarien p53, induint una regulaci6 ascendent de Bax que en ser translocada al
mitocondri per mediacié de JNK, provocaria la sortida al citosol del citocrom c, aquest, 'activacié de les

caspases i finalment la mort cel-lular (Vila i Przedborski, 2003).

Models animals de la PD

Donat que la majoria de malalts de PD no presenten mutacions genétiques identificables,
la informaci6 sobre els mecanismes patofisiologics subjacents a la malaltia ha de provenir
de models animals, de fet, practicament tot el que coneixem sobre la patogénia i el tracta-
ment de la PD deriva de innombrables estudis dels 40 darrers anys en models animals.

Un dels primers models animals consistien en realitzar lesions mecaniques en el feix pro-
sencefalic medial o mfb format pels axons de les neurones dopaminérgiques de la SNc en
el seu cami rostral cap el nucli estriat (Faull and Mehler, 1978). Tanmateix, la majoria dels

models animals es basen en lesions quimiques per administracié de toxines per via sistémi-
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ca (reserpina, MPTP, rotenona) o intracranial (6-OHDA, MPP") a rosegadors i primats no

humans de cara a reproduir si no tots, els trets més rellevants de la malaltia.

El model ideal de PD hauria de tenir les segiients caracteristiques: 1) un conjunt normal de
neurones dopamineérgiques al naixer que al comengament de I'edat adulta anés disminuint
progressivament, 2) un deficit motor facil de detectar i que inclogués la bradicinesia/ hipo-
cinesia/ acinesia, la rigidesa i la tremolor en repos, 3) hauria de mostrar el desenvolupament
de cossos de Lewy, 4) en cas de ser un model genetic, hauria de presentar una sola mutacié
i 5) hauria de tenir un curs relativament curt, d’'uns pocs mesos, per permetre el cribatge

rapid d’agents terapeutics (Beal, 2001).

En els models animals desenvolupats fins ara, el que resulta més dificil de reproduir és
I'espectre complet de la malaltia amb les alteracions extranigrals i la seva progressié
(Blandini, 2008). A continuaci6 es revisen els punts forts i febles dels principals models
animals de PD:

Models amb 6-OHDA
La 6-OHDA és un analeg de la DA (vegeu la figura 1 de metodologia) facilment oxidable

en contacte amb l'aire. Administrada per via endovenosa no travessa la BHE, pero, s’acu-
mula al citoplasma i a I'ax6 de les neurones adrenérgiques perifériques on causa, segons la
dosi, des de la depleci6 de les vesicules sinaptiques fins a la destruccié d’aquestes neurones
(50mM).

Fa uns 40 anys que es va establir com el primer model animal neurotoxic de la PD, donada
la seva capacitat per a produir la degeneracié anterograda quasi completa de la via dopami-

nérgica nigroestriatal a les 48-72h de ser administrada directament a la SNc o al mfb.

A través del DAT, la 6-OHDA entra en la terminacié dopaminérgica on s’autooxida i
dispara la producci6é de ROS, principalment H*O? OH" i quinones (Cohen and Heikkila,
1974). Al mateix temps, s’acumula al mitocondri on inhibeix la cadena respiratoria a ni-
vell de la NADH deshidrogenasa (complex I) i citocrom ¢ oxidasa (complex IV) (Glinka
et al., 1996).En aquest model, es sol realitzar una lesi6 intracranial unilateral per evitar la
situaci6 d’afagia (incapacitat per deglutir) i adipsia (incapacitat per beure) greus que pot
comprometre la supervivencia de molts animals si s'administra de forma bilateral, a més la
lesié unilateral permet utilitzar I'altre hemisferi com a control. Normalment s’ha d’admi-
nistrar sistémicament un inhibidor especific de la recaptacié de NA (desipramina 25 mg/

Kg i.p.) per a protegir les vies noradrenergiques (Jonsson, 1976),
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Cap als anys 90, es va provar d’administrar la toxina a I'estriat (20 pg/3nl), aconseguint
una lesi6 degenerativa, progressiva, retrograda i més limitada que I'anterior, des de les ter-
minacions dopaminérgiques estriatals fins als somes corresponents de la SN, resultant una

peérdua neuronal del 50-70%, maxima a les 4 setmanes (Sauer and Oertel, 1994).

Després de lesionar unilateralment amb 6-OHDA, una proporcié dels animals presenta
una torsi6 postural espontania ipsilateral al cant6 lesionat, que s’interpreta com un signe
motor present a la malaltia humana i que evidéncia la distinta concentracié de DA entre
els dos hemisferis. Passades 2-3 setmanes de la lesié unilateral, es pot avaluar el grau de
lesi6 de cada animal mitjancant el test rotacional induit farmacologicament (Ungerste-
de, 1971).

Model amb MPTP o MPP+

LMPTP (1-metil-4-fenil-1,2,3,6-tetrahidropiridina) es forma com a producte col-lateral
de la sintesi de MPPP (1-metil-4-fenil-4-propionoxipiperidina), potent analgésic molt re-
lacionat amb dos altres analgésics comuns, meperidina (Demerol ) i alfaprodina (Nisentil )
(Heikkila et al. 1984).

Els efectes neurotoxics de MPTP es coneixen per primer cop, cap a l'any 1977 en un jove
estudiant de 23 anys que presenta de forma tan sobtada i intensa la triada motora carac-
teristica de la PD, que és diagnosticat com a esquizofrénia catatonica, erroniament com
es va veure més tard, doncs la bona resposta a levodopa obliga a rectificar el primer diag-
nostic pel de parkinsonisme; ['autopsia del jove, mort per sobredosi, revela una profunda
degeneracié de la SN; aquest va ser el primer afectat d'un grup d'uns 400 adults joves
nord-americans toxicomans que s’injectaren una “nova heroina” sintetitzada clandestina-
ment a partir de MPPP i que en alguns casos era d’una puresa del 100% en MPTP. Alguns
dels consumidors de la droga, presentaven pocs dies després una sindrome parkinsoniana
indistingible de la PD, amb bradicinésia, rigidesa, tremolors i alteracié de la postura en
flexi6, simptomatologia que revertia amb levodopa o agonistes dopaminergics (Langston
et al.,1983). Lestudi funcional per PET amb 18F-6-fluoro-L-dopa va mostrar una pérdua
de terminals dopaminergics estriatals proporcional a la intensitat dels simptomes (Calne
et al., 1989).

La toxicitat de ' MPTP dona renovat impuls a la hipdtesi toxicologica dels parkinsonismes
i de la malaltia de Parkinson i desencadena un seguit d’estudis farmacocinétics de molécu-

les emparentades.
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Donat que la clinica i les alteracions neuropatologiques induides per I' MPTP en humans,
s'ajusten a les caracteristiques de la PD més que qualsevol altre quadre huma o animal
provocat per toxines, farmacs, metalls o virus, s’han desenvolupat distints models animals
de parkinsonisme utilitzant ' MPTP (Snyder i D’Amato, 1986).

Els primats no humans que durant dies reben MPTP per via sistémica presenten un par-
kinsonisme molt semblant a I’ huma, quan la deplecié dopaminergica estriatal supera el
90%, és el model que millor reprodueix el comportament motor de la PD, amb rigidesa,
bradicinesia, postura en flexid, perdua de reflexes, disminucié de la vocalitzaci6 i del parpe-
lleig. Hi ha pérdua de marcatge TH positiu a fibres i somes dopaminérgics de SNc (Jenner,
2003; Langston et al., 1984). Ladministraci6 subcronica (dosi diaria durant 5 dies) provoca
una certa acumulaci6 de Ol-sinucleina en les neurones nigrals dels micos vells, perd no dels
joves. Aquesta reproductibilitat dels simptomes, validen el model, entre altres coses, per
avaluar els efectes indesitjables tardans del tractament amb levodopa.

També s’ha provat MPTP en altres especies animals com conill, conill d’Indies, rata, peix
zebra, gos i ratolf; els tres primers s6n relativament insensibles a I’ MPTP, mentre que la
susceptibilitat dels Gltims varia en funcié del sexe, 'edat i la soca, el que obliga a ser molt

estrictes amb els protocols que es segueixen en cada cas (Lane and Dunnet, 2008).

L' MPTP és una substancia molt lipofila que pot travessar facilment la BHE, és metabo-
litzada per I'enzim MAO-B glial a MPP* (i6 1-metil-4-fenilpiridinium), el seu metabdlit
toxic actiu (Markey et al. 1984). MPP* ingressa selectivament en el terminal dopamineérgic
a través del DAT (Javitch et al., 1985) i és emmagatzemat en vesicules via VMAT?2, fet que
sembla protegir la neurona de la seva toxicitat. La relacié entre DAT i VMAT?2 determina
la toxicitat de I MPTP i el seu metabolit, de manera que els inhibidors de DAT, com no-
mifensina, o els ratolins transgenics pel DAT sén resistents a " MPTP, en canvi quant més
alta és 'expressié de DAT, més vulnerable és I'animal. També els inhibidors de VMAT?2 o

els ratolins heterozigots per a aquest transportador sén més sensibles a ' MPTP.

L' MPP* citosolic entra als mitocondris a favor del potencial transmembrana depenent d’
ATP i un cop dins pot inhibir el complex I de la cadena respiratdria mitocondrial, fet que
a més de produir un deéficit energetic, incrementa la produccié interna de ROS (Nicklas et
al.,1985). Altres mecanismes patogenics que s’ han involucrat en la toxicitat de I' MPTP /
MPP", a partir d’estudis en sistemes cel-lulars i models animals molt variats sén: 1" exci-
totoxicitat, I apoptosi, I” hiperproduccié de peroxonitrits i la inflamacid, concloent que la
sensibilitat cel-lular a la neurotoxina augmenta en relacié directa a la capacitat de recaptar

selectivament MPP*, quant més depenent és la cel-lula del metabolisme aerdbic i quant



Capitol 1: Introducci6 i Objectius 69

més alt és el seu contingut en neuromelanina (D’Amato et al.,19806), tres condicions que

es donen en les neurones dopaminérgiques (Di Monte et al., 2002).

Altres models animals de PD

A mida que es coneixen més detalls de la patogenia de la PD s’intenten desenvolupar mo-
dels animals que la reprodueixin, com 'acumulacié de proteines anomales per alteracié de
" UPS, el deficit local i sistémic del complex I mitocondrial o la implicacié de neurotoxines
per vies més “fisiologiques” que la injeccié intracranial (Betarbet, 2000).

Hi ha nous protocols d’administracié sistémica de epoxomicina natural o el sintétic PSI
(inhibidor sintétic del proteasoma) en rosegadors i primats no humans que aconsegueixen
una reducci6 de I'activitat del sistema UPS similar a la observada en el teixit cerebral post-
mortem de malalts de PD (McNaught i Jenner, 2001) i que possiblement és el mecanisme
subjacent a la formacié dels LB en alguns casos de PD. Tot i ser celebrat per les semblances
motores i anatomopatologiques amb la PD, aquest model ha estat dificil de reproduir per
grups distints al dels autors (McNaught et al., 2004), el que ha originat un fort debat sobre
el mateix (Lane i Dunnett, 2008).

L observacié de l'activitat reduida del complex I mitocondrial en el teixit postmortem
neuronal i extraneuronal de parkinsonians, per una banda, i 'augment de la incidéncia de
la malaltia en persones relacionades amb els pesticides rotenona i paraquat, ambdés inhi-
bidors del complex I, per I'altra, ha promogut distints models en rosegadors amb aquestes
substancies (Betarbet et al., 2000; Thiruchelvam, 2003). L'administracid sistémica cronica
d’aquests pesticides reprodueix I'acumulacié6 intraneuronal de proteines anomales, la simp-
tomatologia motora i la lesié menys selectiva sobre les neurones dopaminérgiques, perd
exigeix un gran nombre d’animals en cada estudi degut a la gran variabilitat en el tipus i

extensio de la lesid.

El model en Drosophila melanogaster

Tot i que en aquesta revisié no hem entrat en els nous models animals genetics de par-
kinsonisme, que s’han desenvolupat principalment en ratolins transgenics per als distints
gens responsables de les formes familiars de PD (Fleming et al., 2005), volem citar el, sens
dubta, més curids i possiblement molt prometedor model obtingut i publicat per Feany i
Bender, I'any 2000, en la mosca Drosophila per sobrexpressié de 1" 0t-sinucleina humana
normal i mutada. Les mosques “parkinsonianes” transgéniques mostren una perdua selec-
tiva de neurones dorsomedials, TH positives, que augmenta amb 'edat. A més, presenten
més dificultats locomotrius que les mosques control i desenvolupen inclusions neuronals
riques en microfibrilles similars als LB observats en els teixits humans afectats, inclusions

que es marquen amb anticossos anti-Ol-sinucleina (vegeu la figura 25).
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Figura 25. Microfotografies optiques de mosques Drosophila de 30 dies d’edat, control (c) i transgeénica per
sobrexpressié de O-sinucleina humana normal i mutada (d) que mostra, en aquesta, la desaparicié de la tin-
ci6 immunohistoquimica anti-TH de les neurones dorsomedials assenyalades amb una fletxa en la primera.
En (g) les fletxes indiquen inclusions neuronals amb marcatge immunohistoquimic anti-O-sinucleina en
cel-lules del gangli subesofagic de la mosca transgénica de 30 dies, molt similars al que es marquen amb la

mateixa tinci6 en el cortex cingulat de malalts de demeéncia per cossos de lewy (h) (Feany i Bender, 2000).
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Objectius

Donada la situacié dels coneixements a mesura que s’anava realitzant aquest treball, ens

varem anar plantejant els segiients objectius:

1.
Establir els limits espai-temporals de les lesions intracerebrals provocades amb 6-OHDA i

amb MPP* en el model parkinsonia de rata.

2.
Establir els limits de mesura de I'efecte cerebrals extracel-lular d’ambdues toxines per mi-

crodialisi estriatal in vivo.

3.
Observar el grau d’'implantacié i la reacci6 del teixit adjacent després de la implantacié de
ceél-lules en l'estriat amb la finalitat de pal-liar la lesié i estudiar I'efecte d’alguns factors

neurotrofics.

4.

Estudiar els mecanismes de mort neuronal in vivo i in vitro.

5.
Buscar possibles nexes entre la lesié cerebrals en la PD i alteracions en el sistema immu-

nologic.

6.
Abordar els mecanismes moleculars d’accié6 de 'MPP* més enlla dels descrits fins al mo-
ment, per establir una relacié entre dosi i efecte en la deplecid, viabilitat i activitat mito-

condrial.

7.
Estudiar 'efecte lesiu de la dopamina per s{ mateixa i proposar algun mecanisme relacionat

amb els gens recentment implicats en la PD.
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Capitol 2: Metodologia

Animals i tractaments

En tots els experiments s’operen rates mascles (en algunes ocasions, també femelles) Spra-
gue-Dawley adultes (2-3 mesos), d” entre 250 - 350 g de pes.

Un cop finalitzada I'experiéncia, es sacrifiquen els animals per decapitacié quan el que inte-
ressa €s el teixit fresc per a mesures bioquimiques, pels experiments amb seccions tissulars
(slices) i per obtenir fraccions subcel-lulars.

Per a 'estudi morfoldogic microscopic del teixit control, lesionat i lesionat/implantat es
procedeix a la perfusi6 transcardiaca de la rata (vegeu la figura 8), seguida de sobrefixacié
del teixit enucleat amb soluci6 fixadora de PFA al 4% en SSE.

Les suspensions de cel-lules fetals mesencefaliques (FMC) per a 'estudi dels trasplanta-
ments en teixit lesionat, s'obtenen a partir de la zona del cervell corresponent a mesencefal
d’embrions de 14 dies (E-14) de femelles de rata Sprague-Dawley (vegeu la figura 5). Tots
els animals procedeixen de I'estabulari del Campus de Bellvitge, on s’apliquen les condici-

ons d’estabulacié homologades pel Comite Etic d’Experimentacié Animal de la U.B.

Neurotoxines

MPP* (1-methyl-4-phenylpyridinium)

A partir de la sal iodada de MPP* (PM 297.14 g/mol) (Research Biochemical Inc., Natick.
MA. USA) (vegeu la figura 1) es prepara i congela la solucié mare 0,1M (30 mg/ml en se-
rum salf fisiologic), per descongelaci6 i dilucié de la qual, obtenim la dosi acordada en cada
experiment. També es prepara solucié salina fisiologica amb 25 mM de Nal, equimolar
amb la soluci6 de MPP".
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Figura 1. Estructura quimica de MPTP, MPP*, 6-OHDA i DA.
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6-OHDA (6- hidroxidopamina)
La 6-OHDA (Sigma Chemical Co.-St Louis. MO. USA) (PM 168.18 g/mol)en dissolucié

salina i a temperatura ambient s’oxida rapidament, procés espontani que es pot atenuar
si s'afegeix a la solucié un 0.02 % d’acid ascorbic. La dissolucié 5 mM de 6-OHDA es
conserva congelada (-20°C) i en aliquotes de pocs microlitres fins el moment just abans de

I’administracié intracerebral.

Anestesia

Abans d’aplicar les tecniques quirdrgiques dels estudis in vivo, anestesiem les rates amb
una solucié mescla de clorhidrat de ketamina (Imalgeme 1000 de Parke-Davis ®) (100
mg/kg/ml i.p.) i xilazina (Romptm de Bayer ®) (2 mg/kg/ml i.p.).

També s’utilitza una dosi de 400 mg/kg i.p. (1.6 ml/Kg) de hidrat de cloral (Panreac ®), a
partir d’una solucié aquosa 25 % en SSF (2.5 g/10 ml de SSF). Lefecte anesteésic de 1" hidrat
de cloral és més immediat i perllongat que el de la ketamina-xilazina, perd administrat per
la via intraperitoneal habitual tendeix a provocar un trastorn abdominal similar a un ili

paralitic, d’aqui que es reservi per I'anesteésia prévia al sacrifici.

Tests comportamentals

Test rotacional induit farmacolégicament

Quan passades 2-3 setmanes de I'administraci6 unilateral intracranial de 6-OHDA, s’ ad-
ministra a la rata un agonista dopaminergic com I'apomorfina (0.05 mg/Kg s.c.), si la lesié
de la via dopamineérgica ha estat efectiva, s’observa una conducta rotacional (la rata gira
continuament sobre si mateixa) en direccié contralateral a '’hemisferi lesionat. En canvi,
si s'administra amfetamina (1mg/Kg i.p.) farmac que allibera a I'espai sinaptic la DA con-
tinguda en les vesicules sinaptiques de les terminacions dopamineérgiques, I'animal gira en
direcci6 ipsilateral a 'hemisferi lesionat. Aquest és un metode rapid i senzill per valorar la
pérdua dopaminérgica i es correlaciona positivament amb 'augment dels receptors D2 de
DA a la zona dorsolateral del nucli estriat (Cadet et al, 1992; Lane and Dunnett, 2008).

Un cop s’inicia el comportament rotacional de I'animal, per observacié directa i durant 10
minuts, es compta el nombre de girs. Més de 40 rotacions en 10 min es considera un test

positiu que reflecteix una important lesié de la via dopaminergica nigroestriatal.
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Estudi de I'activitat motora

Lactivitat motora de les rates control i lesionades bilateralment es mesura durant una hora
en un sistema de laberint circular amb cel-lules fotoeléctriques amb I'ajut del Dr. Jordi
Llorens (Llorens et al., 1990).

Tecniques Quirdrgiques

Lesio estereotactica

Coneixent les coordenades anatomiques de referéncia per al cervell de rata (Paxinos i Wat-
son, 1982), I'abordatge estereotactic ens permet localitzar amb precisi6 i accedir facilment
a la via dopaminergica nigroestriatal per dipositar-hi solucions, suspensions cel-lulars o col-
locar canules de microdialisi. S'utilitza un aparell mecanic d’ estereotaxia (David Kopf Ins-
truments, model 900. Palo Alto. CA. USA) acoblat a un sistema de tres eixos mil-limetrats
mobils: anteroposterior (A), mediolateral (L) i dorsoventral o vertical (H) i proveit d’'un

suport per a xeringa Hamilton (de10 pL, model 801 RNE) (vegeu la figura 4).
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Figura 2. Esquema d’un tall sagital de cervell de rata amb els tres punts (fletxes) d’abordatge habitual de la

Estriat

via dopaminergica nigroestriatal (Ambrosio i Espino, 1997).

Els tres punts habituals per abordar la via nigroestriatal sén: a) la porcié lateral de la part
compacta de la substancia negra (SNc), b) el punt mig del trajecte dels axons de projeccié
de la SN, MFB i ¢) el centre del nucli estriat (vegeu la figura 2), les coordenades estereotac-

tiques dels quals figuren a la Taula 1.
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Taula 1. Coordenades estereotactiques de la SNc, el MFB i el nucli estriat de cervell de rata,
expressades en mm. S’apliquen a partir del punt bregma de la superficie craniana (Paxinos
and Watson.1982)

Coordenades (mm) Estriat SNc MFB
estereotactiques

anteroposterior (A) + 0.7 -4.8 -4.3
mediolateral (L) +2.8 +1.6 + 1.4
dorsoventral (H) -5.0 -8.0 -8.6

El procediment de la lesi6 estereotactica és com segueix: s'immobilitza la rata anestesiada,
subjectant-la pels incisius (que queden enganxats a la barra d’incisius situada a 3,3 mm
per sota de la linia interauricular) i pels conductes auditius externs amb les dues barres la-
terals de I'aparell. Amb el bistur{, es practica una incisi6 longitudinal central en la pell del
cap i en el periosti per visualitzar els punts de referéncia, bregma i lambda, de la superficie
craniana. A partir de bregma (vegeu la figura 3), apliquem les coordenades A i L del nucli
que volem abordar, en el punt resultant de la superficie dssia es fa un petit orifici amb la
broca dental, a través del qual es veu la membrana meningia externa, recolzant I'agulla
d’injecci6 o la canula sobre aquesta, prenem la Gltima referéencia a fi d’aplicar la coorde-
nada H. Després de raspar la duramater, s’introdueix l'agulla a la profunditat H, s’injecta
lentament la solucié (1pl/min) i s’espera uns minuts (tants com es triga en fer la injecci6)

abans de retirar-la per a facilitar la difusi6 del liquid i evitar el reflux.

Figura 3. Esquema del crani de la rata, cara superior (esquerra) i lateral (dreta). Els punts de referéncia per a

les mesures estereotactiques sén bregma (anterior) i lambda (posterior). (Paxinos and Watson.1982).
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Figura 4. Aparell mecanic d’estereotixia de David Kopf Instruments, model 900 (esquerra), amb la rata
anestesiada subjectada pels conductes auriculars i els incisius, just abans de comencgar el procediment este-

reotactic (dreta).

Obtenci6 del teixit mesencefalic embrionari i preparacié de la sus-
pensio de cél-lules fetals mesencefaliques (CFM)
A partir dels embrions de rata E14 (obtinguts per cesaria d’una rata prenyada de 14 dies)

col-locats en posici6 lateral i sota lupa, es fa una incisié amb el bisturi per sobre de 'ull i es

separa la regié mesencefalica ventral del tronc de I'encefal (vegeu la figura 5).

g

Figura 5. Procediment per a I'obtencié del teixit mesencefalic embrionari: col-locacié lateral del fetus (1),
incisié entre la medul-la i el tron encefalic (2), Incisi6 supraorbitaria fins el plec mesencefalic (3), extracci6
de I'encefal fetal (4-5), talls per a aillar el mesencefal fetal (6-10) (Dunnett and Bjorklund, 1997).
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El teixit corresponent a la regié mesencefalica fetal es disgrega per a fer una suspensié cel-

lular segons el procediment descrit per Dunnett and Bjorklund (1997), breument:

a) Es digereix el teixit durant 20 minuts a 37°C en medi DMEM amb suplement de
glutamina 2 mM, 0.05% de DNasa i 0.1% de tripsina.

b) Es renta el medi d’ incubaci6 i es disgrega el teixit mecanicament amb suavitat.

¢) Es centrifuguen i resuspenen les cél-lules en medi DMEM a una concentraci6 final d’
entre 100.000 - 200.000 cel-lules/pl.

d) Es determina la viabilitat cel-lular depositant uns 3 pl de la suspensié diluida sobre
un portaobjectes i afegint uns 9 pl de taronja d’acridina / bromur d’ etidi (1:1). El
bromur d’etidi s’'uneix als acids nucleics de les cel-lules amb la membrana cel-lular
danyada i mostra una coloracié taronja o vermella quan s’observa al microscopi de
fluorescencia. Les cel-lules intactes s’observen de color verd. La solucié mare de ta-
ronja d’acridina/ bromur d’etidi conté 5 mg de cadascun (Sigma ®) en 500 pl de
medi RPMI. La solucié6 de treball conté 100 pl de solucié mare en 10 ml de RPMI.

e) Estereotacticament, s’injecten 1-2 pl de suspensi6 cel-lular viable al nucli estriat.

El medi DMEM conté: NaCl, 6.4 g; NaHCO,, 3.7 g; D-glucosa, 1.0 g; L-glutamina, 0.58
g per litre d’aigua.
El medi RPMI conté: NaCl, 6.0 g; NaHCO,, 2.0 g; Na,HPO,7H,0, 1.51g; 20 mM D-

glucosa per litre d’aigua.

Microdialisi intracerebral in vivo

Tecnicament, la col-locacié d’'una canula de microdialisi no difereix de la lesi6 estereotacti-
ca, perd aqui el que s’introdueix en cada nucli estriat és la zona dialitica de una canula, fins
assolir una profunditat de 7 mm des de la duramater (vegeu la figura 6). La porcié externa
de la canula queda fitxada amb ciment dental a dos petits perns cargolats a la superficie
craniana.

La inflamaci6 postquirtrgica de la zona intervinguda justifica un temps d’espera de 24h
abans de recollir les primeres mostres, temps que permet assolir una relativa estabilitat
bioquimica microambiental. Al dia segiient de I’ implantacié de la canula, amb la rata des-
perta i activa, s’inicia la sessi6 de microdialisi d'unes 5 hores de durada, durant les quals es
bombeja continuament un perfusat a base de liquid cerebroespinal artificial lliure de neu-
rotransmissors (CSF: dissoluci6 aquosa a base de NaCl, 119.5 mM; KCl, 4.75 mM; CaCl,,
1.27 mM; KH PO, 1.19m M; MgSO,, 1.19m M; Na PO,, 1.60 mM a pH 7.2, segons
Benveniste and Hiittemeier, 1990) amb una bomba de microinfusié (Harvard Apparatus

model 22, south Natick, MA) que impulsa el CSF a un flux constant de 1.25 pl/min, a
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través d'un tub de polietile flexible connectat a 'extrem d’entrada de la canula de microdi-
alisi. Simultaniament es va recuperant el dialitzat per I'extrem de sortida de la canula que
drena a un tub Eppendorf mantingut en gel, a través d’un tub fi de polietile. Es recull una
nostra cada 20 minuts i s'emmagatzema a —20°C fins a 'analisi cromatografica (vegeu la
figura 7). Després de 48h de I’ implantacid, la gliosi reactiva al voltant de la canula redueix
molt la seva capacitat dialitica.

La permeabilitat de la membrana dialitica de cuprofan utilitzada per a la fabricacié de les
canules, permet la difusié dels compostos de menys de 20 kDa en ambdés sentits (Lange
et al.,1997; Chefer et al., 2009). La propia dinamica del procés de difusi6 entre el teixit i
el perfusat fa que la concentraci6 dels analits al voltant de la canula sigui inferior a la del
teixit intacte més allunyat (vegeu la figura 6) i per tant que la fraccié recuperada sigui me-
nor que la real, de manera que les successives mostres de dialitzat, un cop analitzades per
cromatografia HPLC, s6n una aproximacio relativa a la composici6 del liquid extracel-lular
de la zona estudiada, en el nostre cas l'estriat dorsal, (Westerink et al., 1987; Westerink,
1995). In vitro, les canules de fabricacié propia, recuperaven entre un 2 i un 20 % de la
DA i els seus metabolits, una proporci6 similar a la publicada per a les canules comercials
(Zetterstrom et al., 1983).

Figura 6. Esquema de la col-locacié intraestriatal de la zona dialitica de la canula implantada, el tub d’acer
(en verd) travessa la calota Ossia i I'escorga cerebral (esquerra). Esquema que il-lustra la complexa composicié
de 'espai extracel-lular a través del qual els analits (punts negre) han de difondre per arribar a la canula de
microdialisi (¢); la preséncia dels capil-lars sanguinis (V) que redueix el volum de liquid que envolta la ca-
nula i 'augment de la trajectoria de difusi6 (fletxa) dels analits en moviment cap a la canula fan que l'efecte

net sigui una disminucié de la seva difusivitat (dreta) (Chefer et al, 2010).
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Materials i procediment de fabricacié d’'una canula de microdialisi

Lelevat cost de les canules de microdialisi comercials, evidentment d’un sol s, i la possi-
bilitat de poder aprendre el procés de fabricaci6 al laboratori del Dr. Artigas (CSIC Barce-
lona) (Adell i Artigas, 1997) ens va motivar a fabricar-les nosaltres mateixos a partir dels

segiients materials (vegeu la figura 7) i procediment:

Figura 7. Esquema d’una canula de microdialisi cerebral, realitzada segons el procediment descrit per Adell i
Artigas, 1997. A) Parts de la canula descrita en el text. B) Comprovaci del funcionament de la canula abans

de la inserci6 de la membrana de cuprofan. C) sessié de microdialisi, els dos llargs tubs de polietilé correspo-

nents a una sola canula. En general s’han inserit dues canules en cada animal, una en cada nucli estriat.

a) Tub d’acer inoxidable hipodérmic prim (1 fig. 7) (de 400 pm de & extern i 190 de &
intern, n° cataleg: 8332) i tub gruixut (2 fig. 7) (de 500 pm de & extern i 290 pm
de @ intern, n° cataleg: 8420 ) de A-M Systems, Everett, USA. Per a una canula es
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tallen dos segments de 7 mm de longitud de tub prim i un segment de 20 mm del

tub gruixut.

b) Tubs de silica (3 fig. 7) (de 140 pm de & extern i 40 pm de & intern, ref. VS-14-40,
de Scientific Glass Engineering, Melbourne, Australia subministrada per KROM-

PEX S.A.). Dos segments per canula: un de 20 mm i un altre de 35 mm.

c) Tubs de polietile (4 fig. 7) (de 610 pm de & extern i 280 de & intern, de Portex,
England , subministrat per Técnicas Médicas S.A.). Dos segments de 20 mm per

canula.

d) Membrana dialitica cilindrica de cuprofan (5 fig. 7)(Enka AG, Wupertal, FRG). Un
segment de 10 mm per canula, que recobreix la part distal de la mateixa, per sobre

del segment de silica i sobresurt uns 4 mm des de I'extrem del tub d’acer.

Els diferents materials es munten sobre plastilina Blutac® i s’enganxen amb pega Araldite®
(6 fig. 7); passades 24h es recobreix la uni6 dels tubs d’acer amb ciment dental (7 fig. 7)
(TAB 2000, Kerr, Italia), i per sobre silicona termofusible que ho engloba tot, deixant
visible sols el tub d’acer gruixut distal i els segments curts de polietilé proximals. Abans
d’inserir la membrana dialitica, es comprova la funcionalitat de la canula injectant aigua
pels dos extrems de polietile i observant la sortida del liquid diferencial (B fig 7). Sota
lupa, s’enganxa la membrana dialitica cilindrica a 'extrem del tub d’acer amb resina epoxi
Loctite ® i amb la mateixa pega s’obtura 'extrem. Al dia segiient s’observa, sota la lupa,

la funcionalitat.

Perfusidé transcardiaca de solucio fixadora i obtencié de teixits per
técniques histologiques

Un cop anestesiades les rates amb soluci6 salina de hidrat de cloral, es realitza una inci-
sié en la linia mitja de la paret abdominal, en direcci6 ascendent, per accedir a la cavitat
toracica, es secciona transversalment el muscul diafragma i lateralment les costelles, s’ai-
xeca la graella costal i es punxa el ventricle esquerre del cor amb una canula intravascular
connectada a un sistema d’ infusié endovenosa per on s’administra, primer, solucié salina
(SSF) heparinitzada (50 U/ml) fins a 1" eliminaci6 total de la sang i a continuacié un volum
(1L/Kg d’animal) de soluci6 fixadora isotdnica de paraformaldehid al 4% en tamp6 fosfat
(PFA); una incisié a |’ auricula dreta permet la sortida de la sang i d’aquestes solucions des-
prés d’haver circulat per tota la xarxa vascular fitxant els teixits, després d’'uns minuts de

perfusié amb PFA es pinga l'arteria aorta abdominal per optimitzar la perfusié toracocra-
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nial i estalviar soluci6 de PFA (vegeu la figura 8). En acabar la perfusid, s’enuclea el cervell
i es ressuspen en PFA durant un maxim de 24h a 4°C. En acabar la postfixacid, es renta el
cervell i es munta en parafina o bé es conserva en etanol del 70 % fins la parafinacié. Tot el

procés es fa sota campana.

La soluci6 fixadora isotonica de PFA al 4% conté: 13.7 ml de Na,HPO, 0.5M; 6.86 ml de
NaH PO, 0.5M; 8.17 mg de NaCl i 40 g de PFA per litre d’aigua, s’escalfa a 60°C sota
campana fins a obtenir la total transparéncia de la soluci, finalment es basifica el pH fins

a 7.4 i es manté refrigerada durant una setmana.

Obtenci6 de teixit fresc per a determinacions bioquimiques

Després de sacrificar la rata desperta amb guillotina, s’agafa el cap, es retira la pell del crani
i amb 'ajuda de tisores grosses es talla la calota craniana seguint les fissures parietotempo-
rals, s’enuclea el cervell amb una espatula petita i es diposita sobre la base, es secciona el cos
callés, visible al fons de la cissura interhemisferica com una lamina fibrosa de color clar, es
separa lateralment I'escorga cerebral de cada hemisferi i es visualitza els voluminosos nuclis
estriats dret i esquerre de disposici6é subcortical i d’aspecte caracteristic, lleugerament rat-
llat. Es separen de la resta del teixit cerebral amb tisora petita, es congelen rapidament en

neu carbonica o nitrogen liquid i es conserven a -80°C fins al processament de les mostres.

Riego
corporal
rostral

Riego Solucién Solucidn
pulmonar fijadora de lavado

I~

~ Abertura
en la
auricula

Riego Bomba peristaltica
corporal
caudal

Figura 8. Esquema de la perfusi6 transcardfaca de la rata. (Atlas de histologia vegetal i animal. Internet. Con-

sultat en octubre 2011, disponible en: http://webs.uvigo.es/mmegias/6-tecnicas/2-metodos-fijacion.php
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Tecniques histologiques

Parafinacio de teixits cerebrals fixats amb PFA

Abans d’ incloure en parafina els cervells fitxats de rata, es renten amb aigua i es fa un tall
coronal per a obtenir dos blocs, un del cervell anterior que conté el nucli estriat i un del
cervell posterior que conté la regié mesencefalica. Cada bloc es tanca dins una cassette
de biopsia i es deshidrata, fent-ho passar per successives cubetes d’etanol del 70%, 96%,
100% (3 x 40 min en cadascun) i xilol (3 x 20 min). A partir d’aqui, s’inclou el teixit fixat
en parafina liquida (56-58°C, perd sempre a menys de 60°C) durant 12h. Passat aquest
temps es fan els blocs de teixit parafinat en cubetes metal-liques, blocs que es poden con-
servar a T* ambient indefinidament. D’aquests blocs s’obtenen seccions coronals fines de 5
pm, amb un microtom Leica, que s’enganxen sobre porta gelatinitzat.

En ocasions, el teixit fitxat amb PFA es ressuspen en sacarosa al 30% en tamp6 fosfat (PBS),
durant 12h a 4°C, abans de ser congelat en neu carbonica i emmagatzemat a —40 °C, proce-
diment que conserva millor I’ integritat tissular i millorar la definici6 visual de les tincions
aplicades. En aquest cas, es realitzen seccions fines de 10 pm amb un microtom criostat

(Jung CM 1800, Leica) que s’enganxen sobre portaobjectes gelatinitzats.

Tincié d’ Hematoxilina —Eosina

Aquesta tinci6 és util per a observar 'arquitectura i integritat general del teixit tractat.
Abans de la tincié s’han de desparafinar les seccions de teixit introduint els portaobjectes
en successives cubetes de xilol, etanol del 100% i del 96% (3 x 5 min), etanol 70% (1 x
5 min) i aigua destil-lada (1 x 5 min). Un cop hidratades, les seccions es submergeixen en
hematoxilina de Harris (Sigma®) durant 20s, es renten en aigua corrent entre 2-5 min,
fins I'aparici6 de la coloracié blavosa tipica dels nuclis cel-lulars i es contrasten amb eosi-
na durant uns segons, tincié que colora de rosa els citoplasmes. Després de submergir-les
breument en xilol, les seccions es munten amb DPX i el cobreobjectes. La solucié mare d’
eosina groga per treballar amb hematoxilina de Harris conté 1g de eosina groga en 20 ml
d’aigua destil-lada i 80 ml d’etanol 96%. La solucié de treball conté 25% de soluci6é mare,
74% d’etanol del 80% i 1% d’acid acetic.

Tincio de Fluoro-Jade

S'utilitza la tincié de Fluoro-Jade B per visualitzar selectivament les neurones que estan
degenerant segons la descripcié de Schmued et al. (1997).
Breument, es procedeix a la rehidrataci6 i rentat de les seccions tissulars parafinades com en

la tecnica anterior, a continuacié s’incuben en soluci6 aquosa 0.06% de KMnO, durant 15
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min amb agitacié suau, es renten en aigua durant 1 min i es submergeixen dins la solucié
aquosa 0.001% de Fluoro-Jade B (a partir d’'una solucié mare 0.01% de F-J i una 0.1%
d’acid acetic) al resguard de la llum, durant 30 min, agitant suaument. Després de rentar
amb aigua (3 x 1 min) es sequen els portaobjectes i es munten. Les seccions aixi tenyides
es van analitzar per microscopia de fluoresceéncia (Aex 450-490 nm i Aem per sobre de 515

nm).

Tecniques immunologiques

Marcatge anti-tirosina-hidroxilasa (anti-TH)

Amb l'ajuda del microscopi oOptic, aquesta tincié permet observar la morfologia tissular i
valorar quantitativament el nombre de neurones dopaminérgiques autoctones de la SN,
a diferents temps després de les lesions estriatals o nigrals, aixi com les que sobreviuen i
maduren a partir de les CFM implantades al nucli estriat.

S’aplica el métode de I'avidina-biotina-peroxidasa (ABC kit, Vectastain, Vector®).
Breument, la técnica consisteix en sotmetre les seccions desparafinades i rehidratades de
teixit a un bloqueig de peroxidases endogenes, seguit d'una permeabilitzaci6 de la mem-
brana cel-lular amb detergent per afavorir la penetracié de I'anticos primari i I'as d’'un
sérum no immunogeénic per evitar la unid inespecifica d’aquell a proteines ubiqiies (col-
lagens).

La uni6 de I'anticos primari a la proteina tissular es magnifica amb un segon anticos secun-
dari biotinilat i amb el complex Avidina-Biotina-Peroxidasa i es revelen els complexes amb
peroxid d’hidrogen i substancies cromogenes (Bourne, 1983).

El protocol seguit és el segiient:

1) Desparafinar / rehidratar les seccions tissulars dipositades en portaobjectes impreg-
nats en polilisina mitjangant incubacions successives en: xilol, etanol 100%, etanol
95% (3 x 5 min), etanol 70% (2 x 5 min) i aigua destil-lada (1 x 5 min).

2) Rentar amb PBS 0.01 M (3 x 5 min).

3) Bloquejar peroxidases endogenes: incubant durant 15 min en cambra fosca en una
solucié que conté 140 ml de 0.01 M PBS; 60 ml metanol i 2 ml H O,.

4) Rentar amb H,O (1 x 5 min).

5) Rentar amb PBS 0.01 M (3 x 5 min).

6) Permeabilitzacié de membranes amb solucié aquosa 0.05% de saponina, durant 30
min (portes en posicié horitzontal en cambra humida).

7) Rentar amb PBS 0.01 M (3 x 5 min).
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8) Incubar amb sérum normal de cavall al 3% diluit en PBS- Albtimina Bovina 2%, dins
cambra humida i durant 2 h, per evitar la unié inespecifica, es calcula uns 150 pl de
la soluci6 del serum per cobrir cada portaobjectes, passat aquest temps es decanta.

9) Incubar amb sérum primari especific anti-TH, diluit (1:200) en PBS-Albtimina-Bo-
vina 2%, durant 12-15 hores a 4°C en cambra humida, passat aquest temps es deixa
1h a temperatura ambient.

10) Rentar amb PBS 0.01 M (3 x 5 min).

11) Incubar amb sérum secundari biotinilat dilutt (1:200) en PBS- Albdmina-Bovina
2%, durant 1 h en cambra humida, per a magnificar la unié a I'anticos primari.

12) Rentar amb PBS 0.01 M (3 x 5 min).

13) Incubar amb el complex Avidina-Biotina-Peroxidasa diluit (1:100) en PBS-Albiami-
na Bovina 2% durant 1h en cambra humida, per a magnificar la unié amb l'anticos
secundari.

14) Rentar amb PBS 0.01 M (3 x 5 min).

15) Revelar la tincié amb diamino-benzidina (DAB) per immunohistoquimica optica o
amb Alexa 568-red per immunohistoquimica de fluorescéncia, prévia incubacié amb

Sudan black durant 10 min per inhibir la fluorescéncia endogena.

Altres marcatges immunohistologics

Un procediment analeg al marcatge de la TH s’utilitza per a visualitzar Lamp-1 i GADD-

153 (Santa-Cruz®), caspasa-3 activa (Pharmingen®) o-sinucleina (Chemicon®).

Tincié de TUNEL

S’ utilitza aquesta tincié per visualitzar la fragmentacié del DNA nuclear en la SN de les
rates retrogradament lesionades per 'administracié de 6-OHDA a 'estriat. S’aplica amb el
kit ApopTag (Oncor®) sobre seccions de teixit parafinat de 5 pm. La reaccié amb la pero-
xidasa es visualitza amb solucié 0.05% DAB i 0.01% de H,O, i les seccions es contrasten

amb hematoxilina.

Microscopia electronica

Blocs de cervells corresponents al mesencefal es fixen amb una solucié al 2% de glutaralde-
hid durant 4 h i posteriorment amb soluci6 al 2% de OsO, durant 2 h a 4°C. Les mostres

es deshidraten segons les técniques convencionals i es munten en pega Araldite®. Les sec-
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cions ultrafines (de 25 a 100 nm) obtingudes per ultramicrotom es tenyeixen amb acetat
d’uranil i citrat de plom i s’examinen en el microscopi electronic del servei d’anatomia
patologica de THUB (Zeiss EM-109).

Determinacions biogquimiques

Determinacioé de catecolamines per cromatografia (HPLC)

Es processa el teixit estriatal congelat o bé les seccions gruixudes de teixit fresc de la se-

glient manera (Holman, 1993) :
a) Es pesa la mostra (20-35 mg cada estriat).

b) Shomogeneitza en tubs Eppendorfs amb un volum 1:10 de acid percloric (0.1N de

HCIO ) mitjangant sonicaci6 intermitent a 100 W durant 12 seg (Branson Sonifier).
¢) Es centrifuga a 13.000 rpm, durant 10 min, a 4°C (centrifuga Biofuge 13. Heraeus).

d) Es dilueix el sobrenedant obtingut (1:5, 1:10), es filtra amb filtre Millipore de 0.4
pm i s’injecten 20 pl de la mostra a 'aparell de HPLC (LKB-Pharmacia, Bromma,
Sweden) a través d'un injector d’alta pressié (Rheodyne, Palo Alto USA) amb un
loop de 20 pl.

e) La separaci6 de les catecolamines (DA, DOPAC, HVA) (vegeu la figura 9), tant en les
mostres de teixit estriatal fresc processat com en els perfusats de liquid extracel-lular
obtinguts per microdialisi cerebral, es realitza amb una columna cromatografica Nu-
cleosil C-18 de fase reversa (5 pm, 250 mm x 6,6 mm de Teknocroma, Barcelona,
Spain) protegida per una precolumna (30-40 pm, 50 mm x 4,6 mm de Merck). La
detecci6 de les catecolamines es fa amb un detector electroquimic dual (Coulochem
II, ESA), amb uns potencials analitics E1 = +50 mV i E2 = +300 mV en la cel-la

analftica.

La fase mobil consisteix en una solucié tampé a pH = 4.1 de 50 mM d’acetat sodic (8.2 g /
21 H 0); 25 mM d’acid citric (10.5 g/ 21 H 0); 0.7 mM d’acid octansulfonic (OSA) (15
ml de OSA 1M / 21 H,O) i 10% de Metanol. La soluci6 es filtra amb filtre Millipore de

0.2 pm de por i es desgasifica amb bomba de buit amb agitacid.
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Figura 9. A) Cromatograma d’una mostra estandard
de 1 pmol de DA, DOPAC i HVA. B) Cromatograma

O min d’una mostra d’homogenat d’estriat de rata control.

!

Determinacio de GABA

En mostres de teixit estriatal, es determina la concentracié de GABA per HPLC utilitzant
una columna Hypersil-ODS (5 pm, 250 mm x 4,6 mm) de fase reversa després de deriva-
titzar la mostra amb o-ftaldialdehid (OPA) més B-mercaptoetanol i una separacié en un
gradients d’acetat sodic (0.2 M, pH 6.2) i acetonitril. El derivat OPA-GABA es detecta
amb un detector de fluorescéncia (Shimadzu RF-551) amb Aex 340 nm i Aem 455 nm.

Els cromatogrames s’analitzen amb el software HPLC manager (Pharmacia LKB) connec-

tat al programa Nelson d’integracié i processament de dades.

Citometria de limfocits

Els limfocits de rata s’extreuen, en part, de sang periferica, perd majorment de ndoduls lim-
fatics mesenterics. Les cel-lules es tenyeixen amb anticossos monoclonals conjugats amb
un fluorocrom distint: PE-W3/25 pels limfocits CD4 i FITC-OX39 pels limfocits CD25
(ambdés de Serotec®UK). Les mostres s’analitzen amb un aparell de citometria de flux
FAC Sscan (Beckton-Dickinson) per immunofluorescéncia doble directa. S'importen 400
senyals per mostra i es calcula el percentatge de les distintes poblacions de limfocits amb
el programa CELLQuest TM.
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Experiments amb talls gruixuts d’estriat (slices)

Preparacié i incubacions

Després de sacrificar la rata i enuclear el cervell, es dissequen els nuclis estriats dret i es-
querra i es tallen rapidament en seccions de 0.3 mm amb un chopper slicer (Panlab). Els
talls d’'ambdos estriats s incuben per separat a 37°C en 1 ml de tampé Krebs-Ringer bicar-
bonat, a pH de 7.2 en un bany d'agitaci6, sota una atmosfera 95% O, /5% CO, .

