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1. Introduccion

1. INTRODUCCION
1.1 RECEPTORES ACOPLADOS A PROTEINA G

La comunicacion celular es un requisito necesario para el mantenimiento y
regulacion de la homeostasis de los seres vivos. Para ello, las células del organismo
tienen la capacidad de reconocer moléculas liberadas al medio extracelular, con la
finalidad de procesar gran cantidad de informacién procedente de otras células. Debido
a que muchas de estas moléculas liberadas no entran dentro de la célula a causa de su
naturaleza polar, es necesaria la presencia de receptores en la membrana citoplasmatica
con los que interactuar para ejercer su funcion. Los receptores acoplados a proteina G
(GPCR) o también llamados receptores de siete dominios de transmembrana (7TMD)
constituyen una importante familia de receptores de la membrana celular (Gudermann et
al. 1997; Marinissen y Gutkind 2001). Estos receptores estan codificados por una gran
familia de genes; en el caso del genoma humano, mas del 1% codifica para mas de 1000
proteinas con esta estructura, de las que mas del 90% se expresan en el Sistema

Nervioso Central (SNC) (George et al. 2002).

Los GPCRs son activados por una gran variedad de ligandos tanto enddgenos
como exdgenos, entre los que se incluyen hormonas, péptidos, aminoacidos, iones y
fotones de luz; y transducen la senal a través de un gran numero de efectores como la
adenilato ciclasa (AC), las fosfolipasas o los canales i6nicos, entre otros. Muchas de
estas vias de sefializacion, aunque no todas, estdin mediadas por el acoplamiento del
receptor a una proteina G y, en su conjunto, desempenan un papel clave en la fisiologia
celular controlando procesos del organismo como la secrecion, la diferenciacion o la
neurotransmision, entre otros. Mas del 50% de los agentes terapéuticos actualmente
comercializados actuan sobre estas proteinas activando (agonistas) o antagonizando
(antagonistas) estos receptores (Flower 1999; Marinissen y Gutkind 2001). En la
actualidad los GPCRs son considerados como dianas terapéuticas para el desarrollo de

nuevos farmacos en amplios campos de la medicina (Figura 1).



1. Introduccion

Biogenic amines Amino acids and ions
Noradrenaling, Glutamate, Ca2+, Lipids
dopamine, : GABA LPA, PAF, prostaglandins, leukotrienes, anandamine, S1P
5-HT, histamine,
acetylcholine \, _ Peptides and proteins
N 1 /_ Angiotensin, bradykinin, thrembin, bombesin, FSH, LH, TSH, endorphins
&~ Others

Light, odorants, pheromones, nuclectides, opiates, cannabinoids, endorphins

lon channels, Biological responses
' PIBKy, PLC-p, Proliferation, differentiation,
c adenylyl cyclases development, cell survival,
angiogenesis, hypertrophy,
G-protein-independent | eancaf
effector molecules L
are SEE. IR <P Gena exprassion
Adenylyl cyelases, PLC-f, Adenylyl cyclases, RhoGEFs, q regulation
inhibition of cAMP DAG, increasein cAMP  Rho e S (P}
production, Ca™,  concentration e
ion channels, FKC ez m i -
H —
phosphodiesterases, ——————— ' Transcription Nucleus
phospholipases factors

TARFNIMS in Pharmarninmical Seinmees

Figura 1. Ligando endogenos y mecanismos de sefializacion celular responsables de las diversas
funciones bioldgicas de los receptores acoplados a proteina G
(extraido de Marinissen y Gutkind 2001)

1.1.1 Estructura de los GPCR

Para que una proteina sea clasificada como receptor de siete dominios
transmembrana debe cumplir dos requisitos. El primero consiste en estar constituido por
una sola cadena proteica capaz de cruzar siete veces la membrana plasmatica. Para ello,
debe presentar una estructura con siete secuencias de unos 25-35 residuos
aminoacidicos, con alto grado de hidrofobicidad, dispuestos en una estructura de hélices
o que atraviesan la membrana celular. Estas hélices estin conectadas por tres bucles
intracelulares y tres bucles extracelulares, quedando el dominio amino terminal
orientado hacia el medio extracelular y el carboxilo terminal hacia el intracelular. El
segundo requisito es que este receptor tenga la capacidad de interactuar con una

proteina G.

Los receptores acoplados a proteina G estan parcialmente inmersos en la bicapa
lipidica, en un ambiente no polar, formando una estructura compacta de hélices
transmembrana. La correcta orientaciéon e integracion de la cadena polipeptidica es

guiada por un complejo aparato de translocacion que reside en el reticulo
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endoplasmatico (RE). Se pueden distinguir dos estados de plegamiento diferentes que se
producen tras la translocacion inicial del receptor a través del extremo N-terminal
dentro del lumen del RE. En el primer plegamiento las hélices o se disponen a través de
la bicapa lipidica y el plegamiento de la proteina esta dirigido principalmente por los
efectos hidrofobicos. Para minimizar la superficie polar expuesta al ambiente lipidico,
los dominios transmembrana adoptan una estructura secundaria dejando los
aminoacidos hidrofobicos enfrentados a la bicapa lipidica y los aminoédcidos mas
hidrofilicos orientados hacia la hendidura generada por el empaquetamiento de los
dominios transmembrana. Finalmente, en el segundo plegamiento se forma una
estructura terciaria por interacciones especificas hélice-hélice que permite un fuerte
empaquetamiento con estructura tipo anillo de los dominios transmembrana (Scarselli et

al. 2000).

La region N-terminal puede estar glicosilada y la region C-terminal esta
expuesta a la interaccion con otras moléculas de sefializacion, como quinasas y
proteinas P-arrestinas, responsables de procesos de sensibilizacion, desensibilizacion e
internalizacion (Lefkowitz 1998; Pfleger et al. 2007; DeFea 2011; Schulte et al 2010;).
Ademas, la region carboxi terminal y los bucles intracelulares dos y tres son criticos
para la transduccion de la sefal hacia el interior de la célula ya que son los dominios de
unioén a la proteina G responsable, en la mayoria de los casos, de iniciar la sefializacion

intracelular (Figura 2).
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Figura 2. Esquema de la estructura tipica de un GPCR (extraido de Lefkowitz 2000)
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1.1.2 Clasificacion y nomenclatura de los GPCR

Los GPCR se han clasificado segun diferentes sistemas. Uno de los més clasicos
es el sistema Kolakowski (Kolakowski Jr. 1994), en el que los GPCR se clasifican en 6
familias (A-F) segun su estructura y caracteristicas genéticas. En la Figura 3 se ilustran

las tres familias mayoritarias.

Familia A

Receptores de aminas biogenas (adrenérgico,
serotonina, dopamina, muscarinico, histamina)
Receptores de neurotensinay TRH

Receptores de opsina

Receptores de adenosina y canabinoides
Receptores de nucledtidos, oxitocina y somatostatina
Receptores de melatonina

Familia B

Receptores de calcitonina

Receptores PTH

Receptores de glucagon, VIP y secretina
Receptores de latrotoxina

Familia C

Receptores metabotropicos de glutamato
Receptores metabotropicos de GABA
Receptores de calcio

Recepteres de feromonas vemeronasales
Receptores gustativos

Figura 3. Representacion esquematica de las tres principales familias de receptores acoplados a
proteina G. Los residuos altamente conservados se indican en circulos rojos (extraido de George et al.

2002)

La familia A, también llamada rodopsin-like contiene el 90% de todos los
GPCR, siendo la més grande y estudiada, e incluye a receptores para una gran variedad
de hormonas y neurotransmisores. La homologia global entre este tipo de receptores es
baja y limitada a un nimero de residuos altamente conservados. Los receptores se
caracterizan por tener un residuo conservado en toda la familia que corresponde al acido
aspartico 130 del motivo Asp-Arg-Tyr (DRY), del tercer segmento transmembrana,
como inicialmente se descubrio en el receptor humano B-adrenérgico (Fraser et al.
1988), y por tener un puente disulfuro que conecta el primer y el segundo bucle
extracelular. Ademads, muchos receptores tienen una cisteina palmitoilada en la cola C-

terminal que sirve de anclaje a la membrana plasmatica (Figura 3 linea zigzag naranja).
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El estudio de la estructura cristalografica de la rodopsina indica que los dominios
transmembrana estdn inclinados y enroscados debido al aminodcido prolina que
distorsiona los dominios helicoidales transmembrana. En esta familia, el ligando se une
en una cavidad formada por los dominios transmembrana, aunque para alguna
subfamilia de receptores activados por pequefios péptidos, el reconocimiento se produce
a nivel de los bucles extracelulares y del dominio N-terminal (George et al. 2002;

Jacoby et al. 2006).

La familia B incluye aproximadamente 50 receptores diferentes para una
variedad de hormonas peptidicas y neuropéptidos, como el péptido intestinal vasoactivo
(VIP), la calcitonina, la hormona paratiroidea (PTH) y el glucagén. La principal
caracteristica de esta familia es que posee un extremo amino terminal relativamente
largo (aproximadamente 100 residuos), que contiene diversas cisteinas que forman una
red de puentes disulfuro (Ulrich ef al. 1998). Asi, los ligando pepiticos son reconocidos
por el extenso dominio amino terminal de estos receptores (George et al. 2002; Jacoby
et al. 2006). Son de morfologia similar a la familia A, pero no parecen palmitoilarse y
los residuos y motivos conservados son diferentes. Excepto por el puente disulfuro que
conecta el primer y segundo bucle extracelular, esta familia no tiene ningtin elemento en
comun con la familia A y el motivo DRY no existe. Se sabe poco de la orientacion de
los dominios transmembrana, pero teniendo en cuenta la divergencia de las secuencias

aminoacidicas, probablemente son diferentes de los de la familia A.

La familia 3 o C se caracterizan por tener un largo extremo carboxi y amino
terminal (500-600 aminoacidos). A esta familia pertenece el receptor metabotropico de
glutamato y el receptor GABA (acido y-aminobutirico). La estructura del lugar de unién
(representado en la figura 3 en rosado) se ha deducido mediante estudios de
cristalografia del extremo N-terminal del receptor metabotropico de glutamato
solubilizado y unido a glutamato (He ef al. 2002). Se ha visto que forma un dimero
unido por puente disulfuro que puede abrirse y cerrarse en el proceso de union del
ligando (He et al. 2002). Esta familia no tiene ningin rasgo comun con la familia 1 y 2
excepto por la presencia de cisteinas en el bucle extracelular que forman puentes
disulfuro. Una caracteristica unica de estos receptores es que el tercer bucle intracelular

es corto y altamente conservado, y al igual que en la familia 2 tampoco se conoce la
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orientacion de los dominios de transmembrana (TM) (George et al. 2002; Jacoby et al.
2006).

Aunque la clasificacion A-F estd ampliamente aceptada, Fredriksson y
colaboradores (Fredriksson et al. 2003) efectuaron el primer estudio filogenético de toda
la superfamilia de GPCR en el genoma de mamifero, proponiendo una clasificacion mas
detallada. El andlisis muestra que hay 5 familias principales para los GPCR humanos:
Glutamate, Rhodopsin, Adhesion, Frizzled/Tasted? y Secretin (la clasificacion GRAFS
esta basada en sus iniciales) y que dentro de cada familia los receptores comparten un
origen evolutivo comun. Tres de estas familias, Rhodopsin (A), Secretin (B) y
Glutamate (C) se corresponden con la clasificacion A-F, mientras que las otras dos
familias, Adhesion y Frizzled, no estan incluidas. En esta clasificacion la superfamilia
de la rodopsina sigue siendo la mayor, y se ha dividido en 4 grupos principales con 13
ramas distintas. Los autores de este nuevo sistema de clasificacion defienden la teoria de
que los receptores acoplados a proteina G surgieron a partir de un Unico predecesor
comun, que a través de duplicaciones génicas, fue evolucionando desde la mayor
simplicidad en cuanto a sus origenes a la enorme complejidad que muestra la
superfamilia de estos receptores en la actualidad. La gran diversidad que alcanza esta
superfamilia de proteinas de membrana da a entender el importante papel que juegan en

la fisiologia de cualquier organismo.

1.1.3 Vias de senalizacion de los GPCR

Cuando un receptor es activado por un ligando, se inician una serie de eventos
intracelulares que modulan la funcion celular. Estos eventos dependen de la proteina G
a la que se encuentran acoplados y de la maquinaria molecular intracelular. Las
proteinas G estan presentes en todos los organismos eucariotas y tienen un papel
esencial en la transduccion de sefiales debido a su asociacidon al receptor y a otras
proteinas citoplasmaticas efectoras. Cada proteina G tiene una estructura heterotrimérica
constituida por la subunidades o (39-46 KDa), § (37 KDa) y y (8 KDa). La interaccion
del ligando con el receptor produce una serie de cambios conformacionales que
modifican la estructura de la proteina G y que hacen que la subunidad o libere GDP y
una GTP (Bourne ef al. 1991) Al intercambiar GDP por GTP, la subunidad Ga se activa
y se desensambla tanto del receptor como del complejo estable Gfy (Marinissen y

Gutkind 2001). Tanto la subunidad Go como el complejo GPy son moléculas
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sefnalizadoras de forma que activan o inhiben a moléculas efectoras, como las adenilato
y guanilato ciclasas, fosfodiesterasas, las fosfolipasas A, y C, y la fosfoinositol 3-
quinasa entre otras. Ello da lugar a una activacion o inhibicion de una gran variedad de
segundos mensajeros tales como el AMPc, GMPc, diacilglicerol (DAG), inositol
(1,4,5)-trifostato (IP3), fosfatidil inositol (3,4,5)-trifosfato, y los acidos araquidonico y
fosfatidico, por citar algunos (Marinissen y Gutkind 2001).

Dos ejemplos tipicos de cascadas de sefializacion iniciadas por receptores

acoplados a proteina G son las que conducen a la formacion de inositol-1,4,5-trifosfato
(IP;)/DAG y AMPc como segundos mensajeros. Para la subunidad Gay, la proteina

efectora diana es la PLC, enzima que hidroliza fosfoinositoles de membrana generando
IP; y DAG como segundos mensajeros. El IP; aumenta la concentracién de calcio

intracelular vaciando los depositos intracelulares, mientras que el DAG activa a la PKC.

En el caso de las subunidades Gog o Goj;, la proteina efectora es la adenilato ciclasa
(AC), enzima que cataliza la conversion de ATP a AMPc, mientras Gog estimula esta

enzima, la subunidad Gaj/, la inhibe. EI AMPc activa la PKA que igual que la PKC
fosforila a multiples y diversas proteinas (receptores, canales ionicos, enzimas o
factores de transcripcion) regulando asi el funcionamiento celular (Marinissen y
Gutkind 2001; Faure et al. 2004; Berridge 2009; Puzianowska-Kuznicka y Kuznicki
2009;).
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Figura 4. Representacion de algunas de las vias que enlazan los GPCR con la via de las MAPK

(extraido de Marinissen y Gutkind 2001)



1. Introduccion

Muchas de las respuestas mediadas por estos receptores no consisten inicamente
en la estimulacion de segundos mensajeros convencionales, si no que son el resultado
de la integracion de diferentes redes de sefializacion, entre las que se incluyen la via de
las MAPKs y las JNKs. Al principio se creia que la activacion de la ruta de las MAPK

por GPCR involucraba a la proteina G sensible a la toxina de la Bordetella pertussis
(Gaj) y que dependia fuertemente del complejo GBy de la proteina G y de tirosina

quinasas no identificadas (van Corven ef al. 1993; Faure et al. 1994; Koch et al. 1994).
Se postuld que, en ausencia de ligando para receptores con actividad tirosina quinasa
(RTK), la activacion de receptores acoplados a proteina G podia inducir la estimulacion
de un RTK generando sefiales mitogénicas. Este fendomeno se denomind
transactivacion. Una vez transactivado, el RTK inicia una cascada de sefalizacion
idéntica a la generada por su propio ligando; es decir, la activacion de las MAPK es a
través de la via Ras, Raf, MEK y ERK (Figura 4). El proceso es iniciado con las
subunidades GPy dando lugar a que se reclute Sos hacia la membrana. Ello activa el
intercambio de GDP por GTP en la proteina Ras, siendo esta proteina el intermediario
que conecta la cascada de sefializacion generada por la transactivacion de un RTK con

la fosforilacion de ERK (Marinissen y Gutkind 2001).

Sin embargo hay evidencias que indican que la sefializacion de los receptores de
siete dominios transmembrana es mucho mas compleja puesto que pueden activar la via
de las MAPKSs a través de vias de sefializacion dependientes (Figura 4) e independientes
de proteinas G (Daaka et al. 1998; Lefkowitz 1998; Luttrell et al. 1999; Beaulieu y
Gainetdinov 2011). Un ejemplo paradigmatico es la sefalizacion mediada por la
fosforilacion del receptor por GRKs (G protein-coupled Receptor Kinases), la union de
B—arrestinas y el subsiguiente secuestro del receptor de la superficie celular (Krupnick y
Benovic 1998), que no solo es importante para la finalizacion de la sefial, sino que
también juega un papel importante en el intercambio entre las vias de sefializacion
dependientes de proteina G e independientes como las utilizadas normalmente por

receptores de factores de crecimiento (Luttrell et al. 1999).

Estudios relativamente recientes muestran que las f—arrestinas desempefian un
papel en la sefializacion celular que va mas alla del simple desacoplamiento entre

receptor y la proteina G. El hecho de que las PB-arrestinas puedan interaccionar
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directamente con tirosina quinasas de la familia de las Src y con componentes de la
cascada de MAP quinasas (Perry y Lefkowitz 2002; Reiter et al. 2012), sugiere que las
—arrestinas pueden funcionar como adaptadores o scaffolds reclutando proteinas
involucradas en la sefalizacion de un determinado receptor (Figura 5). De esta manera,
se ha demostrado la capacidad de diferentes tipos de receptores acoplados a proteina G
de reclutar componentes de las cascadas de las JNKs o las ERKs, incluyendo las
quinasas mas relevantes de la cascada, como pueden ser JNK3, Raf-1, MEKI1 o
ERK1/2. Estos complejos pueden permanecer unidos incluso durante la internalizacion
del receptor, presentando diferentes localizaciones subcelulares, presumiblemente en
los endosomas hacia donde el receptor es conducido en su proceso de internalizacion y
por lo tanto aproximando las quinasas a sus posibles substratos citosolicos. En este
sentido, las P-arrestinas actian como scaffolds permitiendo al receptor regular la
actividad y la distribucion de dichas quinasas en el interior celular, lo que puede tener
unas implicaciones funcionales muy importantes (Violin y Lefkowitz 2007; Kelly et al.

2008; Reiter ef al. 2012).
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Figura 5. Transduccion de sefial en los receptores acoplados a proteina G
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1.1.4 Regulacion de la actividad de los GPCR por desensibilizacion

La rapida atenuacion de la respuesta del receptor tras su activacion mediante
union de un agonista recibe el nombre de desensibilizacion (Golan et al. 2009; Moser et
al. 2010). Este fenomeno puede manifestarse mediante diferentes mecanismos como el
desacoplamiento del receptor de su proteina G en respuesta a la fosforilacion del
receptor (Hausdorff ez al. 1989; Lohse et al. 1990; Ferguson 2001; Golan et al. 2009), la
internalizacion de los receptores de la superficie celular a compartimientos
intracelulares (Hermans et al. 1997; Trejo et al. 1998; Ferguson 2001), la disminucion
del nimero de receptores debido a la disminucién del RNA mensajero y a la sintesis
proteica, asi como la degradacion de los receptores preexistentes (Jockers et al. 1999;
Pak et al. 1999). En el caso de las fosforilaciones, estos fendémenos tienen lugar en
segundos, minutos en el caso de las endocitosis y horas cuando es regulada la expresion.
La desensibilizacion del receptor puede ser completa, como ocurre en el sistema
olfativo y visual o atenuada, disminuyendo la respuesta maxima, como ocurre con el
receptor B-adrenérgico (Sakmar 1998). La manera mas rapida por la cual un GPCR se
desacopla de la proteina G es a través de modificaciones covalentes en el receptor como
consecuencia de su fosforilacion por quinasas intracelulares, siendo de especial
importancia las quinasas especificas para GPCR o GRK (Kelly et al. 2008; Golan et al.
2009).

La internalizacion de GPCR es un fenémeno comun tras la estimulacion por
agonista. El trafico de receptores a compartimentos endosomales permite la
desfosforilacion y reciclaje del receptor a la superficie celular (Krueger et al. 1997;
Pierce y Lefkowitz 2001; Ferguson 2001; Gainetdinov et al. 2004; Boulay y Rabiet
2005). Parte de los receptores internalizados pueden degradarse tras la exposicion
prolongada al agonista, lo que implica que el receptor sea marcado para entrar en la via
de degradacion (Bohm et al. 1997). El mecanismo de internalizacion de GPCR mejor
caracterizado es a través de la fosforilacién del receptor mediada por las proteinas
quinasas especificas de GPCR (GRK) y B-arrestinas (Kelly et al. 2008). Una vez el
receptor es fosforilado por GRK, la B-arrestina actia como molécula reguladora que
interactiia con componentes de la via endocitica mediada por vesiculas de clatrina. En
respuesta a la activacion de los GPCR, la B-arrestina citosolica transloca a la membrana

plasmatica uniéndose a los receptores a la vez que se inicia el proceso de endocitosis
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mediado por clatrina (Ritter y Hall 2009) (Figura 6). Como se ha mencionado
anteriormente, las f-arrestinas no solo funcionan en el secuestro de GPCR para la
desensibilizacion e internalizacion, sino como proteinas para transducir y
compartimentar las sefiales alternativas (Golan et al. 2009). Estas proteinas tienen la
habilidad de interaccionar con una gran variedad de proteinas endociticas y de

sefalizacion como las c-Src (Lutrell ef al. 1999), MAPK y Raf (DeFea ef al. 2000).

No obstante, no todos los GPCR necesariamente se internalizan por un
mecanismo dependiente de B-arrestinas y clatrina. Existen evidencias experimentales
que sugieren que los GPCR pueden internalizarse por vias endociticas alternativas.
Algunos GPCR se han encontrado en estructuras de membrana ricas en colesterol
denominadas caveolas (Chun ef al. 1994; Huang ef al. 1997; Burgueiio et al. 2003).
Estos dominios también son dominios de sefializacion donde los GPCR pueden
localizarse e interaccionar especificamente con proteinas de sefializacion (Ostrom y
Insel 2004). Ademas, las caveolas tienen un papel clave en la desensibilizacion y trafico
de los receptores ya que el uso de agentes bioquimicos que disrumpen estas estructuras
son efectivos en la inhibicion de la endocitosis de ciertos GPCR (Ginés et al. 2001;
Escriche et al. 2003; Kong et al. 2007; Wu et al. 2008). Por otra parte, ciertos
receptores son susceptibles de usar una tercera via endocitica alternativa, si bien no se
han identificado ni las proteinas de cubierta, ni las proteinas adaptadoras para la

generacion de estas vesiculas (Claing ef al. 2000).

Una vez internalizados, los receptores son marcados para entrar en vias de
reciclaje o de degradacion. Algunos GPCR, entre los que se incluye el receptor [,-
adrenérgico, pueden ser reciclados a la membrana plasmatica, como receptores
totalmente competentes después de unos minutos de haber sido internalizados (Pippig et
al. 1995). Otros receptores, como el receptor de vasopresina tipo 2, es retenido dentro
de la célula durante un cierto periodo de tiempo antes de ser reciclado a la membrana
celular (Innamorati et al. 2001), mientras que algunos, como los receptores de o-
opiodes o de trombina son mayoritariamente degradados (Tsao y von Zastrow 2000).
Sin embargo, para la mayoria de GPCR una parte es reciclada y otra parte es degradada,

como ocurre con los receptores de adenosina (Escriche et al. 2003).
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Figura 6. Ejemplo de un modelo propuesto para la desensibilizacion, internalizacion y

downregulation de los GPCR (extraido de Pierce y Lefkowitz 2001)

1.1.5 Actividad constitutiva y nomenclatura de los ligandos de los GPCR

La activacion de un receptor acoplado a proteina G se basa en un cambio
conformacional de la estructura terciaria debido a la union al receptor de un ligando
agonista. El receptor pasa de una conformacion inactiva a una activa, existiendo una
constante de equilibrio entre los dos estados del receptor. La actividad constitutiva que
presentan estos receptores representa una isomerizacion del receptor a la conformacion
activa en ausencia de ligando (Seifert y Wenzel-Seifert 2002). Como consecuencia se
promueve el intercambio GDP-GTP en la proteina G acoplada, aumentando asi la
actividad basal de dicha proteina G y de los siguientes sistemas efectores (Costa y Herz

1989).

Esta actividad constitutiva es inhibida por los compuestos denominados
agonistas inversos, los cuales actian sobre el receptor de manera que estabilizan la
conformaciéon inactiva y por lo tanto minimizan el intercambio GDP-GTP. Estos
compuestos actian de forma opuesta a los agonistas, cuya funcion es estabilizar al
receptor en la conformacién activa y, por lo tanto, inducir su sefalizacion intracelular.
Se ha propuesto la existencia de multiples conformaciones de los receptores con
distintas funciones biologicas (Seifert y Wenzel-Seifert 2002). Estas conformaciones
estarian estabilizadas por diferentes tipos de compuestos, siendo la mas favorable para
la sefializacion aquella conformacion del receptor estabilizada por el agonista; seguidas

por los agonistas parciales, que serian compuestos con una menor eficiencia para
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estabilizar el receptor en la conformacién mas activa y que por lo tanto promueven un
menor intercambio GDP-GTP. A continuaciéon vendrian los antagonistas neutros o
simplemente antagonistas que no alterarian el equilibrio entre las conformaciones activa
e inactiva, pero que tienen la capacidad de bloquear el efecto de los agonistas y de los
agonistas inversos. Por ultimo, estarian los agonistas inversos parciales y los agonistas
inversos, que serian capaces de estabilizar al receptor en su estado inactivo, en un menor
y mayor grado respectivamente, reduciendo la actividad basal o constitutiva del receptor

(Figura 7).
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Figura 7. Activacion de los receptores acoplados a proteina G segiin el modelo de dos estados. A) El
modelo de dos estados asume que el receptor isomeriza desde un estado inactivo R a uno activo R*. B)
Accion de los diferentes tipos de ligandos sobre la actividad constitutiva del receptor (extraido y

modificado de Seifert y Wenzel-Seifert 2002)

Los ligandos también se pueden clasificar en funcion del lugar al que se unen al
receptor. La mayoria de los ligandos conocidos de GPCR que actiian como agonistas,
antagonistas o agonistas inversos, se unen al mismo dominio del receptor reconocido
por los agonistas endogenos, es decir, el lugar de union ortostérico (Neubig et al. 2003).
En cambio, muchos GPCR poseen centros alostéricos, topograficamente distintos del
centro ortostérico. Esto ha llevado a la identificacion de ligandos que actian como
moduladores alostéricos, que pueden regular indirectamente la actividad de los ligando
ortostéricos y/o mediar directamente los efectos de agonistas/agonistas inversos

(Christopoulos y Kenakin 2002; Kenakin 2010).
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1.1.6 Los GPCR como dianas terapéuticas

Los GPCR han sido el centro de interés de fisidlogos y farmacologos mucho
antes de que se supiera que estaban acoplados a proteina G (Fredholm et al. 2007,
Lefkowitz 2007). Estos receptores representan la familia de proteinas de mayor impacto
social, terapéutico y econdmico. Hoy en dia, mas del 50% de los farmacos, con unas
ventas anuales en el mundo que superan los 50 billones de ddlares, regulan la funcion
de los GPCR, y un 30% de estos farmacos estan directamente dirigidos a los GPCR
(Jacoby et al. 2006; Lundstrom 2006). Los GPCR estan involucrados en una amplia
diversidad de enfermedades, como son: alergias, disfuncion cardiovascular, obesidad,
cancer, diabetes, y una variedad de trastornos del sistema nervioso central. Dado que los

GPCR representan alrededor del 1% del genoma humano, s6lo una proporcion muy

pequenia de todos los GPCR son actualmente diana de fArmacos.

Ventas
Accidn Nombr_e Entidad Compaiiia II‘IdICf:ICIf]I] mundiales
comercial molecular terapéutica (Millones
usD)
Antjgc:_llusta Allegra/Telfast® | Fexofenadine Sanofi-Aventis Alergias 1792
1
Anta ist
il Diovan® Valsartan Novartis Hipertension 2214
de AT]_
Antagonista L i Ulcera
de L, Gaster® Famotidine Yamanouchi tisia 656
e Imigran® Sumatriptan | GlaxoSmithKline Migrafia 1454
5HTip
A ista d
gi:i{i‘ & Leuplinf/Lupron® | Leuprorelin Takeda/Abbot Cancer 904
Agonista de ] . Dolor
GABA, Neurontin(® GABApentin Pfizer siex e 2480
Antagonista ] ; Bristol-Myers
de P2Y,, Plavix® Clopidogrel Squibb Ictus 5277
Anta ist
d:: 5?_&:;;? Risperdal® Risperidone | JohnsonfJohnson | Esquizofrenia 371
A istad
gonll; SRS Serevent® Salmeterol GlaxoSmithKline Asma 679
i
Antagonista
de Zyprexa® Olanzapine Eli Lilly Esquizofrenia 4905
SHT2/D4/D2
Tabla 1. Algunos de los firmacos mas vendidos relacionados con GPCR

(extraido y modificado de Jacoby ef al. 2006)
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Por lo tanto, existe mucho interés en la identificacion de nuevos receptores que
puedan ser utilizados para el desarrollo de farmacos donde las necesidades médicas
siguen sin satisfacerse (Lin y Civelli 2004; Fredholm et al. 2007). En la Tabla 1 se
muestra un pequenio ejemplo de los farmacos mas vendidos dirigidos a GPCR, donde se

observa el amplio rango de indicaciones terapéuticas que cubren.

1.1.7 Interacciones moleculares de los GPCR con otras proteinas

El correcto funcionamiento de la célula depende, entre otros factores, de los
estimulos que recibe desde su entorno extracelular mas inmediato. Este es un proceso
altamente regulado en el que participan un gran nimero de moléculas, que interaccionan
entre ellas de forma rapida o bien formando complejos relativamente estables. Ello
permite una serie de respuestas adecuadas al estado general de una célula o de un
sistema en un momento determinado. Ademas de las interacciones clasicas proteina-
proteina intracelulares involucradas en la transduccion de la sefal, se han descrito un
gran numero de interacciones que son la base para la formacion de complejos
macromoleculares responsables de la localizacion de receptores en determinados
dominios celulares. Muchos GPCR tienen la capacidad de interactuar con una amplia
variedad de proteinas. Estas interacciones determinan diferentes propiedades del
receptor, como por ejemplo: la compartimentalizacion celular, la seleccion de una sefial,
la promocion de ensamblajes de complejos que integran una funcién y el favorecimiento

de la internalizacion, entre otras (Franco et al. 2003).

La topologia de los GPCR permite varias caras potenciales para posibilitar
distintos tipos de interacciones proteina-proteina. Asi, en el espacio extracelular, donde
tiene lugar la union a ligando, las regiones de los GPCR implicadas en la interaccion
con proteinas son en la mayoria de los casos, las secuencias presentes en el extremo
amino terminal, ya que los bucles extracelulares son muy cortos. Existen evidencias
crecientes de que las interacciones receptor-proteina extracelulares pueden jugar un
papel importante en la farmacologia de los GPCR. Un ejemplo lo constituye la
adenosina desaminasa (ADA) que puede actuar como ecto-enzima anclada a diferentes
proteinas tales como los receptores de adenosina Aj, Aza y Asp (Ciruela et al. 1996;

Saura et al. 1996; Herrera et al. 2001; Gracia et al. 2011).
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En la cara intracelular, tanto el extremo carboxilo terminal como el tercer bucle
intracelular pueden ser considerablemente grandes, razén por la que estas regiones son
las més probables para la interaccidon con otras proteinas implicadas en el proceso de
sefalizacion (como las proteinas G) o en la localizacion subcelular, mediadas por
asociacion a proteinas del citoesqueleto o a las relacionadas con el trafico de receptores

(Figura 8).

External interactions
- Ligand binding
——

- cellular ¥
localization \)

.

C3 loop
Intracellular interactions - signaling
« signaling * cytoskeletal
« trafficking associations

= subceliular localization

- cytoskeletal associations %

Figura 8. Representacion esquematica de un GPCR con las regiones identificadas implicadas en la

interaccion con otras proteinas y su funcion genérica (extraido de Bouvier 2001)

Los polipéptidos que anclan estos receptores al citoesqueleto constituyen un
ejemplo de proteinas que interactiian con los GPCR, como es el caso de la a-filamina
con el receptor D, de dopamina (Lin ef al. 2001), y la a-actinina con el receptor de
adenosina A,, (Burguefio ef al. 2003), y con el receptor metabotropico de glutamato
tipo 5b (mGluspR) (Cabello et al. 2007). También encontramos la familia de proteinas
Shank con el receptor metabotropico de glutamato tipo 1 (mGlulR) o el receptor de
somatostatina tipo 2 (SSTR2) (Tu et al. 1999; Bockers et al. 2001). Las proteinas de
andamio o scaffolds (scaffolding proteins) son ricas en dominios tales como los SH2
(Src-homology 2), SH3 (Src-homology 3) o PDZ (Post-synaptic-Density-
95/Discslarge/Z01), que se han conservado a lo largo de la evolucién y que son los

responsables de las interacciones con otras proteinas. En la ultima década se han
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descrito interacciones entre los GPCR y proteinas que contienen el dominio PDZ, las
cuales juegan un papel clave en la modulacion de la sefial, ya que definen una
composicion molecular de complejos de sefializaciéon en microcompartimentos y, en
algunos casos, la localizacion precisa de estos complejos dentro de la célula. Asi, por
ejemplo, la interaccion del receptor [,-adrenérgico con el factor regulador del
intercambio Na'/H" (NHERF) podria controlar la internalizacién y trafico de este
receptor (Shenolikar et al. 2001). También se ha demostrado que la interaccion de la
proteina Homer-1b con el receptor mGlu;R modula la movilizacion de estos receptores
hacia la membrana (Roche et al. 1999). Por otro lado, se ha comprobado que la
espinofilina (otra proteina con dominio PDZ) puede interaccionar con los receptores D,
de dopamina y op-adrenérgico a través de un nuevo dominio diferente del PDZ,
actuando como una proteina de andamio que une estos GPCR con proteinas de

sefalizacion como PP-1 (Smith et al. 1999; Richman et al. 2001).
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1.2 OLIGOMERIZACION DE LOS GPCR

La autoasociacion de proteinas para formar dimeros o bien oligdbmeros de orden
superior es un factor clave en la regulacion de proteinas tales como enzimas, receptores,

canales i0nicos, factores de transcripcion etc. (Marianayagam et al. 2004).

Los GPCR, dadas sus caracteristicas estructurales y su localizacion subcelular,
ademas de interaccionar con otras proteinas del lado intracelular y del lado extracelular,
tal como se ha descrito anteriormente (véase 1.1.7), también pueden exhibir
interacciones proteina-proteina a nivel de membrana plasmatica con otros receptores o
canales i6nicos (Franco et al. 2003). Desde mediados de los afios 90, diversos estudios
han demostrado la oligomerizacion de numerosos GPCR (George et al. 2002). Hoy en
dia se acepta que la oligomerizacion es un hecho comun en la biologia de estos
receptores y que pueden formar homodimeros, heterodimeros y/u oligobmeros de orden
superior (Bouvier 2001; Devi 2001; Rios et al. 2001; Agnati et al. 2003; Franco et al.
2003; Terrillon y Bouvier 2004; Agnati et al. 2005; Prinster et al. 2005; Pin et al. 2007,
Carriba y et al. 2008; Ferré et al. 2009; Rozenfeld y Devi 2010). La homodimerizacién
se define como la asociacion fisica entre proteinas idénticas, mientras que la
heterodimerizacion es la asociacion entre proteinas distintas. El término dimero se
utiliza con frecuencia entendiendo que es la forma mas simple de una unidad estructural
y funcional oligomérica, debido a la dificultad que existe en distinguir entre dimeros y
oligdbmeros de orden superior con las técnicas actuales. Los dimeros/oligdmeros pueden
presentar caracteristicas funcionales diferentes a las de los receptores que los
constituyen. Asi la oligomerizacion confiere nuevas propiedades a los GPCR, lo que
establece un posible mecanismo para generar funciones distintas en estos receptores.
Este fenomeno ha dado lugar a un nuevo nivel de complejidad que gobierna la
sefializacion y regulacion de estas proteinas (Ferré ef al. 2007; Pin ef al. 2007; Ferré et
al. 2009). En la tabla 2 se describen algunos ejemplos de homodimeros y de

heterodimeros de diversos receptores.

Las interacciones entre GPCR son cruciales para entender el variado cross-talk
que se observa entre receptores de neurotransmisores. La oligomerizacion de receptores
neuronales permite formular hipdtesis sobre el alto grado de diversidad y plasticidad,
que es caracteristico de una estructura altamente organizada y compleja como es el

cerebro. Se ha descrito un nivel superior de organizacion por el que los receptores
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acoplados a proteina G forman estructuras compuestas no sélo por homo- o
heterodimeros, sino por complejos supramoleculares constituidos por varios receptores
y una variedad de proteinas que modifican la actividad del receptor (RAMPs: Receptor

Activity Modifying Proteins).

Estos complejos interaccionan tanto a lo largo de la membrana (interacciones
horizontales), como a través de ella (interacciones verticales), y al ser activados por
hormonas o neurotransmisores se redistribuyen en la membrana y dan lugar a clusters.
Los clusters supondrian un nivel superior de regulacion de los receptores y enzimas
asociadas y podrian ser regulados por otros receptores en estos complejos y también por
otras moléculas que no interaccionan fisicamente con ellos, pero si se comunican entre

ellos en el cluster (Franco et al. 2003).

Debido al niimero creciente de publicaciones en este campo ha sido necesario
establecer nuevas definiciones y dotar de nomenclatura a los homoémeros y heteromeros

de GPCR, como recientemente han publicado Ferr¢ et al (2009).

Homodimeros Heterodimeros
Adenosina A, Adenosina A -Dopamina D,
Adenosina Asy Adenosina A, - mGlu,
Dopamina D, Adenosina A, - Purinérgico P2Y,
Dopamina D, Adenosina A,, - Dopamina D,
Dopamina Dj; Adenosina A,, - mGlus
Histamina H, Angiotensina AT -AT,
Histamina Hy Dopamina D, - Dopamina Ds

Melatonina MT, Melatonina MT, - MT»
Citoquina CCR, Muscarinico M, - M;

Serotonina 5-HT 5 Citoquina CCR; - CCR;

Vasopresina V, Serotonina 5-HT 5 - 5-HTp
GABAgR, TIR,- TIR;

Tabla 2. Algunos ejemplos de homodimeros y heterodimeros de GPCR.
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1.2.1 Arquitectura de los dimeros de GPCR

Para explicar el fenomeno de la dimerizacion de los receptores acoplados a
proteina G se pueden considerar dos posibilidades: que estas interacciones sean
indirectas o bien que sean directas, implicando un contacto entre ambos receptores. En
el caso de las interacciones indirectas entre GPCR hace falta la mediacion de terceras
proteinas, que hacen de puente, tales como las proteinas del citoesqueleto. En las
interacciones indirectas, los dominios intracelulares de los GPCR se unen a un gran
nimero de proteinas citosolicas, algunas de las cuales, por sus caracteristicas
intrinsecas, han sido propuestas como posibles candidatas a participar en la
dimerizacion de los receptores con los que interaccionan. Muchas de estas proteinas son
proteinas de andamio o scaffolding proteins, que proporcionan una estructura compleja
en la cual diversos receptores pueden interaccionar entre ellos y con otras proteinas
involucradas en la transduccion de senal, controlando la velocidad y la especificidad de

dicha sefializacion (Ciruela et al. 2005).

Las interacciones directas entre miembros de la familia de GPCR no precisan de
otras proteinas y se cree que, en la mayoria de casos los oligdbmeros se forman en el
reticulo endoplasmatico, por lo que no son modulables por ligando, entendiendo la
modulacion como la formaciéon o destruccion del oligdmero. La gran complejidad
estructural que existe en esta superfamilia no permite pensar en un inico mecanismo de
interaccion directa. Asi pues, las interacciones directas pueden tener lugar mediante
enlaces covalentes (puentes disulfuro) y/o no covalentes (interacciones hidrofobicas y/o
electroestaticas) entre los dominios transmembrana y/o los dominios intracelulares de

los receptores (Figura 9) (Bouvier 2001).

Se han encontrado distintas interacciones intermoleculares involucradas en la
formacion de varios homodmeros y heteromeros, que demuestran que en la
oligomerizacion de los GPCR existen multiples sitios de interaccion implicados en el
ensamblaje y en la estabilizacion de los dimeros (Maggio et al. 1993; Hebert et al.
1996; Ng et al. 1997; Romano et al. 1996; Cvejic y Devi 1997; White et al. 1998;
Jordan y Devi 1999; Robbins et al. 1999; Gouldson et al. 2000; Margeta-Mitrovic et al.
2000; Scarselli et al. 2000; Schulz et al. 2000; Romano et al. 2001; Woods y Huestis
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2001; Ciruela et al. 2004; Ferrada et al. 2008; Navarro et al. 2008; Ferrada et al. 2009;
Navarro et al. 2009; Navarro et al. 2010b; Moreno et al. 2011b; Moreno et al. 2011a).

Disulphide bond ton'nation

Figura 9. Determinantes moleculares de Ila

dimerizacion de los GPCRs. Varios tipos de

Ca1ciu'r. and glutamate receptors

interacciones intermoleculares han sido descritas, a

Coiled-coil interaction

través de las cuales los GPCR forman dimeros: a) los
puentes disulfuro se han descrito para la dimerizacion

entre receptores metabotropicos de glutamato, b)

: interacciones mediante enlaces no covalentes de los
GABAg receptor
extremos carboxi terminales entre los receptores

GBR1 y GRBR2 gabaérgicos, c) interacciones de las

Transmembrane interaction
hélices transmembrana que forman especialmente los
receptores de la familia A (extraido de Bouvier ef al.

2001)
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1.2.2 Papel funcional de la oligomerizacion de los GPCR

Como se detallara posteriormente (véase 1.2.4), la disponibilidad de un gran
nimero de técnicas para el estudio de la oligomerizacion de GPCR ha facilitado
enormemente la investigacion del papel funcional de estos receptores. La dimerizacion
esta implicada en la regulacion de la funcionalidad del receptor a diferentes niveles,
desde la modulacion de la expresion del receptor en la superficie celular hasta el hecho
de conferir nuevas propiedades farmacologicas a los receptores expresados en el
dimero. Esto ha proporcionado una nueva perspectiva para considerar cual es la unidad
de senalizacion de los GPCR, asi como para el desarrollo de ligando que actian a través

de este tipo de receptores.

Aunque en muchos casos la relevancia fisioldgica no se conoce completamente,

diversos estudios llevados a cabo en sistemas de expresion heterologos han sugerido
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distintos papeles funcionales para la oligomerizacion de GPCRs (Figura 10). Por
ejemplo, la oligomerizacién puede estar implicada en la ontogénesis de los GPCR, es
decir, en el control de calidad del plegamiento y de la destinacién a la membrana de
receptores sintetizados de novo (Figura 10.1). Asimismo, en algunos casos, se ha
observado una regulacion de la formacion/separacion de oligdmeros presentes en la
membrana plasmatica mediada por ligando (Figura 10.2). También, se ha constatado
que la oligomerizacion confiere diversidad farmacologica, ya que la union de un ligando
a un receptor del dimero puede influir en la unidon de otro ligando al segundo receptor
dentro del dimero (Ferré et al. 2007; Franco et al. 2008b) (Figura 10.3). La
oligomerizacion también puede modificar las propiedades de sefializacion de un
determinado ligando afectando la selectividad de interacciéon entre el receptor
correspondiente y su proteina G, lo que origina una potenciacion, atenuacion o
acoplamiento con otra proteina G (Figura 10.4). Finalmente, también se ha visto que la
oligomerizacion puede alterar el patrén endocitica para un determinado receptor

(Terrillon y Bouvier 2004) (Figura 11.5).
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Figura 10. Posibles papeles funcionales de la  oligomerizacion de GPCRs

ER, reticulo endoplasmatico, L, ligando (extraido de Terrillon y Bouvier 2004)

1.2.3 Técnicas para el estudio de la oligomerizacion de GPCR

Las primeras evidencias de la existencia de homodimeros entre GPCR se
obtuvieron a partir de estudios farmacologicos. Las complejas curvas de union, tanto de

agonistas como de antagonistas de estos receptores se interpretaron considerando la
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existencia de una cooperatividad positiva o negativa, que se podia explicar mediante
interacciones entre los sitios de union de los receptores dentro de complejos diméricos

u oligoméricos (Limbird et al. 1975; Mattera et al. 1985; Hirschberg y Schimerlik,
1994; Wreggett y Wells, 1995; Franco ef al. 1996)

Una evidencia contundente de la existencia de heteroligomeros la constituyen
los cambios cinéticos en la unién de radioligandos a un receptor provocados por la
unién de ligandos no radioactivos al otro receptor del heterémero, utilizando preparados
de membranas de células o de tejido que expresen los dos receptores. En preparaciones
de membrana no hay ninguna maquinaria celular que pueda producir un cross-talk
indirecto (por ejemplo, un cross-talk a nivel de segundos mensajeros) y la existencia de
una modulacion a nivel de union de radioligandos so6lo puede ser explicada por una
interaccion molecular entre ambos receptores. En estos casos la union de un ligando a
un receptor induce cambios conformacionales en el otro receptor que modulan su
capacidad de unir a su ligando y estos cambios conformacionales s6lo se pueden
producir si ambas proteinas interaccionan molecularmente directa o indirectamente
(Franco et al. 2007; Franco et al. 2008b). En muchos casos esta clase de interaccion se
ha encontrado en tejido nativo, lo que puede ser interpretado como un indicador de la
existencia de receptores heteroméricos in vivo (Gonzalez-Maeso et al. 2008; Marcellino
et al, 2008; Navarro et al. 2010b; Navarro et al. 2010a; Moreno et al. 2011b; Moreno et
al. 2011a).

El elegante trabajo de Maggio (Maggio et al. 1993; Maggio et . 2003), utilizando
quimeras y receptores mutantes de varios GPCR, que ponia de manifiesto que estos
receptores pueden funcionar como dimeros, fue un estudio pionero en la utilizacion de
mutantes para demostrar la oligomerizacion de GPCR. En esta linea se ha observado
que diversos receptores mutantes se comportan como mutantes dominante negativos
cuando se expresan con el receptor wild-type (Benkirane et al. 1997; Bai et al 1998; Zhu
y Wess 1998). En estos casos, la respuesta observada se explica Unicamente por la

dimerizacion entre el receptor wild-type y el receptor inactivo.

Una de las técnicas bioquimicas clasicamente mas usadas para investigar la

homodimerizaciéon de GPCR ha sido la coinmunoprecipitacion de receptores marcados
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sobre epitopos diferentes. El primer estudio en el que se utilizé esta aproximacién
experimental se demostrd la interaccion especifica entre los receptores ,-adrenérgicos

(Hebert et al. 1996).

Desde entonces, estrategias similares han sido usadas para documentar la
homodimerizacidn de los receptores metabotropico mGluSR (Romano et al. 1996), 6-
opioides (Cvejic y Devi, 1997) y los receptores de serotonina 5-HT2C (Herrick-Davis
et al. 2004) y 5-HT4 (Berthouze et al. 2007), entre otros.

Los experimentos de coinmunoprecipitacion también han sido utilizados para
demostrar la heteromerizacion entre receptores del mismo neurotransmisor, como
GABAg; y GABAg; (Jones ef al. 1998; Kaupmann et al. 1998; White ef al. 1998) o
como los - y k-opioides (Jordan y Devi, 1999), e incluso entre receptores menos
relacionados como los receptores de adenosina A; y de dopamina D; (Gines et al.
2000), los de angiotensina AT, y bradiquinina B, (AbdAlla et al. 2000), d-opioide y B2-
adrenérgico (Jordan et al., 2001), A1 de adenosina y metabotropico mGlulR (Ciruela et
al. 2001), A,a de adenosina y metabotropico mGluSR (Ferré et al. 2002) o los
receptores de canabinoides CB; y de dopamina D, (Kearn et al. 2005). Aunque se
utiliza comUnmente para estudiar las interacciones proteina-proteina, la
coinmunoprecipitacion de GPCR requiere de su solubilizacién mediante detergentes, lo
que no permite descartar que los dimeros observados puedan ser agregados artefactuales
por una solubilizacion incompleta, debida a la naturaleza hidrofobica de estos

receptores.

En 1948 Theodor Forster formuld la teoria de transferencia de energia por
resonancia (Forster 1948) que mas tarde fue aplicada al estudio de interacciones entre
GPCR. Esta aproximacion biofisica estd basada en la transferencia de energia no
radiante entre dos dipolos electromagnéticos, es decir, desde un cromoéforo en estado
excitado (dador energético) a una molécula cercana que absorbe (aceptor). En el caso de
la transferencia de energia de resonancia fluorescente (FRET; Fluorescence Resonance
Energy Transfer), tanto el dador como el aceptor son moléculas fluorescentes, mientras
que en la transferencia de energia de resonancia bioluminiscente (BRET;
Bioluminescence Resonance Energy Transfer) el dador es bioluminiscente y el aceptor

fluorescente (Bouvier et al.. 2007; Gandia et al.. 2008; Ciruela et al. 2010; Ferré et al.
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2010; De 2011; Schaferling y Nagl 2011). Para que este fendémeno tenga lugar es
necesario que se cumplan dos requisitos. El primero, consiste en que el espectro de
emision del dador y el espectro de excitacion del aceptor se solapen, de forma que el
dador no emite completamente la energia que debiera, si no que transfiere parte de su
energia de emision de forma directa al fluor6foro aceptor, el cual emite como si hubiera
sido excitado directamente. El segundo requisito para que tenga lugar el fenémeno de
transferencia de energia es que tanto el dador como el aceptor han de estar muy
proximos en el espacio (<100 A o 10 nm). Asi, a diferencia de Ila
coinmunoprecipitacion, las técnicas de transferencia de energia ofrecen una
aproximacion unica que permite detectar la dimerizacion de proteinas en células vivas,

sin perturbar el entorno donde este fendmeno ocurre.

La dependencia critica de la distancia entre dador y aceptor para la transferencia
de energia, donde la eficiencia de la transferencia disminuye con la sexta potencia de la
distancia, hace que los sistemas de BRET/FRET sean los elegidos para monitorizar las
interacciones proteina-proteina en cultivos celulares. Hay que destacar que entre 10 y
100 A se encuentran la mayor parte de complejos multiproteicos biologicos de una

célula (Stryer 1978; Sheng y Hoogenraad 2007).

Para la técnica de FRET se utilizan las diferentes variantes de la proteina verde
fluorescente (GFP: Green Fluorescence Protein) obtenidas por mutacion. Estas
mutaciones confieren diferentes propiedades espectrales, de forma que utilizando dos
formas diferentes de mutantes con las caracteristicas espectrales adecuadas, fusionadas
a las proteinas en estudio, permite determinar si €stas estan lo suficientemente cercanas
como para transferirse energia (Pfleger y Eidne 2005; Ferré et al. 2010; Schaferling y
Nagl 2011). La pareja mas ampliamente utilizada para los experimentos de FRET son
las variantes YFP (Yellow Fluorescence Protein) y GFP?. Esta ultima variante de la
GFP ha sido optimizada para ser usada como pareja de FRET con la YFP. La GFP? se
excita a 400 nm y emite a 510 nm, mientras que la YFP se excita a 485 nm y emite a
530 nm. De esta forma, tal y como se muestra en la figura 12, la excitacion de la células
que expresan la proteina de fusion receptor-GFP? con un laser de una longitud de onda
de 393-403 nm, produce la emision de energia a 510 nm, que es capaz de excitar a la
proteina de fusion receptor-YFP, cuya emision a 530 nm es cuantificable. Debido a que

hay un cierto solapamiento entre los espectros de emision de ambas proteinas de fusion,
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es necesario separar los dos espectros de emision para cuantificar la sefial de FRET

(Zimmermann et al. 2002).

En la técnica de BRET se utiliza el enzima Renilla luciferasa (Rluc) fusionado a
uno de los receptores. Se produce la degradacion catalitica del substrato coelenterazina
H por la luciferasa en presencia de oxigeno, de forma que se genera luz que al ser
transferida a una variante de la proteina GFP fusionada al otro receptor, ésta emite
fluorescencia a su longitud de onda caracteristica si ambas proteinas estan lo
suficientemente cercanas (Bouvier ef al. 2007; Ciruela et al. 2010; Ferré et al. 2010; De

2011).
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Figura 11. Representacion esquematica del fendmeno de FRET

En el estudio de la dimerizaciéon de GPCRs, se generan proteinas de fusion que
consisten en la union de la proteina fluorescente GFP o sus variantes (por ejemplo YFP)
en el extremo carboxi terminal de un receptor y la proteina luminiscente Rluc en el
extremo carboxi terminal del otro receptor y, al igual que en la técnica de FRET, se co-
expresan ambas proteinas de fusion en células vivas. Como se muestra en la figura 11a,
en ausencia de dimerizacion, la adicion del sustrato coelenterazina H genera una senal
bioluminiscente caracteristica, mientras que, como se muestra en la figura 11b, si se
produce dimerizacién entre ambos receptores, la energia es transferida de la Rluc a la
proteina fluorescente, dando lugar a la aparicion de una sefial adicional fluorescente con

un pico de emision caracteristico de la variante usada.
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Hasta la fecha se han descrito dos variantes principales de esta técnica, la que se
conoce como BRET' y la denominada BRET2. Aunque el principio biofisico de ambas
técnicas es el mismo, difieren por el sustrato que cataliza la Rluc y por la proteina
aceptora. En el BRET' el sustrato que se usa es la coelenterazina H, que al ser
metabolizada por la Rluc genera luz con un pico de emision a 480 nm; emision que
permite excitar a la YFP (ya que se solapa con su pico de excitacion), de forma que esta
emite a 530 nm. En el BRET? el sustrato es DeepBlueC que al ser oxidado por la Rluc
emite una luz a 400 nm de forma que puede excitar a la GFP?; en este caso la longitud

de onda a la que emite esta variante de la GFP es 510 nm (Figura 12).
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Figura 12. Representacién esquematica de los fenémenos de BRET' y BRET? con sus
correspondientes espectros de emision

Mediante técnicas de transferencia de energia se ha demostrado la existencia de
homodimeros de los receptores -adrenergico (Angers et al. 2000), d-opiodes (McVey
et al. 2001) y A,a de adenosina (Canals et al. 2004) entre muchos otros. También se ha
realizado una aproximacion similar para el estudio de heterémeros de receptores
acoplados a proteina G, como por ejemplo entre los receptores de somatostatina SST,a
R y SST;5 R (Rocheville et al. 2000), los receptores de somatostatina SST;5 R y los D,
de dopamina (Rocheville et al. 2000), los receptores A;n de adenosina y D, de

dopamina (Canals ef al. 2003), los receptores de dopamina D; y Ds (Fiorentini et al.
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2008; Marcellino et al. 2008), los receptores A5 de adenosina y CB; de cannabinoides
(Carriba et al. 2007), los receptores D; de dopamina y Hs de histamina (Ferrada et al.
2009) o los receptores D; de dopamina y los sigma-1 (Navarro et al. 2010b) entre otros.
En los ultimos afios se han desarrollado multitud de variantes de estas técnicas (véase
Ciruela 2008 como revision) entre las que cabe destacar la técnica de SRET (Sequential
Resonante Energy Transfer) basada en las técnicas de BRET y FRET (Carriba et al.
2008) y la técnica de BRET y complementacion bimolecular (Vidi y Watts 2009) que

permiten la deteccion de heteromeros de mas de dos receptores.

Existen técnicas directas para detectar oligdbmeros en tejidos nativos. Una de
ellas utiliza la microscopia de fuerza atomica. Palczewski y colaboradores (Fotiadis et
al. 2003) usando microscopia de fuerza atomica demostraron, por primera vez,
oligdbmeros de rodopsina en la retina con un determinado patréon de distribucion. Esta
técnica es factible cuando la concentracion de receptores en el tejido es muy elevada
como ocurre con la rodopsina en la retina, pero es de dificil aplicacion para la mayoria

de receptores del sistema nervioso central cuya expresion es moderada.

La técnica de la In Situ Proximity Ligation Assay (PLA) es una técnica directa
muy util si se dispone de anticuerpos especificos para los receptores que heteromerizan
(Gustafsdottir et al. 2005; Soderberg et al. 2006; Thymiakou et al. 2007; Soderberg et
al. 2008; Yu et al. 2008; Massinen et al. 2009; Miyazono et al. 2009; Baan et al. 2010;
Vuoriluoto et al. 2010; Weibrecht et al. 2010; Hervouet et al. 2011; Renfrow et al.
2011). Esta tecnologia amplia las capacidades de los inmunoensayos tradicionales al
incluir la deteccion directa de proteinas, interacciones entre proteinas y modificaciones
de estas interacciones con alta sensibilidad y especificidad. La técnica de la PLA esté
basada en el reconocimiento y marcaje de una o dos proteinas que actan como
antigenos (por ejemplo dos receptores que estan interaccionando), por parte de dos
anticuerpos primarios conjugados a unos oligonucle6tidos complementarios. Cuando las
dos moléculas de anticuerpo estdn muy cercanas (< 16 nm), se produce la ligacion entre
las cadenas de DNA complementarias. Posteriormente, las cadenas de DNA se
amplifican en presencia de nucleodtidos fluorescentes, emitiendo una sefal positiva en
forma de punteado fluorescente observable al microscopio confocal. Como la

fluorescencia puede ser cuantificada, la sefial PLA proporciona no solo la informacién
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espacial exacta (la localizacion de los eventos de interaccion), sino también una manera

objetiva de cuantificar estos eventos (Gustafsdottir et al. 2005; Soderberg et al. 2008).

La técnica es igualmente aplicable utilizando un anticuerpo especifico no

marcado y anticuerpos secundarios unidos a ADN (Figura 13).
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Figura 13. Representacion de la técnica In situ  Proximity Ligation Assay.
(Extraido de Olink Bioscience)

La utilizacion de ligandos para heteromeros constituye otra técnica directa para
su deteccion. Se pueden seguir varias estrategias dependiendo de las propiedades del
heterodimero (Rozenfeld et al. 2006). Uno de los enfoques consiste en el disefio y
sintesis de ligando bivalentes que interaccionen con los dos receptores del heterodimero.
Estos ligando pueden tener mayor afinidad y selectividad si se compara con los ligando
clasicos de los receptores individuales. Esta estrategia se ha utilizado para determinar la
presencia de heteromeros de receptores de adenosina A4 y de dopamina D, en el
estriado de cerebro de cordero (Soriano et al. 2009). Otra aproximacion seria utilizar
ligandos selectivos de un determinado heterodimero. Estos ligando interaccionan con el
centro de union de un receptor unicamente cuando forma parte del heterodimero

(Waldhoer et al. 2005; Orru et al. 2011) (Tabla 3).
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Existen técnicas indirectas para detectar oligomeros en tejidos nativos. Una
manera bastante eficaz de detectar oligdbmeros en tejidos nativos es determinar alguna
caracteristica especifica de los heteromeros en células donde se haya demostrado la
heteromerizacion y utilizar esta propiedad como huella dactilar o fingerprint para
detectar el heteromero en tejidos nativos. La determinacion de cross-talk entre cascadas
de sefializacion intracelular, el antagonismo cruzado en el que un antagonista especifico
de un receptor inhibe la sefalizacion mediada por un agonista del otro receptor, o bien,
el estudio de cambios en la union de ligando en uno de los receptores en presencia de un
ligando para el otro receptor en preparaciones de membranas obtenidas de tejidos,
pueden constituir una huella dactilar si se ha demostrado previamente que es una

caracteristica del heteromero.

Ventajas Inconvenientes
Ligandos Bivalentes  Alta selectividad Alto  peso  molecular  de  los
Pocos efectos secundarios, compuestos

Diseio racional del compuesto,  No  poseer  las  propicdades
fisicoguimicas de un firmaco (i.e. no
satisfacer las reglas de Lipinski;
(Lipinsk, et al,, 2001)).

Ligandos selectivos  Alta selectividad. Se basa en el supuesto de que la

de heterodimero Pocos efectos secundaros, heterodimenizacion altera
Bajo peso molecular de los  drasticamente el sitio de unidn
compuestos. Dificil diseno  racional de los

Pueden satisfacer las reglas de  compuestos,
Lipmski (Lipinski, etal, 2001).  Necesita una extensa  exploracion
para la identificacion del ligando,

Tabla 3. Ventajas e inconvenientes de los diferentes tipos de ligando usados para detectar la
oligomerizacién de los GPCR. (Extraido de Rozenfeld et al. 2006)

1.2.4 El modelo de receptores diméricos o Two-State Dimer Receptor Model

Durante muchos afios el andlisis de los estudios de union de diferentes ligandos a
GPCRs, se ha llevado a cabo utilizando diversos modelos matematicos en los que estos
receptores eran considerados como entidades proteicas monoméricas (Del Castillo y
Katz 1957; De Lean et al. 1980; Samama et al. 1993; Leff 1995; Weiss et al. 1996). Asi
por ejemplo, uando el ajuste de datos experimentales de union de ligando genera
diagramas de Scatchard lineales los datos se ajustan a un modelo de un centro de unién
que permite calcular la Kp (constante de afinidad) del unico estado de afinidad del

receptor. Sin embargo, la union de agonistas a receptores de siete dominios
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transmembrana a menudo genera diagramas de Scatchard no lineales y, en estos casos,
los resultados se ajustan tradicionalmente, al modelo de “dos centros independientes”
que considera la existencia de dos estados independientes del receptor (estados no
interconvertibles): un estado de alta afinidad (o acoplado a proteina G) y un estado de
baja afinidad (o desacoplado a proteina G). El ajuste de los datos a este modelo permite
el célculo de dos Kp: una para el estado de alta afinidad (Kpy) y otra para el estado de
baja afinidad (Kpr). Sin embargo, se ha observado que el agonista induce cambios en la
proporcion de los llamados estados de “alta” y “baja” afinidad, lo cual indica que estos
dos estados no pueden existir separadamente, sino que estan interconectados (Wong et
al. 1986) y esta aparente interconversion entre estados es independiente de la proteina G
(Casado et al. 1991). Ademas, trabajando con receptores de adenosina A;, se demostrd
que un agonista total puede provocar un cambio aparente en la proporcion de receptores
en estado de alta y baja afinidad (Casado ef al. 1991). Si el agonista es capaz de variar la
proporcion de los estados de alta y baja afinidad, estas dos formas deben estar en
equilibrio y, consecuentemente, el modelo de dos centros independientes no puede
representar adecuadamente el comportamiento de los receptores si los estados de

afinidad estan en equilibrio.

Puesto que actualmente se conoce que los GPCR forman dimeros (Bouvier
2001; Devi 2001; Gomes et al. 2001; Rios et al. 2001; Agnati et al. 2003; Franco et al.
2003; Terrillon y Bouvier 2004; Agnati et al. 2005; Franco et al. 2005; Prinster et al.
2005; Milligan 2006, Milligan 2007), las isotermas de unidn bifésicas (representaciones
de Scatchard no lineales) y las curvas de competicion bifasicas pueden interpretarse de
una manera mas directa y evidente ya que pueden explicarse como un fenomeno de
cooperatividad. La cooperatividad positiva o negativa puede explicarse de manera
natural asumiendo que la unidon de la primera molécula de ligando a uno de los
monodmeros del dimero modifica los parametros de unién de la segunda molécula de
ligando al otro mondmero del dimero, como ocurre en el caso de las enzimas.
Recientemente, se han desarrollado modelos que consideran al dimero como la unidad
basica (Durroux 2005; Franco et al. 2005; Albizu et al. 2006; Franco et al. 2006). El
grupo de investigacion en el que se ha desarrollado esta Tesis ha formulado el “7Two-
State Dimer Receptor Model” (“modelo de receptores diméricos™), que considera el
homodimero como la unidad basica funcional (Franco et al. 2005; Franco et al. 2006)

(Figura 14).
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Figura 14. Esquema y ecuaciones del “modelo de receptores dimérico” (“Two-State Dimer Receptor
Model”). El dimero puede ser inactivo o activo y puede estar vacio u ocupado por una o dos moléculas de
ligando. a) Modelo macroscopico b) Modelo simplificado que incluye las constantes de disociacion
macroscopicas en el equilibrio, (Kp; y Kp,) que definen la unién de la primera y segunda molécula de
ligando al dimero. Se muestran las ecuaciones para el ajuste de los valores de union del radioligando (L) a
los receptores que forman el dimero y para calcular el indice de cooperatividad del dimero (Dc). Ver
(Franco et al. 2005; Franco et al. 2006; Casado et al. 2007) para mas detalles (extraido de Franco et al.
2008b)

Este modelo considera que el cambio conformacional inducido por un ligando
desde uno de los componentes del dimero es transmitido al otro componente del dimero
a través de un fenémeno de cooperatividad y permite calcular un pardmetro que mide el
grado de cooperatividad (Dc). Este modelo es una extension del modelo de “dos estados
de activacion de un receptor”, pero considera que las estructuras diméricas son capaces
de unir una molécula en el centro ortostérico de cada mondémero. Asumiendo la
isomerizacion del receptor entre las especies inactiva (RR) y activa (RR*), el modelo es
capaz de explicar el comportamiento de los receptores de siete dominios transmembrana
para los cuales muchas veces la representacion de Scatchard no es lineal (Franco et al.

2005; Franco et al. 2006).

Nuestro grupo de investigacion ha profundizado en el desarrollo del “modelo de

receptores diméricos” y ha formulado ecuaciones para la unién de radioligando que
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tienen en cuenta las constantes macroscopicas y que permiten ajustar los datos de
experimentos de saturacion y de experimentos de competicion. Estas ecuaciones
permiten el calculo de las constantes de disociacion macroscopicas correspondientes a
la union de la primera molécula de ligando al dimero no ocupado (Kp;) y a la unién de
la segunda molécula de ligando al dimero semiocupado (Kp;). A su vez, las ecuaciones
permiten el céalculo del indice de cooperatividad (Dc) que mide el grado de
cooperatividad que se produce entre la primera entrada de ligando al receptor vacio y la
segunda entrada de ligando al receptor en el dimero semiocupado; es decir, es un
parametro que detecta los cambios estructurales que ocurren en una molécula de
receptor en el dimero cuando el ligando se une al otro receptor en el dimero (Casad6 et

al. 2007, 2009a, 2009b).

La posibilidad de calcular las constantes de disociacion de la unién de la primera
molécula de ligando (Kp;) y la segunda molécula de ligando (Kp;) al homodimeros y el
indice de cooperatividad (Dc) permite una cuantificacion sencilla de los efectos de los
reguladores alostéricos. Estos reguladores alostéricos son moléculas naturales o
sintéticas que interaccionan con un centro alostéricos del receptor y alteran la unién del
ligando al centro ortostérico y por consiguiente regulan la activacion del receptor. En el
“modelo de receptores diméricos”, o two state dimer receptor model, la proteina G
heterotrimérica se considera un modulador alostérico del dimero ya que se une a un
centro de union no ortostérico y puede modificar las caracteristicas de union de los
centros ortostéricos en el dimero (Hepler y Gilman 1992). El “modelo de receptores
diméricos” considera que un modulador alostéricos puede ser cualquier molécula que se
una a un centro no ortostérico, u otra proteina que interacciona con el receptor y afecta
sus caracteristicas de union. Puede afectar tanto a las constantes de disociacion como al

indice de cooperatividad.

33



34

1. Introduccion

1.3 LA ADENOSINA Y SUS RECEPTORES

La adenosina es un nucledsido de purina formado a partir de la unién de la
adenina con un anillo de ribosa a través de un enlace glucosidico B-Ny. Es una purina
endogena que se sintetiza como consecuencia de la degradacion de nucledtidos tales
como el ATP, el ADP y el AMP. Juega un papel muy importante en cada uno de los
organos de todos los sistemas vivos y su funcion, al igual que su presencia, es amplia y
variada. Esta involucrada en las funciones del sistema nervioso central, sistema
reproductivo, cardiaco, renal, hepatico y respiratorio (Dunwiddie y Masino 2001; Okusa
2002; Hove-Madsen et al. 2006, Spicuzza et al. 2006; Schuh et al. 2007). Ademas,
forma parte de moléculas mas complejas implicadas en los procesos energéticos de la

célula y en el almacenamiento de la informacion genética del ADN.

1.3.1 Funciones en el sistema nervioso central

Las funciones bioquimicas de la adenosina, por si sola o formando parte de
moléculas mas complejas, pueden dividirse en cuatro grandes grupos:

1- Arquitectura de los acidos nucleicos.

2- Procesos energéticos (en sus formas fosforiladas).

3- Funciones intracelulares (AMPc, cofactor de enzimas (NAD+, NADP+,

FAD, ATP)).

4- Moduladora de funciones bioldgicas (sefializacion extracelular).

En el sistema nervioso central la adenosina es un importante neuromodulador
que esta implicado en una gran variedad de actividades cerebrales. Es secretada por la
mayoria de células del sistema nervioso central, incluyendo neuronas y células gliales,
y modula la actividad nerviosa actuando a nivel presindptico, postsinaptico y/o

extrasinaptico.

La adenosina esta presente constitutivamente en concentraciones muy bajas <I
uM, pero en situaciones de estrés metabdlico su concentracion aumenta de forma
considerable. Asi, los niveles de adenosina en el plasma pueden llegar a concentraciones
de hasta 4-10 uM en pacientes con shock séptico (Martin et al. 2000). Se puede
considerar a la adenosina como un modulador de la actividad nerviosa, que con

pequeiios efectos sincroniza las actividades neuronales, controlando la transmision y la
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plasticidad sinaptica (Ribeiro et al. 2002). La adenosina ademas de ser un modulador
por si solo, es capaz de contribuir a un control mas estricto sobre otros moduladores y/o

neurotransmisores.

Esta capacidad de influenciar el efecto de otras moléculas sefializadoras que
actiian sobre sus receptores especificos, es debido a que la adenosina es secretada por
casi todas las células y se encuentra entre las moléculas mas relevantes en la
comunicacion, tanto en neuronas como en c¢lulas gliales (Sebastiao y Ribeiro 2009). La
adenosina una vez liberada participa en procesos normales y patofisiologicos (Figura
15), como la inhibicion de la liberacion de neurotransmisores excitatorios (Phillis et al.
1979; Ciruela et al. 2006), la inhibicion de la actividad motora espontanea, la
diferenciacion y migracion neuronal (Rivkees 1995; Svenningsson et al. 1999; Canals et
al. 2005), el conocimiento y la memoria (Fredholm ef al. 2000; Fontinha et al. 2009), la
regulacion de la funcion respiratoria y en particular en aquellos procesos relacionados
con el suefio (Antle et al. 2001; Bjorness et al. 2009; Longordo et al. 2009), la ansiedad
(Johansson et al. 2001) y la excitacion, ademas de la neuroproteccion en episodios de
hipoxia/isquemia (Moreau y Huber 1999; Burnstock 2009). También se ha relacionado
con la enfermedad de Alzheimer (Maia y de Mendonca 2002), la enfermedad de
Parkinson (Schwarzschild et al. 2002; Popoli 2008a; Jenner et al. 2009), la enfermedad
de Huntington (Reggio et al. 1999; Popoli et al. 2008b), la esquizofrenia (Ferré 1997;
Wardas 2008), la epilepsia (Dunwiddie y Masino 2001; Ribeiro et al. 2003), la adiccion
a las drogas (Maldonado et al. 1996; Manzoni et al. 1998; Knapp et al. 2001; Brown y
Short 2008) y la plasticidad sindptica (Ribeiro et al. 2002).
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Figura 15. Funciones descritas para la adenosina en el sistema nervioso central. Azul, algunas
funciones cerebrales. Rojo y amarillo, disfunciones y patologias (extraido de Ribeiro y Sebastiao 2010)
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1.3.2 Receptores de adenosina

La adenosina lleva a cabo sus funciones a través de la interaccion con diferentes
receptores de membrana acoplados a proteina G. Estos receptores se han clasificado en
base a sus propiedades moleculares, bioquimicas y farmacoldgicas en 4 subtipos: los
receptores A, Aza, Azp Y Az (Ribeiro et al. 2002) (Figura 16). La adenosina,
mayoritariamente, lleva a cabo la neuromodulacion a través de la activacion de sus
receptores de alta afinidad: A; y Aa. Los receptores de adenosina A,z y Az son de baja
afinidad por lo que su activacion puede ser relevante en condiciones en las que la

concentracion de adenosina se vea incrementada de forma notoria.

Los receptores de adenosina participan en distintos procesos como el sueio, la
vigilia, el aprendizaje, la memoria, el dafio neuronal, la neurodegeneracion y la
maduracion neuronal. Estas funciones pueden tener implicaciones en enfermedades
neurodegenerativas como el Alzheimer o el Parkinson, en la epilepsia, en episodios de
hipoxia/isquemia e incluso en la adiccion a drogas, donde el control del grado de
activacion de los receptores de adenosina puede tener muchas aplicaciones terapéuticas

(Ribeiro et al. 2002).
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Figura 16. Estructura de los receptores de adenosina humanos



1. Introduccion

El grado de homologia entre los receptores de adenosina es bajo, del orden del
45% (Pierce et al. 1992; Stehle et al. 1992), siendo destacable la larga cola carboxi
terminal que presenta el receptor Aja. Al igual que para otros GPCR, la mayor
homologia se presenta en las regiones transmembrana, que se cree estan proximas entre
si formando el centro de unidén del ligando conjuntamente con la zona hipervariable
correspondiente a la mitad N-terminal del segundo bucle extracelular (Fredholm et al.

1994; Rivkees et al. 1999).

La interaccion con la proteina G tiene lugar, basicamente, en el tercer bucle
intracelular (IC3) y en el extremo C-terminal. Cabe destacar que todos presentan
secuencias consenso de fosforilacion en los dominios intracelulares y que esta
fosforilacion esta implicada en el mecanismo de desensibilizacion de los receptores
(Ramkumar et al. 1991; Palmer et al. 1994; Saura et al. 1998). Todos los receptores de
adenosina exhiben secuencias consenso de N-glicosilacion en el segundo bucle
extracelular (EC2), que se cree que estan implicadas en el transito del receptor a la

membrana (Klotz y Lohse 1986; Stiles 1986).

Dado que la adenosina participa en una gran variedad de funciones del SNC, es
facil suponer que los diversos subtipos de receptores estaran acoplados a diferentes
sefales intracelulares. Asi, el receptor A; que se acopla a proteinas Gj, (Freissmuth et
al. 1991; Munshi et al. 1991; Kiesman et al. 2009) provoca la inhibicion de la adenilato
ciclasa (AC) (Londos et al. 1980) y la activacion de la fosfolipasa C (PLC) con el
consiguiente incremento en los niveles de diacilglicerol (DAG) e inositol trifosfato (IP3)
en el interior celular (Gerwins y Fredholm 1992), lo que incrementa la concentracion de
Ca”" intracelular. También provoca la activacion de varios tipos de canales de K,
probablemente via las subunidades GPy (Trussell y Jackson 1985) e inhibe los canales
de calcio (MacDonald et al. 1986). El receptor A; también inhibe a la AC mediante el
acoplamiento a la proteina Gj (Zhou ef al. 1992), aunque también puede acoplarse a la
proteina Gq (Palmer et al. 1995) activando la PLC e incrementando los niveles
intracelulares de Ca”" (Abbracchio et al. 1995). La principal via de sefializacién de los
receptores Aja Y Asp es la estimulacion de la formacion de AMPc a través de la proteina
Gs (Jenner et al. 2009), lo que a su vez estimula a la proteina quinasa dependiente de
AMPc o PKA, regulando el estado de fosforilacion de varios sustratos intracelulares.

Sin embargo, el receptor A;s puede acoplarse también a proteinas G (Kull et al.
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2000), y el receptor Ayg a proteinas G4 mediando la activacion de la PLC y la
movilizacion de Ca®" intracelular dependiente de DAG e IP; (Feoktistov y Biaggioni

1995) (Tabla 4).

Se ha observado que todos los receptores de adenosina activan a la via de las
MAPK (Mitogen Activated Protein Kinases) y en concreto inducen la fosforilacion de
ERK1/2 (Extracellular Signal-Regulated Kinase 1/2), pero, dependiendo del contexto
celular, las vias de sefializacion implicadas pueden variar (Seidel et al. 1999; Schulte y

Fredholm 2003).

Subtipo A Aza Azs Az
Proteina G Gy Gy Gag Giyg
4 - AC
Mecanismo de + PLC -AC - AC - AC
R e - canales de ca** - canales de Ca*t e L
de seiial &
+ canales de K
) i +AMPC t AMPC SAFEE
Moléculas 1 IF‘2_1, ' P, + 1P, 1 IP23
efectoras ;‘C:: | ca?* + palt L
Afinidad por la
adenosina 70 150 5100 6500
(nM)
g R-PIA CGS 21680 - 1B-MECA
selectivo
Lt DPCPX ZM 241385 MRS 1706 L-268605
selective
In_l'ul?u:l_onftrans_rr?usmn Facilita |a
sinaptica y actividad g " Desacopla &:R v
Accis i liberacidn de Modulacidn GluR
SEE LRI .|_a. e neurotransmisores. | de canales ] riraan
fisiologica Hiperpolarizacidn. e 2 Precondicicnamisnto
. o . Integracion de Ca**. S Eins
Precondicionamiento : ] isquemico.
S sensorial-motora.
isquémico.

Tabla 4. Receptores de adenosina. Clasificacion y funciones en el sistema nervioso central.

Aunque la adenosina es el agonista enddgeno, no es una buena herramienta para
el estudio de estos receptores debido a su alta susceptibilidad para ser metabolizada por

varios enzimas. Sin embargo, la adenosina es la base estructural de todos los agonistas
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conocidos. Existen tres posiciones en la molécula sensibles a ser modificadas para
incrementar la afinidad para cada subtipo especifico de receptor sin anular la actividad
como agonista: la posicion 5’ de la ribosa y las posiciones 2 y 6 del anillo de la adenina

(Baraldi et al. 2006; Choi et al. 2009) (Figura 17).

Las metilxantinas, como la cafeina y la teofilina, constituyen el prototipo de
antagonista de estos receptores. Las modificaciones sobre esta molécula dan lugar a una
numerosa familia de derivados de xantina muchos de los cuales presentan selectividad

por los distintos subtipos.

(@) (®) ;
N N\> 0)‘\)” N/

N

NH,

g |
HOCI-: 3 H (P)
Tl enYa

[ > CH,
HO CICH,),—Q (CH,},NH J\
CH,CH,NHC=0 q

Figura 17. Agonistas y antagonistas de los receptores A1 y A2A de adenosina. A) RPIA, agonista de
AR. B) DPCPX, antagonista de A;R. C) CGS21680, agonista de A,4R. D) ZM241385, antagonista de
A,AR. E) Cafeina, antagonista de A|R y de AjaR.
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1.4 LA ADENOSINA DESAMINASA (ADA)

La adenosina desaminasa (ADA; EC.3.5.4.4) es un enzima clave en la ruta de las
purinas que cataliza la desaminacion irreversible de la adenosina o la 2'-
desoxiadenosina a inosina o 2’- desoxiinosina, respectivamente y amonio (Conway y
Cooke 1939; Cristalli et al. 2001). El incremento de la velocidad de hidrolisis de la
adenosina en la presencia de ADA es de, aproximadamente 2-10'2, lo que lo sita entre
los enzimas mas eficientes descritos hasta el momento (Frick ef al. 1986). La ADA esta
presente en todos los tejidos de mamifero, si bien los mayores niveles se encuentran en
los nodulos linfaticos, el bazo y el timo (Van der Weyden y Kelley 1976; Chechik et al.
1981).

En humanos, este enzima estd codificado por un gen de 32 kb, presente en el
cromosoma 20q (Petersen et al. 1987) y se encuentra en todos los tejidos en forma de un
enzima monomérico de 363 aminodacidos, con un peso molecular de 41 kDa. De todas
las secuencias animoacidicas conocidas de ADA, la correspondiente al enzima bovino
es la mas semejante a la ADA humana (91% de homologia) (Daddona et al. 1984; Kelly
et al. 1996). Entre las secuencias del enzima bovino y del de raton hay un 85% de
homologia, mientras que la que existe entre la ADA humana y la de raton es del 83%
(Yeung et al. 1985). En la Figura 18 se muestran las secuencias aminoacidicas de la

ADA humana, de la bovina y de la de raton.

1.4.1 Caracteristicas estructurales

En la década de los afios 90, se determinaron las estructuras tridimensionales de
diferentes complejos binarios cristalizados de la ADA murina con distintos analogos
estructurales del sustrato natural adenosina, mediante la técnica de difraccion de rayos
X. Los complejos binarios obtenidos fueron: el de la deazaadenosina (ADA-DAA), un
analogo del estado basal (Wilson y Quiocho 1993), el de la 8(R)-hidroxi-2’-
desoxicoformicina (pentostatina) (ADA-DCF), un analogo del estado de transicion
(Wang y Quiocho 1998) y el del 6(S)-hidroxi-1,6-dihidropurin ribésido (ADA-HDPR),
un analogo casi ideal del estado de transicion (Wilson ef al. 1991; Wang y Quiocho

1998).
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10y 20y 30, 40 50,
Adenosine deaminase (Homo sapiens) (1) mgrﬁmxpmx.ﬁvnmsgxxpﬁr ILY¥GRRRGIALPANTAEGLLNVI
Adenosine deaminase (Bos taurus) 1) mQTPAFHKPKVELHVHI.DGﬁIRPET ILY!GBERGIALPAB.TPEBLQNI I
Adenosine deaminase (Mus musculus) (1) mQTPAFﬁKPKVELHVHLDG;IKPETILY!G&:RGIALPABTVEILRNII
Consensus (1) mQ'.EPAFNKPKVELHVHLDGAIKPETILYYGRRRGIALPADT EEL NIT

60, 704 80 90 100
Adenosine deaminase (Homo sapiens) (51) GMDKEL!LPﬁFLAKFDYmﬂIAGCREAImIAYEFV‘EMGmVEV
Adenosine deaminase (Bos taurus) (51) QDKPLQLPEW!M&IAGCREA&KRIAYEMMGWYVEV
Adenosine deaminase (Mus musculus) (51) GMDKPLSLPGFLAKFDYYMPVIAGCREAIKRIAYEFVEMKAKEGVVYVEV
Consensus (51) GMDRKPLSLPDFLAKFDYYMPATAGCREAIKRIAYEFVEMKAKEGVVYVEV

101 110 120 130y 140 150

Adenosine deaminase (Homo sapiens) (101) RYSPHLLANSKVEPIPWNQEEGDETPD VGQGLOEGERDFGVKARS
Adenosine deaminase (Bos taurus) (101) RY SPHLMNSK@PIMQ&EGD&TED LV‘!!QGLQEGEWE‘WK’Q‘RS
Adenosine deaminase (Mus musculus) (101) RYSPHLLANSKVQPQPWNQTEGDQTPDEVVDLVHQGLQEGEWGﬁKvRs
Consensus (101) RYSPHLLANSKVEPIPWNQAEGDLTPDEVVALVNQGLOEGERDFGVKVRS

151 160, 170, 180 190, 200,

Adenosine deaminase (Homo sapiens) (151) ILCCMREQPNWSPKWELCKRY&QQTWHDLAGDETIPGSSLLPGHVQR
Adenosine deaminase (Bos taurus) (151) ILCCMRHQPSWSSIV\!ELCKK!REQTWAIDLAGDETIEGSSLK‘PGHVKA
Adenosine deaminase (Mus musculus) (151) ILCCMRHQPSWSLEVLELCKEKYNOKTVVAMDLAGDETIEGSSLEPGHVEA
Consensus (151) ILCCMRHQPSWS EVVELCKKYNQOTVVAIDLAGDETIEGSSLFPGHV A

201 210, 220, 230 240, 250
Adenosine deaminase (Homo sapiens) (201) YOEAVKSGIHRTVHAGEVGSAEVVEEAVDILKTEREGHGYHTEEDORLYN
Adenosine deaminase (Bos taurus) (201) YABAVKSGVHRIVHAGEVGSANVVEEAVDTLETERLGHGYHTLEDATLYN
Adenosine deaminase (Mus musculus) (201) ‘[EGAVKNGIHRTVHAGEVGSPEVVQEAVDI;LKTERﬁGHGYHTSEDEBLYN
Consensus (201) ¥ EAVKSGIHRTVHAGEVGSAEVVKEAVDILKTERLGHGYHTLED ALYN
251 260, 270y 280 290, 300,
Adenosine deaminase (Homo sapiens) (251) RLk&ENMHFE!CPWSSYLTGAWKPEM}IAVSRLKNDMSLNTDDPLIF
Adenosine deaminase (Bos taurus) (251) RLRQENMHE‘E&CPWSSYLTGAWKPBT&HPWREKNDQVNYSLNTDDPLII-‘
Adenosine deaminase (Mus musculus) (251) RLLKENMHFEVCPWSSYLTGAWDPKTTHREVVRE KANYSLNTDDPLIF
Consensus (251) RLRQENMHFEVCPWSSYLTGAWKPDTEHAVVRFKNDQANYSLNTDDPLIF
301 310, 320, 330; 340, 350;
Adenosine deaminase (Homo sapiens) (301) KSTLDTDYOMTKRDMGFTEEEFKRLNINAAKSSFLPEDEKRELLDELYRA
Adenosine deaminase (Bos taurus) (301) KSTLDTDYQMTRKNEMGFTEEEFKRLNINAAKSSFLPEDEKEKELLDLLYKA
Adenosine deaminase (Mus musculus) (301) KSTLDTDYOMTKEDMGFTEEEFKRLNINAAKSSFLPEEEKKELLERLYRE
Consensus (301) KSTLDTDYOMTKKDMGFTEEEFKRLNINAAKSSFLPEDEKKELLDLLYKA
351 363
Adenosine deaminase (Homo sapiens) (351) YGMPPsSASAGOND
Adenosine deaminase (Bos taurus) (351) ¥YGMPSPASAEQCL
Adenosine deaminase (Mus musculus) (351) JFO—————=—=r==
Consensus (351) YGMP ASA Q L

Figura 18. Alineamiento de las secuencias de ADA humana, bovina y de ratén. Los residuos
idénticos se representan en rojo con fondo amarillo; los cambios conservativos se representan en azul con
fondo gris; los residuos similares se representan en negro con fondo verde y los cambios no conservativos
se representan en negro con fondo blanco. El alineamiento ha sido generado con el programa Vector NTI
9.0.0 “1994-2003 InfoMax

En la Figura 19 se muestra la estructura de la ADA unida al analogo estructural
HDPR. En todos los complejos binarios mencionados se puso de manifiesto que el
enzima tenia una estructura de barril f con ocho hélices a y ocho laminas B, ((f/a)8). El
centro activo se halla situado en una cavidad muy profunda localizada en el
extremocarboxi terminal del barril B, en cuando interior se encuentra un ion Zn*"
fuertemente unido al enzima y que es esencial para su actividad catalitica. La geometria
de coordinacion del i6n Zinc (Zn®") en el centro activo es la de una bipiramide trigonal.
Dicho i6n esta coordinado con: a) tres atomos de nitrégeno (Ne2s) del anillo de
imidazol de las cadenas laterales de los aminoacidos His15, His17 e His214; b) con el
atomo de oxigeno (082) del grupo carboxilato del aminoacido Asp295 y ¢) con el grupo
hidroxilo de los ligando (el 6-OH en el HDPR, el 8-OH en la DCF o el del agua en la
DAA) (Wang y Quiocho 1998).

En el caso del complejo ADA-HDPR, aunque la ADA murina fue cristalizada y
obtenida en presencia de ribosido de purina (PR), un analogo del estado basal, el

ligando que se detectd en el centro activo fue el HDPR. Este resultado demostré que
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este compuesto podia sintetizarse enzimaticamente por adicion estereoespecifica del
grupo hidroxilo de una molécula de agua catalitica, activada por el i6n Zn”", al 4tomo de
carbono C6 del anillo del purin ribésido (Wilson et al. 1991; Wang y Quiocho 1998).
Afios mas tarde, Kinoshita et al. (2003) obtuvieron el mismo complejo binario
cristalizado (ADA-HDPR) a partir de ADA bovina y de PR. Se confirma, por tanto, que
el enzima cataliza la hidratacion del PR durante el proceso de cristalizacion

transforméandolo en HDPR.

Figura 19. Estructura cristalografica del complejo binario de la adenosina desaminasa bovina y el
HDPR: 6(S)-hidroxi-1,6-dihidropurin ribésido, ZN: i6n Zn**. DOI: 10.2210/pdblkrm/pdb (imagen
generada con el programa Python Molecular Viewer Version.1.5.4)

(e) (f) H HO

HO H H

D — W

Figura 20. Analogos estructurales de la adenosina. a) Adenosina, b) inosina, c) 1-deazaadenosina, d)
ribésido de purina, €) 6S-hidroxil-1,6-dihidropurin ribonucleésido, f) desoxicoformicina. R, ribosa unida
a la adenosina y a sus analogos (extraido y modificado de Kinoshita ez al. 2003)
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En la Figura 20 se muestran las estructuras de la adenosina, de la inosina y de los
analogos estructurales anteriormente mencionados, mientras que en la Figura 21 se
esquematizan las interacciones entre los distintos grupos funcionales del HDPR y

diferentes aminoacidos del centro activo de la ADA (Kinoshita et al. 2003).

Es un hecho conocido que muchas proteinas experimentan cambios
conformacionales al interaccionar con sus sustratos, con diferentes ligando o con otras
macromoléculas. En el caso de la ADA se ha observado que este enzima tiene dos
conformaciones distintas denominadas forma abierta y forma cerrada (Wilson et al.

1991; Wilson y Quiocho 1993; Wang y Quiocho 1998; Kinoshita et al. 2005).
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Figura 21. Interacciones no hidrofobicas entre la adenosina desaminasa (ADA) y el analogo del
estado de transicion HDPR. Las lineas discontinuas representan enlaces de hidrégeno y de
coordinacion. El HDPR interacciona con la ADA a través de 6 enlaces de hidréogeno y un enlace
coordinado con el i6n Zinc. También se muestra la molécula de agua que interacciona con el HDPR a
través de dos enlaces de hidrogeno (extraido y modificado de Kinoshita et al. 2003)

En ausencia de ligandos, la entrada del centro activo, que consiste en una hélice
a (Thr57-Ala73) y el esqueleto peptidico de una hebra B (Leul82-Aspl85), estd en la
forma abierta. En presencia de sustrato o de ciertos inhibidores se produce un cambio
conformacional y el centro activo se encuentra en la forma cerrada (Wilson et al. 1991,
Wang y Quiocho 1998; Kinoshita et al. 2003; Terasaka et al. 2004; Kinoshita et al.
2005; Kinoshita et al. 2008) (véase Figura 22). Kinoshita y colaboradores, (Kinoshita et

al. 2005) han hipotetizado que la eliminacion de una molécula de agua especifica,
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conocida como “trigger water”, situada en el fondo del centro activo, podria tener una
funcion importante como interruptor conformacional desde la forma abierta a la forma
cerrada. Un cambio estructural similar pero mucho mas drastico, asociado a la union del
sustrato o de inhibidores, ha sido detectado recientemente en el enzima del pardsito de
la malaria humana Plasmodium vivax (Larson et al. 2008). Para la ADA de esta
procedencia, la adenosina se halla practicamente aislada del entorno en la forma
cerrada, a diferencia del enzima de mamiferos, en el que el sustrato todavia se
encuentra, aunque en pequefia medida, accesible al solvente cuando estd unido a la

ADA.