El medi d’incubacio consisteix en NaCl 119 mM, KCIl 4.8 mM, CaCl, 1.7 mM, MgCl, 1.2
mM, KHZPO4 1.2 mM, NaHCO, 23.8 mM, glucosa 5.5 mM i MOPS 25 mM.

Tots els compostos que s’afegeixen es dissolen préviament en aquest medi. Les incubacions
es realitzen durant un maxim de 2 h. El teixit i el sobrenedant s’analitzen per separat, el
teixit es processa per mesurar el contingut de proteina pel métode de Bradford i el sobre-
nedant diluit 1:5 amb 0.1N d’acid percloric s’utilitza per a determinar el contingut de

catecolamines per HPLC.

Determinacio de I'activitat TH

Els talls gruixuts d’estriat s" homogeneitzen en 400 pl de sacarosa 0.25 M a 4°C. L'activitat
TH s’obté mesurant la produccié de L-DOPA després de I incubacié del teixit en un medi
tampd d’acetat sodic 1M i pH = 6.0, que conté 1mM de L-Tyr (Sigma®), 10mM (en 0.1M
de 2-mercaptoetanol) de 6-metil-5,6,7,8-tetrahidrobiopterina (THBP, Sigma®) i 2.5 mg/
ml de catalasa (Sigma®). L' L-DOPA formada s’extreu amb aliimina i es determina per
HPLC en una columna cromatografica de fase reversa amb detector electroquimic dual
(Coulochem II, ESA), segons el métode descrit per Ambrosio et al. (1987). Una pU de TH
correspon a 1 pmol de L-DOPA formada per min a 37°C.

Determinacié de I'activitat glutamina sintasa (GS)

Seguint el metode de Meister (1985), s’utilitza hidroxilamina com a substrat; per colori-
metria es mesura la formacié de y-glutamil-hidroxamat. La reacci s’atura als 10 i 20 min
amb FeCl, (0.37 M) en una solucié que conté 0.67 M de HCl i 0.2 M de TCA. La proteina
precipitada s’elimina per centrifugaci6 i es llegeix l'activitat Optica en el sobrenedant a 535
nm. Lactivitat enzimatica es calcula a partir d'un estandard de y-glutamil-hidroxamat.
Una mU de glutamina sintasa correspon a un nmol de y-glutamil-hidroxamat format en
1 mina 37°C.

Deteccio de Malondialdehid (MDA)

La formacié de MDA, considerada com a index de peroxidaci6 lipidica, es mesura utilitzant
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tiobarbiturat (TBA), segons el métode descrit per Di Monte et al. (1986). Els slices estri-
atals s" homogeneitzen en el medi d” incubaci6 i un cop en aliquotes es tornen a incubar
amb TCA al 40% i amb acid tiobarbitdric (TBA 0.67% en 1.5 M de NaOH), durant 15
min a 100°C. Després de centrifugar la mostra, es llegeix 'absorbancia del sobrenedant a
535 nm en relaci6 a un blanc que conté tots els reactius excepte el teixit. La concentracié
de MDA es calcula utilitzant una € = 1.56 X 10> M cm™.

Determinacio de la DA

La determinacié de la dopamina es fa tal com s’ha descrit pel teixit estriatal.

Determinacio de NO

La producci6 de NO es determina per 'acumulaci6 de nitrit amb nitrat reductasa segons
el metode descrit per Hortelano et al. (1993).

Experiments amb mitocondris

Totes les técniques aplicades a 'estudi dels mitocondpris es realitzen amb I’ajut dels Drs.
J. Boada i J. Bermuadez de la Unitat de Biofisica del Departament de ciéncies Fisiologi-

ques II.

Obtencio dels mitocondris

S’obtenen mitocondris de fetge de rata Sprague-Dawley segons el procediment establert al
nostre laboratori per la Dra. Manzano et al. (1996). Assessorats per la bibliografia respecte
de la resposta similar dels mitocondris de fetge i cervell a I' MPP* (Vyas et al., 1986), es
decideix utilitzar el teixit hepatic pel seu major rendiment i per la dificultat que comporta

separar completament els mitocondris dels sinaptosomes neuronals.

Breument, es disseca i trosseja el fetge de la rata, s’homogeneitza (aparell de vidre i teflo
Potter-Elvehjem) en fred a 1.500 rpm, amb 15-20 polsos, en 8 volums de medi fred (0,25
M de sacarosa, 10 mM de HEPES i 1 mM de EGTA, a un pH = 7.3), es filtra 'homogenat
i es centrifuga a 4 °C i 600 x g durant 10 min per eliminar el sediment que conté la fracci6
nuclear. Centrifugant el sobrenedant a 12.000 x g durant 10 min s’obté el sediment que
conté els mitocondris. Finalment, es renta aquest sediment i es dispersa en medi d’homoge-
neitzacié, mantenint-ho en fred i protegit de la llum fins la realitzacié dels experiments.

Aixi com l'activitat MAO de les neurones dopaminérgiques de la rata és casi indetectable,

la dels hepatocits es bastant elevada (Arai et al., 1998), raé per la qual en tots els expe-



90 Mecanismes de neurodegeneracio i neuroproteccié en models de parkinsonisme en rata

riments amb mitocondris d’hepatocits s’afegeix un inhibidor no selectiu de la MAO, la
tranilcipromina (TCP) 200 pM, de cara a evitar el metabolisme de la DA per la MAO i la
produccié conseqiient de peroxid d’hidrogen (H,O,), restringint aix{ els resultats a I'efecte

exclusiu de la DA o de la DA oxidada afegida en els experiments.

Incubacié dels mitocondris

Mostres de mitocondris de 0.3 — 1.0 mg de proteina/ml segons els casos (determinada amb
el BCA Protein Assay Reagent Kit de Pierce®, utilitzant com a patré una solucié mare
de 1mg/ ml de BSA) s’ incuben a 37 °C en un tamp6 que conté 220 mM sacarosa, 3 mM
Hepes, 20 mM MgCl, 2 mM KH PO, 0.5 mM EGTA, 20 mM glucosa i 20 IU/ L hexo-
kinasa, al qual s’afegeix successivament 5 mM K-succinat i 0,8 mM d’ ADP per a iniciar

la respiraci6 (estat 3).

Estudi de I'activitat metabolica per microcalorimetria

La microcalorimetria s’aplica per a estudiar 'activitat metabolica de les suspensions de
CFM i la viabilitat dels mitocondris hepatics en suspensi6. Es tracta d’un procediment bas-
tant inespecific que permet tenir una idea global del funcionament energetic del sistema
(Schon et al, 1990; Bottcher and Furst, 1997).

La mesura de la dissipaci6 de calor de la suspensié mitocondrial es realitza a 37°C durant
60 min, utilitzant un sistema microcalorimétric multicanal (Thermal Activity Monitor
— TAM- LKB-Thermometric®, Jirfalla, Suecia) (Roig et al., 1994), introduint 2,7 ml
de suspensié en les cel-les amb agitacié de 120 rpm (el volum d’oxigen romanent dins les
cel-les és d'uns 0.8 ml, el que assegura unes condicions aerdbiques) i després d’afegir 30 pl
de medi (controls), DA i MPP" fins a una concentraci6 final de 70 pM i 5 pM, respectiva-

ment.

El senyal de potencia s’adquireix a una freqiiencia d’1 Hz, les corbes de potencia obtingu-
des indiquen la calor dissipada durant l'activitat metabolica.

Els resultats es donen en pW/ mg proteina.

Determinacié del consum d’oxigen

La mesura polarografica del consum d’oxigen de la suspensié mitocondrial es realitza du-
rant 20 min a 37°C amb un eléctrode d’oxigen tipus cel-la de Clarck (Rank Brothers®,
Cambritge, Regne Unit) (Roig et al., 1994), amb 200 rpm d’agitacié i condicions idén-

tiques a les de la microcalorimetria. Les mesures s’efectuen a partir del moment de la
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incorporaci6é de 5 mM K-succinat i 0.8 mM ADP per a iniciar la respiracié mitocondrial;
quan s'arriba a I'estabilitzacié del registre (90% saturaci6é O, aprox.) s’afegeix de forma se-
qtiencial 'MPP* 5 pM i la DA o DA oxidada 70 pM. Els resultats es donen en nmols d’O,

consumit/ mg de proteina/ min.

Mesura de la viabilitat per MTT

La viabilitat de la suspensié mitocondrial es mesura per la deteccié espectrofotométrica
a una longitud d’ona de 550 nm de I’ MTT formazdn (solubilitzat) produit a partir de la
reducci6 de I’ MTT (bromur de 3-(4,5-dimetiltiozol-2-il)-2,5-difeniltetrazoli) afegit a les
mostres. L MTT és un pigment soluble de color groc (substrat de la succinat deshidroge-
nasa mitocondrial) que es va transformant en MTT formazdn, pigment insoluble de color
purpura, mentre el mitocondri és actiu i té suficient poder reductor. Les mesures es van
realitzar en suspensions mitocondrials corresponents a 1.0 mg de proteina, incubades a
37°C durant 45 min amb MPP* 5 pM i DA o DA oxidada 70 pM, abans d’afegir 0.5 mg/
ml d” MTT i reincubades a 25°C durant 15 min més, després d’afegir-ho. La reaccid es va
aturar amb isopropanol /1M HCI (24:1) (Cohen et al., 1997).

Citometria mitocondrial

Lanalisi, per citometria de flux amb fluoresceina, dels mitocondris aillats de fetge, controls i
incubats amb MPP* i DA o DA oxidada utilitza la dispersi6 frontal de la llum (FSC) com a
index de la mida de la particula i la dispersi6 lateral (SSC) com a index de complexitat. Les me-

sures es van dur a terme en un citometre FACSCalibur controlat pel programari CellQuest.

Mesura del potencial de membrana mitocondrial

Les variacions del potencial de membrana mitocondrial es mesuren durant 20 min per es-
pectrofotometria a 660nm, mitjancant una sonda sensible de membrana diS-C2-(5) (Iodur
de 3,3’-dietiltiadicarbocianina). Pel seu caracter cationic, la sonda entra en el mitocondri
només quan aquest es despolaritza, de manera que a major despolaritzacié mitocondrial,
major segrest de sonda per I'organul i menor és I'absorbancia llegida. El succinat afegit a
la suspensi6 activa la respiracié mitocondrial creant un gradient de protons (polaritzacid)
que es desfa quan es produeix ATP a partir de I’ADP afegit, aquesta és la despolaritzacié
fisiologica que s’observa en les suspensions de mitocondris control. La técnica no permet

mesurar valors absoluts.

Mesura de I’activitat NADH-DH

Lactivitat NADH deshidrogenasa es va determinar espectrofotomeétricament a partir de la
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velocitat d’oxidacié de NADH, a una longitud d’ona de 340 nm i a 37°C en una incubacié
de mitocondris (100mM Tris-HCl i 0.2mM NADH a pH = 7.5 )(Ben-Sachar et al., 1995).
La mesura es va fer considerant un coeficient d’absorcié molar: € = 6.220 M cm™ i s’ex-

pressa en nmol x min™ x mg prot™.

Mesura de I'activitat glutamat-deshidrogenasa

Es va determinar espectrofotometricament per la desaparici6 de NADPH, a una longitud
d’ona de 340 nm i 37°C en un medi 100mM Tris-HCI, 2mM o-oxoglutarat i 0.5mM
NADPH (pH = 7.5) (Kornberg i Horecker, 1955). La mesura es va fer considerant un coe-

ficient d’absorcié molar: € = 6.220 M ¢cm-1 i s’expressa en pmol x min™ x mg prot™.

Produccié de DA oxidada espontaniament

Una solucié 14mM de DA en PBS ajustada a 7.4 de pH es deixa unes 12h a T* ambient.
L'oxidaci6 de la solucié amb la formacié d’aminocrom es detecta per espectrofotometria a
una longitud d’ona de 450 nm i es pot visualitzar per la coloracié marré que adquireix.
Incubant la solucié de DA amb 1mM de MPP" el procés s’accelera. Quan ’absorbancia
de les solucions és igual o superior a 0,6 es considera adequada pels experiments (Offen
et al. 1997).

Experiments amb o-sinucleina in vitro

Es va adquirir Ot-sinucleina d’'un 95% de puresa (Calbiochem®), N-acetilcisteina (NAC)
(Sigma®) i dopamina tritiada {7,8- "H}-DA (Amersham®).

Produccio de DA oxidada

Es pot accelerar el procés d’oxidacié espontania de la DA a aminocrom incubant una solu-
ci6 10 mM de DA amb 10 mM de periodat (Sigma®) en tamp6 2M Tris a pH 6.8 i a 25°C
durant 2h i 30 min, segons el metode descrit per Aroca et al. (1990), el producte d’aquesta
oxidacié es centrifuga 1 min a 13000 rpm i es filtra el sobrenedant. Es monitoritza a 450

nm en el espectrofotometre.

Incubacions i determinacio in vitro de a-sinucleina

S’ incuben a 37°C, concentracions 5 pM de Ot-sinucleina, 100 pM de DA tritiada o 100 pM
d’aminocrom i 10 mM de NAC (opcional) en tamp6 PBS a pH 7.4, durant 1h o 12h.
Les mostres es bullen amb 1,4-ditiotreitol (DTT) o es precipiten amb solucié 40% d’acid

tricloroacétic (TCA). Després de centrifugar-les i rentar-les amb TCA fins no trobar radio-
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activitat als rentats, es dispersen els pelets amb tamp6 1 mM de Tris a pH 7.5 i es mesura
la radioactivitat.

Posteriorment es fa I'electroforesi de les mostres en gels de SDS-PAGE 15% i es transfereix
a membranes de nitrocel-lulosa pel seu analisi per Western-blot: les membranes s’incuben
durant la nit amb l'anticos policlonal anti-O-sinucleina (Chemicon®) diluit 1:500, i des-
prés dels rentats, s’incuben durant 1h amb l'anticos secundari biotinilat unit a la peroxi-
dasa de rave (horseradish peroxidase) diluit 1:5000. Per a la deteccié de I'anticos secundari
s’usa el procediment de quimioluminesceéncia ECL, que en contactar amb la peroxidasa de
rave s’oxida i emet luminescéncia. El revelat es fa posant en contacte la membrana amb
una pel-licula d’autoradiografia (Amersham®) i mesurant la radioactivitat de les bandes

corresponents a Ol-sinucleina.

Analisi estadistic

Les diferéncies neuroquimiques entre les mitjanes dels controls i de les rates lesionades
s’analitzen amb proves no parameétriques (el test de U-Mann-Whitney per a la comparacié
entre dos grups, el test de Kruskall-Wallis per a la comparaci6 entre tres o més grups i el
test de Wilcoxon per a comparar percentatges) i parameétriques (test d’analisi de la varian-
¢a, ANOVA) amb post-hoc tests (Scheffé F-test), quan no es pot assumir 'equivaléncia de
les variancies entre els grups o la normalitat de la distribucié de les poblacions.

La significaci6 estadistica s’estableix a partir de p< 0.05, de manera que consignem * si p<
0.05, ™ si p< 0.01 i " si p< 0.001. Tot el tractament estadistic es realitza amb el paquet

estadistic Stat View II de Macintosh.
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Capitol 3: Resultats

1. Posta a punt: mesura de la dopamina estriatal

El nucli estriat del cervell de la rata té, curiosament, una concentracié de dopamina que cor-
respon a més del doble de la que es troba en humans en els nuclis caudat (uns 25 nmols/g) i
putamen (uns 33 nmols/g) (Tong et al., 2006; Nagatsu and Sawada, 2007). Volent establir
si els estriats dels dos hemisferis de la rata es podien considerar del tot equivalents, es va
determinar el contingut de DA i dels seus metabolits en ambdds estriats, dret i esquerra,
en un nombre de 10 rates. Considerades una per una, els resultats varen ser molt variables.
De fet una certa lateralitat esta descrita en rates, de manera que es pot parlar de rates dre-
tanes i esquerranes (Glick and Cox, 1978; Glick and Ross, 1981) i aixd pot repercutir en
el contingut de DA estriatal. Encara que relacionar el contingut de DA amb la tendéncia
dreta/esquerra de la rata no era el proposit del nostre treball, siné el de constatar si podiem
considerar indistintament els estriats dret 1 esquerra. Considerats en conjunt i malgrat la
variabilitat, hi havia una tendéncia de I'estriat esquerra a presentar entre un 5-10% menys
de DA que el dret, encara que estadisticament no ho podiem considerar significatiu. Pel
que fa al metabolisme dopaminergic, el DOPAC és el metabolit prioritari en rata, repre-
sentant aproximadament un 10% del contingut de DA i el HVA és el segon metabolit,
que representa un 5% del contingut de DA, a diferéncia del caudat-putamen humans on
el HVA és el metabolit predominant (Wilk and Stanlet, 1978; Hornykiewicz, 2001). Les

seves concentracions no varien d’un estriat a 'altre (vegeu la figura 1).
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Figura 1. Lleugera asimetria entre el con-
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gut dels metabolits DOPAC i HVA.
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2. Lesi6 a substancia negra amb 6-OHDA i amb MPP+

Les lesions amb 6-OHDA es van realitzar en la SN dreta, injectant estereotacticament 3 pl
d’una soluci6 de 7 pg/pl de 6-OHDA en SSF amb 0.02 % d’acid ascorbic. Es va verificar el
grau de lesi6 al cap de 2 setmanes mitjangant el test rotacional induit farmacologicament,
aixo és, observant 'aparicié d’'una conducta rotacional de 'animal en sentit contralateral
al costat lesionat quan s’injecta apomorfina 0.05 mg/Kg s.c. i una conducta rotacional en
sentit ipsilateral quan s’administra amfetamina 1 mg/Kg i.p.

Es podien definir, aix{, dos grups d'animals segons que rotessin (més de 40 rotacions en 10
min) o no rotessin o rotessin poc (3 o menys rotacions per minut). En les rates que rotaven,
els nivells de DA en el nucli estriat ipsilateral a la SN lesionada s'havien reduit per sota del
5% respecte del canté control no lesionat (n=8). En les rates que no rotaven o rotaven poc
(n=8) els nivells de DA estriatal també estaven reduits perd en menor proporci6 i de forma

molt variable (entre un 25 i un 50%) (vegeu la figura 2).

6-OHDA a SN dreta Test rotacional als 15 dies

8 A\

apomorfina amfetamina
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Figura 2. Determinaci6 de la dopamina estriatal (nmols/g + S.E.M.) al cap de 15 dies d’injectar 21pg/3 pl
de la neurotoxina 6-OHDA (grup lesi6) o 3ul de SSF (grup control) a la SN dreta, segons el resultat del test
rotacional induit farmacoldgicament. Sols les rates que tenen menys del 5% de la dopamina estriatal dels
controls responen positivament al test rotacional, fent més de 40 rotacions/10 min en direccié contralateral
al hemisferi dret lesionat quan s’injecta apomorfina 0.05 mg/kg s.c, i en direccié ipsilateral al cant6 lesionat

quan s’injecta amfetamina 1 mg/kg i.p.
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Aix{ doncs, el test rotacional positiu de la rata, amb apomorfina i amb amfetamina, ens
esta indicant un grau de lesi6 important en la SN i en l'estriat corresponent, situacio,
pel que fa al contingut de DA, comparable al parkinsonisme o més ben dit a '’hemipar-
kinsonisme. Aquelles situacions que corresponen a una lesi6 intermedia i que es podrien
comparar amb un preparkinsonisme, no es detecten amb el test de rotaci6é induit farma-

cologicament.

També es van realitzar animals controls amb soluci6 fisiologica injectada a la SN i animals
amb lesions bilaterals a la SN amb 6-OHDA. En el primer cas, encara que histologicament
es podia veure l'efecte d'una lesié6 mecanica al nucli mesencefalic, no hi havia cap repercus-

si6 en els nivells de DA estriatal.

En el segon cas, els nivells de DA en ambdds estriats disminuien, encara que d'una forma
forca variable corresponent al grau de lesié que s'hauria provocat a la SN. Aquestes rates
no rotaven ni amb apomorfina ni amb amfetamina, siné que quedaven en una postura arre-
activa i catatonica que ens obligava a alimentar-les amb solucié glucosada s.c. per evitar la
mort per inanici6. Encara que aquesta lesié bilateral podria ser la més propera a la malaltia
de Parkinson, la reacci6 de la rata podia comparar-s'hi només en quant a l'acinesia, perd no

quant a la rigidesa ni al tremolor.

Les rates bilateralment lesionades amb 6-OHDA a SN es van utilitzar per estudiar la su-
pervivencia de CFM, obtingudes a partir d’embrions de rata E14, preparades en suspensié

i implantades dins els estriats denervats.

Les lesions amb la neurotoxina MPP* (n = 8) també es van realitzar a la SN dreta de les
rates, injectant 3 pl d’una soluci6 3 pg/pl de MPP*. Ja al cap de poques hores de la lesid, les
rates mostraven una tendéncia espontania a la rotaci6 en direcci6 ipsilateral al canté lesio-

nat, que augmentava amb el tractament amb amfetamina. No rotaven amb apomorfina.

La repercussi6 en la DA estriatal es va comprovar al cap de 2 dies, observant un déficit im-
portant perd sempre inferior al que es produia amb la neurotoxina 6-OHDA (entre un 10 i
un 30% de DA), pel que ens trobarfem dins del grup de 6-OHDA que no rotaven. Al cap
de 7 i 14 dies la lesi6 es mantenia, encara que amb una tendéncia a una certa recuperaci6

(vegeu la figura 3).

La lesi6 amb MPP* a la SN era doncs més rapida perd menys contundent i possiblement

menys selectiva que amb la 6-OHDA, quedant preservades un nombre superior de neu-
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rones que permetria una certa recuperacié estriatal, possiblement per nova arboritzacié

(“sprouting”) de les terminacions dopaminérgiques.
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Figura 3. Determinaci6 de la dopamina estriatal (nmols/g + sem) a la setmana i als 14 dies d’haver admi-
nistrat 9 pg/3pl de MPP* (lesid) o 3 pl de SSF (control) a la SN dreta. Després de la lesi, s'observa en la rata
un comportament rotacional espontani cap a la dreta (ipsilateral al cant6 lesionat) que s’incrementa en admi-
nistrar amfetamina 1 mg/kg i.p durant el test realitzat als 2 dies de la lesié. No s’observa cap comportament

rotatori amb I'apomorfina 0.05 mg/kg s.c.

3. Implantacié de cel-lules fetals mesencefaliques
(CFM) en animals lesionats amb 6-OHDA a SN

3.1. Caracteritzacio funcional de les CFM en distints medis
de suspensio

Els animals amb la via nigroestriatal unilateralment lesionada amb 6-OHDA es varen uti-
litzar per intentar pal-liar el deficit de DA estriatal mitjangant la implantaci6 estriatal de
CFM E14, és a dir, les cel-lules progenitores de les neurones dopaminergiques.

Primer, es va procedir a una caracteritzacié de les CFM en suspensié per a determinar el
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marge de temps de fiabilitat que podiem tenir en la seva utilitzaci6. Per técniques calori-
meétriques es va determinar que la funcionalitat metabolica de les CFM es mantenia durant,
al menys, 4 hores en medi DMEM o RPMI, perd no en solucié6 tamponada glucosalina
(GS). Els nivells de lactat extracel-lular augmentaven paulatinament a mesura que els ni-
vells d’ATP intracel-lular disminuien (vegeu figura 4). Tot plegat indicava que les CFM es
podien utilitzar amb fiabilitat entre 4 i 5 hores després de 1" obtenci6 (Espejo et al., 1997
— ANNEX 1).
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Figura 4: Caracteritzaci6 de la suspensi6 de cel-lules fetals mesencefaliques (CFM) 107cel-lules/ml. A) Deter-
minaci6 de les concentracions extracel-lulars de lactat (nmols/mg proteina) al llarg de 18 hores. B) Determi-
nacié de les concentracions intracel-lulars d’ATP (nmols/mg proteina) al llarg de 18 hores. C) Mesura de la
dissipaci6 de calor obtinguda per microcalorimetria, com a index de viabilitat metabolica de les CFM en tres
medis d’incubacié: DMEM, RPMI i GS. Les corbes de potencia s’expressen en pW/cel-lula).
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3.2. Us de neurotrofines per augmentar la supervivéncia de les CFM

Les CFM implantades en I'estriat, en un volum de suspensié de 2pl, mostraven al cap d’una
setmana una supervivéncia de al voltant del 4% (comptabilitzades a partir de mostres del
teixit implantat tenyides amb immunohistoquimica anti-tirosina-hidroxilas i contrastades
amb hematoxilina). Al cap d’'un mes encara es mantenia una supervivéncia semblant, amb
unes neurones for¢a desenvolupades. Per tal d’augmentar la supervivencia neuronal, varem
afegir a la suspensi6 cel-lular 1pmol/ml de GDNE, un factor trofic potent pel sistema do-
paminergic (Clarkson et al., 1997) 6 1pmol/ml de BMP-2, un factor trofic que per llavors
s'investigava el seu efecte sobre les neurones. Efectivament, la supervivencia de les neurones
augmentava uns tres cops al cap d’'una setmana de la implantacid, en el cas d’haver estat en
contacte amb GDNF i uns dos cops amb BMP-2. Al cap d’un mes, perd, I'efecte del GDNF
no era apreciable. Es a dir que la incorporacié de GDNF tenia un efecte molt temporal, a la
llarga el 95% de les cel-lules implantades es morien igualment (vegeu la figura 5). Al cap

d’un més de la implantacié de CEM, el nombre de rotacions amb apomorfina 0.05 mg/Kg

s.c. no va variar respecte del test realitzat abans (ANNEX 2).

Neurones TH+ Nombre de rotacions amb apomorfina
2500 -
C BCFM D
2000 mCFM + GDNF
70
0 CFM + BMP2 0 59
1500 5
50
39 38
1000 A 40
30
500 20
10
0 - 0 T T T
1 setmana 1mes Lesio Lesio+ CFM  Lesi6 + CFM + Lesi6 + CFM +
GDNF BMP2

Figura 5: A) Esquema d’un tall coronal de cervell indicant amb una fletxa el lloc d’implantacié de les
CFM, en el centre del nucli estriat de rates lesionades amb 6-OHDA en la SNc. B) Neurones implantades

i desenvolupades a partir de 2 pl d’una suspensié de CFM de 107cel / ml, visualitzades al cap d’'un mes per



Capitol 3: Resultats 101

immunohisto quimica anti-TH i contrastades amb hematoxilina. Barra d’escala = 50 pm. C) Nombre total
de neurones TH positives (TH+) en U'estriat al cap d’una setmana i d’'un mes de la implantacié de CFM amb
I'addici6é o no de 1pmol / ml de GDNF o BMP-2. D) mesura de les rotacions contralaterals induides amb
apomorfina, 1 mes postlesid, sense (46) i amb CEM (59), amb CEM i GDNF(39) i amb CFM i BMP-2 (38).

3.3. Implantacié de fibroblasts transfectats

Per tal d’'intentar que les CFM rebessin GDNF d’una forma continuada es van utilitzar
fibroblasts 3T3 transfectats que expressaven i secretaven el GDNF (3T3/GDNF) de forma
continua. La implantacié d’una solucié que conjuntament contingués CFM i 3T3/GDNF
va incrementar la supervivéncia de les CFM en més del doble i va produir una molt sig-
nificativa arboritzaci6 de fibres TH + en la zona de contacte entre els fibroblasts i el teixit
estriatal (vegeu la figura 6). Al voltant de la implantaci6 dels fibroblasts el grau de gliosi,
mesurat amb immunohistoquimica anti-GFAP, era molt important. Aquests resultats es
refereixen exclusivament a un temps d’una setmana postimplant (Espejo et al., 2000 —
ANNEX 3). Si I'implant de fibroblasts es mantenia fins a un mes es produia en el cervell
de la rata un fibroma de dimensions considerables. La quantificacié d’aquests resultats va
ser presentada a la tesi de Monica Espejo (1999). La meva participacié va ser en la obtenci6

de les histologies aqui mostrades.
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D - Neurones TH+
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400 4
300 -
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CFM 3T3Mock CFM 3T3GDNF

Figura 6. A) microfotografia optica d'un implant de fibroblasts 3T3 en el nucli estriat de la rata mostrant la
reacci6 glial circumdant (coloracié marr6 perifeérica d'una immunohistoquimica anti-GFAP). B) microfotografia
d’un coimplant de CFM i fibroblast 3T3/GDNEF en el nucli estriat que mostra cel-lules TH+, sobre tot en la
periferia (coloracié marré en una immunohistoquimica anti-TH). C) En augmentar la imatge anterior es veu
la proliferacié de cel-lules i fibres TH+. Totes les mostres s’obtenen als 7 dies postimplant. Barra d’escala =
100pm. D) Recompte de neurones TH+ a lestriat segons la combinacié de cel-lules implantades. Els resultats

s6n la mitjana + S.E.M. de 4 animals per cada grup. La significanca determinada per ANOVA (¥*p<0,05).
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4. Lesions al nucli estriat amb 6-OHDA i MPP+

4.1. Contingut de dopamina i els seus metabolits

Lefecte sobre el contingut i el metabolisme de la DA a l'estriat, de la 6-OHDA (32 pg/4pl)
o de 'MPP* (12pg/4pl) injectats estereotactica i unilateralment a l'estriat dret, va ser es-
tudiat als 2, 7, 15 i 60 dies post lesié. Varem ajustar les dosis de les dues toxines per tal
d’aconseguir una reduccié similar de la concentracié de DA al cap de 7 dies, al voltant del
20-30% de la DA en l'estriat control.

En el cas de la 6-OHDA no es va observar cap mena de recuperaci6, de manera que als 60
dies, els nivells de la DA estriatal eren encara d’'un 20% respecte del control. En el cas del
MPP* s’observava una gradual recuperacié del neurotransmissor, amb una concentracié de
DA d’'un 60-70% al cap dels 2 mesos (vegeu la figura 7A).

Estudiant els metabolits dopaminergics, DOPAC i HVA (vegeu la figura 7B), observem
que inicialment la reducci6 no es tant drastica, fins al 50%. Aix0 ens indica que les neu-
rones romanents augmenten el seu metabolisme, possiblement augmentant la sintesi i
la degradaci6 de la DA, com si 'haguessin d’aprofitar més. En definitiva hi augmenta el

recanvi (turnover) dopaminergic.

A - Lesio estriatal [DA] B - Lesi6 estriatal [DOPAC + HVA]

12
10
8

- MPP | e MPP
—m— 6ohda =—6-OHDA

nmol/g +S.E.M.

Temps (dies) Temps (dies)

Figura 7. Grafics de 'evolucié en el temps del contingut de DA estriatal (nmol/g) (A) i dels seus princi-
pals metabolits, DOPAC i HVA (B), després de la lesi6 intraestriatal unilateral amb MPP* (12pg/4pul) o
6-OHDA (32 pg/4pl).

Aquest efecte es va perdent en el cas de la lesi6 amb 6-OHDA, denotant una manca de

recuperacié. En canvi es manté en el cas del MPP~.
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4.2. Contingut de GABA

En els nuclis estriats, la major part de cossos neuronals corresponen a les neurones espinoses
mitjanes GABA-érgiques, d’aqui que el contingut estriatal de GABA sigui bastant elevat
(2 pmols/g teixit aprox.) i podem considerar que es troba essencialment en les dendrites
de totes les neurones GABA ergiques i en les terminacions de les interneurones. La lesié
estriatal amb 6-OHDA no hi afectava el contingut de GABA, fins i tot es trobava un lleu-
ger augment durant les primeres setmanes (de 2 a 2.5 pmols/g) com a resposta a la manca
de regulaci6 per DA. En el cas del MPP* es produia, en canvi, una disminucié a menys de
la meitat del contingut de GABA durant els primers dies, que s’anava recuperant paula-
tinament fins arribar, gairebé, a ser total (vegeu la figura 8). Aix0 representava una prova
més de la manca de selectivitat del MPP* injectat a I'estriat. L'afectacié neuronal havia de
ser, pero, molt localitzada al voltant de la zona d’injeccié del MPP*, com es va comprovar
histologicament (Espino et al., 1995; Espejo et al., 1998), i aix0 permetia una recuperacié
per part de les neurones al voltant de la lesié. Aixi doncs, el tractament intraestriatal amb
MPP* 0 amb 6-OHDA ens permetria observar la repercussi6 en el temps de la degeneracié

retrograda sobre la SN i el comportament de I'animal.

GABA (nmol/g +S.E.M.)

Temps

Figura 8. Contingut de GABA estriatal després de la lesi6 a 'estriat amb 6-OHDA o MPP" a unes concen-
tracions que provocaven una pérdua semblant de dopamina. Experiment realitzat amb 6 animals per grup,

els valors es donen en pmols/g + S.E.M. (significanca *p<0,05; **p<0,01 respecte a temps 0).

4.3. Estudi de I'activitat motora després de lesions bilaterals

Lactivitat motora es va valorar realitzant lesions bilaterals en ambdés estriats, amb tots els
inconvenients que aixd comportava per a la supervivéncia dels animals, sobre tot durant els

primers dies post lesié. Lefecte d’aquestes lesions es va estudiar a diferents temps, obser-
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vant el moviment lliure de la rata, durant una hora, en un laberint circular amb una série
de sensors de moviment. Al cap de dos dies de la lesi6, I'activitat motora estava gairebé
anul-lada tant per 'MPP* com per la 6-OMDA. L'adaptaci6 a la lesié amb 6-OHDA era
tan sols parcial, mantenint-se al cap de dos mesos reduida a un ter¢ del control. En canvi,
després de la lesio amb MPP~, 'activitat motora es recuperava al cap d'un parell de setma-
nes, indicant un cop més que la lesi6 de la via nigroestriatal havia estat diferent en els dos
casos, arribant-se a afectar consistentment la SN amb 6-OHDA perd no amb MPP~ (vegeu

la figura 9).

400 % VPP

Activitat durant 1 h

Temps (dies)

Figura 9. Grafic de valoracid de l'activitat locomotora al llarg del temps, després de lesions estriatals bilate-
rals amb MPP* o0 6-OHDA, observada durant 1h i mesurada en unitats relatives dels sensors de moviment

en un laberint. Els resultats sén les mitjanes de 6 rates + S.E.M. per a cada grup.

5. Microdialisi cerebral intraestriatal in vivo

5.1. Efecte de ’'MPP* administrat a través de la canula de
microdialisi

Ladministracié de MPP* (10 mM) a l'estriat mitjangant una canula de microdialisi va
permetre comprovar que I" MPP* provocava una deplecié de dopamina molt rapida, aug-
mentant la concentracié d’aquesta des de 2.5 nM (basal) a més de 10 pM en uns 40 min.
Aquesta acci6 es mantenia durant 2-3 h. Aix{ doncs el tractament intradialisi amb MPP*
resultava un bon procediment per produir la deplecié estriatal de la dopamina momenta-

niament (vegeu la figura 10).
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Figura 10. Concentracions de dopamina
extracel-lular determinades per microdi-
alisi després de I'administracié (temps
0) de MPP* 10 mM a través de la canula

implantada a lestriat.

5.2. Nivells extracel-lulars de dopamina

La determinaci6 dels nivells extracel-lulars de DA en animals lesionats amb MPP* o 6-OH-

DA mostra que es mantenen sensiblement més baixos (1.5-2.0 nM en ambdds casos, front

a uns valors basals d’aproximadament 2.5 nM) durant al menys dos mesos (vegeu la figura

11).
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En lestriat lesionat amb MPP~, si al cap de dos dies es tracta novament amb MPP~, es
produeix una deplecié de DA molt baixa (de 2.5 nM a 5.0 nM). En canvi, al cap de dos
mesos 'MPP* produeix una resposta semblant a un estriat sa, no lesionat (de 2.5 a 10.000
nM). En el cas de la lesié amb 6-OHDA la deplecié de DA és encara molt baixa (de 2.5 a
7.5 nM) al cap de dos mesos. Tot aix0 corrobora un efecte depletor del MPP* sense arribar
a danyar de forma retrograda la neurona, el que permet una recuperacié al llarg del temps,
mentre que la 6-OHDA actua més lentament perd provoca un dany retrograd irreversible
(ANNEX 4 dels que he utilitzat aqui, exclusivament aquells resultats que vaig assolir jo

mateixa).

6. Lesio retrograda de la SN per 6-OHDA o MPP* in-
traestriatal

El comptatge de les neurones TH+ de la SNc¢ va indicar, efectivament, una gradual reduc-
ci6 en les rates tractades intraestriatalment (i.e.) amb 6-OHDA, de manera que al cap de
30 dies s’hi arribava a un 50% de destruccié. En canvi en els tractaments i.e. amb MPP*
no es va trobar una reduccié prou significativa del nombre de neurones dopaminérgiques

nigrals (vegeu la figura 12).
A B
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Figura 12. A) Reduccié progressiva del nombre de neurones TH+ de la SNc després de la lesié i.e. amb
6-OHDA. Es van comptar les neurones TH+ en 6 seccions tissulars consecutives de la SNc, a partir de
bregma (-5,4 mm), delimitant la VTA a partir del nervi oculomotor. El comptatge es va realitzar en 16 rates

control, 8 tractades unilateralment amb MPP* i 8 amb 6-OHDA a l’estriat, les SNc contralaterals es van
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considerar com a control, es van comptar un promig de 100 + 3 neurones amb marcatge TH+. B) Microfoto-
grafies optiques de immunohistoquimiques anti-TH de la SNc dreta en una rata control, una lesionada amb
MPP~ i una lesionada amb 6-OHDA a l'estriat.

/. Proteccio de la lesio retrograda de la SNc amb
zVAD i PF-9601N

Com que tan sols la lesié amb 6-OHDA ens proporcionava una clara lesi6 retrograda en la
SN, varem voler analitzar si aquesta degeneracié podia estar associada a un procés apopto-
tic, és a dir una degradacié del DNA associada a I'activacié de caspases. En la figura 13B
es mostra com efectivament, a la SN ipsilateral a la lesié apareixen nombroses neurones
positives per a la tincié de TUNEL, que indiquen la preséncia de DNA fragmentat.

El tractament d’aquests animals amb un inhibidor no selectiu de caspases, tal com el zZVAD.
fmk (2 pl d’'una solucié 85 pM) administrat intranigra, va representar una significativa
protecci6 en la perdua de neurones TH + (vegeu la figura 13D), indicant que, al menys en
bona part, la degeneracié retrograda induida per 6-OHDA desencadena una activaci6 de
caspases i un procés apoptotic que, al menys en part, es pot frenar in vivo per la inhibici6 de
les caspases (vegeu la figura 13C). Es van assajar diferents temps d’administracié del zZVAD
després de la lesi6. La proteccié es va veure quan el zVAD s’administrava al cap de 10 -11

dies post lesio, els resultats que s’ensenyen es refereixen a aquest temps (ANNEX 5).

A B c

Figura 13. Microfotografies optiques d’una tincié immunohistoquimica anti TH de cervell de rata en A) es
mostra un tall coronal a nivell del mesencéfal amb les dues substancies negra (la del cant6 dret amb un rec-
tangle blanc) i les dues VTA amb marcatge positiu, B) Cel-lules apoptotiques amb tincié de TUNEL positiva
de la SNc dreta a nivell del requadre en A, 12 dies després de 'administracié intraestriatal de 6-OHDA i 24
h després d’administrar soluci6 salina o zVAD.fmk (C) en la SNc.
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Figura 13 D. Nombre relatiu de neurones TH + a la SNc al cap d’un mes de la lesi6 retrograda amb 6-OH-
DA i al cap de 20 dies d’haver administrat zVAD estereotacticament a la SNc. (¥* p<0,01 comparat amb
els animals lesionats amb 6-OHDA i tractats amb zVAD.fmk; # p<0,05 respecte dels animals tractats amb
SSF a l'estriat i a la SNc (vehicle). Control es refereix al costat contralateral intacte. Analisi de la varianca

(ANOVA) i test U-Mann-Whitney.

Amb un raonament semblant a I'anterior, i en col-laboracié amb el grup de la Dra. Unzeta
(dept. de Bioquimica, Medicina, UAB), es va assajar, en animals retcrogradament lesionats
amb 6-OHDA, 'efecte del tractament amb un nou inhibidor de la MAO-B, el PF-9601N,
que havia mostrat un efecte neuroprotector en diferents models in vitro i in vivo (Sanz,
2008). Ladministracié de 40 mg/Kg i.p. diaria de PF-9601N va repercutir en una pro-
tecci6 significativa del nombre de neurones TH + en la SN_, 18 dies després de la lesi6
estriatal amb 6-OHDA (vegeu la figura 14). El tractament amb diferents inhibidors de la
MAO, especialment amb deprenil IMAO-B) s’utilitza en el tractament de la malaltia de
Parkinson amb resultats relativament incerts. PF-9601N va revelar tenir un efecte marcat
in vivo (ANNEX 6).
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Figura 14. Grafic dels percentatges de neuro-
607 bl nes TH+ a la SNc: protecci6 de la degeneracié
40+ retrograda amb PF-9601N 40 mg/kg/dia i.p.
20- durant 18 dies després de la lesié. (¥** p<0,001

respecte dels controls; #p<0,05 respecte dels le-

0 L T T T

Controls 6-OHDA PF960IN 6-OHDA+ sionats amb 6-OHDA (analisis de la varianga +

PF9601N test de Scheffé).
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8. Implantacié de CFM en animals lesionats amb MPP*
a |'estriat. Efecte sobre els nivells de DA estriatal

Els animals lesionats i.e. amb MPP* presentaven al cap d’una setmana un marcat eixam-
plament dels ventricles cerebrals, amb pérdua de teixit estriatal (vegeu la figura 15A), una
situacié més propera a una degeneracié estriatal (com la que succeeix en la corea de Hun-
tington) que no a la degeneracié dopaminergica propia de la malaltia de Parkinson. Tot i
aixi es van utilitzar aquests animals per assajar les possibilitats de supervivéncia de CFM
en el teixit preservat, tal com haviem fet anteriorment (vegeu figures 4 i 5). Al cap de dues
setmanes de la lesié amb MPP* es van implantar les CFM i dues setmanes després es van fer
els estudis histologics, bioquimics o de microdialisi (el que suposava fins a tres operacions
i.e. pels animals estudiats per microdialisi). La presencia de cel-lules dopamineérgiques es va
comprovar per tincié immunohistoquimica anti-TH. En la microfotografia ampliada de la

figura 15A s’observa la disposicié d'un grup abundant de cél-lules TH+ (fletxes).

La quantificacié de la DA en el teixit estriatal va indicar un sensible increment de DA des-
prés de la implantacié de CFM (grafica esquerra de la figura 15B). La funcionalitat d’aques-
tes neurones es va comprovar per microdialisi, implantant la canula on indica la fletxa de la
figura 15A. Els continguts de DA extracel-lular s’havien parcialment normalitzat després
de la implantacié de CEM (grafica dreta de la figura 15B) (ANNEX 7).

Figura 15. A. Microfotografia dptica d’un tall coronal de cervell de rata (esquerra) on s’aprecia I'eixampla-
ment del ventricle cerebral dret degut a la pérdua tissular, una setmana després de la injeccié estereotactica
de 12pg / 4pl de MPP~. La fletxa indica el lloc d’implantacié de CEM i posteriorment de la canula de micro-
dialisi. En la imatge de la dreta s’amplia el petit rectangle estriatal mostrant la presencia de cel-lules TH+

(fletxes) desenvolupades a partir de les CFM implantades als 15 dies de la lesid.
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Figura 15. B. La grafica de I'esquerra mostra les concentracions de DA determinades en el teixit estriatal de
distints grups de rates (n = 8): control (C) tractades amb SSf i DMEM; controls i implantades amb cel-lules
fetals mesencefaliques (C + CEM); lesionades amb MPP* i tractades amb DMEM (MPP); lesionades amb
MPP- i implantades amb CFM al cap de 15 dies. **p< 0.01 respecte de C i C+CFM; #p< 0.05 respecte de
MPP, test t de Student.

La grafica de la dreta mostra la concentraci6 de la dopamina estriatal extracel-lular, mesurada en dialitzatsdels
mateixos grups de rates que la grafica esquerra. En groc es representa la deplecié aguda de dopamina provo-
cada per la perfusié puntual de MPP* 10 mM a través de la canula de microdialisi en les rates lesionades amb
MPP~ i en les lesionades i implantades amb CFM. La concentracié de DA dels dialitzats s’expressa en nmols
/g + SEM. (n= 3-4), ¥*p< 0.05 respecte de MPP, test de Kruskall-Wallis + Test de Wilcoxon.

9. Repercussions de la lesio central amb MPP*
0 6-OHDA sobre I'activacio limfocitaria periferica

Les repercussions perifériques d'una lesié central era un tema que despertava i desperta
encara considerable interes. En els malalts de Parkinson son multiples les deficiéncies
periferiques observades. Entre elles s’ha descrit una alteraci6 en el contingut de limfocits
que es tradueix especialment en un augment de la poblacié CD4*CD25* (Bas et al, 2001).
Per aquest motiu en rates lesionades bilateralment en el nucli estriat amb 6-OHDA o
MPP" es va estudiar per citometria de flux la quantitat d’aquestes cél-lules immunitaries
existents en ganglis periferics, al cap de dos dies de la lesié. Sorprenentment la lesié amb
MPP* va mostrar uns valors significativament més elevats de limfocits CD4'CD25", tal
com s’havia descrit en humans (vegeu la figura 16). El control neuroendocri del sistema
immunologic sembla estar afectat doncs en la malaltia de Parkinson i aquest efecte es pot
reproduir en rates amb una lesié estriatal no del tot selectiva sobre el sistema dopaminér-

gic (ANNEX 8).
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Figura 16. Percentatge de limfocits CD4*CD25" (expressat en % de cél-lules T CD4*) presents en ganglis
periferics de rates lesionades bilateralment en la SNc amb 6-OHDA (n = 6) o bilateralment en l'estriat amb
MPP* (n = 6). Els animals controls van ser tractats bilateralment amb solucié fisioldgica en els mateixos
nuclis (n = 12), * p< 0.0047, test U de Mann-Whitney (ANNEX 8 ).

10. Mecanismes de la lesio produida pel MPP*
observada en talls gruixuts d’estriat

10.1. Deplecié dopamineérgica i selectivitat de la lesié

La toxicitat del MPP* a diferents concentracions es va voler assajar directament sobre talls
de teixit estriatal posats a incubar en solucié PBS oxigenada durant 2h.

Es va comprovar que una concentracié de MPP* 2 mM ja era suficient per a reduir la quan-
titat de DA estriatal en un 50%, a partir de MPP* 100 mM la deplecié de DA era d'un
80% (vegeu la figura 17).