P Ty
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Figura 22. Representacion esquematica de las formas abierta y cerrada de la enzima adenosina
desaminasa. (a) Forma cerrada y (b) Forma abierta. La conformacioén global de ambas formas es muy
similar, en cambio, el centro activo presenta conformaciones bastante diferentes. El ién Zinc se representa
en ambas figuras mediante una esfera roja. (c) Diagrama del centro activo de la forma cerrada que
consiste en una zona hidrofilica, SO, y una zona hidrofobica, FO. La entrada al centro activo, por encima
de la zona SO0, esta formada por el esqueleto polipeptidico correspondiente a la hebra B (Leul82-Asp185)
y dos residuos de leucina (LeuS8 y Leu62) pertenecientes a la hélice a (Thr57-Ala73), se encuentra
cerrada. (d) Diagrama del centro activo de la forma abierta, que consiste en las zonas SO y FO de la forma
cerrada, mas dos zonas hidrofébicas adicionales, F1 y F2. Estos dos subsitios emergen como
consecuencia del movimiento de la hélice a (extraido de Kinoshita et al. 2005)
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1.4.2 Mecanismo catalitico

Mediante la combinacion de técnicas cristalograficas (Wilson et al. 1991;
Wilson y Quiocho 1993; Wang y Quiocho 1998), de experimentos de mutagénesis
dirigida (Mohamedali et al. 1996; Sideraki et al. 1996b; Sideraki et al. 1996a) y de
aproximaciones teéricas basadas en métodos cuanticos (Wu et al. 2010), se ha avanzado
notablemente en la dilucidacion del mecanismo molecular de la reaccion catalizada por
la ADA. La desaminacion enzimatica de la adenosina es un proceso en dos etapas. En
primer lugar se lleva a cabo la adicioén estereoespecifica de un grupo hidroxilo de la
molécula de agua catalitica (en forma de 16n hidroxido) al &tomo C6 de la adenosina
para formar un intermediario tetraé¢drico correspondiente al estado de transicion.
Posteriormente, tiene lugar la eliminacion de amonio y la liberacion consiguiente de
inosina. Los principales eventos que tienen lugar en el mecanismo catalitico son los

siguientes:

a) Una molécula de agua constitutiva del enzima enlaza la molécula de agua
catalitica unida al i6n Zn*" con el residuo de Glu 217 del centro activo antes de la
entrada del substrato. Ello permite la transferencia de un proton desde el agua catalitica

al grupo carboxilato del Glu 217.

b) La molécula de agua catalitica se polariza al interaccionar con el i6n Zn, dado
el potente caracter electrofilico de dicho cation, y se orienta adecuadamente respecto al
atomo C6 de la adenosina gracias a los enlaces de hidrégeno que establece con los

residuos de His 238 y de Asp 295.

c) El residuo protonado de Glu 217 forma enlaces de hidrogeno con el N1 y el
grupo 6-NH, del sustrato. El grupo -COOH de este aminoacido se encuentra
perfectamente alineado para donar su proton al N1 de la adenosina. Ello reduce el
caracter del doble enlace N1=C6 y activa al sustrato al hacer que el 4tomo C6 sea mas
susceptible al posterior ataque nucleofilico y pueda adoptar el estado de hibridacion sp3
en el intermediario tetraédrico correspondiente al estado de transicion. En la Figura 23
se muestra un diagrama esquematico de dicho intermediario en el que, ademas del 16n
Zn*", se encuentran los residuos Glu 217, His 238 y Asp 295, respectivamente (Wu et

al. 2010).
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d) Los residuos de His 238 y de Asp 295 colaboran en la formacion y posterior
estabilizacion del enlace entre el grupo hidroxilo de la molécula de agua unida al ion
Zn*" y el C6 de la adenosina. La localizacién del ion Zn*" y del residuo Asp295 en el
lado B o Pro-S del anillo de adenosina determinan la estereoespecificidad requerida en
la adicion del 16n hidroxido. Por su parte, la His238 actiia de lanzadera del proton desde

el grupo hidroxilo coordinado al ién Zn*" al 4tomo N6 del grupo amino del sustrato.

e) La protonacion del grupo -NH; origina la ruptura del enlace C6-N6 y la
consiguiente formaciéon de inosina y de amonio. Se ha postulado que el grupo amino
saliente se encuentra en un entorno enzimatico muy hidrofébico (Leu 58, Phe 61, Thr
269 y Phe 300) que le es desfavorable (Wang y Quiocho 1998). Esta localizacion
incompatible del NH; haria que su eliminacion fuese muy répida y justificaria el

caracter irreversible de la reaccion catalizada por la ADA.

Figura 23. Representacion esquematica del intermediario tetrahédrico correspondiente al estado de
transicion de la reaccion catalizada por la ADA (extraido y modificado de Wu et al. 2010)

1.4.3 Alteraciones en distintas patologias

Se han detectado variaciones en la actividad de la ADA en una gran variedad de
patologias (Cristalli e al. 2001). Asi se han observado cambios en los niveles del
enzima en enfermedades tales como la anemia hemolitica hereditaria (Valentine et al.

1977), la tuberculosis (Banales et al. 1999), diversas leucemias y linfomas (Hirschhorn
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y Ratech 1983; Carlucci et al. 1997), el sindrome de inmunodeficiencia adquirido
(Valenzuela et al. 1997), la enfermedad del Parkinson (Chiba et al. 1995), la artritis
reumatoide (Nakamachi et al. 2003), el estrés (Miyahara et al. 1998), etc. Se ha
demostrado que hay un incremento en las cantidades de que la ADA en enfermedades
tales como la mononucleosis infecciosa, la hepatitis o la cirrosis (Koehler y Benz 1962),
en el liquido cefaloraquideo en situaciones de meningitis tuberculosa (Piras ef al. 1978;
Ribera et al. 1987) o en pacientes con fiebre tifoidea (Piras et al. 1978) y en gota
(Nishizawa et al. 1975). Se ha comprobado que la ADA también juega un papel clave
en los sistemas neuroldgico y vascular (Senba et al. 1987; Smits et al. 1987), donde se
han descrito niveles elevados de la ADA en células sanguineas de pacientes con
patologias neuroldgicas (Norstrand 1987); ademas, la ADA es importante en la
maduracion y diferenciacion de las células linfoides (Carson et al. 1982) y que también
se encuentra implicada en la regulacion del sistema inmune en mamiferos (Ralevic y

Burnstock 1998).

La ADA desempefia un papel central en el mantenimiento de la competencia
inmune. La deficiencia hereditaria de ADA es un desorden metabdlico poco frecuente
que causa linfopenia e inmunodeficiencia debido a los efectos toxicos de sus substratos
adenosina y 2’-desoxiadenosina. La mayoria de pacientes son nifios que presentan el
sindrome de inmunodeficiencia severa combinada (SCID). La deficiencia de ADA va
asociada aproximadamente a un 15% de todas las clases de SCID y a 1/3 de los casos de
SCID autosémicos recesivos, habiéndose detectado mas de 30 substituciones puntuales
de amino4cidos en el enzima de dichos pacientes (Hershfield 2003). En ausencia de
tratamiento, esta enfermedad es fatal durante el primer afio de vida del nifio y requiere,
por tanto, de una intervencion muy rapida (Arredondo-Vega et al. 1998). El principal
tratamiento para el SCID es el trasplante de médula 6sea, si bien se estan utilizando
otras técnicas alternativas tales como la terapia enzimatica sustitutiva, suministrando
ADA unida a polietilenglicol, y la terapia génica (Gaspar et al. 2009; Ferrua et al.
2010). La ADA ha sido utilizada, por lo tanto, como herramienta para el diagnostico de
enfermedades en la practica clinica como marcador bioquimico de diversos sindromes y

patologias infecciosas.
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1.4.4 Proteinas de anclaje a la membrana celular (ecto-ADA)

Algunas formas de ADA asociadas a timocitos medulares, células T activadas y
células epiteliales presentes en varios tejidos, existen como ecto-enzima debido a la
interaccion del ADA con la proteina de membrana CD26/dipeptidil peptidasa IV
(Kameoka et al. 1993; Franco et al. 1998). CD26 es una glicoproteina multifuncional
con un dominio transmembrana, que actua como receptor y como enzima proteolitico
(Engel et al. 2003), y que se expresa como homodimero en la mayoria de tipos
celulares, incluyendo los linfocitos T de los cuales es un marcador de activacion. La
interaccion entre CD26 y ADA resulta critica para la regulacion de la sefializacion de la
adenosina y para la potenciacion de la proliferacion de células T, lo que conduce a un
marcado incremento de la sinapsis inmunologica (Dong et al. 1996; Dong y Morimoto
1996; Dong et al. 1997 Pacheco ef al. 2005). CD26 también juega un papel importante
en la biologia tumoral (Wesley ef al. 1999; Kajiyama et al. 2003; Havre et al. 2008) y
junto con la ecto-ADA se expresan selectivamente en células del linfoma de Hodgkin y

en linfomas ALK-positivos (Kameoka et al. 2006).

Utilizando técnicas de mutagénesis dirigida y proteinas hibridas de ADA que
contenian secuencias de procedencia humana y de raton, Richard et al (2000, 2002)
identificaron los aminoacidos criticos para la uniéon con CD26, que estaban situados en
la hélice a (Pro126-Asp143). Posteriormente, Weihofen y colaboradores (Weihofen et
al. 2004) cristalizaron el complejo binario constituido por el ectodominio de CD26
humano y por la ADA bovina. La estructura del cristal muestra que cada dimero de
CD26 une dos moléculas de ADA. Asimismo se pone de manifiesto la existencia de dos
contactos intermoleculares que contribuyen y estabilizan la formacion del complejo
CD26/ADA (véase Figura 24). La primera interaccion se establece entre el bucle A
(I1e287-Asp297) de CD26 y la hélice al (Arg76-Ala91) de ADA. En la segunda
interaccion intermolecular participan el bucle B (Asp331-GIn344) de CD26 y la hélice
a2 (Prol126-Asp143) de ADA, la misma hélice a descrita por Richard et al. (2000 2002)

a partir de los estudios de mutagénesis.
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Figura 24. Representacion esquematica del complejo (hDPPIV-bADA)2. La membrana celular y las
hélices o que anclan CD26 se representan esquematicamente. A) Los diferentes dominios de hDPPIV
(CD26) se representan en violeta, (hélices o/ laminas B) y azul (horquillas B antiparalelas). La ADA
bovina est4 representada en verde con el i6n Zn** de su centro activo representado por una esfera roja.
Las zonas de union entre las dos proteinas se muestra en rojo (bucles A y B de CD26), y en amarillo
(hélices al y a2 de la ADA bovina). Flecha de acceso 1, muestra el centro activo de CD26 y la flecha de
acceso 2 la obertura lateral de la molécula de CD26. En ambos diagramas, la linea en negro en la parte
superior de la ADA bovina, muestra el eje central de la estructura barril TIM de la enzima. B) Vista del
complejo con un giro de ~40° horizontal respecto a la figura A (extraido de Weihofen et al. 2004)

La segunda clase de proteinas que unen ecto-ADA incluye a los receptores de
adenosina A; (Ciruela et al. 1996; Saura et al. 1996; Sun et al. 2005) y A, (Herrera et
al. 2001). La unién de ADA, activa o cataliticamente inactiva, al receptor A,z de
adenosina incrementa la afinidad por sus ligando y su posterior sefalizacion (Herrera et
al. 2001). La interaccion del ADA es importante ya que el enzima potencia la
transduccion de la sefial y modula la desensibilizacion de dicho receptor (Ciruela et al.
1996; Saura et al. 1998). Recientemente también se han descrito las interacciones
alostéricas que ejerce el ADA sobre los receptores A; (Gracia et al. 2008) y A4 (Gracia
et al. 2011) de adenosina, incrementando la afinidad de éstos por sus ligandos y
potenciando la funcionalidad de los receptores, como pasaba con el receptor Azg. A
pesar de estos descubrimientos, los dominios moleculares del ADA implicados en las
interacciones no han sido estudiados. Ademas de los complejos binarios entre el ADA y
los receptores de adenosina, se han postulado agregados moleculares de orden superior.
En este sentido Torvinen et al. (2002), han descrito la existencia de complejos

heteroméricos funcionales entre ADA, el receptor A, y el receptor de dopamina D; en
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neuronas de la corteza cerebral y han postulado que esta agregacion podria ser
modulada tanto por dopamina como por adenosina. Por otra parte, Pacheco et al. (2005)
demostraron que el ADA anclada a la superficie de las células dendriticas,
probablemente a través del receptor Ajp, se unia a la proteina CD26 expresada en la
membrana de células T, induciendo la coestimulacion. Esta sefial coestimulatoria
promueve la proliferacion de células T con un patréon Thl y la produccion de citocinas
proinflamatorias, con lo que se incrementa la respuesta inmune (Climent et al. 2009;

Martinez-Navio et al. 2009).
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1.5 RECEPTORES DE DOPAMINA Y VIAS DOPAMINERGICAS EN EL
SISTEMA NERVIOSO CENTRAL

En el sistema nervioso central (SNC) se expresan un elevado nimero de
receptores acoplados a proteina G: mas del 90% de los receptores de siete dominios
transmembrana se expresan en el cerebro y para algunos de ellos su expresion esta
restringida a este tejido. La combinacion de técnicas de inmunohistoquimica, RT-PCR e
hibridacién in situ en diferentes regiones del cerebro ha permitido descubrir que la
expresion de estos receptores presenta patrones diferenciales, lo que sugiere que la
expresion de un grupo de receptores concretos y no otros, es clave en la regulacion de
diferentes procesos neurofisioldgicos, como la neurotransmision. Un ejemplo clasico lo

constituyen los receptores de dopamina.

1.5.1 La dopamina como neurotransmisor

La dopamina es la principal catecolamina que actia como neurotransmisor en el
sistema nervioso central (representa el 80% del contenido total de catecolaminas del
cerebro) y controla una gran variedad de funciones como la modulacién de la actividad
sensorial, la actividad motora, la actividad endocrina, el aprendizaje, la memoria, la
emotividad, la afectividad y la motivacion. La dopamina también ejerce multiples
funciones en el sistema periférico como modulador de la liberacion de catecolaminas,
de la secrecion hormonal, del tono vascular, de la funcidon renal y de la motilidad
gastrointestinal (Cooper et al. 1996; Missale et al. 1998). Como otros
neurotransmisores, la dopamina no es capaz de cruzar la barrera hematoencefalica, pero
si sus precursores fenilalanina y tirosina. La sintesis de dopamina ocurre en el citosol de
las terminales nerviosas dopaminérgicas tal como se indica en la Figura 25 (Elsworth y
Roth 1997). La liberacién de dopamina en la hendidura sinaptica tiene lugar mediante
un mecanismo clasico de liberacion de neurotransmisores: la entrada de calcio a través
de canales de calcio dependientes de voltaje promueve la fusion de vesiculas llenas de
dopamina con la membrana presinaptica, formandose un poro y dando lugar a la
exocitosis de la dopamina, que por difusion cruza el espacio de la hendidura sindptica
hasta unirse a sus receptores localizados pre- y postsindpticamente. Después de la union,
ocurre un cambio conformacional en el receptor que induce una compleja cadena de
eventos intracelulares, y el resultado final de la liberacién de dopamina es la activacion

o inhibicidn de la neurona postsinaptica.
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Figura 25. Sintesis de la dopamina A) La tirosina hidroxilasa emplea oxigeno molecular, tirosina y
tetrahidrobiopterina (cofactor) para sintetizar L-DOPA, la cual sera descarboxilada por la DOPA
descarboxilasa dando lugar a dopamina y CO,. B) Una vez sintetizada, la dopamina es almacenada en
vesiculas sindpticas hasta su posterior liberacion al espacio sinaptico. En él, puede interactuar con sus
receptores especificos, ser recaptada y degradada (modificado de Kandel et al. 2000)

La sefial dopaminérgica finaliza por eliminacion de la dopamina del espacio
intersinaptico, lo que implica mecanismos de recaptacion especificos en el terminal
presindptico donde puede ser almacenada o metabolizada (Elsworth y Roth 1997).
Aunque existen enzimas extraneuronales que catabolizan la dopamina liberada, la
finalizacion del efecto se debe principalmente, a la recaptacion del neurotransmisor por
los propios terminales nerviosos que la liberaron mediante transportadores especificos
(DAT: Dopamine Transporters) que juegan un papel importante en la funcion,
inactivacion y reciclaje de la dopamina liberada (Adell y Artigas 2004; Sotnikova et al.

2006).

Los receptores dopaminérgicos localizados  presindpticamente  son
principalmente, autoreceptores y constituyen uno de los mecanismos responsables de la
regulacion de la transmision dopaminérgica (Langer 1997; Koeltzow et al. 1998).

Cuando la dopamina es liberada al espacio sindptico, la estimulacion de los
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autoreceptores presentes en las terminales nerviosas induce una inhibicion de la
liberacion continuada de dopamina. Todos los autorreceptores dopaminérgicos
pertenecen a la subfamilia D,-like (Langer 1997; Mercuri et al. 1997; Vallone et al.
2000). Se han desarrollado numerosos agonistas y antagonistas especificos de los
receptores de dopamina lo que ha dado la oportunidad de modular la transmision
dopaminérgica incrementando o bloqueando la accion de este neurotransmisor con fines
terapéuticos (Sokoloff et al. 2006; Rankin et al. 2010; Rondou et al. 2010). El sistema
dopaminérgico ha sido de gran interés por la relacion entre la desregulacion de este
sistema y algunas patologias tales como el Parkinson, la esquizofrenia, el sindrome de
Tourette, la hiperprolactinemia y la adiccion a drogas (Missale et al. 1998; Segawa
2003; Santini et al. 2008; Dalley y Everitt 2009; Zack y Poulos 2009). De hecho, la
degeneracion de la via nigroestriatal produce la enfermedad de Parkinson en humanos,
caracterizada por una fuerte reduccién de la liberacion de dopamina (Mercuri et al.

1997; Shimohama et al. 2003).

1.5.2 Estructura, clasificacion y funcion de los receptores de dopamina

Los receptores de dopamina se clasifican en dos subfamilias en funcion de sus
propiedades bioquimicas y farmacolégicas: la subfamilia D;-/ike, que comprende a los
receptores D; y Ds, y la subfamilia D,-/ike que incluye a los receptores D, D3 y D4. Los
receptores D;-like producen incrementos del AMPc intracelular a través de proteinas
Gyoir que estimulan a la AC y se localizan principalmente en los terminales
postsinapticos (Neve ef al. 2004; Nieoullon y Amalric 2002; Missale et al. 1998; Civelli
et al. 1993). Los receptores D,-like, en cambio, inhiben la AC por acoplamiento a
proteinas Gi/,, ademds de activar canales de K" y disminuir la entrada de Ca'™? a través
de canales dependientes de voltaje (Gershon et al. 2007; Neve et al. 2004; Nicola et al.
2000; Missale et al. 1998). Los receptores D,-like pueden localizarse en terminales
presindpticas y postsinapticas (Dal Toso et al. 1989). Los dos subgrupos presentan
peculiaridades estructurales diferentes como se muestra en la figura 26: los receptores
D;-like tienen un dominio carboxiterminal unas siete veces mas largo que los receptores
D;,-like, mientras que estos ultimos tienen un tercer bucle intracelular mucho mas largo,
caracteristica comun en muchos receptores acoplados a proteina G; (Missale et al.

1998).
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Figura 26. Representacion esquematica de las dos subfamilias de receptores de dopamina

Existe una homologia del 80% en la secuencia entre los dos miembros de la
familia de receptores D;-like. En cambio, la homologia es del 75% entre los miembros
D, y D3 de la familia D,-like y un 53% entre los D, y D4 de dicha familia. Por contraste,
la homologia entre los receptores D,-like y D,-like es solo del 42-46%. La regioén con
homologia mas elevada es aquella que se encuentra en los dominios de transmembrana
y en aquellos residuos que son clave para la unién de catecolaminas. El extremo
carboxiterminal, en ambas familias, contiene lugares de fosforilacion y palmitoilacion
que se cree juegan un papel esencial en la desensibilizacion del receptor y en la
formaciéon de un cuarto bucle intracelular, respectivamente. Por el contrario, los
receptores de dopamina presentan diferencias en las = modificaciones post-

traduccionales, como diferentes lugares consenso de N-glicosilacion.

Para el estudio de las propiedades farmacologicas de los receptores de dopamina
se dispone de ligandos que discriminan facilmente entre las subfamilias D;-like y D,-
like, sin embargo, es mucho mas dificil encontrar ligandos selectivos para los miembros
de cada subfamilia. Cada uno de los receptores Di-like muestra alta afinidad por
benzazepinas (SCH23390 y SKF38393) y baja afinidad por butiroferonas (espiperona y
haloperidol) y benzanidas sustituidas (supiride). Se ha detectado una diferencia
remarcable de su afinidad por la dopamina, presentado el receptor Ds una afinidad 10

veces superior a la que presenta el receptor D; (Missale et al. 1998).

Dentro de los receptores D,-like las afinidades por muchos antagonistas y
agonistas pueden variar en uno o dos ordenes de magnitud. Cada uno de estos

receptores se caracteriza por tener alta afinidad por butiroferonas, como las espiperonas
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y el haloperidol y baja afinidad por benzazepinas como el SKF 38393. De los tres
receptores que componen la familia D,-like, el D, tiene las propiedades farmacoldgicas
mas distintivas, pues en general, presenta baja afinidad por la mayoria de los
antagonistas dopaminérgicos de esta subfamilia, por ejemplo, el raclopride, exhibiendo
a su vez una relativa afinidad por el neuroléptico atipico clozapina (Missale et al. 1998).
En cambio, el receptor D3 presenta una afinidad 20 veces mayor por la dopamina que el
receptor D», existiendo algunos ligandos comerciales selectivos como el antagonista
GSK 789472. Por ultimo, el receptor D4 es el que presenta menor afinidad por la
dopamina de entre los miembros de la subfamilia D,-like, existiendo también algunos
ligandos sintéticos selectivos para este receptor como el agonista RO 10-5824 o el

antagonista L-745,870.

La diferencia de afinidad que presentan los receptores de dopamina por su
ligando enddgeno puede permitir la activacion de unos receptores u otros en funcion de
la cantidad de dopamina liberada. Teniendo en cuenta los diferentes mecanismos de
transduccion de sefial de cada subtipo de receptor, se puede generar una gran variedad
de respuestas a una misma sustancia. Esta diversidad dentro de los receptores de
dopamina es un reflejo de la diversidad funcional que ejerce este neurotransmisor, sobre
todo si se considera la expresion diferencial de estos receptores dentro del SNC.En la
tabla 5 se resume la informacion mas relevante de los diferentes subtipos de receptores

de dopamina:

Familia DyR-like D;R-like
Subtipo DR DsR D;R DsR DR I
Prateina G Gejoir G air Gifo Gijo Gifo l
Mecanismo de - AC - AC
+ AC -AC
transdiicitn da + AC + PLC + PLC
~ s - canales Ca** - canales Ca®* faco
sefial + canales K* + canales K*
1 AMPc L Ampc
Moléculas T AMPc TP L AMPc
r T AMPc TIp, 2 A
PHA | Ca®* 1 Ca T éc. araquid.
A TIP, .c":. TK T NKE*
’ T NKE*
Afinidad por la
dopamina 2340 261 2,8-474 4-27 28-450
Ky cnoni
Agonista SKF-383593 NPA Quinpirole Bromocriptina (=) Apemorfina
Ke &m nM 1-150 187 4,8-474 5-7,4 4
Antagonista SCH-23390 SCH-23390 Raclopride UH 232 Clozapina
Kp en nM 0,11-0,35 0,11-0,54 1-5 2,9-9,2 9-43

*¥NKE: Na' /™ exchamge: Intercambiador Na® /K

Tabla 5. Resumen de las principales caracteristicas de los receptores de dopamina
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La expresion de los distintos subtipos de receptores de dopamina en el cerebro
ha sido determinada mediante la combinacioén de técnicas de unién de radioligandos y
de hibridacion in sifu. Asi se ha demostrado, por ejemplo, que el receptor Dy es el mas
abundante y su distribucion es la mas amplia de todos los receptores dopaminérgicos
(Beaulieu y Gainetdinov et al. 2011; Barishpolets et al. 2009; Dearry et al. 1990); en
cambio, el receptor Ds presenta una distribucion mas restringida a regiones tales como
el hipocampo o el tdlamo (Centonze et al. 2003). Estudios de RT-PCR y protedmica han
demostrado la expresion del receptor D; en el estriado (tanto dorsal como ventral), en el
nucleo accumbens, el tubérculo olfatorio, y en menor medida en el sistema limbico, el
hipotdlamo y el tdlamo. La expresion mayoritaria del receptor D; se localiza
postsinapticamente en las neuronas GABAérgicas estriatales, junto con la expresion de
la sustancia P (Gerfen et al. 1990). El estudio de Surmeier et al. (1996) mostré que el
receptor D3 se expresa al menos en la mitad de las neuronas GABAérgicas que co-
expresan sustancia P y dinorfina (y que conforman la via directa
estriatonigroentopeduncular del movimiento) y en una proporcién muy pequeiia de
neuronas GABAérgicas que expresan encefalina (via indirecta estriatopalidal). Asi, el
receptor D3 podria, de hecho, mediar la mayoria de las interacciones de los receptores
de las familias D;,D,-like en las neuronas estriatales. Marcellino et al. (2008)
evidenciaron la existencia de interacciones a nivel molecular entre los receptores D; y
Ds en células co-transfectadas y tejido estriatal bovino, mostrando al receptor D3 como
un potenciador de la estimulacion de D; a nivel neuronal y comportamental; también
Fiorentini y colaboradores en el 2008 presentaron resultados que apoyaban la
heteromerizacion D;-D;. Ademas, el receptor D3, es considerado como una diana
prometedora, por su implicacion en las discinesias asociadas al tratamiento con L-
DOPA en la enfermedad de Parkinson (Bordet et al. 1997; Rietschel et al. 2000; Guillin
et al. 2001; Bézard et al. 2003; Visanji et al. 2009; Cote et al. 2014) El receptor Dy se
expresa en interneuronas GABAérgicas tanto piramidales como no-piramidales de la
corteza prefrontal e hipocampo, en el bulbo olfatorio, la amigdala, el mesencéfalo
(Missale et al. 1998), en la glandula pineal (Klein et al. 2010) y en menor medida en el
nucleo accumbens y estriado (de Almeida y Mengod 2010; Gasca-Martinez et al. 2010).
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1.5.3 Las vias dopaminérgicas en el SNC

A pesar de que las neuronas que utilizan la dopamina como neurotransmisor en
el cerebro son muy pocas, este sistema de neurotransmision juega un papel esencial en
la regulacion del movimiento, la conducta y liberaciéon de hormonas (Dale 2000). Los
circuitos dopaminérgicos del SNC se pueden dividir en: nigroestriatal, mesolimbico-
mesocortical y tuberohipofisario (Figura 27). Las alteraciones de estas tres vias de
transmisiéon se han asociado con diversas enfermedades. Asi, la enfermedad de
Parkinson se ha asociado con alteraciones en la via nigroestriatal, la esquizofrenia con
alteraciones en la via mesolimbica-mesocortical y una gran variedad de alteraciones

hormonales con anomalias en la via tuberoinfundibular (Dale 2000).
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Figura 27. Representacion de los circuitos dopaminérgicos (cedido por el Dr. Sergi Ferré)

El sistema nigroestriatal se origina en la sustancia nigra, que es un nicleo de
neuronas localizado en el mesencéfalo. Este se divide en dos partes: la compacta,
formada por neuronas dopaminérgicas, y la reticulata, formada principalmente por
neuronas GABA¢rgicas. Las neuronas dopaminergicas con origen en la sustancia nigra
constituyen el principal conducto dopaminérgicos en el cerebro, y proyectan axones que
proporcionan una densa inervacion al nucleo caudado y al putamen del estriado;
aproximadamente un 80% de toda la dopamina que se encuentra en el cerebro se halla
en el estriado. Este sistema es el implicado en la regulacion motora y la ejecucion de
tareas, permitiendo que el movimiento se realice de forma armoniosa y obedezca a las
ordenes voluntarias del individuo de acuerdo con patrones motores bien establecidos
(Florez y Pazos 2003). Un ejemplo es lo que ocurre en los pacientes con Parkinson en

los que se produce una pérdida de neuronas dopaminérgicas de la via nigroestriatal,
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dando lugar a claras anomalias motoras. La inervacion dopaminérgica hacia regiones
limbicas y corticales también esta alterada, aunque en menor medida y, al parecer, la
enfermedad no se manifiesta hasta que la perdida neuronal en el estriado representa el

80% (Elsworth y Roth 1997).

El sistema mesolimbico-mesocortical tiene su origen en el 4rea tegmental
ventral, también localizada en el mesencéfalo. Dicho nucleo contiene células
dopaminérgicas que envian proyecciones a la corteza frontal y el l6bulo limbico,
conformando los circuitos mesocortical y mesolimbico respectivamente. El sistema
mesolimbico se distribuye por el sistema limbico con excepcion del hipocampo;
principalmente se proyecta hacia el nlcleo accumbens, tubérculo olfatorio, nucleo
central de la amigdala, septum lateral y nucleo intersticial de la estria terminal (Florez y
Pazos 2003). El sistema mesocortical se proyecta desde la sustancia nigra y el area
tegmental ventral hacia las cortezas motoras, promotoras y suplementarias y a las
cortezas parietal, temporal y cingular posterior, es decir, hasta las principales aéreas
sensorimotoras y de asociacion. Ambos sistemas contribuyen a mantener la atencion, la
ideacion, la evaluacion correcta de la realidad, la motivacion y el control del
pensamiento (Florez y Pazos 2003), es decir, estan implicados en todos aquellos
procesos en los que la motivacion forma parte esencial de la conducta, ya sea fisiologica
para atender necesidades elementales del individuo, o patoldgica, creada por
hiperestimulacion del sistema, que es lo que ocurre en procesos de adiccion a sustancias
de abuso. Los mecanismos implicados en estos ultimos procesos se denominan sistemas
de premio o recompensa, ya que son circuitos que al activarse producen un efecto
placentero (Wise 1996). La mayoria de sustancias que provocan adiccion, interaccionan
directa o indirectamente con proteinas presentes en las neuronas dopaminérgicos a nivel
de la via mesolimbico-mesocortical, provocando un incremento de la liberacion de
dopamina por la neurona presinaptica hacia el espacio extracelular. La continua
administracion de estas sustancias produce una activacion continua de la liberacion de
dopamina, consiguiéndose sensaciones positivas, perdiéndose la sensibilidad a
estimulos habituales. Cuando se interrumpe administracién aparecen sensaciones

desagradables, depresion o falta de motivacion (Noble et al. 1994) (Figura 28).

El sistema mesolimbico-mesocortical parece jugar un papel importante en el

desarrollo de la esquizofrenia. Las conexiones con el nlcleo accumbens tienen una
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especial relevancia, ya que la falta de regulacion de las vias dopaminérgicas
mesolimbicas provocarian una descoordinacion en el nucleo accumbens que, a su vez,
sobreestimularia ciertas regiones implicadas en el procesamiento de la informacion de
los sentidos, contribuyendo a los sintomas positivos de la esquizofrenia (alucinaciones,
delirios, pensamientos incoherentes,..). Por otro lado, dado que las vias dopaminérgicas
mesocorticales juegan un papel fundamental en el buen funcionamiento cognitivo de la
corteza prefrontal, las alteraciones en este sistema estarian relacionadas con los
sintomas negativos de la esquizofrenia (aislamiento social, retraimiento social, falta de

iniciativa) (Pani 2002; Abi-Dargham 2004).
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Figura 28. El circuito mesolimbico (cerebro de roedor) (extraido de Hyman 2007)

Por ultimo, el sistema tuberohipofisario se origina en el hipotdlamo y se
proyecta hacia la hipofisis. Las neuronas del sistema tuberohipofisario desempefan un
papel importante en la regulacion de la liberacion de las hormonas pituitarias, como por
ejemplo la prolactina, en la que la dopamina juega un papel inhibitorio en la liberacion

de esta hormona (Dale 2000).

En las situaciones patologicas que se han comentado anteriormente se han
observado diferencias cuantitativas en cuanto a la expresion de los receptores de
dopamina o bien en su sefalizacion. Por ejemplo, los receptores D; se ven
incrementados en la esquizofrenia y su sefializacion varia en la enfermedad de
Parkinson. La densidad de los receptores D, localizados postsinédpticamente incrementa
en la esquizofrenia y también en los enfermos de Parkinson no tratados con L-DOPA
(profarmaco que, a diferencia de la dopamina, puede traspasar la barrera
hematoencefalica, y es un precursor bioldgico de la dopamina) (Missale et al. 1998;

Vallone et al. 2000; Carlsson et al. 2001; Fuentes et al. 2010; Beaulieu y Gainetdinov
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2011). Es por ello que el estudio de los receptores de dopamina es muy importante,
tanto para poder entender una gran cantidad de anomalias funcionales tales como
Parkinson, Alzheimer, esquizofrenia e hiperactividad, como para crear nuevas dianas
terapéuticas para dichas anomalias (Missale et al. 1998; Segawa 2003; Sokoloff et al.
2006; Santini et al. 2008; Dalley y Everitt 2009; Zack y Poulos 2009; Rankin et al.
2010; Rondou et al. 2010).

1.5.4 Los ganglios basales

Los ganglios basales (GB) se hayan en la base del cerebro, y estan constituidos
por cinco nucleos principales en roedores: el estriado, la sustancia nigra o negra, el
globus pallidus externo (GPe), el nucleo subtaldmico y el nucleo entopeduncular o EPN
(en los primates el globus pallidus interno o GPi). El estriado es la principal estructura
de entrada de los GB y estd funcionalmente subdividido en estriado dorsal y ventral (en

rata, Figura 29; en primates no-humanos Figura 30).

Figura 29. Localizacion del estriado dorsal y ventral en el cerebro de rata. Bregma 2.16mm. CPu:
caudado-putamen; AcbC: nucleus accumbens core (extraido de Paxinos y Watson 2005)
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Figura 30. Estructura de los GB y del tilamo de Macaca fascicularis. Tincion ACh-E seccién
coronal 12 ac -5.5mm. CN: nucleo caudado; Put: Putamen; GPi: globo palido interno; GPe: globo palido
externo (extraido de Lanciego y Vazquez 2012)

Los distintos componentes anatémicos de los GB se encuentran clasificados en
tres grupos: nucleos de entrada, nucleos de salida y nucleos intrinsecos. Como ya se ha
descrito anteriormente, el nucleo de entrada es el cuerpo estriado, que engloba el
estriado dorsal (nticleo caudado y putamen), implicado en la ejecucion y aprendizaje de
actos motores complejos, y el estriado ventral (nticleo accumbens), que forma parte de
los circuitos cerebrales implicados en la conversion de la motivacion en accion. En el
estriado, mas del 90% de las neuronas son GABAérgicas de proyeccion o medium-size
spiny neurons (MSN) y reciben dos vias de entrada que convergen en sus espinas
dendriticas: por un lado las neuronas dopaminérgicas del mesencéfalo, localizadas en la
sustancia nigra pars compacta y el area ventral tegmental y por otro lado las neuronas
glutamatérgicas procedentes de aéreas corticales, limbicas y taldmicas (hipocampo y
amigdala) (Gerfen 2004). Los nucleos de salida comprenden el GPi, ENT y la porcion
reticulada de la sustancia negra (SNr). Finalmente, los ntcleos intrinsecos son el GPe, el

nucleo subtaldmico (STN) y la porcion compacta de la sustancia negra (SNc).

Antes de que se ejecute un programa motor, la informacién es enviada desde la
corteza a los GB, donde la sefial se contrasta con entradas sensoriales y se transforma

antes de regresar de nuevo a la corteza a través del talamo (Schultz 2010).
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El modelo de funcionamiento de los GB descrito por Crossman (Crossman
1987), Albin y colaboradores, (Albin et al. 1989) y DeLong (DeLong 1990), explica
codmo se procesa la informacion a través de los circuitos que constituyen los GB tanto en

condiciones fisiologicas como patoldgicas (Figura 31).
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Figura 31. Funcionamiento simplificado de los GB en primates. Existen dos vias de salida u outputs
del estriado: la via directa, que proyecta del estriado al niicleo GPi/SNr, y la via indirecta, que conecta el
estriado con el GPe — STN- GPi/SNr. a) estado “normal” y b) Degeneracion de la SNc en la enfermedad

de Parkinson que hace disminuir la liberacién de dopamina en el estriado (Cedido por el Dr. Sergi Ferré).

Existen dos subtipos de neuronas GABA¢érgicas eferentes en el estriado, que
proyectan al tdlamo a través de dos vias: las neuronas estriatopalidales externas (del
GPe) y las neuronas estriatonigroentopedunculares en roedores o estriatopalidales
internas (del GPi) en primates. Los dos tipos de neuronas GABA¢rgicas estriatales se
pueden distinguir neuroanatomicamente. (Levesque y Parent 2005). Asi, las neuronas
del estriado que proyectan al GPe forman la via indirecta, y contienen el péptido
encefalina, receptores de dopamina (predominantemente del subtipo D) y receptores A;
y A, de adenosina, entre otros. Las neuronas estriadas que proyectan hacia el GPi, y
que conforman la via directa, contienen dinorfina, sustancia P, receptores de dopamina
(predominantemente del subtipo D;) (Gerfen et al. 1990; Alexander y Crutcher 1990) y
receptores A; de adenosina, pero no receptores A, (Ferré ef al. 2007; Schiffmann et al.
2007).

La estimulacion de la via directa produce activaciéon motora, mientras que la de

la via indirecta produce inactivaciéon motora. Esto es asi puesto que la via directa tiende
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a activar los movimientos voluntarios, y la via indirecta a inhibir la aparicion de
componentes involuntarios en el movimiento. Un adecuado equilibrio entre las dos

produce los movimientos normales.

Por tanto, como acabamos de ver, la dopamina liberada en el estriado presenta
un efecto dual, debido a que activa los receptores D; e inhibe los D,. En primates,
provoca la activacion del movimiento por estimulacion de los receptores D; de las
neuronas de proyeccion de la via directa, mientras que deprime la actividad de las
neuronas de la via indirecta actuando sobre los receptores D, produciendo también,
indirectamente, una activacion motora (Alexander y Crutcher 1990). La dopamina por
tanto, estimula el movimiento a través de las dos vias, porque estimula la via

estimuladora e inhibe a la via inhibidora (ver Figura 31a).

Aunque en el modelo clasico descrito las neuronas dopaminérgicas de la SNc
proyectan exclusivamente al estriado, se han encontrado proyecciones dopaminéricas de
la SNC hacia otros nucleos de los GB como GPe (Smith y Kieval, 2000), GPi (Jan et al.
2000), STN (Frangois et al. 2000) y varios ntcleos talamicos (Sanchez-Gonzélez et al.
2005).

Por otra parte, segun los datos anatomicos, neuroquimicos y electrofisiologicos
publicados en los ltimos afos, el circuito de los GB no puede considerarse unicamente
como un sistema en el que la informacion fluye de manera unidireccional desde el
estriado hacia los nticleos de salida a través de una via directa y otra indirecta. Los
nucleos que componen el circuito forman una red muy compleja donde la informacion
fluye de manera multidireccional y se originan microcircuitos que regulan de forma
conjunta la sefial de salida hacia el tdlamo. En la Figura 32 se muestra una vision mas
moderna del circuito de los GB en la que se recogen las proyecciones descritas hasta el
momento y que da una idea de la complejidad del sistema (Obeso y Lanciego 2011). En
la actualidad, el esquema de funcionamiento de los GB tiene como base el modelo
clasico descrito anteriormente pero incluye otros nucleos colaterales importantes en la

regulacion del circuito y nuevas proyecciones no descritas en el modelo anterior.
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Figura 32. Esquema actualizado de las conexiones anatémicas de los nticleos de los GB y nucleos
relacionados. Cx, corteza, Str, estriado; GPe, globo palido externo; GPi, globo palido interno; STN,
nucleo subtalamico; SNpc, sustancia negra pars compacta; SNr, sustancia negra reticulada; Th, tdlamo;
PPN, nucleo pedunculopontino; CM-PF, nticleo centro mediano-parafascicular del talamo (modificado de
Obeso y Lanciego 2011)

1.5.5 La enfermedad de Parkinson

La enfermedad de Parkinson (EP), descrita por primera vez el 1817 por James
Parkinson, es la segunda patologia neurodegenerativa mas comun en la poblacién, y
estd producida por la degeneracion progresiva de las neuronas dopaminérgicas
nigroestriatales que proyectan de la sustancia negra al estriado (caudado mas putamen).
Esto da lugar a, por un lado, la disminucion de la activacion de los receptores D; de
dopamina en las neuronas estriatales de la via directa, reduciéndose la inhibicion que
gjercen estas neuronas sobre los nucleos de salida. Por otro lado, los receptores D, de
dopamina dejan de estar inhibidos y las neuronas de la via indirecta estan mas activas,

aumentando la inhibicién que ejercen sobre el GPe (Obeso et al. 2008).

Finalmente, se acaba provocando la inhibicion del tdlamo, que no enviara la
sefal de vuelta a la corteza dando lugar al desarrollo de los sintomas clinicos de la EP

(Figura 33b).
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Figura 33. Interconexiones entre las estructuras de los GB en diferentes situaciones patologicas. a)
estado sano b) enfermedad de Parkinson ¢) administracion cronica de L-DOPA en patologia de
Parkinson; 1-via nigroestriatal 2-via indirecta inhibidora del movimiento, 3-via directa excitadora del
movimiento, 4-via corticoestriatal. (Extraido de Jenner 2008)

Los sintomas clinicos mas relevantes incluyen bradicinesia (lentitud en los
movimientos), rigidez, temblor en reposo y alteraciones en el equilibrio (Tabla 6).
Cuando se presentan estos sintomas, una gran proporcioén (50-70%) de las neuronas
dopaminérgicas de la sustancia nigra pars compacta se han perdido, originandose una
reduccion de la sintesis y la liberacion de dopamina en los terminales que proyectan al
estriado. El distintivo patoldgico de la EP es la formacion de cuerpos de Lewy (CL) en
las neuronas dopaminérgicas que sobreviven. Los CL son inclusiones
intracitoplasmaticas eosinofilas compuestas predominantemente por ubiquitina, o-
sinucleina y parkina (Spillantini et al. 1997; Schlossmacher et al. 2002). Recientemente,
Beyer y colaboradores (Beyer et al. 2010) han destacado la correlacion entre las

diferentes isoformas de la a-sinucleina y las enfermedades de CL, entre ellas la EP.

Los principales receptores involucrados en la enfermedad de Parkinson son los
receptores predominantes en las vias alteradas implicadas, los D; (via directa) y D, (via
indirecta) de dopamina, localizados mayoritariamente en el estriado cerebral (Foley et

al. 2004), aunque otros receptores de GPCR podrian participar en su modulacion.
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Rasgos motores Rasgos no motores
Bradicinesia Demencia
Rigidez muscular Depresion

Inestabilidad postural Apatia
Temblor en reposo Ansiedad
Distonias Déficit cognitivo
Alteracion de la marcha Alucinaciones
Movimientos acelerados incontrolados Desordenes del suefio
Pérdida de expresion en el rostro Trastornos obsesivos-compulsivos

Tabla 6. Principales caracteristicas de la EP

El factor que se relaciona mas significativamente con la aparicion de la EP es la
edad o el envejecimiento, aunque se sabe poco como esta involucrado dicho proceso
(Hindle et al. 2010). La explicacion habitual es la mayor vulnerabilidad de las neuronas
dopaminérgicas a causa del fallo fisiologico y bioquimico de los procesos celulares
normales. En general, se ha descrito que la muerte neuronal que tiene lugar en las
enfermedades neurodegenerativas se debe a tres mecanismos moleculares
interrelacionados: estrés oxidativo, disfunciéon mitocondrial y alteracion de los
mecanismos de degradacion proteica (Kitada er al. 1998, Malkus et al. 2009, Bove y
Perier 2012). En la etiologia de la EP existe también un elemento genético significativo,
al menos en una parte de los pacientes, en los que se han identificado mutaciones en
diferentes genes en lo que se ha denominado casos de enfermedad de Parkinson familiar
(Kitada et al. 1998; Kriiger et al. 1998; Leroy et al. 1998; Piccini et al. 1999; Tanner et
al. 1999; Sveinbjornsdottir et al. 2000; Gasser 1998; Bonifati et al. 2002). Por otra
parte, otros autores han estudiado el papel de las modificaciones post-traduccionales
(como la fosforilacion, ubicuitinacion, nitracion y truncamiento) de la a-sinucleina en la
formacion de agregados, dentro de la patogénesis de las demencias con cuerpos de
Lewy (DCL) (Beyer y Ariza 2013). Recientemente, fruto del estudio de polimorfismos
genéticos, se ha descubierto el primer biomarcador genético (que comprende hasta 4
polimorfismos de la enzima butirilcolinesterasa) que permite diagnosticar la DCL, y que
se encuentra hasta en un 20% de los casos de esta enfermedad (Beyer 2013); este
hallazgo es importante puesto que en la practica permite un mejor diagnostico

diferencial respecto otras demencias.
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El tratamiento paliativo de esta enfermedad consiste en suministrar un precursor
de dopamina, la L-DOPA (levodopa o 1-3,4-dihidroxifenilalanina), que aunque es
efectivo en los primeros estadios de la enfermedad, acaba por perder la efectividad y
provoca la aparicion de complicaciones motoras como las discinesias (Nutt 1990).
Actualmente, existen avances importantes en el desarrollo de nuevos farmacos
dopaminérgicos 'y no dopaminérgicos (adrenérgicos, inhibidores de la
monoaminooxidasa, GABA¢érgicos, etc.) para la EP, asi como para las complicaciones

motoras de las terapias en uso (Schapira ef al. 2006; Huot et al. 2013).

1.5.6 Discinesias inducidas por el tratamiento de L-DOPA

Aproximadamente del 50% de los pacientes con EP experimentan las discinesias
(movimientos anormales involuntarios) inducidas por L-DOPA (DIL) 4 o 5 afos
después del inicio con el tratamiento con levodopa (Fahn 2000). Afortunadamente, el
porcentaje de pacientes que presentan una forma de DIL que empeora sustancialmente
la calidad de vida y requiere de una intervencion es mucho menor del 50% (Chapuis et
al. 2005). Con el fin de prevenir o de mejorar la aparicion de esta alteracion motora, se
reduce la dosis de levodopa (o puede cambiarse a otras formas de liberacion sostenida)
y habitualmente se afiaden al tratamiento medicamentos no dopaminérgicos, con menor
eficacia anti-parkinsoniana, y que acaban encareciendo el coste farmacologico de la

enfermedad (Maurel et al. 2001).

Las DIL son el resultado de los efectos combinados de la degradacion de las
neuronas dopaminérgicas nigroestriatales y del tratamiento pulsatil con levodopa. Asi,
aparecen como consecuencia de la hipofuncion del GPi/SNr que lleva a la desinhibicion
de las neuronas taldmicas y a la excesiva actividad de la influencia reforzadora de los
GB sobre la corteza motora (Figura 33c). El tratamiento pulsatil con L-DOPA exagera
mas la supersensibilidad de los receptores D; de dopamina y es la causa de los cambios
en la expresion de genes y proteinas estriatales que establecen y mantienen un estado

propenso a la aparicion de las discinesias (Bonito-Oliva ef al. 2011; Feyder et al. 2011).

Aunque la causa molecular de las DIL no esta del todo clara, diferentes trabajos
han mostrado el receptor de dopamina D3 como una diana prometedora en las DIL, ya
que se encuentra sobreexpresado en los ganglios basales de los modelos de DIL de

roedores y primates no humanos (Todd et al. 1996; Bordet et al. 1997; Bézard et al.

67



68

1. Introduccion

2003; van Kampen y Stoessl 2003; Guigoni ef al. 2005). En esta linea se ha visto por
ejemplo que el uso del agonista parcial de D;, BP 897, alivia los sintomas de la
discinesia sin alterar los beneficios del tratamiento con levodopa, mientras que el uso de
antagonistas de Ds, tanto selectivos como no selectivos, reducen la disquinesia, a
expensas de empeorar el parkinsonismo (Bézard et al. 2003). Otros candidatos
prometedores que podrian emplearse como adyuvante en la terapia con levodopa, serian
los antagonistas del receptor Aza. El mecanismo de accion de éstos se basaria en que su
uso facilitarian los efectos de la dopamina a través de la via directa que promueve el
movimiento, mejorando indirectamente los efectos antiparkinsonianos de la activacion
del receptor D; de dopamina (Pinna et al. 1996; Pollack y Fink 1996). Nuestro grupo y
otros, hemos descrito interacciones antagonizantes entre el receptor A, y los de
dopamina D, o D3 entre heteromeros (Hillion et al. 2002; Canals et al. 2003; Ferré et al.
2004; Torvinen et al. 2005; Fuxe et al. 2007; Schiffmann et al. 2007). Finalmente, los
receptores de cannabinoides CB; también tienen un papel clave, llegdndose a sugerir
que el bloqueo de receptores CB; podria prevenir de la bradiquinesia tipica del
Parkinson (Garcia-Arencibia et al. 2009; Orgado et al. 2009). Este hecho se basa en los
resultados de Sagredo y colaboradores (Sagredo ef al. 2007) que han observado una
regulacion a la baja de los receptores CBj, que tendrian un rol de neuroproteccion frente

la citotoxicidad estimulada por la progresion de la EP (Sagredo et al. 2007).

1.5.7 Modelos animales para el estudio de la enfermedad de Parkinson

Dado que en la actualidad no existe ninguna cura para la EP y su etiologia sigue
siendo desconocida, es necesario estudiar los mecanismos subyacentes a la
neurodegeneracion dopaminérgica y buscar nuevas dianas terapéuticas que permitan el
desarrollo de nuevos farmacos para tratar la enfermedad. Para ello, es necesario el uso
de modelos animales que emulen la denervacién dopaminérgica y los sintomas
principales de la EP. El modelo perfecto tendria que presentar cuatro caracteristicas
fundamentales (Beal 2010). En primer lugar, el numero de neuronas dopaminérgicas de
la SNc deberia ser normal en el momento del nacimiento del animal y deberia disminuir
selectiva y gradualmente durante la edad adulta hasta alcanzar una pérdida neuronal de
mas del 50%. La muerte neuronal se puede inducir mediante el tratamiento con

neurotoxinas o mediante mutaciones genéticas, en cuyo caso el modelo deberia basarse
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en una unica mutacion para facilitar el cruzamiento. En segundo lugar, el animal deberia
desarrollar déficits motores que incluyan los sintomas principales de la enfermedad
(bradicinesia, rigidez y temblor en reposo). En tercer lugar, deberian formarse cuerpos
de inclusion a medida que avanza la neurodegeneracion. Por ultimo, el desarrollo del
parkinsonismo deberia ocurrir en tiempos no mas largos de unos pocos meses para
disminuir el coste de los experimentos y permitir asi probar distintas estrategias
terapéuticas en menos tiempo. Este modelo animal ideal no existe, por lo que en cada

caso es necesario seleccionar el més adecuado de entre los que hay disponibles.

Los modelos tradicionales de EP se basan en el uso de neurotoxinas que inducen
la muerte selectiva de las neuronas dopaminérgicas. Algunos de estos compuestos son la
reserpina, la metanfetamina, la rotenona, el paraquat, el maneb, la 3-nitrotirosina, la 6-
OHDA y el MPTP (Betarbet et al. 2000, Betarbet et al. 2002; Dauer y Przedborski
2003). Los modelos mas utilizados en la actualidad son el modelo de rata lesionada con
6-OHDA vy los modelos de raton y de primate lesionados con MPTP. Por otro lado, tras
la descripcion de las mutaciones causantes del parkinsonismo familiar se han generado
nuevos modelos de ratones transgénicos que presentan modificaciones en genes
relacionados con la enfermedad, como por ejemplo la a-sinucleina (Dawson et al.

2010).

1.5.7.1 Lesion dopaminérgica inducida por 6-OHDA

La 6-hidroxidopamina (6-OHDA, Figura 34A) es la toxina mas utilizada para
inducir la muerte de las neuronas dopaminérgicas en la rata. La 6-OHDA no atraviesa la
barrera hematoencefalica, por lo que es necesario inyectarla mediante cirugia
estereotaxica para que induzca selectivamente la muerte de las neuronas dopaminérgicas
(Blandini et al. 2008). La citotoxicidad de la 6-OHDA se debe a su actividad pro-
oxidante, ya que tras su inyeccion es transportada a través del DAT al interior de las
neuronas dopaminérgicas donde promueve la formacion de ROS que activan los
mecanismos de muerte neuronal (Figura 35) (Dauer y Przedborski 2003, Betarbet et al.
2002). La lesion obtenida es altamente reproducible y permite controlar el grado de
deplecion dopaminérgica seglin el lugar de la inyeccion y el tiempo transcurrido desde
la aplicacion de la neurotoxina. La inyecciéon de la 6-OHDA en el fasciculo
prosencefalico medial (MFB) o en la SN origina una lesion total, en la que la

neurodegeneracion comienza a las 24 horas de la inoculacion de la toxina. Por otro lado,
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la administracion de la 6-OHDA en el estriado origina una lesion parcial que es estable
en el tiempo y que permite evaluar la eficacia de compuestos neuroprotectores. El grado
de lesion parcial se puede controlar mediante el numero y la localizaciéon de las
inyecciones de la 6-OHDA en el estriado (Kirik ef al. 1998). Ademas, en la mayoria de
los casos la inyeccion es unilateral, de modo que un hemisferio cerebral no presenta
pérdida neuronal y se utiliza como control interno. Este tipo de lesion unilateral provoca
una conducta rotacional asimétrica que depende del grado de lesion dopaminérgica y
que se puede evaluar tras la inyeccion de anfetamina o apomorfina. Esto supone una
gran ventaja ya que permite cuantificar el grado de lesion in vivo (Kirik et al. 1998,
Yuan et al. 2005). Sin embargo, este modelo no presenta una de las caracteristicas

principales de la enfermedad: la presencia de cuerpos de inclusion proteicos.
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Figura 34. Estructura quimica de la 6-OHDA (A) y del MPTP (B)

1.5.7.2 Lesion dopaminérgica inducida por MPTP

El MPTP (Figura 34B) es una de las neurotoxinas mas utilizadas para generar
modelos animales de EP. Tras su descubrimiento en un grupo de toxicomanos de San
Francisco, se ha estudiado ampliamente el mecanismo de accidon por el cual causa la
degeneracion selectiva de las neuronas dopaminérgicas. EI MPTP es un compuesto
lipofilico que atraviesa la barrera hematoencefalica con facilidad. Una vez en el SNC, el
MPTP es oxidado en células gliales a 1-metil-4-fenil-2,3-dihidropiridina (MPDP") en
una reaccion catalizada por la enzima MAO-B. Tras la oxidacion, el MPDP" se
convierte espontaneamente en MPP', que es el compuesto activo toxico. El MPP" es
una molécula polar y no puede atravesar la membrana plasmatica, por lo que necesita un
transportador para entrar o salir de las células. El mecanismo por el cual el MPP+ es
transportado desde la célula glial al espacio extracelular es desconocido, pero en cambio
si se sabe que es captado por las neuronas dopaminérgicas a través del DAT (Blum et

al. 2001). Una vez en el interior de la neurona, el MPP" inhibe el complejo 1 de la
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cadena respiratoria mitocondrial, impidiendo la fosforilacion oxidativa, disminuyendo
el contenido de ATP de la célula y estimulando la produccion de ROS (Figura 35)
(Dauer et al. 2003, Betarbet et al. 2002, Sedelis et al. 2000, Singer et al. 1988, Jakowec
et al. 2004). El MPTP se ha utilizado para inducir la muerte de las neuronas

dopaminérgicas en distintas especies animales, como gatos, ratones o primates.

Vesicle

Mitochondrion_

Figura 35. Mecanismos de accion de las toxinas usadas para la induccién de sintomas

parkinsonianos en los diferentes modelos animales. (Extraido de Schober 2004)
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1.6 EFECTOS DE LA COCAINA MEDIADOS POR LOS RECEPTORES DE
DOPAMINA D; Y D,

La cocaina es un extracto purificado de la planta de coca, Erythroxylum coca,
procedente originariamente de América del sur (Figura 36). Las hojas de coca han
formado parte de las culturas Inca, Ayamara y Quechua durante siglos. Para conseguir
los efectos estimulantes, de euforia y eliminacién del apetito, las hojas de coca eran
masticadas. Originariamente, la coca era administrada, exclusivamente, en forma de
hoja hasta que en 1860, Albert Neiman aislo un extracto de la hoja de coca, la cocaina.
Su utilizacion se extendid rapidamente por todo el mundo y hoy en dia su posesion,
cultivo y distribucion son ilegales, exceptuando requisitos médicos o normas
gubernamentales; sin embargo, su uso estd ampliamente extendido. Actualmente, la
adiccidon a cocaina es un problema social y resulta complicado encontrar un buen

tratamiento debido al alto grado de recaida que presenta el consumo de esta sustancia.

~
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Figura 36. Cocaina. A) La planta Erytroxylon coca contiene cocaina en sus hojas B) Estructura
molecular del [IR-(exo,exo)]-3-(benzoyloxy)-8-methyl-8-azabicyclo[3.2.1]octane-2-carboxylic  acid
methyl ester, también conocida como cocaina. C) Anuncio de unas gotas para el dolor de muelas, que
contenian cocaina (1885)

Se conoce desde antiguo que la cocaina actia inhibiendo la recaptacion de
monoaminas como la dopamina (Moore y Gudelsky 1977; Heikkila et al. 1979; Ritz et
al. 1987), norepinefrina (Moore y Gudelsky 1977) y serotonina (Ross y Renyi 1967).
Sin embargo, aunque la cocaina actua con el mismo grado de efecto en los tres
transportadores, la mayoria de los efectos en el comportamiento (De Wit y Wise 1977;
Colpaert et al. 1978; Miczek y Yoshimura 1982) y la actividad motora (Giros et al.
1996) de esta sustancia se atribuyen al bloqueo de la recaptacion de dopamina por
inhibicion del transportador de dopamina (DAT) presindptico. Una vez administrada, la

cocaina muestra una accion rapida aumentando los niveles de dopamina en el espacio
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sindptico, lo que causa una sobreestimulacion de las vias dopaminérgicas (Figura 37).
Los picos de dopamina pueden aparecer a los cinco minutos y no recuperarse los niveles
basales hasta los treinta minutos (Bradberry 2000). Ademas, la vida media de la cocaina
en rata es corta, puede oscilar entre quince minutos y una hora dependiendo de la via de
administracion utilizada (Nayak et al. 1976) y se cree que una administracion repetitiva
podria prolongar los altos niveles de dopamina en el espacio sinaptico y la vida media
de esta sustancia (Volkow ef al. 1999). Se considera que la hidrolisis del éster de

cocaina es la principal ruta de su catabolismo.

Analizando los efectos de la cocaina desde una perspectiva morfologica, Roberts
y colaboradores describieron una inhibicion en los efectos de recompensa de la cocaina
en ratas con el nucleo accumbens lesionado (Roberts et al. 1977). Posteriormente, en
estudios de ratas adictas a la cocaina, se escogio el cortex prefrontal como region
implicada en la autoadministracién de microinyecciones de cocaina (Goeders y Smith
1983). Por otro lado las vias nigroestriatales controlan gran variedad de funciones
motoras, ademas de contener la concentracibon mas elevada de neuronas
dopaminérgicas. Estos datos convierten al cortex prefrontal y las vias nigroestriatales en
las regiones mas importantes en la integracion de los efectos de la cocaina, aunque no
son las Unicas (Bardo 1998). El consumo de cocaina aumenta los niveles de dopamina
en el estriado, principalmente en la parte ventral, y mas concretamente en el nucleo
accumbens, el cual ha sido descrito como parte anatdmica preferencial en mecanismos
de recompensa (Koob 2006; Di Chiara y Bassareo 2007). La cocaina hace uso del
sistema dopaminérgico para generar parte de sus efectos celulares y de comportamiento
(De Mei et al. 2009). En ratas, la shell del nacleo accumbens es requerida para la
adquisicion inicial de la conducta de autoadministracion de cocaina mientras que es el
core el que se encarga de la adquisicion de la conducta de busqueda condicionada a
estimulos asociados a dicha droga (Ito ef al. 2004). Del mismo modo, una vez que los
estimulos de recompensa asociados a cocaina estan consolidados, es el estriado dorsal el
que juega un papel central (Everitt y Robbins 2005). Es decir, se hipotetiza que se pasa
progresivamente de una busqueda motivada por una recompensa (conducta dependiente

del nticleo accumbens) a habitos estimulo-respuesta que dependen del estriado dorsal.

Un hipotético mecanismo de los cambios de comportamiento consecuentes a la

administracion créonica de cocaina es una alteracion de la plasticidad sinaptica del
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cerebro. Hasta el momento, han sido descritos diferentes cambios en la estructura de las
dendritas (Robinson y Kolb 1999; Robinson et al. 2001). Estos cambios podrian ser
debidos a alteraciones en la expresion de las proteinas de los neurofilamentos, las
proteinas del citoesqueleto y/o las gap junctions, todas ellas muy importantes para la

estabilidad y la buena integracion de los receptores en la sinapsis neuronal.

Figura 37. Efecto del bloqueo de

los transportadores de dopamina

(DAT) por la cocaina (extraido del

articulo Stimulant Addiction del

| Nacional Institute on Drug Abuse
B SLLEE  (NIDA))
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Intensity of effect

1.6.1 Proteinas de union de la cocaina

La cocaina ejerce sus funciones por interaccion con proteinas especificas. Como
hemos comentado anteriormente, la proteina mas reconocida que puede unir cocaina es
el transportador de dopamina DAT. Se ha estudiado a nivel molecular la interaccion de
la cocaina con DAT. Mediante el modelaje molecular de DAT basado en la estructura
cristalina de Aquifex aeolicus LeuT(Aa), un transportador de leucina homologo en
bacterias (Ravna et al. 2009), se ha postulado que la union de la cocaina a DAT ocurre
en un dominio de unién andlogo al lugar de unién de la leucina en el transportador

LeuT(Aa).

En el centro de interaccion de la cocaina con DAT intervienen las hélices
transmembrana 1, 3, 6 y 8 del transportador. Este centro de unién se superpone con el
sitio de unidn de la dopamina y las anfetaminas, pero es claramente diferente del lugar
de union de distintos antidepresivos (Beuming et al. 2008). Este hecho explica el

bloqueo de la union de la dopamina a DAT inducido por la cocaina vy,
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consecuentemente, el incremento en los niveles de dopamina en el espacio extracelular
(Figura 38).
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Figura 38. Esquema de la interaccion de la cocaina y la dopamina con DAT.
A) Representacion del transportador de dopamina, DAT. Los circulos pintados corresponden a los lugares
donde coincide la interaccion de DAT con la dopamina y la cocaina. B) Esquema de la interaccion de
DAT con la dopamina. C) Esquema de la interaccion de DAT con la cocaina (extraido de Bertolino et al.
2009)

Mediante estudios in vitro (Bertolino et al. 2009) e in vivo (Meiergerd et al.
1993; Dickinson et al. 1999; Mortensen y Amara 2003), se ha podido demostrar que
existe una relacion directa entre DAT y el receptor D, de dopamina ya que ambos se
regulan de forma reciproca a nivel presindptico. Bertolino y colaboradores han
demostrado que se produce una interaccion molecular entre DAT y los receptores D,
(Bertolino et al. 2009). Esta interaccion puede ser fundamental para entender como la
sefalizacion de la dopamina se ve claramente regulada, a nivel presindptico, por DAT y

por el receptor de dopamina D, en el estriado y en el cortex prefrontal.
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Ademas de DAT, la cocaina puede interaccionar con otras proteinas. Hoy en dia
es un hecho aceptado que la cocaina interacciona con los receptores sigma a
concentraciones fisioldgicas (Cobos et al. 2008). Esta familia de proteinas esta formada
por los receptores sigma-1 y sigma-2. La cocaina es la droga de abuso mas estudiada
con referencia a su interaccion con los receptores sigma-1 (Hayashi y Su 2005). Una de
las razones es que la cocaina posee una afinidad moderada por sigma-1 en ensayos de
unidon de radioligando (Sharkey er al. 1988; Matsumoto et al. 2003). Matsumoto y
colaboradores describieron que los antagonistas del receptor sigma inhiben de forma
significativa las convulsiones y la letalidad inducidas por dosis toxicas de cocaina
(Matsumoto et al. 2002, Matsumoto et al. 2004). La toxicidad de la cocaina se ve
potenciada con los agonistas del receptor sigma-1 (Matsumoto et al. 2002, Matsumoto
et al. 2004). Este descubrimiento indica que las acciones de la cocaina, al menos en
parte, pueden ser mediadas por su uniodn al receptor sigma-1. La estructura del receptor
sigma-2 ain no se conoce. Por otro lado, la estructura de sigma-1 es muy distinta de la
de cualquier otra proteina conocida de mamiferos. Aunque muestra un 66% de
homologia con una esterol isomerasa fingica, carece de su actividad enzimatica (Su y
Hayashi 2003). Se caracteriza por poseer tres regiones altamente hidrofobicas que
formarian dos segmentos transmembrana con los extremos amino y carboxilo

terminales en el espacio intracelular (Figura 39).
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Figura 39. Esquema de la estructura del receptor sigma-1
(extraido de Steve Beyer’s blog 2009)
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El receptor sigma-1 es una chaperona que modula las senales dependientes de
calcio y se localiza principalmente en el reticulo endoplasmatico de la célula, aunque

también se encuentra en la membrana plasmatica, nuclear y mitocondrial (Alonso et al.
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2000). Se encuentra ampliamente distribuido por todo el SNC y la periferia. En 1976
fue clasificado como receptor opioide (Martin et al. 1976); sin embargo, la accion de
los ligandos de o-1 no era bloqueada por los antagonistas opioides, naloxona y
naltrexona, por lo que fue considerado como un receptor huérfano no opioide. El
receptor sigma interacciona con diferentes sustancias, ademas de la cocaina, entre las

que destacan el haloperidol o los esteroides como la progesterona (Hayashi y Su 2003).

Muy recientemente se ha descubierto un alucinégeno endégeno que interacciona
con el receptor sigma-1, el DMT (N,N dimethyltryptamine). Esta sustancia actuaria
como agonista endégeno del receptor inhibiendo los canales de Na™ dependientes de
voltaje en los miocitos (Guitart et al. 2004; Fontanilla et al. 2009). El receptor sigma-1
también esta implicado en la modulacion de la liberacion de calcio, la modulacion de la
contraccion cardiaca y la inhibicion de los canales de K' dependientes de voltaje
(Monassier y Bousquet 2002). En 2001 Hayashi describi6 la interaccion del receptor
sigma-1 con los receptores IP; en el reticulo endoplasmético (Hayashi y Su 2001). Mas
adelante, se demostré que la activacion del receptor sigma-1 mediante sus agonistas
(PRE-084 o carbetapentane) fosforila la subunidad NR1 del receptor NMDA via PKC y
PKA aumentando su expresion y reforzando la induccién de dolor a través del receptor
NMDA. Esta sefial se veia reducida por el tratamiento con el antagonista especifico del
receptor sigma-1 (Kim et al. 2008). Hasta el momento no se ha encontrado ninguna
interaccion de estos receptores con ningun GPCR, aunque existen numerosas evidencias
de la amplificacion de sefiales de GPCR mediante los receptores sigma-1. Actualmente,

son considerados como receptores auxiliares o amplificadores de otras senales.

El receptor sigma-1 se encuentra estrechamente relacionado con la accion de la
cocaina en diferentes aspectos, como son la hiperlocomocién (Menkel et al. 1991), la
sensibilizacion (Ujike et al. 1996), el mecanismo de recompensa (Romieu et al. 2000;
Romieu et al. 2002), las convulsiones y la letalidad (Matsumoto et al. 2001a), aunque se
desconoce el mecanismo de accion de todos ellos. Estudios recientes han descrito que
una reduccion del receptor sigma-1 en cerebro, mediante oligonucleodtidos anti-sense,
disminuye las acciones convulsivas y locomotoras estimulantes de la cocaina
(Matsumoto et al. 2001b; Matsumoto et al. 2002). Por otro lado, antagonistas sintéticos
del receptor sigma-1 reducen las acciones de la cocaina en modelos animales

(Matsumoto et al. 2003). A pesar de que recientemente han aparecido estudios que
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también involucran el receptor sigma-2 con las acciones de la cocaina (Matsumoto ef al.
2007), su papel aun no estd definido debido a la falta de ligandos completamente
selectivos para este subtipo. Para afiadir complejidad, el receptor sigma-2 aun no ha sido

clonado.

1.6.2 Implicacion de los receptores de dopamina D; y D; en los efectos de la

cocaina

A pesar de que se ha visto que la administracion crénica de cocaina induce
cambios en la expresion génica de muchos receptores como el receptor metabotropico 5
de glutamato (mGluRs) (Ghasemzadeh ef al. 1999) o el receptor p-opioide (Yuferov et
al. 1999), estudios en humanos postmortem no indicaron ningiin cambio en el ARNm
de los receptores de dopamina D; o D, en individuos adictos a la cocaina con referencia
a los controles (Little ef al. 1993; Meador-Woodruff et al. 1993). Estos resultados han
sido controvertidos ya que se ha demostrado una disminucién de la expresion de los
receptores D; y D, de dopamina en individuos adictos a la cocaina en comparacion con
individuos sanos mediante la técnica de PET (Positron Emision Tomography) (Martinez
et al. 2004; Martinez et al. 2009; Tsukada et al. 1996). La variacion de la expresion de
receptores de dopamina inducida por cocaina puede variar mucho segln la especie y la
region del cerebro, ya que en ratas, después de cuatro semanas de autoadministracion de
cocaina, se observo un incremento del ARNm del receptor D; en el telencéfalo anterior
y un incremento del ARNm de los receptores D; y D; en la region limbica (Laurier ef al.

1994).

A parte de la modificacion o no de la expresion de los receptores, la cocaina
induce un incremento de la liberaciéon de dopamina y una sobreestimulacion de las vias
dopaminérgicas (Anderson y Pierce 2005; De Mei et al 2009). Mediante la
potenciacion de la transmision dopaminérgica en el estriado, la cocaina induce los
efectos de recompensa asi como la aparicion de nuevos estimulos (Volkow ef al. 1995;
Volkow y Swanson 2003; Zink et al. 2003). Navarro y colaboradores (Navarro et al.
2010a) han obtenido recientemente nuevos resultados que aportan una explicacion
molecular por la cual los heteromeros D;R-sigma-1 desempefian un papel importante en

los efectos comportamentales de la cocaina. Estos resultados, proporcionan una nueva
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perspectiva para entender las bases moleculares involucradas en la adiccion a la

cocaina.

Los receptores D, también estan involucrados en la mediacion de estos efectos
de recompensa. Los agonistas del receptor D, reducen la autoadministracion de cocaina,
mientras los antagonistas incrementan este comportamiento. Estos resultados sugieren
que el receptor D, actie por un mecanismo feed-back para disminuir la

autoadministracion de cocaina (Corrigall y Coen 1991; Caine et al. 1999).

Los antagonistas glutamatérgicos y dopaminérgicos reducen la activacion de la
transcripcion génica inducida por la cocaina (Konradi 1998; Valjent et al. 2005). La
activacion de los receptores de dopamina D, es un requerimiento imprescindible para la
respuesta celular y conductual inducida por la cocaina tal como se demuestra en
estudios realizados con ratones KO para el receptor D; (Xu et al. 1994). Estudios
recientes utilizando ratones transgénicos, donde las células que expresan los receptores
D; y D; se encuentran marcadas mediante proteinas fluorescentes, han confirmado estos
datos, mostrando que la respuesta celular aguda inducida por la cocaina involucra
principalmente las neuronas que expresan los receptores D; de dopamina (Bertran-
Gonzalez et al. 2008). En este escenario cabria esperar que una inhibicion de la
expresion génica del receptor D,s amplificaria los efectos de la cocaina in vivo, debido
a la inhibicion ejercida por el receptor Dys de la liberacion de dopamina. Sin embargo,
no es esto lo que se observa. El efecto de la cocaina en ratones KO para receptores D,
ha sido estudiado tanto en tratamientos agudos, cronicos como en autoadministracion de
cocaina, con el resultado que los ratones KO para D, tienen alteradas las respuestas a
cocaina. Asi, la estimulacion de la actividad motora inducida por cocaina en los ratones
KO para receptores D, no incrementa de forma dosis-dependiente (Chausmer et al.
2002; Welter et al. 2007). De forma sorprendente, la administraciéon de cocaina en los
ratones KO para D; no induce la expresion de c-fos (Centonze et al. 2002). Esto
conduce a hipotetizar que en ausencia del receptor D,, aparece un circuito inhibitorio,
normalmente controlado por los receptores D,, provocando la supresion de la induccion
de c-fos. En este contexto, el GABA y la acetilcolina pueden aumentar de forma
considerable debido a la pérdida del control de su liberacion por el receptor D, y jugar
un papel en el bloqueo de la induccion de c-fos (Centonze et al. 2002). De forma

alternativa, la perdida de los receptores D, afecta la formacién de complejos
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macromoleculares entre los receptores D, y otras proteinas que normalmente controlan

la respuesta celular y conductual de la cocaina (Liu ef al. 2006).

Los efectos de recompensa de la cocaina en los ratones KO para receptores D, se
ven atenuados (Welter et al. 2007). Sin embargo, estudios de autoadministracion de
cocaina en ratones KO para el receptor D, demostraron que los ratones KO se
autoadministraban mds cocaina que los ratones WT (Caine et al. 2002). No puede
excluirse la contribuciéon de otros neuromoduladores (como por ejemplo la
noradrenalina o la serotonina) y se requiere un andlisis mas profundo para esclarecer
este fenomeno. Este punto es importante debido a la existencia de numerosos estudios
que muestran una pérdida de los efectos de recompensa de diferentes drogas de abuso

en ratones KO para receptores D,. (Risinger ef al. 2000; Elmer et al. 2005).

Por otro lado, los ratones KO para D;;, que por lo tanto siguen expresando los
autoreceptores D,s, mantienen la respuesta locomotora y de recompensa a la cocaina
parecida a los animales WT (Usiello et al. 2000; Wang et al. 2000; Rouge-Pont et al.
2002). Asi, parece ser que el receptor Dys es el principal implicado en la respuesta
celular y conductual de las drogas de abuso. Esto sugiere que los efectos presindpticos
de los receptores D, no involucran Unicamente la liberacion de dopamina, sino también
de GABA, glutamato y acetilcolina en respuesta a las drogas de abuso. Asi, existe una
diferente implicacién de las isoformas D,s y Dy. en la sefalizacion dopaminérgica
inducida por drogas de abuso. La ausencia de la senalizacion del receptor D,y no altera
los efectos motores y de recompensa inducidos por la cocaina. Contrariamente, la
sefalizacion del receptor D,g parece ser un requisito imprescindible para los efectos
motores y de recompensa de la cocaina y otras drogas de abuso. De todos modos, se
requieren mas estudios para poder decidir que componente presindptico se encuentra
involucrado en estas respuestas y si se encuentra en las neuronas dopaminérgicas o en

las neuronas postsinapticas.

No se han observado cambios significativos en los niveles de expresion del
receptor D, en el estriado dorsal en animales con diez dias de alto consumo de cocaina
(Marcellino et al. 2007). Este es un descubrimiento importante que indica que cambios
en la expresion de los receptores D, en esta zona del cerebro no estan involucrados en la

adaptacion de la respuesta a los efectos de recompensa de la cocaina en este modelo.
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Recientemente, cambios bifasicos en los receptores D; en el core del nucleo accumbens
han sido observados después de una retirada de pocos dias de acceso a cocaina
intravenosa (Ben-Shahar et al. 2007). Parece ser, que la dosis y la exposicion a la
cocaina son las responsables de estas diferencias. La autoadministracion crénica de
cocaina en monos rhesus por periodos de varios meses provoca una disminucion de la
densidad del receptor D, en el estriado detectada por autoradiografia (Moore et al. 1998;
Nader et al. 2002). Mediante estudios de imdgenes se ha podido detectar una
disminucioén en la cantidad de receptores D, en humanos adictos a la cocaina comparado
con los sujetos controles (Volkow et al. 1993; Martinez et al. 2004). De forma similar,
mediante la técnica de PET se ha observado una reducciéon en los receptores D, en
primates con autoadministracion crénica de cocaina y un ano de abstinencia (Morgan et
al. 2002a; Morgan et al. 2002b; Nader et al. 2006). Una persistente disminucion de los
receptores D, en el estriado puede involucrar la internalizacion de los receptores D,

después de una autoadministracion cronica de cocaina.

Todos estos estudios, nos llevan a pensar en la existencia de un delicado balance
entre la accion de los receptores Dy y D; en el cerebro, que estd controlando tanto los
procesos motivacionales como los de refuerzo en y durante el consumo de las drogas, y

especialmente en el caso de la cocaina.

81



82

1. Introduccion

1.7 SISTEMA ENDOCANNABINOIDE

El cannabis, comunmente conocido como “marihuana”, es una de las drogas de
abuso mas extendidas entre la poblacion europea. Su uso intensivo se ha relacionado
con diversos problemas neurologicos no especificos. En contrapunto, el sistema
endocannabinoide, descubierto a partir de la identificacion de las sustancias psicoactivas
del cannabis, se ha puesto en el punto de mira de la sociedad en los ultimos afios como
posible diana terapéutica para muchas enfermedades de tipo neurodegenerativo y
tumoral. Si bien los efectos y propiedades terapéuticas del cannabis ya eran harto
conocidos por antiguas civilizaciones, no fue hasta 1964 que se consigui6 aislar el A’-
tetrahidrocannabinol (A’-THC), principal constituyente psicoactivo del cannabis, a
partir de preparaciones de Cannabis Sativa (Mechoulam y Gaoni 1965; Gaoni y
Mechoulam 1971) que, aun a dia de hoy, se utiliza para combatir la emesis y la falta de
apetito en los enfermos de cancer. El caracter lipofilico de esta sustancia hacia pensar
que ejercia sus efectos de manera inespecifica, interaccionando con los lipidos de la
membrana celular. Sin embargo, unos veinte afios mas tarde, Howlett y colaboradores
(Howlett et al.1990) describieron centros de unién de alta afinidad para el A’-THC en
membranas celulares, lo que sugirid que su accion podia estar mediada por receptores
especificos. Hasta ahora, se han clonado y caracterizado inequivocamente dos de estos
receptores: los receptores CB; y los receptores CB, (Figura 40). El primer receptor de
esta familia, el CBy, se encontrd a partir de un screening de GPCR huérfanos (Matsuda
et al. 1990) y su localizaciéon fue predominantemente cerebral y testicular. El
descubrimiento del segundo receptor, el CB,, fue posterior e, inicialmente, su
localizacion se restringié a la periferia, principalmente en el sistema inmune (Pertwee
1997). Hoy en dia se sabe que, si bien es cierta su expresion predominante en células
inmunolodgicas, los receptores CB, aparecen también en el sistema nervioso central y su
accion es clave para entender ciertas enfermedades cerebrales, al mismo tiempo que
suponen una diana terapettica clave en su tratamiento (Rivers y Ashton 2010). Si bien
persiste la idea de que los receptores CBj, por su abundancia y ubicuidad, son la
principal diana de accion de los cannabinoides en el sistema nervioso central, existen
evidencias de que no todas las acciones de los cannabinoides son mediadas por este
receptor y que, probablemente, algunas puedan ser atribuidas a los CB,, o incluso otro

tipo de receptores capaces de mediar los efectos neuronales de los cannabinoides como
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el receptor huérfano GPR55 (Ryberg et al. 2007; Pertwee 2007; Sharir y Abood 2010;
Martinez-Pinilla et al. 2014).

La identificacion, caracterizacion y localizacion de receptores especificos,
capaces de reconocer al A’-THC, plante6 la cuestion de cudl o cuales debian ser los
ligandos enddgenos capaces de interaccionar con estos receptores, es decir, la posible
existencia enddgena de sustancias similares al A’~THC que, actuando a modo de
agonistas, mimetizaran sus efectos en el organismo. Aunque en los ultimos afios han
sido numerosos los endocannabinoides aislados, tanto de tejido nervioso como
periférico, los mas importantes son los derivados de eicosanoides como la anandamida
(AEA) (Devane et al. 1992) y el 2-araquidonilglicerol (2-AG) (Mechoulam et al. 1995).
A partir de su identificacion, se investigo la ruta bioquimica de su sintesis, liberacion
(Di Marzo et al. 1994; Cadas et al. 1996), transporte (Beltramo et al. 1997) y
degradacion (Cravatt et al. 1996). Todo ello permiti6 denominar con el término de
“sistema endocannabinoide” a un conjunto de componentes que comprende: i) Los
receptores de cannabinoides, ii) los ligandos enddgenos o endocannabinoides y iii) los
enzimas implicados en su sintesis y degradacion. En la actualidad, este sistema aparece
como un relevante modulador fisiol6gico, no solo a nivel del sistema nervioso central,

sino también en el periférico y en otros muchos sistemas del organismo.

CB2

Extracellular

Figura 40. Estructura de los receptores CB; y CB,. En negro se representan los aminodcidos comunes

en ambos receptores, y los lugares de glicosilacion estdn marcados con el simbolo Y (extraido de Shire et
al. 1996)
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1.7.1 Receptor de cannabinoides CB;

El cDNA de los receptores CB; fue aislado por primera vez de una libreria de
corteza cerebral de rata. El locus del gen en humanos se ha localizado en el cromosoma
6 en la posicion 6ql4-ql5 (Caenazzo et al. 1991; Hoehe et al. 1991). La proteina
codificada posee una alta homologia en nucledtidos y aminoacidos entre humanos y
roedores. Pertenece a la familia A de los GPCR, aunque difiere de los receptores de este
grupo en que no presenta el puente disulfuro en el EC2 ni el residuo de prolina en el
TM-5. Puede presentar hasta tres lugares de glicosilacion, de tal manera que su peso

puede variar hasta en 10kDa.

Como GPCR, los receptores CB; se pueden unir tanto a proteina G; como G, a
través del extremo carboxi-terminal intracelular. Los aminoacidos mas proximos a la
membrana de esta region son decisivos para el acoplamiento de la proteina Gy,
mientras que los mas distales modulan la amplitud y la cinética (Nie y Lewis 2001a; b).
La cola C-terminal estd implicada, también, en procesos de desensibilizacion e
internalizacion. De esta manera, los aminoacidos de la zona central del extremo carboxi-
terminal contienen residuos fosforilados necesarios para la desensibilizacion mediada
por quinasas especificas (GRK) y arrestinas (Jin et al. 1999), mientras que cuatro
residuos del final de la cola son importantes en la internalizacion (Hsieh et al. 1999). La
unidn a la proteina G de estos receptores en los terminales presinapticos da lugar a una
inhibicion de la adenilato ciclasa, disminuyendo asi la produccion de AMPc; si bien
esto puede variar en funcion del receptor con el que heteromerice. Asi pues, se observo
que, en presencia de los receptores de dopamina D, los receptores CB; se unen a la

proteina Gs estimulando la produccion de AMPc (Kearn et al. 2005).

Los receptores CB; estan implicados, ademads, en otras vias de sefializacion,
dependiendo de las células en las que se encuentren, estimulando a las quinasas
activadoras de mitégenos (MAPK) tales como ERK 1/2, p38 y c-Jun (JNK), la via de
PI3K/Akt, ademas de la expresion de genes tempranos (ej. Krox-24) (Turu y Hunyady
2010). La desensibilizacién del receptor CB; se ha descrito que estd mediada por un
mecanismo de internalizacion a través de la accion de P—arrestinas (Breivogel et al.
2008; Daigle ef al. 2008). Todos estos mecanismos de sefalizacion pueden mediar los

efectos de los canabinoides como reguladores de la liberacién de neurotransmisores. De
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esta manera, los endocannabinoides funcionan como mensajeros retrogrados cuando sus
receptores diana se encuentran en la membrana presindptica, inhibiendo la liberacion de
glutamato (Shen et al. 1996), GABA (Szabo et al. 1998), acetilcolina (Gifford et al.
1997), noradrenalina (Schlicker et al. 1997a) y serotonina (Nakazi et al. 2000).

El sistema cannabinoide es especialmente relevante en las funciones cognitivas y
emocionales; estd implicado en circuitos neuronales de la corteza, hipocampo y
amigdala y en la adiccion a drogas en el sistema mesolimbico mediante mecanismos de
modulacion sindptica que incluyen DSI (Depolarization-Induced Supression of
Inhibition), en neuronas GABAérgicas, y DSE (Depolarization-Induced Supression of
Excitation), en neuronas glutamatérgicas (Parolaro y Rubino 2002; Gerdeman y
Lovinger 2003; Laviolette y Grace 2006). Aunque la activacidon presinaptica de los
CBIR casi siempre conlleva una disminuciéon en la liberacion del neurotransmisor
(Freund et al 2003a), la magnitud de su accion se puede dividir en dos mecanismos
diferentes con respecto a su potencia y su implicacion patofisiologica: la depresion a
corto plazo o short-term depression (STD) y la depresion a largo plazo o long-term
depression (LTD). Mientras la primera es de corta duraciéon (menos de un segundo) y
rapida aparicion, la segunda, por estimulacién prolongada de los receptores de CBy, es
de aparicion mas tardia y suele durar varias horas (Katona y Freund 2008; Sidhpura y

Parsons 2011).

Los receptores CB; son unos de los receptores neuronales mas abundantes en el
cerebro de mamiferos. De hecho, son considerados los GPCR mas abundantes del CNS.
La distribucion regional de los CB; ha sido caracterizada en el cerebro humano y de rata
en correlacion con los efectos de los cannabinoides en el comportamiento como el
humor, la coordinacion motora, funciones autondmicas, aprendizaje y memoria,
percepcion sensorial y mecanismos del dolor, entre otros (Glass ef al. 1997b; Westlake

et al. 1994; Valverde 2005).

En cuanto a la distribucién en el sistema nervioso, los receptores CB; se
encuentran en alta densidad, tanto en sinapsis glutamatérgicas como gabaérgicas, en
hipocampo, amigdala, hipotdlamo, algunas regiones olfatorias, en interneuronas o

neuronas de proyeccion de los ganglios basales: caudado-putamen (estriado dorsal),
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nucleo accumbens (estriado ventral), substancia nigra pars reticulata (SNr) y globo
palido; en cerebelo y médula espinal. De forma mas moderada se pueden encontrar
también en corteza y talamo (Mailleux y Vanderhaeghen 1992; Westlake et al. 1994;
Glass et al. 1997a; Farquhar-Smith et al. 2000; Svizenska et al. 2008) (Figura 41).

Figura 41. Distribucion de los receptores CB; en el sistema nervioso de mamiferos.
La concentracion del receptor de cannabinoides es mayor (verde intenso) en globo palido (GP), y
sustancia negra (SN): alta pero algo menor en cerebelo (Cer), hipocampo (H), nucleo caudado ©,
putamen (P), hipotalamo (Hy), y amigdala (Am): moderada en la corteza y baja en la sustancia blanca
(amarillo) (extraido de Baker ef al. 2003)
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2. OBJETIVOS

La dopamina desarrolla un papel muy importante en la regulacion del
funcionamiento de los ganglios basales. La transmision dopaminérgica estd involucrada
en actividades neuronales claves, como el control de la locomocion, la adiccion, el
conocimiento, el aprendizaje o las funciones de memoria. La desregulacion de este
sistema da lugar a diferentes patologias como son la enfermedad de Parkinson o la
esquizofrenia. La dopamina actlia por interaccion con los receptores de dopamina de las
familias D;-like (receptores D; y Ds) y Ds-like (receptores D,, D3 y D4) que estan
acoplados a proteina G. Los receptores de dopamina sabemos que interaccionan con
receptores tanto de la misma familia (entre otros, los de dopamina D, con los D3) como
con otros tipos de receptores (los de dopamina D, con los de adenosina Aja,
cannabinoides CB; o sigma-1, por ejemplo), para formar complejos heteroméricos
altamente organizados donde la actividad y funcionalidad de cada miembro puede ser
finamente modulada. Los receptores D; y D, han estado el principal objetivo de estudio
en esta Tesis asi como también conocer algunos mecanismos por los cuales otros
receptores o moduladores alostéricos pueden modificar las propiedades farmacoldgicas

de estos dos receptores de dopamina.

El efecto antagdénico entre la adenosina y la dopamina ha sido propuesto como
una via para tratar los pacientes de Parkinson y minimizar los efectos negativos del
tratamiento con L-DOPA. También que se ha visto que los receptores de cannabinoides
pueden intervenir y alterar las propiedades farmacoldgicas del complejo heteromérico
descubierto en nuestro grupo, formado por los receptores Ay — D, — CB;. Aun asi,
poco se sabe acerca de estos heteromeros a medida que evoluciona la enfermedad o con

el tratamiento de L-DOPA, es por eso, que el primer objetivo de esta Tesis ha sido:

Objetivo 1. Determinar los cambios en la expresion, la farmacologia y la
heteromerizacion de los receptores D, de dopamina, A;, de adenosina y CB,; de
cannabinoides en modelos animales de la enfermedad de Parkinson, en diferentes

estados de progresion.

Dada la importancia de estudiar los GPCR implicados en la Enfermedad de
Parkinson, quisimos investigar mas a fondo las interacciones con otras proteinas que
pueden modular la actividad de dos de los recpetores que forman parte del heterotrimero

Aza — Dy — CBy y que tienen un papel importante en la via indirecta del movimiento de
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los ganglios basales, la via que estd sobre-activada en la patologia. Se trata, por una
parte, el receptor de adenosina Aj;s y por otra, el receptor de dopamina D,, que
sabiamos que son moduladores alostéricamente por otras proteinas, a partir de diferentes
hallazgos descubiertos inicialmente en el grupo de investigacion donde se ha

desarrollado la Tesis.

La adenosina desaminasa (ADA) es una enzima del metabolismo purinico es
capaz de degradar adenosina con lo que regula la cantidad de hormona extracelular que
se une a los receptores y mediante su interaccion con éstos es capaz de potenciar la
unién de los ligandos a los receptores Aj, Asa, independientemente de su actividad
catalitica. A pesar de ello, al iniciarse esta Tesis no se conocian las regiones del enzima
responsables de modular tanto su actividad catalitica como la modulacién sobre la unién
de ligandos a estos receptores de adenosina, por lo que el segundo objetivo de esta

Tesis ha sido:

Objetivo 2. Identificar los dominios estructurales implicados en la interaccion de

la ADA con los receptores A; y Aza, Yy en la modulacion de su actividad catalitica.

Las vias dopaminérgicas y especialmente la sefializacion mediada por los
receptores D; y D, de dopamina, estdin profundamente implicadas en la adiccion a
cocaina. Una gran parte de los efectos mediados por la cocaina se atribuyen a una sobre-
estimulacion de la sefializacion de los receptores de dopamina debida al incremento de
dopamina ocasionado por la inhibicion por cocaina del transportador de dopamina
(DAT). Sin embargo, la cocaina, ademas de interaccionar con DAT, puede unirse a
otras proteinas como los receptores sigma-1. Una vez estudiada la importancia de la
heteromerizacion entre sigma-1 y D; en los efectos comportamentales de la cocaina, en
nuestro grupo, consideramos interesante conocer si los receptores sigma-1 también
pueden modular la funcionalidad de los receptores de dopamina D, mediante un proceso

de heteromerizacion, por lo que el tercer objetivo de esta Tesis fue:

Objetivo 3. Estudiar si los receptores D, de dopamina pueden formar heterémeros
con los receptores sigma-1 e investigar el efecto que ejerce la cocaina, mediado por

estos heteromeros, en la transmision dopaminérgica.
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El tratamiento paliativo de la enfermedad de Parkinson es suministrar un
precursor de dopamina, la L-DOPA, que aunque es efectivo en los primeros estadios de
la enfermedad, acaba por perder la efectividad y provoca la aparicion de complicaciones
motoras como las discinesias inducidas por levodopa (DIL). El tratamiento pulsatil con
L-DOPA exagera mas la supersensibilidad de los receptores D; de dopamina y es la
causa de los cambios en la expresion de genes y proteinas estriatales que establecen y
mantienen un estado propenso a la apariciéon de las discinesias. Aunque la causa
molecular de las DIL no esta del todo clara, diferentes trabajos han mostrado el receptor
de dopamina D; como una diana prometedora en las DIL, ya que se encuentra
sobreexpresado en los ganglios basales de los modelos de DIL de roedores y primates
no humanos. El receptor Ds tiene una expresion relativamente baja en el estriado y
podria, de hecho, mediar la mayoria de las interacciones de los receptores de las
familias D;,D,-like en las neuronas estriatales. En el pasado, nuestro grupo evidencio la
existencia de interacciones a nivel molecular entre los receptores D; y D3 en células co-
transfectadas y tejido estriatal bovino, mostrando al receptor D3 como un potenciador de
la estimulacién de D; a nivel neuronal y comportamental. Asi, el receptor D3 es
considerado como una diana prometedora para las complicaciones motoras asociadas al

tratamiento de la patologia del Parkinson, por lo que el cuarto y ultimo objetivo es:

Objetivo 4. Determinar la existencia de heteromeros D;-D3; y demostrar el papel
importante del heteromero en la etiologia de las discinesias inducidas por el
tratamiento con L-DOPA, empleando modelos animales de la enfermedad de

Parkinson.
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Los resultados de la presente Tesis estan reflejados en los siguientes articulos o

manuscritos:

3.1 Eduard Gracia*, Daniel Farré*, Antoni Cortés, Carles Ferrer-Costa, Modesto
Orozco, Josefa Mallol, Carme Lluis, Enric I. Canela, Peter McCormick, Rafael
Franco, Francesca Fanelli, Vicent Casad6. The catalytic site structural gate of
adenosine deaminase allosterically modulates ligand binding to adenosine

receptors.

FASEB J. 2013 Mar; 27(3): 1048-1061

3.2 Gemma Navarro, Estefania Moreno, Jordi Bonaventura, Marc Brugarolas,
Daniel Farré, David Aguinaga, Josefa Mallol, Antoni Cortés, Vicent Casado,
Carme Lluis, Sergi Ferre, Rafael Franco*, Enric I. Canela*, Peter J.
McCormick*. Cocaine inhibits dopamine D, receptor signaling via sigma-1-

D; receptor heteromers.

PLoS One. 2013 Apr 18 ; 8(4): 61245

33 Jordi Bonaventura*, Alberto J. Rico*, Estefania Moreno, Salvador Sierra, Marta
Sanchez, Natasha Luquin, Daniel Farré, Christa E. Miiller, Eva Martinez-
Pinilla, Antoni Cortés, Josefa Mallol, Marie-Therese Armentero, Annalisa
Pinna, Enric I. Canela, Carme Lluis, Peter J. McCormick, José L. Lanciego,
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heteromers in the caudate nucleus.
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receptor heteromer cross-talk in the striatum of hemiparkinsonian rats:
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3.1 La puerta estructural del sitio catalitico de la adenosina desaminasa modula

alostéricamente la union de ligandos a los receptores de adenosina.