En un temps de 2 hores, 'MPP* depletava fins al 80% de la DA estriatal, aquest semblava

ser I'efecte més immediat del MPP* que, de fet, ja s’havia observat in vivo per microdia-

lisi.
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g | gruixudes d’estriat, incubades du-
» 400 1 rant 2 hores en tampé de Krebs-
g 2001 Ringer bicarbonat amb distintes
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my un efecte depletor de DA en forma

MPP+ (uM) en el tampé d’incubacié dels slices estriatals dosidepenent.
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Amb la incubacié de seccions gruixudes de teixit estriatal es va poder estudiar la selectivi-
tat de I'efecte de MPP* a distintes concentracions sobre les neurones dopamineérgiques i les
cel-lules de la glia, utilitzant com a parametre representatiu de les terminacions dopami-
nergiques l'activitat enzimatica tirosina hidroxilasa i com a indicatiu de les cel-lules glials
l'activitat enzimatica glutamina-sintetasa (GS). L'activitat TH es reduia significativament
amb MPP* 100 pM (no amb dosis inferiors), I'activitat GS es reduia significativament
només amb dosis a partir de MPP* 1 mM (vegeu la figura 18) (Ambrosio et al., 1996.
ANNEX 9).

25 1 m Control

20 - m MPP+ 0.1mM
] CIMPP+ 1mM
gg 15 7 «
2E 10 - *
Irwm
(=i}

5 |

0

TH GS

Figura. 18. Grafica de I'efecte de MPP* 100 pM i 1 mM sobre les activitats enzimatiques tirosina hidroxila-
sa (TH) i glutamina sintetasa (GS) de slices estriatals incubats en tamp6 de Krebs-Ringer bicarbonat durant
2 hores. Els resultats sén la mitjana + S.E.M. de tres experiments diferents. El test U-Mann-Whitney dona
diferencies significatives en les dues activitats respecte dels controls (*p < 0.05) amb MPP* 1mM i sols de la
TH amb MPP* 0.1mM.

10.2. Produccio6 de radicals lliures i NO

Amb els slices estriatals es va voler comprovar el possible increment de radicals lliures
produit per 'MPP*, tal com s’havia postulat llavors per miltiples autors (Adams, 1993
Chiueh, 1993), mesurant la produccié del malondialdehid (MDA) acumulat durant la
incubacié (vegeu la figura 19). El MDA augmenta significativament ja amb dues hores

d’incubaci6 i es revertit per un segrestador de radicals lliures com el DMSO (1%).

El DMSO també reverteix I'efecte d’inhibicié de la MAO i del metabolisme de la dopami-
na produit per TMPP* 1mM en els s/ices, que s’evidencia per la disminucié del DOPAC,
aixi com la caiguda d’activitat GS, el que significa que contraresta I'efecte no selectiu, sobre
la glia. El DMSO, en canvi, no protegeix la perdua de DA. La deplecié de DA no sembla

doncs dependre, al menys en un primer moment, de la produccié de radicals lliures.
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Figura 19. Grafica en percentatges respecte dels valors control, de I'efecte de MPP* 1mM sobre la produccié
de radicals lliures (MDA), sobre la deplecié de dopamina (DA), sobre la inhibicié del metabolisme dopa-
minergic (DOPAC) i l'activitat inespecifica sobre la glia (GS). La concentracié de DMSO és de 70 mM. Els
valors s6n la mitjana de tres mostres distintes i tres experiments diferents. El test U-Mann-Whitney dona
diferencies significatives respecte dels controls (p<0.05) per a tots els valors de les incubacions amb MPP*
1mM i de totes les incubacions amb MPP* / DMSO respecte de MPP* sol, excepte per la deplecié de DA.

10.3. Proteccié de I'efecte depletor de DA de I'MPP* per inhibidors
de la NOS

Com hem mostrat en la figura 17, MPP* produia la deplecié de DA en els s/ices estriatals
de forma dosidepenent, aquest efecte produit per les concentracions més baixes de MPP* es
va poder protegir amb distints inhibidors de la sintasa de '0xid nitric (NOS): I'inhibidor
especific de la NOS neuronal, 7- nitroindazol, i els més inespecifics, nitoarginina (NO-
Arg) i nitroarginina metilester (NAME), indicant que 'efecte depletor de DA de 'MPP*
a les dosis més baixes (inferiors a 25 pM) implicava la produccié de NO (vegeu la figura
20) (Cutillas et al., 1998 — ANNEX 10).
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Figura 20. A) Efecte dels inhibidors de la NOS sobre la toxicitat del MPP* 5 pM en slices estriatals. EtOH,
etanol usat com a vehicle del 7-NI; DMSO, dimetilsulfoxid usat com a quelant de radicals lliures; Inhibidors
de la NOS: 7-NI, 7-Nitroindazol; NO-Arg: N®-nitroarginina; NAME, N®-nitroarginina metilester. B)
Protecci6 de la deplecié de DA amb 0.16 mM de 7-nitroindazol a concentracions de MPP* inferiors a 25 pM.
Els resultants sén la mitjana de 4 mostres en tres distints experiments + S.E.M. El test U-Mann-Whitney

dona diferencies significatives (*p < 0.05) pels valors de 2, 5, 10 i 25 pM MPP* +7-NI, respecte dels matei-
xos sense I'inhibidor de la NOS.

11. Mecanisme de la lesio pel MPP* estudiat
en mitocondris

Les tecniques aplicades a I'estudi dels mitocondris es van realitzar amb I'ajut de la Unitat
de Bioffsica del departament de ciéncies Fisiologiques II de la UB, concretament dels Drs.
J. Boada i J. Bermadez.

11.1. Suspensions de mitocondris estudiades per citometria
de flux

Per estudiar I'efecte que 'MPP* podia tenir a nivell mitocondrial es van obtenir suspensi-
ons de mitocondris de fetge de rata que segons la literatura responen a la neurotoxina de
forma similar a com ho fan els de cervell (Vyas et al., 1986), amb l'avantatge d’'una més

senzilla extracci6 tissular i un rendiment superior. Per citometria de flux es va determinar
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I'existencia d’una poblacié bastant homogeénia de particules que per la mida corresponia
a mitocondris (vegeu la figura 21). La incubacié de la suspensié amb MPP* S mM desdo-
blava la poblacié inicial, fent apareixer una altra que podia correspondre a mitocondris

despolaritzats.

F_Eytometry
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Cytometry

1

107

s8¢
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Figura 21. Grafics de citometria de flux de suspensions de mitocondris aillats de fetge de rata, indicant les
dues poblacions de particules que podrien correspondre a mitocondris polaritzats (esquerra) i despolaritzats
(dreta) després de ser incubades amb MPP* 5 pM.

11.2. Funcionalitat metabolica dels mitocondris: dissipacié de calor
| viabilitat

La funcionalitat metabolica dels mitocondris es va assajar: a) mesurant la dissipaci6 de calor
de la suspensi6 i b) mesurant la capacitat reductora de la mateixa amb MTT pigment que

es sol utilitzar com a parametre indicatiu de la viabilitat de les cel-lules senceres i que té la

propietat de virar de color en ser reduit a MTT formazin.

Es va incloure aqui, a més a més de MPP* 5 pM, la condici6 donada per una concentracié
de DA de 70 pM, equivalent a la concentraci6 total de DA en 'estriat, doncs suposavem
que aquesta seria la concentracié de DA amb la que el mitocondri entraria en contacte en

el cas que es buidessin totalment les vesicules dopaminergiques per efecte de 'MPP".

Les dues concentracions de MPP* i de DA per separat no arribaven a donar una alteracié
significativa de la funcionalitat mitocondrial. En canvi, quan s’aplicaven conjuntament els
dos parametres resultaven significativament disminuits, com si MPP* i DA s’estiguessin
potenciant mdtuament per exercir un efecte deleteri sobre el mitocondri (vegeu la figura
22) (ANNEX 11).
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Figura 22. A) Grifica de la dissipacié de calor dels mitocondris hepatics durant 60 min, mesurada en suspen-
sions control (C), incubades amb MPP* SpM, amb DA 70pM o amb DA i MPP". Els valors s’expressen en
pW / mg pr = S.E.M. Els resultats s6n la mitjana de 6 experiments (controls) i 4 experiments (DA i MPP*)
distints. Els test U-Mann-Whitney dona una diferéncia significativa per a la Gltima condicié respecte dels
controls (*p< 0.05). B) El poder reductor de la suspensié de mitocondris es va mesurar colorimeétricament a
550 nm. Detectant el MTT formazan produit a partir de MTT 0.5 mg / ml afegit a la suspensié. Els resultats
s6n la mitjana + S.E.M. de 4 distints experiments. Els test U-Mann-Whitney dona una diferéncia significa-

tiva per a la dltima condicié respecte dels controls (*p< 0.05).

11.3. Mesura del potencial mitocondrial

El potencial mitocondrial es veu alterat per I'accié conjunta de TMPP* SpM ila DA 70 pM
(vegeu la figura 23) (perd no per cadascun d’ells per separat). La despolaritzacié produida
per ambdés és forga superior a la que fisiologicament es pot observar en les suspensions
control. Aix0 vol dir que el mitocondri s’esta despolaritzant sense produir ATP, és a dir

s’esta dissipant calor inttilment.

11.4. Estudi de I'activitat del complex | de la cadena respiratoria
mitocondrial sota I'efecte de I'MPP+ i la dopamina
El MPP* ha estat extensament descrit com un inhibidor del complex I (NADH-DH)

mitocondrial (Nicklas et al., 1985). Per aquest motiu es va assajar l'activitat NADH-
DH en homogenats de mitocondris en contacte amb MPP* S pM i DA 70 pM,
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utilitzant NADH com a substrat a concentracions saturants. Ni la DA 70 pM ni 'MPP~
5 pM, per separat o conjuntament, s6n suficients per inhibir 'activitat NADH-DH. Cal
arribar a una concentracié ImM de MPP* per tenir una reduccié de l'activitat NADH-
DH d’un 50%. Efectivament l'efecte inhibidor de 'MPP* sobre la NADH-DH ha estat
descrita a aquestes concentracions, pero aix0 indica que el MPP* és un mal inhibidor de la
NADH-DH.

Per assolir una concentracié 1 mM de MPP" intramitocondrial, cal suposar que la toxina
penetra en contra de gradient. Aix0 de fet, esta descrit: 'MPP* és bombejat dins del
mitocondri per un mecanisme no determinat perd depenent de 'activitat mitocondrial
(Davey et al. 1992). Si suposem que per a que es doni aix0 la concentracié6 de MPP*
extracel-lular és com a minim de 0,1 mM i que aquest MPP* prové del metabolisme de
I’'MPTP circulant per la sang, suposant una absorcié del 100% i un pas de la barrera he-
matoencefalica per difusid, aixo representaria una dosi de MPTP de al voltant 1 mg/Kg.
Al ratoli s’administren normalment dosis de 30 mg/Kg de MPTP, Dosis repetides de 1,5
mg/Kg administrades a primats i que resulten letals en humans (Colosimo et al, 1992),
son, aproximadament equivalents a 5.3 pM, semblants a les dosis que estem assajant en
els experiments amb talls estriatals (vegeu la figura 24). Aquestes dosis haurien d’acu-
mular-se 200 vegades en el mitocondri per tenir un efecte sobre 'activitat NADH-DH.
(ANNEX 11).
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Figura 24. Activitat NADH-DH en suspensions de mitocondris aillats en preséncia de MPP* i/o DA. La
Gltima barra del grafic indica la inhibicié aconseguida amb MPP* 1 mM. Les dades sén la mitjana + S.E.M.
de 12 preparacions mitocondrials diferents. El test U-Mann-Whitney dona diferencies significatives per a la

altima condici6 respecte dels controls (***p < 0.001)

11. 5. Distints efectes del MPP+ segons distintes concentracions

Dels resultats anteriors varem poder concloure que 'MPP* a dosis molt baixes, inferiors a
10 pM, afectava l'alliberament de DA, mentre que a dosis superiors a 100 pM exercia un
efecte sobre I'activitat NADH-DH i la produccié de radicals lliures, coincidint amb els
efectes inespecifics de 'MPP*. Tot aix0 fa pensar que la relacié de TMPP* amb la malaltia
de Parkinson s’ha de buscar a unes concentracions tissulars inferiors a 10 pM i molt pos-
siblement s’ha de relacionar amb la depleci6é de DA (vegeula figura 25) (Ambrosio, 1997
— ANNEX 12).
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11.6. Consum d’oxigen dels mitocondris exposats a MPP*
i DA oxidada

Encara que l'activitat NADH-DH no es veu alterada per 'MPP* SpM més la DA 70 pM
quan es mesura in vitro amb un excés de NADH, el consum d’oxigen si que es veu alte-
rat quan a la suspensié de mitocondris incubats amb MPP* I'incorporem DA preéviament
oxidada (DAox), que majoritariament estara en forma de dopaquinona (Boada, 2000 —
ANNEX 11) (vegeu la figura 26). Aix0 va fer pensar i es va demostrar posteriorment en el
nostre laboratori (Gimeénez-Xavier, 2006) que la DAox redueix I'activitat NADH-DH per

manca de substrat, i en reduir el NADH mitocondrial esta disminuint el poder reductor
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Figura 26. Grafiques del consum d’oxigen en mitocondris hepatics aillats incubats amb DA, DAox (70 pM)
amb o sense MPP* (5 pM). Els resultats s6n la mitjana de 3 experiments diferents. *p<0,05 comparat amb C
(test U de Mann-Whitney)
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12. Lesio de la via nigroestriatal amb DA in vivo

12.1 Oxidacioé de la DA in vitro, efecte de I'MPP*

A pH fisiologic o basic, la DA s’oxida espontaniament generant una serie de compostos
com quinones, semiquinones i 5,6 dihidroxiindoles zwitterionics, tots ells molt reactius,
que polimeritzen i rendeixen neuromelanina, aquest procés es veu activat per la presencia
de ROS (Graumann et al., 2002), perd varem poder comprovar que 'MPP~, fent de catalit-

zador del procés, també podia facilitar aquesta oxidacié (vegeu la figura 27) in vitro.

2,5
2 | | = DA (14 mM)
o~ DA + MPP

—— Control

A (U) 450 nm

temps (h)

Figura 27. Grafica de I'absorbancia a 450 nm de I'oxidacié in vitro de la dopamina en solucié tamponada
amb PBS a pH 7 i a T* ambient, en presencia o no de MPP* 1 mM (relaci6 1:14, com la utilitzada en les

incubacions de suspensions de mitocondris aillats) al llarg de 24h.

12.2. Estudi histologic de la lesi6 amb DA a la substancia negra

Els resultats anteriors feien pensar en un efecte lesiu de la DA per si mateixa, si patia una
autooxidaci6 en el citosol, és a dir a fora de les vesicules d’emmagatzemament. Es va pro-
cedir, doncs a administrar estereotacticament una dosi de DA (2pl d’'una solucié de 3.8 pg/
pl) analoga a la que s’havia utilitzat de 6-OHDA en la SNc de les rates (2pl d’una solucié
de 4 pg/pl). Al cap d’'una setmana, es va poder observar una zona de teixit desestructurat
al voltant de la lesi6; en zones de la SNc adjacents a la lesi6 veiem l'activacié de caspasa-3

i degeneraci6 neuronal (vegeula figura 28).
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Figura 28. Imatge central: substancia negra 7 dies després de la lesi6 amb DA, s’indica amb X la zona
analitzada. A) Tinci6 amb hematoxil.lina-eosina i B) immunomarcatge amb anti-caspasa-3 activa en el lloc
d’administracié de DA (marcat amb un asterisc). C) Tincié amb fluoro-jade indicant neurones en degeneracié
i D) immunohistoquimica anti caspasa-3 activa en la zona X a 0,5 mm del lloc d’injecci6. Barra d’escala: S00

pm. Les imatges son representatives de 4 animals tractats.

12.3. Estudi bioquimic i test rotacional de la lesié amb DA in vivo

L' administraci6 intranigra de DA hi redueix el nombre de neurones TH+ i el contingut
de DA estriatal, en aproximadament un 50% al cap de tres setmanes de la seva aplicacid.
La DA resulta doncs lesiva encara que comparativament molt menys que la 6-OHDA, no
arribant-se a una lesié suficient com per produir un comportament rotacional en les rates

en el test amb apomorfina (vegeu la figura 29).
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Figura 29. A) Concentracié de DA estriatal, B) Nombre de neurones TH+ en la substancia negra i C) rota-
cions contralaterals amb apomorfina en rates tractades intranigra amb DA o 6-OHDA, al cap de 3 setmanes

del tractament.

Lanalisi de la lesi6 provocada per la DA va indicar una sobreexpressié d'un marcador d’ac-
tivaci6 lisosomal com Lamp-1 i algunes figures autofagiques, observades per microscopia
electronica, que no es van veure amb 6-OHDA. De forma inversa, un marcador d’estres

reticular com GADD153, possiblement relacionat amb I'augment de radicals lliures i el
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desencadenament d’apoptosi es va veure fortament incrementat per 6-OHDA perd no per
DA (vegeula figura 30).

C

Figura 30. Tractament intranigra amb DA. A) Increment de marcatge lamp-1 al voltant de la lesié. B)
Imatge autofagica representativa observada a la substancia negra tractada. C) Increment de GADD-153 en la

substancia negra tractada amb 6-OHDA, perd no amb DA (D).

12.5. Estudi de I'’expressié de a-sinucleina en la lesid per
DA in vivo

La primera mutacié geénica trobada en una poblacié de malalts de Parkinson va ser el gen
SYNAI, rebatejat PARKI1, de I'0-sinucleina. Aix0 va incrementar exponencialment el
interés per aquesta proteina i la seva possible implicaci6 en la degeneracié o preservacié
de les neurones dopaminergiques. El seu paper fisiologic i la seva possible relacié amb la
DA no estan encara avui dia del tot aclarits. Nosaltres varem observar que el tractament
intranigra amb DA hi incrementava considerablement l'expressié d’0l-sinucleina. Aquest
augment d’expressié no es produia precisament en les neurones dopaminérgiques sind en
les fibres que envolten aquestes neurones i que resulten preservades en una degeneracié
dopaminergica (vegeu la figura 31). En aquest cas al menys podiem pensar que un augment

de 'at-sinucleina no estaria lligat a la degeneraci6 siné més aviat a la preservacid.
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.

o-Syn TH merge

Figura 31. Immunofluorescéncia per Ot-sinucleina (verd) i TH (vermell) en la substancia nigra després del
tractament amb DA. S’observa un fort marcatge que es solapa només parcialment amb el de TH, I'increment

s’observa sobretot en les fibres TH — de la nigra.

12.6. Estudi de incubacio de a-Sinucleina i DA in vitro

Utilitzant Ot-sinucleina pura (Sigma) hem volgut comprovar si la DA interaccionava amb
ella i podia explicar la seva pérdua de solubilitat. Utilitzant H>-DA i H>-DAox es va com-
provar que la incorporacié de marcatge a I'0l-sinucleina era baix i semblant al que tenia
lloc de forma inespecifica a I'albimina. En canvi, la incubacié d’0-sinucleina amb DA o
amb DAox feia aparéixer una banda de doble pes molecular estable per Western-blot (ve-
geu la figura 32). Tot fa pensar que la preséncia de DA, sense necessitar de formar enllag
estable amb la Ot-sinucleina, catalitza la dimeritzacié covalent d’aquest proteina. Aquesta
dimeritzacié, mitjancant un pont de Tyr, s’ha descrit que té lloc especialment a partir de la
o-sinucleina mutada i és el primer pas de la seva agregacié anomala i conseqiient precipi-
tacié i pot estar vinculada amb la degeneracié dopaminergica en la malaltia de Parkinson.

kDA o-sin o-sin+DA  o-sin+DA+NAC o-sin+DA chr Figura 32. Western-blot de Oi-sinucleina

30— “ oo purificada (PM 15 kDa). En presencia de
DA o DA oxidada (dopaminocrom o DAchr)
apareix una banda de pes molecular exacta-
ment doble (30 kDa). Aquesta banda deixa

15—»m . d’apareixer en preséncia de l'antioxidant N-

acetil-cisteina, indicant un procés lligat a la

12h 1h oxidaci6 de la DA.
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Capitol 4: Discussio i conclusions

Quan vaig iniciar aquests treballs, cap a 'any 1995, ja se sabia que la rata era un animal
especialment resistent a 1'accié de 'MPTP. Aquest compost, amb una important activi-
tat parkinsonigena en humans i en micos, administrat a rates gairebé no els feia efecte
en el SNC (Boyce et al., 1984; Chiueh et al., 1984; Enz et al. ,1984; Fuller et al., 1985).
Augmentant les dosis les rates s’acabaven morint per 'aturada cardfaca conseqiient a la
depleci6 de la noradrenalina periférica (Algeri et al., 1987), sense que hi hagués afectacié
central. Se sabia també que 'MPTP havia de ser metabolitzat per la MAO-B al catié
MPP" per exercir el seu efecte toxic neuronal, de manera que la inhibici6 de la MAO-B
podia, en part, prevenir el seu efecte (Glover et al., 1986). Quant als mecanismes mo-
leculars d’actuaci6, el més clar era que 'MPP" utilitzava els transportadors dopamineér-
gics (DAT) per entrar dins la neurona (Javitch et al., 1985) i que era un inhibidor del
complex I de la cadena respiratoria mitocondrial (Ramsay et al., 1989; Schapira et al.,
1990). Aquest fet semblava per si sol explicar la seva selectivitat i la seva elevada toxi-
citat sobre les neurones dopamineérgiques. Les concentracions a les que 'MPP+ inhibia
l’activitat mitocondrial eren, perd, molt elevades per ser assolides in vivo (al voltant de
1 mM) encara que aquest compost s’acumulés activament dins el mitocondri (Nicklas
et al., 1992).

D’altra banda, des dels anys 60, el model classicament utilitzat per a destruir les neuro-
nes dopaminergiques in vivo consistia en I'aplicaci6 estereotactica de 6-OHDA en la via
nigroestriatal de la rata (Ungerstedt, 1968). Tant la 6-OHDA com I'MPP~ entren dins la
neurona dopaminérgica a través dels DAT, especialment abundants en les terminacions
dopaminergiques. Multiples evidéncies en patologia recolzaven, a més, la hipotesi segons
la qual la degeneracié nigroestriatal té un caracter retrograd, comengant per les termina-
cions sinaptiques i avangant cap al cos de la neurona. Calia doncs preguntar-se si MPP* i

6-OHDA podien estar actuant de forma similar.

El MPP* no passa la barrera hematoencefalica (Shimizu, 2001) i el MPTP no fa efecte a
la rata. El motiu no esta del tot clar, perd probablement resideix en una rapida capacitat
metabolitzadora periferica de 'MPTP a la rata, que no deixa arribar al cervell unes concen-
tracions suficients per resultar toxiques i una menor activitat MAO-B cerebral, en aquest
animal. La diferéncia d’efecte no residia en el mateix MPP", doncs si aquest compost s’in-
jectava estereotacticament en la SN o en el nucli estriat de la rata, provocava respectiva-

ment una destruccié de la via nigroestriatal o una important deplecié dopaminergica.
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La meva primera batalla amb I'MPP* i les rates va consistir en posar a punt un model que
va utilitzar la Dra. Anna Espino a la seva tesi: es tractava d’establir unes dosis de 6-OHDA
i MPP* que aplicades en 'estriat de la rata provoquessin una lesié comparable en termes de
perdua de dopamina estriatal i comprovar com aquesta lesié evolucionava en el temps. Es
va establir que 'administraci6 intraestriatal de 3 pg/pl de MPP* o de 8 pg/pl de 6-OHDA
reduien els nivells DA a aproximadament un 40% al cap de 48h. Al cap de 7 dies els nivells
de dopamina estriatals eren encara una mica inferiors (30-35%). Gairebé ja no disminuien
més o molt poc en el cas de la 6-OHDA i al cap de 60 dies teniem aproximadament un
20% de la dopamina estriatal control. En canvi, els animals lesionats amb MPP*, al cap
de 60 dies tenfem en l'estriat un 70% de la dopamina que hagués hagut d’haver. Ambdos
compostos son transportats retroaxonalment des de l'estriat fins la SN, perd clarament els
seus efectes han de ser diferents. En el cas de la 6-OHDA es destrueixen un 80% de les
neurones dopaminérgiques, corresponents al feix que s’ha lesionat per administracié de la
toxina en el centre de I'estriat, de manera que sols sobreviuen les neurones que no han en-
trat en contacte amb la 6-OHDA. En el cas del MPP" hi ha una clara recuperacid, malgrat
la depleci6 o destruccié de les terminals sinaptiques estriatals. Una deplecié de dopamina
semblant no implica, doncs, una lesié semblant de la nigra. La 6-OHDA resulta més le-
siva, possiblement per la seva produccié directa de radicals lliures derivats de 'oxigen, en
condicions fisiologiques. LMPP~, en canvi, és retrotransportat de manera que el seu efecte
quedi atenuat, ja sigui perque és metabolitzat ulteriorment o perqué queda vesiculat i no

pot danyar ni el citosol ni els mitocondris.

Per microdialisi estriatal es va comprovar el comportament de la dopamina extracel-lular
front a les lesions amb 6-OHDA o MPP*. La recolecci6 de mostres a través de la canula
de microdialisi ens permetia determinar els nivells extracel-lulars de dopamina i els seus
metabolits, DOPAC i HVA i a I'hora, ens permetia poder estudiar la resposta del teixit
estriatal a la perfusié aguda 'MPP* per la canula, aixi, en un estriat sa, la perfusié de MPP*
produeix una deplecié quasi immediata de DA que es detecta per I'augment de la seva
concentracié en unes 50 vegades, en les mostres recollides. En els estriats lesionats amb
MPP* 0 6-OHDA els nivells extracel.lulars de dopamina disminuien només en un 30-40%
respecte de l'estriat control no lesionat. La perfusié amb MPP* perd denotava lesi6 tissular
en quant que la concentracié de la DA recollida augmentava només entre 2 i 4 vegades.
Aquest efecte es mantenia en els animals lesionats amb 6-OHDA al cap de 60 dies. En
canvi, en els lesionats amb MPP~ la resposta del teixit a la perfusié aguda de MPP* per la
canula era gairebé igual que la dels animals control. Els metabolits de la DA, DOPAC i
HVA, revelaven també una normalitzaci6 al cap de 60 dies de la lesi6 amb MPP* perd no
amb la de 6-OHDA.
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Tot plegat indicava una recuperaci6 en la lesi6 amb MPP* que no es donava en la lesié amb
6-OHDA.

Per llavors i en col-laboracié amb els serveis de neurologia i de immunologia de I'Hospital
de Bellvitge, estavem estudiant la implicacié del sistema immunologic en la malaltia de
Parkinson. Marcadors limfocitaris com CD4+CD45RA+ (limfocits T helper immadur)
o CD4+CD29+ (limfocit T helper de memoria) es trobaven significativament reduits,
mentre altres com CD4+CD25+ (limfocit T helper activats) estaven augmentats en una
poblacié de 64 pacients amb la malaltia, independentment del tractament que estiguessin
seguint. En els nostres animals lesionats amb MPP* o0 amb 6-OHDA es varen estudiar
aquests parametres en els ganglis mesentérics intestinals. Efectivament en el cas de 'TMPP*
es varen trobar uns valors de CD4+CD25 + significativament elevats. La connexi6 entre la
lesié central i el sistema immunolodgic no esta clar qué significa. L'aparicié de CD25 en la
membrana limfocitaria indica normalment activacié dels limfocits mediada per interleu-
quina-2. Encara que ara mateix és merament especulatiu s’ha hipotetitzat que un augment
d’'IL-2 podria ser un dels detonants de la degeneracié neuronal per apoptosi en el SNC, de
la mateixa manera que condueix els limfocits T a entrar en apoptosi (Fournel, 1996). Es
interessant que la lesié causada per MPP* en l'estriat, encara que reversible i no tant dras-
tica com la provocada per 6-OHDA, condueixi a una activacié limfocitaria. Possiblement
una certa disrupci6 de la barrera hematoencefalica té aqui un important paper que no es
pot extrapolar a la malaltia de Parkinson. Ara bé, en la PD hi ha una activacié microglial
(McGeer, 1988; Liu, 2003) i una activacié limfocitaria periferica (Fiszer, 1994), motiu pel
que el paper del sistema immunologic precedint o acompanyant la degeneracié dopami-
nergica no es pot descartar. En tot cas I'activacié limfocitaria no seria deguda a la perdua de
dopamina central, ja que no es reprodueix amb 6-OHDA pero s que podria estar vinculada
al procés de degeneracié.

Aquests resultats es van publicar en el J. Immunol. (Bas, 2001), en el que es realitzava
una comparacié entre les dades obtingudes en pacients de PD i en rates tractades amb
6-OHDA o MPP".

La utilitzacié de cél-lules fetals mesencefaliques (CEM) per a intentar compensar la pérdua
de DA estriatal en la PD s’ha estat proposant des dels anys 80 i s’ha assajat experimen-
talment i clinicament (Bjorklund, 2000) especialment durant els anys 90, abans inclis
d’abocar-se els esforcos al control i a la utilitzacié de les cel-lules progenitores o cel-lules
mare. Amb la Dra. Ménica Espejo varem assajar la supervivéncia i recuperacié dopamineér-
gica en rates lesionades amb MPP* al cap de 15 dies de la implantaci6 cel-lular. Encara que

el nombre de cel-lules que sobreviuen és molt baix, resulta suficient per incrementar els
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nivells tissular i extracel-lular de dopamina, respectivament en un 20% i en un 200%. La
depleci6 provocada per perfusié aguda de MPP* també ens indica una major concentracid
de DA en l'estriat implantat amb CFM. Encara que l'increment sigui relativament petit,
hem de tenir en compte que la simptomatologia parkinsoniana apareix amb un grau de
lesi6 d’aproximadament el 80% de pérdua de DA, de manera que un restabliment ni que
sigui d’'un 10% pot ser clinicament important.

Aquests resultats es van publicar a Neurochem. Res. (Espejo, 1998).

Continuant amb els mecanismes de lesié retrograda es va comprovar, en animals lesionats
amb 6-OHDA, que la pérdua de neurones a la SN era gradual durant 30 dies després de
la lesi6 i que a la SN anaven apareixent cél-lules TUNEL positives, indicant la possibilitat
d’un mecanisme apoptotic de mort programada. Els animals lesionats amb 6-OHDA a
'estriat es van tractar estereotacticament a la SN amb zVAD , un inhibidor geneéric de les
caspases, a diferents temps després de la lesié i es va comprovar que quan el zZVAD s’admi-
nistrava 11 dies després de la lesi6 hi havia una prevencié significativa de la mort neuronal.
Podiem doncs afirmar que, al menys un 50% de les neurones que degeneraven retrograda-

ment per efecte de la 6-OHDA ho feien per mecanismes d’apoptosi.

Els inhibidors de la MAO-B s’inclouen habitualment en el tractament DATATOP de la PD
(levodopa + selegilina + vitamina E). Els motius d’incloure aquests compostos en el tracta-
ment de la malaltia no deixen de ser bastant empirics, havent-se demostrat pel deprenil®
(selegilina) un efecte neuroprotector (Mytilineou, 1997; Ebadi, 2002) que encara no se
sap del tot en qué consisteix. La descripcié del deprenil com a compost que prevenia la
toxicitat de TMPTP en micos i en ratolins va refor¢ar aquests arguments (Langston, 2000).
Sembla que segons la dosis en que s’utilitzi el deprenil pot tenir un efecte IMAO-B, un
efecte de bloqueig de DAT o un efecte antioxidant. Els mateixos criteris poden resultar ex-
tensibles a altres IMAOs-B que al metabolitzar-se no donen lloc a amfetamina, que és el cas
del deprenil. Nosaltres hem estudiat i hem descrit I'efecte neuroprotector del PF-9601N,
[N-(2-propynyl)-2-(5-benzyloxyindolyl) methylaminel, un compost d’aquestes caracterfs-
tiques amb una selectivitat i afinitat per a la MAO-B superior al deprenil, tal com ha estat
descrit pel grup de la Dra.Unzeta de la UAB en col.laboracié amb el qual s’ha realitzat
aquest treball. En rates lesionades amb 6-OHDA intraestriatal la perdua de neurones do-
paminergiques a la SN s’ha reduit en un 50% pel tractament continuat durant uns 20 dies
amb PF9601N administrat per via enteral. No deixa de resultar sorprenent 'efecte de la
inhibici6 de la MAO-B, ja que no afecta el metabolisme de la DA, en el que esta implicada
especialment la MAO-A. La MAO-B, com s’ha esmentat anteriorment es va descriure com

a necessaria per a 'efecte toxic del MPTP, pero va resultar que la seva inhibici6 protegia no
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tan sols dels efectes in vivo del MPTP siné també, al menys parcialment, dels efectes del
MPP* en cultius cel-lulars (Wu, 2000). La MAO és un enzim que, per la seva mateixa fun-
ci6 fisiologica, dona com a productes no tan sols el sobstrat monoamino oxidat siné també
amoniac i perdxid d’hidrogen, essent per tant una font de radicals lliures d’oxigen. A més
la MAO-B, al menys en rosegadors, no esta present en les neurones catecolamineérgiques

pero el cert és que la seva inhibicié té un efecte neuroprotector sobre aquestes neurones.

A través d’esbrinar els mecanismes pels que determinades toxines destrueixen la neurona
dopaminergica, preteniem acostar-nos a una explicacié de com deu degenerar aquesta neu-
rona en una situacié patologica. La 6-OHDA simplement al dissoldre’s en solucié aquosa
a pH neutre i temperatura fisiologica es va alliberant d'un hidroxil i va oxidant el grup
catecol a quinona. Aix{ doncs 'acci6 de la 6-OHDA sembla prou clarament associada a una
situaci6 d’estres oxidatiu (Olanow, 1999). Quedava per esbrinar quines alteracions molecu-
lars es produien en l'estriat per accié del MPP*. Ja haviem comprovat in vivo que l'efecte de
I'MPP" intraestriatal quedava bastant limitat a I'estriat. Per anar més enlla es van utilitzar
talls d’estriat de 300 pm de gruix que s’incubaven a 37°C en una solucié oxigenada i en
agitaci6. Mantinguts d’aquesta manera els talls estriatals sobreviuen bé durant unes dues
hores. L'analisi dels talls per aquest procediment ens indica que ja a una concentraci6 de
MPP+ 2pM les concentracions de DA es redueixen a aproximadament la meitat, lo qual
es pot interpretar com que aquestes concentracions sén suficients per depletar la meitat de
la DA. Concentracions creixents de MPP*, fins a 10 mM, ens redueixen la DA a un 20%,
perd hi ha un remanent de DA que no s’arriba a depletar. Les terminacions dopaminer-
giques no semblen comportar-se de forma homogenia front al MPP*. De fet sembla que
les terminacions de la matriu o dels illots estriatals tenen una sensibilitat diferent front al
MPP* i possiblement també es pot trobar un diferent efecte topologic des de l'estriat dorsal
a l'estriat ventral (Turner, 1988). Quan en aquestes slices es mesura la peroxidacié lipidica
mitjangant la formacié de malodialdehid es troba un augment significatiu solament per
sobre de concentracions 1 mM de MPP*. En aquestes concentracions es perd l'efecte se-
lectiu de la DA sobre les terminacions dopaminérgiques, el que es pot determinar per la
mesura de l'activitat glutamina sintetasa (GS), d’origen especialment glial. Disminuint la
formacié de radicals lliures, per exemple amb un quelant de radicals com és el DMSO, es
redueix l'efecte inespecific (activitat GS) pero no es redueix la pérdua de DA ni de tirosina
hidroxilasa (TH). A més a més, amb DMSO i amb salicilat també es protegeix 'efecte del
MPP~ com a inhibidor de la MAO (produccié de DOPAC), que pot ser doncs atribuible a
una modificacié enzimatica mediada pels radicals lliures.

Diferents inhibidors de la NOS, més o menys especifics per a la nNOS, com el 7-Nitroin-
dazol (7-NI, NO-Arg, NAME) bloquejen l'efecte depletor del MPP* a les concentracions
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més baixes (2-5 pM), l'atenuen a 10 pM i ja no tenen efecte a 25 pM. Sembla doncs que
la produccié de NO té un paper amplificador en I'efecte del MPP*, que a concentracions
molt baixes, afavoreix I'alliberament de DA sense mediar una produccié de radicals lliures
quantificable. Els inhibidors de la nNOS no atenuaven els efectes provocats per 'inhibicié
mitocondrial amb rotenona, usada en els slices per reproduir una deplecié de DA similar a la
del MPP* a dosis baixes. Aquest era ja un primer indici de que el mitocondri no intervenia

en la toxicitat del MPP* a les concentracions que ja eren suficients per depletar la DA.

Les concentracions 5-10 pM de MPP" resultaven particularment interessants ja que eren
les que es podia esperar que s’assolissin en el cervell d’animals (ratolins C-57) tractats amb
dosis de MPTP suficients per depletar la DA cerebral (30 mg/Kg i.p. en Przedborki, 1996).
Per aconseguir concentracions cerebrals superiors, els animals s’haurien de tractar amb do-
sis més elevades que reduirien molt la seva supervivéncia. Era doncs important establir si
veritablement en aquestes concentracions el MPTP/MPP+ podia estar alterant I'activitat
mitocondrial. Restringint cada cop més el camp d’actuaci6é del MPP* varem estudiar el seu
efecte directament sobre els mitocondris aillats de fetge de rata. El parametre inicialment
estudiat per valorar I'activitat mitocondrial va ser la capacitat de consumir oxigen per part
d’aquests organuls en una camera de Clark.

Els mitocondris obtinguts a partir del cervell o del fetge de rata mostren una sensibilitat
semblant front al MPP* (Vyas et al., 1986). A partir d’aqui es va continuar I'estudi amb
mitocondris hepatics per comoditat de procediment i perque les suspensions eren més ho-
mogenies, ja que en les preparacions de mitocondris a partir de cervell resulta més dificil
acabar de separar els mitocondris dels sinaptosomes.

La viabilitat dels mitocondris front a MPP* es va detectar per citometria de flux, per calo-
rimetria i per assaig amb MTT, compost que ens dona una mesura del potencial reductor
i per tant de la capacitat d'utilitzar el NADH. Utilitzant succinat i ADP com a substrats
energetics del mitocondri es va comprovar que una concentracié de MPP* 5 pM no era
suficient per alterar l'activitat o la viabilitat mitocondrial. Es necessitava augmentar les
concentracions de MPP* fins a 1 mM per a tenir una disminucié de I'activitat NADH-
DH d’un 50%. Es dificil saber quines concentracions de MPP* es poden assolir a I'interior
mitocondrial si la toxina és transportada cap a 'interior en mitocondris polaritzats actius
(Liu et al., 1992). Caldria perd que I'acaumulacié intramitocondrial fos de 200 vegades per

arribar a explicar I'efecte de TMPP* per aquest cam{.

En les terminacions dopaminérgiques, poc o molt, hem de considerar que els mitocondris
estaran també en contacte amb la dopamina, entre altres motius perque la dopamina s’ha

de metabolitzar en els mitocondris per accié de la MAO i no oblidem que a partir de la
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MAO es poden produir peroxid d’hidrogen i radicals lliures. Es va assajar per tant que li
passava a un mitocondri posat en contacte amb una concentracié de dopamina 70 pM.
Aquesta és la concentracié maxima tissular que es podria assolir en un nucli estriat si tota
la dopamina es depletés. La concentraci6 citosolica al voltant d’'un mitocondri seria en tal
cas superior i dificil de precissar, perd podria arribar a 1 mM. Per evitar els efectes addi-
cionals de la MAO metabolitzant la DA es va afegir tranilcipromida (TCP) a les mostres
d’estudi. Aquestes concentracions de DA no afectaven la viabilitat, el consum d’oxigen, la
dissipacié de calor ni I'activitat del complex I mitocondrial. En canvi, quan s’incubaven els
mitocondris en presencia de MPP* i de DA a les concentracions esmentades (que per si so-
les no feien res), la viabilitat i la dissipacié de calor es reduien en aproximadament un 50%.
A més a més varem comprovar que MPP* més DA provocaven una inflor dels mitocondris
(swelling mitocondrial) i una reduccié significativa del potencial mitocondrial. Lefecte
del MPP* a concentracions baixes resultava doncs potenciat per la preséncia de dopamina.
La dopamina podia tenir bona part de la culpa de la toxicitat del MPP* i possiblement
de la mateixa degeneracié dopamineérgica. Els efectes eren encara més marcats utilitzant
dopamina deixada oxidar espontaniament, és a dir una barreja d’aminocroms, quinones i
polimers de neuromelanina. La oxidacié de la dopamina podia tenir un paper clau en la
toxicitat del MPP* malgrat que la formaci6 de radicals lliures no augmentava significati-

vament en les concentracions utilitzades.

La tendéncia de la dopamina a partir autooxidacié espontania a pH fisiologic i la seva
capacitat per a produir radicals lliures, quan no es troba dins les vesicules acidiques que
normalment I'emmagatzemen dins els terminals dopaminérgics, poden ser responsables de
la neurodegeneracié nigroestriatal de la PD (Barzilai, 2001; Barzilai, 2003). La toxicitat
de la DA a concentracions fisiologiques ha estat demostrada tant en linies cel-lulars (Lai,
1997) i cultius primaris (MacLaughlin, 1998) com in vivo, en lesions intraestriatals (Fi-
lloux, 1993; Hattori 1998).

Buscant paral-lelismes fisiologics a la injeccié de dopamina a la SN que encara no s’havia
provat, pensavem en 1'Gs de la levodopa pel tractament de la PD o les drogues d’abus tipus
amfetamina que augmenten les concentracions extracel-lulars nigrals de DA en un 1.500%
(Bustamente, 2002).

Nosaltres, treballant amb una sola dosi equimolar de dopamina o de 6-OHDA injectada
directament a la SN de les rates, trobavem que ambdues eren neurotoxiques a les tres
setmanes de la injeccid, perd en distint grau, de manera que la deplecié de DA estriatal
(35-40%) i la perdua de cel-lules TH+ nigrals (40% aprox.) provocada per la injecci6 de
la DA era bastant menor que les corresponents alteracions induides per la de 6-OHDA,

93% 1 90%. Aquesta diferencia era ja previsible a partir del resultat del test rotacional amb
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apomorfina que sols era positiu en les rates tractades amb 6-OHDA. Aix{, no podiem con-
siderar la lesié amb dopamina com un model de parkinsonisme perod si que podiem afirmar
que la DA és un compost endogen potencialment perillds.

La concentracié de DA administrada en aquests experiments era de 25 mM (com la que
s’'administra de 6-OHDA en el model animal classic de parkinsonisme de Ungerstedst,
1968). De entrada, tanta dopamina podia semblar poc fisiologica, donat que en la SNc dels
mamifers s’estima en 0.01 mM i de 10-100 mM en el interior de les vesicules sinaptiques
(Kopin, 1993). Pero, segons els nostres calculs, a 2 mm del punt de injeccié, distancia a
la que realment podem veure els efectes especifics de qualsevol toxina administrada, la
concentracié de DA seria de 0,2 mM, molt més real. Hi ha autors que injecten DA 1M
a l'estriat de les rates per mimetitzar les que se suposen que apareixen en situacions de
isquemia/hipoxia.

Per una altra banda, la Dopamina intranigra feia apareéixer cél-lules apoptotiques una mica
allunyades del punt de lesi6, com ja haviem comprovat in vitro pel MPP* (Gémez et al.,
2001) i també estava descrit per la 6-OHDA (Liang et al., 2004) i per la propia DA (Junn
et al., 2001). In vivo amb 6-OHDA intraestriatal també ho haviem descrit (Cutillas et
al., 1999). En canvi després de I'administracié de DA, la substancia nigra no mostrava
cel-lules reactives per GADD153. Aquesta proteina, que si veiem augmentada en la lesié
per 6-OHDA, es relaciona amb l'estres del reticle endoplasmatic lligat a un augment dels
radicals lliures de 'oxigen (Conn et al., 2002) que seria coherent amb el mecanisme d’accid
1 el grau de lesi6 provocat per aquesta neurotoxina.

A pesar que distintes mutacions en el gen de la Ot-sinucleina s’han relacionat amb les for-
mes familiars de la PD i que aquesta proteina polimeritzada és el principal component dels
caracteristics cossos de levy de la malaltia esporadica, encara no esta clara ni la seva funcié
fisiologica ni el seu paper en la patogeénica de la malaltia. En animals tractats amb MPTP
(Vila et al. 2000) i en el nostre laboratori, amb linies cel-lulars de neuroblastoma huma
(Gomez et al., 2001) s’havia vist un increment de 'expressio de la proteina. Després de la
lesié puntual de la SN amb DA, nosaltres observavem un augment transitori, no perma-
nent, de la expressié de la O-sinucleina en algunes neurones TH+ i sobre tot en fibres de
la SN reticulata no reactives al immuno marcatge amb TH, que interpretavem com una
resposta a 1'agressié cel-lular (Sidhu et al. 2004) més que la causa de la neurodegeneraci6
dopaminergica. S’ha de dir que la part reticulada de la SN és pobre en transportadors de
DA, pero rep aferéncies de la part compacta, de manera que 'augment de la Ot-sinucleina
possiblement estaria mediat per receptors.

Per Gltim, incubant O-sinucleina i DA in vitro, voliem apropar-nos al que succeiria en el
medi intracel-lular si ambdues augmentaven, altres autors (Conway et al. 2001) descrivien

la formaci6 d’adductes després de varius dies de incubaci6, en el nostre cas, després de 12
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hores de incubacid, el que observavem per western blot era 'aparicié d’'una banda que po-
dia correspondre a un dimer de Ol-sinucleina, quelcom més marcada amb la dopaminocrom
que amb dopamina y que es prevenia si incubavem amb I'antioxidant NAC. D’acord amb
Norris et al., 2005, nosaltres suggeriem que la DA oxidada podia catalitzar la dimeritza-
ci6 de la o-sinucleina, el que interrompria la seva normal polimeritzacié com mecanisme

protector front a I'agressio.

Amb la lesi6 estereotactica unilateral de I'estriat de la rata amb 6-OHDA s’aconsegueix

reproduir els segiients trets anatomopatologics de la PD:

1) La perdua local de terminals dopaminergiques.

2) La disminuci6 de la DA, DOPAC i HVA a l'estriat lesionat i a la SN ipsilateral.

3) Lafectaci6 tissular, retrograda dels nuclis accumbens, SN¢ i VTA ipsilaterals i lleuge-
rament, la SNc i VTA contralaterals a l'estriat lesionat, observat per autorradiografia.

4) La reduccié moderada de receptors dopaminergics D1 (postsinaptics) a la zona medial
de lestriat lesionat i a la SNc¢ corresponent i 'augment compensador dels receptors
dopaminergics D, (pre i postsinaptics) a la regi6 lateral de l'estriat lesionat (Cadet et
al., 1992).

5) Degeneracié de cossos neuronals en la SNc¢, observada per microscopia electronica i
immunocitoquimiques, permanent quan la lesi6 és extensa (>95%).

6) Resposta inflamatoria amb activacié de la microglia al llarg de la via nigroestriatal
i detectable a SNc, fins i tot abans que la maxima degeneracié assoleixi els cossos
neuronals de la mateixa, al voltant de la 4* setmana postadministracié de la toxina,
(Armentero et al., 2000).