Eduard Gracia ™™ , Daniel Farré™"! , Antoni Cortés™' , Carles Ferrer-Costa* , Modesto Orozco”, Josefa

Mallol ™" , Carme Lluis™" , Enric 1. Canela”™" , Peter J. McCormick ™' , Rafael Franco® , Francesca Fanelli® s

Vicent Casad6”™

* Laboratorio of Neurobiologia Molecular, Centro de Investigacion Biomédica en Red sobre
Enfermedades Neurodegenerativas (CIBERNED), Espafia

1 Departamento de Bioquimica y Biologia Molecular, Facultad de Biologia, Universidad de Barcelona,
Barcelona, Espafia

i Joint Institute for Research in Biomedicine—Barcelona Supercomputing Center (IRB-BSC) Program on
Computational Biology, Institute for Research in Biomedicine, Espafia

§ Dulbecco Telethon Institute and Department of Chemistry, Modena, Italia

1 Estos autores contribuyeron equitativamente en este trabajo.
Manuscrito publicado en The FASEB Journal 2013 Mar, 27(3): 1048-1061

El enzima adenosina desaminasa (ADA) es una proteina multifuncional que puede tanto
degradar la adenosina como unirse extracelularmente a los receptores de adenosina, y
acttia como modulador alostérico regulando los efectos hormonales de la adenosina. Las
regiones moleculares del ADA responsables de esta modulacion son hasta ahora
desconocidas. En este trabajo, mediante mutagénesis dirigida a alanina de diversos
aminoacidos presentes en los cuatro segmentos de la secuencia de la ADA, deducidos a
partir de técnicas de docking, se identificaron las regiones del enzima responsables de
modular tanto su actividad catalitica como la modulacion sobre la uniéon de ligandos a
los receptores de adenosina A; y Ajx. La combinacion de experimentos
computacionales e in vitro mostraron que la puerta estructural del sitio activo; por
ejemplo, la hélice a-1 que contiene los residuos L58-172 y el loop que contiene los
residuos A184-1188 del ADA, fueron importantes para mantener tanto la eficiencia
catalitica del enzima como su accién de modulador alostérico sobre los receptores de
adenosina. Estos datos son consistentes con el ensamblaje supramolecular predicho, en
el cual el ADA hace de puente entre los receptores de adenosina y CD26, y estan de
acuerdo con la idea de que la interaccion del ADA con los receptores de adenosina tiene
un papel importante en la inmunosinapsis. Ademas, proponemos que es la forma abierta
del ADA, y no la cerrada, la responsable de interaccionar funcionalmente con los

receptores de adenosina A y Aja.
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ABSTRACT The enzyme adenosine deaminase
(ADA) is a multifunctional protein that can both de-
grade adenosine and bind extracellularly to adenosine
receptors, acting as an allosteric modulator regulating
the hormonal effects of adenosine. The molecular
regions of ADA responsible for the latter are unknown.
In this work, alanine scanning mutagenesis of various
ADA amino acid stretches, selected through in silico
docking experiments, allowed us to identify regions of
the enzyme responsible for modulating both its cata-
lytic activity and its ability to modulate agonist binding
to A; and A,, adenosine receptors (A;R and A,,R). The
combination of computational and in vitro experiments
show that the structural gate to the catalytic site; i.e., the
o-1 helix containing residues L58172 and the loop
containing residues A184-1188 of ADA, were important
to maintain both the catalytic efficiency of the enzyme
and its action as an allosteric modulator of the adeno-
sine receptors. These data are consistent with a
predicted supramolecular assembly, in which ADA
bridges A,,R and CD26 and are in line with the
notion that the interaction of ADA with adenosine
receptors has an important role in the immunosyn-
apse. We propose that it is the ADA open form, but
not the closed one, that is responsible for the func-

Abbreviations: AR, adenosine receptor A;; A, R, adenosine
receptor Ay,; AypR, adenosine receptor Ayy; ADA, adenosine
deaminase; AR, adenosine receptor; CGS21680, 3-[4-[2-[[6-
amino-9-[ (2R,3R,4S5,5S5)-5-(ethylcarbamoyl)-3,4-dihydroxy-
oxolan-2-yl]purin-2-ylJamino]ethyl] phenyl] propanoic acid; EL,
extracellular loop; GPCR, G-protein-coupled receptor; HDPR,
6-hydroxy-1,6-dihydropurine riboside; MD, molecular dynamics;
NECA, Nethyl-5'-carboxyamido-adenosine [(2S,3S,4R5R)-5-(6-
aminopurin-9-yl)-N-ethyl-3,4-dihydroxyoxolane-2-carboxamide];
ODA, optimal desolvation area; (R)-PIA, N6-(2-phenyliso-
propyl)-adenosine {(2R,3S,4R,5R)-2-(hydroxymethyl)-5-[6-
[[(25)-1-phenylpropan-2-ylJamino] purin-9-yl]oxolane-3,4-diol};
SCID, severe combined immunodeficiency disease; SDS-PAGE,
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
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tional interaction with AR and A,,R.—Gracia, E.,
Farré, D., Cortés, A., Ferrer-Costa, C., Orozco, M.,
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modulates ligand binding to adenosine receptors.
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ADENOSINE DEAMINASE 1 (ADA; EC 3.5.4.4) is a key
enzyme in the purine pathway catalyzing the irrevers-
ible deamination of adenosine or 2’-deoxyadenosine to
inosine or 2'-deoxyinosine and ammonia (1). In hu-
mans, ADA is encoded by the 32-kb Ada gene on
chromosome 20q (2) and occurs as a soluble 41-kDa
monomer with 363 aa in all tissues. Inherited ADA
deficiency is a rare metabolic disorder that causes
lymphopenia and immunodeficiency due to toxic ef-
fects of its substrates. Most patients are infants with
severe combined immunodeficiency disease (SCID)
but healthy individuals with “partial” ADA deficiency
have also been identified (3, 4). ADA deficiency ac-
counts for ~15% of all SCID cases and one-third of
autosomal recessive SCID cases. More than 70 ADA
mutations, including >30 amino acid substitutions,
have been found in patients (5 and references therein).
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Due to the release of ADA to the extracellular
medium and the ability of the enzyme to bind to the
cell surface, ADA is also expressed as an ectoenzyme
with relevant physiological roles in medullary thymo-
cytes, activated T cells, and epithelial cells (6—8). The
first identified cell surface ADA binding protein was
CD26/dipeptidyl peptidase IV (6, 7). CD26 is a multi-
functional transmembrane glycoprotein that is widely
expressed in most cell types, including epithelial cells
and T lymphocytes, on which it is a marker of activation
(9). The interaction between CD26 and ADA seems to
be critical for the regulation of adenosine signaling in
the immune system, for antigen presentation at the
immunological synapse, and for the regulation of T-cell
proliferation (8, 10, 11). CD26 also plays an important
role in tumor biology (12-15) and together with ecto-
ADA is selectively expressed on ALK-positive anaplastic
large-cell lymphoma and Hodgkin’s lymphoma (16).
Using human-mouse ADA hybrids and ADA point
mutants, Richard and coworkers (17, 18) localized the
amino acids of ADA critical for CD26 binding into the
a-helical segment P126-D143. Later, Weihofen and
coworkers (19) crystallized the complex of the human
CD26 ectodomain with bovine ADA. The crystal struc-
ture shows the existence of two intermolecular contacts
that contribute to and stabilize the CD26-ADA complex
formation. The first class of interactions is established
between the loop A (I287-D297) of CD26 and the
region successive to the a-1 helix (R76-A91) of ADA.
The second class of intermolecular regions are between
the loop B (D331-Q344) of CD26 and o-2 helix (P126-
D143) of ADA, the same a-helix previously reported by
Richard and coworkers (17, 18) from mutagenic studies
(see above).

The second type of ecto-ADA-binding proteins in-
cludes the adenosine receptors (ARs) A; (AR; refs.
20-23), App (AsuR; ref. 24), and Aoy (AgpR; ref. 25),
which are members of the rhodopsin family of G-pro-
tein-coupled receptors (GPCRs). Binding of enzymati-
cally active or Hg”*-inactivated ADA to AR increases
the receptor affinity and signaling through protein-
protein interactions (25). The ADA-A|R interaction is
important because the enzyme potentiates signal trans-
duction and modulates A R desensitization (20, 26).
Very recently, we have shown that ADA binds to human
AR and A,,R, behaving as an allosteric effector that
markedly enhances agonist affinity and increases recep-
tor functionality (21, 24). The physiological role of the
ADA-AR interactions is to make these receptors more
sensitive to adenosine (21, 24). Besides these binary
ADA-AR complexes, higher-order protein complexes
containing both ADA and ARs have been postulated.
We hypothesized the existence of functional hetero-
meric ADA-A;R-dopamine D; receptor complexes in
cortical neurons and proposed that their formation can
be modulated by both dopamine and adenosine (27).
In addition, we have shown that ADA anchored to the
dendritic cell surfaces, most likely by the A,gR, binds to
CD26 expressed on the surface of the T cells (8). In this
case, it has been postulated that ADA acts as a bridge
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between dendritic cells and lymphocytes in the immu-
nosynapse triggering costimulation. This costimulatory
signal promotes an augmented T-cell activation with a
T-helper 1 pattern and proinflammatory cytokine pro-
duction, therefore enabling an enhanced immune re-
sponse (28, 29).

Although the intermolecular contacts that contribute
to and stabilize the CD26-ADA complex formation are
known, the ADA portions involved in the interaction
with ARs have not been studied. The aim of the present
study was to characterize the regions of ADA involved in
the interaction with ARs. For this purpose, we subjected
to alanine scanning mutagenesis a number of ADA
amino acid stretches predicted by docking experiments
as likely involved in interaction with the Ay R. The
effects of the mutations on the catalytic efficiency of
ADA and on the ADA-induced increase in agonist
binding to A;R and Ay,R led to predict the ADA amino
acid stretches L58-172 and A183-1188 as involved in AR
recognition.

MATERIALS AND METHODS

Computational analysis
Docking simulations

We performed docking simulations between ADA and the
A R. Predictions of likely interfaces between ADA and the
extracellular portions of the A,,R, which drove in wvitro
alanine scanning mutagenesis done in this study, were carried
out before the release of the first crystal structure of the A, R.
The ZDOCK program was used (30). Since the original idea
was to investigate whether a likely homodimeric architecture
of the A, R could interact with both protomers in the
crystallographic dimeric complex between ADA and CD26,
we first predicted an Ay, R homodimer by using a computa-
tional model of the protomer (31). Quaternary structure
predictions followed an established computational protocol
(32-36). The predicted dimer, characterized by H4-H5 and
12-12 contacts, was then employed as a fixed protein (i.e.,
target), whereas ADA was employed as a mobile protein (i.e.,
probe). As for the latter, both the H and G chains extracted
from the dimeric complex with CD26 [Protein Data Bank
(PDB) code 1W1I; ref. 19] were used. To improve sampling,
the docking search excluded the transmembrane and cytoso-
lic portions of the A, R (i.e., 8—66, 79-138, 177-253, and
271-412) as well as the ADA portions interacting with CD26
(i.e., 24-32, 74-94, and 124-145). A rotational sampling
interval of 6° was employed, and the best 4000 solutions were
retained and subjected to cluster analysis by using a C_-root
mean square deviation (RMSD) of 4.0 A as a threshold. The
latter was based on the QT clustering algorithm (37). Cluster
centers were subjected to visual inspection. Only one docking
pose was characterized by a simultaneous and symmetric
interaction between the two Ay,,R protomers in the dimer
and the two ADA monomers. Only one docking pose turned
out to be reliable and characterized by a simultaneous and
symmetric interaction between the two A, R protomers in the
dimer and two ADA protomers. This docking pose was shared
by 3 low-populated clusters; i.e., each made of 7, 5, and 4
solutions. The highest-scored solution belonged to the 7-so-
lution cluster and was the 225th best-scored one out of 4000.
In this complex, the following amino acid stretches from
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ADA,; i.e., 58-66, 114-118, 155-158, and 184188, were found
to participate in the ADA-A 4R interface. Those stretches were
subjected to the in vitro alanine scanning mutagenesis shown in
this study, which highlighted the 58-66 and 184-188 portions as
playing a role in A2aR recognition (see below). The current
availability of a number of crystal structures of the human A,AR
imposed us to repeat the docking simulations to improve the
resolution level of the prediction. Indeed, mayor differences in
the extracellular portions between rhodopsin-based model and
crystal struc-ture reside in extracellular portion 2 (E2), which is
signifi-cantly more exposed to the solvent in the crystal structure
than in the model (results not shown). Therefore, the crystal
structures of the human a»ar in complex with the adenosine and
(2S,3S,4R,5R)-5-(6-aminopurin-9-yl)-N-ethyl-3,4-dihydroxyoxo-
lane-2-carboxamide [N-ethyl-5=-carboxyamido-adenosine
(NECA)] agonists (PDB code 2YDO and 2YDV, respectively;
ref. 38) holding the complete 3 extracellular loops (ELs) were
employed as targets. As for ADA, the 1W1I:G chain, as well
as the structures of isolated ADA in complex with the 6-
hydroxy-1,6-dihydropurine riboside (HDPR) transition-state
analog (PDB code 1KRM,; ref. 39) and of the unbound form
(PDB code 1VFL; ref. 40) were employed as probes. The 3
ADA structures differ for the conformation and orientation of
the 58-69 helix, which is closer to the 184-188 loop in 1IKRM
(closed form) than in the 1VFL structure (open form). Such
amino acid stretches had indeed been predicted as
participating in the ADA-A AR interface by early docking
experiments and validated by in vitro alanine scanning mu-
tagenesis (see below). We did not consider the 1IWXY struc-
ture, since it is quite similar to 1VFL. The 1W1I:G structure
is, instead, between 1KRM and 1VFL, closer to the latter. To
minimize indeterminations in the structural models of the
target and probe proteins, both ADA and AR were consid-
ered in their monomeric forms. Docking simulations and
cluster analysis of the best 4000 docking solutions followed
the same protocol described above. The centers of the most
populated clusters were finally subjected to visual analysis.

Molecular dynamics (MD) simulations

MD simulations were carried out on the 1VFL and 1WXY
structures of ADA, selected based on sequence completeness
and resolution. These structures are very related, but 1VFL is
bound to Zn ion, and 1WXY is additionally bound to the
Fr104783 ligand. These two structures were used to generate
starting models for MD simulations in both holo and apo forms
(obtained by removing ligands). For this purpose, the
monomeric crystal structure was fully solvated with an octa-
hedron tip3p water box; ions were added, and final system was
minimized and equilibrated to 300 K using amber force field
(41) and implemented in the NAMD program (42, 43). Finally,
100 ns of production were collected in the isothermic-isobaric
(P=1 atm, T=298 K). Particle mesh Ewald (44) was used to
account for long-range electrostatic effects. RESPA (45)
algorithm with a minimum integration step of 1 fs was used,
keeping all bonds connecting hydrogens constrained using the
RATTLE algorithm (46). Additional technical de-tails on
simulation setup, curation, and analysis are identical to those
described elsewhere (47). Results from 4 dynamics are similar,
and we observed a fluctuation from a “closed” state to an
“open” one due to the movement of a helix, increasing solvent
accessibility to the protein. All four dynam-ics show a normal
behavior based on geometrical and ener-getic results. Typical
trajectories are available in the MoDel database (ref. 48;
http://mmb.pcb.ub.essMoDEL/). Optimal desolvation area
calculations were performed on the col-lected trajectories
defining the optimal patches from the center of coordinates of
every residue side chain (49, 50).
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Bacterial strains and vector

Escherichia coli S~ 3834, a multiple auxotroph (rpsL, Dadd-
uid-man, metB, guaA, uraA:Tn 10) with a deletion of add
(bacterial ADA gene), and plasmid pZC1l1-containing TAC-
promoted wild-type human ADA cDNA (51) were used.
Overnight cultures of pzZC11-hADA transformants of S~
3834 were inoculated into the appropriate volume of Luria-
Bertani (LB) medium supplemented with carbenicillin and
tetracy-cline (200 and 18.75 pg/ml, respectively) (Sigma-
Aldrich, Madrid, Spain). Cells were grown with shaking at
37°C until an agpo NM = 1.0 and then were harvested and
frozen at 80°C (18).

Site-directed mutagenesis

Site-directed mutagenesis was performed on the human ADA
wt gene cloned into the pZC11 vector as described in the
QuickChange Site-Directed Mutagenesis Kit protocol (Strat-
agene, La Jolla, CA, USA). Oligonucleotides were designed
according to the guidelines described in the Stratagene
protocol. One, 2, or 3 nucleotides, depending on the nucle-
otide sequence, were changed in order to obtain the desired
mutation (Table 1). Polymerase chain reactions were carried
out with 0.3 uM of each mutagenic primer (Sigma-Aldrich),
0.2 mM of each dNTP (Promega, Madison, WI, USA), 50—
100 ng of the template, 1 pl of 2.5 U/ul of PfuTurbo DNA
polymerase (Stratagene), and 5 pl of 10X reaction buffer
(200 mM Tris-HCI, pH 8.8; 20 mM MgSO,; 100 mM KCI;
100 mM (NH,),SO4; 1% Triton X-100; and 1 mg/mi
nuclease-free bovine serum albumin) in a final volume of 50
pl. The samples were subjected to 12 cycles of amplification
with denaturation at 95°C for 30 s, annealing at 55°C for 1
min, and extension at 72°C for 5 min using an iCycler
thermal cycler (Bio-Rad Laboratories, Hercules, CA, USA).
Then, the reaction was cooled to 37°C and incubated for 1 h
with 2 pl (10 U/pl) of Dpn | (Promega) at 37°C. The reaction
product was transformed into E. coli S~ 3834 and grown
overnight with the appropriate antibiotic, and colonies were
checked in order to determine that only the desired mutation
was present.

Partial purification of ADA

Recombinant wild-type and ADA mutants were partially puri-
fied from 4-L cultures of E. coli S~ 3834 cells, transformed
with the plasmid pZC11 containing the cDNA of ADA. Unless
otherwise indicated, all steps were carried out at 4°C. Cell
pellets were resuspended in 40 ml of lysis buffer [10 mM Tris-
HCI, pH 7.5; 75 mM KCI; 10 mM MgCl,; 1 mM dithio-
threitol; and a protease inhibitor cocktail (Sigma-Aldrich)
containing 4-(2-aminoethyl) benzenesulfonyl fluoridehydro-
chloride to a final concentration of 1 mM]. The suspension was
distributed into 20-ml batches, cooled on ice, and soni-cated
for 24 X 20 s in a Branson digital sonifier (Branson Ultrasonics
Corp., Danbury, CT, USA) at 15% intensity. The resulting
homogenate was centrifuged at 105,000 g for 60 min, and
protamine sulfate (Sigma-Aldrich) was slowly added to the
clarified extract up to a final concentration of 2 mg/ml. After
60 min of constant stirring, the suspension was centrifuged as
before, and the supernatant was dialyzed twice (~-12 h) with
continuous stirring against a 50X excess volume of 20 mM
Tris-HCI buffer (pH 7.4) containing 1 mM dithio-threitol and 3
mg/ml of activated charcoal (Sigma-Aldrich). The dialysate
was applied (flow rate 20 ml/h) to a Q Sepharose HP (GE
Healthcare Europe, Cerdanyola, Spain) anion exchanger
column (5X5 cm) preequilibrated with 20 mM Tris-HCI buffer
(pH 7.4) and 1 mM dithiothreitol. The
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TABLE 1. Mutagenic oligonucleotide primers

Mutation Primer Codon position Sequence
L58A Forward 172-174 5'-GACAAGCCGCTCACCgcGCCAGACTTCCTG-3'
Reverse 5'-CAGGAAGTCTGGCgcGGTGAGCGGCTTGTC-3'
D60A Forward 178-180 5'-CCGCTCACCCTTCCAgCCTTCCTGGCCAAG-3'
Reverse 5'-CTTGGACAGGAAGGc TGGAAGGGTGAGCGG-3'
F61A Forward 181-183 5'-CTCAACCTTCCAGACgcTCTGGCCAAGTTT-3'
Reverse 5'-AAACTTGGCCAGAgcGTCTGGAAGGGTGAG-3'
L62A Forward 184-186 5'-ACCCTTCCAGACTTgcGGGCCAAGTTTGAC-3'
Reverse 5'-GTCAAACTTGGCCCgcAAGTCTGGAAGGGT-3'
K64A Forward 190-192 5'-CAGACTTCCTGGCCgcATTTGACTACTACATGC-3'
Reverse 5'-GCATGTAGTAGTCAAAT gc GGCCAGGAAGTCTG-3'
F65A Forward 193-195 5'-CCTGGCCAAGgcTGACTACTACATGCC-3'
Reverse 5'-GGCATGTAGTAGTCAgcCTTGGCCAGG-3'
D66A Forward 196-198 5'-CCTGGCCAAGTTTgcTTACTACATGCCTGC-3'
Reverse 5'-GCAGGCATGTAGTAAgcAAACTTGGCCAGG-3'
M69A Forward 205-207 5'-GTTTGACTACTACGgcGCTGCTATCGCGGGCTG-3'
Reverse 5'-CAGCCCGCGATAGCAGCgc CGTAGTAGTCAAAC-3'
I115A Forward 343-345 5'-CCAAAGTGGAGCCAgcTCCCTGGAACCAGGC-3’
Reverse 5'-GCCTGGTTCCAGGGAgc TGGCTCCACTTTGG-3'
N118A Forward 352-354 5'-GCCAATCCCCTGGgcCCAGGCTGAAGG-3'
Reverse 5'-CCTTCAGCCTGGgcCCAGGGGATTGGC-3'
MI55A Forward 463-465 5'-TCCATCCTGTGCTGCgcGCGCCACCAGCCC-3'
Reverse 5'-GGGCTGGTGGCGCgcGCAGCACAGGATGGA-3'
H157A Forward 469-471 5'-GCTGCATGCGCgcTCAGCCCAACTGG-3'
Reverse 5'-CCAGTTGGGCTGAgcGCGCATGCAGC-3'
G184Q Forward 550-552 5'-CGATCCTGGCTcagGATGAGACCATCC-3'
Reverse 5'-GGATGGTCTCATCctgAGCCAGGATCG-3’
D185A Forward 553-5b5 5'-CCTGGCTGGAGcTGAGACCATCCC-3'
Reverse 5'-GGGATGGTCTCAgCTCCAGCCAGG-3’
L194A Forward 580-582 5'-GCAGCCTCgcGCCCTGGACATGTCC-3'
Reverse 5'-GGACATGTCCAGGGCgcGAGGCTGC-3'

Sequence mismatches are indicated in lowercase letters.

column was washed (20 ml/h) with 2 vol of equilibration
buffer, and thereafter the enzyme was eluted (5-ml fractions)
with 100 ml of a linear NaCl gradient (0-0.25 M) in the
equilibration buffer. ADA active fractions were always recov-
ered in the same fractions with a similar yield (60-70%).
Eluates with highest ADA content were pooled, desalted with
a PD10 (GE Healthcare) gel filtration column, preequili-
brated with 50 mM, pH 7.4, Tris-HCI buffer, and stored at 4°C
for their immediate use within the next 24 h. The amount of
ADA in these samples was evaluated by immunoblotting,
using a standard curve obtained with known amounts of pure
wild-type human ADA, purified by the method of Gracia et al.
(21), performed as internal control in each experiment.

Enzyme activity and ADA inhibition

Unless otherwise indicated, enzyme activity was determined at
25°C with 0.1 mM adenosine as substrate in 50 mM Tris-HCl
buffer, pH 7.4. The decrease in the absorbance at 265 nm
(Ae=7800 M~' cm™") was monitored in an Ultrospec 3300
pro spectrophotometer (Biochrom Ltd., Cambridge, UK);
1-ml cuvettes with a 1-cm light path length were used. One
unit (U) of ADA activity is defined as the amount of enzyme
required to hydrolyze 1 pmol of adenosine per minute in the
conditions of the assay. Hg®" or deoxycoformycin inactiva-
tion of wild-type ADA was performed by a preincubation (2 h
for Hg2+ or 30 min for deoxycoformycin) of 15 U/ml of
desalted ADA with 100 uM HgCl, or 10 nM deoxycoformycin,
and removal of free inhibitor by two consecutive gel filtra-
tions, as described previously (22). No residual activity was
found after adding a high excess (8 wg/ml) of inhibited
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enzyme to 0.1 mM adenosine for 4 h in the conditions
described above or when the activity was determined after 2 h
incubation of the enzyme in the buffer used to obtain the
enzyme or in the buffer used for ligand binding (Supplemen-
tal Table S1). To check that Hg®*-treated ADA remains
inactive during binding assays, we ];erformed a competition
curve of the AR agonist ["H] (2R,3S5,4R,5R)-2-
(hydroxymethyl)-5-[6-[ [ (2S)-1-phenylpropan-2-ylJamino] purin-9-
ylJoxolane-3,4-diol {N6-(2-phenylisopropyl)-adenosine [(R)-
PIA]} binding vs. increasing adenosine concentrations in the
presence of untreated ADA or in the presence of Hg"-
inhibited ADA (Supplemental Fig. S1). In the presence of
untreated ADA the [®H] (R)-PIA binding was unchanged
according to the degradation of the competing adenosine by
the active ADA. In contrast, in the presence of Hg” "-inhibited
ADA, we obtained a competition curve in which the [®*H]
(R)-PIA binding diminished when increasing adenosine con-
centration, according to the lack of enzymatic activity of
Hg®*-inhibited ADA.

Kinetic parameters

Steady-state kinetic measurements were performed in 50 mM
Tris-HCI buffer (pH 7.4) using a series of 6 concentrations of
adenosine (ranging from 10 pM to 1 mM) and a constant
enzyme concentration for which the initial steady-state veloc-
ities were measured with <10% substrate depletion for the
first 30-120 s of the reaction. Inhibition studies were carried
out by monitoring the hydrolysis rates of adenosine, as
outlined before, in the presence of 3 increasing constant
concentrations of purine riboside (ranging from 5 pM to 0.5
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mM; Sigma-Aldrich). In all cases, a minimum of 4 replicates
for each single experimental point were performed. Kinetic
parameters were obtained by fitting the experimental data to
the appropriate rate equations by nonlinear regression, using
the commercial Grafit curve-fitting software (Erithacus Soft-
ware, Surrey, UK). Parameters are expressed as values = SE.

Protein determination

Protein was quantified by the bicinchoninic acid (Pierce
Chemical Co., Rockford, IL, USA) method (52) using bovine
serum albumin dilutions as standard.

Electrophoresis and immunoblotting

Sodium dodecyl sulfate—polyacrylamide gel electrophoresis
(SDS-PAGE) was carried out using homogeneous slab gels
(12% acrylamide running gel and 4% stacking gel) that were
electrophoresed at 35 mA/gel constant current for 90 min in
a miniprotean system (Bio-Rad Laboratories SA, Barcelona,
Spain). The Rainbow molecular weight markers (GE Health-
care) were used as standards, and proteins were visualized by
staining with Coomassie Brilliant Blue (Sigma-Aldrich). For
immunoblotting, proteins separated by SDS-PAGE were trans-
ferred to Hybond-P polyvinylidene difluoride membranes
(GE Healthcare), using wet Bio-Rad Trans-Blot equipment.
Membranes were consecutively incubated with 2.5 wg/ml
rabbit anti-human ADA and horseradish peroxidase-conju-
gated goat anti-rabbit IgG (Pierce), diluted 1:40,000, as
primary and secondary antibodies, respectively. After wash-
ing, they were subsequently incubated with chemilumines-
cence detection solutions (SuperSignal West Pico Chemilu-
minescent Substrate; Pierce). Band images were obtained
using an image analyzer (LLAS-3000; Fuji Film, Tokyo, Japan)
and quantified using the Multi Gauge V3.0 software (Fuji
Film).

Brain striatal membrane preparations and radioligand
binding experiments

As a source of AR and A, R, we used sheep brain striatal
membranes, since we previously determined that human ADA
produces similar effects on human and sheep A;R and A, R
(ref. 21 and results not shown). Membrane suspensions from
sheep brain striatum were prepared as described previously
(53). Tissue was disrupted with a Polytron homogenizer (PTA
20 TS rotor, setting 3; Kinematica, Basel, Switzerland) for
three 5-s periods in 10 vol of 50 mM Tris-HCl buffer (pH 7.4)
containing a protease inhibitor cocktail (1:1000; Sigma-
Aldrich). Membranes were then obtained by centrifugation at
105,000 g (40 min, 4°C), after eliminating cell debris by
centrifugation (1000 g, 10 min, 4°C), and the pellet was
homogenized and centrifuged under the same conditions.
Membranes were stored at —80°C and were washed once
more as described above and homogenized in 50 mM Tris-
HCI buffer for immediate use.

ADA dose-dependent curves were obtained by incubating (2
h) striatal membrane suspensions (0.3 mg of protein/ml) with
AR agonist [*H] (R)-PIA (0.5 nM, 30 Ci/mmol; Moravek
Biochemicals Inc., Brea, CA, USA) or Ay R agonist [®*H] 3-[4-
[2-[[6-amino-9-[ (2R,3R,4S,5S)-5-(ethylcarbamoyl)-3,4-
dihydroxy-oxolan-2-yl]purin-2-ylJamino]ethyl]phenyl] pro-
panoic acid (CGS21680; 20 nM, 42.7 Ci/mmol; Perkin Elmer,
Boston, MA, USA) in the absence or in the presence of the
indicated amounts of the wild-type or mutant ADA at 25°C in 50
mM Tris-HCI buffer (pH 7.4) containing 10 mM MgCl,. In all
cases, free and membrane-bound radioligand were separated by
rapid filtration of 500-ul aliquots in a cell harvester (Brandel,
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Gaithersburg, MD, USA) through Whatman GF/C filters embed-
ded in 0.3% polyethylenimine (Sigma-Aldrich), which were sub-
sequently washed for 5 s with 5 ml of ice-cold Tris-HCI buffer.
The filters were incubated with 10 ml of Ecoscint H scintilla-
tion cocktail (National Diagnostics, Atlanta, GA, USA) over-
night at 23°C, and radioactivity counts were determined using
a Tri-Carb 1600 scintillation counter (Perkin Elmer Life and
Analytical Sciences, Downers Grove, IL, USA) with an effi-
ciency of 62% (53). Nonspecific binding was defined as the
binding remaining in the presence of 10 uM (R)-PIA or 10
pM CGS21680 (Sigma-Aldrich).

RESULTS

Prediction of likely interfaces between ADA and A,,R

Docking simulations between ADA and the human
AR, which served to drive the in vitro experiments,
were carried out when no high-resolution structure of
the Ay, R was available (see Materials and Methods).
Such simulations highlighted the contribution of the
58-66, 114-118, 155-158, and 184-188 portions of
ADA to the ADA-A, R interface. The crystal structures
of the agonist-bound forms of A,,R characterized by a
complete determination of the extracellular portions
were released in May 2011 (38). Therefore, in order to
improve the accuracy of the predicted ADA-Ay,R inter-
face, we have redone docking experiments by using
both the crystal structures of the adenosine- and NECA-
bound forms of the A,,R (PDB codes 2YDO and 2YDV,
respectively). Only the results of such experiments are
shown. Since it has been observed that ADA has two
distinct conformations, named the open form and
the closed forms (40, 54-56), in which the structural
gate of the active site pocket (the a helix, T57-A73, and
the peptide backbone of a 8 strand, L182-D185) have
different conformations, three different crystal struc-
tures of the ADA protomer were probed. These struc-
tures differ in the opening of the structural gate to the
catalytic pocket; i.e., in the distance between the amino
acid stretches L58-172 and A184-1188. The best 4000
solutions from docking simulations between the 1YDV
AR structure and the 1IWIL:G ADA structure were
divided into 341 clusters, 48 of which made =20
solutions and covered 32% of the total docking poses.
Selection of the likely interface was based on a docking
score, cluster population, reliability of the complex in
the context of the membrane topology of the Ag,R, and
minimization of bad contacts. Indeed, the selected
docking pose was the top hit solution, i.e., solution 1; it
fell in the second most populated cluster (made of 62
solutions), and, in line with the results of early docking
simulations, it was characterized by a central role for
the amino acid stretches 54—67 and 184-189 (Fig. 14,
violet and orange stretches, respectively) in recognizing
the extracellular portions of the A, R. In detail, the
55-65 helix (Fig. 14, violet) interacts with the receptor
EL2, whereas the 184-189 stretch (Fig. 1A, orange)
interacts with the N terminus of the receptor. Salt
bridge interactions can form between D60 of ADA and
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Figure 1. Predicted complex between ADA and A, R. A) Cartoons
of Ay,R (lemon-green) in complex with ADA (gray). Such a
complex is solution 1 of 4000 docking solutions (i.e., the best
one). A, R is shown in a direction parallel to the membrane
surface, with the intracellular side on top. ADA amino acid
stretches 58-72 and 183-188 interacting with the receptor
are shown in violet and orange, respectively. Adenosine is
represented as red sticks. B) Same view as in A; the channel
connecting the adenosine binding site in Ay R with the
catalytic site of ADA is highlighted in magenta. Such a crevice
was computed by the AutoDock tool AutoLigand (63). C, D)
Two views of the quaternary complexes between adenosine-
bound A, R (lemon-green), ADA (gray), and CD26 (cyan).
Adenosine agonist is represented as red sticks.

both K150 and K153 of the Ay,R, as well as between
D185 of ADA and the positively charged N terminus of
the A,sR. Other interactions include K54*?*-D26142K,
D66"PA-H155%**%, and D118**H155***% It is worth
noting that a channel connects the adenosine binding
site in the A, R and the catalytic pocket of ADA (Fig.
1B). Remarkably, the predicted ADA-A,,R docking
mode is such that ADA can make a complex, in which
ADA acts as a bridge between A, R and CD26 (Fig. 1C,
D). For the docking between Ay R and the 1VFL
(unbound open form) and 1KRM (HDPR-bound struc-
ture, closed form) structures, in both cases, docking
solutions similar to the predicted one could be found,
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though lower docking scores were found for the closed
form.

Mapping potential protein-protein interaction sites on
different conformational states of ADA

We investigated the intrinsic flexibility of ADA by MD
simulations. MD simulations were carried out on the
1VFL and 1WXY structures of ADA. Analysis of 4 MD
runs clearly yielded 2 states of the enzyme, one in an
open form and the other in a closed form (see Supple-
mental Figs. S2-S7). Supplemental Figs. S3 and S6 show
the RMS of the backbone during the trajectory after
minimization for both 1VFL and 1WXY ADA structures.
Fluctuation of structures below 2 A is expected for
proteins at that size of runs (10 ns). Supplemental Figs.
S4 and S7 show the evolution of solvent accessible area
during the dynamics for both 1VFL and 1WXY ADA
structures. No changes are observed, as expected, and
solvent accessible area is almost constant. The main
difference between these two states is a change in the
conformation of an « helix (residues 58-72) and a loop
(residues 182-185) on the catalytic site of the enzyme
(see Supplemental Figs. S2 and S5). In the open state,
these regions are in a more relaxed conformation,
allowing the ligand to enter and leave the catalytic site.
In the closed state, the conformation is more rigid and
does not allow movement of adenosine. These confor-
mational states correspond to the ADA open and closed
forms detected previously (40, 54-56). The 1KRM
crystallographic structure (a claimed closed form) is
more similar to the closed form obtained by MD
(RMSD=1.1 A) than to the open form obtained by MD
(RMSD = 1.9 A) and the type of open <> closed
transition is exactly the one found in MD simulations,
giving support to these conformational states corre-
sponding to the ADA open and closed forms detected
previously. However, it is important to note that the
1KRM structure shows a stronger packing of the helix
than that found even for the closed state in our MD
simulations (Supplemental Fig. S8). Optimal desolva-
tion area (ODA) is one of the driving forces for
protein-protein interactions, therefore ODA calcula-
tions were used to map potential interaction sites on
the surface of ADA. We followed patches of ODA
during the entire simulation period for the open and
closed states. In line with predictions of docking exper-
iments, a combination of data coming from ODA
calculations, distance measurements, and binding en-
ergy determinations highlighted the L58Y67 and A183-
D185 ADA stretches as potentially involved in protein-
protein interactions.

Mutagenesis, expression, and partial purification
of ADA mutants

We have chosen representative ADA mutations that
cover the different putative amino acid stretches in-
volved in the interaction of ADA with the AR deduced
from docking studies. The ADA mutants included

GRACIA ET AL.


http://www.fasebj.org/

alanine substitutions for LLb8, D60, F61, 1.62, K64, F65,
D66, M69, 1115, N118, M155, H157, D185, 1194, and
glutamine substitution for G184. The mutated positions
in the primary and secondary structure of ADA are
shown in Fig. 2. ADA mutations were generated by
site-directed mutagenesis directly into the pZCl1 plas-
mid containing the human ADA ¢DNA, as described in
Materials and Methods, using the mutagenic oligonu-
cleotide primers described in Table 1. Mutants were
expressed in an ADA-deficient E. coli strain, E. coli S®
3834, under standardized conditions. To check the
ADA expression, immunoblot bands for the enzyme
were quantified in supernatants of sonicated ADA-
expressing E. coli SO 3834 extracts (see Materials and
Methods). As assessed by immunoblotting, ADA mu-
tants were usually well expressed, ranging from 29 to
141% of the value obtained with the wild-type enzyme,
80 pg/ml (Fig. 3; see Supplemental Fig. S9 for the
whole Western blotting images).

To investigate the ADA epitopes involved in the
interaction with ARs, partially purified preparations of
the wild-type and mutant enzymes were used. The
purification protocol includes a protamine sulfate treat-
ment to remove nucleic acids and an anionic-exchange
chromatography through Q-Sepharose, as detailed in
Materials and Methods. In all cases, the enzyme was
recovered in the same fractions with a similar yield
(60-70%). However, the specific activity of several ADA
mutants was clearly different from the value corre-
sponding to the wild-type enzyme (Table 2). This fact
strongly suggests the existence of changes in the cata-
Iytic efficiency of ADA due to modifications in the
kinetic parameters of the enzyme.

Steady-state kinetic parameters for the wild-type and
mutant enzymes

To examine the effect of mutations on the catalytic
behavior of ADA, the kinetic parameters of the purified
wild-type and ADA mutants were determined using

adenosine as substrate. The values of K,, k.. and
catalytic efficiency (k../K,,), for the recombinant en-
zyme and for the different mutants were determined.
In addition, to further probe the extent of the conser-
vation of the active site pocket structure, the affinity
constant for a ground-state inhibitor, purine riboside
[Kipr)], acting as a competitive inhibitor of the enzyme
with respect to the adenosine, was also determined.
The kinetic data are summarized in Table 3. For D66,
1115, and L.194 mutants, very similar parameters, com-
pared to the wild-type enzyme, were obtained and, only
moderate differences in some of the kinetic parameters
were detected for the D60, K64, N118, H157, G184, and
D185 mutants. Mutations in F61, F65, M69, and M155
cause a decrease of one order of magnitude in the
catalytic efficiency. For F61 or M69 mutated enzymes,
the decrease in the catalytic efficiency was due to a
decrease in k., but not in K,, values, indicating that the
mutations are important to reach haxe For M1565 or
F65 mutated enzymes, both k., and K, values were
altered, indicating that both V. and the affinity for
the substrate were decreased. Finally, the major altera-
tions in the k., and the K, were detected for L.568 and
L62 mutants, resulting in a decrease of two orders of
magnitude on their catalytic efficiency. For these mu-
tants, changes detected on both the k_, and K,, values
indicate that both the substrate affinity and the maxi-
mum velocity were decreased, suggesting that these
mutations alter the structure of the catalytic pocket.
This was corroborated by the 70-fold higher K pg, value
obtained for these mutants compared to the wild-type
enzyme.

Effect of ADA mutations on the agonist binding
to AjR and A,,R

To investigate whether the mutated amino acids on the
ADA molecule are involved in the interaction with the
ARs, we compared the agonist binding to A|R and AyyR
in the absence of ADA, in the presence of wild-type
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Figure 2. Primary and secondary structure of
human ADA. Point mutations generated by
site-directed mutagenesis are shown with red
triangles. Primary o helixes are shown in
pink, B strands are in yellow, hydrogen-
bonded turns are in purple, and isolated
residues forming { bridges are in brown.
Image generated with the algorithm devel-
oped by Frishman and Argos (64).



[ADA]
Enzyme | Immunoblotting | (Q-Sepharose)
(pg/ml)
Wild type S 80+ 10
L58A B 1135
D60A — 50+ 10
F61A — 80+ 10
L62A — 60+ 10
K64A e 60+6
F65A P 62+2
D66A — 78+7
M69A — 50+ 10
I115A - 37+6
N118A — 80+ 10
M155A —_— 23+3
H157A — 70+ 10
G184Q - 32+5
D185A —— 34+3
L194A — 100 £ 10
S®3834 0

Figure 3. Expression of wild-type and mutant ADA. ADA
expression was detected by immunoblotting, as described in
Materials and Methods, using supernatants of sonicated ADA-
expressing E. coli S® 3834 extracts. Quantification of the
immunoblot band was done by interpolation in a standard
curve obtained by immunoblotting known amounts of pure
human ADA as an internal control in each experiment (see
Materials and Methods). Values are means * st of 3 inde-
pendent experiments.

ADA, or in the presence of mutated ADA. We per-
formed these experiments with increasing concentra-
tions of ADA to determine, from the dose-response
curves, the amount of the enzyme able to produce the
50% of the maximum agonist binding increases (ECs,
values). This is a parameter related to the enzyme
affinity for the receptors. We also determined the
ADA-induced maximum effect, z.e., the effect on ligand
binding produced by the highest ADA concentration.
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ADA dose-response curves were obtained by incubating
(2 h) brain membrane suspensions (0.3 mg of protein/
ml) with 0.5 nM [*H] (R)-PIA or 20 nM [*H]CGS21680
in the presence or in the absence of increasing
amounts of the wild-type or mutant ADA (0.1 pg/ml to
100 mg/ml) at 25°C in 50 mM Tris-HCl buffer (pH 7.4)
containing 10 mM MgCl,, as described in Materials and
Methods. Wild-type ADA dose-responsively enhanced
(R)-PIA binding to striatal AR (Fig. 4A, black curve)
and CGS21680 binding to striatal A, R (Fig. 4C, black
curve), with EC;, values of 8 and 7 ng/ml, respectively,
and with a maximum ligand binding increase of ~85%
with respect to the ligand binding in the absence of
ADA (Table 4). According to our previous results (21,
22, 24), the ADA effect was independent of its enzy-
matic activity, since a similar effect of wild-type ADA was
observed using ADA inhibited with HgCl,, as described
in Materials and Methods (Table 4). In contrast, the
effect of wild-type ADA on AR and A, R was com-
pletely blocked when the enzyme was inhibited by
preincubation (30 min) with 10 nM of the transition-
state irreversible inhibitor deoxycoformycin (Table 4).
Since deoxycoformycin stabilizes the closed form of the
enzyme (54), the results indicated that the closed form
is not able to induce the AR modulation.

To analyze the effect of ADA containing mutations
within the a-1 helix, alanine substitutions for LL58, D60,
F61, L62, K64, F65, D66, and M69 (stretch L58-172; Fig.
1A, violet) were performed (see Fig. 4F), tested on
agonist binding to A;R and Ag,R and compared with
that of ADA wild type. From the ADA dose-response
curves shown in Fig. 4, the EC;, and maximum increase
of binding values were calculated and appear in Table
4. Whereas mutation of D66 did not lead to any
significant differential effect, the other mutants were
less efficient than wild-type ADA in enhancing the
agonist binding to one or both receptors. Whereas

TABLE 2. Specific activity of wild-type and ADA mutants

Enzyme Specific activity (umol min~' mg™')
Wild type 41.0
L58A 3.1
D60A 12.4
F61A 3.0
L62A 3.2
K64A 16.0
F65A 3.6
D66A 44.0
MG69A 1.5
I115A 24.0
NI118A 19.0
MI155A 3.8
HI157A 38.0
G184Q 10.5
D185A 6.9
L194A 48.0

Wild-type and mutant enzymes were partially purified as indi-
cated in Materials and Methods. Specific activity was determined
using the substrate concentration that gives V, .., and protein con-

centration was measured by the bicinchoninic acid method.

GRACIA ET AL.


http://www.fasebj.org/

TABLE 3. Steady-state kinetic parameters for the wild-type and ADA mutants

Enzyme kea (571 K, (uM) kea/ Ky M71 571 K (PR) (M)
WT 190 + 20 26+ 3 7.3 X 10° 13+ 2
L58A 9 =+ ] 188 = 12%* 0.051 X 10° >1000%*
D60A 87 + Qi 23 + 3 3.8 X 10° 11=+3
F61A 18 =+ 9% 25 + 2 0.52 X 10° 20 + 2
L62A 19 & 9% 250 *+ 30 0.074 X 10° >1000%*
K64A 92 + ek 40 = 6 2.3 X 10° 32+ 3
F65A 80 *+ 10 200 * 175 0.4 X 10° >1000%*
D66A 176 = 19 33 + 4 5.3 X 10° 26 + 2
M69A 10 = 1#* 25 + 2 0.4 X 10° 11+2
I115A 140 + 19% 28 + 3 5.0 X 10° 15+ 3
N118A 100 =+ 19%x* 35 + 2 2.86 X 10° 25 + 3
M155A 63 + Gk 100 = 8%* 0.63 X 10° 180 =+ 8%*
HI157A 170 = 20 40 + 6 4.95 X 10° 51 + 4k
G184Q 115 =+ 10%x* 78 + 4ok 1.47 X 10° 120 = 10%*
D185A 80 =+ G 50 * 3 1.6 X 10° 118 + 8%
L194A 17% = 15 25 + 2 6.9 X 10° 15+ 2

Steady state kinetic measurements were performed as indicated in Materials and Methods; values
are means * SE of 3 separate experiments. Statistical differences with regard to control (wild-type ADA)
were evaluated using 1-way ANOVA followed by a Dunnett’s multiple comparison post hoc test. PR,
purine riboside. *P < 0.05, **P < 0.01.

mutations of D60, F61, K64, and F65 moderately af- increase in the EC;, value on the effect on AR binding.
fected the ECj, value or the maximum binding en-  Finally, mutations of L58 and L62 were unable to
hancement or both, mutation of M69 resulted in a lack  significantly affect agonist binding to A;R or to Ay,R at
of effect on A, R binding paralleled with a 42-fold  concentrations < 1000 ng/ml. These results indicate
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Figure 4. Effect of ADA helix a-1 mutations on agonist binding to A;R and A,,R. Binding of 0.5 nM [®H] (R)-PIA (A, B) and
20 nM [PH]CGS21680 (C, D) to brain striatal membranes (0.3 mg of protein/ml) was performed as described in Materials and
Methods, in the absence or in the presence of increasing concentrations of ADA mutants. A, C) Dose-response curves
corresponding to the mutants L58A (blue), D60A (green), F61A (magenta), and L62A (red). B, D) Dose-response curves
corresponding to the mutants K64A (dark magenta), F65A (orange), D66A (gray), and M69A (cyan). Human ADA wild type is
represented in black (continuous or dotted curve). Data are means * SE from a representative experiment (n=3) performed
in triplicates. £) Surface representations of human ADA; helix a-1 (L58-172) is shown in white, and helix a-2 (CD26 binding site,
P126-D143) is in yellow. ADA (MMDBID:75950) was drawn with Cn3D4.1 program (http://www.ncbi.nlm.nig.gov).
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TABLE 4. Effect of wild-type and mutant ADA on the agonist binding to A, R and A, R

AR AguR

A[*H] (R)PIA ECs, A[PH]CGS21680 ECs,
Enzyme binding (%) (ng/ml) binding (%) (ng/ml)
WT 84 6 82 88 = 10 7*3
WT+HgCl, 86 + 4 10 =3 80 £5 9+3
WT+ DC Q* >1500%* Qs >1500%*
L58A 62 5 >1500%* 0** >1500%*
D60A h4 + 3* 250 *= 30%* 30 =+ 7H* 120 + 10%*
F61A 65 8 130 + 20%* 90 £ 10 12+ 4
L62A 34 + Tk >1500%* 0** >1500%*
K64A 85 + 7 90 = 10* 95 £ 8 200 * 4%
F65A 48 + gk 310 * 40%* 50 + 10% 970 = 120%*
D66A 73+ 6 13 2 65 * 10 4=*2
M69A 66 * 4 330 = 30%* 25 £ 6F* >1500%:
I115A 60 = 10 10 =3 84 + 8 5+2
N118A 88 8 10 = 4 80 £ 8 5*+2
MI155A 95+ 10 120 = 20%%* 92 + 7 210 = 60%**
HI157A 86 =5 7+t4 71+9 11 =4
G184Q 89 +7 44 = 7* 75 =8 24 *+ 4
D185A 70 = 8 112 = 10%* 40 = 10%* >1500%:*
L194A 87+ 6 12+ 4 81 =10 9+6
S63834 0** >1500%* Q** >1500%*

EG;, value is the amount of wild type or mutant ADA that is able to produce the 50% of the
maximum increase in 0.5 nM [*H] (R)-PIA binding to A;R (A[®H](R)PIA binding) or 20 nM of
[*H]CGS21680 binding to Ay,R (A[’PH]CGS21680 binding). Values are means * sk of 3 separate
experiments. Statistical differences with regard to control (wild-type ADA) were evaluated using 1 -way
ANOVA followed by a Dunnett’s multiple comparison post hoc test. DC, deoxycoformycin. *P < 0.05,

P < 0.01.

that -1 helix and its residues 58 and 62 are important
for the ADA effect on A|R and A, R and that M69 is
affecting more the binding to Ay,R than to A|R.

The effect of mutations in stretches 2 and 3, which
are loops located near the a-1 helix in the tertiary
structure of the enzyme (Fig. 5C, D), were tested as well.
These stretches contain residues P114-N118 and M155-
Q158 (see Fig. 2). The ADA dose-response effect on
agonist binding to AR and A, R were determined
using the same protocol described above. From these
curves (Fig. 5), the values of EC;, and maximum
binding increase were calculated and appear in Table
4. Mutations of 1115, N118, and H157 did not produce
any significant change in the ECj, values nor in the
maximum effect when compared to the effect of wild-
type ADA on both AR and A, R. Despite the finding
that mutation of M155 moderately increased the EC;,
values without significantly affecting the maximum
effect, these results suggest that these regions in the
enzyme are not very important for the ADA-AR inter-
action. The moderate effect of the M155A mutant may
be due to a structural alteration transmitted to the
tertiary structure of the protein, affecting the confor-
mation of the a-1 helix.

Finally, we tested the effect of mutations in stretch 4,
the loop containing the residues AI83-1188 (Fig. 1A,
orange). This portion is also relatively close to the
L58-172 -1 helix in the tertiary structure of the enzyme
(Fig. 6C, D) and acts with the a-1 helix as a structural
gate to close the catalytic pocket after substrate binding
(40). The ADA dose-response effect on agonist binding

10  Vol. 27 March 2013

The FASEB Journal - www.fasebj.org

to AR and Ay R was determined using the same
protocol described above. From these curves (Fig. 6),
the values of EC;, and maximum binding increase were
calculated and appear in Table 4. The G184Q and
DI85A mutants produced moderate and strong in-
crease in the EC;, values, respectively, without signifi-
cant (G184Q) or moderate (D185A) changes in the
maximum effect compared to wild-type ADA. These
results suggest that this loop is important for ADA-
induced modulation of the ARs. As a control, we tested
the effect of alanine substitution for 1.194, since this
residue in ADA does not seem to be related to stretches
1 and 4 (see Figs. 2 and 6D). From the dose-response
curve (Fig. 6), the effect of such a mutant on both ECj,
and maximum binding was determined (Table 4) and
was similar to those exerted by wild-type ADA (Table 4).
As a further negative control,we used purified prepara-
tions of nontransformed E. coli S® 3834 extracts that do
not contain any significant ADA. The dose-response
curve using these preparations appears in Fig. 6 and
indicates that E. coli S® 3834 preparations devoid of
endogenous or recombinant ADA did not show any
effect on agonist binding to A;R or AyyR (Table 4).

DISCUSSION

Many proteins are known to undergo big conforma-
tional changes on interacting with substrates, ligands,
or other macromolecules. In the case of ADA, it has
been observed that this enzyme has two distinct confor-
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Specific P"H]R-PIA binding
(% of control)

Specific PH]CGS 21680 binding [0
(% of control)

log hADA (ng/ml)

Figure 5. Effect of ADA mutations on 114-118 and 155-158
loops on agonists binding to A|R and A, R. A, B) Binding of
0.5 nM [*H] (R)-PIA (A) and 20 nM [*H]CGS21680 (B) to
brain striatal membranes (0.3 mg of protein/ml) was per-
formed as described in Materials and Methods, in the absence
or in the presence of increasing concentrations of ADA
mutants. Dose-response curves correspond to the mutants
I115A (blue), N118A (green), M155A (magenta), and H157A
(red); human ADA wild type is represented in black (dotted
curves). Data are means * SE from a representative experi-
ment (n=3) performed in triplicates. C, D) Surface represen-
tations of human ADA; helix a-1 (LL58-172) is shown in white,
helix a-2 (CD26 binding site, P126-D143) is in yellow, P114-
N118 residues are in blue, and M155-G158 residues are in
green (D). ADA (MMDBID:75950) was drawn with Cn3D4.1
program (http://www.ncbi.nlm.nig.gov).

mations, named the open form and the closed form
(40, 54-56). The enzyme holds an «/B-barrel architec-
ture and a TIM-barrel topology with a deep active site
pocket and an essential tightly bound Zn*" ion. Con-
trolling access to the active site pocket is a structural
gate consisting of an « helix (T57-A73) and the peptide
backbone of a B strand (L.L182-D185). In the absence of
substrate, the structural gate is open, and in the pres-
ence of substrate or inhibitors, such as deoxycoformy-
cin or purine riboside, a conformational change can be
detected, and the active site is in the closed form (39,
40, 54, 56-58), yet still largely solvent accessible in the
closed mammalian ADA structures (59). Here we dem-
onstrated that mutations of hydrophobic residues L58
and L62 on the structural gate a-1 helix results in a
2-order-of-magnitude decrease of the catalytic effi-
ciency by decreasing both the substrate affinity and the
maximum velocity. These results suggest that hydro-
phobicity may help to maintain the affinity for adeno-
sine and control catalysis.

ADA is able to modulate the ligand binding to ARs.
Docking simulations predicted that the two amino acid
stretches that participate in the structural gate of the

ARs ARE ALLOSTERICALLY MODULATED BY ADA

active site pocket (Fig. 1A, violet and orange) partici-
pate in the interface between the agonist-bound form
of AguR and ADA. In line with docking predictions,
alanine scanning mutagenesis demonstrated that these
amino acid stretches play a central role in ADA-induced
modulation of agonist binding to both the A;R and
Ay R subtypes. If the interacting portion between ADA
and ARs is the structural gate, the region controlling
open and closed forms, it seems reasonable to postulate
that the open and closed forms of the enzyme may not
interact equally with AjR or Ay R. In line with this
hypothesis, the open forms of ADA gave better docking
scores than the closed one. We observed that wild-type
ADA is able to increase ligand binding to ARs in brain
striatal membranes in the absence of the endogenous
substrate adenosine. Since ADA is in the open form
under these conditions (39, 40, 56), it appears that it is
the open form that is able to bind to AR and A, R.
This hypothesis is strengthened by the observation that
in the presence of deoxycoformycin, a transition-state
inhibitor of ADA that stabilizes the closed form (54),
the effect of ADA on agonist binding to A;R and Ay\R
is blocked (Table 4), in agreement with our previously
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Figure 6. Effect of ADA mutation on 183-188 loop on agonists
binding to AR and A, R. A, B) Binding of 0.5 nM [*H]
(R)-PIA (A) and 20 nM [*H]CGS21680 (B) to brain striatal
membranes (0.3 mg of protein/ml) was performed as de-
scribed in Materials and Methods, in the absence or in the
presence of increasing concentrations of ADA mutants. Dose-
response curves correspond to the mutants G184G (red),
D185A (green), L194A (dark magenta), or E. coli SO 3838
extracts not expressing ADA (gray); human ADA wild type is
represented in black (dotted curves). Data are means *= Sk
from a representative experiment (n=3) performed in tripli-
cates. C, D) Surface representations of human ADA; helix a-1
(L58-172) is shown in white, helix a-2 (CD26 binding site,
P126-D143) is in yellow, P114-N118 residues are in blue,
M155-G158 residues are in green, A183-1188 residues are in red,
and L194 is in orange (D). ADA (MMDBID:75950) was drawn
with Cn3D4.1 program (http://www.ncbi.nlm.nig.gov).
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published results (27). Note that the enzymatic activity
of ADA is not required to produce an increase in the
agonist binding to A;R and Ay,R, because Hg® -inhib-
ited ADA is able to enhance agonist binding to ARs.
These results imply that Hg?" binding to the enzyme
gives rise to an inhibited open form of the enzyme.

The predicted complex between ADA and A,,R is
compatible with a supramolecular assembly in which
ADA bridges Ay,R and CD26 (Fig. 1C, D). This is in line
with the notion that the interaction of ADA with ARs
has an important role in the immunological synapse. In
the immunosynapse, by interacting simultaneously with
CD26 (on the surface of CD4™ T cells) and the AR (on
the cell surface of dendritic cells), ADA triggers a
costimulatory signal for human T cells that is critical in
potentiating T-cell proliferation and activation (8, 10,
11). The intercellular interaction made by ARs, ADA,
and CD26 increases the power of the effector phase of
CD4 " T-cell responses and induces generation of mem-
ory and regulatory T cells (60). Thus, our results
support the role of ADA as a bridge between cells
expressing ARs and cells expressing CD26.

In the neurological synapse, adenosine acts as a
potent neuromodulator by binding to ARs. One impor-
tant effect of ADA in this process is to degrade adeno-
sine in order to finish the receptor signaling. For many
years, it had been assumed that this was the only role of
ADA in ligand binding to ARs. Because of this, ADA is
usually added to in vitro ligand binding experiments to
avoid endogenous adenosine competition with AR li-
gands for the binding site. The first evidence that ADA
also plays an enzyme-independent role on ARs came
from the demonstration that ADA is able to bind AR,
AspRand A, R (20-26). This molecular interaction
leads to a significant increase in the affinity of receptors
for the agonist (21, 26). This allosteric effect was
demonstrated to be independent of the enzymatic
activity, because it happens with exhaustively washed
membranes devoid of detectable adenosine or with
inactivated ADA by pretreatment with Hg*" ions (21,
24). Thus, the ecto-ADA can perform two roles. First,
when the adenosine concentration is high, through its
enzymatic activity, ADA reduces the available adenosine
levels; thus, there is less stimulation of ARs, preventing
the receptor desensitization. Second, independent from this
enzymatic activity, by interacting with receptors, ADA
can act as an allosteric modulator of ARs, increasing the
adenosine binding at low adenosine concentrations
(21, 24, 25). A new strategy to modulate the activity of
GPCRs is to find allosteric modulators that are ligands
able to bind to an allosteric site and increase or
decrease the ligand binding to the receptor orthosteric
site. By this definition, ADA is an allosteric ligand of
AR and Ag,R that positively modulates the agonist
binding to the orthosteric site. The allosteric modula-
tors known so far for ARs are small organic compounds.
One exception is a recently described antibody frag-
ment that prevents agonist but not antagonist binding
to A,y R. Although this antibody fragment provides
insights into the mechanisms of allosteric modulation
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of GPCRs, the therapeutic implications are slight, since
they recognize the intracellular portion of A, R (61).
The allosteric interaction described here suggests a
novel strategy to modulate GPCR function, which relies
on small molecules acting on extracellular proteins
bound to the GPCR, i.e., drugs acting on ADA, which
allosterically modulates the AR properties. The interest
in allosteric modulators is more relevant in the case of
neurotransmitter receptor targets due to the fact that
synaptic neurotransmission occurs in extremely com-
plex circuits implicated in many neurological func-
tions. The presence of ADA bound to the cell surface of
neurons has been demonstrated (62), thus reinforcing
the concept that this allosteric effect of ADA is likely to
occur in vivo. More than 70 ADA mutations have been
found in patients with SCID (5), and it will be interest-
ing to know whether some of these mutations interfere
with the interaction of ADA with ARs. In this respect, it
would be worth investigating whether the modulatory
role of ADA on AR function is perturbed due to
mutation, which would imply neurological alterations
in addition to immunological alterations as associated
with selected ADA SCID-causing mutations. Thus, un-
veiling the ADA portions involved in the interaction
with the ARs may help discriminate ADA SCID muta-
tions characterized by neurological effects from those
having only immunological effects.

In summary, the results of this study led to several
major conclusions on the interaction of ADA with AR
and A, R. First, we described an A R and A,,R alloste-
ric modulation by an extracellular protein. In this
interaction, the ADA o«-1 helix containing residues
L58-172 and the loop containing residues A183-1188 are
important to maintain both the catalytic efficiency of
ADA and its functional interaction with both ARs.
Second, the predicted interaction mode between ADA
and A, ,R is such that a continuous channel connects
the adenosine binding site on the Ay R and the cata-
Iytic pocket of ADA. Third, the predicted architecture
of the ADA-A,,R complex is compatible with a supra-
molecular assembly, in which ADA acts as a bridge
between Ay R and CD26. This is consistent with the
hypothesis that ADA may bridge dendritic cells and
lymphocytes in the immunosynapse triggering costimu-
lation. Finally, we suggest that it is the open form of
ADA but not the closed one that is able to functionally
interact with AR and A,,R. In addition, our results
suggest the role of ADA hydrophobic residues in main-
taining the adenosine affinity and controlling the
catalysis.
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Bajo condiciones normales, el cerebro mantiene un delicado balance entre los inputs del
sistema de la busqueda de la recompensa regulado por neuronas que presentan
receptores de dopamina de la familia D;-like, y los inputs del sistema de aversion,
controlado por neuronas que contienen receptores de dopamina de la familia D,-like. La
cocaina es capaz de subvertir este balance alterando la sefializacion celular de estas dos
vias de tal manera que acaba dominando el sistema de busqueda de la recompensa a
través del receptor D;. En el estudio del efecto de la cocaina sobre la funcionalidad del
receptor D, de dopamina, presentado en este trabajo, demostramos la interaccion
molecular y funcional del receptor o; con los receptores D, de dopamina. Mediante
aproximaciones biofisicas y bioquimicas, hemos descubierto que los receptores D, de
dopamina (la isoforma larga del receptor D;) pueden formar heteromeros con los
receptores o, siendo esta interaccion especifica de los receptores D,, ya que otros
miembros de la familia de receptores D;-like, D3 y D4, no forman heteromeros. Los
heterémeros sigma-1-D; estdn constituidos por oligomeros de orden superior, con una
estructura minima de heterotetrameros, o;-61-D;-D,. Hemos demostrado que los
heterémeros 6,-D; se expresan en estriado de raton y se demuestra que la cocaina, a
través de la union a los heteromeros 6;-D;, inhibe la sefializacion de los receptores D,
tanto en cultivos celulares como en estriado de raton. En contraste, en el estriado de

animales knockout de o), estos complejos no se encuentran y no se produce esta
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inhibicién. En conjunto, todos estos resultados proporcionan un nuevo mecanismo por
el cual la cocaina puede disminuir la sefializacién de la via indirecta (neuronas que
expresan el receptor D») alterando el delicado balance en la sefializacion que influye en
el mecanismo de la busqueda de la droga, implicando las neuronas que expresan

receptores D y D5 en el cerebro.
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Cocaine Inhibits Dopamine D, Receptor Signaling via
Sigma-1-D, Receptor Heteromers
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Abstract

Under normal conditions the brain maintains a delicate balance between inputs of reward seeking controlled by neurons
containing the D;-like family of dopamine receptors and inputs of aversion coming from neurons containing the D,-like
family of dopamine receptors. Cocaine is able to subvert these balanced inputs by altering the cell signaling of these two
pathways such that D, reward seeking pathway dominates. Here, we provide an explanation at the cellular and biochemical
level how cocaine may achieve this. Exploring the effect of cocaine on dopamine D, receptors function, we present
evidence of ¢, receptor molecular and functional interaction with dopamine D, receptors. Using biophysical, biochemical,
and cell biology approaches, we discovered that D, receptors (the long isoform of the D, receptor) can complex with o,
receptors, a result that is specific to D, receptors, as D and D, receptors did not form heteromers. We demonstrate that the
o1-D,, receptor heteromers consist of higher order oligomers, are found in mouse striatum and that cocaine, by binding to
o, -D; receptor heteromers, inhibits downstream signaling in both cultured cells and in mouse striatum. In contrast, in
striatum from o, knockout animals these complexes are not found and this inhibition is not seen. Taken together, these
data illuminate the mechanism by which the initial exposure to cocaine can inhibit signaling via D, receptor containing
neurons, destabilizing the delicate signaling balance influencing drug seeking that emanates from the D; and D, receptor
containing neurons in the brain.

Citation: Navarro G, Moreno E, Bonaventura J, Brugarolas M, Farré D, et al. (2013) Cocaine Inhibits Dopamine D, Receptor Signaling via Sigma-1-D, Receptor
Heteromers. PLoS ONE 8(4): e61245. doi:10.1371/journal.pone.0061245

Editor: Stefan Strack, University of lowa, United States of America
Received November 5, 2012; Accepted March 8, 2013; Published April 18, 2013

This is an open-access article, free of all copyright, and may be freely reproduced, distributed, transmitted, modified, built upon, or otherwise used by anyone for
any lawful purpose. The work is made available under the Creative Commons CCO public domain dedication.

Funding: This study was supported by grants from the Spanish Ministerio de Ciencia y Tecnologia (SAF2009-07276, SAF2010-18472, SAF2011-23813), and by
Intramural Funds of the National Institute on Drug Abuse to SF. PJM is a Ramoén y Cajal Fellow. The funders had no role in study design, data collection and
analysis, decision to publish, or preparation of the manuscript.

Competing Interests: The authors have declared that no competing interests exist.
* E-mail: pmccormick@ub.edu

@ These authors contributed equally to this work.

Introduction knockout mice showed the importance of dopamine D; receptor
In cocaine action as the activation of D, receptors was an absolute
requirement for the induction of the cellular and behavioral
responses to cocaine [7]. In addition to opposing the locomotor
effects of D), Dy containing neurons also serve to oppose drug
reinforcement [8]. In the context of cocaine it is known that the Dy

such as l?arkll?son s, Huntington’s and m drug addiction [1]. is essential for cocaine’s effects [9] as Dy receptors are required to
GABAergic striatal efferent neurons constitute more than 95% of

The striatum is the main input structure of the basal ganglia and
consists of subcortical structures involved in the processing of
information related with the performance and learning of complex
motor acts and motivational processes and is altered in conditions

enhance the rewarding properties of cocaine [10]. In Dy —/—
mutant animals the release of dopamine evoked by cocaine
injection is dramatically higher compared to WT animals, and an
intact Dy-mediated signaling is required to elicit the rewarding and

D, receptors and GABAergic enkephalinergic neurons, which reinforcing effects of cocaine [11]. At the mechanistic level it was
express the peptide enkephalin and dopamine D, receptors [3]. In

the striatal neuronal population [2]. There are two major subtypes
of GABAergic striatal efferent neurons: GABAergic dynorphiner-
gic neurons, which express the peptide dynorphin and dopamine

shown there is a switch from Dy to a D; mediated increase on
the case of drug addiction, and specifically cocaine, the GABAA-IPSC in cocaine treated rats [12], and in models of long-
dopaminergic pathway plays a critical role in the pathology term cocaine treatment it has been shown that D; increases and
[4.5], specifically, the two populations of D; and Dy containing Dy levels decrease [13]. Finally, it has been shown that the
neurons. These two pathways can control novelty seeking and activation of postsynaptic Dy on striatopallidal neurons can
reward-dependent learning as well as having opposite effects on facilitate drug reinforcement via inhibition of these neurons [8].
motor activity [6]. Early studies performed in D, receptor All of these studies point to a balance between D; and Dy in
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controlling the motivational processes and reinforcement in drugs
of abuse, and specifically cocaine.

The initial mechanistic steps of cocaine binding and its effects
on these two striatal populations of neurons (D; and Dy receptor
containing neurons) are not well understood. What is known is
cocaine 13 able to exert part of its behavioral and cellular effect by
elevating dopamine levels in the striatum [14]. It achieves this by
binding to and inhibiting the presynaptic dopamine transporter
(DAT) [15]. Cocaine is a high-affinity inhibitor of DAT and upon
binding to DAT cocaine causes a rapid increase in extracellular
dopamine levels. Although DAT inhibition is required for
cocaine’s effects, it is not the only required mechanism of action
per the effects of Dy and Dy receptors discussed above. In fact,
Cocaine is able to modulate dopamine signaling, via both the D,
and Dy family of dopamine receptors, which when activated can
lead to stimulation or inhibition of signaling pathways. This
provokes the question, how does cocaine seemingly influence two
different receptor pathways? One potential answer lies in the fact
that cocaine does not seem to bind the dopamine receptors directly
but can bind to a receptor heteromer made up of the D;-like
receptor family member, D; and the &-receptor [16]. Through
this latter interaction, cocaine can potentiate D; receptor-
mediated adenylyl cyclase activation, induce ERK1/2 phosphor-
ylation and counteract the MAPK activation induced by D,
receptor stimulation [16]. However, as discussed above, Dy also
plays a role in the early effects of cocaine. Here we explore the
initial molecular events after cocaine exposure on the dopamine
receptor Dy like family and test the hypothesis that ¢, receptor
may provide the link between cocaine and the D; and Dy receptor
signaling balance.

Materials and Methods

Ethics Statement

The study received the approval of the Catalan Ethical
Committee for Animal Use (CEAA/DMAH 4049 and 5664)
and all procedures were performed to minimize animal suffering.

Fusion Proteins and Expression Vectors

Sequences encoding amino acids residues 1-155 and 155-238
of YFP Venus protein, and amino acids residues 1-229 and 230—
311 of RLuc8 protein were subcloned in pcDNA3.1 vector to
obtain the YFP Venus (nVenus, cVenus) and RLuc8 (nRLuc8,
cRLuc8) hemi-truncated proteins expressed in pcDNA3.1 vector.
The human cDNA for the long isoform of dopamine Dy receptors
(Dy receptors), adenosine Ay or G receptors cloned in pcDNA3.1
were amplified without their stop codons using sense and antisense
primers harboring either unique EcoRI and BamHI sites (or EcoRI
and Apnl sites for &, receptor). The fragments were then subcloned
to be in-frame with Rluc, EYFP or GFP? into the EcwRI and
BamHI or Kpnl restriction site of an Rluc-expressing vector (pRluc-
N1, PerkinElmer, Wellesley, MA), an EYFP expressing vector
(EYFP-N3; enhanced yellow variant of GFP; Clontech, Heidel-
berg, Germany) or an GFP? expressing vector (GFP?-N2,
Clontech) respectively, to give the plasmids that express receptors
fused to either RLuc, YFP or GFP? on the C-terminal end of the
receptor (Do-RLuc, Do-YFP, Dy»-GFP?, &,-Rluc, 6,-YFP, Ag-
RLuc or Aga-YFP receptors respectively). The human ¢cDNAs for
Dy and o, receptors cloned in pcDNA3.1 were amplified without
its stop codon using sense and antisense primers harboring unique
Kpnl and EcoRI sites to clone Dy and & receptors in pcDNA3.1-
cVenus, pcDNA3.1-nVenus, pcDNA3.1-cRLuc8 or pcDNA3.1-
nRLuc8. The amplified fragments were subcloned to be in-frame
with the multiple cloning sites of the vectors to give the plasmids
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that express Dy and o) receptors fused to either nVenus, cVenus,
nRLuc8 or cRLuc8 on the C-terminal end of the receptor (Dy-
cVenus, Dy-nVenus, Dy-cRLuc8, Do-nRLuc8, o-nVenus, ;-
cVenus, 6;-nRluc8 or 6-cRluc8, respectively). When analyzed by
confocal microscopy, it was observed that all fusion proteins
showed similar subcellular distribution than naive receptors (see
results and results not shown). Fusion of RLuc and YFP to D, or
Aga receptors did not modify receptor function as previously
determined by cAMP assays [17].

Cell Culture and Chemical Reagents

HEK-293T cells were grown in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 2 mM L-glutamine, 100 U/
ml penicillin/streptomycin, and 5% (v/v) heat inactivated Fetal
Bovine Serum (FBS) (all supplements were from Invitrogen,
Paisley, Scotland, UK). CHO cell lines were maintained in o-
MEM medium without nucleosides, containing 10% fetal calf
serum, 50 pg/mL penicillin, 50 pg/mkL streptomycin, and 2 mM
L-glutamine (300 pg/mL). Cells were maintained at 37°C in an
atmosphere of 5% COy, and were passaged when they were 80—
90% confluent, i.e. approximately twice a week. HEK-293T or
CHO cells were transiently transfected with the corresponding
cDNAs by PEI (PolyEthylenImine, Sigma, St. Louis, MO, USA)
method as previously described [18]or the corresponding siRNA
by lipofectamine (Invitrogen™ ™, Carlsbad, USA) method following
the instructions of the supplier. siRNA that targets both human
and rodent o; RNA and a scrambled control siRNA were
purchased from Invitrogen (catalog HSS 145543). All ligands used
are diagrammed in Figure S1. Cocaine-HCI was purchased from
Spanish Agencia del Medicamento n°: 2003C00220. PD144418
and PRE were purchased from Tocris, Bristol, UK. Quinpirole
and raclopride were purchased from Sigma, St. Louis, MO, USA.

Immunocytochemistry

For immunocytochemistry, cells were fixed in 4% paraformal-
dehyde for 15 min and washed with PBS containing 20 mM
glycine (buffer A) to quench the aldehyde groups. Then, after
permeabilization with buffer A containing 0.2% Triton X-100 for
5 min, cells were treated with PBS containing 1% bovine serum
albumin. After 1 h at room temperature, cells were labeled with
the primary mouse monoclonal anti-Rluc receptor antibody (1/
200, Millipore, CA, USA) or mouse monoclonal anti-G, receptor
antibody (1/200; Chemicon) for 1 h, washed, and stained with the
secondary Cy3 donkey anti-mouse antibody (1/200, Jackson
Immunoresearch Laboratories, West Grove, PA, USA). D,
receptors fused to YFP protein were detected by their fluorescence
properties. Samples were rinsed and observed in a Leica SP2
confocal microscope (Leica Microsystems, Mannheim, Germany).

BRET and BRET with BiFC Assays

HEK-293T cells growing in six-well plates were transiently co-
transfected with a constant amount of cDNA encoding for the
receptor fused to RLuc or nRLuc8 and cRLuc8 proteins and with
increasingly amounts of cDNA corresponding to the receptor
fused to YFP or nVenus and cVenus proteins (see figure legends).
To quantify receptor-YFP expression or receptor-reconstituted
YIP Venus expression, cells (20 pg protein) were distributed in 96-
well microplates (black plates with a transparent bottom) and
fluorescence was read in a Fluoro Star Optima Fluorimeter (BMG
Labtechnologies, Offenburg, Germany) equipped with a high-
energy xenon flash lamp, using a 10 nm bandwidth excitation
filter at 400 nm reading. Receptor-fluorescence expression was
determined as fluorescence of the sample minus the fluorescence of
cells expressing the BRET donor alone. For BRET or BRET with
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BiFC measurements, the equivalent of 20 pg of cell suspension
were distributed in 96-well microplates (Corning 3600, white
plates; Sigma) and 5 UM coelenterazine H (Molecular Probes,
Eugene, OR) was added. After 1 minute for BRET or after 5 min
for BRET with BiFC of adding coelenterazine H, the readings
were collected using a Mithras LB 940 that allows the integration
of the signals detected in the short-wavelength filter at 485 nm
(440-500 nm) and the long-wavelength filter at 530 nm (510—
590 nm). To quantify receptor-RLuc or receptor-reconstituted
RLuc8 expression luminescence readings were also performed
after 10 minutes of adding 5 UM coelenterazine H. Both
fluorescence and luminescence of each sample were measured
before every experiment to confirm similar donor expressions
(about 150,000 luminescent units) while monitoring the increase
acceptor expression (10,000-70,000 fluorescent units). The net
BRET 1is defined as [(long-wavelength emission)/(short-wave-
length emission)]-Cf where Cf corresponds to [(long-wavelength
emission)/ (short-wavelength emission)] for the donor construct
expressed alone in the same experiment. BRET is expressed as
mili BRET units, mBU (net BRET x1000).

SRET Assays

HEK-293T cells growing in six-well plates were transiently co-
transfected with constant amounts of cDNAs encoding for both
receptor fused to RLuc and GFP? proteins and with increasingly
amounts of cDNA corresponding to the receptor fused to YFP
protein and SRET was determined as previously described using
a Mithras LB 40 [19].

Striatal Slices Preparation

Brains from WT littermates and o, receptor KO CD1 albino
Swiss male mice (8 weeks old, 25 g of weight) were generously
provided by Laboratorios Esteve (Barcelona, Spain) [20]. Brains
were rapidly removed from animals and striatal slices were
obtained as previously indicated [16,21].

Coimmunoprecipitation

Striatal slices from WT littermates and &, receptor KO mice
were treated with medium or with 150 UM cocaine for 30 min.
The striatal tissue was disrupted with a Polytron homogenizer in
50 mM Tris-HCI buffer, pH 7.4, containing a protease inhibitor
mixture (1/1000, Sigma). The cellular debris was removed by
centrifugation at 13,000 g for 5 min at 4°C, and membranes were
obtained by centrifugation at 105,000 g for 1h at 4°C.
Membranes were solubilized in ice-cold immunoprecipitation
buffer (phosphate-buffered saline (PBS), pH 7.4, containing 1%
(v/v) Nonidet P-40) and incubated for 30 min on ice before
centrifugation at 105,000 ¢ for 1 h at 4°C. The supernatant
(1 mg/ml of protein) was processed for immunoprecipitation as
described in the immunoprecipitation protocol using a Dyna-
beads® Protein G kit (Invitrogen) using goat anti-Dy receptor
antibody (1:1000, Santa Cruz Biotechnology, Santa Cruz, CA). As
negative control anti-FLAG antibody (1:1000, Sigma) was used.
Protein was quantified by the bicinchoninic acid method (Pierce)
using bovine serum albumin dilutions as standards. Immunopre-
cipitates were separated on a denaturing 10% SDS-polyacryl-
amide gel and transferred onto PVDF membranes. Membranes
were blocked for 90 min in 5% Bovine (1% fat) dry milk and PBS-
Tween 20 (0.05% V/V). The following primary antibodies were
incubated overnight at 4°C in 5% milk and PBS-Tween 20 (0.05%
V/V): mouse anti-Dy receptor antibody (1:1000, Santa Cruz
Biotechnology, Santa Cruz, CA) or mouse anti-G; receptor
antibody B-5 (sc-137075) (1:800, Santa Cruz Biotechnology, Santa
Cruz, CA) and, after washing three times for 10 min in PBS
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Tween-20 (0.05% V/V), membranes were incubated with the
secondary antibody rabbit anti-mouse-HRP (1:20,000, Dako,
Glostrup, Denmark) for 1 h at room temperature in 5% milk
and PBS-Tween 20 (0.05% V/V). After three washes with PBS
Tween-20 (0.05% V/V) and a final wash with PBS, bands were
detected with the addition of SuperSignal West Pico Chemilumi-
nescent Substrate (Pierce) and visualized with a LAS-3000
(Fujifilm). Analysis of detected bands was performed by Image
Gauge software (version 4.0) and Multi Gauge software (version
3.0).

In Situ Proximity Ligation Assays (PLA)

Striatal slices from WT and &, receptor KO mice treated or not
with 150 UM cocaine for 30 min, were mounted on slide glass and
heteromers were detected using the Duolink II in situ PLA
detection Kit (OLink; Bioscience, Uppsala, Sweden). Slices were
thawed at 4°C, washed in 50 mM Tris-HCI, 0.9% NaCl pH 7.8
buffer (IBS), permeabilized with TBS containing 0.01% Triton
X-100 for 10 min and successively washed with TBS. After 1 h
incubation at 37°C. with the blocking solution in a pre-heated
humidity chamber, slices were incubated overnight in the antibody
diluent medium with a mixture of equal amounts of the primary
antibodies mouse anti-o; receptor antibody B-5 (sc-137075, 1:500,
sce above) and the guinea-pig anti-Dy receptor antibody (1:500
Sigma) which specificity for Dy receptors was previously demon-
strated [21]. Slices were washed as indicated by the supplier and
incubated for 2 h in a pre-heated humidity chamber at 37°C with
PLA probes detecting mouse or guinea pig antibodies, Duolink II
PLA probe anti-mouse plus and Duolink II PLA probe anti-guinea
minus (prepared following the instructions of the supplier) diluted
in the antibody diluent to a concentration of 1:5. After washing at
room temperature, slices were incubated in a pre-heated humidity
chamber for 30 min at 37°C, with the ligation solution (Duolink IT
Ligation stock 1:5 and Duolink II Ligase 1:40). Detection of the
amplified probe was done with the Duolink IT Detection Reagents
Red Kit. After exhaustively washing at room temperature as
indicated in the kit, slices were mounted using the mounting
medium with DAPI. The samples were observed in a Leica SP2
confocal microscope (Leica Microsystems, Mannheim, Germany).
Images were opened and processed with Image J confocal.

Immunohistochemistry

Striatal slices from W'T and o receptor KO mice were thawed
at 4°C, washed in TBS, permeabilized with TBS containing 0.1%
Triton X-100 for 10 min and successively washed with TBS. Slices
were rocked in Blocking reagent 1% (Roche, Sant Cugat del
Vallés, Spain) for 1 h at 37°C in a humidified atmosphere and
incubated overnight at 4°C in a humidified atmosphere with the
primary antibodies: mouse anti-G; receptor antibody B-3 (sc-
137075, 1:100, see above) or the guinea-pig anti-Dy receptor
antibody (1:100 Frontier Institute, Ishikari, Hokkaido, Japan), in
0.1% TBS-Tween, 0.1% BSA-Acetylated (Aurion, Wageningen,
The Netherlands), 7% SND. Slices were washed in TBS-Tween
0.05% and left for 2 h at room temperature in a humidified
atmosphere with the corresponding secondary antibodies: goat
anti-mouse (1:200, Alexa Fluor 488, Invitrogen) and goat anti-
guinea pig (1:200, Alexa Fluor 488, Invitrogen) in the same
medium. Then, the slices were washed in TBS-Tween 0.05%,
followed by a single wash in TBS before mounting in Mowiol
medium (Calbiochem, Merck, Darmstadt, Germany), covered
with a glass and left to dry at 4°C for 24 h. The sections were
observed and imaged in a Leica SP2 confocal microscope.

April 2013 | Volume 8 | Issue 4 | e61245



cAMP Determination

Non transfected or transiently transfected CHO cells (see figure
legends) were treated for 10 min with the indicated concentrations
of Dy receptor agonist quinpirole, 30 UM cocaine or 100 nM of
the o receptor agonist PRE-084 alone or in combination. cAMP
production was determined using [*H]cAMP kit (Amersham
Biosciences, Uppsala, Sweden) following the instructions from the
manufacturer.

ERK 1/2 Phosphorylation Assays

WT and KO ice striatal slices were treated for the indicated
time with the indicated concentrations of cocaine and/or Dy
receptor ligands, frozen on dry ice and stored at —80°C. When
ERK1/2 phosphorylation assays were performed in cell cultures,
CHO cells (48 h after transfection) were cultured in serum-free
medium for 16 h before the addition of the indicated concentra-
tion of cocaine or/and Dy receptor ligands for the indicated time.
Both, cells and slices were lysed in ice-cold lysis buffer (50 mM
Tris-HC1 pH 7.4, 50 mM NaF, 150 mM NaCl, 45 mM pB-
glycerophosphate, 1% Triton X-100, 20 uM phenyl-arsine oxide,
0.4 mM NaVO, and protease inhibitor cocktail) and ERK 1/2
phosphorylation was determined as indicated elsewhere [16,22].

CellKey Label-free Assays

The CellKey system provides a universal, label-free, cell-based
assay platform that uses cellular dielectric spectroscopy (CDS) to
measure endogenous and transfected receptor activation in real
time in live cells [23]. Changes in the complex impedance (DZ or
dZ) of a cell monolayer in response to receptor stimulation were
measured. Impedance (Z) is defined by the ratio of voltage to
current as described by Ohm’s law (Z=V/I). CHO cell clones
stably expressing Dy receptors were grown to confluence in
a CellKey Standard 96 well microplate that contains electrodes at
the bottom of each well. For untreated cells or for cells
preincubated (overnight at 37°C) with PTx (10 ng/ml), medium
was replaced by HBSS buffer (Gibco) supplemented with 20 mM
HEPES 30 minutes prior to running the cell equilibration
protocol. A baseline was recorded for 5 minutes and then cells
were treated with increasing concentrations of the Dy receptor
agonist quinpirole or cocaine alone or in combination and data
was acquired for the following 10 minutes. To calculate the
impedance, small voltages at 24 different measurement frequencies
were applied to treated or non-treated cells. At low frequencies,
extracellular currents (iec) that pass around individual cells in the
layer were induced. At high frequencies, transcellular currents (itc)
that penetrate the cellular membrane were induced and the ratio
of the applied voltage to the measured current for each well 1s the
impedance. The data shown refer to the maximum complex
impedance induced extracellular currents (Ziec) response to the
ligand addition.

Results

o, Receptors form Heteromers with Dopamine D,
Receptors but not with the Other D,-like Receptor Family
Members

We first examined whether the receptors of the Do-like family
could directly interact with &, receptors and thus be a target for
cocaine binding. To do this we used the Bioluminescence
Resonance Energy Transfer (BRET) technology in HEK-293T
cells expressing a constant amount of Dy (long isoform), D3 or D,
dopamine receptors fused to Remilla Luciferase (RLuc) and in-
creasing amounts of &, receptors fused to Yellow Fluorescence
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Protein (YFP). Clear BRET saturation curves were obtained in
cells expressing Do-RLuc receptors and increasing amounts of 6;-
YFP receptors with a BRET,,,,, of 55=7 mBU and a BRET};, of
28%6 (Fig. la). In contrast, in cells expressing D3-RLuc or Dy-
RLuc and ,-YFP receptors a low and linear non-specific BRET
signal was obtained thus confirming the specificity of the
interaction between Do-RLuc and &;-YFP receptors (Fig. 1b).
As a further control, cells were cotransfected with c;-YFP
receptors and adenosine Ags-Rluc receptors and no specific
BRET signal was obtained (Fig. 1a). These results indicate that o,
receptors selectively interact with dopamine Dy receptors and not
with the other members of the Dy-like receptor family.

The o), receptors are predominantly found in the endoplasmic
reticulum membrane and the plasma membrane [24] with one
hypothesis that it may be acting as a chaperone protein [25]. The
expression of 6; and Dy receptors at the plasma membrane level
was explored by analyzing the co-localization of both receptors by
confocal microscopy. HEK-293T cells were used in the assays
since they constitutively express G receptors, but not DAT [16].
As expected, a punctate o receptor staining in naive (Fig. 1c left
panels, top images) or cocaine-treated (Fig. lc right panels, top
images) HEK-293T cells was detected. After transfection of the
cDNA corresponding to Dy receptors, a co-localization of o,
receptor and Dy, receptors was detected at the plasma membrane
level in cells not treated with cocaine (Fig. lc left panels, bottom
images) or in cells treated with 30 UM cocaine for 30 min (Fig. lc
right panels, bottom images).

Higher Order Complex Formation between o, Receptors
and Dopamine D, Receptors

Recent crystal structures have demonstrated that homodimers
of GPCRs are possible, a fact that has been confirmed for
dopamine Dy receptors [26-30]. Considering that ¢, may act as
a chaperone like molecule we investigated the possible formation
of higher order receptor complexes between 6; and Dy receptor
homomers. To test this we first needed to know whether G-
receptors could form dimers, something that had not been
reported. First, we tested if o receptors can form dimers by
BRET experiments in HEK-293T cells expressing a constant
amount of ¢;-RLuc receptors and increasing amounts of 6;-YFP
receptors. A positive and saturable BRET signal was obtained with
a BRET,,,,, of 165235 mBU and a BRET5, of 2212 (Fig. 2a)
indicating that 6;-6; homodimers can exist and demonstrating,
for the first time, the oligomerization of &, receptors. Next, we
tested whether Dy receptor homomers could interact with o;-
receptors by a combined BRET and FRET assay termed
Sequential Resonance Energy Transfer (SRET) [19]. This assay
involves two sequential energy transfer events, one bioluminescent
energy transfer between Rluc and a blue shifted GFP? and
a second fluorescent energy transfer event between excited GFP?
and YFP (see Fig. 2b top scheme). In HEK-293T cells expressing
a constant amount of Dy-RLuc and D,-GFP? receptors and
increasing amounts of 61-YFP receptors, a net SRET saturation
curve was obtained with a SRET ., of 269+ 33 SU and a SRET}5
of 92+24 (Fig. 2b). Cells expressing constant amounts of
adenosine Ags-RLuc and Ags-GFP? receptors and increasing
amounts of 6;-YFP receptors provided very low and linear SRET,
according to the lack of interaction between Agx receptors and G,
receptors. These results demonstrate that o, receptors are able to
form heteromers with Dy-Dy receptor homomers. A net SRET
saturation curve was also obtained using HEK-293T cells
expressing constant amounts of &;-Rluc and Dy-GFP? and
increasing amounts of o;-YFP (SRET,,,.,: 140x8 SU; SRET5:
9+3) but not when Dy-RLuc and Dy-GFP® receptors were
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Figure 1. Molecular interaction between ¢, receptors and D, receptors in living cells. BRET saturation experiments were performed with
HEK-293T cells co-transfected with: (a) D,-RLuc cDNA (0.4 ng, squares) or adenosine A,5-RLuc cDNA as negative control (0.2 ug, triangles) and
increasing amounts of o;-YFP cDNA (0.1 to 1 ug cDNA), (b) D3-RLuc cDNA (0.5 pg, squares) or Ds-RLuc ¢cDNA (0.5 pg, triangles) and increasing
amounts of o;-YFP cDNA (0.1 to 1 g cDNA). The relative amount of BRET acceptor is given as the ratio between the fluorescence of the acceptor
minus the fluorescence detected in cells only expressing the donor, and the luciferase activity of the donor (YFP/RIuc). BRET data are expressed as
means *+ S.D. of five to six different experiments grouped as a function of the amount of BRET acceptor. In (c) confocal microscopy images of HEK-
293T cells transfected with D,-YFP or 1-RLuc (top panels) or co-transfected with D,-YFP and o;-RLuc (bottom panels), treated (right images) or not
(left images) with 30 uM cocaine for 30 min. o, receptors (red) were identified by immunocytochemistry and D, receptors (green) were identified by
its own fluorescence. Co-localization is shown in yellow. Scale bar:10 um.

doi:10.1371/journal.pone.0061245.9001

replaced by Agy RLuc and Aypx-GFP? receptors (Fig. 2¢). These
results demonstrate that Dy receptors are able to form heteromers
with ©,-0; receptor homomers. Finally, we tested for a higher
order interaction of receptor heteromers constituted by 6; and Dy
receptor homomers (G,-6,-Dg-Dy). This was done using a modi-
fied BRET assay that involves a double complementation assay
[30]. A diagram showing the BRET with luminescence/fluores-
cence complementation approach (BRET with Bil'C assay; see
Methods) is shown in Figure 2d (top panel). Briefly, one receptor
fused to the N-terminal fragment (nRluc8) and another receptor
fused to the C-terminal fragment (cRluc8) of the Rluc8 act as
BRET donor after Rluc8 reconstitution by a close receptor-
receptor interaction and one receptor fused to an YFP Venus N-
terminal fragment (nVenus) and another receptor fused to the YFP
Venus C-terminal fragment (cVenus), act as BRET acceptor after
YFP Venus reconstitution by a close receptor-receptor interaction.
Accordingly, cells were co-transfected with a constant amount of
the two cDNAs corresponding to Dy-nRLuc8 and Dy-cRLuc8
(equal amounts of the two cDNAs) and with a constant amount of
the two cDNAs corresponding to &;-nVenus and ©;-cVenus
(equal amounts of the two cDNAs). Specific BRET would only be
possible if RLuc reconstituted by Dyo-nRLuc8-Do-cRLuc8 di-
merization is close enough to YFP Venus reconstituted by &;-
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nVenus-6;-cVenus dimerization. Higher order heterotetramers
were in fact observed as evidenced by a positive BRET signal
(Fig. 2d). As negative controls, cells expressing only three fusion
proteins and the fourth receptor not fused provided neither
a significant fluorescent signal nor a positive BRET (Figure 2d).
Collectively these results indicate that -Dy receptor heteromers
seem to be constituted by the interaction of receptor homomers
and the minimal structural unit is the ©;-6-Dy-Dy receptor
heterotetramer.