7) Canvis metabolics dels GB ipsilaterals a la lesié, mesurats per I'activitat de la citocrom
oxidasa mitocondrial com a marcador de I'activitat metabolica neuronal que es concre-
ta a les 4 setmanes de la lesié en un augment d’activitat al GP, nucli entopeduncular,
SNr 1 STN. (Blandini, 2008).

Quan als efectes del MPP* sén multiples i molt depenents de les concentracions utilitza-
des, com varem publicar en una revisi6 a Current Trends Neurochem. (1997):
- A concentracions suficientment baixes (2-5 pM) el MPP* estimula 'alliberament de
DA sense afectar I'activitat mitocondrial, possiblement afectant 'estructura citoes-
quelética o les proteines sinaptiques, en un procés que necessita nNOS.
- Lalliberament de dopamina pot proporcionar la suficient dopamina lliure en el cito-
sol per incrementar 'efecte del MPP* i revertir en dany mitocondrial.
- A concentracions superiors a 25 pM el MPP* no requereix nNOS i possiblement

s’acumula suficientment en el mitocondri com per reduir I'activitat NADH-DH.
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- A concentracions superiors a 1 mM l'accié del MPP* és poc selectiva: es produeixen
radicals lliures, el mateix MPP* pot ser la font d’un cicle que produeix MPP. I en
resulten afectades tota una série d’activitats enzimatiques tant en la neurona dopa-

minergica com fora d’ella.

Validesa dels models amb 6-OHDA i MPTP per assajar terapies
simptomatiques

De cara al desenvolupament de terapies noves, el model animal ideal ha de tenir la mateixa
etiologia i patogeénia que la malaltia humana que vol reproduir. Quan la causa de la malal-
tia humana és desconeguda o multifactorial com sembla ser la de la malaltia de Parkinson,
si el tal model ens apropa a la comprensié dels processos que poden estar involucrats en la
corresponent malaltia humana, es pot considerar rellevant i valid. De fet, molts dels abor-
datges in vitro, incubacions ex vivo de seccions de teixits, preparacions de sinaptosomes o
cultius tissulars i cel-lulars, que tanta informacié aporten al coneixement bioquimic, dei-
xarien de fer-se si en ciéncia sols es treballés amb models homolegs totalment rellevants,
perd massa escassos. (Heikkila, 1986).

Els assajos clinics amb drogues antiparkinsonianes en humans han d’anar precedits dels
mateixos en models animals, perd es dona la paradoxa que molts farmacs estudiats (inhi-
bidors no selectius de la recaptacié de monoamines, agonistes parcials dels receptors dopa-
minergics D, antagonistes dels receptors de adenosina A2A, antagonistes O, adrenérgics
i agonistes de 5-HT , redueixen el deficit motor i les discinesies tardanes per L-dopa en
els model animals i en canvi en el huma han produit una millora funcional molt limitada
o nul-la i molts efectes col-laterals, en alguns casos empitjorant la simptomatologia i les
discinésies motores (Linazasoro, 2004). Problemes amb la biodisponibilitat, la tolerancia
o la manca de especificitat han estat raons esgrimides per justificar aquests errors, perd és
probable que les diferéncies que es donen entre els models i la malaltia puguin, en part,

ser-ne responsables.

Els aspectes més problematics dels models neurotoxics de la malaltia de Parkinson sén:

1) El perfil temporal o cronologic. En la PD hi ha un deterior cronic, lent i progressiu
del sistema dopamineérgic amb mecanismes compensadors des del inici clinic (60%
de deficit DA) fins les etapes finals (déficit DA del 90%), els models neurotoxics, en
canvi, reprodueixen les etapes finals de forma aguda, estatica, no compensada i per-
manent a partir de la segona setmana post lesid, en el cas de la 6-OHDA i després
d’uns pocs dies en el model de MPTP. Per aconseguir quadres més restrictius o més
graduals sén necessaris distints régims de intoxicacid.

2) Els models animals neurotoxics recreen una lesié dopaminergica molt selectiva men-
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tre que l'afectacié neuropatologica de la malaltia humana és més heterogénia amb
altres deéficits monoaminérgics a nivell estriatal, com el de serotonina per pérdua
neuronal en el nucli dorsal del Rafe i el de noradrenalina per neurodegeneracié del
locus coeruleus. Lafectacié d’aquests sistemes per les neurotoxines és molt variable.
En canvi en la PD, la seva alteracié podria cronologicament precedir la dels nuclis
mesencefalics responsables dels simptomes motors caracteristics (Braak et al., 2002;
Pan-Montoj et al, 2010)

3) La manca de reproductibilitat dels LB, que s6n la marca anatomopatolGgica caracte-
ristica de la PD, és un altre inconvenient. Ni la 6-OHDA, ni 'MPP* en rosegador, ni
el de MPTP en mico indueixen 'aparicié de LB, tot i que en aquest dltim hi ha una
certa acumulacié de Ol-sin sense morfologia dels LB, en els animals vells. La diferén-
cia d’edat entre els afectats per la PD i 'edat dels animals d’experimentaci6 pot ser
la responsable. Els animals emprats solen ser adults joves, per facilitar 'estabulaci6,
la cura i la supervivéncia, sobre tot si les lesions s6n completes i molt limitants.

4) La recuperaci6 progressiva de I'activitat motora en els animals amb lesions neurotoxi-
ques parcials és un altre inconvenient de cara a determinar I'efectivitat dels farmacs
per revertir la pérdua funcional.

5) La dificultat en reproduir alguns signes motors com la tremolor i els deéficits cogni-
tius 1 psiquiatrics com la depressié o l'alteracié de la son.

6) La dificultat en reproduir i caracteritzar les complicacions motores (discinesies) de-
gudes al tractament cronic amb L-DOPA, sobre tot en el model 6-OHDA en rata
son altres inconvenients que s’han de tenir en compta a I’hora de (Lane and Dunnect,
2008).
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Conclusions

1. Ladministraci6 intranigra d’'un volum de 3 pl de 6-OHDA (21 pg) o MPP* (9 pg) pro-
voca una lesié de forma més o menys especifica que abasta unes 3/4 part de la SN.

La rotaci6 assoleix els nivells acceptables (40 girs en 10 min) quan la destruccié de les
neurones amb 6-OHDA supera el 50 % (amb perdua de DA estriatal superior al 70 %). La
destrucci6 inferior al 50 % no repercuteix en rotacié acceptable pel test rotacional.

La lesi6 amb MPP* produeix una lesi6 d’abast semblant perd menys selectiva, ja que les
rates responen només al test amb amfetamina.

El temps minim per a evidenciar I'efecte de la 6-OHDA és de 14 dies, perd no hi ha recu-
peraci6 estriatal.

Lefecte de 'MPP~ s’observa ja als 7 dies, a partir dels quals s’observa una lleugera recupe-

racié estriatal.

2. Les lesions en el nucli estriat amb 32 pg/4 pl de 6-OHDA 6 12 pg/4 pl de MPP* reper-
cuteixen al cap d'unes dues setmanes en la SN, en una regié topologicament corresponent
a la part central d’aquest nucli. La lesié amb 6-OHDA és forga selectiva a la SN (no aix{ a
Iestriat) i avanga gradualment fins a un 50% de perdua neuronal. En el cas de les lesions
estriatals amb MPP", la reduccié de neurones nigrals tot just era significativa i la lesié
estriatal molt poc selectiva.

Per microdialisi també es va demostrar una major selectivitat de la 6-OHDA i una recu-

peraci6 en el cas del MPP*

3. Laplicacié de MPP* per canules de microdialisi va resultar un bon procediment per de-
pletar de forma immediata i drastica el contingut de dopamina estriatal, resultant aquesta
resposta proporcional al nombre de terminacions supervivents i podent-se relacionar doncs

amb el grau de lesio.

4. Les cel-lules CFM extretes d’embrions E14 s6n fiables durant unes 4h en condicions op-
times. La seva supervivencia al cap de 7 dies en el nucli estriat (tant lesionat amb 6-OHDA
com MPP*) és minima (1-2%) perd augmenta fins a un 10-20% quan s6n tractades amb
factors trofics del tipus NT3, GDNF i BMP-2. La implantacié cel-lular va sempre acom-
panyada d’una reaccié immunitaria amb infiltracié de macrofags i una important reaccié
astrocitaria.

El GDNF va ser el factor més efectiu en estimular la plasticitat neuronal.
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5. La degeneraci6 retrograda de les neurones dopaminergiques condueix a una lenta i pro-
gressiva degeneracié de la SN per activacié de caspases i conseqiient apoptosi, procés que

es pot reduir amb inhibidors no selectius de caspases.

6. La lesi6 menys selectiva del MPP* a 'estriat provoca a nivell immunologic periferic un
augment lleuger per0 significatiu del marcador limfocitari CD4CD25, indicant una impli-

caci6 de 'eix neuro-endocri-immunologic en la patologia.

7. LMPP" en contacte amb el teixit estriatal te un efecte depletor de DA per sobre de con-
centracions de 2 pM. Lespecificitat sobre les neurones dopaminérgiques es manifesta fins
a unes concentracions de 0,1 mM. A concentracions de 1 mM perd especificitat sobre els
cossos neuronals (GABA) i astrocits (GS) i es manifesta un augment de ROS. En canvi, per

sota de 25 pM ja hi ha una produccié de NO que contribueix a la lesi6.

8. Lactivitat mitocondrial no s’afecta seriosament fins a concentracions de MPP* de aproxima-
dament 1mM, és a dir que el MPP* s’ha d’arribar a concentrar en el mitocondri a aquestes con-
centracions per exercir la seva inhibici6 sobre el complex mitocondrial NADH-DH. Es doncs
un mal inhibidor d’aquesta activitat. Tot i el sistema de transport actiu demostrat quan el mi-
tocondri és funcional, s’ha de tenir en compte que aquestes s6n concentracions dificils d’assolir

in vivo amb els tractaments periférics habituals amb MPTP (30 mg/Kg i.p. en ratoli).

9. La presencia de DA i especialment de DA oxidada (aminocrom, dopaquinona) tendeix a
augmentar la toxicitat del MPP* quan tots dos s’utilitzen a dosis subtoxiques: es disminu-
eix el potencial mitocondrial, es redueix el consum d’oxigen, el poder reductor i la dissipa-
ci6 de calor per part del mitocondri. La DA mateixa pot jugar un paper en la degeneracié

dopamineérgica.

10. La DA introduida en la SN amb una dosi equimolar a la de 6-OHDA produeix una le-
si6 mesurable en I'estriat, amb una perdua de DA d’un 40-60%, insuficient per respondre
al test rotacional.

Aquesta lesi6 vaacompanyada de parametres d’autofagia i d'un increment de la 0-sinucleina

en neurones dopamineérgiques i no dopaminérgiques.

11. La incubacié de Ot-sinucleina purificada amb DA marcada fa apareixer una banda es-
table corresponent a un pes doble del de la O-sinucleina, que es pot relacionar amb la for-
maci6 del dimer estabilitzat per un pont de Tyr desencadenant de l'agregacié anomala de

o-sinucleina en les sinucletnopaties.
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Abstract

Mesencephalic cell suspensions are used, experimentally but also clinically, to compensate for neurological deficiencies, by implanta-
tion into the striatum. Here, we have studied the metabolism of mesencephalic cell suspensions obtained from rat embryos by measuring
heat dissipation, oxygen consumption, ATP and lactate production. The effect of basic fibroblast growth factor (bFGF) at a 50 ng/ml
concentration on these parameters was studied in order to assess the effect of in vitro exposure of cell suspensions to this trophic factor,
Heat production and oxygen consumption were low, as could be expected from an immature nervous tissue, and they further decreased
after addition of bFGF. This trophic factor decreased the total ATP concentration and increased the lactate production. The viability of
the cell suspensions was reduced by nearly a half, 2 h after the addition of bFGF, and numerous fragmented nuclei were observed. It
seems that, in contrast to the neuroprotective effect of bFGF on mesencephalic cultures and nigrostriatal neurons, this factor could have

an initial sorting effect in the development of mesencephalic structures. © Elsevier Science Ireland Ltd. All rights reserved

Keywords: Basic fibroblast growth factor; Mesencephalic cells; Neuronal grafts; Neuronal metabolism; Calorimetry: Apoptosis

Basic fibroblast growth factor (bFGF) has a neuro-
trophic effect on several nervous structures and neuronal
cultures. It stimulates the proliferation and differentiation
of neural precursor cells [16] and, more in particular, pro-
motes the survival [15] and, in some cases, proliferation
[14] of cultures of embryonic ventral mesencephalic dopa-
minergic neurons, which could be accompanied by an
initial delay in the differentiation of these neurons [1]. In
hippocampal and cortical neurons it has a prominent effect
on the differentiation of neurons, alone or in conjunction
with other neurotrophins [23]. The neurotrophic effects of
bFGF on dopaminergic cells seem to be mediated by
mesencephalic glia [6]. bFGF is also a potent promoter
of astrocyte proliferation and glioma growth [8]. On the
basis of its neurotrophic effects, and since a decrease in
bFGF production has been found in the substantia nigra

* Corresponding author. Tel.: +34 3 4024281; fax.: +34 3 4024212:
e-mail: ambrosio@bellvitge bvg.ub.es

neurons in Parkinson’s disease [21], this factor has been
assayed in animal models of neurodegenerative diseases
[11]. Indeed, bFGF has a protective effect against MPTP
and MPP" toxicity on cultured mesencephalic neurons
[17] and in MPTP-treated mice, when administered into
the striatum [4] or the cerebral ventriculum [2].

Mesencephalic cell suspensions are often transplanted
into the striatum of nigrostriatal lesioned rats in order to
study the recovery of dopaminergic function. These cells,
implanted into the striatum of 6-hydroxydopamine dener-
vated rats, increase their survival when bFGF is adminis-
tered via an intracerebral cannula [14] or when it is pro-
duced by transfected fibroblasts, capable of synthesizing
bFGF, co-implanted in the striatum [19].

In the present work we have studied the effect of bFGF
on the survival and metabolism of mesencephalic cell sus-
pensions prepared as described for their striatal implanta-
tion in rat models of Parkinson’s disease [5]. Cell suspen-
sions were prepared from ventral mesencephalon of 14- to

0304-3940/96/512.00  © 1996 Elsevier Science Ireland Ltd. All rights reserved
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Fig. 1. Heat dissipation and oxygen consumption of foetal mesencephalic
cell suspensions. The arrows show the addition of bFGF to a final con-
centration of 50 ng/ml. The discontinuous lines indicate the effect of the
addition of medium without bFGF,

15-day-old rat embryos (E14-E15). The mesencephalic
areas were dissected as described by Dunnett and
Bjorklund [5], incubated at 37°C for 20 min in RPMI
medium (Seromed, Biochrom) supplemented with 2 mM
glutamine, and containing 0.05% DNase and 0.1% trypsin.
The cell suspensions were gently disgregated, washed in
medium and centrifuged at 600 rev./min for 10 min. Cells
were resuspended in 5 ul of RPMI per piece and embryo
with or without bFGF (50 ng/ml). bFGF was validated by
its ability to differentiate PC12 cells [10] at the concentra-
tions used. The cell suspensions were stirred at 37°C dur-
ing the experiments. Viability and metabolic parameters
were measured at different times in the presence of bFGF
and without it, in order to assess how long these cells could
be maintained in suspension. To evaluate the viability, a
sample of cell suspension was counted in a Coulter counter
and the percentage of surviving cells was determined by
fluorescence microscopy with orange acridine/ethidium
bromide (50:50), as described previously [5]. The initial
concentration of the cell suspensions was about 10° cell/
ml, corresponding to the concentrations normally used to
implant 2—4 ul into a lesioned striatum. Samples of 10 pl
were treated with 1 N perchloric acid and disrupted by
freezing and thawing. The homogenates were centrifuged,
and supernatants, neutralized with 1 N NaOH, were used
for ATP or lactate analysis. ATP was fluorimetrically mea-
sured by a procedure adapted from Traudscholt et al. [22].
Lactate was spectrophotometrically measured as described
by Gutman and Wahlefeld [9]. Values refer to the protein
content, measured using Bradford’s procedure. Heat pro-
duction of cell suspensions was assessed in stirred cells at

37°C using two channels of a thermal activity monitor
(LKB) [18]. The cell concentration for calorimetric experi-
ments was 10 cell/ml. Heat dissipation was monitored
until stabilization and then bFGF was added in one of
the channels to a final concentration of 50 ng/ml. An
equal volume of RPMI medium was added in the control
channel. The rate of oxygen consumption was measured
with a Clark oxygen electrode [18], using about 750000
cell/ml of the same sample. bFGF was added at 90% of
oxygen concentration saturation value.

Calorimetric studies of heat dissipation are indicative of
the whole cell metabolism. These measures showed that
these cell suspensions have a low metabolic activity
(6.0 £ 0.3 pW/cell) compared with results published on
different cell types (300 pW/cell in hepatocytes, [18]).
Heat dissipation decreased to nearly half (3.8 £ 0.2 pW/
cell) in 1-2 h after exposure to bFGF and stayed low for
several hours (Fig. 1). The addition of an equal volume of
RPMI to the control cells allowed, after a brief perturba-
tion, the heat dissipation reading to return to control
values. The basal oxygen consumption was also very
low (3.5 = 0.1 fmol Oy/min per cell) in these cell suspen-
sions, indicating prominent anaerobic behaviour, corre-
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Fig. 2. Time course of the concentration of ATP and lactate in mesen-
cephalic cell suspensions with (+) and without bFGF (=). Each point is
the mean of three different experiments £ SEM. *P < 0,05, **P < 0.01
(Wilcox test) with respect to the corresponding control values.



184 Mecanismes de neurodegeneracio i neuroproteccié en models de parkinsonisme en rata

M. Espejo et al. | Neuroscience Letters 221 (1996) 5-8 7

100

-bFGF

401 +bFGF

% mesencephalic viable cells

Time (hours)

Fig. 3. Percentage of viability of rat mesencephalic foetal cells with (+)
and without (=) bFGF (50 ng/ml). Each point is the mean of three
different experiments = SEM. *P < 0,05, **P < 0,01 (Wilcox test)
with respect to the corresponding control values.

sponding to the developmental stage of these cells. bFGF
further reduced the oxygen uptake to 2.3 + 0.2 fmol/min
per cell (Fig. 1, corner). The increase in lactate production
and the decrease in ATP concentrations (Fig. 2) were con-
sistent with a loss of cell viability and a decrease in oxygen
consumption, indicating a probable involvement of reduc-
tion in mitochondrial respiration. Moreover, using orange
acridine and Hoechst-33342 fluorescence dyes, numerous
fragmented nuclei could be observed in cell suspensions
1-2 h after addition of bFGF, but not in those without
bFGF. The measurement of cell viability showed a marked
decrease after 2 h of incubation with bFGF (Fig. 3). How-
ever, no differences were found between control and bFGF
cell content after 18 h of incubation, the viability being
markedly decreased (near 40%) in both samples. At this
time, numerous cells in contact with bFGF showed a dif-
ferentiated aspect with clear prolongations, whereas con-
trol cells maintain a spherical feature (not shown). Such
effects of bFGF on metabolism and nuclear fragmentation
were not observed in suspensions of foetal striatal cells.
It has been suggested [3] that exposure of cells to trophic
factors, prior to transplantation, could enhance their level
of differentiation and integration into the host brain. How-
ever, the present results, taken together, suggest a bFGF
effect on a cell population in the central nervous system
(CNS) that is different from those previously described. As
mentioned above, bFGF has been described to act on neu-
ronal or neuronal-like cells as a proliferative, differentiat-
ing or survival factor. bFGF has also been reported to
protect PCI2 cells [13] and neuronal cortical cultures
[20] against apoptosis. Many of the neurons which migrate
to the cortex die by apoptosis at an early stage of devel-
opment. It seems that if the axon of the cell does not make

contact with the dendrites of a cell in its target area it dies.
In cell suspensions this effect could be made evident by the
action of an external growth regulating factor. bFGF might
have a specific effect on the development of mesencepha-
lic cell populations, inducing a limited programmed death
by mitochondrial blockade. As is well documented, mole-
cules that participate in apoptotic events may cause a per-
turbation of the mitochondrial function in certain cells and,
at the same time, exert functions that are vital for survival
and differentiation in other cells [12]. Indeed, bFGF has
also been reported to increase peroxynitrite-induced apop-
tosis in PC12 cells [7]. The results here presented suggest a
sorting effect of bFGF, at least at some developmental
stages. Mesencephalic cell cultures treated with bFGF at
different times, or cell suspensions seeded after exposure
or not to bFGF, will probably lead to different proportions
in the amounts of the three main cell types present in these
suspensions: i.e. dopaminergic and GABAergic neurons
and glial cells. This and other strategies will be necessary
to clarify which mesencephalic cell populations die due to
bFGF action at early stages of development.

This work was supported by grants from the Spanish
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Increased Survival of Dopaminergic Neurons in Striatal Grafts of Fetal
Ventral Mesencephalic Cells Exposed to Neurotrophin-3 or Glial Cell
Line-Derived Neurotrophic Factor
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The transplantation of fetal phalic cell sus 15 into the brain striatal system is an emerging
treatment for Parkinson's disease. However, one objection to this procedure is the relatively poor survival
of implanted cells. The ability of neurotrophic factors to regulate developmental neuron survival and differ-
entiation suggests they could be used to enhance the success of cerebral grafts. We studied the effects of
neurotrophin-3 (NT-3) or glial cell line-derived neurotrophic factor (GDNF) on the survival of dopaminergic
neurons from rat fetal ventral mesencephalic cells (FMCs) implanted into the rat striatum. Two conditions
were tested: (a) incubation of FMCs in media containing NT-3 and GDNF, prior to grafting, and (b) co-
grafting of FMCs with cells engineered to overexpress high levels of NT-3 or GDNF. One week after
grafting into the rat striatum, the survival of TH+ neurons was significantly increased by pretreatment of
ventral mesencephalic cells with NT-3 or GDNF. Similarly, co-graft of ventral mesencephalic cells with
NT-3- or GDNF-overexpressing cells, but not the mock-transfected control cell line, increased the survival
of graft-derived dopaminergic neurons. Interestingly, we also found that co-grafting of GDNF-overexpress-
ing cells was less effective than NT-3 at improving the survival of fetal dopaminergic neurons in the grafts,
and that only GDNF induced intense TH immunostaining in fibers and nerve endings of the host tissue
surrounding the implant. Thus, our results suggest that NT-3, by strongly enhancing survival, and GDNF,
by promoting both survival and sprouting, may improve the efficiency of fetal transplants in the treatment
of Parkinson’s disease.

Key words: Fetal ventral mesencephalic cells: Transplant; Neurotrophin-3; GDNF; Dopamine; Tyrosine
hydroxylase; Parkinson’s disease

INTRODUCTION

Intrastriatal grafting of fetal mesencephalic cells
(FMCs) containing dopaminergic neurons has been pro-
posed as treatment to alleviate dopaminergic cell loss in
Parkinson's disease (10,18,23). However, the low sur-
vival of the transplanted dopaminergic neurons (12) in-
dicates that this procedure should be considered with
caution. The identification of growth factors that im-
prove the survival and activity of nigral dopaminergic
neurons has suggested that these molecules may im-
prove the survival of transplanted FMCs (22).

Here we focus on growth factors of two different
families: the neurotrophins and the glial cell-line derived
neurotrophic factor (GDNF) family. The neurotrophin

family is formed by nerve growth factor (NGF), brain-
derived neurotrophic factor (BDNF), neurotrophin-3
(NT-3), -4/5 (NT-4/5), and -6 (NT-6). They bind and
activate two different types of receptor: a common p75
neurotrophin receptor, and a specific tyrosine kinase re-
ceptor: trkA for NGF, trkB for BDNF and NT-4/5, and
trkC for NT-3 (28).

The GDNF family of neurotrophic factors is formed
by GDNF (37), neurturin (NTN) (33), persephin (PSP)
(40), and artemin (ART) (6). Ligands of this family bind
to high-affinity glycosylphosphatidylynolsitol (GPI)-an-
chored receptors, collectively named GDNF family re-
ceptor o (GFRa), to form a complex that subsequently
activates the receptor tyrosine kinase, c-ret (29,31,53,
54). GFRal is the high-affinity receptor that is preferen-
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tially bound by GDNF (31), GFRa2 by NTN (31),
GFRa4 by PSP (16), and GFRa3 by ART (6).

A large number of growth factors stimulate the sur-
vival and differentiation of dopaminergic neurons in pri-
mary cultures. This includes members of the neuro-
trophin family, such as BDNF, NT-3, and NT-4
(26,27,35,58), and members of the GDNF family, such
as GDNF (8,14,24,37), NTN (25), PSP (40), and ART
(6). In vivo, endogenous dopaminergic neurons also re-
spond to several of these factors, including the neuro-
trophins BDNF, NT-3, and NT-4 (2,20,35), and GDNF
(7-9,11,13,45). In addition, fetal dopaminergic neurons
grafted into the rat striatum respond to BDNF (44,59),
NT-4 (21), and GDNF (3,19.43.46,48,50,51,56). Be-
cause of the peptidic nature of growth factors and the
presence of extracellular peptidases and uptake systems,
a steady production of neurotrophic factors is required.
One procedure for the continuous administration of
growth factors is to implant genetically modified stable
cells that produce them. This strategy has shown that
factors of the neurotrophin (4.35) and GDNF families
(1.5) enhance the survival and differentiation of central
catecholaminergic neurons in vivo.

Here we studied the effects of NT-3 and GDNF on
fetal mesencephalic dopaminergic neurons grafted into
the striatum. FMCs were either pretreated with NT-3 or
GDNF prior to grafting or were co-grafted with stable
cell lines overexpressing NT-3 or GDNF (1.5). Our re-
sults show that both GDNF and NT-3 treatments im-
proved the viability of fetal dopaminergic neurons in the
eraft.

MATERIALS AND METHODS

Animals and 6-Hydroxydopamine Lesions

Male Sprague-Dawley rats, weighing about 250 g,
were housed and treated according to the policy on the
use of animals in neuroscience research published by the
Society for Neuroscience. The experimental protocols
were approved by a review committee of the University
of Barcelona under supervision of the Government of
Catalunya. Animals were anesthetized with ketamine
hydrochloride (100 mg/kg, IP) + 5,6-dihydro-2-(2.6-xyl-
idino)-4h-1,3-thiazine hydrochloride (Rumpuns, Bayer)
(2 mg/kg, IP), and placed in a stereotaxic instrument
with the upper incisor bar set 3.3 mm under the inter-
aural line. Animals were unilaterally injected with 6-hy-
droxydopamine (4 pg/ul in saline with 0.02% ascorbic
acid) into the right medial forebrain bundle (A: —4.4, L:
-1.3, H: =7.8, from bregma) (42), in a volume of 2 pl
and a rate of | pl/min. Animals injected with an equal
volume of saline + ascorbate were used as controls.
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Preparation of Fetal Mesencephalic Cell (FMC)
Suspensions

Cell suspensions were prepared from the ventral mes-
encephalon of 14-day-old embryos. The mesencephalic
area was dissected out as described by Dunnett and Bjirk-
lund (15), incubated at 37°C for 20 min in Dulbecco’s
modified essential medium (DMEM) supplemented with
2 mM glutamine, containing 0.05% DNase and 0.1%
trypsin. The cell suspensions were gently disagregated,
washed in DMEM, and sedimented by centrifugation.
Cells were resuspended in 5 pl of DMEM per piece and
embryo (17). The final concentration was adjusted to
100,000 cell/ul with DMEM. In some experiments, sus-
pensions of FMC were preincubated for 3 h with NT-3
or GDNF (both at 50 ng/ml, from RBI, Natick, MA) or
in medium without neurotrophins. To evaluate the via-
bility of the cell suspensions, the percentage of surviving
cells was determined by fluorescence microscopy with
acridine/ethidium bromide (1:1), as described (15).

Transfected Fibroblasts

Rat 3T3 fibroblasts (American Type Culture Collec-
tion, Manassas, VA) overexpressing NT-3 (4) or GDNF
(5), and mock-transfected fibroblasts were used. Trans-
fected 3T3 cells were grown in DMEM supplemented
with 10% fetal calf serum, 1 mg/ml penicillin/strepto-
mycin, | mg/ml glutamine, and 200 pg/ml G-418 at
37°C and 5% CO,. Cells in active growth phase were
washed and collected in serum-free medium at a concen-
tration between 0.5 and 2.0 x 10" cells per microliter for
grafting.

Grafting
Three weeks after the 6-OHDA lesion of the medial

forebrain, animals were grafted with a suspension of fe-

tal mesencephalic cells introduced into the right striatum

(coordinates A: +0.7, L: =3.2; H: =5, from bregma) with

a flow rate of 1 pl/min, according to one of the follow-

ing procedures:

a. 3 pl of suspensions containing about 400.000 FMC
was implanted after preincubation for 3 h at 37°C in
a shaking bath with or without NT-3 or GDNF (50
ng/ml in both cases). Four animals were used in each
group: FMC without neurotrophins, FMC + NT-3,
and FMC + GDNF

b. 4 pl of a mixture containing FMC and 3T3 was im-
planted in the right striatum. Different proportions of
FMC and 3T3 were assayed (1.5 % 10%2 x 107 and 3
% 10™:1.5 % 10%), in a final injected volume of 4 pl.
Four animals were used in each group. Animals im-
planted only with FMC, mock-transfected 3T3, and
FMC + mock-transfected 3T3 were used as controls.
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Animals were processed in all cases for the study of
dopaminergic cell survival, 7 days after grafting, in or-
der to avoid excessive proliferation of the fibroblasts.

TH Immunocytochemistry

The animals were anesthetized and perfused trans-
cardially with 4% paraformaldehyde in phosphate
buffer. The brains were rapidly removed and postfixed
for 24 h, and selected coronal sections were embedded
in paraffin. Sections (5 pm) through the substantia nigra
or the striatum were processed for tyrosine hydroxylase
immunocytochemistry and developed with the avidin-bi-
otin-peroxidase method (Vectastain, ABC Kit from Vec-
tor). Briefly, tissue sections of rat brain were treated
with 0.05% saponin, followed by methanol and hydro-
gen peroxide, and finally normal horse serum. The sec-
tions were incubated overnight at 4°C with an anti-TH
monoclonal antibody (Sigma), at a dilution 1:200. The
peroxidase reaction was visualized with 0.05% diamino-
benzidine and 0.01% hydrogen peroxide.

Cell Counts and Statistics

TH-positive neurons were counted in the ipsilateral
striatum in six sections per animal and in four animals

viability of fetal mesencephalic cells (%)

47

per condition, at a X250 magnification in a Zeiss-Jenalu-
mar microscope. The total number of cells was calcu-
lated according to the volume of the graft: approx. 0.06
mm’. For statistical evaluation, data were subjected to
one-way analysis of variance (ANOVA) and DMS post
hoc test.

RESULTS

All studies were carried out in 6-OHDA-lesioned ani-
mals. The extent of the lesion was assessed in each ani-
mal by TH immunostaining. All animals included in the
study showed almost complete loss of TH+ cells in the
ipsilateral substantia nigra.

Viability of FMC Suspensions Before Grafting

Because FMCs are known to survive poorly after
preparation of cell suspensions, we first examined
whether preincubation of FMCs with neurotrophic fac-
tors known to promote the survival of dopaminergic
neurons could prevent the loss of TH+ cells. Preincuba-
tion of FMCs at a concentration of 100,000 cells/ul in
DMEM at 37°C for 6 h resulted in a decrease in the cell
viability from 85% to 60%. In contrast, preincubation of
FMCs in the same medium with NT-3 or GDNF (at 50

40 -
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E - ._A. — NT3
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Figure 1. Effects of neurotrophin-3 (NT-3) and glial cell line-derived neurotrophic factor (GDNF)
on the percentage of viable rat fetal mesencephalic cells in suspension, as assessed by acridine
orange (see Materials and Methods). Each point is the mean £ SEM of three separate experiments.
*p < 0.05, **p < 0.01 with respect to the corresponding control values.
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ng/ml) for 6 h maintained the viability of mesencephalic
cell suspensions at about 85% (Fig. 1).

Survival of Dopaminergic Cells After Preincubation
With Neurotrophins and Grafting

Next, we tested whether preincubation of FMCs with
NT-3 or GDNF enhanced the survival of TH+ cells in
vivo, | week after intrastriatal grafting. Pretreatment
with NT-3 or GDNF (at 50 ng/ml) increased the num-
bers of TH+ cells more than fourfold, compared to
FMCs preincubated without the factor (Figs. 2 and 3),
suggesting an early neuronal survival promoting effect
of NT-3 and GDNF on TH+ cells grafted in the host
striatum.

Survival of Dopaminergic Cells Co-Grafied With
Transfected Fibroblasts

To examine whether constantly delivered NT-3 or
GDNF in vivo was more efficient in preventing the loss
of TH+ cells grafted in the host striatum, we performed
co-grafts of FMCs and fibroblast cell lines known to
express high levels of recombinant, biologically active
NT-3 (4) and GDNF (5). One week after grafting a mix-
ture of FMCs and transfected 3T3 fibroblasts (2:1), the
survival of TH+ cells in the striatum was significantly
increased by both GDNF- and NT-3-transfected fibro-
blasts, compared with mock-transfected fibroblasts or
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FMCs alone (Fig. 4). All the measures were performed
1 week after grafting, when only small tumors and focal
damage were caused by the fibroblasts. Figure SA shows
the appearance of an implant of FMCs plus fibroblasts,
1 week after intrastriatal grafting. The survival of dopa-
minergic cells was much higher in co-grafts with NT-3-
producing fibroblasts. This effect was also observed
when different ratios of FMCs and 3T3 cells were co-
grafted (Table 1). Grafting of a larger number of 3T3-
NT-3 cells resulted in a slightly higher number of sur-
viving TH+ cells compared to the total number of cells
grafted (0.9% and 0.6% when 200,000 or 150,000 3T3-
NT-3 cells were grafter, respectively). In GDNF-produc-
ing grafts, the number of TH+ cells was lower than in
NT-3-producing grafts, but a marked increase in TH+
fibers was observed in the host striatal tissue surround-
ing the implant (Fig. 5C) at a distance of about 525 pm
from the border of the graft.

DISCUSSION

Many studies have suggested that graft survival in a
host brain depends, among other parameters, on the ac-
cess of transplanted neurons to growth factors (34). Here
we describe, by two different procedures, a significant
improvement in TH+ FMC survival mediated by two
neurotrophic factors—NT-3 and GDNF—at relatively
short times after transplantation (1 week). This period

GDNF NT3

Figure 2. Preincubation of fetal mesencephalic cells for 3 h with NT-3 (50 ng/ml) or GDNF (50
ng/ml), but not vehicle (DMEM, control), increased the number of tyrosine hydroxylase-positive
neurons 7 days after striatal grafting. The results are the mean = SEM of four animals for each
group. Significances were determined by ANOVA, F(3, 12) = 4.08, p = 0.03, and post hoc DMS

test (*p < 0.05, **p < 0.01 compared with controls).
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Figure 3. Microphotographs of tyrosine hydroxylase-positive
neurons in striatal grafis of fetal mesencephalic cells, 7 days
after grafting and preincubation with (A) DMEM without neu-
rotrophic factors, (B) medium containing neurotrophin-3 (50
ng/ml), or (C) medium containing glial cell line-derived neuro-
trophic factor (S0 ng/ml). Sections were counterstained with
hematoxylin. Scale bar = 50 pm.

has been chosen to avoid an excessive proliferation of
the transfected fibroblasts and compression of the FMC.
Thus, our results suggest that cells other than fibroblasts
might be better suited to implement for clinical use and
to exploit the beneficial effect of GDNF and NT-3 on
fetal cells after transplantation.

The expression of both NT-3 (38) and its receptor,
trkC (30), is high during fetal development (between
El4 and E16) but reduced in the adult brain. NT-3 is
expressed in many brain areas, including the mesen-
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cephalon and striatum, during the perinatal period (32).
NT-3 immunoreactivity has been detected both in glia
and neuronal populations of developing substantia nigra
(58). and it has been shown to increase the survival of
ventral mesencephalic dopaminergic neurons in primary
cultures (27). Our data also suggest that NT-3 is a sur-
vival factor for embryonic dopaminergic neurons in
vivo, because preincubation of immature dopaminergic
cells with NT-3, or direct supply of NT-3 to grafted
FMCs in vivo, enhances the survival of TH+ cells in the
host brain.

In addition, GDNF was initially characterized by its
ability to promote the survival of mesencephalic dopa-
minergic neurons in vitro (37), and more recently, it was
reported to reduce the apoptosis of dopaminergic neu-
rons (14). Because GDNF is also expressed in the devel-
oping striatum and mesencephalon (49,52,54), and be-
cause its receptors, the proto-oncogene c-ret and the co-
receptor GFRal, are present in developing nigral neu-
rons (54,55.57), it has been suggested that GDNF plays
a trophic role in the developing nigrostriatal system. In
the adult brain, GDNF mRNA is expressed at low levels
both in the substantia nigra and in the striatum (5.47),
suggesting a possible local and target-derived role of
GDNF in the support of striatal and dopaminergic neu-
rons. Interestingly, mechanical injury increases GDNF
expression in the striatum (36), and administration of
GDNF in vivo protects striatal neurons (41). Moreover,
the degeneration of nigrostriatal dopaminergic neurons
can also be prevented in vivo by direct injection of
GDNF protein (20,45,52), adenovirus-mediated GDNF
gene transfer (7,9,13,39), or cell-mediated delivery of
GDNF (1.41).

Our results show that treatment of FMCs with NT-3
or GDNF prior to or during grafting enhanced the sur-
vival of dopaminergic neurons in the striatum. Indeed,
the exposure of FMCs to trophic factors maintains in
vitro their viability at least 6 h (Fig. 1), and the in vivo
survival of the dopaminergic cells, | week after grafting
into the brain, was fourfold higher than that of non-pre-
incubated cells (Fig. 2). That indicates that prior treat-
ment of a cell suspension at early stages with trophic
factors is crucial for the late survival of these cells.

Although both neurotrophic factors were beneficial,
surprisingly, continuous administration of NT-3 in vivo
was more effective than GDNF in maintaining the sur-
vival of dopaminergic neurons after grafting. Many
studies have examined the beneficial effects of pretreat-
ment or treatment of FMCs with neurotrophic factors in
vivo. Coadministration of GDNF and FMCs (3,19.50)
or administration of GDNF in the vicinity of the intra-
striatal (19,43,46,48) or nigral (51,56) FMC grafts has
been shown to: (a) promote the survival and sprouting
of TH+ neurons from FMCs grafted either in the stria-
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Figure 4. Co-grafting of 300.000 fetal mesencephatic cells (FMC) and 150,000 fibroblasts overex-
pressing neurotrophin-3 (NT3-3T3) or glial cell line-derived factor (GDNF-3T3), but not mock-
transfected fibroblasts (mock-3T3). increased the number of surviving tyrosine hydroxylase-posi-
tive neurons in the rat striastum compared 1o the grafting of FMCs alone. The results are the mean
+ SEM of four amimals for cach group. Significances were determined by ANOVA, F(3, 12)=6.3,
p=0.005, and post hoc DMS test (*p < 0,05, **p < 001, compared with FMC values).

Figure 5. Distribution of TH immunostaining in striatal co-grafts of 300,000 fetal mesencephalic cells (FMCs) and (A) 150,000
mock-transfected fibroblasts, (B) NT-3-producing fibroblasts. or (C) GDNF-producing fibroblasts. Arrow in (A) indicates the posi-
tion of the graft. Asterisks and arrowheads in (B) indicate the position of fibroblasts and high density of TH+ neurons, respectively.
Note in (C) the increase in TH immunoreactive fibers (brackets) surrounding the graft of FMCs and GDNF-producing fibroblasts.
Sections were taken 7 days after grafting and were counterstained with hematoxylin. Scale bars = 100 pm.
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Table 1. Number of TH+ Neurons in the Rat Striatum After Co-Grafting of Different
Amounts of Fetal Mescephalon Cells (FMC) and Neurotrophin-3 (NT-3) or Mock-Transfec-
ted-3T3 Cells per Graft

FMC + 3T3/NT-3 FMC + 3T3/Mock

150,000 FMC + 200,000 3T3
300,000 FMC + 150,000 3T3

1303 £233* (10.8%)
1905 + 387* (7.9%)

92 30 (0.8%)
287 +92 (1.2%)

Percentages refer to surviving TH+ cells with respect to the dopaminergic cells grafied (8% of the total
FMCs).
*p <001 ¢

1 with mock fected 3T3 co-grafis; n =4 for each group.

tum or in the substantia nigra, and (b) to improve motor
asymmetry in 6-OHDA-lesioned animals. Although
other neurotrophic factors, such as BDNF, improve be-
havioral performance, they have not shown increased
survival or sprouting from TH+ FMCs (44.51,59). It has
also been reported that NT-4, but not NT-3, induces
sprouting and behavioral recovery from 6-OHDA le-
sions (21). However, there is a discrepancy concerning
the effects of NT-3 as a survival factor for TH+ neurons
derived from FMCs (21,27). While treatment of FMCs
with NT-3 promotes the survival of TH+ cells in vitro
(27) and in vivo (present results), intraparenchymal in-
jections of NT-3 failed to enhance the survival of the
TH+ cells in the grafts (21). Thus, our results suggest
that the constant and local delivery of NT-3. newly
made and delivered by the cell line, is more effective at
maintaining TH+ FMCs.

Interestingly, and unlike the effects of NT-3, our re-
sults also show that GDNF is able to induce sprouting
of TH+ fibers in the host striatal tissue surrounding the
graft of FMC + GDNF-3T3. These findings are consis-
tent with previous reports showing the induction of
sprouting of TH+ FMCs by GDNF (3,19,43,45.48.
50,51.56). but not by NT-3 (21). Similar effects on do-
paminergic neuron sprouting have been described for
GDNF-expressing fibroblasts grafied either in the stria-
tum or the substantia nigra (1.41). Moreover, because
high doses of GDNF (or proximity to the GDNF graft)
are required for the induction of sprouting of TH+ fibers
(1.3), our results suggest that high levels of GDNF were
available in the tissue. and that differences between
GDNF and NT-3 reflect either differences in the respon-
siveness of TH+ cells at a certain development stage
or diverse biological activities of these molecules. Both
GDNF and NT-3 may act sequentially on developing
dopaminergic neurons to sculpt their final mature pheno-
type. In that case, strategies including a sequential treat-
ment of FMCs with neurotrophic factors or exposure of
FMCs to a combination of factors, including GDNF,
NT-3, and probably others like BDNF (2,35,44,59), ei-
ther before and during the early phases of transplanta-
tion, may enhance the survival, integration, and perfor-

mance of dopaminergic cells in the host brain. In that
way, NT-3 and GDNF could thus be candidates for the
transplantational treatment of Parkinson’s disease.
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Abstract

The transplantation of foetal mesencephalic cells (FMC) into the brain striatal system is an emerging treatment for
Parkinson's disease, despite of the relatively poor survival of implanted cells. The ability of neurotrophic factors to
regulate neurone survival and differentiation suggests they could be used to enhance the success of cerebral grafts.
We analyzed the effect of pre-treatment of FMC suspensions with bone morphogenetic protein-2 (BMP-2) (50 ng/ml) prior
to grafting into the striatum of 6-hydroxydopamine lesioned rats. The viability of a FMC suspension was enhanced in
vitro by BMP-2. Four weeks after transplantation, the number of dopaminergic neurones was higher and their morphol-
ogy more developed in grafts pre-treated with BMP-2, compared with non-pre-treated grafts and rats showed a signifi-
cant reduction in the turning behaviour test. Thus, the pre-treatment of FMCs with BMP-2 should be considered, together
with other neurotrophic factors, as a procedure for transplantational treatment of Parkinson's disease. © 1999 Elsevier
Science Ireland Ltd. All rights reserved.

Keywords: Bone morphogenetic protein-2; Foetal mesencephalic cells; Neuronal grafts; Dopamine; Tyrosine hydroxylase; Parkinson’s

disease

Transplantation of foetal neurones into a damaged adult
brain is an increasing experimental and clinical practice.
Parkinson’s disease is one of the main targets for such a
procedure, through the implantation of a suspension of
foetal ventral mesencephalic cells (FMC) into the caudate/
putamen [8]. However, this procedure still runs up against
several difficulties, such as the low survival rate of foetal
neurones after grafting, due to many factors such as an
unsuitable environment for the transplant [11,16]. There is
general agreement that lack of neurotrophic support for
these cells may be one of the reasons for failure [8]. Several
growth factors have been described as potent survival and/or
differentiation factors for ventral mesencephalic cells in
culture (brain-derived neurotrophic factor (BDNF), neuro-
trophin-3 and -4/5 (NT-3, NT-4/5), glial cell line-derived
neurotrophic factor (GDNF) and others) [6].

Exposure of cell suspensions to neurotrophic factors

* Corresponding author. Tel.: +34-393-402-9094; fax: +34-93-
402-4268.
E-mail address: ambrosio @ bellvitge.bvg.ub.es (S. Ambrosio)

before transplantation into a host brain could enhance the
survival, differentiation and integration of grafted cells in an
adult brain. PC12 cells previously exposed to nerve growth
factor showed increased differentiation after transplantation
[4]. It has also been described that the pre-treatment of
nigral dopaminergic neurones with BDNF may improve
their functional performance in transplants [20]. Since the
addition of conditioned media from glia of the mesencepha-
lon and striatum results in higher survival of dopaminergic
neurones than the addition of single growth factors, such as
BDNF or GDNF, it has been suggested that dopaminergic
cell survival is predominantly affected by as yet unknown
growth factors derived from striatal and mesencephalic glia
during development [7].