The Effect of o, Receptor Ligands on o,-D, Receptor
Heterotetramer

It is known that cocaine can bind to &, [25,31,32]. We sought
to measure the effect of cocaine binding to o, receptors on 6,-Dy
receptor heteromers using BRET. We performed BRET experi-
ments in HEK-293T cells expressing a constant amount of Do-
RLuc receptors and increasing amounts of &-YIP receptors in
the presence or in the absence of cocaine. The BRET saturation
curve was reduced when cells were treated for 30 min with 30 uM
of cocaine (BRET, . 35*6 mBU; BRET;,: 26%8) indicating
that cocaine binding to &, receptors induces structural changes in
the ©1-Dy receptor heteromer. The cells treated (10 min) with the
o, agonist PRE084 (100 nM; BRET,,,: 408 mBU; BRET:
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Figure 2. Higher order complex formation between ¢, receptors and dopamine D, receptors in living cells. In (a) BRET saturation
experiments were performed with HEK-293T cells co-transfected with o;-RLuc cDNA (0.2 ng) and increasing amounts of o;-YFP ¢cDNA (0.1 to 0.6 ug
cDNA). A schematic representation of a BRET process is shown at top in which the receptor fused to RLuc acts as donor and the receptor fused to YFP
acts as acceptor. In (b) and (c) SRET saturation experiments were performed with HEK-293T cells co-transfected with: (b) a constant amount of D,-
RLuc (0.6 ng) and DZ—GFP2 (1 ng) receptor cDNA (squares) or Aya-RLuc (0.3 pg) and AZA—GFP2 (0.5 ug) receptor cDNA, as negative control (triangles),
and increasing amounts of o;-YFP receptor (0.2 to 1.5 ug cDNA), () a constant amount of o;-Rluc (0.3 pg) and D,-GFP? (1 ug) (triangles) or A,-GFP?
(0.5 uM) as negative control (squares) receptor cDNA and increasing amounts of c;-YFP receptor cDNA (0.2 to 1.5 png). The relative amount of
acceptor is given as the ratio between the fluorescence of the acceptor minus the fluorescence detected in cells only expressing the donor, and the
luciferase activity of the donor (YFP/Rluc). A schematic representation of a SRET process is shown at top images in which two sequential energy
transfer events between Rluc and GFP? (BRET process) and between GFP? and YFP (FRET process) occurs. In (d) BRET with luminescence/fluorescence
complementation approach was performed measuring BRET in cells co-transfected with 1 ng of the two cDNAs corresponding to D,-nRLuc8 and D,-
cRLuc8 and with 1.5 ug of the two cDNAs corresponding to c;-nVenus and o;-cVenus (5). As negative controls, cells transfected with the same
amount of cDNA corresponding to D,-nRLuc8, D,-cRLuc8, 51-nVenus and cVenus (1), D,-nRLuc8, D,-cRLuc8, o;-cVenus and nVenus (2), D,-nRLuc8,
o;-nVenus, 6;-cVenus and cRLuc8 (3), or D,-cRLuc8, o;-nVenus, 6;-cVenus and nRLuc8 (4) did not display any significant luminescence or positive
BRET. A schematic representation of a BRET with luminescence/fluorescence complementation approach is given at the top image in which one
receptor fused to the N-terminal fragment (nRluc8) and another receptor fused to the C-terminal fragment (cRluc8) of the Rluc8 act as BRET donor
after Rluc8 reconstitution by a close receptor-receptor interaction and one receptor fused to an YFP Venus N-terminal fragment (nVenus) and another
receptor fused to the YFP Venus C-terminal fragment (cVenus), act as BRET acceptor after YFP Venus reconstitution by a close receptor-receptor
interaction. BRET or SRET data are expressed as means = S.D. of five to six different experiments grouped as a function of the amount of BRET or SRET
acceptor.

doi:10.1371/journal.pone.0061245.g002

31£6) but not with the antagonist PD144418 (1 uM; BRET,,,«:
48+3 mBU; BRET5,: 20%5) also showed a decrease in the BRET
saturation curves. Interestingly, the ¢, antagonist PD144418 is
able to revert the effect induced by cocaine (BRET,,,.: 529
mBU; BRET5,: 31%=7 in the presence of cocaine and PD144418)
(Fig. 3a). To know if structural changes in ;-G receptor
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homomers or in Dy-Dy receptor homomers can account for the
ligand-induced effect on ©,-Dy receptor heteromers, we per-
formed BRET experiments first in cells expressing 1-RLuc and
o~ YFP receptors as indicated in Fig. 2a. Cells were treated for
10 min with 100 nM of the agonist PRE084 or 1 UM of the
antagonist PD144418 or for 30 min with 30 UM of cocaine alone
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or with 1 uM PD144418. As shown in Fig. 3b, no significant
changes in BRET,,,, or BRET;, were observed. Then, changes in
the BRET saturation curve obtained in cells expressing a constant
amount of Dy-RLuc receptors and increasing amounts of Dy-YIFP
receptors (BRET, .« 443 mBU; BRET;5: 12+4) were analyzed.
The BRET saturation curve changed in cells treated for 10 min
with 100 nM of PRE084 (BRET,,,,: 275 mBU; BRET5y: 11£4)
or 30 min with 30 pM of cocamne (BRET, .. 29%2 mBU;
BRET5p: 19%5) but not in cells treated for 10 min with 1 uM of
PD144418 (BRET,,.x: 4423 mBU; BRET;,: 9%3). Again the
antagonist, PD144418, was able to revert the effect induced by
cocaine (BRET,,..: 4312 mBU; BRET;,: 16%£3 in cells pre-
treated with PD144418 and cocaine) (Fig. 3c). These data suggest
structural changes in the complex brought about by binding of
either the o, agonist PRE084 or cocaine. To test whether the
effect of PRE084 or cocaine on Dy-Dy heteromers are due to the
presence of G| receptors, assays were performed in cells whose o,
receptor expression was knocked-down using an RINAi approach
(Fig. 3d). When we transfected a specific small interfering RNA
(siRNA), a robust silencing of & receptor expression was obtained
(Fig. S2). The treatment with the specific siRNA completely
abolished the effect of cocaine or PRE084 on the BRET saturation
curve. The treatment with PD144418 or PD144418 and cocaine
had no effect on these knocked-down cells (Fig. 3d). These results
suggest that ligand binding to &, receptors induces strong changes
in the structure of the Dy-Dy receptor homomers in the ¢,-Dy
receptor heteromers.

Cocaine Binding to o, Receptors Modulates the D,
Receptor Signaling in Transfected Cells

The cocaine-induced modifications of the quaternary structure
of Dy receptor homodimers in the ;-Dy receptor heteromer
described above suggest that cocaine can modulate the function-
ality of Dy receptors. To study how cocaine affects Dy receptor-
mediated signaling, Chinese hamster ovary (CHO) cells were used
as they provided a lower baseline of signaling for which to detect
downstream changes and have been shown to constitutively
express G receptors but not DAT [16]. The effect of cocaine on
Dy receptor agonist-induced, G protein-mediated signaling was
measured using a label free assay that measures changes in cell
impedance in response to stimulation. In CHO cells stably
expressing Dy receptors, increasing cocaine concentrations (10 nM
to 100 uM) did not give any G protein-mediated signaling, neither
Giso, Gs or G (Fig. 4a) as compared to known control receptors
(Fig. S3). The signaling obtained upon Dy receptor activation with
the agonist quinpirole (0.1 nM to 1 uM) showed a G; profile
(increases in impedance) that was completely blocked when cells
were treated with the G; specific pertussis toxin (PTx) (Fig. 4b). We
observed a small but significant decrease in the G; activation
induced by quinpirole when cells where pre-treated for 1 h with
30 UM cocaine (Fig. 4c). These results indicate that cocaine by
itself is not able to induce a G protein-mediated signaling but can
partially inhibit the ability of Dy receptors to signal through G;. A
downstream consequence of G; mediated signaling is the ability to
decrease cAMP signaling. In addition to the label free experiments
above we determined the levels of cAMP in CHO cells stably
expressing Do receptors using forskolin and then measured
whether cocaine was able to decrease the forskolin-induced cAMP
formation. We found cocaine alone could not decrease the levels of
cAMP after treatment with forskolin compared to the Dy agonist
quinpirole (Fig. 4d). However, cocaine significantly dampened the
quinpirole-induced decreases of forskolin-mediated increases in
cAMP levels (Fig. 4d). This effect was blocked when cells were
transfected with siRNA against the o©; receptor (IFig. 4d),
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demonstrating that cocaine’s ability to counteract the action of
quinpirole was mediated by o) receptors. Similar results were
obtained when instead of cocaine the &, receptor agonist PRE084
was used (Fig. S4) reinforcing the concept that o receptor ligands
induce a significant decrease in the ability of Dy receptors to signal
through G;.

Apart from G protein-mediated signaling, many GPCRs are
able to signal in a G protein-independent way [33-37]. ERK 1/2
phosphorylation is one of the MAPK pathways that has been
described to be activated in a G protein-independent and arrestin-
dependent mechanism [36]. Several reports have highlighted the
importance of ERK 1/2 activation in Dy receptors containing
neurons for the effects of cocaine [38-41]. We sought to
understand how cocaine might influence &,-Dy receptor hetero-
mer-mediated ERK 1/2 signaling. Varying concentrations of
cocaine and varying the time of treatment did not lead to any
significant change in ERK 1/2 phosphorylation in response to
cocaine in cells not expressing Dy receptors (Fig. S5). Importantly,
cocaine per se dose-dependently (Fig. S6a) and time-dependently
(Fig. S6b) activated ERK 1/2 phosphorylation in cells expressing
Dy receptors. This effect was mediated by & receptors since it was
strongly diminished in cells transfected with the ©; receptors
siRNA (Figs. S6a and S6b). The Dy receptor agonist quinpirole
was also dose-dependently (Fig. S6c¢) and time-dependently (Fig.
S6d) able to activate ERK 1/2 phosphorylation but, as expected,
this effect was not mediated by o) receptors since it was not
diminished in cells transfected with the o receptors siRNA (Figs.
S6¢ and S6d). These results point out that ¢; or Dy receptor
activation in the ©-Dy receptor heteromer induces ERK 1/2
phosphorylation. Thus, cocaine, like quinpirole, can act as an
agonist at the MAPK activation level for the heteromer.

A property of some receptor heteromers is the ability of the
antagonist of one receptor to block the function of the agonist of
the partner receptor, a property defined as cross-antagonism
[22,42]. In cells expressing Dy receptors we looked for cross-
antagonism among ©;-Dy receptor heteromers. Indeed we found
the cocaine-induced ERK 1/2 phosphorylation was counteracted
not only by the &, receptor antagonist PD144418 (1 uM) but also
by the Dy receptor antagonist raclopride (10 uM) (Fig. 5a).
Analogously, the Dy receptor agonist quinpirole-induced ERK 1/
2 phosphorylation was blocked by raclopride but also by
PD144418 (Fig. 5b). These data suggest that antagonist binding
leads to structural changes within the receptor heteromer that
block signaling through the partner receptor. By definition an
antagonist cannot signal on its own, therefore this cross-
antagonism can only derive from the direct protein-protein
interactions established between the receptors in the &;-Dy
receptor heteromer. This hypothesis is further supported by the
fact that silencing cells of the o, receptor led to a complete loss in
this cross-antagonism. That is, the effect of PD144418 on
quinpirole-induced ERK1/2 phosphorylation was not observed
when cells were transfected with the siRNA for o, receptors
(Fig. 5b).

As mentioned above cocaine can inhibit DAT and increase the
dopamine concentration in the striatum; so, in the presence of
cocaine both receptors in the 6;-Dy receptor heteromer could be
activated. Therefore we asked, what happens to ERK 1/2
phosphorylation after co-activation of both receptors? Surprising-
ly, a negative cross-talk was detected. When cells expressing Do
receptors were treated with both 1 uM quinpirole and 30 uM
cocaine there was a decrease in ERK 1/2 phosphorylation
compared to quinpirole alone (Fig. 5c). This difference was not
seen if the cells were depleted of 6, receptors via siRNA (Fig. 5c).
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cDNA (0.4 ng) and increasing amounts of o;-YFP receptor cDNA (0.1 to 1 pug), (b) o;-Rluc cDNA (0.2 pg) and increasing amounts of 5,-YFP receptor
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receptor (see Methods), D,—-Rluc cDNA (0.4 pg) and increasing amounts of D,-YFP receptor cDNA (0.2 to 2 pug), not treated (black), treated for 30 min
with 30 UM cocaine (red), treated for 10 min with 100 nM PRE084 (blue) or 1 UM PD144418 (green) or treated for 30 min with 30 uM cocaine and
1 UM PD144418 (orange). The relative amount of BRET acceptor is given as the ratio between the fluorescence of the acceptor minus the
fluorescence detected in cells only expressing the donor, and the luciferase activity of the donor (YFP/RIuc). BRET data are expressed as means * SD

of four to six different experiments grouped as a function of the amount of BRET acceptor.

doi:10.1371/journal.pone.0061245.g003

c1-D, Receptor Heteromers are Found in the Brain
Striatum

The BRET experiments and the signaling experiments are all
suggestive of functional complexes that can lead to changes in Dy
receptor function. However, all of these experiments were
performed in transfected cells. To establish whether these
complexes and their functional implications can be seen in tissue
we obtained striatum from wild type (WT) and & knockout (KO)
mice. The striatum express Dy receptor containing neurons of the
indirect motor pathway and is one of the key areas of the brain
where cocaine imposes its effects. First we examined whether -
Dy receptor heteromers could be detected in native tissue. We
performed Western blot experiments and found the expression of
both receptors in the striatum of WT mice and the expression of
Dy receptors but not o, receptors in the striatum of KO mice
(Fig. 6a). Next we performed co-immunoprecipitation experiments
and found the antibody against Dy receptor could indeed co-
precipitate Dy receptors and o, receptor (Fig. 6a) in WT' mice
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striatum treated or not with 150 UM cocaine. This co-pre-
cipitation was not observed when tissue from o, receptor KO
animals was used (Fig. 6a). Although supportive of the BRET
experiments above and highly suggestive of heteromers in
striatum, we wanted to ensure that these complexes were not an
artifact of the detergent solubilization. To test this we used the
recently developed proximity ligation assay on slices of striatum
from both WT and o; KO mice [42]. Using immunohistochem-
istry, we first checked the expression of o) receptors in WT
animals but not in KO animals (Fig. S7) and the expression of Dy
receptors in both WT and KO animals (Fig. S8). Next we
performed the proximity ligation assay on striatal slices from WT
animals. The slices were treated or not with 150 UM cocaine and
as shown in Figure 6 (b and d) a red punctate fluorescent staining
was observed, indicating both receptors are indeed in a complex in
mice striatum in the presence or absence of cocaine. As a negative
control we repeated this with only one of the two primary
antibodies, and staining was not seen (Fig. S9). As expected, the
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doi:10.1371/journal.pone.0061245.9004

red punctate fluorescent staining was not observed when the be found in the striatum. Striatum slices from WT and KO mice

experiments were performed with striatal slices from ¢; KO mice
(Fig. 6¢ and e). These data further support the existence of 6;-Dy
receptor heteromers in the striatum.

Cocaine Binding to o, Receptors Modulates the D,
Receptor Signaling in Mouse Brain Striatum

The above data provide strong evidence of &,-Dy receptor
heteromers in vivo but they do not say anything about the
function of these complexes. We decided to test whether the
negative cross-talk seen in signaling in transfected cells could also

PLOS ONE | www.plosone.org

were tested for the effects of cocaine on ERK 1/2 phosphoryla-
tion. In co-transfected cells a strong and significant effect of
cocaine was observed at 15 UM (see Fig. 5), a striatal level of the
drug reached after pharmacologically significant doses of cocaine
[43]. To allow diffusion into the tissue a ten-fold higher cocaine
concentration, 150 UM, was then used to see clear effects in slices
of mouse striatum. Both the Dy receptor agonist quinpirole (1 uM)
and cocaine (150 uM) induced ERK 1/2 phosphorylation in
striatal slices from WT mice after 10 min activation (Fig. S10) or
after 30 min activation (Iig. 7a). More interestingly, in striatal
slices of WT mice, the co-activation with quinpirole and cocaine
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Figure 5. Cocaine binding to ¢, receptor modulates the ERK 1/2
signaling in transfected cells. CHO cells were transfected with D,
receptor cDNA (1 pg, black bars) or cotransfected (white bars) with D,
receptor cDNA and o; receptor siRNA (6.25 ug of oligonucleotides).
Cells were incubated for 30 min (a) or 10 min (b) with medium (basal)
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treated with medium (basal), 30 UM cocaine for 30 min, 1 uM
quinpirole for 10 min or 30 uM cocaine for 30 min and, during the
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last 10 min, with 1 uM quinpirole. In all cases, ERK 1/2 phosphorylation
is represented as percentage over basal levels (100%). Results are mean
+ SEM of six to eight independent experiments performed in duplicate.
Bifactorial ANOVA showed a significant (**p<<0.01 and ***P<0.005)
effect over basal.

doi:10.1371/journal.pone.0061245.g005

blocked ERK 1/2 phosphorylation (Figs. 7a and S10). Thus, the
negative cross-talk between ©; and Dy receptors on MAPK
signaling detected in cotransfected cells was also observed in
striatal samples from WT mice, meaning that the same bio-
chemical fingerprint seen in transfected cells was also found in WT
mice. When similar experiments were performed in striatal slices
from mice lacking the o, receptors, cocaine was unable to induce
ERK 1/2 phosphorylation (Figs. 7a and S10) and quinpirole-
induced ERK 1/2 phosphorylation was not modified by cocaine
(Figs. 7a and S10). These results strongly support the existence of
functional ,-Dy receptor heteromers in the striatum and indicate
that all detected cocaine effects are dependent on G| receptors
expression.

Discussion

The data presented in this paper lead to several major
conclusions on the role o, receptors play in modulating Do
receptor upon cocaine exposure. First, Do receptors can form
heteromers with &, receptors, a result that is specific to Dy
receptors as the other members of the Dy-like family, Ds and D,
receptors, did not form heteromers. Second, these 5,-Dy receptor
heteromers are found in mouse striatum and are functional. Third,
61-Dy receptor heteromers consist of higher order oligomers with
a minimal structure of ©,-6,-Dy-Dy receptor heterotetramers.
Finally, cocaine, by binding to ,-D5 receptor heteromers, inhibits
downstream signaling in both cultured cells and in mouse striatum.

Cocaine intake elevates dopamine levels in the striatum,
particularly in its more ventral part, the nucleus accumbens,
which has been shown to be a preferential anatomical substrate for
reward [44,45]. Cocaine exploits the dopaminergic system to elicit
part of its behavioral and cellular effects [14]. Earlier studies have
suggested that the presynaptic dopamine transporter (DAT) is the
primary target for cocaine effects [46-49]. However, not all
cocaine effects are mediated by a dopamine increase derived by
the cocaine inhibition of DAT. Indeed, cocaine interacts with
many proteins, and it is now well established that cocaine interacts
with &) receptors at physiologically relevant concentrations [50—
55]. In fact, reducing brain &; receptor levels with antisense
oligonucleotides attenuates the convulsive and locomotor stimu-
lant actions of cocaine [56,57] and antagonists for G, receptors
have also been shown to mitigate the actions of cocaine in animal
models [50,58]. o, receptors are highly expressed in the brain
[24,59]. Within the caudate-putamen and nucleus accumbens (the
dorsal and ventral parts of the striatum, respectively), brain regions
that mediate the long-term effects of cocaine, it was demonstrated
that repeated cocaine administration induces up-regulation of o,
receptors, a process mediated by dopamine D, receptors [60].
Indeed, we have demonstrated earlier the importance of the &,
and D, receptor interaction on the initial events upon cocaine
exposure [16]. In addition, others have shown &; can modulate
signaling of a different GPCR family [61]. Through o,-D,
receptor heteromers, cocaine robustly potentiated D; receptor-
mediated adenylyl cyclase activation, providing a mechanism for
D, receptor-mediated effects of cocaine [16]. In addition to DAT
and D, receptors, our work here highlights the importance of &,
receptors. Our data suggest that it is 6 receptors that are able to

April 2013 | Volume 8 | Issue 4 | e61245



Sigma-1 and Dopamine D, Receptor Heteromers

a Load
MW MwW WT+ o,KO +
WT+ KO + 1
(KDa) cocaine g;caine WT o,KO (KDa) WT_ cocaine 01KO cocaine
50 30-
— —
40 20-
WB: Anti-D,R WB: Anti-o,R
IP Anti-D,R N.C
MW wr+ o,k0+ WT+ o,KO+
(KDa)cocainecocaine WT 91KO  cocaine cocaine WT 01 KO
50-
40-
WB: Anti-D,R
IP Anti-D,R N.C
Mw WT+ 0,KO + WT+ a,KO +
(KDa) WTcocaine 01KO cocaine WT cocaine 01 KO cocaine
30-
20-
WB: Anti-o R

Figure 6. Expression of ¢,-D, receptor heteromers in the striatum. In (a) co-immunoprecipitation experiments are shown. Striatal slices from
WT and KO mice were untreated or treated with 150 UM cocaine for 30 min. From slices solubilized striatal membranes (top panel) and
immunoprecipitates with anti-D, receptor antibody or anti-FLAG antibody as negative control (NC) (middle and bottom panels) were analyzed by
SDS-PAGE and immunoblotted using mouse anti-D, receptor antibody or mouse anti-c; receptor antibody. IP: immunoprecipitation; WB: western
blotting; MW, molecular mass. In (b to e) Proximity Ligation Assay (PLA) was performed as indicated in Materials and Methods, using WT (b and d) or
KO (c and e) mouse striatal slices not treated (b and c) or treated (d and e) with 150 uM cocaine for 30 min. o,-D, receptor heteromers were
visualized as red spots around blue colored DAPI stained nucleus. Scale bar: 20 um.

doi:10.1371/journal.pone.0061245.9006
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Figure 7. Negative cross-talk between cocaine and the D, receptor agonist quinpirole on ERK 1/2 phosphorylation in mice striatum.
In (@) WT (black bars) and &, receptor KO (white bars) mouse striatal slices were treated with 1 uM quinpirole for 10 min, with 150 UM cocaine for
30 min or with cocaine for 30 min and, during the last 10 min, with quinpirole. Inmunoreactive bands from six slices obtained from five WT or five
KO animals were quantified for each condition. Values represent mean = SEM of percentage of phosphorylation relative to basal levels found in
untreated slices. No significant differences were obtained between the basal levels of the WT and the o, receptor KO mice. Bifactorial ANOVA showed
a significant (*p<<0.05, **p<<0.01, ***p<<0.005) effect over basal. One-way ANOVA followed by Bonferroni post hoc tests showed a significant cocaine-
mediated counteraction of quinpirole (%p<0.05, ¥p<0.01). In (b) a representative scheme summarizing the overall results is shown. Top images
represent D, and D, receptors signaling in the indirect and direct striatal pathway neurons after dopamine binding. Bottom images represent the
effect of cocaine increasing the dopamine by inhibiting dopamine transporters (DAT) and interacting with &, receptors within ,-D, and ;-D,

receptor heteromers, changing the dopamine receptor signaling.
doi:10.1371/journal.pone.0061245.g007

directly modulate the normally balanced D, and Dy pathways via
receptor-receptor interactions.

The cocaine effect on 6;-Dy receptor heteromer signaling is in
contrast with the cocaine effect on &,-D; receptor heteromer
signaling described by Navarro et al [16]. In the last case, the D,
receptor-mediated activation of cAMP production was significant-
ly increased by cocaine binding to a &, protomer in the &,-D,
receptor heteromers, resulting in a cocaine-induced increase in
cAMP production. The results here described and those described
by Navarro et al [16], point to the scenario that is shown in
Figure 7b, where cocaine selectively leads to increased dopamine-
induced signaling through the cAMP pathway in D, receptor-
containing neurons and to depressed dopamine-induced inhibition
of cAMP formation in Dy receptor-containing neurons. Simulta-
neously, cocaine alters the levels of the initial ERK 1/2
phosphorylation signaling induced by dopamine in both D,
receptor and Dy receptor-containing neurons. These findings
suggest that cocaine exposure leads to a deregulation of a normally
balanced D;/Dy dopamine receptor signaling (Fig. 7b). The
balance of D; and Dy inputs is designed to avoid addictive
behavior, thus its disruption would have long term consequences.
The data presented here support a key role of o) receptors in
destabilizing this balance by increasing the D, receptor-mediated
cAMP production and dampening the D5 receptor signaling in ;-
D, receptor heteromers, pushing the balance of inputs towards the
D, containing, pro-reward and motivating pathway. Our data is
supported by the results described by Durieux and colleagues
where they found that striatal DyR neurons can limit both
locomotion and drug reinforcement and are organized in specific
cell types [6,8]. Luo et al [9], have found in vivo evidence for the
existence of D, and Dy receptor-mediated cellular effects of
cocaine (D, receptor-mediated increase in Ca®" influx and D,
receptor-mediated decrease in Ca”" influx, using in vivo optical
microprobe Ca”?" influx imaging), with significantly slower
dynamics of the effect mediated by Dy receptors. Taking into
account our findings, the observations of Luo et al could in fact be
linked with the signaling brake imposed by cocaine on the ,-Dy
receptor heteromer. Further, Ferraro et al. have found cocaine
alone had no effect on striatal glutamate levels but when injected
with a Dy ligand there were significant changes [62]. Xu et al have
shown that a &, receptor ligand can reverse the effects of cocaine
in rats strongly suggesting that blocking cocaine’s actions via G,
receptor in 6;-Dy complexes could serve as an effective strategy to
blunt the cellular signaling effects of cocaine [63]. Finally, Hiranita
et al have shown that a combined strategy of blocking DAT and
o, is effective at reducing cocaine self-administration. However, in
a follow up study this same group shows that after cocaine self-
administration & receptor effects seem to be independent of
dopamine pathways [54]. These are in line with our observations
that the initial effects of cocaine disrupt the D;/Dy pathways. In
summary, the results described here along with the highlighted
previous studies support a model where the initial exposure to
cocaine affects differently the direct (D; containing) and indirect
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(Dy containing) pathways via & receptor heteromers which may
significantly influence dopaminergic neurotransmission.

Supporting Information

Figure S1 Chemical structure of compounds used. a)
cocaine, b) & receptor agonist PRE084, ¢) 6, receptor antagonist
PD144418, d) D2 receptor agonist quinpirole, ¢) D2 receptor
antagonist raclopride.

(TTF)

Figure S2 Effect of 6; receptor siRNA transfection on ¢,
receptor expression. Membranes from non-transfected HEK-
293T cells (wt) or cells transfected with o, receptor siRNA
(6.25 ug of oligonucleotides) or irrelevant oligonucleotides (oligo,
6.25 pg of oligonucleotides) were analyzed by SDS/PAGE and
immunoblotted with the anti-G; receptor antibody. Values are
mean = SEM of three experiments. ¥**P<0.001 compared with
non-transfected cells (one-way ANOVA followed by Bonferroni
post hoc tests).

(TIF)

Figure 83 Control CellKey label-free assays. HEK-293T
cells were stably transfected with the Gy protein-coupled adenosine
Agn receptor (a), the G; protein-coupled adenosine A; receptor (b)
or untransfected (c) in 96 well Cell-Key plates. Impedance changes
were measured upon addition of 10 nM CGS 21680 (Aga receptor
agonist) in (a), 10 nM CPA (A receptor agonist) in (b) or 50 nM
thrombin (the agonist for the endogenous G, protein-couples
thrombin receptors) in (c). Plot shapes are consistent with the
expected results for the respective G-proteins.

(TIF)

Figure S4 o©; receptor agonist modulates the D, re-
ceptor-mediated cAMP decreases. cAMP production was
determined in CHO cells stable expressing Dy receptors not
transfected (black columns) or transfected (white columns) with
siRNA corresponding to G receptor (6.25 Ug of oligonucleotides).
Cells were stimulated with 5 UM forskolin in absence (100%) or
presence of 1 UM quinpirole, 100 nM PRE084 alone or in
combination. Percent of cAMP produced respect to forskolin
treatment was represented. Results are as mean * S.E.M from five
independent experiments. Statistical significance was calculated by
one way ANOVA followed by Bonferroni multiple comparison
test; ***p<<0.005 compared with forskolin-treated cells (100%) and
&& 1h<0.01 compared with the corresponding only quinpirole-
treated cells.

(TIF)

Figure 85 Cocaine effect on ERK 1/2 phosphorylation
in cells not expressing D, receptors. CHO cells were
incubated with increasing cocaine concentrations for 30 min (a) or
with 30 UM cocaine for increasing time periods (b). ERK1/2
phosphorylation is represented as percentage over basal levels
(100%, non-treated cells). Results are mean = SEM of three to
four independent experiments performed in duplicate.

April 2013 | Volume 8 | Issue 4 | e61245



(TIF)

Figure S6 Cocaine-induced 6,-D; receptor heteromer-
mediated ERK 1/2 phosphorylation in transfected cells.
CHO cells transfected with Dy receptor cDNA (1 pg, black bars)
or cotransfected (white bars) with Dy receptor cDNA and o,
receptor siRNA (6.25 g of oligonucleotides) were incubated with
increasing cocaine concentrations for 30 min (a), with 30 uM
cocaine for increasing time periods (b), with increasing quinpirole
concentrations for 10 min (c) or with 1 uM quinpirole for
increasing time periods (d). ERK1/2 phosphorylation is repre-
sented as percentage over basal levels (100%). Results are mean *
SEM of four to six independent experiments performed in
duplicate. In all samples in (c) and (d) and samples without siRNA
transfection in (a) and (b), Bifactorial ANOVA showed a significant
(p<<0.01) effect of cocaine or quinpirole over basal, and Bonferroni
post hoc tests showed a significant counteraction of cocaine effect
by siRNA (*p<<0.05, **p<<0.01 and ***p<<0.005 compared with
sample with the same treatment and with siRNA transfection).

(TIF)

Figure S7 Expression of ¢ receptor in the striatum. WT
(a) or o, receptor KO (b) mouse striatal slices were processed for
immunohistochemistry as indicated in Materials and Methods
using an anti-o; antibody. Cell nuclei were stained with DAPI
(blue). Scale bar: 20 pm.

(TTF)

Figure S8 Expression of D, receptor in the striatum.
WT (a) or o; receptor KO (b) mouse striatal slices were
processed for immunohistochemistry as indicated in Materials and
Methods using an anti-Dy antibody (green). Scale bar: 20 pm.
(TIF)

Figure S9 Negative controls for in situ proximity
ligation assays. Negative controls for in situ proximity ligation
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3. Resultados

3.3 El tratamiento de L-DOPA en primates afecta a la expresion de los
heteromeros de receptores de adenosina A;, — cannabinoide CB; — dopamina D, en

el nicleo caudado.
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Las bases moleculares del detonante, en la enfermedad de Parkinson, de las discinesias
inducidas por L-DOPA, las cuales dependen del control motor de la via indirecta, no
son aun conocidas. En roedores, la via indirecta contiene neuronas GABAérgicas
estriatopalidales que expresan heterotrimeros compuestos por receptores Ajs de
adenosina, CB; de cannabinoide y D, de dopamina, que regulan la neurotransmision
dopaminérgica. Este trabajo fue diseflado para investigar la expresion de estos
heterémeros en el estriado del modelo de primate de la enfermedad de Parkinson y
determinar si su expresion y propiedades farmacologicas estan alteradas tras el
tratamiento de L-DOPA. Usando la recientemente desarrollada técnica de la in situ
Proximity Ligation Assay (PLA) y la identificacion de la huella heteromérica
bioquimica, hemos descubierto una distribucion regional de los heterémeros de
receptores Aza-CBj-D, que predice la neurotransmision diferencial dependiente del
receptor D, en el caudado-putamen de Macaca fascicularis. Mientras los heteromeros

son abundantes en el nicleo caudado de monos tanto naive (controles) como tratados
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3. Resultados

con MPTP, el tratamiento con L-DOPA enmascaré la huella bioquimica del heteromero
y condujo a una débil expresion del heterémero. Estos resultados constituyen la primera
evidencia de expresion heteromérica alterada bajo condiciones patoldgicas, y sugieren
que los farmacos contra el heteromero de receptores A;x-CBj-D,  podrian ser
beneficiosos para normalizar tanto el output de los ganglios basales como prevenir los

efectos secundarios inducidos por L-DOPA.
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The molecular basis of priming for .-DOPA-induced dyskinesias in Parkinson’s disease (PD), which de-
pends on the indirect pathway of motor control, is not known. In rodents, the indirect pathway contains
striatopallidal GABAergic neurons that express heterotrimers composed of Aa adenosine, CB; canna-
binoid and D, dopamine receptors that regulate dopaminergic neurotransmission. The present study was
designed to investigate the expression of these heteromers in the striatum of a primate model of Par-
kinson’s disease and to determine whether their expression and pharmacological properties are altered

g{l v(;/:trgs: upon L-DOPA treatment. By using the recently developed in situ proximity ligation assay and by iden-
Putamen tification of a biochemical fingerprint, we discovered a regional distribution of A;4/CB1/D receptor
1-Dopa heteromers that predicts differential D,-mediated neurotransmission in the caudate—putamen of Macaca
Dopamine fascicularis. Whereas heteromers were abundant in the caudate nucleus of both naive and MPTP-treated

monkeys, L-DOPA treatment blunted the biochemical fingerprint and led to weak heteromer expression.
These findings constitute the first evidence of altered receptor heteromer expression in pathological
conditions and suggest that drugs targeting A;p—CB1—D, receptor heteromers may be successful to
either normalize basal ganglia output or prevent L-DOPA-induced side effects.

© 2013 Elsevier Ltd. All rights reserved.

Parkinson’s disease
Receptor heteromer
Striatum

1. Introduction motor inhibition, respectively, and that smooth motor performance

is the result of the balanced influence of these pathways on the

The current model of basal ganglia function (Albin et al., 1989;
DeLong, 1990) postulates that stimulation of the direct and indi-
rect striatal efferent pathways provokes motor activation and
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neural activity of the basal ganglia output structures (Kravitz et al.,
2010). In Parkinson’s disease (PD), the equilibrium of the basal
ganglia circuits is lost due to the depletion in striatal dopamine
caused by degeneration of nigrostriatal dopaminergic neurons
(Lewis et al., 2003; Obeso et al., 2008). As the degenerative process
progresses, dopamine replacement therapy becomes necessary to
alleviate motor dysfunction. The L-3,4-dihydroxyphenylalanine (L-
DOPA) treatment is the most effective means of improving PD
motor symptoms as this compound is converted to dopamine
leading to activation of D1-like and D,-like dopamine receptors (see
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Koller, 2000; Hornykiewicz, 2010; Rascol et al., 2011 for review).
However, its chronic use is associated with the development of
motor complications, including on-off fluctuations and dyskinesias
(Bezard et al.,, 2001). Although the mechanisms underlying these
motor complications are not completely understood, L-DOPA-
induced dyskinesias (LIDs) are thought to result from the combined
effects of nigrostriatal dopaminergic damage and pulsatile L-DOPA
treatment (Obeso et al., 2000; Cenci, 2007). Accordingly, much
research has focused on identifying compounds that alleviate these
abnormal involuntary movements, and the development of non-
dopaminergic compounds to be used as adjuvants to -DOPA
therapy in PD has attracted much interest in recent years
(Schwarzschild et al., 2006; Fox et al., 2006; Armentero et al., 2011;
Gottwald and Aminoff, 2011).

Among several new classes of drugs, A;a adenosine receptor an-
tagonists have emerged as the most promising candidates. We, and
others, have described antagonistic interactions between A, and D;
or D3 receptors within heteromers (Hillion et al., 2002; Canals et al.,
2003; Ferré et al., 2004; Torvinen et al., 2005; Fuxe et al., 2007;
Schiffmann et al., 2007). On the one hand, Aza receptor antagonists
may prevent the endogenous adenosine-mediated decrease in D,
receptor agonist affinity (Ferré et al., 1991; Ferré and Fuxe, 1992;
Ferré et al., 2004; Muller and Ferré, 2007; Pinna, 2009). Thus, Axa
receptor antagonists may enhance the D, receptor-mediated effects
by attenuating the tonic adenosine-mediated inhibition of D, re-
ceptors in Apa—D- receptor heteromers (Schwarzschild et al., 2006).
On the other hand, blockade of A4 receptors also indirectly enhances
the effects of D; receptor activation in striatonigral-projecting neu-
rons (Pinna et al., 1996; Pollack and Fink, 1996), suggesting that Axa
receptor antagonists exert a facilitatory effect on dopamine trans-
mission that promotes motor activation, and pointing to a potential
beneficial effect of these compounds on parkinsonian motor deficits.

Cannabinoid receptors also play a key role in the motor alter-
ations associated with PD. CB; receptors are downregulated in the
early stages of PD (Sagredo et al., 2007), which may render stria-
tonigral neurons more vulnerable to the cytotoxic stimuli associ-
ated with this disease (Sagredo et al., 2007). By contrast, the
cannabinoid system becomes overactive in the advanced stages of
the disease, when the major PD symptoms appear. This has been
demonstrated in humans by analyzing the number and function of
CB; receptors in post-mortem basal ganglia tissue (Lastres-Becker
et al., 2001) and by measuring endocannabinoid levels in the ce-
rebrospinal fluid of PD patients (Pisani et al., 2005). Similar varia-
tions in CBy receptor levels accompanying the progression of PD
have been described in animal models (Garcia-Arencibia et al.,
2009). The reversal of these responses with .-DOPA treatment
supports the view that overactivation of cannabinoid signaling is
inversely correlated with striatal dopaminergic denervation
(Romero et al., 2000; Lastres-Becker et al., 2001), strongly sug-
gesting that blocking CB; receptors could protect against parkin-
sonian bradykinesia (Garcia-Arencibia et al., 2009; Orgado et al.,
2009). Using a resonance energy transfer based technique
(Carriba et al., 2008), we demonstrated previously that CB; re-
ceptors can form heteromers with A4 adenosine and D, dopamine
receptors. We described the expression of A;p—CB{—D, receptor
heterotrimers in transfected cells and in the mouse striatum
(Navarro et al., 2010). Moreover, we defined the negative modula-
tion of Aya and CBq receptor agonists upon dopamine binding to D,
receptors as a biochemical fingerprint of this heteromer. Another
characteristic of this complex is its selective coupling to the
mitogen-activated protein kinase pathway (Navarro et al., 2010;
Higley and Sabatini, 2010; Marcellino et al., 2008). In the present
study, we have analyzed the expression and function of Apa—CB1—
D, receptor heteromers in the striatum of a monkey model of PD
and used in situ proximity ligation assay (PLA) to directly detect

molecular protein—protein interactions. Accordingly, we demon-
strate that Ay p—CB1, A,a—D> and CB1—D>, receptor heteromerization
occurs in the caudate nucleus (CN), and to a lesser extent in the
putamen (Put). These results were confirmed by analyzing the
biochemical fingerprint of the Aya—CB1—D, receptor heteromers at
the ligand binding level. The same techniques were used to
demonstrate the absence of heteromers in L-DOPA-treated
parkinsonian monkeys exhibiting involuntary movements. Taken
together, our results demonstrate that such heteromultimers are
associated with PD and constitute the first evidence of changes in
G-protein-coupled receptor heteromerization during the course of
a neurological disease.

2. Materials and methods
2.1. Generation of parkinsonian monkeys and .-DOPA treatment

Animals were supplied by Harlan Laboratories. All animals were naive before
any treatment. For radioligand binding experiments, fresh tissue from a total of 21
young adult male Macaca fascicularis primates (between 4 and 5.5 years old) were
used. Proximity ligation assays were performed in samples from 6 additional
monkeys (see details in 2.2). Animal handling was conducted in accordance with the
European Council Directive 86/609/EEC as well as in agreement with the Society for
Neuroscience Policy on the Use of Animals in Neuroscience Research. The experi-
mental design was approved by the Ethical Committee for Animal Testing of the
University of Navarra (ref: 018/2008) as well as by the Department of Health from
the Government of Navarra (ref: NA-UNAV-04-08). Of the 21 animals devoted to
perform binding assays in freshly isolated tissue, 11 were naive and 10 monkeys
were treated with systemic delivery of the dopaminergic neurotoxin MPTP (1-
Methyl-4-phenyl-1,2,3,6-tetrahydropyridine from Sigma, Madrid, Spain) to induce
a bilateral parkinsonian syndrome (Rico et al., 2010). Animals received a weekly
injection of MPTP (0.2 mg/kg i/v; accumulated doses ranging from 5 to 7 mg/kg)
until reaching a non-reversible parkinsonian syndrome. The severity of the MPTP-
induced parkinsonism was evaluated using a clinical rating scale (Kurlan et al.,
1991). This scale rates parkinsonian motor symptoms such as facial expression
(0—3), resting tremor (0—3), action or intention tremor (0—3), posture (0—2), bra-
dykinesia (0—4), balance coordination (0—3), gait (0—3), gross motor skills of the
upper limb (0—3) and lower limb (0—3), and defense reaction (0—2) in an accu-
mulating scale where the maximum score (i.e., highest severity) is 29. Once primates
reached minimum score of 21 points and above, the MPTP treatment was dis-
continued for a wash-out period of 2 months to ensure that the parkinsonian syn-
drome was fully stabilized. At the end of the stabilization period, the PD scores were
between 21 and 24 for all primates treated with MPTP. To 3 monkeys with stabilized
parkinsonian syndrome (scoring 21, 22 and 24 points in the Kurlan scale), .-DOPA
was orally administered (in orange juice) at a dose of 25 mg/kg daily (Madopar® i-
DOPA/benserazide, 200:50, Roche). Untreated animals were also administered or-
ange juice. The changes in the score of Kurlan et al. (1991) from the “off” to the “on”
state were monitored and the duration of the “on” response recorded (Lanciego
et al.,, 2008). LIDs were rated as 1 (mild), when presented only occasionally under
stress; 2 (moderate) for LIDs present during most of the ‘on’ period without inter-
fering with voluntary movements; and 3 (severe) when LIDs were continuous,
generalized and they perturbed motor behavior. This scoring system is in keeping
with the scale included in the Core Assessment Program for Intracerebral Trans-
plantation for Parkinson’s disease (Langston et al., 1992), subsequently modified and
validated for the assessment of dyskinesias in patients (Goetz et al., 1994). By the
time of sacrifice, all 3 monkeys treated with .-DOPA showed severe dyskinesia.
These primates entered in the “on” state 30 min post-.-DOPA oral delivery and the
duration of the “on” period was maintained for 2.5—3 h. Animals were treated daily
with 1-DOPA until they showed an overt dyskinetic syndrome; a mild dyskinetic
syndrome was displayed by the end of the first month of treatment and the overt
dyskinetic symptoms appeared one month later and remained stable until sacrifice.
In all cases, primates were sacrificed by decapitation after an intravenous overdose
of T61 (terminal anesthesia, 0.3 mg/kg). L-DOPA-treated animals were killed in the
on state, when they showed peak-of-dose dyskinesia. The skull was opened, and the
brain extracted, blocked on ice, and the areas of interest (CN and the pre- and post-
commissural Put) were removed from the brain under a dissection microscope,
stored in Eppendorf vials, quickly frozen on dry ice and preserved at —80° C until
use. Basal ganglia-related structures were selected according to the atlas of Lanciego
and Vazquez (2012). Blocks containing the substantia nigra pars compacta (SNc) were
fixed by immersion and finally stained using antibodies against tyrosine hydroxylase
to assess the degree of dopaminergic neuronal death induced by the MPTP treat-
ment. The extent of the induced nigrostriatal lesion was very similar for all MPTP-
treated monkeys and a representative image is shown in Supplementary Fig. 1.

2.2. In situ proximity ligation assays (PLA)

PLA experiments were carried out by using paraformaldehyde-fixed, sagittal
sections (40 um-thick) available in our monkey brain bank. Briefly, sagittal sections
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through the caudate nucleus and putamen from 6 additional monkeys (2 control, 2
parkinsonian and 2 dyskinetic), with similar features as those displayed by the
animals used in binding experiments, were used. Samples were mounted on gelatin-
coated slides and further processed for the PLA technique. Briefly, Aya—D>, CB1—D»,
and Azp—CB1 heteromers were detected using the Duolink Il in situ PLA detection Kit
(OLink; Bioscience, Uppsala, Sweden). Slices were thawed at 4 °C, washed in 50 mM
Tris—HCl, 0.9% NaCl pH 7.8 buffer (TBS), permeabilized with TBS containing 0.1%
Triton X-100 for 10 min and successively washed with TBS. After 1 h incubation at
37 °C with the blocking solution in a pre-heated humidity chamber (37 °C), slices
were incubated overnight in the antibody diluent medium with a mixture of equal
amounts of mouse monoclonal anti-A;a receptor antibody (1:200, ref. 05-717;
Millipore, Billerica, MA, USA; Rosin et al., 1998) and rabbit polyclonal anti-CB; re-
ceptor antibody (1:200, ref. PA 1-745, Thermo Scientific, Rockford, USA) to detect
A;a—CBq receptor heteromers or the rabbit polyclonal anti-D, receptor antibody
(1:200, ref. AB5084P; Millipore) and monoclonal mouse anti-Aa receptor antibody
to detect Aa—D- receptor heteromers. Slices were washed as indicated by the
supplier and incubated for 2 h in a pre-heated humidity chamber at 37 °C with PLA
probes detecting mouse or rabbit antibodies, Duolink II PLA probe anti-mouse plus
and Duolink II PLA probe rabbit minus (prepared following the instructions of the
supplier) diluted in the antibody diluent to a concentration of 1:5. To detect CB;—D;
receptor heteromers, slices were incubated with a mixture of equal amounts of the
polyclonal rabbit anti-CB; receptor antibody (1:100) and the polyclonal rabbit anti-
D, receptor antibody (1:100) directly coupled to DNA chain plus or DNA chain
minus, respectively, following the instructions of the supplier. After washing at room
temperature, slices were incubated in a pre-heated humidity chamber for 30 min at
37 °C, with the ligation solution (Duolink II Ligation stock 1:5 and Duolink II Ligase
1:40). Detection of the amplified probe was done with the Duolink II Detection
Reagents Red Kit. After exhaustively washing at room temperature as indicated in
the kit, slices were mounted using a DAPI-containing mounting medium. The
samples were observed in a Leica SP2 confocal microscope (Leica Microsystems,
Mannheim, Germany) equipped with an apochromatic 63X oil-immersion objective
(N.A.1.4), and a 405 nm and a 561 nm laser lines. For each field of view a stack of two
channels (one per staining) and 9 to 15 Z stacks with a step size of 1 um were ac-
quired. A quantification of cells containing one or more red spots versus total cells
(blue nucleus) and, in cells containing spots, the ratio r (number of red spots/cell),
were determined considering a total 300—400 cells from six different fields within
striatum from two different animals per group using the Fiji package (http://pacific.
mpi-cbg.de/). Nuclei and red spots were counted on the maximum projections of
each image stack. After getting the projection each channel was processed indi-
vidually. The nuclei were segmented by filtering with a median filter, subtracting the
background, enhancing the contrast with the Contrast Limited Adaptive Histogram
Equalization (CLAHE) plug-in and finally applying a threshold to obtain the binary
image and the regions of interest (ROI) around each nucleus. Red spots images were
also filtered and thresholded to obtain the binary images. Red spots were counted in

(Pierce Chemical Co., Rockford, IL, USA) using bovine serum albumin dilutions to
build up the standard curve.

2.4. Radioligand binding assays

Binding experiments were performed incubating monkey cerebral membrane
suspensions (0.2 mg of protein/ml) for 2 h at 25 °C in 50 mM Tris—HCl buffer, pH 7.4,
containing 10 mM MgCl, and 0.2 L.U./ml (1 pug/ml) of ADA (EC 3.5.4.4; Roche, Basel,
Switzerland). For competition experiments, this membrane suspensions were
incubated with a constant free concentration of [*H]ZM 241385 (4 nM; 50.0 Ci/
mmol, American Radiolabeled Chemicals Inc., St. Louis, MO, USA), [°H]YM-09151-2
(0.5 nM; 84.4 Ci/mmol, PerkinElmer, Boston, MA, USA) or [3H]CP 55940 (6 nM;
144 Ci/mmol, PerkinElmer) and increasing concentrations of the competitors ZM
241385 (Tocris, Bristol, UK), dopamine (Sigma) or CP 55940 (Tocris), for the deter-
mination of Aya, D, or CBy receptors, respectively. All incubates with [*H]CP 55940
were performed in low binding tubes (Eppendorf, Hamburg, Germany) containing
1 mg/ml fatty-acid-free BSA (Sigma). When indicated, competition experiments
were developed in the presence of a constant concentration of a ligand acting as
modulator, 250 nM CGS 21680 (Sigma) or 100 nM CP 55940. Nonspecific binding
was determined in the presence of 50 uM ZM 241385, YM-09151-2 (Tocris) or CP
55940 added prior to the radioligand. Free and membrane-bound ligand were
separated by rapid filtration of 500 pl aliquots in a cell harvester (Brandel, Gai-
thersburg, MD, USA) through Whatman GF/C filters embedded in 0.3% poly-
ethylenimine (Sigma) that were subsequently washed for 5 s with 5 ml of ice-cold
Tris—HCl buffer. All incubates with [*H]CP 55940 were filtered through filters
embedded in 50 mM Tris—HCl buffer containing 1 mg/ml fatty-acid-free BSA,
without polyethylenimine, and washed twice with 4 ml of this same buffer. In all
cases, the filters were incubated with 10 ml of Ecoscint H scintillation cocktail
(National Diagnostics, Atlanta, GA, USA) overnight at room temperature and
radioactivity counts were determined using a Tri-Carb 1600 scintillation counter
(PerkinElmer) with an efficiency of 62%.