We [15] and others [10] have recently shown that bone
morphogenetic protein-2 (BMP-2) is a potent survival factor
for ventral mesencephalic dopaminergic neurones in
culture. BMPs are soluble factors that belong to the trans-
forming growth factor superfamily [13]. They control a
number of biological phenomena such as tissue repair, cell
growth and differentiation during development. The brain

0304-3940/99/$ - see front matter © 1999 Elsevier Science Ireland Ltd. All rights reserved.
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expresses high levels of BMP receptor type II, the BMP-2 1001

receptor protein [17]. »
Here we studied the effect of pre-treatment of foetal o i

ventral mesencephalic cells with BMP-2 on the viability £ %0

of FMCs suspensions and on the survival and functionality g p

of these cells after grafting into the striatum of 6-hydroxy- 4 80+

dopamine (6-OHDA) lesioned rats. '6
Cell suspensions were prepared from ventral mesence- e 70-

phalon of 14-day-old rat embryos (E14), as described for =

their striatal implantation in rat models of Parkinson’s 2

disease [5]. Cells were resuspended in 50 pl of Dulbecco’s = 60+

modified Eagle’s medium (DMEM) containing or not 50

ng/ml of BMP-2 to a final concentration of 20 000 cell/pl. £

The effect of the BMP-2 on the viability of the cell suspen- o 2 i i

sions was assessed by fluorescence microscopy with orange
acridine/ethidium bromide (1:1). Aliquots of the cell
suspensions were analyzed at different incubation times
(0, 1. 2 and 6 h). In grafting assays, FMCs were incubated
for 3 h at 37°C in a stirring incubator in the presence of 50
ng/ml BMP-2. After centrifugation cells were resuspended,
in the same medium, to a final concentration of 100 000
cells/pl. Control cells were incubated for an equal period
without BMP-2. Four microlitres of the cell suspensions
was stereotaxically injected into the right striatum (coordi-
nates; A: +0.7, L: —3.2, H: —5 from bregma [14]) of
animals that had been previously unilaterally lesioned by
administration into the substantia nigra (coordinates: A:
—4.8, L: —1.6, H: —7.8 from bregma [14]), of 6-OHDA
(3 pl of Tpg/pl in saline solution containing 0.02% ascor-
bate) at a rate of | pl/min. The turning behaviour of the
animals was analyzed 3 weeks after the lesion and 1 or 4
weeks after grafting. Ten minutes after the administration
of apomorphine (0.05 mg/kg, s.c.), the number of turns was
counted by two observers for 5 min. Only the animals that
showed a rotational behaviour after administration of
apomorphine (more than six turns/min) were used for
transplantation. Survival, differentiation and function of
grafted cells were analyzed 1 and 4 weeks after transplan-
tation. Brain coronal slabs, corresponding to the striatum
and substantia nigra, were processed for tyrosine hydroxy-
lase (TH) immunocytochemistry according to the avidine-
biotin-peroxidase method. TH+ neurones were counted in
a Zeiss—Jenalumar microscope and extrapolated to the
volume of an ellipsoid, corresponding to the striatal area
occupied by the graft (about 0.06 mm”*). Statistical compar-
isons were performed using non-parametric analysis and
Mann-Whitney U post-hoc test.

FMC suspensions, incubated with BMP-2, maintained
their viability for at least 6 h, whereas cells incubated with-
out the factor (controls) significantly decreased their viabi-
lity during the same time by 25% (Fig. 1). When grafted into
the lesioned striata, the number of surviving TH+ FMC 1
week after the transplantation was significantly higher in
those animals grafted with FMCs pre-treated with BMP-2
(1039 £ 22 TH+ cells/graft), than in control cells (543 =
129 TH+ cells/graft) (Fig. 2), although this effect was not

TIME (H)

Fig. 1. Percentage of viability of rat mesencephalic foetal cells
with (@) and without (©) BMP-2 (50 ng/ml). Each point is the
mean of three different experiments = SEM. *P = 0.05 com-
pared with the corresponding time in non-pre-treated FCMs.

reflected in turning behaviour (Fig. 3). One month after
grafting, the survival differences between control and
BMP-2 pre-treated cells were lower (846 =206 TH+
cells/graft in BMP-2 pre-treated, vs. 501 £ 122 TH+
cells/graft in control cells) (Fig. 2); however, animals
grafted with pre-treated FMC showed a significant decrease
in the turning behaviour test (Fig. 3).

TH+ cells in both groups showed a similar phenotype |
week after transplantation, although a greater number of
TH+ immunoreactive cells and fibres were observed in
animals grafted with FMC exposed to BMP-2 (Fig. 4A,B).
Four weeks after grafting, the phenotype of TH+ cells was

1200

800

TH+ NEURONS

400 -

200 1

1 week 4 weeks

Fig. 2. Number of tyrosine hydroxylase positive neurons in rat
striatal grafts 1 and 4 weeks after grafting. Effects of a 3-h-pre-
incubation of FMCs in DMEM with (B} or without (C) 50 ng/ml
BMP-2. The results are the mean of four animals for each group =
SEM. *P < 0.05 compared with non-pre-treated FCM grafted
cells,
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Fig. 3. Contralateral turns in 6-OHDA lesioned rats after apomor-
phine treatment are expressed as the percentage of number of
turns after grafting related to the turns before grafting (35 = 3
turns/5 min, n = 16). The results are the mean of four animals for
each group = SEM. *P < 0.05 compared with non-pre-incubated
FCM grafted animals.

more differentiated in both groups: neurones were larger
with more developed prolongations (Fig. 4C.D) than 1-
week transplants. However, BMP-2-pre-treated TH+
neurones showed an even larger and more spherical cell
body than control cells (Fig. 4D). Control grafts also showed
a larger macrophagic infiltration than grafts of cells pre-
treated with BMP-2.

Access to growth factors for the transplanted neurones is
one of the critical elements that determine their survival and
integration in the host brain [11]. Neurotrophic factors such
as GDNF [9], or BDNF [18], have been shown to improve
graft survival when infused into the brain or supplied by
transfected non-neuronal cells. Here we report that a
member of another family of trophic factors, bone morpho-
genetic protein-2, also has a beneficial effect on the survival
and function of ventral mesencephalic grafts. An important
role for BMP-2 in neurone survival and differentiation is
suggested by the presence of BMP-2 receptors in the central
nervous system, as early as at E11 [20], their expression in
the substantia nigra [17] and the effect of BMP-2 in mesen-
cephalic neuronal cultures [10,15].

BMP-2 increased cell viability for several hours
compared with control suspensions, which indicates a
protective role for this factor against mesencephalic cell
death. A decrease in the turning behaviour has been exten-
sively described in 6-OHDA-lesioned rats after nigral grafts
without treatment with growth factors [3]. but always
following larger or multiple grafts. In our study, functional
recovery was found with small single grafts of mesencepha-
lic cells pre-treated with BMP-2 but not in animals grafted
with non-pre-treated cells.

At 7 days postgrafting only single neurites are identified
in TH+ grafted neurones, whereas at 7 weeks postgrafting
the axonal and cell bodies growth are largely developed [2].
During the development of grafts, TH+ neurones are

Fig. 4. Tyrosine hydroxylase immunostaining in rat striatal grafts of foetal mesencephalic cells 1 week (A,B) and 4 weeks (C,D) after the
implant. Cells were pre-incubated for 3 h in a medium without trophic factor (A,C) or in a medium containing BMP-2 (50 ng/ml} {B,D). The
TH+ FMC 1 month after grafting showed more developed morphology in comparison with TH+ cells in grafts after 1 week. Moreover,
grafts of FMCs pre-treated with BMP-2 show longer and more spherical cell bodies (D). The arrows in (C) indicates peroxidase positive
macrophages. All pictures correspond to the same magnification (x500), as can be checked by hematoxyline counterstained cells. Scale

bar, 50 pm).
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present as early as | day after grafting but significant
outgrowth into the host brain occurs by 8-10 days [1].

Most transplanted neurones die within the first 24 h [19]
and continue to disappear during the first 7 days after
transplantation, probably as a result of an inflammatory
response due to the mechanical trauma, the low oxygen
availability and/or the absence of appropriate survival
factors [2]. The ratio of dopamine neurones surviving in
mature mesencephalic suspension grafts relative to the total
number of cells implanted initially has been estimated
between 0.1 and 2% [8]. The beneficial effects of neuro-
trophic factors may come from a reduction in apoptotic cell
death [12], as it has been demonstrated for GDNF [19].
Our results showed that, 1 week after grafting, the number
of TH+ neurones was significantly higher in those animals
that received BMP-2 pre-treated FMC.

In conclusion, the present study shows that pre-treatment
of FMC with BMP-2 enhances the survival and functional
integration of the cells into the striatum of 6-OHDA-
lesioned rats. Thus, the pre-treatment of FMC with BMP-
2 may be considered in the neural transplantation procedure
for the treatment of Parkinson’s disease.
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Abstract

Extracellullar dopamine (DA) and its main cerebral metabolites, dihydroxyphenylacetic acid (DOPAC) and homovanillic acid (HVA),
were measured by bilateral striatal microdialysis in rats at different times (2, 7, 15 and 60 days) after unilateral administration into the
right striatum of 1-methyl-4-phenylpyridinium ion (MPP™) or 6-hydroxydopamine (6-OHDA). In both cases the decrease in extracellullar
dopamine did not exceed 40% of control values. The response of DOPAC and HVA depended on the treatment: MPP* caused a marked
acute decrease in the dopamine metabolites but allowed a progressive recovery that was very evident after 60 days; 6-OHDA caused a
progressive decrease in the dopamine metabolites throughout the two months of the study. Tyrosine hydroxylase immunostaining revealed
severe neuronal loss in substantia nigra two months after striatal administration of 6-OHDA, whereas no significant neuronal loss was
found at the same time after MPP* administration. A bilateral challenge infusion of MPP* through the microdialysis probe was used to
assess the dopaminergic capacity of both striata: at all the times studied there was a sharp depletion of DA on the non-lesioned side; both
MPP *- and 6-OHDA-treated striata were unresponsive after a short time (2 days); after 2 months the response in MPP *-lesioned rats was
similar on both sides, whereas 6-OHDA-lesioned striata were still unresponsive to MPP™, In rats, then, the effects of MPP* could be
partly reversed whereas the effects of 6-OHDA were not. These results suggest that neurotoxins causing striatal dopamine loss may act
through different mechanisms, which could be significant for the etiopathogenic development of Parkinson’s discase.

Keywaords: 1-Methyl-4-phenylpyridinium ion; 6-Hydroxydopamine; Microdialysis; Striaum; Rat; Parkinsonism

1. Introduction main metabolite and it is responsible for most of the toxic
effects of the parkinson-inducing drug MPTP [25]. The
mechanisms of action of MPP' appear to begin in
dopaminergic nerve endings, where it is taken up [14] and
retroaxonally transported to the substantia nigra [7]. Acute
administration of 10 mM MPP"* through a microdialysis
probe [21] or by direct intrastriatal injection [3,11] causes a

Intracerebral administration of 6-hydroxydopamine (6-
OHDA) or 1-methyl-4-phenylpyridinium ion (MPP*) has
been extensively used to induce selective lesions in cate-
cholaminergic systems in order to mimic neurological
pathologies in experimental animals. The injection of 6-

OHDA in the substantia nigra or in the medial forebrain
bundle of rats [15] or the injection of MPP* in the
substantia nigra [6] leads to degeneration of dopaminergic
neurons and a subsequent loss of striatal dopamine. When
6-OHDA is injected into the rat striatum, a retrograde
degeneration of nigrostriatal neurons is induced [5], most
probably by free radical overproduction [8]. MPP* is the

" Corresponding author. Unitat de Bioguimica, Facultat d’Odontologia,
Universitat de Barcelona, ¢/ Feixa Llarga s/n, 08907-Hospitalet del
Llobregat (Bellvitge), Barcelona, Spain. Fax: (34) (3) 4024212,

0006-8993 /95 /S09.50 © 1995 Elsevier Science B.V. All rights reserved
SSDI 0006-8993(95)00705-9

dramatic release of dopamine and a decrease in its metabo-
lites measured by microdialysis in vivo.

Here we report the chronic effects for two months of a
single, unilateral intrastriatal injection of 6-OHDA or
MPP ' on the release of dopamine and its main metabo-
lites, dihydroxyphenylacetic acid (DOPAC) and ho-
movanillic acid (HVA). The time-course of the lesion was
studied by microdialysis in awake, unrestrained rats. Our
aim was to elucidate the mechanisms of chemically in-
duced degeneration of the nigrostriatal pathway mediated
by two neurotoxins frequently used to produce experimen-
tal models of parkinsonism. Although both neurotoxins act
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on the dopaminergic system, their mechanisms of action
must be different, as suggested by the study of the time-
course, the recovery from the lesions and the affectation of
the substantia nigra.

2. Material and methods
2.1. Animals and treatments

Male Sprague—Dawley rats, weighing 250-350 g, were
used for all the experiments. The care and use of these
animals were in accordance with the policy on the use of
animals in neuroscience research published by the Society
for Neuroscience. The protocols were approved by a re-
view committee of the University of Barcelona under
supervision of the Government of Catalunya.

Animals were anesthetized with chloral hydrate (400
mg/kg i.p.) and placed in a stereotaxic instrument (David
Kopf Instruments, Palo Alto, CA, USA) with the upper
incisor bar set 3.3 mm under the interaural line. Different
groups of animals were injected with MPP* iodide (12
ug, Research Biochemicals, Inc., Natick, MA, USA) or
6-hydroxydopamine (32 ug, Sigma Chemical CO., St.
Louis, Mo, USA) into the right striatum (coordinates A:
+0.7, L: +2.8, H: —5, according to the Atlas of Paxinos
and Watson [18)]), in a volume of 4 ul at a flowrate of 1
pl/min. These amounts cause a similar reduction of stri-
atal dopamine measured 48 h after administration [10,11].
6-OHDA was prepared daily, divided into aliquots and
frozen until use. A group of sham-operated rats injected
with saline solution was used as control. The left striatum
of lesioned rats received also 4 wl of 0.9% NaCl (contain-
ing 10 mM Nal in MPP* treated animals). The experi-
ments were carried out in three or four rats for each time
period (2, 7, 15, and 60 days) in MPP* and 6-OHDA
lesions.

2.2. Microdialysis procedure

Dialysis probes were constructed as described by Adell
and Artigas [2]. Briefly they consist of two lengths of
fused silica tubing (inner diameter [ID] 40 wum; outer
diameter [OD] 140 pm) inserted into a stainless steel tube
(ID 300 pwm; OD 500 pwm; A-M Systems, Everett, USA).
Cuprophan hollow fibers (Enka AG, Wuppertal, Germany)
were cemented into the distal end of the stainless steel
tubing and used as dialysis membrane (4 mm long). The
recovery of these probes in vitro, at 1.25 ul/min and
room temperature, varied between 4.0% and 8.0% depend-
ing on the compound, in accordance with published results
[28].

The microdialysis recording was performed in different
groups of treated animals on the established days. The
probes were stereotaxically implanted 24 h before sample
collection in both striatal nuclei (A: +0.7, L: +2.8, H:

—0.7) under chloral hydrate anesthesia (400 mg /kg, i.p.),
and they were fixed with dental cement and two screws on
the skull of the rat.

At the moment of collection of the dialysis samples the
rats were awake and freely moving. At 9 a.m. the inlet
polyethylene tube was connected via a longer polyethylene
tube to a 1 ml disposable syringe driven by a microinfu-
sion pump (Harvard Apparatus 22). The outlet tubes were
connected by the same kind of polyethylene tubes to small
collecting eppendorfs. An artificial cerebrospinal fluid con-
taining 119.5 mM NaCl, 4.75 mM KCl, 1.27 mM CaCl,,
1.19 mM KH,PO,, 1.19 mM MgSO,, 1.6 mM Na,HPO,
at pH 7.2 [4], was perfused through the microdialysis
probes at a constant flow of 1.25 ul/min.

The right (lesioned) and left (contralateral) striata were
perfused at the same time under identical conditions. The
samples were collected on an ice-cooled bath every 20 min
for 4 h, and immediately frozen until assay. To obtain
stable baseline concentrations the samples were taken 30
min after perfusion began.

After the 4th sample both striata were perfused with
MPP* (10 mM in artificial CSF), in order to evaluate the
response to a dopamine-depletor in both (lesioned and
non-lesioned) sides.

Rats were killed by decapitation after receiving an
overdose of chloral hydrate at the end of the experiment.

2.3. Morphological studies

Morphological studies were carried out in 6-OHDA and
MPP™ treated animals after 60 days of the treatment. The
animals were anesthetized with chloral hydrate (i.p.) and
perfused through the heart with 4% paraformaldehyde in
phosphate buffer. The brains were rapidly removed and
fixed in a similar solution for 24 h. Coronal slabs including
the substantia nigra were processed for tyrosine hydroxyl-
ase immunchistochemistry following the avidin-biotin-per-
oxidase method (ABC Kit, Vectastain, Vector). Tissue
reaction was treated with 0.05% saponin, followed by
methanol and hydrogen peroxide, and finally with normal
horse serum. The sections were then incubated overnight at
4°C with a well-characterized monoclonal antibody against
tyrosine hydroxylase (MAB 318, Chemicon) used at a
dilution of 1:200. The peroxidase reaction was visualized
with 0.05% diaminobenzidine and 0.01% hydrogen perox-
ide. False positive results were ruled out by incubating a
few tissue sections without the primary antibody.

2.4. Analytical procedures

The microdialysis samples (20 ul) were analyzed di-
rectly by reverse-phase HPLC coupled to an electrochemi-
cal detector. To separate dopamine and its metabolites a
nucleosil C-18 reverse phase column (5 pm, 250 X 4.6
mm, Tracer) was used. The mobile phase consisted of 50
mM sodium acetate, 25 mM citric acid, 0.7 mM octanesul-
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Fig. 1. DA, DOPAC and HVA concentrations in striatum dialysates of control rats and rats unilaterally lesioned with MPP ™, expressed as the mean (nM)
+5.E.M., at different times after the lesion. Values are the mean +S.EM. of 4 rats for each time. For each animal. values were the average of 4
consecutive microdialysis samples. © P < 0.05, " * P < 0.01 with ANOVA and post-hoc Scheffé test.

fonic acid and 14% methanol at pH 4.1 at a flowrate of
0.65 ml/min delivered by a Pharmacia-LKB Pump 2248
working in isocratic conditions. A dual electrochemical
electrode (ESA Coulochem II, Bedford, MA, USA) was
used with a conditioning cell at —100 mV, an applied
potential of +50 mV at the first electrode and + 300 mV
at the second electrode [1]. Detection was performed at
100 nA except for DA in basal dialysates, which was
performed at 10 nA. All the standards were purchased
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from Sigma: dopamine, homovanillic acid (HVA), dihy-
droxyphenylacetic acid (DOPAC).

2.5. Data analysis

All measurements of the chromatograms were carried
out with Nelson software coupled to HPLC-manager soft-
ware (Pharmacia-LKB). Statistical comparisons were per-
formed using analysis of variance (ANOVA) with post-hoc

DOPAC and HVA (nM + SEM)

Fig. 2. DA, DOPAC and HVA concentrations in striatum dialysates of control rats and rats unilaterally lesioned with 6-OHDA, expressed as the mean
(nM) +S.E.M., at different times after the lesion. Values are the mean +S.E.M. of 4 animals for each time. For each rat, values were the average of 4
consecutive microdialysis samples. © P < 0.05, ©° P < (.01 with ANOVA and post-hoc Scheffé test.
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Fig. 3. Effect of bilateral infusion of MPP* in MPP *-lesioned rats. Profiles of DA and DOPAC concentrations in striatal dialysates in the MPP "-lesioned
side (@) are compared with the contralateral non-lesioned side (O), at 2 days (A) and 60 days (B) after the lesion. Values are expressed as a percentage
+S.EM. (n = 3) of the mean of 4 basal dialysates, considering 100% the mean of basal values in non-lesioned sides. The beginning of bilateral infusion
of MPP* is indicated with an arrow. Significance of differences was calculated by non-parametric analysis and U-Mann—Whitney test (* P < 0.05;
** P <0.01) when referred to basal values, and by Kruskall-Wallis plus Wilcoxon test (¥ P < 0.05) when both sides were compared.

Time (min)
Fig. 4. Effect of bilateral infusion of MPP* in 6-OHDA-lesioned rats. Profiles of DA and DOPAC concentrations in striatal dialysates in the 6-OHDA

lesioned side (@) pared with the I | non-lesioned side (O), at 2 days (A) and 60 days (B) afier the lesion. Values are expressed as a
percentage +S.E.M. (n=3) of the mean of 4 basal dialysates, considering 100% the mean of basal values in non-lesioned sides. The beginning of
bilateral infusion of MPP* is indicated with an arrow. Significance of differences was calculated by non-parametric analysis and U-Mann-Whitney test
(* P<0.05 " P<0.01) when referred to basal values, and by Kruskall-Wallis plus Wilcoxon test (¥r P < 0.05) when both sides were compared.
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tests (Scheffé F-test) and non-parametric analysis with
U-Mann-Whitney test and Kruskall-Wallis plus Wilcoxon
test to compare percentages.

3. Results

3.1. Dopamine and
dialysates

bolites concentrations in striatal

Figs. 1 and 2 show the time-course of dialysate values
at different times after the lesion with MPP" or 6-OHDA
respect to control rats given physiological saline solution.
In neither 6-OHDA nor MPP*-treated animals did the
decrease in extracellular DA exceed 40%, and such de-
creases were significant in only few cases. The decreases
in DOPAC and HVA were very marked in MPP *-treated
animals during the first week after treatment, but almost
complete recovery was found after 2 months (Fig. 1). In
contrast, in 6-OHDA-treated animals, values of extracellu-
lar DOPAC and HVA decreased progressively to 5% and
13% of control values after two months (Fig. 2).

3.2. Extracellular measurement after MPP * infusion

Two days after the neurotoxin administration bilateral
perfusion of MPP™ caused a massive depletion of DA in
the intact (left) striatum, whereas the right striatum was
almost unresponsive in MPP'- (Fig. 3) and 6-OHDA-
(Fig. 4) lesioned animals. On the other hand, in MPP”*

N SR ey B

treated animals both striata responded similarly to MPP™
after 60 days of lesion (Fig. 3), but the lesioned side was
still unresponsive in 6-OHDA treated animals (Fig. 4).
DOPAC and HVA were systematically lower in the con-
tralateral side of 6-OHDA-treated animals than in sham-
operated control animals (data not shown), indicating a
contralateral effect of 6-OHDA or related toxic products,
such as free oxygen radicals, in agreement with previous
reports [5].

MPP " perfusion caused a marked decrease in extracel-
lular DOPAC in the unlesioned side, probably because of
the action of MPP" as monoamine oxidase inhibitor. On
the lesioned side this effect was hardly evident at 48 h.
After 60 days both sides showed a similar pattern for
DOPAC in MPP*-treated animals, whereas 6-OHDA-le-
sioned striata showed very low DOPAC levels throughout
the perfusion. Analogous results to those of DOPAC were
obtained for HVA (data not shown).

In Figs. 3 and 4 curves of a complete dialysis session at
48 h and at 60 days after a MPP" or 6-OHDA lesion are
shown. The recovery in MPP* treated rats was progressive
for 7, 15 and 60 days (results not shown). The experiments
were carried out in 3 rats for each time and drug.

3.3. Morphological studies

As shown in Fig. 5 a mild decrease in the number of
tyrosine hydroxylase-immunoreactive cells occurred in the
ipsilateral substantia nigra 2 months after intrastriatal in-
jection of MPP* (193.1 + 8.3 cells /mm?) when compared
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Fig. 5. Tyrosine hydroxylasc immunoreactivity in the substantia nigra of control side (A) and at 2 months following intrastriatal injection of MPP* (B} or

6-OHDA (C). Decrease bers of i

tive cells, together with increased size of neurons, is seen in the substantia nigra following injection of

6-OHDA, when compared with MPP*-treated rats and age-matched controls (bar = 100 gm).
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with the non-lesioned side (217.5 + 9.6). A marked de-
crease in the number of immunoreactive cells was ob-
served in the substantia nigra 2 months after intrastriatal
injection of 6-OHDA (52.6 + 6.2). However, the cells
remaining were larger in animals treated with 6-OHDA
than in MPP *-treated rats and controls.

4. Discussion

The decreases in extracellular dopamine did not exceed
40% in either MPP* or 6-OHDA treatments. The extracel-
lular dopamine concentrations can apparently be partially
maintained after a marked lesion to the dopaminergic
system. Although the amount of neurotoxin injected intras-
triatally is enough to cause a reduction in striatal dopamine
to 30-40% in 48 h [11], the moderate decrease in extracel-
lular DA concentration suggests that compensatory mecha-
nisms may enhance the release of DA from the lesioned
side. Similar results have been reported following lesions
caused by 6-OHDA injected into the substantia nigra
[19,20]. In fact, the clinical symptoms of Parkinson’s
disease appear only when about 90% of the striatal
dopamine has been lost.

DOPAC and HVA were significantly reduced 48 h after
both treatments. The greatest reduction was found in
DOPAC values after MPP ™, reflecting the action of MPP*
as monoamine oxidase inhibitor [24]. A progressive recov-
ery was evident during the two months of the study in
MPP *-treated animals, whereas dopamine function was
dramatically reduced two months after 6-OHDA lesion.

The administration of MPP™ through the microdialysis
probe in both striata caused a massive release of dopamine
in non-lesioned striatum, as previously described [21],
whereas the striatum lesioned with MPP* or 6-OHDA was
almost unresponsive, at least 48 h after the lesion. Striatal
responsiveness to MPP* was also described in a previous
paper 1 month after intranigral administration of MPP"
[22]. In the present study, the response to MPP* infusion
in MPP*-lesioned striata depended on the time elapsed
after the lesion, and was no different from controls after 2
months. Thus, there is a clear functional nigrostriatal re-
covery in MPP *-lesioned rats. In contrast, the release of
dopamine after MPP* infusion in 6-OHDA-lesioned stri-
ata was still practically negligible after 2 months.

According to our morphological results, it seems that
injection of 6-OHDA into the terminal field of nigral
dopaminergic neurons causes a progressive (and probably
irreversible) degeneration of these cells. At 2 months only
24% of tyrosine hydroxylase immunoreactive cells re-
mained on the lesioned side. The striatal dopamine content
at this time was 16% of controls (result not shown). The
larger size of the remaining cells could indicate hyperactiv-
ity of these cells as a compensatory response [29), proba-
bly responsible for the maintenance of stable concentra-
tions of extracellular DA in the striatum. Thus, as has been

described by different authors, 6-OHDA may be taken up
by dopamine terminals and cause retroaxonal degeneration
of substantia nigra [5,23].

MPP* administered intrastriatally seems, however, to
cause acute but not chronic nigrostriatal degeneration.
After two months the population of immunoreactive nigral
cells was near 90% (the striatal dopamine content was
67% of controls, data not shown). Contradictory results
appear in the literature about the effect of intrastriatally
infused MPTP or MPP* on substantia nigra, depending
mainly on the concentrations of toxin used [12,26]). MPP*
appears to be responsible for non-reversible parkinsonism
in humans [16] and non-human primates [13], which seems
to develop from caudate nucleus to substantia nigra. When
it is applied to rats intrastriatally it causes a severe
dopamine depletion and, as previously described [7], it is
retroaxonally transported to the substantia nigra, but this
effect might be at least partially counteracted. The results
reported herein clearly show that striatal functionality in
terms of dopamine and its extracellular metabolite concen-
trations, as measured by microdialysis, is in fact recovered
2 months after MPP* but not after 6-OHDA lesions.

Inside the cell MPP" may block mitochondrial activity
or it may be sequestered by catecholaminergic vesicles, so
that vesicular uptake may protect the substantia nigra
against MPP* toxicity [17,30]. In any case, whereas MPP*
and 6-OHDA cause a degeneration of nigrostriatal path-
ways, which allows the drugs to be used to reproduce
experimental models of Parkinson’s disease, their mecha-
nisms of action are quite different and, in the case of
MPP*, the reversibility of its effects together with the
reported loss of selectivity [9,27] suggests that its relation
with Parkinson’s disease remains to be clarified.
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6-HYDROXYDOPAMINE (6-OHDA) administered intras-
triatally to adult rats in a single injection causes
neurodegeneration of the nigrostriatal pathway and
loss of >50% of dopamine neurons in substantia nigra
pars compacta 30 days after administration. The death
of nigral neurons occurs, at least partially, by a caspase-
mediated mechanism. The nigral loss of dopaminergic
neurons could be prevented by stereotaxical administra-
tion of zVAD.fmk, a caspase inhibitor, into the
substantia nigra, indicating that 6-OHDA-induced ni-
grostriatal degeneration involves caspase activation.
These results suggest that caspases are probably in-
volved in neurodegenerative chronic processes such as
Parkinson’s disease and might be considered as possible
targets in the treatment of such neurological disorders.
NeuroReport 10:2605-2608 © 1999 Lippincott Williams
& Wilkins.
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Introduction

An emerging theory about the mechanisms involved
in the progression of Parkinson’s disease (PD) main-
tains that programmed cell death may play an
important role in the pathogenesis of major neuro-
degenerative diseases [1]. Different reports show
evidence of apoptosis in the substantia nigra pars
compacta (SNpc) of post-mortem parkinsonian
brains [2], but they are not conclusive in proving
that an apoptotic process underlies the nigrostriatal
degeneration involved in PD. In fact, other studies
show no evidence of morphological apoptosis nor
changes in bel-2, bel-x or bax protein expression in
the SNpc of patients with PD [3]. This is not
surprising, because PD is due to a neuronal degen-
eration that takes place over years, whereas apopto-
tic cell death takes place within a brief period of
time. There is thus, in general, great difficulty in
identifying cells with apoptotic morphology in a
chronic degenerative discase, although they have
been described in Alzheimer’s and Huntington’s
diseases [4,5]. Increasing evidence indicates that PD
degeneration proceeds in a retrograde manner [6]
from caudate-putamen to SNpe. This seems particu-
larly true for MPTP-induced parkinsonism, as as-
sessed by PET studies [7].

The family of cysteine-aspartyl-specific proteases,
known as caspases, appears to be required for the

0959-4965 (C Lippincott Williams & Wilkins

execution of apoptosis [8]. These proteases have
been proposed as a treatment target in neurodegen-
erative diseases [9]. Inhibition of caspases has been
shown to reduce i vivo cerebral ischemic damage
[10] and ALS symptoms in neurodegenerative dis-
orders in transgenic mice expressing mutant SOD-1
[11].

N-benzoiloxycarbonyl-Val-Ala-Asp(OMe)-fluor-
omethylketone (z-VAD.fmk) is a broad specificity
irreversible caspase inhibitor [12] which has been
reported to be effective in animal models of stroke,
myocardial ischemia/superfusion injury, liver dis-
ease, and traumatic brain injury [8].

In the present study we examined the role of the
inhibition of caspases in the in wivo retrograde
neurodegeneration of substantia nigra caused by
intrastriatal administration of 6-hydroxydopamine

(6-OHDA).

Materials and Methods

Animals and treatments: Male Sprague-Dawley
rats, weighing 250-300g, were used. The care and
use of these animals were in accordance with the
policy on the use of animals in neuroscience research
published by the Society for Neuroscience. The
protocols were approved by a review committee of
the University of Barcelona under the supervision of
the Government of Catalonia.
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The animals were anesthetized with ketamine
hydrochloride (Parke-Davis; 100mg/kg, ip.) +
Rompun (Bayer; 2mg/kg, ip.) and placed in a
stereotaxic instrument with the upper incisor bar set
3.3mm under the interaural line. Groups of eight
animals were injected with 4 pl 6-OHDA (8 pg/pl in
saline solution containing 0.02% ascorbate) or an
equal volume of vehicle solution into the right
striatum (coordinates A: + 0.7, L: —2.8, H: —5, atlas
of Paxinos and Watson [13]) at a flow rate of 1pl/
min [14]. At various times (2, 7, 15 and 30 days)
after the striatal lesion, the animals were anesthe-
tized again and perfused through the heart for
20min with 4% paraformaldehyde in phosphate
butfer.

Other groups of four animals each were injected
with 2pl of 85uM zVAD.fmk or saline solution
(0.9% NaCl) into the right substantia nigra (coordi-
nates A: —4.8, L —1.6; H —8) 11 days after the
striatal lesion. The animals were perfused and killed
1, 4 and 19 days after the nigra treatment.

Morphological studies: The brains were rapidly
removed, fixed in a paraformaldehyde solution for
2h and embedded in paraffin. Coronal slabs of
5 um, including the substantia nigra, were processed
for tyrosine hydroxylase immunohistochemistry fol-
lowing the avidin-biotin-peroxidase method (ABC
Kit, Vectastain, Vector). Tissue reaction was treated
with 0.05% saponin, followed by methanol and
hydrogen peroxide, and finally with normal horse
serum. The sections were then incubated overnight
at 4°C with a well characterized monoclonal anti-
body against tyrosine hydroxylase (TH) (Sigma) at a
dilution of 1:200. The peroxidase reaction was
visualized with 0.05% diaminobenzidine and 0.01%
hydrogen peroxide. Tyrosine hydroxylase positive
(TH+) neurons in the SNpc were counted on both
sides in at least six consecutive sections around the
level —5.4 mm with respect to bregma. The criterion
for delineating between the substantia nigra pars
compacta and the ventral tegmental area was the
localization of the oculomotor nerve root, the sub-
stantia nigra pars compacta being laterally located in
relation to the root [15]. The loss of TH+ neurons
on the lesion side was determined with respect to
the contralateral intact side of the brain.

Experimental data were statistically analyzed by
mecans of analysis of variance (ANOVA) and U-
Mann-Whitney test.

In situ end-labelling of nuclear DNA fragmenta-
tion: ‘The assay was carried out by Tunel-staining
in striatal lesioned animals killed 1 and 4 days after
receiving zZVAD.fmk or saline solution in the sub-
stantia nigra. In site labelling of nuclear DNA
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fragmentation of dewaxed 5pm tissue sections was
carried out with ApopTag detection kit (Oncor),
following the instructions of the supplier. The
peroxidase reaction was visualized with 0.05% dia-
minobenzidine and 0.01% hydrogen peroxide. Sec-
tions were counterstained with hematoxylin.

Results

Figure 1 shows the time-dependent loss of nigral
neurons after a single 6-OHDA injection in the rat
striatum. The decrease of TH+ neurons begin to be
significant 15 days after the lesion and rise to about
50% after 30 days, in agreement with our previous
results [14]. These results indicate that soma destruc-
tion starts ~1 week after the striatal lesion, a period
during which the mechanisms leading to neuronal
degeneration should be triggered.

If caspases are involved in 6-OHDA-induced
neural degeneration, its inhibition should also block
the neuronal loss. ZVAD.fmk was then applied into
the substantia nigra 11 days after the striatal 6-
OHDA or vehicle administration. Figure 2 shows a
75% decrease in the number of TH+ neurons in the
lesioned side compared with the contralateral non-
lesioned side. An additional effect on the loss of
nigral cells could be attributed to the mechanical
lesion caused by the injection, so that TH+ loss was
higher in animals thus injected than in those pre-
viously injected only in the striatum. The loss of
nigral dopaminergic neurons in zVAD.fmk-treated
animals at 30 days after the lesion was only 40%
compared with the contralateral non-treated side,
and 15% compared with saline-treated animals.
Tunel-positive cells were observed around the injec-
tion point in the ipsilateral substantia nigra,
although these cells did not show a clear apoptotic
morphology. Tunel-positive cells were also observed
in other parts of SNpc in 6-OHDA-lesioned animals
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FIG. 1. Time-dependent loss of nigral neurons by 6-OHDA. Percentage
of tyrosine hydroxylase-positive neurons in the substantia nigra pars
compacta ipsilateral to the 6-OHDA-lesioned striatum in respect to the
contralateral non-lesioned side at various days after the lesion. The mean
number of cells counted in the control side was 100 + 3 (n= 16 animals).
* p=0.05, ** p=<0.01 compared with controls.
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FIG.2. Effect of zVAD.fmk on nigral neuron loss. Percentage of
tyrosine hydroxylase positive neurons in the substantia nigra pars
compacta ipsilateral to the 6-OHDA-lesioned or saline treated striata 30
days after the lesion. Substantiae nigrae were treated with saline solution
(vehicle) or ZVAD.fmk 11 days after the striatal lesion. Controls refer to
the contralateral non-lesioned side, *** p<0.001 compared with con-
trols, vehicle 2VAD.fmk receiving non-lesioned animals; ## p < 0.01 com-
pared with 6-OHDA lesioned animals treated with zVAD.fmk; * p<0.05
compared with animals treated with saline in the stiatum and the nigra
(vehicle);  p< 0.01; 4 p = 0.001 compared with contrals.

treated with saline solution, but not in zVAD.fmk-
treated substantia nigra (Fig. 3).

Discussion

6-OHDA has been used to destroy the nigrostriatal
pathway given the ability of this compound to
enter the dopaminergic neurons and to produce
oxygen free radicals which, presumably, trigger
neuronal degeneration [16]. When a single injection
of 6-OHDA is applied into the striatum, a progres-
sive degeneration of substantia nigra occurs

g in situ end

FIG. 3. I t q of nuclear frag-
mentation. Tunel s1a|r|1r|g in SNpc “cells 12 days after a 6-OHDA striatal
injection and 24 h after (A) saline or (B) zVAD.fmk administration in the
SNpe. Bar = 30 ym

throughout a period of 15-60 days [17]. Here, we
have shown that nigral degeneration induced by
striatal 6-OHDA may be substantially reduced by
inhibition of a proteolytic activity of the caspase
family. Assuming that caspases are the effectors in
many paradigms of apoptotic cell death, our results
suggest that the retroaxonal degeneration of the
mgrostnatal pathway may trigger apopt051s in at
least an important proportion of neurons in the
SNpc, with this process being prevented by caspase
inhibitors.

6-OHDA has recently been shown to induce
apoptosis in cultured cerebellar neurons [18], invol-
ving caspase-3-like protease activation. This com-
pound also induces apoptosis in PCI12 cells by
mechanisms involving caspases [19].

In vivo, 6-OHDA intrastriatal injections in devel-
oping animals result in the induction of apoptotic
death in dopamine neurons of the SNpc [20], but
this mechanism has been described as developmen-
tally dependent, having a maximum effect during the
first 2 postnatal weeks. This has been interpreted as
a consequence of the lack of target support by
dopaminergic nerves, leading to apoptosis during
brain development. At later postnatal times, 6-
OHDA scems to induce two different morphologies
of cell death in SNpc: apoptotic and non-apoptotic
[1]. Caspase inhibition has been shown to protect
brain in vive against acute ischemic insults [10] and
acute bacterial meningitis [21]. However, the effect
of caspase inhibition in chemically induced neurode-
generation of nigrostriatal pathway has not been
studied previously. In the present work, we have
shown that 6-OHDA-induced nigral degeneration is
partially, but significantly, protected by the caspase
inhibitor zVAD.fmk in adult animals. However,
results from our laboratory indicate that intrastriatal
or intranigral MPP* (10 mM) does not cause detect-
able apoptosis in SNpc, nor is the lesion protected
by caspases (results not shown). Thus, it is impor-
tant that 6-OHDA, a compound closely related to
dopamine in structural and mechanistic ways, might
induce caspase-mediated death in SNpc by itself or
through oxygen radical production. Recently, an
apoptotic role has been described for dopamine in
neuronal cultures [22] and in PC12 cultures [23],
and a neurotoxic effect has also been shown i vive
for stereotaxically administered dopamine [24].
Therefore, levodopa and/or dopamine, like 6-
OHDA, could play a relevant role in the neurogen-
esis of PD, as suggested by emerging theories about
the oxidative processes in PD and the role of
dopamine in them [25]. Nuclear DNA-fragmenta-
tion has been described in neurodegenerative dis-
orders without showing an apoptotic morphology
[26]. Although a few Tunel-positive cells have been
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observed in Lewy bodies, no significant changes in
expression of Bcl-2 and Bax proteins [27] and no
apoptotic features have been shown in them [28].
The validity of the method of in situ end-labeling of
nuclear fragmentation in predicting a programmed
cell death is then seriously called into question. We
did not see a clear apoptotic morphology in SNpc of
6-OHDA-treated animals. However the, at least
partial, prevention of TH+ neurons in SNpc indi-
cates a role for caspases in the neurotoxic action of
6-OHDA. Caspase inhibition has already been
demonstrated to increase survival of nigral trans-
plants in animal models of PD [29].

Conclusion

The caspase inhibitor zVAD.fmk, stereotaxically
administered into the SNpc can protect 6-OHDA-
induced nigral retrograde degeneration in adult ani-
mals. 6-OHDA-related compounds such as levodo-
pa or dopamine itself could play a relevant role in
the neurogenesis of PD. Thus the present findings
might also be relevant for the design of new drug
treatments for neurodegenerative disorders.
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Abstract

Monoamine oxidase B (MAQO-B) inhibitors are potentially useful in the therapeutic treatment of Parkinson's disease. -
Deprenyl has been shown to slow nigrostriatal tract degeneration in human idiopathic Parkinsonism and to be an
effective neuroprotector in experimental 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine toxicity models. However, L-
amphetamine and (-)methamphetamine, the metabolites generated by L-deprenyl, can have adverse and severe side-
effects. Therefore, the search for new MAO-B inhibitors without potential amphetamine-like properties is a matter of
great therapeutic interest. The present report is the first to describe the neuroprotective effect—following chronic
intraperitoneal (i.p.) treatment—of a novel and non-amphetaminic MAO-B inhibitor, [N-(2-propynyl)-2-(5-benzyloxy-
indolyl) methylamine] (PF 9601N), on the neurodegeneration of nigral dopaminergic neurons caused by administration
of intrastriatal 6-hydroxydopamine (6-OHDA). Two groups of six animals were unilaterally injected with 6-OHDA in the
right striatum. One group was treated daily with 60 mg/kg PF 9601N i.p., starting before stereotaxic lesion and continuing
for 18 days thereafter. The other group was treated with vehicle solution. Coronal slabs including the substantia nigra
pars compacta (SNpc) were processed for tyrosine hydroxylase immunohistochemistry (TH). The number of TH positive
(TH + } neurons in the SNpc was 60% lower in 6-OHDA lesioned rats. However, the loss of TH + neurons in the SNpc was
only 30% in PF 9601N i.p.-treated animals. Therefore, treatment with the specific MAO-B inhibitor significantly reduced
the 6-OHDA-induced degeneration to about 50%. © 2002 Elsevier Science Ireland Ltd. All rights reserved.

Keywords: Neuroprotection; PF 9601N; Monoamine oxidase B inhibitor; 6-Hydroxydopamine; Parkinsonism

Parkinson’s disease (PD) is the most common neurologi-
cal pathology caused by dopaminergic neuron degeneration
of the nigrostriatal pathway. Although many hypotheses
regarding the pathogenesis of PD have been proposed—
including genetic factors, immunological abnormality,
endogenous and exogenous toxins, mitochondrial dysfunc-
tions, and oxidative stress—the specific aetiology of PD
remains unclear.

Monoamine oxidase B (MAO-B) inhibitors have a poten-
tial application in PD as blockers of dopamine metabolism.
Among them, L-depreny! (selegiline) is the only one which
has so far been used as an effective adjuvant for levodopa
(L-DOPA) [3,14]. The effect of L-deprenyl is a controversial

* Corresponding author. Tel.: +34-93-5811523; fax: +34-93-
5811573,
E-mail address: mercedes.unzeta@uab.es (M. Unzeta).

issue [24], but various authors have reported that it delays
degeneration of the nigrostriatal tract in human idiopathic
Parkinsonism [18] and prevents the development of |-
methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) toxi-
city [11]. However, it is not clear whether L-deprenyl has
a neuroprotective effect in Parkinsonian patients or whether
the response is merely symptomatic [24]. The lifespan of
rats increases significantly after chronic treatment with -
deprenyl, and cognitive improvements in Alzheimer’s
disease have also been reported [8]. Furthermore, neuropro-
tective effects of L-deprenyl, at concentrations far too low to
affect MAO-B activity, have been demonstrated both in
experimental animal models ‘ex vivo’ and in cellular
systems ‘in vitro’ [17,26].

Although other MAO-B inhibitors also act as neuropro-
tectors in experimental models of Parkinsonism at concen-

0304-3940/02/$ - see front matter © 2002 Elsevier Science Ireland Ltd. All rights reserved.
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trations lower than those required for MAO-B inhibition
[27], L-deprenyl is the only MAO-B inhibitor available for
therapeutic use. Its metabolites include L-amphetamine and
(-)methamphetamine, which can have adverse side-effects,
and for some years there has been controversy as to whether
L-deprenyl should continue to be part of DATATOP treat-
ment for PD [16]. Therefore, the search for new MAO-B
inhibitors without potential amphetamine-like properties is
a matter of great therapeutic interest. Rasagiline (R(+ )-N-
propargyl-1-aminoindane, TV 1012), a selegiline analogue
with propargyl moiety and without particular neurotoxic
amphetamine-like effects, has been reported to be effective
in some models of Parkinsonism. We have previously inves-
tigated a novel series of acetylenic and allenic tryptamine
derivatives as potential MAQ inhibitors [1]. In this series of
compounds, we found the presence of a benzyloxy group at
position 5 of the indole ring which changes the selectivity
towards MAO-B [20]. Among this series of compounds, N-
(2-propynyl)-2-(5-benzyloxy-indolyl) methylamine, or PF
9601IN (previously known as FA-73), was synthesized by
Cruces et al. [6] and shown to behave ‘in vitro® as a suicide
MAO-B inhibitor [20], such that its activity could only be
overcome by de novo MAO-B synthesis. It was also shown
by our group that this novel MAO-B inhibitor easily crosses
the blood-brain-barrier and maintains the same selectivity
as that described in vitro. PF 9601N is about 50 times more
selective towards MAO-B than r-deprenyl and about five
times more selective than rasagiline [20]. Due to its high
selectivity towards MAO-B, the compound should not
produce a ‘cheese effect’ as a result of MAO-A inhibition.
Furthermore, PF 9601N blocks dopamine uptake in human
caudate and rat synaptosomal fraction with similar potency
to that of L-deprenyl [20], whereas rasagiline does not [15].
PF 9601N also enhanced the duration of L-DOPA-induced
contralateral turning in 6-hydroxydopamine (6-OHDA)
lesioned rats [22].

Parkinsonism induced by MPTP develops from a distur-
bance of dopaminergic nerve endings [4]. Similarly, PD has
been proposed to result from a terminal axotomy that devel-
ops slowly [12]. The model of retrograde degeneration of
nigrostriatal neurons induced by intrastriatal 6-OHDA
injection in rats has been extensively used [2] to study the
progression or protection of substantia nigra from a striatal
insult. The aim of the research was to demonstrate the
neuroprotective effect—following chronic intraperitoneal
(i.p.) treatment—of the novel non-amphetaminic MAO-B
inhibitor, PF 9601N, on the neurodegeneration of nigral
dopaminergic neurons caused by intrastriatal 6-OHDA.

Sprague-Dawley rats, weighing 250-300 g, were used for
this study. The care and use of these animals were in accor-
dance with the policy on the use of animals in research
published by the Society for Neuroscience. The protocols
were approved by a review committee of the University of
Barcelona, under supervision of the Government of Catalo-
nia. The animals were anaesthetized with ketamine hydro-
chloride (100 mg/kg, i.p.) + Rompun (2 mg/kg, i.p.) and

placed in a stereotaxic instrument with the upper incisor
bar set 3.3 mm under the interaural line. Two groups of
six animals each were unilaterally injected with 4 pl 6-
OHDA (8 mg/ml in saline solution containing 0.02% ascor-
bate) into the right striatum (co-ordinates: A: +0.7; L:
—2.8; H: —5, Atlas of Paxinos and Watson) at a flow rate
of 1 pl/min [7]. One group of six animals was treated daily
with 40 mg/kg PF 9601N i.p. (diluted in 4% N,N-dimethyl-
formamide), starting 2 days before stereotaxic lesion and
continuing for 18 days thereafter. The other group of six
animals was treated with vehicle solution under an identical
protocol. Eighteen days after the striatal lesion, the animals
were anaesthetized again and perfused through the heart for
20 min with 4% paraformaldehyde in phosphate buffer. The
brains were rapidly removed, fixed in paraformaldehyde
solution for 2 h and embedded in paraffin. Coronal slabs
of 5 pm, including the substantia nigra, were processed
for tyrosine hydroxylase immunohistochemistry (TH),
following the avidine-biotine-peroxidase method (ABC
Vectastain kit). Tissue was treated with 0.05% saponin,
followed by methanol and hydrogen peroxide, and finally
with normal horse serum at 4 °C with a well characterized
monoclonal antibody (Sigma) against TH at a dilution of
1:200. TH positive (TH + ) neurons in the substantia nigra
pars compacta (SNpc) were counted on both sides, by two
independent observers, in at least six consecutive sections
around the level —5.4 mm with respect to bregma. The
criterion for delineating between the SNpc and the ventral
tegmental area was the localization of the oculomotor nerve
root, the SNpe being laterally located in relation to the root
[13]. The loss of TH + neurons on the lesion side was
determined with respect to the contralateral side of the
brain.

It has previously been reported that PF 9601N adminis-
tration does not alter the striatal dopamine content in C57/BI
mice [20] at doses that inhibit this isoform of MAO. This
may be because MAO-A, the main isoform responsible for
the metabolism of dopamine in rodents, is not affected by PF
9601N. In support of this, no significant differences were
found between the number of TH + neurons in SNpc on the
intact side (control side) of vehicle- compared with PF
9601N-treated animals. The number of TH + neurons in
the SNpc was 60% lower in 6-OHDA lesioned animals
(Figs. 1 and 2). The loss of TH + neurons in the SNpc
was only 30% in PF 960IN i.p.-treated animals (Figs. 1
and 2), this being significantly different from non-PF
960 1N-treated animals. Treatment with the specific MAO-
B inhibitor thus reduced the 6-OHDA-induced degeneration
to about 50%.

We have previously shown that treatment of rat striatal
slices with PF 9601N reduces the dopaminergic lesion
caused by MPTP [21]. However, low doses of this MAO-
B inhibitor, enough to completely inhibit the enzyme, did
not protect against MPTP toxicity. This means that MAO-B
inhibition is not the only prerequisite for the neuroprotective
effect and that other mechanisms are also involved.
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Fig. 1. Microphotographs showing the substantia nigra immunostained with TH antibodies 18 days after treatment. (A) Saline-treated
control (contralateral nigra of 6-OHDA lesioned side); (B), nigra corresponding to 6-OHDA lesioned striatum; (C), PF 9601N-treated
control; (D), nigra corresponding to 6-OHDA lesioned striatum of animals chronically-treated with PF 9601N (40 mg/kg, i.p.).

However, chronic treatment of old (8-10 months) C57/BI
mice with a low PF 9601N concentration for 10 days before
MPTP administration, gave almost total protection (85% of
dopamine control value) [19]. In the present study, we show

TH+ neurons in SNpc

Yo

PF960IN  6-OHDA+
PF9601IN

Controls  6-OHDA

Fig. 2. Effect of 40 mg/kg i.p. PF 9601N chronic treatment on
nigral neuron loss. Percentage of TH + neurons in the SNpc
ipsilateral to the 6-OHDA-lesioned or saline-treated striata 18
days after the lesion. Controls refer to the contralateral non-
lesioned side. ***P < 0.001 compared with controls; *P < 0.05
compared with the 6-OHDA group (analysis of variance +
Scheffé test). Scale bar, 100 pm.

a neuroprotective effect of chronic administration of PF
9601N on a retrograde degeneration induced by an over-
production of oxygen free radicals.

6-OHDA was the first and is still the most widely-used
catecholaminergic neurotoxin for developing experimental
models of Parkinsonism. However, little is known about its
toxic mechanism of intracellular death. It has been reported
[5] that 6-OHDA is oxidatively deaminated by mitochon-
drial MAO enzyme into substantial amounts of superoxide,
cytotoxic hydroxyl radical OH and H,0, that directly
damage the nigrostriatal dopaminergic neurons. However,
6-OHDA itself has another biochemically independent
effect on the inhibition of mitochondrial respiratory chain
activity, involving the production of free radicals [9]. The
partial selectivity of 6-OHDA toxicity towards catechola-
minergic neurons has been linked to its uptake by dopamine
transporter systems [ 10]. However, there are other studies in
which 6-OHDA toxicity in vitro is induced from outside the
cell, as several free radical scavengers which do not cross
the plasmatic membrane protect against 6-OHDA toxicity
[25]. Therefore, PF 960IN protection of dopaminergic
neurons after 6-OHDA lesion, as determined by TH immu-
nohistochemistry, could be explained in terms of its possible
antioxidant action at the extracellular level.

PF 960IN has been reported to behave in vitro as an
inhibitor of melanine formation from dopamine autoxida-
tion and as a potent free radical scavenger [23]. However,
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the present report is the first to describe a neuroprotective
effect of PF 9601IN, a novel non-amphetaminic MAO-B
inhibitor, on the neurodegeneration of nigral dopaminergic
neurons induced in rats by an intrastriatal 6-OHDA injec-
tion, Its antioxidant properties and the lack of side-effects,
due to the absence of amphetaminic moieties in its molecu-
lar structure, make PF 960 1N a good candidate for use in the
treatment and prevention of neurodegenerative diseases
such as Parkinson’s and Alzheimer’s.
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cia y Tecnologia DGES Grant Ref SAF 99-0093 and by FIS
00/1127 (Spain). The authors would like to thank R. Rycroft
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Intrastriatal Grafts of Fetal Mesencephalic Cell Suspensions
in MPP+-Lesioned Rats: A Microdialysis Study In Vivo

M. Espejo,' S. Ambrosio,'* J. Llorens,” and B. Catillas’

(Accepred January 22, 1998)

The striatum of rats was lesioned by unilateral administration of MPP*. Two weeks later, a sus-
pension of fetal mesencephalic cells (FMC), obtained from 14-day rat embryos, was injected into
the lesioned striatum. Two weeks after grafting, the success of implantation and recovery of do-
pamine function were assessed by tyrosine hydroxylase immunocytochemistry (TH) and the mea-
surement of striatal dopamine content. In addition, the extracellular concentrations of dopamine
and dopamine metabolites were studied by microdialysis in vivo before and after perfusion of
MPP* to induce dopamine release from vesicular stores. TH+ cell bodies were seen in the lesioned
grafted striata, indicating that fetal cells survived in these striata. In addition, there was a marked
increase in TH-immunoreactivity in the neuronal fibers and terminals in the area surrounding the
cell implant, suggesting a compensatory response of the host tissue which may involve fiber sprout-
ing. Grafting induced a recovery in indices of dopamine function, including recovery in dopamine
content, and basal and MPP*-induced dopamine release. Thus, grafts of FMC may provide a sig-
nificant recovery of dopamine function in MPP*-lesioned striata,

KEY WORDS: MPP*; mesencephalic grafts; microdialysis; striatum; rat; parkinsonism.

INTRODUCTION dopamine endings are lost, and thus the graft has to
adapt to a fairly consistent tissue. Implants of striatal or
nigral cell suspensions have also been assayed in rats
intrastriatally lesioned with excitotoxins, such as kainic
acid or ibotenic acid, to study the degree of reconstruc-
tion of synaptic contacts (4,5). The striatal injury caused
by kainic acid promotes the growth of dopaminergic
neurites from substantia nigra grafts (6).

Intrastriatal implantation of dopamine-rich fetal
mesencephalic tissue (fetal tissue grafts or fetal cell sus-
pensions) is widely used in rats that have been chemi-
cally lesioned in the nigrostriatal pathway (1). The most
common lesioning procedure is injection of 6-hydroxy-
dopamine (6-OHDA) to the substantia nigra or the me-

dial forebrain bundle. A number of studies showed an
improvement in rotational tests following intrastriatal
transplants (2,3). In the 6-OHDA-lesioned model the in-
tegrity of striatum is practically maintained, and only

! Unitat de Bioguimica, *Unitat de Fisiologia, ‘Escola d’Infermeria,
Campus de Bellvitge, Universitat de Barcelona, Barcelona, Spain.
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The lesion caused by MPP* (1-methyl-4-phenyl-
pyridinium ion), the active metabolite of the Parkinson-
inducing drug MPTP (l-methyl-4-phenyl-1,2,3,6-tetra-
hydropyridine), may help us to understand the etiology
of Parkinson's disease. The mechanisms by which MPP+
causes cell damage are not fully understood, but mito-
chondrial chain blockade (7) and free radical production
(8) are probably involved. MPTP administered to mon-
keys or some strains of mice damages the nigrostriatal
pathway, whereas rats seem to be particularly resistant
to this neurotoxic action (for review (9)). However,

0364-3190/98/1000-1217515,00/0 © 1998 Plenum Publishing Corporation
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when MPP+ is stereotaxically administered into the rat
striatum, by direct injection (10,11) or through a dialysis
cannula (12), it produces a sharp depletion of dopamine
and loss of all cell types surrounding the site of admin-
istration. The result after 48h is a marked destruction of
the striatum, with central cavitation, and glial prolifera-
tion (10,13), but discrete or absent nigral degeneration
(14). This allows a partial recovery of striatal dopamine
content, probably by sprouting of surviving dopami-
nergic fibers, which is seen 2 months later (11). The
extent of the recovery depends on the degree of the le-
sion and thus on the concentration of MPP* adminis-
tered.

Previous studies have used microdialysis to exam-
ine the functional activity of grafted monoaminergic
neurons in 6-OHDA-denervated rats (15,16-18). In
those rats, levels of extracellular dopamine (DA) and
dihydroxyphenylacetic acid (DOPAC) in the perfusates
were restored to about 85% by intrastriatal nigral grafts.
Partial recovery has also been observed by microdialysis
in 6-OHDA-lesioned rats implanted with human fetal
dopamine neurons (19) or with adrenal medulla grafts
(20). The survival of fetal cells depends most probably
on the combinatory effect of trophic factors apported by
host and implanted tissue, so the success of the im-
planted cells may vary as a function of the lesion model
used. The lesion caused by intrastriatally applied MPP*
is larger and less specific than that caused by 6-OHDA,
nevertheless, the molecular mechanisms involved in
MPP+-toxicity could be related to the mechanisms un-
derlying human neurodegenerative processes. Thus, 1
seems worth determining if a striatal tissue damaged by
MPP* is able to allow survival and function of implanted
cells.

Here we apply microdialysis to the study of dopa-
minergic recovery in MPP*-lesioned rats implanted with
fetal mesencephalic cells (FMC) to examine whether the
lesion caused by intrastriatally administered MPP* could
be compensated, at least partially, by striatal implanta-
tion of FMC. Although the lesion caused by MPP* is far
from a human neurodegenerative process, the present
study may provide information about the utility of im-
plantational therapy in the treatment of Parkinson’s dis-
ease.

EXPERIMENTAL PROCEDURE

Materials. MPP* iodide was purchased from R.B.I. (Wayland,
MA). Mouse monoclonal anti-tyrosine hydroxylase and glial fibrillar
acidic protein were from Sigma Chem. Co. (St. Louis, MO) and the
ABC complex from Vector (Burli CA). Dop dihydroxy-
phenylacetic acid and homovanillic acid were from Sigma-Aldrich

Espejo, Ambrosio, Llorens, and Cutillas

Quimica 5.A. (Madrid, Spain}). Cell preparation media and perfusion
media were prepared with products of the highest purity available.

Animals. Male Sprague-Dawley rats (n = 64), weighing about
250 g, were used for all the experiments. Fetal neurons were obtained
from the embryos of Sprague-Dawley rats on day 14 (E14). EO was
established on the evidence of intravaginal presence of spermatozoa.
The care and use of these animals were in accordance with the policy
on the use of Is in 1 h published by the So-
ciety for Neuroscience. The protocols were approved by a review com-
mittee of the University of Barcelona under supervision of the
Government of Catalunya.

MPP* Lesion. Animals were anesthetized with ketamine hydro-
chloride (Parke-Davis) (100 mgkg i.p.) + Rompun (Bayer) (2 mgkg
1.p.) and placed in a stereotaxic instrument (David Kopf Instr., Palo Alto,
CA) with the upper incisor bar set 3.3 mm under the interaural line.
Animals were injected with either 30 pg of MPP* iodide or saline so-
lution with an equimolar concentration of Nal into the right striatum
(coordinates A: +0.7, L: 2.8, H: —5, according to the Atlas of Paxinos
and Watson (21}), in a volume of 4 pl at a flowrate of 1 pl/min.

Preparation of Fetal Cells. Cell suspensions were prepared from
ventral mesencephalon of 14-day-old embryos, The mesencephalic
area was dissected out as described by Dunnett and Bjérklund (1),
incubated at 37°C for 20 min in carb d DMEM suppl d
with 2 mM glutamine, containing 0.05% DNase and 0.1% trypsin. The
cell susp were gently disgregated, hed in medium and se-
dimented by centrifugation. Cells were resuspended in 5 pl of DMEM
per piece and embryo. The final concentration was adjusted to 100,000
cells/ul with DMEM.

Fetal Cell Grafting. Three pl of the cell suspension (300,000
cells) was injected into the striatum at the same horizontal coordinates
used for MPP* administration, distributed at two depths (H: =5 and
—6). An equal volume of DMEM was injected in control and lesioned
non-grafted animals. Four groups of animals (n = 16 animals per
group) were used for each experlmcn! 1) non-lesioned and non grafted

Is, i.e. sh P imals treated with vehicle solution (con-
trols); 2) non-lesioned (receiving saline solution} grafted ammals; 3)
MPP+-lesioned non-grafted (receiving only DMEM) anlmals. 4‘}
MPP*-lesioned and grafted animals. All the animals were h
at least twice: for sham or MPP*-lesion, and for sham or fetal cell
implantation two weeks after the lesion. Two weeks after grafting (i.e.,
four weeks after the lesion), rats were used for morphological and
biochemical studies.

Maorphological Studies. Four animals from each group (16 ani-
mals) were anesthetized and perfused through the heart with 4% par-

Idehyde in phosphate buffer. The brains were rapidly removed,
fixed in the same solution, tranferred to 30% 1 PBS for 24
h and frozen in dry ice. Coronal slabs of 15 pum, including the sub-
stantia nigra or the striatum, were cut with a cryostat (Jung CM 1800,
Leyca) and processed for tyrosine hydmxylase (TH) or glial fibrillar

acidic protein (GFAP) i WY g to the avidine-
biotine-peroxidase method (ABC Kit). Bneﬁy t1ssue sections of rat
brain were treated with 0.05% saponin, followed by methanol and

hydrogen peroxide, and finally normal horse serum. The sections were
then incubated overnight at 4°C with monoclonal antibodies at a di-
lution 1:200. The peroxidase reaction was visualized with 0.05% dia-
minobenzidine and 0.01% hydrogen peroxide.

Striatal Samples. Eight animals from each group (32 animals)
were killed by decapitation and both striata were quickly excised, fro-
zen in liguid N, and stored at —B0°C until analysis. The tissue samples
were weighted and } genized by sonication (Branson Sonifier) in
500 pl of 0.1 M HCIO,. The homogenates were centrifuged for 10
min (12,000 g) and supematants were stored at —80°C until analysis.
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Mierodialysis. The remaining four animals of each group (16 an-
|m:|Is) were anesthetized am:l placed in the stereotaxic instrument for
1 ion of a microdialysis cannula. Dialysis probes were con-
s1ructed as described by Adell and Artigas (22). Briefly, they consist
of two lengths of fused silica tubing (inner diameter [1D] 40 um; outer
diameter [OD] 140 pm) inserted into a stainless steel tube (ID 300
pm; OD 500 pum; A-M Systems). Cuprophan hollow fibers (Enka AG,
Wuppertal, Germany) were cemented into the distal end of the stain-
less steel tubing and used as dialysis membrane (4 mm long). The
recovery of these probes in vitro, at 1.25 pl/min and room temperature,
varied between 4.0 and 8.0% depending on the compound, ¢
with published results (23). The probes were stereotaxically implanted
24 h before sample collection into the right striatum (A: +0.7, L:
+2.8, H: =7.0) and fixed on the skull of the rat with two screws and
dental cement. At the moment of collection of the dialysis samples the
rats were awake and freely moving. The inlet tube was connected via
a longer polyethylene tube to a | ml disposable syringe driven by a
microinfusion pump (Harvard Apparatus 22). The outlet tube was con-
nected to 0.5 ml collecting tubes d on an i led bath.
An artificial cerebrospinal fluid (CSF) containing 119.5 mM NaCl,
4.75 mM KCL, 1.27 mM CaCl,, 1.19 mM KH,POQ,, 1.19 mM MgSO,,
1.6 mM Na,HPO, at pH 7.2 (24), was perfused through the microdi-
alysis probes at a constant flow of 1.25 pl/min. The samples were
collected every 20 min and directly injected on an HPLC column or
frozen until assay. To obtain stable baseline concentrations the samples
were taken 30 min after perfusion began. The first four samples for

cach animal were idered as basal ples. After the 4th sample
perfusion medium was replaced by a CSF ining 10 mM MPP+,
in order to eval the resp to a dopamine-depletor agent in

striata of the different groups of animals. Rats were killed by decap-
itation after receiving an overdose of chioral hydrate (400 mg/ml) at
the end of the experiment.

Analytical Procedures. 20 pl of the supernatant from striatal hom-
ogenates or 20 pl of microdialysis samples was used for analysis in
an HPLC system (LKB-Pharmacia, Bromma, Sweden). To separate
dopamine and dopamine metabolites a nucleosil C-18
column (5 pm, 250 ¥ 4.6 mm; Teknokroma, Barcelona, Spain) was
used, The mobile phase consisted of 50 mM sodium acetate, 25 mM
citric acid, 0.7 mM octanesulfonic acid and 10% methanol at pH 4.1,
filtered with 0.2 um pore-size Millipore and degassed by stirring and

. A dual el I I detector (Coulochem 11, ESA) was
used with an applied potential of —100 mV at the conditioning cell
and El = +50 mV, E2 = +300 mV at the analytical cell (25). The
standards: dopamine (DA), dihydroxyphenylacetic acid (DOPAC),
homovanillic acid (HVA), were purchased from Sigma. Values from
dialysates were exp d as ion of DA or its me-
tabolites in a volume of 25 pl. Values from striatal tissue were ex-
pressed as pmol per mg of protein (determined by the Bradford
procedure).

Statistical comparisons were performed using unpaired Student’s
t test for dopamine striatal values and metabolites concentrations in
basal dialysates. For comparisons between basal and MPP-stimulated
release of dop and its bolites in dialysis experiments
non-parametric analysis with U-Mann-Whitney and Kruskall-Wallis
plus Wilcoxon test were used.

hace
P

RESULTS

Most studies were performed 2 weeks after FMC
implantation into the striatum, i.e., 4 weeks after MPP*
administration. MPP caused a decrease in striatal DA
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of more than 90% after 1 week (not shown). After 4
weeks the DA striatal content was 70% lower than con-
trols, indicating the persistence of the lesion, in contrast
with that obtained at lower doses (11,14). The brains of
lesioned non-grafted animals showed marked ipsilateral
ventricle enlargement and the lesioned striatum dis-
played a massive necrotic, destructured area (Fig. 1A).
In the striata to which FMC had been grafted, TH+ cell
bodies were seen inside and surrounding the necrotic
area. Fig. 1B is a magnification of the striatal area dam-
aged by MPP* and implanted with FMC. Similar results
were seen when striata were analyzed | or 4 weeks after
transplantation (data not shown). A marked increase in
the density of TH+ fibers was observed in the host tis-
sue of grafted animals (Fig. 1D) compared with lesioned
non-grafted animals (Fig. 1C). A significant improve-
ment in whole striatal dopamine content was detected in
implanted-lesioned rats (Fig. 2). Immuno-GFAP staining
revealed significant gliosis surrounding the area of the
lesion and, to a lesser extent, in the whole striatum.
Grafted and non-grafted striata did not differ in extent
or intensity of the glial reaction (data not shown).

Lesion-grafted animals had a higher concentration
of basal extracellular dopamine than lesioned non-
grafted animals, as assessed by microdialysis (Fig. 3).
Fig. 4 shows the profiles of DA, HVA and DOPAC con-
centrations obtained from microdialysis samples before
and after the CSF perfusion medium was replaced by a
similar medium containing 10 mM MPP* in order to
deplete local DA. In control animals, MPP* perfusion
caused an increase of approx. 7000% in extracellular
DA. The increase was also evident, although slightly
smaller, in control animals implanted with FMC. The
DA release in lesioned rats was much lower than in non-
lesioned rats, indicating the presence of few responsive
neurons at the site of the lesion. The DA depletion in
lesioned FMC-implanted rats was more than double that
of non-implanted rats. The decrease induced by MPP*
perfusion on DOPAC and HVA levels was very clear in
control animals, but in MPP*-lesioned rats basal levels
of metabolites were too low to reveal any further de-
crease after the perfusion with MPP*. However, lesioned
grafted MPP+-animals showed higher levels of HVA
than lesioned non-grafted animals, and these levels de-
creased after perfusion with 10 mM MPP*.

DISCUSSION

The present data indicate that dopaminergic fetal
cells may survive, develop a neuronal morphology and
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Fig. 1. A) High ventricle enlargement in the lesioned striatum and the area of destructured tissue following MPP* administration. The arrow shows

the site of mesencephalic cell graft and subseq microdialysis. The gle in the bottom-right indicates the area amplified in C and D. B)
TH-i hemistry of the lesioned and implanted striatum. A marked TH+ coloration surrounding the lesioned area and also several TH+
neurons were observed. TH+ response in the MPP*-lesioned (C) and lesi planted striatum (D), suggesting sprouting in the implanted tissue.
The sections were ¢ d with iline. (Scale bar = 100 pm).

partially restore DA levels in a markedly lesioned stria-
tum.

In MPP*-lesioned-grafted animals we observed an
increase in TH+ fibers in the host striatal area surround-
ing the graft, as described for kainic acid lesions (6).
This effect is greater than that observed in lesioned non-
grafted animals and it may be due to sprouting of do-
paminergic host fibers. This may indicate the presence
of trophic communication between the host cells and the
implanted cells. The significant recovery of the level of
striatal dopamine and its release found in grafied rats
may thus be due to both processess: survival of im-
planted dopamine-rich neurons and hypertrophy of sur-
viving dopamine terminals of the host tissue.

As reported by other authors, in 6-OHDA-lesioned
rats the overall striatal DA levels also remain low after
grafting: the DA levels in the grafted striatum achieve

only 10% (26) to 30% (27,28) recovery of normal levels.
In other studies the recovery of tissue DA levels is
higher only in the tissue adjacent to the transplant (29),
as observed here by TH-immunocytochemistry.

Grafts of DA-rich ventral mesencephalic tissue are
successful (30,31) in monkeys in which Parkinsonism
had been induced by MPTP. However, the lesion caused
in the striatum by MPP* differs greatly, in extension,
selectivity and recovery, from the lesion caused by per-
ipherically administered MPTP or by stereotaxically ad-
ministered 6-OHDA (11,14). We had previously
reported that striatal injections of MPP* caused massive
necrosis with spongiosis, central cavitation and intense
macrophagic and astroglial proliferation at the periphery
of the necrotic area (10). The administration of 30 pg
of MPP* causes a marked ventricle enlargement on the
ipsilateral side of the lesion, a massive decrease in stria-
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DA (pmol / mg prot + sem)

[+ C+FMC MPP MPP+FMC

Fig. 2. Striatal DA levels in the different groups of rats (n = 8 per
group): controls, treated with saline and DMEM (C); non-lesioned and
grafted with fetal mesencephalic cells (C + FMC); MPP*-lesioned and
treated with DMEM (MPP*} and MPP+-lesioned and grafted (MPP* +
FMC) (n = 8). **p < (.01 respect to C and C + FMC; # p < 0.05

respect to MPP* group, Student’s r test.

DA (nM)
DOPAC , HVA (nM)

Fig. 3. DA, DOPAC, and HVA concentrations in the different groups
of rats (n = 4 per group) obtained by in vivo microdialysis: controls
with saline/DMEM (IB); non-lesioned (saline) + FMC (8); MPP*-
lesioned/DMEM (B); and MPP+-lesioned + FMC (E). Values are the
mean * SEM of 4 rats and for cach animal the values are the average
of 4 ¢ lialysis samples. *p < 0.05 respect to controls;
#p < 0.05 respect to MPP*-lesioned rats, Student's ¢ test.

micr

tal DA and a significant increase in GFAP in the lesioned
area. It cannot be strictly considered as a Parkinson-like
lesion because of the degeneration of structures other than
dopamine terminals. The lesion caused by MPP* is more
comparable to the lesions by kainic acid, which cause
massive necrosis in the striatum.

The perfusion through a microdialysis cannula im-
planted in the grafted area provided local information
about the functionality of these cells. It is assumed that
DA recovered in striatal perfusates with the dialysis
technique can be taken as a good measure of DA release
in situ, while the recovery of DOPAC and HVA levels
reflects ongoing DA synthesis, metabolism and release
(23).
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Fig. 4. DA, HVA, and DOPAC concentrations in striatal dialysates
before and after infusion of 10 mM MPP*, Triangles represent non-
lesioned rats: black triangles for controls and white triangles for non-
lesioned grafted rats. Circles represent MPP “-lesioned rats: black cir-
cles for lesioned non-grafted, white circles for lesioned and grafted
rats. Values are given as nM + SEM concentration in collected sam-
ples (n = 3-4), *p < 0.05 respect to MPP'-lesioned animals (black
circles), by Kruskall-Wallis plus Wilcoxon test. Values 60 min after
MPP* perfusion were highly significant compared with basal values,
except for DOPAC in lesioned-animals (p < 0.01 for DA and non-
lesioned animals, p < 0.05 for HVA in lesioned animals, by U-Mann-
Whitney test).

Several studies have been carried out by microdi-
alysis in striatal or nigral MPP*-lesioned rats (12,14,32),
and in all cases a massive release of striatal DA and a
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decrease in DOPAC and HVA extracellular contents are
described. A complete loss of dopamine neurons in the
ipsilateral substantia nigra and striatal receptor hyper-
sensitivity have been described following infusion of
MPP* into the nigrostriatal pathway of the rat. The stria-
tal grafting of nigral cells in these rats shows normali-
zation of the circling behaviour and dopamine striatal
receptor densities (33). In our model of lesion with
MPP* and grafting with FMC we also found a decrease
to near a half in the ipsilateral rotation induced by am-
phetamine (unpublished data).

The present results show that, one month after
MPP* administration, extracellular dopamine levels are
reduced to nearly a third, whereas in grafted animals
these concentrations are significantly recovered. The in-
crease in metabolites is significant for HVA, which is
consistent with a partially recovered basal dopamine re-
lease in these animals, assuming that HVA is a promi-
nent extracellular dopamine metabolite.

After several weeks of MPP* administration, rats
are far less sensitive to striatal infusion of MPP* (11,34).
When MPP* is infused through the dialysis cannula to
provoke the depletion of the dopamine stored in the syn-
aptic vesicles around the cannula, control and grafted
(non-lesioned) tissue respond with a massive release of
dopamine about 7000% above basal levels. Lesioned
striata were less sensitive to MPP* (500% of basal DA
increase) whereas MPP*-lesioned-grafted striata showed
a significantly higher increase in dopamine than MPP*-
lesioned-non-grafted striata (1200%).

In conclusion, fetal mesencephalic cells may sur-
vive and differentiate in a striatum subjected to drastic
degeneration induced by MPP* and they may partially
restore the dopaminergic activity of this striatum.
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Abstract

To assess the involvement of the immune system in Parkinson’s disease we studied the phenotype of circulating lymphocytes in 30
untreated and 34 treated patients, We found a numeric decrease in helper T cells (higher in CD4 " CD45RA" than in CD4"'CD29") and B
cells, and a rise in activated, CD4"CD25" Iymphocytes that was correlated with lymphocyte depletion. All these alterations were
independent of levodopa treatment. In addition, we performed striatal dopamine depletion in rats with either MPP " or 6-OHDA, showing
that MPP" but not 6-OHDA can increase CD4 ' CD25" lymphocytes. Thus, mechanisms other than dopamine deficit may explain the
immune activation in Parkinson’s disease. © 2001 Elsevier Science BN. All rights reserved.

Keywords: Parkinson's disease: Lymphocytes: Dopamine; Rat; Human; Activation

1. Introduction

Idiopathic Parkinson’s disease (PD) is a degenerative
neurological disorder of unknown etiology. Several patho-
genic mechanisms have been proposed to cause neuronal
death such as oxidative stress, mitochondrial dysfunction
or metabolic impairment. The major neurochemical feature
is the loss of dopamine in nigrostriatal pathway but
perturbations in other neurotransmitter systems also occur,
including noradrenergic and cholinergic, which are related
with the regulation of the immune system. Actually, it is
not known whether immune mechanisms have a role in
neurodegenerative diseases. However, in the last years the
implication of the immune system and chronic inflamma-
tion in the neuronal death has been suggested (McGeer and
McGeer, 1995). In PD, some indications of a certain
degree of intracerebral immune activation have been

Abbreviations: MPP", 1-methyl-4-phenylpyridium; 6-OHDA, 6-hy-
droxydopamine

*Corresponding author. Tel.: +34-93-3357011, ext. 3373; fax: +34-
93-2607778.

E-mail address: jbas@csub.scs.es (1. Bas).

described. These include activated microglia in the sub-
stantia nigra (McGeer et al., 1988; McGeer and McGeer,
1997a), proinflammatory cytokines (Mogi et al., 1994;
MeGeer and McGeer, 1997b), and enhanced expression of
HLA-DR antigens on CSF monocytes (Fiszer et al., 1994).
In addition, several authors have described immunological
alterations such as the presence of antibodies against
dopaminergic neurons in serum (Defazio et al., 1994) and
CSF (Carvey et al., 1991) of PD patients, and higher
ADCC activity (Bokor et al., 1993). Less data are avail-
able on phenotypic alterations of circulating lymphocytes,
but changes in the percentage of CD8" cells and CD4”~
subsets (Fiszer, 1989; Fiszer et al., 1994) have been
reported. All these findings are suggestive of an ongoing
immune response that could play a role in the pathogenesis
of the disease; however, the existence of immune activa-
tion in peripheral blood remains controversial. Indirect
signs of lymphocyte activation, such as increased adeno-
sine deaminase activity, have been observed by some
authors (Chiba et al.,, 1995), but defective production of
interleukin-2 by peripheral blood lymphocytes has also
been demonstrated (Kluter et al., 1995).

In this context, the present study was aimed to assess the
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composition of peripheral blood lymphocyte subsets and
the presence of activated T cells in peripheral blood of PD
patients. Furthermore, since the neuroendocrine regulation
of the immune system could be impaired, we also assessed
the role of dopamine in the described alterations of
lymphocyte subsets. This was accomplished by comparing
treated with untreated patients and by testing the effect of
experimentally induced dopamine depletion in rats on the
‘in vivo® activation of lymphocytes.

2. Material and methods
2.1. Patients

Sixty-four patients controlled in the Movement Dis-
orders Unit of the Neurology Department of our Center
and meeting strict inclusion criteria were selected for the
study. These criteria included to fulfill diagnostic criteria
of idiopathic Parkinson’s disease (Calne et al.,, 1992) and
the absence of central nervous system lesions by a CT
scan. The exclusion criteria were the presence of diseases
that could affect significantly the immunological parame-
ters assessed, such as inflammatory processes, autoimmune
diseases and neoplasia. Moreover, any patient should be
under immunosuppressive treatment. Concomitant illnesses
at the time of the study are summarized in Table 1.

The clinical status was assessed by the Unified Parkin-
son’s Disease Rating Scale (UPDRS) (Lang and Fann,
1989) and Hoehn and Yahr stage (Hoehn and Yahr, 1967).
Thirty patients (mean age 6611 S.D. years old) were of
‘de novo' diagnosis (1.8%2.2 years after presentation of
symptoms) and the immunological study was carried out
before treatment initiation. All of them showed a good
response to antiparkinsonian treatment. Thirty-four patients
(mean age 65=9 S.D. years old) were under antiparkinso-
nian treatment (levodopa in all cases, plus dopaminergic
agonists in 19 cases, seven of which were also treated with
selegiline) for a mean time of 5+3.7 years (from 1 to 13)
at the time of study.

Table 1
Summary of other diseases present in the patient population at the time of
the study

No. of Disease

cases

12 Arterial hypertension

12 Dyslipemia

10 Depression

7 Diabetes mellitus type 11

5 Ischemic cardiomyopathy

4 Benign hyperplasia of prostate

3 Arrhythmia

I Chronic renal failure

1 Chronic hepatitis C

9 Other (arthrosis, hyperuricemia,
ulcus)

Thirty-eight healthy blood donors (mean age 634 S.D.
years old) were included as a control group.

2.2, Analysis of human lymphocyte subsets

Blood extraction was always performed from 08:00 to
10:00 h. Blood was drawn in tubes containing K EDTA.
Sample processing for flow cytometry was carried out
directly from whole blood as described elsewhere (Mestre
et al., 1992), since density gradient enrichment of mononu-
clear cells before analysis results in significant alterations
of several lymphocyte subset percentages (Romeu et al.,
1992). The cells were stained with the following fluoro-
chrome-conjugated monoclonal antibodies, alone or in
double combinations: FITC-Leud (CD3), FITC-Leu3a
(CD4), FITC-Leu 2a (CD8), PE-IL2R (CD25) and PE-
Leul2 (CD19) all from Becton-Dickinson (San Jose, CA)
and with FITC-T4 (CD4), TRD1-4B4 (CD29), TRDI-2H4
(CD45RA), from Coulter (Hialeah, FL). A negative control
stained with an irrelevant monoclonal antibody was always
included. The samples were analyzed in direct double
immunofluorescence by a FACSscan flow cytometer (Bec-
ton-Dickinson). Four thousand events were acquired per
sample and the percentage of lymphocyte subsets was
calculated by using the CELLQuest™ software.

2.3, Soluble IL2 receptor quantitation

Measurement of soluble IL-2 receptor was carried out in
19 PD patients and 21 healthy subjects. Blood was allowed
to clot and centrifuged at 4000 g. Serum was stored at
—80°C until assay. The concentration of soluble IL-2
receptor was determined by a commercially available
enzyme immunoassay (Immunotech, France) following the
manufacturer’s directions. The assay uses monoclonal
antibodies directed against two different epitopes of the
IL.-2 receptor and reports a sensitivity of 5 pM.

2.4. Induction of Parkinsonism in rats

Two different models of dopamine neuronal degenera-
tion have been used: nigrostriatal degeneration by 6-
OHDA injected into the substantia nigra and striatonigral
degeneration by MPP+ injected into the striatum. The
time after the lesion corresponds for each treatment to the
maximal effect described on the striatal dopamine content
and turnover (Espino et al., 1995). The parkinsonism
models employed have been previously described (Espino
et al., 1994b, 1995). Male Sprague—Dawley rats were
bilaterally lesioned with 6-hydroxydopamine (6-OHDA)
(24 pg in 3 pl) into the substantia nigra (coordinates: A,
+4.8: L, £1.6; H, —7.8) (n=6) or with MPP" (12 pgin4
pl) into the striatum (coordinates: A, +0.7; L, =3.2; H,
—5) (n=6). Sham-operated rats (n=12) received an equal
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volume of saline solution and were considered as controls.
For the first 2 days after the lesion, the animals were fed
by s.c. administration of glucose solution. 6-OHDA group
was killed after 3 weeks and MPP " group after 48 h, both
by decapitation. Saline groups were killed at the same
correspondent times. We had previously described that
bilateral administration of 6-OHDA reduces the striatal
dopamine content below 5% of normal values 3 weeks
after the treatment, whereas the MPP " treatment reduces
both dopamine and GABA content by near 50% after 48 h
(Espino et al., 1995). Bilaterally lesioned animals into both
the substantia nigra and the striatum did not survive.

2.5. Enumeration of rat lymphocyte subsets

Rat lymphocytes were obtained from blood and from
mesenteric lymph nodes. Sample processing for flow
cytometry was performed as described for human patients.
The cells were stained with the following fluorochrome-
conjugated monoclonal antibodies PE-W3/25 (CD4) and
FITC-OX39 (CD25) (Serotec, UK). Acquisition conditions
of the cytometer were adjusted for rat lymphocytes and the
analysis was carried out as described before.

2.6. Statistics

Both groups of PD patients were compared with healthy
control individuals of similar age to prevent the biases of
some lymphocyte subsets, such as CD4 CD45RA™ T
cells. Lymphocyte subset percentages and absolute values
were compared by the Student’s r-test (two-tailed). Corre-
lation tests (Pearson coefficient) were performed with
some variables such as the age of disease onset, the
duration of the disease and the UPDRS (Part 3) with both
percentages and absolute values of lymphocyte popula-
tions. Intragroup comparisons and the analysis of data
from rat experiments were performed by the Mann-Whit-
ney U-test (two-tailed).
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Table 3
Relative values of lymphocyte subsets in Parkinson's disease

Controls Untreated Treated All patients

(n=38) (n=34) (n=30) (n=64)
cp3’ T1£7 69+8 68+11 689
cD4’ 47£7 407" 40+8" 40+8°
CD8’ 29+7 34=7" 358" 35+8"
cD19’ 11£5 945" 9x6 9+6"
CD4'CD29" 29+5 28%6 30x7 29+7
CD4 " CD45RA’ 208 13+6" 11x5" 12+5°
CD4°CD25° 8+3 177" 177" 177"

Mean (*8.D.) of lymphocyte population percentages of Parkinson's
disease patients. Comparison with healthy subjects (Student’s r-test).
Two-tailed P wvalues: (a) P<0.001: (b) P=0.003: (c) P=0.047: (d)
P=0.020.

3. Results

3.1, Peripheral blood T cell subsets in Parkinson's
disease

The analysis of lymphocyte subsets including all 64
patients showed lower lymphocyte counts in Parkinson
patients than in control subjects (1839£577 vs.
2227%541; P=0.001) due to the decrease in the number of
both T (CD3") and B (CDI97) cells. As is shown in
Table 2, the changes in T cells were caused by a decrease
in the number of helper T cells (CD4 " lymphocytes) while
its counterpart, the cytotoxic/suppressor CD8 " lympho-
cytes remained unchanged. When the results were ex-
pressed as percentages (Table 3) the values of T cells
(CD3") were maintained in comparison with the group of
healthy subjects and the percentage of B cells (CD19”
lymphocytes) was slightly decreased. The observed de-
crease in absolute counts of CD4 7 cells was also reflected
in a decrease in the percentage of CD4 " lymphocytes with
a concomitant increase in the relative values of CD8”
cells. This yielded a lower CD4/CDS8 ratio (1.26£0.52 vs.
1.79+0.65; P<<0.001). The fall in the absolute values of
CD4" lymphocytes was caused mainly by the ‘naive’

Table 2
Absolute values of lymphocyte subsets in Parkinson’s disease
Controls Untreated Treated All patients
(n=38) (n=34) (n=30) (n=064)
CD3’ 1599482 12122391" 1287422° 12522406°
ch4’ 1065358 714x272" 755=231° 736250"
CD8’ 6412227 5954201 691320 647274
D19’ 254122 168 137° 163 144" 165 140'
CD4'CD29° 639201 499+ 160" 560+ 188 532x177*
CD4 CD45RA" 4584247 238%161° 215%120° 226%136"
CD4'CD25° 184289 290=116" 30=131" 301=124°

Mean (=S5.D.) of absolute counts (cells/ul) of lymphocyte populations of Parkinson's disease patients. Comparison with healthy subjects (Student’s
t-test). Two-tailed P values: (a) P<0.001: (b) P=0.001; (c) P=0.003; (d) P=0.005: (e) P=0.009; (f) P=0.002: (g) P=0.006.
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subset (CD4 "CD45RA" cells). However, the number of
‘memory’ helper T cells (CD4'CD29") was also sig-
nificantly decreased, but at a lesser extent. As it is shown
in Table 3, there were no differences in the percentage of
‘memory’ cells but a decrease in the percentage of the
‘naive’ subset that caused the increase in the CD29/
CD45RA ratio (3.16+2.89 vs. 1.70+0.87; P<0.001).

In addition, there was a high increase in the number and
percentage of activated helper T cells (CD4 ' CD25"). The
rise in activated CD4 " cells above the reference range
established in our laboratory was observed in 24 treated
and 26 untreated patients but only in six control in-
dividuals. Moreover, the percentage of CD4 CD25" T
cells showed a negative correlation with the number of
total lymphocytes (Pearson coefficient: —0.3183; P=
0.012) (Fig. 1) and with the absolute number of
CD4 "CD45RA" T cells (Pearson coefficient: —0.2542;
P=0.048). These correlations were not found in the
control group of healthy subjects. Parkinson patients did
not show increased concentration of soluble IL-2 receptor
with respect to the control group of healthy subjects
(58.5%46 vs. 5714 pM).

In order to assess the influence of the standard antipar-
kinsonian therapy on the lymphocyte populations treated
and untreated patients were compared separately with the
same control group (Tables 2 and 3). The behavior of the
lymphocyte subsets in both groups of patients was essen-
tially identical, maintaining the differences that were
observed with respect to control individuals in the global
analysis. Both untreated and treated PD patients showed a
significant decrease in the ‘naive’ subset
(CD4"CD45RA") and a marked increase in activated,
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Fig. 1. Scatter distribution of Log,, of lymphocyte count against the
percentage of CD4'CD25" T cells considering all PD patients. Pearson
correlation coefficient: —0.3183; P=0.012.

CD4'CD25" T cells. However, the decrease in the
‘memory” CD47CD29" cells lost his statistical signifi-
cance in the treated group. Finally, to assess the possible
role of dopamine agonists, patients under agonist treatment
(19 cases) were compared with those not receiving agon-
ists (15 cases), but no significant differences were ob-
served, although a tendency (P=0.0925) towards an
increase in lymphocyte count was observed in the cases
under agonist therapy.

Finally, the absolute number and percentage of
lymphoid subsets did not correlate with either the severity
of the disease, expressed as the UPDRS, or the duration of
the disease. As expected, a negative correlation was
observed between the CD4 " CD45RA’ lymphocytes and
the age of both, patients and control individuals (not
shown).

3.2. Lymphocyte activation in parkinsonian rais

We tested whether the activation of the CD4 " lympho-
cyte subset observed in PD patients could be secondary to
the dopaminergic deficit. In this way, rats were depleted of
endogenous dopamine by bilateral striatal injection of
MPP" or by bilateral injection of 6-OHDA into substantia
nigra nuclei. Peripheral blood samples were drawn by
cardiac puncture but their cytometric analysis revealed too
low numbers of activated CD4" lymphocytes expressing
the a chain of the interleukin-2 receptor (CD25) to allow a
reliable analysis. Thus, we studied lymphocytes extracted
from mesenteric lymph nodes instead. Control rats showed
very similar values and were grouped for comparisons with
treated rats. Animals with bilateral lesions in the substantia
nigra may be considered to have lost almost all the
dopamine striatal content, and MPP " -treated animals have
not such an extensive dopamine striatal depletion but they
have damage to other neurotransmitter systems (i.e.,
GABA) and the blood—brain barrier integrity (Espino et
al., 1994a, 1995). 6-OHDA treatment failed to increase
significantly the percentage of activated lymphocytes. Only
the group treated with MPP" showed a slight but signifi-
cant increase in CD4"CD25" lymphocytes (Fig. 2).

4. Discussion

In recent years, a number of studies have suggested the
involvement of immunological mechanisms in some neuro-
degenerative diseases, and this represents a conceptual
challenge. The alterations in lymphocyte subsets have been
widely described in autoimmune diseases, but data in
neurodegenerative diseases such as PD are scarce. Our
results are very interesting because they showed the
depletion of some lymphocyte subsets in peripheral blood
of PD patients and a certain degree of immunological
activation. It is the first study in which cytometry data are
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clinical exacerbation has been related to a concomitant
decrease in suppressor function (Chofflon et al., 1988;
Calopa et al., 1995). However, the finding of a decrease in
CD4"CD45RA" T cells in a different pathological context
such as PD, suggests that there are mechanisms linked to
the neurodegeneration that lead to qualitative and quantita-
tive variations in circulating lymphocytes similar to those
observed in autoimmune diseases. Changes in functional
differentiation or recirculation by alterations in the neuro-
endocrine regulation of the immune system, even selective
apoptosis of susceptible lymphocyte populations may have
a role.

Interleukin-2 has an essential role in activation, growth
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Fig. 2. Percentage of CD4 " CD25" lymphocytes (expressed as percent of
CD4'T cells) in peripheral ganglia of rats bilaterally lesioned in the
substantia nigra (6-OHDA) (n=6) or in the striatum (MPP') (n=6).
Sham bilaterally treated animals with saline physiological solution were
used as controls (n=12), Mann—-Whitney U-test (*) P=0.0047 (two-
tailed).

expressed in absolute counts, in addition to relative values.
This approach allows a more accurate description of the
variations in every lymphocyte population studied.

Our data on relative values of lymphocyte subsets
supports part of the observations of Fiszer, who reported
an increase in the proportion of CD8" suppressor lympho-
cytes that lowered the ratio helper/suppressor cells (Fiszer,
1989). However, the expression of our results as absolute
cell counts allowed us to extend their findings by showing
that the percent increase in CD8" T cells was actually
caused by a selective decrease in the number of CD4" T
cells without changes in the number of CD8" lympho-
cytes.

We also found that the decrease in CD4 " T cell number
in  Parkinson patients involved mainly the ‘naive’
CD4 " CD45RA™ T cells. However, the *‘memory” helper T
cells (which can be defined by either CD29 or CD45RO
expression) also showed a significant reduction. The only
previous report of these subpopulations in PD observed a
percentual decrease in CD4 CD45RA" T cells with an
increase in the CD4 "'CD45RO" T cells (Fiszer et al.,
1994). Since CD45RA " and CD29 " /CD45R0O " subsets of
CD4" T cells are mutually exclusive this apparent increase
may be the result of a more marked depletion of
CD45RA™ than of CD45RO™ helper T cells as we have
observed in the present study.

The CD4 "CD45RA™ subset mainly consists of ‘naive’
T cells that are believed to exert a suppressor-inducer
function. The decrease of this subset has been described in
several autoimmune diseases such as systemic lupus
(Morimoto et al., 1987), rheumatoid arthritis (Emery et al.,
1987) and diabetes mellitus (Al-Kassab and Raziuddin,
1990). It has also been observed in multiple sclerosis,
where the reduction of suppressor-inducer T cells during

and differentiation of lymphocytes. It exerts its effects via
a three-chain surface receptor where the a-chain is the
CD25 molecule. Since it is not expressed on resting T
cells, the detection of CD25 on the cell membrane or its
soluble form in plasma indicates lymphocyte activation.
The increase in CD4 "CD25" T cells is a very consistent
finding in our study and clearly indicates that systemic
immune activation is associated with the degeneration of
neural structures in PD. Our findings are in agreement with
a report of a slight increase in circulating cells positive for
CD25 and HLA-DR in PD patients (Chiba et al., 1995).
However, this study used a single labeling technique and
the mean percentages of CD25" cells found in both
healthy controls and PD patients were much lower than
those from our study. Our results also support more
indirect indications of T lymphocyte activation such as an
increase in adenosine deaminase activities (Chiba et al.,
1995) and the finding of decreased lymphocyte receptors
for IFN-y and TNF-a, in PD (Bongioanni et al., 1997a,b).
Interestingly, this is in contrast to some inflammatory
neurological diseases, including multiple sclerosis, where
the presence of activated T cells in peripheral blood is not
a consistent observation (Bellamy et al., 1985; Hafler et
al., 1985; Selmaj et al., 1986; Calopa et al., 1995). Again,
the alterations of the immune system in neurological
diseases seem to depend on the particular pathogenic
mechanisms involved in each process. Furthermore, the
degree of T cell activation in PD is not comparable to
those found in systemic autoimmune diseases such as
active lupus or during allograft rejection, in view of the
low levels of soluble form of CD25 detected in our
patients.

In the search for a link between the neurodegenerative
processes and the peripheral immune activation observed
in Parkinson patients it was of interest to assess the role of
the depletion of endogenous dopamine in the rise of
CD4"CD25" T cells because this is the neurotransmitter
most severely affected in PD. Dopamine receptors have
been described in lymphocytes (Faraj et al., 1991; Nagai et
al., 1996; Ricci et al., 1997; Barbanti et al., 1999) and
experimental lesions of dopaminergic pathways induced
changes in T lymphocyte proliferation in mice (Deleplan-
que et al., 1994). Surprisingly, the depletion of dopamine
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by bilateral 6-OHDA injection into substantia nigra in rats
failed to reproduce the increase in CD4 ' CD25" T cells
observed in our patients.

This fact, together with the finding that the alterations in
phenotype and activation of lymphocytes in our Parkinson
patients are not reversed by levodopa treatment, suggests
that the loss of nigrostriatal dopamine by itself is not
involved in the immune activation observed in PD. On the
other hand, the fact that the bilateral lesion of striatum by
MPP™  yielded moderate increases in lymph node
CD47CD25 " cells suggests that activation may be induced
by changes in other striatal factors (Espino et al., 1995),
since MPP " -striatal lesions cause not only dopamine loss
but also affects gabaergic and other cells. However, since
we have found that MPP" treatment also causes a partial
disruption of the blood—brain barrier with macrophage and
lymphocyte invasion of the striatum (Espino et al., 1994a),
it cannot be ruled out that this inflammatory response
could contribute to the activation of T helper cells in this
model.

The finding of a significant decrease in the number of
lymphocytes and of CD4 CD45RA" T cells in our
patients that was inversely correlated with the percentage
of CD4°CD25" T cells, suggests other mechanism in
Parkinson patients as an alternative explanation for the
increase in lymphocyte activation. It is known that the
interaction between Fas ligand (CD95L) and Fas (CD95)
on activated lymphocytes, is an important pathway in the
regulation of cell death and this plays a significant role in
the maintenance of immunological homeostasis. Lympho-
cytes dying of apoptosis do express activation molecules
such as CD25 (Kishimoto et al., 1995), even Fas-mediated
apoptosis is controlled by signals generated by the IL-2
receptor (Fournel et al., 1996). At present, there is an
emerging body of evidence of the participation of apop-
tosis as a mechanism of cell death in neurodegenerative
diseases such as Parkinson (Ziv and Melamed, 1998).
Moreover, an increase in both lymphocyte activation in
peripheral blood and ‘in vitro’ apoptosis (Fas antigen
expression) has been found recently in some cases of
Alzheimer’s disease (Lombardi et al., 1999). In view of
these data, we suggest that the observed increase in
CD4"CD25" T cells may be related with the presence of
increased lymphocyte apoptosis, which could cause lower
lymphocyte numbers in PD.

In conclusion, the data presented here indicate the
existence of a significant decrease in circulating T CD4+
cells, particularly with ‘naive’ phenotype, and B lympho-
cytes. In addition, there are signs of immune activation in
peripheral blood that we failed to relate with the depletion
of endogenous dopamine that occurs in PD. Other neuro-
transmitters with immunosuppressive function such as
norepinephrine may be involved, but, since the activation
is correlated with the decrease in circulating lymphocytes,
we also suggest that apoptosis may explain the observed
alterations. Therefore, further studies are currently in

progress in our laboratory to test this hypothesis and its
implications for the pathogenesis of the disease.
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MPP* Toxicity in Rat Striatal Slices: Relationship Between
Non-Selective Effects and Free Radical Production
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Incubations of rat striatal slices have been used to assay MPP* neurotoxicity. MPP*, at concentra-
tions of 1 mM or higher, caused a marked increase in hydroxyl radicals, measured as malondi-
aldehyde (MDA) accumulation, but not in nitric oxide production. At these doses, MPP* showed
an effect on dopamine terminals, causing a massive dopamine decrease, and on non-neuronal glial
cells, where a marked reduction in glutamine synthetase activity was detected. At lower concen-
trations (25 pM), the toxic effect on dopaminergic endings was maintained without increasing
malondialdehyde concentrations or inhibiting glutamine synthetase activity. The effect on gluta-
mine synthetase was prevented by the addition to the medium of 0.5% dimethyl sulfoxide, a
hydroxyl-radical scavenger, but this did not protect the effect of dopamine depletion. We propose
that non-selective effects of MPP*, at doses of 1 mM or higher, are mediated by extracellular
overproduction of hydroxyl radicals. The main factor responsible for this overproduction would
not be the released dopamine but rather the MPP* itself, through non selective inhibition of the
mitochondrial respiratory chain or through a redox cycling that can trigger oxygen radical produc-
tion.

KEY WORDS: MPP+; dopamine; siriatal slices; hydroxyl radical; glutamine synthetase; NO; DMSO.

INTRODUCTION astrocytic glial response (5) and damage to the whole
cerebral tissue (7,6).

The involvement of radical production in the mech-
anisms of MPTP toxicity has been proposed from the
early studies in MPTP (7). There is evidence that MPP*
produces oxidative stress in vivo through redox cycling
in the brain (8, 9). Experiments in vitro show that redox
cycling of MPP* might occur in the presence of flavin-
containing redox enzymes, which allow its reduction to
a free radical MPP- (8). MPP* has also been described
to cause lipid peroxidation (TBA-reactive products) in-
crease in hepatocyte cultures, although the authors con-
clude that the cytotoxicity of MPP' is mainly due to
other toxic mechanisms that involve glutathione oxida-
tion and ATP loss (10). Oxygen radical production and

MPP* is the major neurotoxic metabolite of MPTP
(1). The mechanisms of action of MPP* have been ex-
tensively studied but they are not yet fully understood.
MPP* enters the dopamine nerve endings via the dopa-
mine-reuptake systems (2). Inside the neuron it can be
stored in vesicular compartments (3) or it can enter the
mitochondria, blocking the complex I of the respiratory
chain and causing energy failure (1). However, when
MPP* is directly injected to the rat striatum it causes
non-selective effects that involve not only dopamine de-
pletion but also a loss of GABA (4), induction of

' Unitat de Bioguimica, Dep. Ciéncies Fisiologiques Humanes i de la
Nutricio, Campus de Bellvitge, Universitat de Barcelona, Barcelona,
Spain.
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its extracellular presence after MPP* treatment have been
demonstrated by cercbral microdialysis in vivo with a
radical reagent such as salicylate (11). The formation of

0364-3190/96/0100-0073509.50/0 © 1996 Plenum Publishing Corporation
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another free radical, nitric oxide (NO), has been in-
volved in brain oxidative stress, glutamate neurotoxicity
and neurodegenerative processes (12). The aim of the
present work was to study the relationship between the
production of MPP*-induced free radicals and the selec-
tivity of the lesion on the dopaminergic system using
striatal slices.

EXPERIMENTAL PROCEDURES

Materials, MPP* iodide was purchased from R.B.I. (Wayland,
MA), superoxide dismutase, dimethy] sulfoxide, nitroarginine, and so-
dium nitroprusside from Sigma-Aldrich Quimica 5.A. (Madrid, Spain),
fructose 1.6-bisposphate from Bochringer (Mannheim, Germany). In-
cubation media were prepared with products of the highest purity
available.

Anmimals. Sprague-Dawley rats, weighing 250-350 g, were used
for all the experiments. The care and use of these animals were in
accordance with the policy on the use of animals in neuroscience re-
search published by the Society for Neuroscience. The protocols were
approved by a review committee of the University of Barcelona.

Preparation of Striatal Slices. The rats were killed by decapita-
tion. The right and left striata were quickly dissected and sliced into
0.3 mm scctions with a Panlab slicer (Barcelona, Spain). The slices
from both striata were incubated at 37°C in | ml of Krebs-Ringer
bicarbonate buffer, pH 7.2, in a shaking water bath under an atmos-
phere of 95% 0,/5% CO,. The medium consisted of 119 mM NaCl,
4.8 mM KCI, 1.7 mM CaCl,, 1.2 mM MgCl,, 1.2 mM KH,PO,, 23.8
mM NaHCO,, 5.5 mM glucose, and 25 mM MOPS (13). All the so-
lutions of other compounds added to the incubations were prepared
with the same medium. The incubations were carried out for 2 hours.
When the incubations were completed the slices and the incubation
medium were transferred to microfuge tubes and treated by one of the
following procedures depending on the experiment: a) when tissue and
supernatant were to be analysed together, slices were homogenized
with the incubation medium; b) when only tissue was to be analyzed,
slices were washed twice in Krebs-Ringer solution, decanted, homog-
enized in the appropriate medium (see below), and centrifuged for 10
min. The supernatants were used for the analysis.

Protein content of the tissue extracted was measured by the
method of Bradford (14) afier solubilization in IN NaOH.

Free radical Measurements. Malondialdehyde (MDA) was deter-
mined as an index of lipid peroxidation using thiobarbiturate reagent
(TBA), as in Di Monte et al. (10). Briefly, slices were homogenized
with the incubation medium and aliquots of slice homogenates were
further incubated for 15 min at 100°C with trichloracetic acid (40%
w/v) and TBA (0.67% w/v in 1.SN NaOH). After centrifugation the
absorbance in the supernatants was determined at 535 nm against a
blank that contained all the reagents minus the slice homogenates. The
MDA concentration was calculated using € = 1.56 * 10° M~ 'em ™",

The NO production was determined by the accumulation of nitrite
with nitrate reductase (15).

Dopamine and Metabolites Measurements. Dopamine (DA) and
its metabolites (dihydroxyphenylacetic acid [DOPAC] and homovan-
illic acid [HVA]) were determined in striatal tissue, assuming that the
effects of MPP* could be measured by the quantification of the re-
maining DA in the tissue. The slices were homogenized by sonication
in 0.5 ml of 0.1N HCIO,. In one experiment DA and its metabolites
were also quantified in the whole incubation well, homogenazing the

Ambrosio, Espino, Cutillas, and Bartrons

slices in their own medium. The analyses were carried out as described
elsewhere (4), DA, DOPAC and HVA were separated by HPLC (LKB-
Pharmacia, Bromma, Sweden), using a nucleosil-C18 (5 pm) reverse
phase column (Tracer, Teknokroma, Barcelona, Spain) and an ESA
Coulochem 11 detector (Bedford, MA).

Tvrosine Hydroxylase Activity, The slices were homogenized in
400 pl of sucrose 0.25 M. Tyrosine hydroxylase activity was assayed
by the production of 1-dopa after incubation of homogenate slices in
a medium that contained 1-tyrosine, 6-methyl-tetrahydropteridine and
catalase. The 1-dopa formed was extracted with allumine, separated
by a reverse-phase HPLC column and detected with an ESA Coulo-
chem 11 detector, following the method described by Ambrosio et al.
(16). A pU of tyrosine hydroxylase corresponds to a pmol of I-dopa
formed in one min at 37°C.

Gl ine Synth Activity. Gl ine sy was assayed
in tissue slices according to the method of Meister (17), using hy-
droxylamine as the substrate and monitoring formation of y-glutamyl
hydroxamate colourimetrically. Reaction was stopped at 10 and 20 min
with FeCl, (0.37 M) reagent containing 0.67 M HCl and 0.2 M trich-
loracetic acid, the protein precipitated was removed by centrifugation,
and the optical densities of the supernatants were determined at 535
nm. Enzyme activity was calculated with a standard of y-glutamyl
hydroxamate. A mU of glutamine synthetase corresponds to a nmol
of y-glutamy] hydroxamate formed in one min at 37°C.

Statistical comparisons were performed using non-parametric
analysis with U-Mann-Whitney test.

RESULTS

Effects of MPP* on Free Radical Production. Stria-
tal slices incubated with different concentrations of
MPP* for 2 h revealed a dose-dependent formation of
thiobarbituric acid-reactive products (malondialdehyde
[MDA] is considered the most relevant), which was sig-
nificant respect to control values for MPP* concentra-
tions equal to or higher than 1 mM (Fig. 1). Both MPP+
(5 mM) and sodium nitroprusside (1 mM) (SNP), a NO
donor, increased MDA production after 2 h of incuba-
tion, but MPP* alone did not significantly alter NO syn-
thesis (Table I).

Effect of MPP* on Metabolites and Enzymatic Ac-
tivities. DA and DOPAC content in tissue slices were
sharply reduced after 2 h of incubation with all the MPP+
concentrations used (Fig. 2), indicating that this occured
even when MDA production was not significant. Neither
nitroarginine (NO-Arg), an inhibitor of NO-synthase,
nor dimethyl sulfoxide (DMSO), a hydroxyl radical
scavenger, nor fructose 1.6-bisphosphate (Fru-1,6-P,), a
neuron protector against different insults (18), was able
to prevent the effect of MPP* on dopamine (DA) and
DOPAC striatal content (Table II). SNP itself showed a
neurotoxic effect and, added to the MPP* incubations,
caused a dramatic reduction in DA and DOPAC tissue
concentrations.
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Fig. 1. Malondialdehyde production in rat striatal slices after 2 h of
incubation with different concentration of MPP*. The values are the
mean = SEM for 3 different incubations. * p < 0.05; ** p < 0.01
respect to controls.

Table I. OH - (MDA) and NO«(NO?) Production by Incubation of
Striatal Slices for 2 Hr with MPP* or Sodium Nitroprusside

MDA NO~
Control 1.22+£0.21 0.63+0.32
MPP* (SmM) 3.04 +0.26%% 0.96+0.24

SNP (1mM) 2.06£0.31*% 13.14 £ 3 5g*==

Values are given in nmol/mg protein and they are the mean = SEM
for three different samples. *P << 0.05; **P < 0.01; ***P < 0.00]
respect to control values (U-Mann-Whitney test).

At MPP* concentrations of 0.1 mM and 1 mM do-
pamine decreased to about 35% of controls. Tyrosine
hydroxylase (TH) activity was also decreased but not so
extensively as dopamine (50-60% of controls), indicat-
ing a limited damage on dopamine endings.

Glutamine synthetase (GS) was determined as a
marker for the effects on glial cells, since these cells
account for nearly 90% of the glutamine synthetase ac-
tivity (19). 1 mM MPP*, but not 0.1 mM, significantly
reduced GS activity (Table III).

Effects of Free-Radical Scavengers on Incubations
with MPP*. The decrease in GS activity was counter-
acted by the presence of 0.5% of DMSO, but not of
superoxide dismutase (SOD — 1000 units), a superoxide
radical scavenger (Table IV). On the other hand, DMSO
did not protect striatal slices against the dopamine loss
caused by low (25 uM) or high (I mM) concentrations
of MPP*. Moreover, SOD did not protect against dopa-
mine loss. The presence of SOD or DMSO had no effect
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Fig. 2. Dopamine (ll) and DOPAC (g8 concentrations in rat striatal
slices after 2 h of incubation with different concentrations of MPP-.
The values are the mean += SEM for 3 different incubations. * p <
(.03 respect to controls.

upon the activity of GS or the DA content in slices in-
cubated without MPP+.

When slices were homogenized in their own incu-
bation media, so that tissue plus supernatant concentra-
tions of dopamine and its metabolites could be detected,
no significant differences were found for the DA con-
centrations between controls and MPP+-treated slices, in-
dicating that the decrease in DA was due to DA release
or depletion rather than to a blockage of its synthesis
(Table V). DOPAC and HVA levels were clearly higher
than in washed slices, indicating their prominent extra-
cellular presence. MPP* (1 mM) decreased these levels,
probably as a consequence of the well-established inhi-
bition of monoamine oxidase (20). The decrease in pro-
duction of DOPAC and HVA was also counteracted by
0.5% DMSO.

DISCUSSION

Neuronal oxidative stress appears to underlie dif-
ferent neurodegenerative disorders. Among them, Par-
kinson’s discase is characterized by selective degenera-
tion of the dopaminergic neurons that project from the
substantia nigra to the caudate-putamen nuclei. The sub-
stantia nigra contains neuromelanin and high concentra-
tions of iron that have often been implicated in the
oxidative stress that leads to nigrostriatal degeneration
(21). In fact, the hydroxyl radical (OH-), the most re-
active species formed by oxidative stress, can be gen-
erated from H,O, in a process that is markedly
accelerated in the presence of Fe?*, Catecholamines also
react nonenzymatically with oxygen to form quinones
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Table I1. Dopamine (DA) and Dihydroxyphenylacetic Acid (DOPAC) Concentrations
in Rat Striatal Slices after 2 Hr of Incubation with (+) and Without (—) MPP* (5
mM) and Other Compounds

DA DOPAC
- + - +
Control 459.4+43.1 99.1:£22.3***  50.7+11.3 89k 1.3+
SNP (1 mM) 104.2+ 16.5" 7.6+0.2* 80425 33+08%
NO-Arg (5 mM) 481.0£70.3 91.1£30.3* 73.3£23.0 6.9+0.8*
DMSO (0.5%) 467.5+99.1  137.9+8.0* 41.9+63  122x1.2*
Fru-1,6-P, (5 mM)  4003+100.5  77.1+£2.3* 3474139  9.8+0.1*

Values, given in pmol/mg protein, are the mean = SEM.

n = & for controls; n = 3 for the other incubations.

*P < (.05, ***P < 0.001 with respect to the correspondent control (without MPP*);
‘P < 0.05 with respect to control values.

*P < 0.05 with respect to controls + MPP*,

Table L Dopamine (DA), Tyrosine Hydroxylase (TH), and
Glutamine Synthetase (GS) Values in Rat Striatal Slices after 2 Hr
of Incubation with Different Concentrations of MPP*

Control MPP* 0.1 mM  MPP* | mM
DA (pmol/mg prot)  460.0+80.7  177.5+80.0* 1574 £80,5*
TH (uU/mg prot) 17.2+3.1 102+1.1% 8.40.8*
GS (mU/mg prot) 16.5£2.1 14220 8.9+0.8*

Values are the mean = SEM for three different experiment.
*P < 0.05 respect to controls, U-Mann-Whitney test.

and oxyradicals, so their massive depletion could trigger
free radical production, and thus tissue damage.

MPTP, a potent parkinsonizing toxin, generates free
radicals in contact with mitochondria preparations (22).
At least two processes that could lead to oxygen radical
generation are involved in the action mechanisms of
MPTP: first, the conversion to the toxic metabolite MPP*
by MAO-B, and second, the blockade of mitochondrial
complex I by MPP*. Moreover, MPP*, although it has a
high reduction potential, might be involved in redox cy-
cling promoted by different reductases, since it can be
transformed to MPP- radical and can generate oxygen
radicals (8,9).

In studies where MPP* is directly infused into the
rat neostriatum, at concentrations between 1 and 10 mM,
with the purpose of causing nigrostriatal degeneration,
massive necrosis with spongiosis and central cavitation
has been described (5,6,23). In the present study we
show that incubations of striatal slices with different
concentrations of MPP* increased MDA formation in a
dose dependent manner, indicating lipid peroxidation
and hydroxyl radical generation (24). MDA production
increased significantly at MPP* concentrations equal to
or higher than 1 mM.

A DA and DOPAC decrease was evident at low
concentrations of MPP*, in which no increase in MDA
was detected. No protective effect was found either by
NO-synthase inhibitors or by NO donors. The inhibition
of NO-synthase has been previously demonstrated in
vivo respectively to protect against the MPTP striatal
toxicity in mice (25) and to increase the neurotoxic ef-
fect of MPP* in microdialysed rats (26). The role of the
NO pathway in MPTP/MPP* toxicity has still to be clar-
ified, but it most probably involves different neuronal
pathways at least partly disrupted in striatal slices.

The slight decrease in tyrosine hydroxylase activity,
found at low and high MPP+ concentrations, indicates
that disruption of dopamine endings was only in part
responsible for dopamine loss. MPP* and dopamine
compete for the same transporter, so that MPP* may
have a releasing effect on dopamine terminals. In con-
trast, glutamine synthetase was inhibited only at concen-
trations of | mM MPP* or higher (not shown).

Dimethyl sulfoxide was added as a hydroxyl radical
scavenger at a concentrations (70 mM) at which it has
been reported to protect cells against oxidative stress
(27). The results obtained show that it decrease the lipid
peroxidation (MDA) caused by 1 mM MPP, but it does
not prevent the DA decrease mediated by 0.025-5 mM
MPP+, agreeing with a study on MPTP-treated mice in
vivo (28). The lack of effect of SOD might be because
this enzyme acts as an extracellular superoxide radical
scavenger, while the production of O, + by MPP* is es-
sentially intracellular.

Glutamine synthetase has been shown to be highly
sensitive to inactivation by oxygen radicals (29,30). The
inhibition of glutamine synthetase by MPP* could ex-
plain the decrease in glutamine and the increase in glu-
tamate previously reported in mouse striatal slices (13),
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Table 1V. Malondialdehyde and Dopamine Concentrations, and Glutamine Synthetase
Activity in Rat Striatal Slices after 2 Hr of Incubation with MPP* Alone and with Addition
of Superoxide Dismutase (SOD) or Dimethyl Sulfoxide (DMSO)

MDA DA Glutamine synthetase

(nmol/mg prot) (pmol/mg prot) (mU/mg prot)
Control 1.30=0.14 450.0 £ 36.6 165+2.1
MPP- (25uM) 1.53+0.30 243.9+46.4* ND
MPP* (25 uM) + DMSO 1.36 0,17 186.6 £ 37.7% ND
MPP* (1 mM) 244+0.17* 90.1 =6.0* 8.9+0.8*
MPP (I mM) + SOD 2.13+047% 946+ 6.4% 9.1+0.9*%
MPP* (1 mM) + DMSO 1.68%0.15" 82.9+9.0* 21.1£0.4

Values are the mean = SEM of 3 different samples and three different experiments,
DMSO was 0.5% w/v (70 mM); the addition of SOD corresponds to 1000 units,
*P<0.05 respect to controls; *P<<0.05 respect to MPP* (ImM) (U-Mann-Whitney test).
ND: not determined.

Table V. Concentrations of Dopamine and Its Metabolites in Slices
of Rat Striatal Tissue (T) and in Slices Plus Their Incubation
Medium (T+M) after 2 Hr of Incubation with MPP* and Dimethyl
Sulfoxide (DMSO)

DA DOPAC HVA
Control T 4500366 499+R83 136+ 1.8
T+M  458.7£71.2 99.7£242 364%75
MPP* T 90.1 =6.0* 28.8:88% 37x0.1*
T+M 44314512 41.5£63* 12.1%1.0%
MPP*+DMSO T 82.9+90% 21.0x48* 8.7x3.1*
T+M 443.2%368 962%236 262%53

Values are given in pmol/mg protein = SEM (n=3).
MPP* was 1 mM; DMSO was 0.5% w/v (70 mM).
*P < (.05 respect to corresponding controls (U-Mann-Whitney test).

which might aggravate the lesion by MPTP/MPP*. This
effect on glial cells is completely prevented by 0.5%
DMSO.

From the observations described above it seems
that at least two processes are involved in the mecha-
nisms of MPP* action:

a) At low concentrations, MPP* has a depleting ef-
fect on DA and DOPAC contents that are not protected
by radical scavengers nor by other agents that prevent
neuronal damage, such as nitroarginine or fructose-1,6
bisphosphate, whereas glutamine synthetase activity is
not significantly affected.

b) At concentrations of 1 mM or higher MPP* in-
duces overproduction of hydroxyl radicals that reduces
the glutamine synthetase activity, this effect being pro-
tected by DMSO.

Thus, non-specific effects seem to occur when hy-
droxyl radical production increases to levels that cannot
be prevented by the cell protective mechanisms. Hy-
droxyl radicals might be generated from released dopa-
mine, which oxidizes spontaneously in the presence of
0,, from inhibition of the mitochondrial chain and dis-

ruption of dopaminergic endings, but also from MPP*
itself, which, through redox cycling, generates MPP- rad-
icals. Most of the radicals generated at high concentra-
tions of MPP* are probably produced by this last
mechanism, which may be blocked by DMSO. Another
interesting finding was that inhibition of MAO by MPP*
could be, at least in part, mediated by hydroxyl radical
production, since it was counteracted by DMSO. The
present results, in agreement with other authors (31-33)
show that striatal slices could be a useful model in which
to study the mechanisms of MPP* neurotoxicity, and
confirm that only at low doses of MPP+ can specific
effects on the dopaminergic system be observed. Our
results could also explain the important differences in
dopaminergic selectivity described between animals in-
trastriatally administered with a large dose of MPP* and
animals peripherally treated with MPTP.
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Abstract

A significant loss of dopamine was found in rat striatal slices incubated with 1-methyl-4-phenylpyridinium ion (MPP”) at a
concentration of 2 uM or higher. The addition of 7-nitroindazole, a specific inhibitor of neuronal nitric oxide synthase (nNOS),
prevented this effect on dopamine when the concentration of MPP™ was between 2-3 uM, but not at higher concentrations.
This protection was reproduced with other less specific NOS-inhibitors, such as nitro-arginine and nitro-arginine methylester. 7-
nitroindazole did not protect against the dopamine depletion caused by the non-specific mitochondrial chain blocker rotenone.
Neither MPP* nor rotenone significantly increased the nitrite concentration in striatal slices, measured as an index of nitric oxide
production. The basal production of nitric oxide may be enough to trigger the dopamine depletion at very low concentrations of
MPP*, probably acting synergistically with cytosolic calcium increase. Higher concentrations of MPP* are toxic by themselves
without the mediation of nitric oxide. The inhibition of nNOS may protect against dopamine loss at early stages of a neurodegenerative
process, and it could then be considered in the treatment or prevention of neurodegenerative human processes such as Parkinson’s

disease. @© 1998 Elsevier Science Lid. All rights reserved.

1. Introduction

The mechanisms of neuronal loss involved in Parkinson’s
disease (PD) are still unknown. However, several lines of
evidence suggest that oxidative stress and free radicals
may participate in these mechanisms (Beal, 1996). Nitric
oxide (NO) is suspected of being one of the main sources
of toxic free radicals in the brain. NO is synthesized from
L-arginine by nitric oxide synthase (NOS). An inducible
form of NOS (iNOS) is expressed in the brain mainly by
glial cells, whereas a constitutive form is widely expressed
by neurons (nNOS), including nigral and striatal neurons
(Snyder, 1992; Garthwaite, 1995). Some data suggest an
excessive production of NO in PD, which may be neu-
rotoxic for dopaminergic neurons (Hunot et al., 1996).
I-methyl-4-phenyl-1.2,3,6-tetrahydropyridine  (MPTP)
has been extensively used to produce mammalian models
of PD (Tipton and Singer, 1993). Biochemical changes
caused by MPTP consist, in mice, primates and other
species, of a marked reduction in the levels of striatal
dopamine. Mice deficient in nNOS are resistant to MPTP
neurotoxicity (Przedborski et al., 1996). The inhibition

*To whom all correspendence should be addressed: Unitat de
Bioquimica, Campus de Bellvitge, ¢/. Feixa Llarga s/n 08907-Hospitalet
del Llobregat, Barcelona, Spain. Fax: 343-4024213,

0197-0186/98 519.00 © 1998 Elsevier Science Ltd. All rights reserved
PI:S0197-0186(98)00001-1

of nNOS by 7-nitroindazole (7-NI), a relatively selective
inhibitor of this isozyme, protects mice (Schulz et al.,
1995; Przedborski et al., 1996) and baboons (Hantraye et
al., 1996) against MPTP-induced dopamine depletion
and nigral neuronal loss.

In the brain, MPTP is converted by the action of
monoamine oxidase B, to the I-methyl-4-phenyl-
pyridinium ion (MPP "), which is the effective neurotoxin.
MPP* is taken up by dopaminergic endings and inside
the neuron, it acts as a potent inhibitor of mitochondrial
oxidation at the complex I level of the respiratory chain.
When MPP~ is directly injected or infused into the stri-
atum at concentrations above 1 mM, it causes a massive
depletion of dopamine (Espino et al., 1995a) and an
increase in hydroxyl radical generation (Chiuch et al.,
1992), both of which can be detected by microdialysis.
The role of NO in the production of these free radicals
and thus in MPP ™ toxicity, remains to be established.

Although the inhibition of NOS has been reported to
reduce the radical formation induced by 5 mM intra-
striatal-infused MPP™ in vivo (Smith et al., 1994), we
previously reported that treatment of rats with nitro-
arginine, a non-selective inhibitor of NOS, did not pre-
vent the metabolic damage (Espino et al.. 1994) nor the
dopamine depletion in striatal slice incubations (Ambro-
sio et al., 1996) caused by concentrations of 5-10 mM
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MPP*. Here we studied the effects of 7-NI in striatal slice
incubations with different concentrations of MPP™ and
we found a protective role for 7-NI against con-
centrations of MPP ™ below § uM.

2. Experimental procedures
2.1. Materials

MPP* iodide and 7-nitroindazole (7-NI) were purchased
from R.B.I. (Wayland, MA, U.S.A.), Nw-nitro-arginine
(NO-Arg), Nw-arginine methylester (NAME), dimethyl
sulfoxide (DMSQO), sodium salicylate, 2,3- and 2,5-dihy-
droxybenzoic acids (2,3- and 2,5-DHB) and rotenone
were purchased from Sigma-Aldrich Quimica S.A. (Mad-
rid, Spain) and nitrate reductase was from Aspergillus sp.
(Boheringer, Mannheim, Germany). Incubation media
were prepared from products of the highest purity avail-
able.

2.2. Animals

Male Sprague-Dawley rats, weighing 250-350 g, were
used for all the experiments. The care and use of these
animals were in accordance with the policy on the use of
artimals in neuroscience research published by the Society
for Neuroscience. The protocols werc approved by a
review committee of the University of Barcelona.

2.3. Preparation of striatal slices

The rats were killed by decapitation. The right and left
striata were quickly dissected and sliced into 0.3 mm
sections with a Mcllwain tissue chopper (Brinkmann,
Wesbury, NY, U.S.A.). The slices from both striata were
incubated at 37°C in 1.5 ml of Krebs-Ringer (K-R) bicar-
bonate buffer, pH 7.2, in a shaking water bath under an
atmosphere of 95% 0,/5% CO,. The incubation medium
consisted of 119 mM NaCl, 4.8 mM KCl, 1.7 mM CaCl,,
1.2 mM MgCl;, 1.2 mM KH,PO,, 23.8 mM NaHCO,,
5.5 mM glucose, and 25 mM MOPS (Vyas et al., 1986).

7-Nitroindazole, nitro-arginine and nitro-arginine
methylester, the nitric oxide synthase inhibitors, were
dissolved in ethanol at 16 mM concentration. 15 pl of
each was added to 1.5 ml of slice incubations, so that the
final concentration was 160 uM in 1% of ethanol. Sam-
ples without NOS-inhibitors also contain 1% of ethanol.
The slices were incubated at 37°C for 10 min before
adding MPP™ or rotenone. 10 ul of MPP*, dissolved in
K-R buffer, was added to a final concentration between
1-25 uM. Control incubations received 10 ul of medium.
In other experiments, rotenone, dissolved in ethanol, was
added to the incubation to give a final concentration
between 0.05-2 pM and 1% of ethanol.

The incubations were carried out for 3 h. When the
incubations were completed the slices and the incubation
medium were transferred to microfuge tubes and the
slices were washed twice in K-R solution, decanted,
homogenized by sonication and centrifuged for 10 min.
The supernatants were used for analysis.

2.4. Analytical procedures

Dopamine (DA) and its main metabolite, dihydroxy-
phenylacetic acid (DOPAC) were determined in striatal
tissue, assuming that the effects of MPP* could be mea-
sured by the quantification of the DA remaining in the
tissue. The slices were homogenized in 0.5 ml of 0.1 N
HCIO,. The analyses were carried out as described else-
where (Espino et al., 1995b). DA and DOPAC were sep-
arated by HPLC (LKB-Pharmacia, Broma, Sweden),
using a nucleosil-C18 (5 pum) reverse phase column
(Tracer, Teknokroma, Spain) and an ESA Coulochem IT
detector (Bedford, MA, U.S.A.).

2,3- and 2,5-dihydroxybenzoic acids (DHB) were
determined in striatal slices incubated in the K-R medium
containing 5 mM of sodium salicylate. Samples were
prepared as described above and 2,3- and 2.5-DHB were
used as an index of hydroxyl radical generation. They
were determined by HPLC and electrochemical detection
as described by Obata and Yamanaka (1995).

Nitric oxide was determined by the accumulation of
nitrite in the presence of nitrate reductase (Schmidt,
1992). The activity of nitrate reductase was checked using
a solution of 50 uM NaNO; in K-R.

The protein content was measured by the Bradford
method after solubilization of the pellets in 1IN NaOH.

3. Results

Striatal slices incubated with different concentrations of
MPP" for 3 h showed a dose-dependent decrease in DA
and DOPAC content. The decrease was significant for
MPP *-concentrations of 2 uM or higher. The addition
to the medium of 150 uM 7-nitroindazole (7-NI) sig-
nificantly prevented the dopamine depletion caused by
MPP™" at concentrations between 2-5 uM, but not at
higher concentrations (Fig. 1). The decrease in DOPAC
content was not prevented by 7-NI (Fig. 2). ~

The prevention of DA, but not DOPAC, depletion,
caused by 5 uM MPP* was also reproduced by less-
specific inhibitors of NOS, such as nitro-arginine (NO-
Arg) and nitro-arginine methylester (NAME), as indi-
cated in Table 1. The addition of 1% ethanol to the
incubation medium did not affect the dopamine content,
but slightly reduced the DOPAC production. Neither
DMSO (0.5%), used as a radical scavenger, nor sodium
salicylate (5 mM), altered the effect of 5 uM MPP " (Table
1).
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Fig. 1. Dose-dependent dopamine loss in rat striatal slices incubated
with different concentrations of MPP*, in the absence (W) or in the
presence (E) of 0.16 mM 7-nitroindazole. Results are the mean of 4
samples and three experiments +SEM. * P < 0.05 Mann-Whitney U
test compared with their relative controls with or without 7-NI.

DOPAC (pmol/mg prot)

[MPP+] (uM)

Fig. 2. Dose-dependent dihydroxyphenylacetic acid (DOPAC) loss in
rat striatal slices incubated with different concentrations of MPP*, in
the absence (M) or in the presence (B) of 0.16 mM 7-nitroindazole.
Results are the mean of 4 samples and three experiments+SEM.
* P < 0.05 Mann-Whitney U test compared with their relative controls
with or without 7-NL.

Table |

Effect of different compounds on dopamine and DOPAC concentration
(pmol/mg prot+SEM) in striatal slices incubated in a Krebs—Ringer
solution (control) with (+) and without (-} 5 uM MPP~

DOPAC

(=) (+) (=) (+)

Dopamine

Control {6)
Ethanol 1% (8)
7-N10.16 mM (8)

9204106 495+47%* 123122
1123+157 665+78** 71+8%  35+1°
12014154 919+98 61 +8# 2845*

NO-Arg 0.16 mM (6) 1175472 1123+210 9947 40+ 14*
NAME 0.16 mM (5) 13554290 11264210 T4+ 11% 2743

DMSO0 0.5% (6) 10824165 481425** 123+13 387
Salicylate SmM (4) 920+ 106 494+47% | 22 3242

*P <005 *P<0.0] compared with (—) values; #P < 0.05 com-
pared with control values, with Mann-Whitney U test.

Since one of the main effects of MPP" is to inhibit
the mitochondrial respiratory chain. we used rotenone,
another well known inhibitor of complex I. to reproduce
the effects on the dopamine depletion. A similar depletion
of DA caused by 5 uM MPP~ was achieved with 50 nM
of rotenone, but no protection was provided by 7-NI
{Fig. 3). No increase in free radical production by 5 uM
MPP* was detected. The production of 2,3-DHB and
2,5-DHB oxidated derivatives of salicylic acid, did not
increase in the presence of MPP ", nor was it decreased
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Fig. 3. Dose-dependent dopamine loss in rat striatal slices incubated
with different concentrations of rotenone, in the absence (M) or in the
presence (B) of 0.16 mM 7-nitroindazole. Results are the mean of 4
samples and three experiments +SEM. * P < 0.05 Mann—Whitney U
test compared with their relative controls with or without 7-NL
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by 7-NI (Table 2). The concentration of nitrite, used
as an index of NO production, was determined to be
1.21 +0.15 nmol/mg prot in control samples (1% etha-
nol) and this was not increased by MPP* (0.92+0.15
nmol/mg prot) or rotenone (1.10+0.14 nmol/mg prot).

4. Discussion

The inhibition of neuronal nitric oxide synthase by 7-
nitroindazole (7-NI) has been reported to protect mice
(Schulz et al., 1995; Przedborski et al., 1996) and baboons
(Hantraye et al., 1996) against the effects of MPTP. In
contrast, Mackenzic et al. (1997) failed to obtain any
benefit when they treated MPTP-lesioned marmosels
with another NOS inhibitor, nitro-arginine methylester
(NAME).

7-NI by itself does not seem to alter the content or the
metabolism of dopamine, nor the conversion of MPTP
to its toxic metabolite MPP* (Przedborski et al., 1996).
Although Castagnoli et al. (1997) have recently specu-
lated on a role of 7-NI in inhibition of monoamine oxi-
dase B thal could contribute to its protective effects
against MPTP, 7-NI did not induce any additional
reduction in dopamine metabolism to that caused by the
ethanol used as vehicle for this compound.

We reported previously (Ambrosio et al., 1996) that
nitro-arginine was unable to protect striatal slices against
the effect of 5 mM MPP*. We have found now that 0.16
mM 7-NI can protect against the depletion of dopamine
caused in rat striatal slices by concentrations of MPP*
between 2 and 5 uM, but not higher. An easy calculation
from the results reported by Przedborski et al. (1996)
after intraperitoneal treatment of mice with MPTP indi-
cates that the concentration of MPP" found in the brain
is about 2 uM. Our results thercfore suggest why 7-NI
treatment may protect mice against MPTP. The effect
of higher amounts of MPP* may not be prevented by
inhibitors of NOS and thus, depending on the treatment
and species, NOS inhibition was ineffective to protect
against MPP~ (Ambrosio et al., 1996) or MPTP (reat-
ment (Mackenzie et al., 1997).

Table 2
Levels of 2,3- and 2,5-dihydroxybenzoic acid (pmol/mg prot + SEM.

2,3-DHB 2,5-DHB
Control (—salicylate) n.d. n.d.
Control ( +salicylate) 72402 33405
MPP™ (5 uM) 58+14 47+04
MPP~ (5 uM) (1% ethanol) 50422 40+1.0
MPP* (5 uM)<+7-N1 (0.16 mM) 7.3x20 6.7+2.8

Values are the mean+SEM of four samples and two experiments.
(n.d. = not detected).

The lack of prevention of DOPAC reduction at all
MPP* concentrations indicates that 7-NI has no effect
on monoamine oxidase activity (MAQ). It could be also
considered as evidence that 7-NI does not alter the trans-
port of MPP™ inio the cell: MPP™ enters the dopamine
terminal and inhibits MAO activity, as described pre-
viously (Singer et al., 1985).

The effect of 7-NI was reproduced by other less-specific
inhibitors of NOS. This may be considered a con-
firmation that the protective effect is mediated by NOS
inhibition. NO is synthesized after glutamate activation
of NMDA-receptors (Hanbauer et al., 1992). The glu-
tamate release and the NMDA activation have often been
implicated in the mechanisms of MPP* toxicity (Turski
et al., 1991). However, NO does not seem to be involved
in glutamate neurotoxicity in brain slices (Garthwaite et
al., 1994). We were not able to detect a significant increase
in NO production attributable to 5 uM MPP™* or 5 uM
rotenone, which is consistent with results we had pre-
viously reported (Ambrosio et al., 1996). This restricts
the role of NO in MPP™ toxicity to the constitutive basal
NO production. NO may react with other chemical
radicals, especially with superoxide anion, leading to the
formation of peroxynitrites, thus amplifying the radical-
mediated toxic effects (Lipton et al., 1993). Inhibitors of
NOS have been reported to reduce the MPP™-induced
2,3-DHB formation in salicylate dialysates of rat striata
(Smith et al., 1994). We previously reported that MPP*
caused a significant increase in radical production,
detected by malondialdehyde (MDA) production, only
at a concentration higher than 1 mM (Ambrosio et al.,
1996). We used here the apparently more sensitive pro-
cedure of salicylate oxidated products to detect radical
production, but we did not find any increase in either 2,3-
DHB or 2,5-DHB atiributable to 5 gM MPP*, which is
consistent with our previous results with MDA, It seems
then that, either MPP" at low concentration does not
cause a significant increase in [ree oxygen radicals or, as
maintained by Montgomery et al. (1995), the conversion
of salicylate to DHB by O, in oxygenated incubations is
higher than the oxidation by frec oxygen radicals. Dime-
thyl sulfoxide (DMSQO), which traps free oxygen radicals
and reduces the effects of neurotoxins that act by this
mechanism, does not prevent the dopamine release
caused by 5 uM MPP~, confirming that the increase in
radical production may be negligible at this concen-
tration.

Other authors (Santiago et al., 1994; Lancelot et al.,
1995) maintain that NO production in the striatum may
modulate the basal oxygen radical production, mediated
mainly by NMDA, and thus may protect the striatal
tissue. However, in rat brain slices, NO does not seem to
have any protective effect (Garthwaite and Garthwaite,
1994).

It has recently been demonstrated by Parker et al.
(1996) that the exposure of mitochondria to MPP* or
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rotenone and NO simultaneously causes a synergistic
effect on mitochondrial depolarisation and calcium
efflux, leading to dopamine release. This would explain
why the toxicity of MPP", at concentrations that are
too low to dramatically damage mitochondria, may be
prevented by inhibition of nNOS. Although MPP* and
rotenone give similar results in isolated mitochondria,
that is not the case in incubations of striatal slices, where
the toxicity of rotenone, blocking all mitochondrial
activity, cannot be prevented by 7-NI. Clearly, rotenone
causes greater non-specific lissue damage than MPP~
although their effects on dopamine depletion are similar.

NO-donors cause release of dopamine from rat stri-
atum (Stewarl et al., 1996), inhibit the uptake of dopa-
mine by striatal synaptosomes (Lomart and Johnson,
1994) and increase MPP™ toxicity (Ambrosio et al.,
1996). In addition, inhibitors of NOS reduce the amphet-
amine-induced dopamine release (Inoue et al., 1996) and
increase extracellular striatal GABA (Semba et al., 1995).
All these results suggest that endogenous NO may con-
ribute to the regulation of dopaminergic systems.

Although NOS activity does not appear to be present
in tyrosine hydroxylase-containing neurons (Ohta et al.,
1993), the high diffusion of NO and its action on mito-
chondrial function (Moncada and Higgs, 1993) may rep-
resent a key factor in the progress of neurodegenerative
processes in which mitochondrial activity is affected, such
as Parkinson’s disease (Dawson et al., 1992). The use of
inhibitors of NOS, as has been proposed by several
authors (Youdim and Lavie, 1994; Snyder, 1996), should
be considered in the search for new treatments for Par-
kinson’s disease.
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MPP " -Induced Mitochondrial Dysfunction

Is Potentiated by Dopamine
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MPP*, the major metabolite of the Parkinsonism-
inducing compound MPTP, responsible for the de-
struction of the nigrostriatal pathway in primates and
rodents, has been assayed in isolated rat liver mito-
chondria in the presence of physiological concentra-
tions of dopamine or analogous concentrations of
melanin-dopamine. 5 pM MPP"* in the presence of 70
uM dopamine or melanin-dopamine, but not alone, de-
creased the heat production and oxygen consumption
of a mitochondrial suspension activated with succi-
nate and ADP. Both dopamine and oxidized dopamine
plus MPP” also decreased the mitochondrial reductive
power measured with MTT. Mitochondrial swelling
was observed, associated with an increase in mem-
brane mitochondrial potential, as a synergistic effect
between low concentrations of MPP* and dopamine. It
is suggested that cytosolic dopamine, by itself or via
its autooxidation products, may play a relevant role in
the mitochondrial toxicity of MPP*. A failure in the
regulation of the storage/release of dopamine could
aggravate a mitochondrial damage and trigger the
neurodegenerative process underlying MPTP toxicity
and Parkinson's disease. & 2000 Academic Press

Key Words: mitochondria; MPP*; MPTP; dopamine;
Parkinson’s disease.

MPP", the active metabolite of the Parkinsonism-
inducing compound MPTP, is produced by the action of
monoamine oxidase B and accumulated by dopaminer-
gic neurons through the dopamine-reuptake system
(1). Inside the neurons MPP* can be accumulated in
catecholaminergic vesicles or in mitochondria by a
mechanism depending on the membrane potential (2).
Inside the mitochondria MPP* reduces the mitochon-
drial respiration rate and the NADH-dehydrogenase
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activity (NADH-DH) of the respiratory chain complex [
(3). This effect is more evident in intact mitochondria
(ICs;» = 90 pM) than in submitochondrial particles
(ICs = 2-4 mM) (3) and it is enhanced by the tetra-
phenylboron anion (4), indicating that MPP* accumu-
lates in mitochondria and acts at hydrophobic sites.
MPP" seems to inhibit complex I, both in state 4 (with-
out ADFP) and in state 3 (with ADF) of respiration,
acting at the same site of rotenone, between
NADH-DH and coenzyme () (5), without affecting com-
plex 1T activity (6). However MPP* and rotenone have
different affinities for NADH-DH, MPP” requiring two
orders more concentration than rotenone (7) for a sim-
ilar but reversible effect.

The inhibition of the mitochondrial chain is observed
only when mitochondria are activated in complex I (i.e.,
with pyruvate/malate) and it is reflected in a decrease
in oxygen consumption and an increase in cytoplasmic
lactate, both of which can be reverted by succinate (8).
This is currently the main explanation of how MPTP
causes degeneration of dopaminergic neurons.

However, MPP* depletes dopamine (DA) from stria-
tal tissue at a much lower range (2-5 uM) than that
required for complex I inhibition (9). Dopamine itself,
or via its auto-oxidation products, has been implicated
in radical production (10}, neurotoxic processes (11)
and apoptotic neurodegeneration (12), and thus in the
pathogenesis of Parkinson's disease. Here we tested
the effect of 5 ph MPP™ (the concentration found in
the brains of animals treated with MPTP [13]) on dif-
ferent parameters of mitochondrial function in the
presence of 70 pM DA (maximal striatal concentration
assuming a dopamine striatal content of about 10 pg/g
tissue) or DA left to oxidize spontaneously. We as-
sumed that these concentrations of MPP* and dopa-
mine, either alone or in combination, do not affect
complex I activity, and throughout the study we used
mitochondria energized with succinate, in order to as-
sess an overall mitochondrial dysfunction not depend-
ing on complex L
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MATERIALS AND METHODS

Rat liver mitochondria were prepared from Sprague—Dawley rats
(14). Mitochondria were incubated at 37°C with 5 mM succinate and
0.8 mhi ADP. Mitochondrial heat production was measured by cal-
orimetry as described elsewhere (15). The conversion of dopamine to
oxidized-dopamine (melanin-dopamine or DAox) was mondtored
spectrophotometrically at 450 nm. 10 mM dopamine was kept aver-
night at room temperature and at physiological pH and was used
when Adge = 0.600 (16). The NADH-DH activity was measured
spectrophotometrically by the disappearance of NADH at 340 nm as
described (17). Glutamate dehydrogenase was measured by the dis-
appearance of NADH after incubation with Z-oxoglutarate. The rate
of oxygen consumption was measured with a Clark-type oxygen
electrode {14). The reduction of 3-(4,5-dimethylthiozol-2-y1)-2.5-
diphenyltetrazolium bromide (MTT) dye was used to measure the
electron transport in isolated mitochondria (18). It has been reported
that dopaminergic neurons could have very low of zero monoamine
oxidase (MAO) activity (18), whereas this activity is higher in liver
mitochondria. In most of the experiments 200 uM tranyleypromine
(TCF) was added as a nonselective MAO inhibitor in order to block
dopamine metabolism, to prevent mitochondria from the Hz0: pro-
duction due to MAO, and to restrict the results to the effects of DA or
spontaneously oxidized DA (17). Membrane potential generated by
succinate respiration and the kinetic behavior after addition of 5 uM
MPP” andfor 70 M dopamine was monitored by spectrophotometric
recording of the absorbance changes at 660 nm of the membrane-
sensitive probe diS-C,-(3) as in (20). Mitochondrial swelling was
determined by dynamic light scattering in a photon correlation spec-
trometer using the exponential sampling method for data analysis
(21). Protein content was determined in mitochondria homogenates
using the Bradford reagent. Depending on the assay, the amount
of mitochondria used was that corresponding to 0.2-1.0 mg of
protein/ml
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FIG. 1. Heat dissipation of suspensions of liver mitochondria

{about 300 pg protein/ml) incubated in a buffer contalning 220 mM
sucrose, 3 mh HEPES, (pH 7.3). 20 mM MgCl,. 2 mM KH;PO,, 0.5
mi ECTA, 1 mM ATP, 20 mM glucose, 20 ILVliter hexokinase. The
steady state was achleved with 5 mM K™ succinate. Heat dissipation
was measured after the addition of 30 ul of medium (contral), dopa-
mine (final concentration 70 pM), and MFP” (final concentration 5
pM]. The measures were performed for 60 min. Results are the mean
of six (controls) and four (MPPT™ and DA) different experiments.
**F < 0.01 compared with control group (Mann-Whitney L' test),

BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

500

NADH-DH (nmolfmg protfmin + SEM)

DA
DAox
MPP+

a
2
4
o
O

MPP+/DA
MPP+/DAox
1mM MPPs

FIG. 2. NADH dehydrogenase activity in the presence of 5 uhM
MPP™ andfor 70 uM dopamine or oxidized dopamine. All the mea-
surements were done in the presence of the MAO-inhibitor tranyl-
cypromine. The last bar indicates the inhibition in the presence of 1
mM MPF™. Data are the mean + SEM for 12 different mitochondria
preparations. ***F < 0,001 compared with controls (Mann-Whitney
L/ test).

RESULTS

MPP™ has been described to have similar effects on
inhibition of brain and liver mitochondrial oxidation of
NAD-linked substrates (22). We confirmed that 5 pM
MPP" has no effect on oxygen consumption in brain or
liver mitochondria maintained with piruvate, whereas
I mM MPP" reduced oxygen consumption more than
50% in both cases (not shown). Heat production is a
parameter for the evaluation of the whole mitochon-
drial function in the absence of uncoupling agents. A
stable response was obtained for more than 60 min
when mitochondria were incubated with 5 mM succi-
nate and 1 mM ATP + 20 IU/liter hexokinase (15).
Figure 1 shows a significant decrease in heat dissipa-
tion when mitochondria were incubated simulta-
neously with 5 uM MPP" and 70 pM DA, but not with
each compound alone. The viability of mitochondria
during the assay was assessed by measuring the glu-
tamate dehydrogenase activity in the supernatants
(3.9 = 0.3 pmol'min/ml in controls), showing no signif-
icant differences between the different groups.

NADH-DH activity was not affected by a low concen-
tration of MPP " (5 pM), DA (70 pM) or the combination
of both. A decrease in NADH-DH of nearly 50% was
detected at 1 mM MPP" (Figure 2). However, 5 pM
MPP" + 70 uM DAox significantly decreased the oxy-
gen consumption of mitochondria started with succi-
nate and ADP. Nelther DA nor DAox alone affected the
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FIG. 3. The oxygen consumption was measured in a mitochon-
dria suspension (about 200 pg protein/ml) maintained in a Clark
type cell and activated with 5 mM K7 succinate and 0.8 mM ADP, DA
and MPP* were sequentially added at 90% of oxygen concentration
saturation value to a final concentration respectively of 70 ph and 5
uM. The measurements were performed for 20 min. The results are
the mean of three different experiments. *F < 0.05 compared with
controls (Mann-Whitney L test).

oxygen consumption at the concentrations used. As
previously described, O, consumption may be signifi-
cantly increased by non-enzymatic DA oxidation only
at DA concentration higher than 1 mM (23). TCP
slightly decreased oxygen consumption by 9%, indicat-
ing a role for MAO activity in the basal mitochondrial
oxygen consumption. Oxygen consumption decreased
in the presence of MPP" + DAox from 67 (controls) to
45 nmol Oz/min/mg protein (Figure 3). The reduction of
MTT after 45 min of mitechondrial incubation showed
also a significant decrease in the presence of DA or
DAox and MPP" (Figure 4). Malondialdehyde accumu-
lation, measured in the same conditions as MTT, was
not modified by either MPP* or DA alone or in combi-
nation (not shown), and a significant increase was de-
tected only at 1 mM MPP*, as already described (24).

The addition of 5 puM MPP" to a mitochondrial sus-
pension containing DA or DAox caused a significant
swelling of the particles (Figure 3), which was not
prevented by cyclosporin A. Moreover, the mitochon-
drial membrane potential was slightly but significantly
increased in the presence of either 70 pM DA or DAox
plus 5 pM MPP" (Figure 6).

DISCUSSION

The possible role of DA in triggering neurodegenera-
tive processes has been widely suggested. The oxida-

BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUMNICATIONS

tion of DA leads to the formation of insoluble melanin-
like polymers in a nonenzymatic autocatalyzed
mechanism (23). DA directly injected into the rat stri-
atum causes significant pre- and post-synaptic lesions
(25). We did not find any effect of 70 pM DA on
NADH-DH activity, in agreement with other authors
(26) who reported very little effect on either NADH-DH
activity or mitochondrial respiratory chain only at con-
centrations of DA as high as 10 mM, and in contrast
with previous results describing an effect for 40-80
pM DA as NADH-DH inhibitor in intact mitochondria
(17). However, DA may become toxic in the presence of
a mitochondrial chain inhibitor like 3-nitropropionic
acid or malonate, starting a mechanism that leads to
apoptosis in striatal neurons (11). DA is also reported
to induce apoptosis in human neuroblastoma cells (12)
and in PC12 cells (16). Many injuries to the brain
result in the uncontrolled release of neurotransmitters,
including DA. DA is quickly taken up, metabolized or
auto-oxidized in the presence of O so that, DA, its
metabolites or oxidative products can accumulate in-
side surviving cells. The immediate effect of MFPP",
assessed by incubation of striatal slices (24) or by stri-
atal microdialysis {n vivo (27), is a dramatic release of
dopamine that can rise to about 70 pM. Higher con-
centrations of DA (250 pM) may induce intracellular
calcium increase and DNA-laddering in cultured fore-

MTT -AA (550 nm) & SEM

=<
(-1

Cantral
DAox

MPF
MPP+DA
MPP+DADx

FIG. 4. Mitochondrial reductive power in the presence of 5 uhd
MPP™ andfor 70 uM dopamine or oxidized dopamine. All the mea-
surements were made in the presence of the MAQO-inhibitor tranyl-
cypromine. An amount of mitochondria corresponding to 1.0 mg of
protein was incubated at 37°C for 45 min. An aliquot of each sample
was further incubated at 25°C for 15 min with MTT (0.5 mg/ml) and
the reaction was stopped with an equal volume of isopropanol/l M
HC1(24:1). Reduced-MTT was measured colorimetrically at 550 nm.
The results are the mean *+ SEM of 4 separate experiments. *F <
0.05 compared with controls (Mann-Whitney U test).
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FIG. 5. Mitochondrial swelling was assessed by photon correla-

tion spectroscopy. The rates of mitochondrial swelling are expressed
as percentage respect to the values before starting with 5 mM suc-
cinate + 0.8 mM ADP (size corresponding to 100% = 643 + 3 nm of
diameter). 5 uh MPP™ + 70 uM DA (black circles) were added at the
time indicated by the arrow. Mitochondrial swelling was compared
with control suspensions fopen circles). Measurements were per-
formed at 37°C in mitochondria suspensions in an incubation buffer
containing about 0.2 mg protein/ml. Analogous results were obtained
when DAox was used instead of DA, Mitochondrial swelling with 70
pM DA, DAoxor 5 pbM MPP™ alone did not differ from controls. The
data are the mean = SEM of three separate experiments. Two-way
ANOVA demonstrated that the two curves are significantly different
(P < 0.0001).

brain neurons, without significantly altering mitochon-
drial membrane potential (28). Furthermore, MPP*
has been proposed to have effects on mitochondrial
function other than complex I inhibition. Thus there
are reports of an inhibition of a-ketoglutarate dehydro-
genase complex (1), a decrease in mitochondrial DNA
content (29), the opening of the mitochondrial perme-
ability transition pore and the release of cytochrome c
at concentrations of MPP* between 0.2 and 5 mM (30,
31). A loss of mitochondrial transmembrane potential
has been reported in isolated hepatocytes incubated
with 1 mM MPP", coinciding with the inhibition of
mitochondrial complex I and the depletion of ATP sup-
plies (32). DA and MPP" may have a synergistic effect
on mitochondrial function. Interestingly, low concen-
trations of DA plus MPP" together, but not separately,
caused a significant increase in mitochondrial mem-
brane potential and mitochondrial swelling that was
not prevented by cyclosporin A. Although an increase
in mitochondrial membrane potential associated with
mitochondrial dysfunction is unexpected, it has re-
cently been reported that a failure in the adenine nu-
cleatide translocator/voltage-dependent anion channel
may precede mitochondrial hyperpolarization and
swelling (33).

BIDCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

The effect of MPP* on complex I inhibition has usu-
ally been reported at concentrations of 100 pM or
higher, and even at those concentrations, the ability of
MPP* to inhibit complex I is beyond question, albeit
moderate (between 25 and 50%). However, the concen-
tration of MPP* found in brains of animals treated
with MPTP is no higher than 5 pM 6 hours after the
treatment (13). Although a selective transport mecha-
nism may concentrate MPP* into the dopaminergic
endings, where MPP* can accumulate in mitochondria,
inhibiting complex I activity, several lines of evidence
suggest that there may be other action mechanisms or
targets for MPP". We reported here a set of alterations
in mitochondrial function caused synergistically by low
concentrations of MPP" and dopamine, bath in its na-
tive form and in its oxidized form, without altering
complex I activity. The fact that DA and DAox cause a
similar potentiation of the effects of MPP" indicates a
mechanisms involving oxidation of DA. In the effects
described for DA by microcalorimetry we cannot rule
out the formation of DAox during the incubation. In-
deed, analogous results to those shown in Fig. 1 were
obtained when DAox was used instead of DA (not
shown). Previous studies by microdialysis #n vive sug-
gested that dopamine released by MPP* may play a
key role in MPP*-enhanced generation of OH - free
radicals in the striatum (34). MPP* seems to be in-

Succ,
+ADP
1.75 ¢ ADP
MPP+/DA

165 ¢

AA (660 nm) = SEM

1.45 T T T T T 1

Time {(min}

FIG. 6. Membrane potential developed by 5 mM succinate + 0.8
mM ADP in control liver mitochondria {open circles) and effect of 5
puM MPP” together with 70 M DA (black circles) added as indicated
by the arrow. Analogous results were obtained when DAox was used
instead of DA. 1| mg of mitochondrial protein was used for the
analysis. Each sample contains 2.5 ph diS-C,-(5). Changes in absor-
bance were recorded at 660 nm. Membrane potential in mitochondria
incubated with 70 pM DA, DAox or 5 pM MPP™ alone did not differ
from controls. Each point is the mean = SEM of four different
experiments. Two-way ANOVA demonstrated that the two curves
are significantly different (7 < 0.0001).
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volved in redox cycling (35). The oxidation of DA can be
catalyzed by DAox itself and could enhance the MPP*
redox cycling, so that a local increase in free radicals
could be enough to cause a whole mitochondrial dys-
function, although it was not reflected as an increase in
malondialdehyde production. A dysregulation in the
storage/release of DA, and its auto-oxidation at physi-
ological pH, could play a decisive role in the neuro-
toxicant-mediated mitochondrial failure and neurode-
generative mechanisms associated with MPTP-toxicity.
These findings may help us to understand the mecha-
nisms underlying the etiology of Parkinson's disease.
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ABSTRACT

The ionic compound 1-methyl-4-phenylpyridinium ion (MPP") is the
main bolite of the parki izing drug MPTP and it seems to be
the  neurotoxic  agent  respomsible for  dopaminergic
neurodegeneration. Since its discovery much has been learnt about its
molecular mechanisms of action. MPP" is taken up by dopaminergic
terminals using the dopamine-reuptake mechanisms. Inside the cell,
the MPP" can be stored in dopaminergic vesicles or introduced into
the mitochondria. The distribution between these two compartments
seems to be crucial to an explanation of the toxic effects of MPP".
Inside the mitochondria MPP" inhibits several enzyme activities, with
a prominent role in the inhibition of monoamine oxidase and
mitochondrial plex 1 NADH-dehydroge The latter effect
leads to a hypoxic-like condition, with energy failure and free oxygen
radicals production,

Since rats are particularly resistent to MPTP neurotoxicity and MPP*
does not cross the blood-brain-barrier, MPP* has often been injected
directly into the rat brain in order to reproduce the effects of MPTP.
Intranigral, intrastriatal or intraceret icular administrations, by
injection or perfusion, are widely used. Although MPP* administered
in this way causes a marked depletion of dopamine in the rat brain,
its effects are different from the selective effects described for MPTP
in primates and mice. Why the effects of MPTP in some animals are
difficult lorcpmduoemvwoby MPP"* in other animals is still an

open qi , the mechani ofcelldathmed;awdby
MPP'are not yet letel d d. The i for such
question is to answer whl:lhcr there could be any endogenous

i whose lation in the brain could mimic the MPP*

eﬂ'ecls leading to the nigrostriatal degeneration found in Parkinson’s
disease. Recent advances have provided new perspectives about the
role not only of oxygen radicals but also of NO production in MPP*
toxicity. It seems that a cascade of events may be triggered by MPP*
at different steps in a concentration-dependent manner. We present a
review of the results obtained in rats by MPP* in vivo and the p

List of abbreviations

BDNF brain derived neurotrophic facior
DA dopamine

DAT dopamine transporter
DOPAC  dihydroxyphenylacetic acid

HVA homovanilic acid

MPP+ 1-methyl-4-phenylpyridinium ion
MPTP 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
MAO monoamine oxidase

NOS nitric oxide synthase

TH tyrosine hydroxylase

VAT vesicular dopamine transporter
bFGF basic fibroblast growth factor
NGF nerve growth factor

DMSO dimethylsulfoxide

PARS poly(ADP-ribose)synthetase
NMDA N-methyl-D-aspartate
Introduction

The 1-methyl-4-phenylpyridinium ion (MPP") is now widely
accepted as the main metabolite of the parkinsonism-inducing drug
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) and as the
agent responsible for MPTP toxicity [1, 2] MFTP is a synthetic
compound that is present as a cf of an gue of
meperidine (a drug known as “the new heroin” in the nineteen
seventies,). When this contaminated drug was injected into humans
or other primates it causes a condition that is very similar to
idiopathic Parkinson's disease (for reviews [3-10]). MPF" is the result
of oxidation of MPTP by monoamine oxidase B (MAO-B), and it
accumulates in the brain in a range of pM concentration after a
treatment with toxic doses of MPTP. Several animal species (dogs,
cats, mice) [10,11] have been used in the studies of MPTP effects.
Although they do not develop a hu.ma.n llke pa.ﬁunsomm they
clearly show hemical and ical manifestations
of Parkinson's disease, suchaslossofsmataldupmmneandmusm:

status of knowledge of its molecul h of action, in an
atiempt lo advance some explanation about the differences between
MPTP and MPF"-treatmenis.

Corresponding author: Ramon Bartrons, Unitat de Bioquimica, Fac, Odontologia,
of, Feixa Llarga s/n (Bellvitge) Hospitalet del Llobregat - 08907 (Barcelona) - Spain

hydroxylase and | loss in the pars compacta of substantia
nigra. The results obtained in rats are less conclusive, since they are
particularly resistant to the effect of MPTP , even when it is infused
directly into the striatum [12]. MPTP causes non-specific cell
destruction in the rat only when injected into the substantia nigra
[13).

The more we know about the mechanisms of action of MPTP,
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via MPP" synthesis, the more progress we may make in
under ding the ethiology of Parkinson's disease. No other
chemical compound is as effective as MPTP/MPP" in reproducing the
clinical, neurochemical and pathological symp and
characteristics of this illness. If the cause of parkinsonism can be
found in a naturally occurring contaminant, the structure and
mechanisms of MPP* should be taken in account.

MPP" has a highly polar structure, and thus it cannot cross the
blood-brain-barrier when lt is administered peripherically [3]. Its
action on cerebral catecholamines is negligible, but it causes marked
depletion of peripheral drenaline, mainly cardiac, and it may be
fauﬂ atdmh:gherthaniﬂmg{[(g[lal]

P” synthesis

As MPP' is synthesized by MAO-B, the inhibitors of MAO
(pargyline) and MAO-B (deprenyl) may protect against the
neurotoxic effects of MPTP in primates and mice [15]. The MAO-
A/MAO-B ratio is approximately 0.3 in the nigrostriatal pathway in
primates and approximately 2.0 in the rat. This may explain the
lower sensitivity of rats to MPTP [16). The distribution of MAO-B iz
predominantly glial or lmked to serotoninergic neurons [17], whereas
the isozyme present in dopaminergic neurons is MAO-A. It seems,
therefore, that the oxidation of MPTP to MPP" takes place outside the
dopaminergic neuron. In particular, astrocytes metabolize MPTF to
MPP* [18]. Why astrocytes are spared from the action of MPTP is

1 but an i di less toxic metabolite, seems to be
involved in this process: the 1-methyl-4-phenyl-1,2,3-
dihydropyridinium ion (MPDP"), which, at the extracellular pH, can
spontanecusly transform to MPP* [19,20]. MPP" may be cleared by an
organic cation/H' antiporter [21] or may be taken up by cells
containing catecholamine lransporms. nnd with particular high
affinity by nerve endings containing d porters.

MPP’ uptake

Thus, MPP" is taken up by the dopaminergic endings through
the dopamine reuptake systems [22]. This effect is the main
explanation for its selective effects on dopaminergic neurons. Specific
inhibitors of dopamine re-uptake, such as cocaine, nomifensine or
GBR-12909, protect mice against the MPTP effects [23,24). The
specificity of the dopamine transporter (DAT) for MPP" depends on
the species considered, being lower in rat than in human and virtually
non existent in cows [25]. The uptake through DAT seems to be a
limiting step in the MPP* action: DAT is sensitive not only to specific
inhibitors, but also to compounds that partially protect against the
dopamine-depleting effects of MPP* by reducing its transmembrane
transport, such as cytochrome P450 inhibitors (piperonyl butoxide or
SKF-525A) [26], deprenyl at concentrations higher than those
expected to inhibit MAO-B [27-29], | ids (21-ami ids)
[30] and even MK-801, ususally considered as an NMD A-antagonist
131].

MPP"_inside the cell

Inside the cell, MPP* may enter the mitochondria or it may be
sequestered by catecholaminergic vesicles, using in this last case the
vesicle transporter of amines (VAT) [32]. Vesiculated MPP" may then
be transported retroaxcnally to the substantia nigra (33]. In the
neuronal soma of primates and other species, MPP* may bind to the
neuromelanin present in the pars compacta of substantia nigra, thus
forming a reservoir that would eventually damage the cell [34]. It is
unlikely, however, that neuromelanin affects MPTP/MPP" action in

rodents, since it is present only at very low levels [35].

The sequestration of MPP* into holami icl
may protect the mitochondria, and so the sensitivity of a glv:n cell
type .0 the toxic effects of MPP" may depend on its distribution
between vesicles and mitochondria [36,37]. This would explain why
chromaffin cells are less sensitive to the MPP" action, although they
content abundant catecholamine transporters. .

MPP" into the mitochondria

MPP" seems to enter the mitochondria in a non-saturable way,
suggesting that this port is not mediated by a carrier and that a
passive transport is then involved [38,39]. The ability of
mitochondria to concentrate MPP* needs the electrochemical gradient
and is independent of the cellular origin of the mitochondria [40].
Inside the mitochondria, MPP* acts as an MAO inhibitor, a role also
played by MPTP, for both MAQ isoforms [41). So, it dramatically
reduces the synthesis of the main dopamine metabolites,
dihydroxyphenylacetic acid (DOPAC) and homovanillic acid (HVA).
However, the most marked effect of MPP”, probably leading to
cell death, is the inhibition of complex 1 of the respiratory chain at
the level of NADH-dehydrogenase (NADH-DH) [42-44]. It seems
clear that MPP" inhibits the mitochondrial activity at the same site as
rotenone [45], a well known mitochondrial inhibitor, blocking the
NADH&oQ—reductase aclmty Although to a lesser extent, MPP*
also inhibits cc-ketogl hydrog [44], pl 111 and
IV, but not complex II [46]. As a result of this action MPP" alters the
pH gradient across the mitochondrial membrane, which is essential
for ATP synthes:s [42,47], causes a deplcuon of rnnochondnal
calcium [48], and the cytosoli ration. A
consequence of the inhibition of mitochondrial oxidation of NADH-
linked substrates would be a decrease in the NAD"/NADH ratio,
which would result in an increased conversion of pyruvate to lactate
[49,50]. The ATP content decreases by the effect of MPP" [50-52] and
uns ATP dcplcuan slows the up!.ake of MPF', which can then be
1 from her with di 53] and act on other

cells.

MPP" administered into the rat brain

Although rats are particularly resistent to MPTP, MPP* may
damage the rat brain if administered directly.

MPP" injected i.c.v. in the rat (400 nmol in 4 pl) produces a
decmse of about w 80% in dopamine concentrations of striatum,
hypop and but not of olfactory bulb or
substantia nigra [54,55].

The nigro-striatal tract.

In the same study in which the effect of MPTP was assayed by
injection into the substantia nigra [12], the authors described that
when MPP® was injected to the substantia nigra of the rat brain
instead of MPTP, it destroyed this brain area. The infusion (10 mM)
or the injection of MPP* (50 nmol in 2 pl) into the substantia nigra
also produce an almost immediate blockade of neuronal impulse flow,
reflected in a fast decline in dopamine release and dopamine content
in the ipsilateral striatum [56-58]. Similar results on substantia nigra
destruction and striatal dopamine depletion have been described
when MPF’ is infused into the nigrostriatal tract; these results are
similar to those obtained following the admi ion of 6-
hydroxydopamine in the medial forebrain bundle. In both cases, in
response to the loss of striatal dopamine,'the striatal dopamine
receplors increase [59,60]. MPP" injected into the substantia nj
reticulata also has z dose-dependent neurotoxic effect for GABAergic
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neurons [61].

The striatum
When 40 nmol of MPP® was injected in a volume of 4 pl into
the rat striatum, the oom:cmraucm of dopamine ciecmsed

studied in response to intrastriatally perfused or injected MPP*, a
similar or even higher depletion was found for glutamate, aspartate,
taurine, acetylcholine, GABA, serotonin and adenosine [74-77]. The
overflow of some of these compounds is derived from neuronal
vesicles as well as metabolic events [74]. In addition, MPP* causes a

dramatically [62]. Snmla: results on d were
by intrastriatal inj of 163], d rating that
inhibition of mitochondrial NADH-DH oxidation is sufficient to
cause dopamine loss.

When MPP" is infused by microdialysis into the striatum, an
instantaneous release of siriatal dopamine is detected. In fact,
intrastriatal infusion of 10 mM of MPP" causes a massive transient
increase in extracellular dopamine to over 10,000% of basal values
[64]. The infusion of MPTP also caused a dose-dependent increase in
the release of dopamine, but to a much lower extent (about 1,000%).
In the MPP'-striatal perfusates the DA metabolites, DOPAC and
H\-’A. decrease markedly, as a consequence of MAO inhibition (both

ymes), The of MPP" found in the striatum after
three hours of perfusion of 10 mM, a: 2 pl/min, was 44 nmol/mg
protein (approx. 2 mM) [65], which is nearly 1,000-fold the
concentrations of MPP" found in the brain afler MPTP-treatment.
The administration of high concentrations of MPP* by infusion is
determined by the EC50 for this treatment. The infusion of 10 mM of
MPP" causes a similar depletion of dopamine in mouse and rats [66],
but the EC50 for neurotoxicity of an intrastriatal infusion of MPP* in
mice is 0.4 mM, whereas in rats it is 10-fold higher (4 mM). In
addition, according to other authors, striatal dopamine is markedly
depleted in mice after MPP" infusion (280%) but only about 20% in
rats [67], once more indicaling a major susceptibility of mice to the
lesion. The effect of intrastriatal MPP” to the rat is, in any case, local
and limited to the treated striatum: only traces of MPP” diffuse to the
contralateral striatum [65], where dopamine content and function are
spared [68].

The dopamine depletion was prevented by nomifensine, a
dopamine re-uptake blocker, only when MPP* was perfused at a
concentration of or lower r.han 1 mM. but nol at 5 mM, mdwaung
that at higher the introduction of MPP" in the
dopaminergic ending through a specific transporter is not a limiting
step [69]. Nomifensine does not alter the reduction of DOPAC or
HVA under MPP" infusion, suggesting that the metabolism of DA is
partially located outside dopaminergic terminals and that MPP* also
acts in non-dopaminergic cells [70].

Rats wnh unilateral administration of MPP* show a
T ion during the first hours after treatment
and a marked ph ine-induced ipsilateral ion even a month
afier the treatment, suggesting a destruction of pre- and post-synaptic
components. Rats bilaterally treated with MPP* show no rotational
behaviour but an impaired motor activity [71]. Cereb 1 levels of
HVA have often been studied in patients with Parkinson's discase as
a possible parameter uf the lesion. In animals bilaterally lesioned
with MPP", cerebrospinal HVA levels are approximately proportional
to the degree of the striatal lesion [72-73].

When MPP* was infused 1o the striatum several days a&cr the
nigra, the farmer was ¢, indiicating the i |]1ty of
the lesion in the substantia mgra |58]. H , @ striatal i of
MPP" two months after a striatal MPP* injection produces a
dopamine depletion very similar to that found in controls [72]. Thus,
1he ﬁnau] administration of MPP" does not seem to destroy the

nigra, allowing at least a partial recovery of striatla
dopamine content.

Lack of selectivity
However, when neurotransmitters other than dopamine were

dose-dependent increase in lactate production from rat striatum, also
detected by microdialysis in vivo [78]. These resulls were interpreted
as an effect of MPP’ on the mitochondrial chain: ion of the
electron flow causes a compensatory increase in anaerobic glycolysis,
resulting in a transient enhanced production of lactate, as also
demonstrated in vitro [49]. But other parameters characteristic of an
increase in glycolysis, such as fructose 2 6-bisphosphate, were
decreased by the action of MPP” in the rat striatum [73]. These
effects, together with a decrease in striatal ATP and energy charge
|50,73] indicate a non-seleclive effect of MPP®, leading to
degeneration of ncurons and probably other cells. In wvarious
experiments in which MPTP was infused into the rat striatum, onlya
small cavity, similar to that seen afier infusion of vehicle, with a
central nodule of leucocytes, was described after one month [79]. In

rats infused with an equimol of MPP* sh |
tissue necrosis, characterized by the presence of neurons and glial
cells with pyknotic nucleus and either swollen or shrunken
cytoplasm, 6 h after the treatment [73], and massive necrosis with
spongwﬂs and central cavitation after 24 h [73,79). This would
explain the ipsilateral after unilateral striatal
infusion of MPP'. There was no evidence that MPP" causes
destruction of pars compacta substantia nigra even two months after
its striatal infusion [73,79].

MPP” and apoptosis

Many efforts have been made to relate the neurodegenerative
effects of MPP® with an apoplotic process, mainly after the
assessment that MPF™ is neurotoxic for wventral mesencephalic
cultures |80]. Several lines of evidence suggest that nigral cell death
in Parkinson's disease is an active neuropathological process that
develops by apoplosis [81,82]. If some neurotoxin, perhaps MPTP-
like, was involved in the genesis of Parkinson's disease, it would
probably act through programmed cell death. Indeed, MPP" is able to
induce apoptosis at low concentrations (<100 pM) in cultured PC12
cells |83,84], granular cerebellar cells [85], human neuroblastoma
[86], and co-cultured striatal- mcq:lhallc cells [87]. Howew:. no
signs of apoptosis have been reported in pure
and no signs of apoptosis have been observed in vivo enhe'r in mice
treated with MPTP [88] or in rats treated with MPP" (52].

MPP” and NMDA

Since MPP" interferes with cnergy metabolism and depletes
cell energy supp one q of such energy
deprivation in neurons is an ailcral.lon in cell membrane function,
Ia.dmg m parl.lxl depolanzxuon and henoe to activation of the
ltage receplor Is. The toxic =ﬂ'wt of
W:nmesuby.aullammmbe d by co-admi
with some NMDA-antagonist, such as APT, CCP or MK-801, but not
by the preferential quisqualate antagonists CNQX and NBQX [89].
This protection is dose-dependent in the range of 25-250 nmol of
MPP*, MPP" alone could not be toxic to the subs‘lanus mg‘ra hul it
could induce irreversible changes in
additional step mediated by excitatory amino acids amng lll.mugh
NMDA receptors [89]. However, more probably, the disruption of
dopamine function in the substantia nigra may cause the failure of
some inhibitory mechanism on glutamatergic terminals in substantia
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nigra, so that the release of excitatory amino acids could increase the
effects of MPP".

The effect of treatment of mice with MPTP seems to be
temporarily prevented by MK-801, delaying the dopamine release for
the first 8 hours after MPTP treatment [90]. In the same way,
repeated ip. treatment with MK-801 [91], or deafferentation of
corlico-striatal glutamatergic pathways [92], partially protect against
striatal dopamine depletion. MK-801 has no effect on dopamine
depletion when MPP” is infused into the striatum, but may reduce the
depletion of glutamate and aspartate [93]. It seems then that MPP*
exerts a releasing effect on excitatory amino acids, which, through
NMDA  receptors, could participate in the nigrostriatal
neurodegenerative process.

These results are in accordance with the hypothesis that
neurotoxicity mediated by excitatory amino acids may be involved in
the pathogenesis of Parkinson’s di [94,95]. Hi the
protective results of MK-801 in rats or mice against MPP* or MPTP
could mot be reproduced by other authors [96]. Mi , MK-801
did not protect the metabolic deficiences caused by MPP* [52,90] and
also faied to protect dopaminergic neurons in vitro [97,98], indicating
that it could only attenuate the severity of the lesion in vive by
counteracting the effects of glutamate release. Other authors [31],
using striatal synaptosomes preloaded with [*H]-dopamine,
demonstrated that MK-801, at concentrations .higher than 100 nM,
could protect against the releasing effect of MPP®, but this protection
was unaffected by the omission of calcium, nor was it reduced by
other NMDA-antagonists (AP-7) and, in addition, NMDA has no
releasing effect on dopamine. They conclude then that the protective
effects described for MK-801 may be due to an action on the
dopamine transporter rather than on the NMDA-receptor [31].

MPP” and free radicals

MPTP and MPP' in contact with milochondria g

This would explain why, above certain concentrations, MPP* could
inhibit tyrosine hydroxylase [111], dihydrobiopterine reductase {112],
aromatic amino acid decarboxylase [113], glutathione S-transferase
[114], acetylcolinesterase [115]. Even adenylate cyclase activity may
bedocrusedbym suwethemcmme in intracellular cAMP by

hodi v i i is able to reduce the toxicity of
MPTP [116,117].

The protection of dopaminergic cultures with brain-derived
neurotrophic factor (BDNF) against 6-hydroxydopamine and MPP*
toxicity has also been related to an increase in glutathione reductase,
and then to a reduction of hydroxyl radicals [118]. Systemic
administration of NGF, BDNF, bFGF (but not NT3) to neonatal rats
can protect against MPP® -induced striatal damage and reduce

droxyl radical g ion (assessed by dihydroxybenzoic acid
pmducuon)[!l‘)]

Ho ,  the ¢ ional procedures to  detect
thiobarbiturate-reactive products as indicators of lipid peroxidation
and free oxygen radical production indicate an increase in free
radicals in incubations of striatal slices only at concentrations of
MPP* above 1 mM [120]. At I.hcse mncemmons MPP* has non-

lective effects on non-dop and non 1
that can be abolist 'byDMSOIlZlJl.
MPF" and NO

The free radical NO can act in the nervous system as a
neuronal messenger but, in situations of excessive production, it may
become neurotoxic [121]. NO is suspected of being one of the many
sources of toxic free radicals in the brain, since its reaction with the
superoxide anion leads to formation of peroxynitrite anion, which is
an extremely potent oxidizing agent. NO is synthesized from L-
arginine by nitric oxide synthase (NOS). Three major isoforms of this
enzyme have been identified and cloned: neuronal (nNOS),

dothelial (eNOS) and inducible ([NOS] nNOS and eNOS are

superoxide free radicals [99,100]. The chemical similarity between
MPP* (cyperquat) and the ¢ herbicide [101] led to
search for a similarity in their mech of action. Paraquat greatly
increases lipid peroxidation, and antioxidants such as desferroxin or
DPPD reduce its toxicity, but not that of MPP". In addition, MPP" and
paraquat, in spite of the similarity of their structure, have different
actions in cells and submitochondrial systems [102].

Hydroxyl radical formation was enhanced during incubation of
MPP* with oxygen, NADPH and NADPH-cytochrome P-450
reductase [103]). MPP" ight produce an oxidative siress through a
redox cycling that involves free radical production in the presence of
flavin-containing redox enzymes, which allow its reduction to a free
radical MPP- [104,105]. However it seems improbable that this
occurs in vivo, because of the high reduction potential of MPP*.

MPTP seems to fail to induce lipid peroxidation i vivo [106],
but MPP" has been reponed 0 do s, according to measurements of
the i in the thiot d in hepatocyte
cultures [107]. Oxygen radical production and their extracellular
presence after MPP" treatment has been demonstrated by cerebral
microdialysis with a sahqr]ale-reag:nl in vivo IIOG] But the
procedure to detect free radical production by of salicyl
to dihydroxybenzoate has been questioned by some authors, who
demonstrated that oxidation of salicylate by O; may be more than 10-
fold that expected due to the ad ation of MPP* [109] Huwwer,
the iron-chelator desf i d d by dialysis, is
able to mdtwelhedopauﬁnecﬂlux causedbymP‘[IlD], once more
suggesting a role for free radicals, stimulated by transition metals, in
MPP" toxicity.

Many enzymatic activities may be affected by hydroxylation.

constitutively expressed and are cal fcalmodulin-depend
[121]. In patients with Parkinson's di i d ion of
NADPH-diaphorase-NOS-related activity has been repwted in the
dopaminergic cell groups affected by the illness [122].

When rats are intrastriatally perfused with MPP" and
nitroarginine, an inhibitor of NOS, the depletion of dopamine and the
production of free radicals seem attenuated [123]. Inhibition of nNOS
with 7-nitroindazole, a relatively selective inhibitor of neuronal NOS,
protects mice and baboons against MPTP umatox.icity [124-126],
suggesting a key role of NO in dopamine neuron d ion. Since
tyrosine hydroxylase-positive hali do not p
nNOS :mmumrm“ry [127], the souroe of NO must be oumde
these . The ins a high density of nNOS positive
neurons that colocalize with NADPH-diaphorase, which could be the
source of NO. NADPH-diaphorase neurons are selectively resistant to
degeneration in conditions such as stroke, Huntington’s chorea and
Alzheimer's disease, and also in cerebral ischemia [121]. Thus,
neurons that release NO may be resistant to its cytotoxic actions.

NO may react with superoxide, increased as a consequence of
mitochondrial respiratory chain blockage, form peroxynitrite
(ONOO-) and induce oxidation of numerous proteins and lipids or
nitrosylate tyrosines of proteins. NO also elicits DNA strand breaks,
and the DNA fragments activate poly(ADP-ribose) synthetase
(PARS) [128]. It is not clear whether MPP* finally activates PARS
and how this could take pIacz, but i of PARS (benzamide,

ide, 1,5-dihyd: li protect i MPTP-
induced dopamine depletion [129] However, the same authors that
describe these results recognize thal the protective effect of these
PARS-inhibitors could in all the cases be explained by mechanisms
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other than PARS inhibition.

In the brain, NOS activation forms part of a cascade of
intracellular events caused by NMDA activation, and NO then
mediates certain actions of glutamate through NMDA receptors
[130]. One of these actions results in dopamine release [131]. NMDA
and NO could be involved in the mechanisms of MPP” action and so
NMDA- or NOS-inhibitors could prevent its effects.

We have found, using striatal slices, that NOS inhibitors may
protect against the dopamine depleting effect only at ounoenlrauons
of MPP" below 5 pM (data not published). At these
MPP" has no effect on glutamate release but the calcium release by
mitochondria seems synergistically cnhanmd by MPP" in the
presence of NO [132). M , reactive glial cells can express
iNOS, and these cells have been implicated in the pathogenesis of
different diseases, such as Parkinson’s. Whether neuronal damage
results from increased generation of NO by the nNOS or iNOS, or
both, remains to be determined.

Concluding remarks

MPP" injected into the rat brain in vive, despite being the
active metabolite of MPTP, causes very different effects from
peripherally administered MPTP. The effects of MPP" are related to
the « ion of this compound in contact with cerebral
dopaminergic structures. At very low concentrations (<2 pM) MPP*
may enter the dopaminergic terminals using the dop ter

2uM < [MPP+] <5 puM

Figure 2:  Action of MPP" at concentrations between 2 and 5 M.

At these concentrations MPP* can inhibit mitochondrial activity. The
mechanisms for ejecting MPP® from the cell fail. A slow bui
significant depletion of dopamine take place. The effects of MPP* can
be, at this stage, prevented by the inhibition of neuronal NO-synthase
(NOS), p in B (ndn), by 7-
nitroindazole (7-NI). The aon.sutuuw NO production, or the
activation of NOS by MPP*, could amplify the mitochondrial radical

and inhibit MAO activity with high affinity (Figure 1). MPP is also
sequestered by dopamine vesicles and expelled from terminals using
the cation/proton exchanger. At concentrations between 2 and 5 pM
MPP’ can inhibit mitochondrial activity and reduce ATP production
(Figure 2), so the cell depolarizes, MPP" is not expelled by the ATP-
dependent cation/proton exchanger and it is released from vesicles
together with dopamine. At this step, MPP" effects can be blocked by
NOS inhibitors, indicating the participation of NO in MPP*
neurotoxicity, prohably acting as an amplification mechanism of the

nomifensing_, o\
cocaine

MPP*

/ M\

[MPP+] <2 uM

Figure 1:  Action of MPP+ at concentrations lower that 2 uM.

MPP" can be taken up by the dopaminergic synaptic terminals using
dopamine transporters (DAT). Although MPP* could be stored in
dopamine vesicles (v), using the vesicular transporter (VAT), or in
mitochondria (m), the rations are low gh to allow the

production due to NADH-DH inhibition. The resultant production of
peroxynitrite ions would be a triggering factor for dopamine
depletion. NOS-inhibitors does not modify the decrease of i
metabolites (DOPAC and HVA) due to the MAO inhibition by MPP*,
Antagonists of dopamine reuptake (pomifensine, cocaine) blocks the
effect of MPP", indicating that the input of MPP" into the dopamine
terminals is essential for toxicity.

/ P

[MPP+] >5 pM

Figure 3 : Action of MPP" at concentrations higher than 5 pM.
The mhlbmou of nNOS is not enough to prevent the MZPP+ effects on

The inhibition of mitochondrial activity by
MPP+ is prahably sufficient to produoe increases in free radicals and
intracellul Icium to cause depletion of dopamine. The result is a
marked release of dopamine, with concomitant loss of dopamine
striatal stores. The metabolism of dopamine is still blocked by MAO
inhibition, so that intracellular and extracellular concentrations of
DOPAC and HVA are markedly reduced. MPP+ can be retroaxonally

cation/proton antiporter to eject MPP™ from the cell. Dop
neurons are essentially preserved.

ported inside dopamine vesicles but, at least in rats, its effect on
substantia nigra is negligible.
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intracellular MPP" effects. These con of MPP" ¢ pond
to the amount of MPP" that may accumulate in the brain after MPTP
treatment [124], so MPTP-treatment might be protected by NOS-
inhibitors.

The effect of concentrations higher than 5 pM (Figure 3)
cannot be pmm:lad by NOS-lnh:h:lors prnbably because the cell
depolarization and i Hul: caused by MPP*
itself are enough to produce vesicle depletion. However, very high
concentrations (> 1 mM) of MPP’, infused or injected into the
striatum, are necessary fo observe an effect on striatal dopamine
content in vivo, because of the low diffusion of MPP". At those
concentrations the radical production may be detected by
malondialdheyde increase and it would be responsible for the
inhibition of many enzymatic activities, the depletion of
neurotransmitters other than dopamine, the non-selective effects on
the whole striatal tissue and, thus, the hypoxic-like metabolic
response (Figure 4).

In conclusion MPTP and MPP" have been used extensively to
reproduce dopaminergic lesions in several species, although
sensitivity 1o MPTP depends on the species. However, when MPP*
Jinstead of MPTP, is applied directly to the rat brain its effects are
dramatically dose-dependent: low concentrations (< 1mM) of MPP*

[MPP+] > 1 mM

Figure 4: Action of MPP" at concentrations higher than 1 mM.

These concentrations of MPP* in contact with striatal tissue are not
prevenied by dopamine transporter inhibitors, MPP* can thus enter
the cell by other mechanisms that require less affinity and it can
probably enter other non-dopaminergic cells. The blockage of
mitochondrial activity is important enough to significantly reduce the
ATP and to increase the lactate content in the whole striatum. The
oxygen free radical production is wvery imporant, as for

mitochondrial blockade as for the invol of MPP" itself in a
redox cycling, and can be detected by lipid peroxydation and
londialheyde (MDA) i Many ic activities are

decreased in dopaminergic terminals, such as tyrosine hydroxylase
(TH); in glial cells, such as glutamine synthetase (GS); in the
extracellular space, such as choline acetylesterase (CAE). The result
is a marked depletion of dopamine and other neurotransmitters,
glutamate, aspartate, serotonine, acetylcholine, adenosine (see
references in the text), which can be detected by an increase in
concentrations in pl llected by microdialysis. After some
hours of contact with such concentrations of MPP+ the striatal tissue
shows a marked global necrosis.

in vive do not significantly alter the dopamine striatal content,
h higher conc ions cause non-specific degeneration of
neuronal and non-neuronal s1.rucmre& Further work is requ:red :n
order to solve several i such as the relati
between MPP'and the molecular mechanisms of apoplosis and
necrosis, which could be involved in neurodegenerative processess.
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Abreviatures

6-OHDA.......ooiiiiiiiiiiiiicc 6-hidroxidopamina

AADC ..o Descarboxilasa dels aminoacids aromatics
BMP-2 i Proteina morfogenica Ossia-2
BHE.....oo e, Barrera hematoencefalica

CEM ...t Cel-lules fetals mesencefaliques
COMT ..ot Catecol-O-metil transferasa

CSF oo Fluid cerebroespinal

DA Dopamina

DAT oo, Transportador de dopamina

DBS ..o Estimulaci6 cerebral profunda

DDC ... Dopa-descarboxilasa
DMEM....ooiiiiiiiiieiiieeeeieee e Dulbecco’s Modified Eagle Medium
DOPAC ...t Acid 3 ,4-dihidroxifenil acétic

DYN .o Dinorfina

El4 oo fetus de rata de 14 dies postfecundacié
ENK oo Encefalina

GB oo Ganglis basals

GABA ..o Acid gamma- aminobutiric

GDNEF. ..ot Factor neurotrdfic derivat de glia
GFEAP ..o proteina fibrilar acidica de la glia
GPe.ooiiii Globus pal-lid extern

GPi i Globus pal-lid intern

GSH/GSSG ..o Glutati6 reduit/oxidat

HVA L, Acid homovanil-lic
HPLC...coiiiiiiiiiicce Cromatografia liquida de alta definici6
I-MAO e Inhibidors de la monoamino oxidasa
KO .ot knockout

LB oo Cossos de levy

L-DOPA o levodopa ........c.ccoouveene... L-3,4-dihidroxifenilalanina

LN Neurites de levy

LC o Lloc ceruli

MEB ... Feix prosencefalic medial

MPTP oo 1-metil-4-fenil-1,2,3,6-tetrahidropiridina
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MPP e i6 1-metil-4-fenilpiridinium

NAC i Nucli accumbens

NADH-DH .....ccooiiiiiiiii, NADH deshidrogenasa

NDAM ... neurones dopaminérgiques mesencefaliques
NM e Neuromelanina

PARK ..., Gens relacionats amb les formes familiars de la PD
PD oo Malaltia de Parkinson idiopatica o esporadica
PFA oo Paraformaldehid

PL Cossos pal-lids

ROS ..., Radicals lliures derivats de 'oxigen

RNS o, Radicals lliures derivats del nitrogen
RPMI ... medi Roswell Park Memorial Institute

SN L Substancia negra

SINC 0 SNPC.cooviiiiiiiiieeeeiiiieeecenn Part compacta de la substancia negra

SNC .o, Sistema nervids central

SN0 SNPI i Part reticulada de la substancia negra

SP o Substancia P

SQ i semiquinones

SSE . Sérum salf fisiologic

STN (oo Nucli subtalamic

TH oo Tirosina hidroxilasa

UPS.. Sistema ubiqiiitina-proteasoma

VMAT2 i Transportador vesicular de dopamina

VTA e, Area ventrotegmental
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