2.5. Binding data analysis

Radioligand competition curves were analyzed by nonlinear regression using
the commercial Grafit curve-fitting software (Erithacus Software, Surrey, UK), by
fitting the binding data to the mechanistic two-state dimer receptor model (Casado
et al., 2007, 2009). Since there is now abundant evidence for GPCR homomerization
at the membrane level, including Aza, D> and CB; receptors (Ferré et al., 2009b), this
model considers a homodimer as the minimal structural unit of the receptor. Here,
we consider the possibility of a homodimer as the minimal structural unit of a re-
ceptor forming homomers or forming heteromers with another receptor. To calcu-
late the macroscopic equilibrium dissociation constants the following equation for a
competition binding experiment deduced previously (Franco et al, 2006) was
considered:

Avotal bound = (Kpa2A + 2A% + KpaoAB/ Koas ) R/ (Koa1Kpaz + KpasA + A + KpasAB/Kpas + Ko Kpa2B/Kost + Kpa1KpaoB?/

(KDBI KDBZ)) + Anonfspeciﬁc bound (l )

each of the ROIs obtained in the nuclei images. Two-way ANOVA followed by
Bonferroni’s post hoc multiple comparison test was used to compare the values (% of
positive cells or r — spots/cell) obtained for each pair of receptors in different disease
states or in different striatal regions.

2.3. Brain striatal membranes preparation and protein determination

Monkey cerebral tissue was disrupted with a Polytron homogenizer (PTA 7 rotor,
setting 5; Kinematica, Basel, Switzerland) for three 5 s-periods in 10 volumes of
50 mM Tris—HCl buffer, pH 7.4, containing a protease inhibitor cocktail (Sigma, 1/
1000). After eliminating cell debris by centrifugation at 1000 g for 10 min, mem-
branes were obtained by centrifugation at 105,000 g (40 min, 4 °C). Membranes
were washed in the same medium and the pellet was obtained by centrifugation
under the same conditions and stored at —80 °C until use (Casad6 et al., 1990).
Membranes were thawed, washed once more and resuspended in 50 mM Tris—HCl
buffer for immediate use. Protein was quantified by the bicinchoninic acid method

where A represents free radioligand (As, Dy or CBy receptor ligands: [PH]zM
241385, [H]YM-09151-2 or [2H]CP 55940, respectively) concentration, Ry is the total
amount of receptor dimers and Kpa; and Kpaz are the macroscopic equilibrium
dissociation constants describing the binding of the first and the second radioligand
molecule (A) to the dimeric receptor; B represents the assayed competing com-
pound concentration, and Kpp; and Kpg, are, respectively, the macroscopic equi-
librium dissociation constants for the binding of the first competitor molecule (B) to
a dimer and for the binding of the second competitor molecule (B) to the semi-
occupied dimer; Kpag is the hybrid equilibrium radioligand/competitor dissocia-
tion constant, which is the dissociation constant of B binding to a receptor dimer
semi-occupied by A.

Since the radioligand A ([>H]ZM 241385, [*H]YM-09151-2 or [H]CP 55940)
shows non-cooperative behavior, eq. (1) can be simplified to eq. (2) due to the fact
that Kpaz = 4Kpa; (Casadoé et al,, 2007, 2009); and, therefore, Kpap is enough to
characterize the binding of the radioligand A:

Atotalbound = (4Kpa1A-+2A° +4Kpa1 AB/Kpag )Rr/ (4Kp a1 -+ 4Kpar A+ A +4Kpa1 AB/Kpag + 4KB 1 B/Ko: +4Kp1 B/ (Kos1 Kpg2) )

+ Anonfspeciﬁc bound

(2)
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2.6. Binding data — statistical analysis

Goodness of fit was tested according to reduced chi-squared value given by the
Grafit program. The test of significance for two different model population variances
was based upon the F-distribution. Using this F-test, a probability greater than 95%
(p < 0.05) was considered the criterion to select a more complex model (coopera-
tivity) over the simplest one (non-cooperativity). Competition curves for each ani-
mal were performed in triplicates to obtain accurate parameter values. Data in tables
are the mean + SEM of parameters obtained using samples from 11 control animals,
7 MPTP-treated animals or 3 dyskinetic animals. Differences were analyzed for
significance by two-way ANOVA followed by Bonferroni's post hoc multiple com-
parison test considering preincubation with vehicle or different ligands as one factor
and different disease states or different striatal regions as another factor. For one-
factor comparisons, one-way ANOVA followed by a Dunnett’s post hoc multiple
comparison test was applied.

3. Results

3.1. Expression of A;a—CB;—D, receptor heteromers in the monkey
striatum

Having previously demonstrated the presence of Aya—CB1—D>
receptor heteromers in transfected cells and in the mouse brain
(Navarro et al., 2010), in the present study, we explored the
expression of this heteromer in the striatum of M. fascicularis,
taking advantage of the fact that the regions of interest within the
striatum are more clearly delineated in the brains of primates than
in mice. To identify the precise locations of these heteromer

A D

CB,-D, CB,-D,

complexes, the CN was separated from the Put and the interactions
between A,a, CBy and D, receptors were analyzed by in situ PLA.
This technique permits the direct detection of molecular in-
teractions between two proteins. Labeling heterodimers by PLA
requires both receptors to be sufficiently close to allow the two
antibody-DNA probes to form double stranded segments (<17 nm),
a signal that is further amplified in the presence of fluorescent
nucleotides (Soderberg et al., 2008; Trifilieff et al., 2011). Thus, the
detection of a punctate fluorescent signal by confocal microscopy is
dependent on the close proximity of the receptors. In these ex-
periments, specific primary antibodies directed against each of the
three receptors were used: a rabbit anti-CB; receptor antibody
whose specificity has been described previously (Callen et al.,
2012), as well as a mouse anti-A,a antibody and a rabbit anti-D,
receptor antibody that have been characterized previously for PLA
(Trifilieff et al., 2011). By incubating monkey CN slices with these
antibodies we observed the formation of A;p—CB1 (Fig. 1A), Aop—D»
(Fig. 1B) and CB;—D; (Fig. 1C) heteromers, visible as red spots in
neurons with DAPI-stained nuclei. In all cases, staining was
observed in a relatively high percentage of cells (approximately
60%), each having 2.3—2.7 red spots/cell (Fig. 1G). Although PLA can
only assess interaction of two proteins and cannot directly
demonstrate the presence of heterotrimers, the fact that the per-
centage of positive cells and the number of red spots/cell were
similar (p > 0.05) for the three pairs of receptors (A2a—CB1, A2a—D2

G

100

80 qr=2.7%0.1 r=2.6%£0.3
r=2.3%£0.3

60 4

40 1

Positive cells (%)

20 -

©r O D2
Mp:(' P (022"

100 -

80 -

r=1.4%0.1
40 qr=15%0.2 r=13%0.1

Positive cells (%)

20 4

28 O O
Np:(’ P or

Fig. 1. A,a—CB;—D, receptor heteromer expression in the monkey striatum. In situ proximity ligation assays (PLA) were performed as described in the Materials and Methods using
slices of monkey CN (A to C) or Put (D to F), and primary antibodies for A;4 and CB; (A and D), A, and D, (B and E), or CB; and D, (C and F) receptors. Confocal microscopy images
are shown (superimposed sections) in which heteromers appear as red clusters in A, B and C only. Scale bars = 20 pm. In all cases, cell nuclei were stained with DAPI (blue). The
number of cells containing one or more red spots is expressed as the percentage of the total number of cells (blue nucleus) in the CN (G) and Put (H). r (number of red spots/cell)
were counted only in cells that contained red spots and are shown above each bar. Data (% of positive cells or r) are the mean + SEM of counts in 12 different fields (see Methods).
From data taken from 12 fields, two-way ANOVA analysis showed significant between-region differences on positive cell or spots/cell values (p < 0.0001). Bonferroni’s post hoc test
showed a statistically significant decrease of cells expressing the three pairs of heteromers in Put versus CN (p < 0.001 in all cases).
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and CB1—D-) in the CN and in the Put, suggests that Ay)p—CB1—D>
receptor heterotrimers are expressed in the striatum. Very impor-
tantly, the number of positive cells or r (red spots/cell) values cor-
responding to Ayp—CB; (Fig. 1D), Apa—D> (Fig. 1E) and CB{—D»
(Fig. 1F) heteromers was significantly reduced (p < 0.001 in all
cases) in Put slices compared with the CN (Fig. 1H), indicating a
lower expression of the heteromer in the Put. No red spots were
observed in slices treated with only one primary antibody and the
secondary antibody-DNA probes (Supplementary Fig. 2).

A common characteristic of receptor heteromers is that ligand
binding to one receptor can modulate ligand binding to the partner
receptor in the heteromer (Ferré et al., 2009a; Gonzalez et al.,
2012). This biochemical cross-talk constitutes a fingerprint of the
heteromer and has been described for Aya—D; receptor heteromers
in which agonist binding to Az receptors modulates the agonist
affinity of D, receptors (Ferré et al., 1991, 2007). Thus, we sought to
identify cross-talk between A4, CB1 and D, receptors at the ligand
binding level in monkey CN and Put membranes. Competition ex-
periments were performed on monkey CN membranes to measure
the binding of 0.5 nM radiolabeled D, receptor antagonist [>*H]YM-
09151-2 at increasing dopamine concentrations (0.01 nM—30 uM)
in the presence or absence of the Ay receptor agonist CGS 21680
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Fig. 2. Competition curves of the D, receptor antagonist [*H]YM-09151-2 binding
versus increasing concentrations of unlabeled dopamine. Competition experiments
were performed as described in the Materials and Methods using 0.2 mg/ml protein of
monkey CN membranes, 0.5 nM [>H]YM-09151-2 and increasing concentrations of
dopamine (0.01 nM—30 pM) in the presence (red curves) or absence (black curves) of
250 nM CGS 21680 (A), 100 nM CP 55940 (B), or both (C). Values represent the
mean + SEM from a representative experiment (n = 3) performed in triplicate. (For
interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

(250 nM, Fig. 2A), the CB; receptor agonist CP 55940 (100 nM,
Fig. 2B), or both (Fig. 2C). Biphasic competition curves were ob-
tained in all conditions and the affinity constants for dopamine
binding to the D, receptor were calculated by fitting the binding
data to equation (2). Binding of both the Aja receptor agonist and
the CB; receptor agonist induced a decrease in dopamine affinity
for Dy receptors (Table 1). This effect was almost completely
reversed when Aza and CB; receptor agonists were added simul-
taneously. Competition experiments under the same conditions
were also performed using membranes from the pre- and post-
commissural Put. Again, biphasic competition curves were ob-
tained, and affinity constants for dopamine binding to the D, re-
ceptor were calculated by fitting the binding data to equation (2)
(Table 1). No change in dopamine affinity for D, receptors was
observed following agonist binding to the A4 and/or CB; receptor
in both the pre- and post-commissural Put. These results are
consistent with the above-described PLA results. By statistical
analysis it is shown that dopamine binding to D, receptors in the
CN, but not in the Put, is negatively modulated by the activation of
CB; or Aa receptors in the heteromer, an effect blocked by co-
activation of Aya and CB; receptors (Table 1). Importantly, the
qualitative changes in receptor heteromerization observed in the
different regions were not due to differences in receptor expres-
sion. Indeed, the relative expression of A;a and D, receptors was
very similar in both the CN and Put (Fig. 3), while CB; receptor
expression was higher in the Put, particularly in the post-
commissural Put, with respect to the CN (Fig. 3). Considering the
heteromer, binding results may be interpreted as an interprotomer
molecular interaction, i.e. an allosteric effect reflecting the confor-
mational change caused by a given agonist on its receptor and
transmitted to partner receptors in the heteromer (Gracia et al.,
2013). The change in dopamine affinity for D, receptors serves to
detect the heteromer fingerprint (Ferré et al,, 2009a,b) and the
disappearance of the allosteric effect on dopamine binding upon
simultaneous incubation with Ays and CBq receptor agonists sug-
gests differential changes upon co-activation, perhaps a more
restricted (“frizzed”) conformation of the macromolecular
complex.

Table 1

Effect of Aya and CB; receptor agonist on dopamine affinity for D, receptors in
striatal membranes. Pharmacological parameters obtained from competition
experiments.

C30mpetiti0n experiments Parameters

[PH]YM-09151-02 vs dopamine Kos: (nM) Kog (0M)

Caudate nucleus

Vehicle 2+1 230 + 80
+ CGS 21680 (250 nM) 8§+ 2" ** 580 + 80
+ CP 55940 (100 nM) 6+2%7* 250 + 130
+ CGS 21680 + CP 55940 2+1 380 + 180

Pre-commissural put

Vehicle 241 280 + 100
+ CGS 21680 (250 nM) 5+2 490 + 130
+ CP 55940 (100 nM) 2+1 400 + 190
-+ CGS 21680 + CP 55940 4+2 700 + 400

Post-commissural put

Vehicle 3+1 110 + 80
-+ CGS 21680 (250 nM) 2+1 140 + 20
+ CP 55940 (100 nM) 1.5+ 0.6 90 + 20
+ CGS 21680 + CP 55940 34+1 120 + 20

Kpp1 and Kpg, are, respectively, the equilibrium dissociation constants of the first
and the second dopamine binding to the receptor. Two-way ANOVA analysis
showed significant between-region differences (p < 0.05) on Kpp; values and not on
Kpgo values.

*p < 0.05, **p < 0.01 (respect to vehicle) and * p < 0.05, ** p < 0.01 (respect to CGS
21680 + CP 55940) after Bonferroni’s post hoc test.
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Fig. 3. Azs, CB; and D, receptor expression in monkey striatum. Maximum binding
was calculated in competitive binding experiments using 0.2 mg/ml protein of monkey
CN, pre- or post-commissural Put membranes, and an Ay receptor antagonist [*H]ZM
241385 (4 nM, A), a D, receptor antagonist [*H]YM-09151-2 (0.5 nM, B) or a CB; re-
ceptor agonist [*H]CP 55940 (6 nM, C) vs. 50 M of the same non-radiolabeled ligands,
applying the following affinity constants: 1 nM for ZM 241385, 0.6 nM for YM-09151-2
and 4 nM for CP 55940. Values represent the mean + SEM of a representative
experiment performed in triplicate. Statistical significance was calculated by one-way
ANOVA followed by a Dunnett's post-hoc multiple comparison test (*p < 0.05,
**p < 0.01 with respect to the CN).

3.2. Expression of A,a—CB;—D> receptor heteromers in the striatum
of MPTP-treated monkeys

As Ayp—CB1—D; heteromers are mainly expressed in the monkey
CN, we hypothesized that this complex might play a role in the
physiopathology of PD and thus, it may represent a potential ther-
apeutic target. When we first used PLA to analyze the expression of
Azp—CB1—D; heteromers in CN slices from MPTP-lesioned monkeys,
Ayp—CBq (Fig. 4A), A,p—D> (Fig. 4B) and CB1—D; (Fig. 4C) heteromers
were visualized as red spots in several DAPI-stained neurons
(Fig. 4D) at levels similar to those found in control monkeys
(p > 0.05, two-way ANOVA from Figs. 1G and 4D data). These results
strongly suggest the presence of Aya—CB1—D; receptor heteromers
in the CN of parkinsonian animals. We next investigated the effects
of Axa and CB; receptor agonists on dopamine affinity for D; re-
ceptors in the CN of MPTP-lesioned monkeys. Competition experi-
ments were performed to measure the binding of 0.5 nM
radiolabeled D, receptor antagonist [H]YM-09151-2 at increasing
dopamine concentrations (0.01 nM—30 puM) in the presence or
absence of 250 nM CGS 21680, 100 nM CP 55940, or both. Biphasic
competition curves were obtained in all cases and the affinity

constants for dopamine binding to D, receptor were calculated by
fitting the binding data to the equation (2) (Table 2). When the same
experiment was performed using pre- and post-commissural Put
membranes from PD monkeys, the affinity constants obtained for D,
receptors were similar to those found in naive animals (Table 2). As
seen in non-lesioned monkeys, both A4 and CB; receptor agonists
decreased the affinity of dopamine for CN D receptors, an effect that
was reversed when As and CB; receptor agonists were added
simultaneously. The fact that similar ligand binding behavior was
observed for A;a—CB1—D> receptor heteromers in control and PD
monkeys suggests that MPTP lesions had no effect on either het-
eromer expression or intra-heteromer cross-talk.

3.3. Loss of Aya—CB;1—D; receptor heteromers in the CN of L.-DOPA-
treated monkeys

While dopamine replacement therapy with .-DOPA remains the
most effective way to treat parkinsonian hypokinesia, its chronic
use is associated with motor complications that include dyskinesias
(Obeso et al., 2000). We investigated the changes that induce a
chronic L-DOPA treatment to Ap—CB{—D; receptor heteromer
function by analyzing A;p—CB1—D; heteromer expression by PLA in
CN slices from monkeys treated with .-DOPA. We investigated
whether chronic .-DOPA treatment altered A;p—CB;—D, receptor
heteromer function. First, we examined whether there were
changes in Ayp—CB1—D; heteromer expression by PLA in CN slices
from monkeys treated with .-DOPA. The expression of Ayp—CB;
(Fig. 5A), Apa—D (Fig. 5B) and CB;—D; (Fig. 5C) heteromers was
dramatically reduced in CN slices from .-DOPA treated monkeys
(Fig. 5D) as compared with control and PD monkeys (p < 0.0001,
two-way ANOVA from Figs. 1G, 4D and 5D data), suggesting a
blocking of heterotrimer formation. Second, we investigated re-
ceptor cross-talk at the ligand binding level using CN membranes
from MPTP- and L-DOPA-treated monkeys. In competitive binding
assays similar to those described above to measure ligand binding,
biphasic competition curves were obtained in all cases and the
affinity constants for dopamine binding to D, receptor were
calculated by fitting the binding data to the equation (2) (Table 3).
In accordance with the decreased heteromer expression seen in the
Put (see Fig. 1), dopamine affinity for D, receptors was unchanged
following agonist binding to A,a or CB; receptors in the pre- and
post-commissural Put of treated animals (Table 3). Interestingly,
the dopamine affinity for CN D, receptors was unchanged following
agonist binding to Aza and/or CBq receptors, indicating a loss of
functional cross-talk between receptors, consistent with the loss of
heteromer formation observed in the PLA experiments. Two-way
ANOVA showed a significant between-group differences
(p < 0.0001) effect of disease state on Kpgj values — not on Kpg,
values — (data from Tables 1—3) and on percentage of positive cells
and spots/cell (r) in CN — not in Put — (data from Figs. 1G, 4D and
5D). The changes in receptor heteromerization in .-DOPA-treated
monkeys were not due to decreased receptor expression (Fig. 6).
Taken together, these results indicate a loss of heteromer-mediated
functional cross-talk following chronic .-DOPA treatment.

4. Discussion

The “receptor heteromer” concept postulates that receptors
from the same and different gene families combine with one
another to generate complexes with unique biochemical and
functional characteristics. This theory is becoming widely accepted
for G-protein-coupled receptors and it constitutes an emerging
area of interest in the field of receptor signaling (Ferré et al., 2009a).
Through heteromerization, receptors generate unique functional
entities and novel potential therapeutic targets (Ferré et al., 2007,
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Fig. 4. A;p—CB;—D-, receptor heteromer expression in the CN of MPTP-lesioned monkeys. In situ proximity ligation assays (PLA) were performed as described in the Materials and
Methods using CN slices from MPTP-lesioned monkeys and primary antibodies for A4 and CB; (A), Aza and D, (B), or CB; and D, (C) receptors. Confocal microscopy images
(superimposed sections) are shown in which heteromers appear as red clusters. Scale bars = 20 um. In all cases, cell nuclei were stained with DAPI (blue). (D) The number of cells
containing one or more red spots is expressed as the percentage of the total number of cells (blue nucleus). r values (number of red spots/cell) were counted only in cells that
contained red spots and are shown above each bar. Data (% of positive cells or r) are the mean = SEM of counts in 12 different fields (see Methods). From data taken from 12 fields,
two-way ANOVA analysis did not show significant differences on positive cell or spots/cell values (p > 0.05) respect to naive control monkeys (Fig. 1).

Table 2

Effect of A;a and CB; receptor agonist on dopamine affinity for D, receptors in
striatal membranes from PD monkeys. Pharmacological parameters obtained from
competition experiments.

Cgompetition experiments Parameters

[PH]YM-09151-02 vs. dopamine Kos; (M) Kog (M)

Caudate nucleus

Vehicle 6+2 1300 + 500
+ CGS 21680 (250 nM) 19 £ 2%+ ## 3000 + 1000
+ CP 55940 (100 nM) 18 4 3%+ #* 2500 + 800
+ CGS 21680 + CP 55940 9+4 1300 + 600

Pre-commissural put

Vehicle 341 120 + 40
+ CGS 21680 (250 nM) 5+1 600 + 200
+ CP 55940 (100 nM) 3+1 140 + 60
+ CGS 21680 + CP 55940 542 500 + 100

Post-commissural put

Vehicle 3+1 60 + 20
+ CGS 21680 (250 nM) 1+1 200 + 60
+ CP 55940 (100 nM) 3+1 300 + 100
+ CGS 21680 + CP 55940 2+1 70 + 20

Kpg1 and Kpg; are, respectively, the equilibrium dissociation constants of the first
and the second dopamine binding to the receptor. Two-way ANOVA analysis
showed significant between-region differences (p < 0.001) on Kpg; values and not
on Kpg, values.

***p < 0.001 (respect to vehicle) and ** p < 0.01 (respect to CGS 21680 + CP 55940)
after Bonferroni’s post hoc test.

2009a; Pin et al. 2007; Dalrymple et al., 2008; Casadé et al., 2009).
A large number of heteromers composed of two different receptors
have been identified to date (Pin et al. 2007; Dalrymple et al., 2008).
We have presented evidence supporting the existence of receptor
heteromultimers (i.e., heteromers composed of more than two
different receptors), containing Aza adenosine, CB; cannabinoid
and D, dopamine receptors (Carriba et al., 2008; Navarro et al.,
2010). The use of mutants in which the quaternary structure of
the Ayp—CB1—D; heteromer is altered has revealed a key
biochemical characteristic of this complex: activation of adenosine
or cannabinoid receptors within the heteromer negatively modu-
lates D; receptor function (Navarro et al., 2010). Although powerful
tools are available to identify heteromers in heterologous systems,
it remains a challenge to detect heteromer expression in natural
tissue. We identified Ap—CB1—D, heteromers in a natural source
using PLA and radioligand binding techniques. As PLA is limited to
the direct screening of pairs of receptors, we analyzed all possible
combinations for the Aa—CB1—D; heterotrimeric complex. The PLA
data and the cross-talk revealed in binding assays, points to the
expression of this complex in the CN of M. fascicularis. The occur-
rence of A;a—CB4, CB1—D> and Aya—D5 heteromers cannot be ruled
out and there is not any tool available to know the proportion of
each of the heteromeric species that might coexist in the sample.
These findings demonstrate however that some current (dopamine
receptor agonists) and experimental (A;a receptor antagonists;
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Fig. 5. A;o—CB;—D, receptor heteromer expression in the CN of .-DOPA-treated monkeys. In situ proximity ligation assays (PLA) were performed as described in the Materials and
Methods using CN slices from monkeys treated with .-DOPA, and primary antibodies for A, and CB; (A), Az and D5 (B), or CB; and D, (C) receptors. Confocal microscopy images
(superimposed sections) are shown in which heteromers appear as red clusters. Scale bars = 20 um. In all cases, cell nuclei were stained with DAPI (blue). (D) The number of cells
containing one or more red spots is expressed as the percentage of the total number of cells (blue nucleus). r values (number of red spots/cell) were counted only in cells that
contained red spots and are shown above each bar. Data (% of positive cells or r) are the mean =+ SEM of counts in 12 different fields (see Methods). From data taken from 12 fields,
two-way ANOVA analysis showed significant differences on positive cell or spots/cell values (p < 0.001) respect to naive control (Fig. 1) or PD monkeys (Fig. 4).

phase II and III clinical trials) anti-parkinsonian therapies target D,
or Ayp receptors that in the CN are expressed as heteromers with
themselves and/or with CB; receptors. It has been demonstrated
(Orru et al., 2011) that different A4 receptor antagonists may differ

Table 3

Effect of A4 and CB; receptor agonist on dopamine affinity for D, receptors in
striatal membranes from L-DOPA-treated monkeys. Pharmacological parameters
obtained from competition experiments.

Competition experiments Parameters

3 .

[PH]YM-09151-02 vs. dopamine Kop: (M) Kops (nM)

Caudate nucleus

Vehicle 3+2 200 + 100
+ CGS 21680 (250 nM) 4+2 600 + 300
-+ CP 55940 (100 nM) 3+1 500 + 200
+ CGS 21680 + CP 55940 3+1 360 + 90

Pre-commissural put

Vehicle 4+1 230+ 70
+ CGS 21680 (250 nM) 8+3 280 + 140
+ CP 55940 (100 nM) 6+2 170 + 70
+ CGS 21680 + CP 55940 8+5 430 + 130

Post-commissural put

Vehicle 7+1 120 + 50
+ CGS 21680 (250 nM) 10+ 4 260 + 50
-+ CP 55940 (100 nM) 7+1 200 + 70
+ CGS 21680 + CP 55940 7+5 220 + 100

Kpg1 and Kpg, are, respectively, the equilibrium dissociation constants of the first
and the second dopamine binding to the receptor. Two-way ANOVA analysis
showed no significant between-region differences (p > 0.05) on Kpg; or Kpp; values.

in the action exerted depending on a preferential pre- versus
postsynaptic location of Aja receptor-containing heteromers.
Whereas in striatum A;—Aa receptor heteromers are presynapti-
cally located in glutamatergic terminals of cortical neurons, Axpa—
CB1—D; receptor heteromers are postsynaptically located in the
spines of GABAergic enkephalinergic neurons. Targeting pre-
versus postsynaptic Aa receptors, or vice versa, may represent a
useful approach to differentially combat disorders affecting the
basal ganglia.

Neurons can differentially express heteromers to achieve a di-
versity of neurotransmitter-mediated actions. According to the
basal ganglia model (Albin et al., 1989; DeLong, 1990), the CN and
the Put form part of distinct but parallel cortico-basal ganglia-
thalamocortical loops (Alexander and Crutcher, 1990). Accordingly,
the post-commissural Put primarily mediates motor-related infor-
mation processing, while the CN forms part of the associative and
limbic loops. Results from recent high-resolution functional mag-
netic resonance imaging (fMRI) studies, performed during a
reward- and punishment-based probabilistic associative learning
task, have revealed functional specialization within the striatum
(ventral Put vs. dorsal CN: Mattfeld et al., 2011). As the fingerprint
of D,—Aya—CB1 receptor heteromer was identified in the CN but not
in the Put, differential D,-mediated dopaminergic neurotransmis-
sion may occur in different striatal areas in primates. Indeed, the
Ayp—CB1—D; receptor heteromer becomes an instrument for
adenosine or cannabinoid modulation of dopamine binding to D,



98 J. Bonaventura et al. / Neuropharmacology 79 (2014) 90—100

>

prot)

o 1.5
£

-~

= 1.0+

PH]ZM 241385
Bmax

£ 0.51

1.25-
‘fc_,’ 1.004
o

D 0.75-
= 0.501
£ 0.251

0.00-

PHIYM-09151-02
Bmax

(@)

[PHICP 55940
Bmax

Cc L D

Fig. 6. A5, CB; and D, receptor expression in the CN of non-lesioned, MPTP-lesioned
and L-DOPA-treated monkeys. Maximum binding was determined from monophasic
competition curves obtained using an A, receptor antagonist [*H]ZM 241385 (4 nM,
A), a D, receptor antagonist [°H]YM-09151-2 (0.5 nM, B) or a CB; receptor agonist [>H]
CP 55940 (6 nM, C) and using 50 uM of the same non-radiolabeled ligand as
competitor. For maximum binding calculation the following affinity constants were
considered: 1 nM for ZM 241385, 0.6 nM for YM-09151-2 and 4 nM for CP 55940. CN
membranes (0.2 mg protein/ml) from non-lesioned (C), MPTP-lesioned (L) and t-
DOPA-treated (D) monkeys were analyzed. Values represent the mean + SEM of a
representative experiment performed in triplicate.

receptors in specific parts of the striatum, where heteromer
expression is associated with a significant qualitative change in
coupling to the mitogen-activated protein kinase pathway (Navarro
et al,, 2010; Higley and Sabatini, 2010; Marcellino et al., 2008).
Receptor expression in different areas of the striatum revealed that
the low levels of heteromer formation in the Put vs. the CN cannot
be explained by variations in the total amount of the individual
components. This lack of significant differences in receptor
expression is also consistent with previous data obtained by in situ
hybridization, immunohistochemistry, autoradiography and PET
scans (see Morelli et al., 2007 for review). Hence, we propose that
the abundance of A;p—CBi—D, heteromers described here in
anatomically diverse areas of the striatum may underlie the dif-
ferential dopaminergic neurotransmission in these regions.

We recently reported that heteromer formation and function
can be regulated by physiological conditions, such as circadian
rhythms (Gonzalez et al., 2012). However, no changes in heteromer
formation have been described to date in neurological disorders. It
is here shown that heteromer expression in the CN significantly
diminished in L-Dopa-treated PD monkeys and that the negative
cross-talk between receptors is abolished. Similar to the lack of

receptor downregulation in dyskinetic patients treated for months
or years with .-DOPA (Kumar et al., 2003; de la Fuente-Fernandez
et al.,, 2004; Mishina et al., 2011) the loss of heteromerization in
the present study was not due to reduced receptor expression.
Processes regulating heteromer formation/disruption may include
gene regulation, coordinated mRNA translation, neurotransmitter-
induced internalization of cell surface complexes or subsequent
endosomal sorting and recycling. In PD patients with -DOPA-
induced dyskinesias, PET imaging studies demonstrated reduced
dopamine transporter expression (de la Fuente-Fernandez et al.,
2004) and higher levels of striatal synaptic dopamine (Troiano
et al, 2009). Interestingly, activated dopamine receptors are
internalized faster when heteromerizing with adenosine receptors
(Gines et al., 2000). Further studies will be necessary to determine
whether dopamine induces the down-regulation of cell surface
heteromers, followed by intracellular processing, disruption of the
complex and sequestering of D, receptors in intracellular com-
partments. Sequestration of D, receptors may also contribute to the
loss of efficacy provoked by prolonged 1-DOPA treatment.

While a role for adenosine and endocannabinoids has been
demonstrated in the development of .-DOPA induced dyskinesias,
the mechanisms involved remain unclear, and the efficacy of A4 or
CB; receptor antagonists in preventing or delaying the appearance
of .-DOPA induced complications is yet to be established (see
[ravani and Jenner, 2011). The loss of A;a—CB1—D> heteromers in
the CN of 1.-DOPA animals affects the adenosine and cannabinoid
modulation of dopamine affinity for D, receptors. Moreover, the
characteristic and specific coupling of the striatal heteromer to the
MAP kinase pathway may also be altered in these animals. Studies
in knockout mice have demonstrated that extracellular signal-
regulated MAP kinase signaling is linked to the induction of stria-
tal learning (Mazzucchelli et al., 2002). Due to strict limitations on
the availability of primates and brain tissue, we were unable to
perform either acute .-DOPA treatment with subsequent sacrifice of
more animals or MAP kinase assays. However, it has been shown
that the formation of Aypa—CB{—D; receptor heteromers is neces-
sary to achieve a specific level of phospho-ERK1/2 expression
(Navarro et al., 2010).

Despite it is not possible to know whether heterotrimer
disruption is cause or consequence of dyskinesia, important con-
clusions may be drawn from our data. First, Apa—CB1—D, receptor
heteromers are expressed in the CN of parkinsonian monkeys.
Second, variations in heteromer expression predict differential
dopaminergic neurotransmission in CN and Put of the primate
striatum. Third, the expression of heteromers formed by Aya, CBy
and/or D; receptors is dramatically diminished in the CN of animals
receiving chronic .-DOPA treatment, providing the first evidence of
altered heteromer expression during the course of a human dis-
ease. A, p—CB1—D5 receptor heteromers are postsynaptic expressed
in the striatopallidal neurons of the indirect pathway (Navarro
et al., 2010; Ferré et al., 2011; Orru et al., 2011) where Ay re-
ceptors establish reciprocal antagonistic interactions with D, re-
ceptors, for instance by counteracting D, receptor-mediated
inhibitory modulation of NMDA effects on these neurons. This
may be one of the mechanisms involved in the locomotor depres-
sant and activating effects of, respectively, Aya receptor agonists
and antagonists (Ferré et al., 2011). As CB; receptor agonists also
counteract D, receptor signaling (Navarro et al., 2010), the L-DOPA-
induced disruption of A;p—CB1—D; receptor heteromers remove
the “molecular brake” that Aya or CBq receptors activation exert on
D, receptor function, thus altering balance between the two
efferent pathways of the basal ganglia. The direct pathway,
constituted by striatonigral neurons, and the indirect pathway,
constituted by striatopallidal neurons, determine the final striatal
output and the facilitation and inhibition of specific motor
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responses. An imbalance in the indirect pathway due to the lack of
the A;p—CB1—D;-receptor-heteromer functional component, may
promote, at least in part, motor alterations associated to dyskinesia.
Taken together, these findings provide a better understanding of
the role of heteromers containing dopamine and adenosine re-
ceptors in the physiopathology of PD and 1-DOPA-induced com-
plications, and may contribute to the improvement of current
therapeutic strategies to combat PD.
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3. Resultados

3.4 La L-DOPA afecta al cross-talk del heteromero de receptores de adenosina A;,
- cannabinoide CB; — dopamina D, en el estriado de ratas hemiparkinsonianas:

estudios bioquimicos y comportamentales.
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La terapia a largo plazo con L-3,4-dihidroxifenilalanina (L-DOPA) sigue siendo el
tratamiento mas efectivo en la enfermedad de Parkinson, asociada con graves
desordenes motores como las disquinesias. Los datos experimentales y clinicos
obtenidos hasta el momento han mostrado que los antagonistas del receptor A,s de
adenosina pueden mejorar la sintomatologia potenciando la eficacia de la levodopa y
minimizando sus efectos secundarios. Se conoce que los receptores acoplados a proteina
G A de adenosina, CB; de cannabinoides y D, de dopamina pueden interaccionar y
formar heterémeros funcionales Aya- CB;-D; en células cotransfectadas y estriado de
rata. Estos resultados sugieren que el tratamiento combinado con farmacos o
compuestos selectivos que actuen sobre los heteromeros de  Ajx-CB;-D, podria
representar una alternativa terapéutica para la enfermedad de Parkinson. En este trabajo,

investigamos la expresion de estos heterdmeros en el estriado de ratas tanto naive como
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3. Resultados

hemiparkinsonianas (ratas HPD), portadoras de una lesion unilateral con 6-
hidroxidopamina (6-OHDA), y evaluamos como fueron afectados los niveles de
expresion del heterémero y sus propiedades bioquimicas por el tratamiento con
levodopa. Los datos que provienen de los experimentos de unidon de radioligandos
mostraron que los heteromeros de receptores A,a-CBj-D; estan presentes tanto en el
estriado de ratas naive como HPD. Sin embargo, los resultados de los estudios de
comportamiento indicaron que la administracion combinada de antagonistas selectivos
de los receptores Ara (MSX-3 o SCH58261) y CB; (rimonabanto), en presencia de L-
DOPA, no producen una respuesta diferente de la administracion sola del antagonista de
Ajsa. Estos resultados de comportamiento dieron lugar a la identificacion de los
heterdmeros en animales tratados con L-DOPA. De manera interesante, los resultados
de las uniones de radioligandos en muestras de animales lesionados sugieren que el

heterémero desaparece después del tratamiento agudo o crénico con levodopa.
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ARTICLE INFO ABSTRACT
Article history: Long-term therapy with 1-3,4-dihydroxyphenylalanine (.-DOPA), still the most effective treatment in Parkinson's
Received 15 August 2013 disease (PD), is associated with severe motor complications such as dyskinesia. Experimental and clinical data
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have indicated that adenosine A5 receptor antagonists can provide symptomatic improvement by potentiating
L-DOPA efficacy and minimizing its side effects. It is known that the G-protein-coupled adenosine A4, cannabinoid
CB; and dopamine D, receptors may interact and form functional Aya-CB;-D, receptor heteromers in co-transfected
cells as well as in rat striatum. These data suggest that treatment with a combination of drugs or a single compound

I;ﬁfﬁfﬁgﬁivs disease selectively acting on A;—CB;-D, heteromers may represent an alternative therapeutic treatment of PD. We inves-
-DOPA tigated the expression of A,4—CB;-D, receptor heteromers in the striatum of both naive and hemiparkinsonian rats
G-protein-coupled receptors (HPD-rats) bearing a unilateral 6-hydroxydopamine (6-OHDA) lesion, and assessed how receptor heteromer
Az antagonists expression and biochemical properties were affected by L-DOPA treatment. Radioligand binding data showed that
CB, arl_tagOHiStS A;A-CB;-D; receptor heteromers are present in the striatum of both naive and HPD-rats. However, behavioral
Behavior results indicated that the combined administration of A4 (MSX-3 or SCH58261) and CB; (rimonabant) receptor

Radioligand binding antagonists, in the presence of L-DOPA does not produce a response different from administration of the A, receptor

antagonist alone. These behavioral results prompted identification of heteromers in L.-DOPA-treated animals.
Interestingly, the radioligand binding results in samples from lesioned animals suggest that the heteromer is lost
following acute or chronic treatment with .-DOPA.

© 2014 Elsevier Inc. All rights reserved.

Introduction

Parkinson's disease (PD) is a neurological basal ganglia (BG)-related
disorder caused by a progressive degeneration of nigrostriatal dopami-
nergic neurons and characterized by well-defined motor symptoms,

Abbreviations: AlMs, abnormal involuntary movements; BG, basal ganglia; BRET, bio- including bradykinesia, rigidity, muscular stiffness, tremor, poor
luminescence resonance energy transfer techniques; FRET, fluorescence resonance energy posture and balance, and sensory motor integration deficits (Marsden,

transfer techniques; GABA, gamma-amino-butyric acid; HPD-rats, hemiparkinsonian rats K . . .
(unilaterally 6-hydroxydopamine-lesioned rats); .-DOPA, L-3,4-dihydroxyphenylalanine; 1994; Obeso et al,, 2000)' The most Wlddy used and hlghly effective

NI, neurologically intact; 6-OHDA, 6-hydroxydopamine; PD, Parkinson's Disease; TH, tyro- therapy in PD is the treatment with the dopamine precursor L-3,4-
sine hydroxylase; TJMs, tremulous jaw movements; SNc, substantia nigra pars compacta; dihydroxyphenylalanine (L-DOPA). After several years of L-DOPA
SRET, sequential resonance energy transfer. therapy, however, neuropsychiatric and motor complications, including

* Corresponding author at: National Research Council of Italy (CNR) Institute of

Neuroscience -Cagliari, via Ospedale 72, 09124 Cagliari, Italy. Fax: +39 0706758665. ﬂUCtU.atIOHS in motor response and dyskinesias, develop HT the, magorlty
E-mail address: apinna@unica.it (A. Pinna). of patients (Olanow, 2004). Consequently, one of the main aims in PD
T These authors contributed equally to this work. research is to identify alternative therapeutic approaches to ameliorate
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PD symptoms without inducing motor complications. One of the most
promising new non-dopaminergic targets for PD is represented by
adenosine Ay, receptors (Armentero et al., 2011; Jenner et al., 2009;
Miiller and Ferré, 2007; Schwarzschild et al., 2006). Evidence indicates
that stimulation of Ay receptors, highly co-expressed post-synaptically
with the dopamine D, receptors in striato-pallidal neurons, decreases
the affinity of D, receptors in striatal membrane preparations as well as
in different cell lines (Dasgupta et al., 1996; Ferré et al., 1991; Salim
et al., 2000; Svenningsson et al., 1998), and reverses the D, receptor-
mediated inhibition of cAMP formation (Hillion et al., 2002; Kull et al.,
1999). These results have provided the anatomical and biochemical
basis for the existence of a functional antagonistic interaction between
Ay and D, receptors. Accordingly, a variety of preclinical studies and
clinical trials have shown that A, receptor antagonists may increase
the therapeutic efficacy of 1.-pora without exacerbating L-DoPa-associated
side effects, suggesting that these drugs could be used as an effective ther-
apy combined with dopamine agonists in PD (Armentero et al., 2011;
Grondin et al., 1999; Hodgson et al., 2009; Jenner, 2005, 2009; Kanda
et al., 2000; Pinna et al., 2001; 2010; Rose et al., 2007; Schwarzschild
et al., 2006). In addition to A4 receptors, evidence has indicated that
drugs antagonizing the cannabinoid CB; receptor might be beneficial in
BG disorders, such as PD (Fernandez-Ruiz, 2009, 2005). Several reports
have demonstrated the localization of CB; and D, receptors in the BG
(Egertova and Elphick, 2000; Matyas et al., 2006; Pickel et al., 2006;
Uchigashima et al., 2007; Yin and Lovinger, 2006), predominantly in
the soma and dendrites of striato-pallidal GABA neurons and in cortico-
striatal glutamate terminals where A,, receptors are also present
(Carriba et al,, 2007; Egertova and Elphick, 2000; Ferré et al., 2007;
Pickel et al., 2006; Uchigashima et al., 2007; Yin and Lovinger, 2006).

Co-immunoprecipitation and co-localization assays (Hillion et al.,
2002), as well as bioluminescence resonance energy transfer (BRET)
and fluorescence resonance energy transfer (FRET) techniques (Canals
et al., 2003), have shown that A;,-D, receptors can form homo- and
heteromers (Franco et al., 2008; Hillion et al., 2002). Functional
interactions between the CB; receptor and the A4 or D, receptors,
relevant for striatal function, have also been reported (Carriba et al.,
2007; Marcellino et al., 2008). In particular, the existence of CB;-D,
receptor heteromers in HEK-293T cell lines (Kearn et al., 2005) and of
Aya-CB, receptor heteromeric complexes in co-transfected HEK-293T
cells and rat striatum has been shown (Carriba et al., 2007; Marcellino
et al., 2008). CB, receptor signaling was found to be completely depen-
dent on A, receptor activation in a human neuroblastoma cell line, and
the motor depressant effects induced by the intrastriatal administration
of a cannabinoid CB; receptor agonist could be fully counteracted by A,
receptor antagonists in rats (Carriba et al., 2007). In addition, in rats,
quinpirole-induced increase in locomotor activity can be counteracted
by the CB; receptor agonist CP55940, at a dose that per se does not affect
basal locomotion. Interestingly both the CB; receptor antagonist
rimonabant and the A4 receptor antagonist MSX-3, were shown to
block the inhibitory effect of CB; receptor agonists on D,-like receptor
agonist-induced hyperlocomotion (Marcellino et al., 2008). Overall,
these results provide evidence for the existence of antagonistic CB;-D,
receptor-receptor interactions within CB;-D, receptor heteromers in
which A4 receptors may also participate (Marcellino et al., 2008). The
development of Sequential Resonance Energy Transfer (SRET) has
allowed the detection of heteromultimers (Carriba et al., 2008)
and the existence of trimeric complexes formed by CBy, Dy, and Aza
receptors has been shown in co-transfected HEK-293T cells and in
rodent striatum (Navarro et al., 2008, 2010).

In the present study we evaluated A;,—CB;-D- receptor heteromers
as a potential target for the treatment of PD. The presence of A4, CB,
and D, receptor heteromers was assessed ex vivo, in striatal membranes
isolated from control rats (neurologically intact rats: NI-rats) and rats
bearing a complete unilateral 6-hydroxydopamine (6-OHDA )-induced
nigrostriatal lesion (hemiparkinsonian rats: HPD-rats), either treated
or not with L-DOPA; identification of cross-talk within the D,, A, and

CB; receptor heteromer was achieved through radioligand binding
competition assays. In addition, the effect of single and combined
treatment of A, receptor antagonists - MSX-3 or SCH58261 - and
a CB; receptor antagonist — rimonabant - on motor symptoms in
HPD-rats as well as on the expression of the single receptors in
striatal samples were evaluated.

Materials and methods
Animals

Male Sprague Dawley rats (Charles River, Calco, Milan, Italy)
weighing 200-300 g were used in all experiments. Rats were housed
in groups of 4-5 in polycarbonate cages (33w x 56l x 20h, cm), with
free access to food and water and maintained under standard conditions
(lights on 8.00 a.m.-8.00 p.m., 23°C). Behavioral tests were performed
during the light cycle between 10.00 a.m. and 4.00 p.m.

All experiments were performed in accordance with the European
Communities Council Directive (2010/63/EEC; D. L., 27.01.1992,
number 116) and the guidelines for animal experimentation approved
by the University of Cagliari. Efforts were made to minimize the number
of animals used and to maximize humane treatment.

Drugs

6-Hydroxydopamine hydrochloride (6-OHDA), L-3,4-dihydroxy-
phenylalanine (.-DOPA), 9-amino-1,2,3,4-tetrahydroacridine (tacrine),
desipramine hydrochloride, p-amphetamine sulfate, benserazide,
CGS 21680 and dopamine were purchased from Sigma-Aldrich Srl
(Milan, Italy). ZM241385, YM-09151-02 and CP55940 were purchased
from Tocris (Bristol, UK). The radioligands used were: [*H]ZM241385
(50.0 Ci/mmol, American Radiolabeled Chemicals Inc., St. Louis, MO,
USA), [*H]YM-09151-02 (84.4 Ci/mmol, PerkinElmer, Boston, MA, USA)
or [*H]CP55940 (144 Ci/mmol, PerkinElmer).

The adenosine Ay receptor antagonist MSX-3 ((E)-phosphoric acid
mono-[3-[8-[2-(3-methoxyphenyl)vinyl]-7-methyl-2,6-dioxo-1-prop-
2-ynyl-1,2,6,7-tetrahydropurin-3-yl]propyl] ester disodium salt), is a
water-soluble pro-drug of the active adenosine A, antagonist MSX-2,
and was synthesized essentially as described (Hockemeyer et al.,
2004). The adenosine Aya receptor antagonist SCH58261 (5-amino-7-
(2-phenylethyl)-2-(8-furyl)pyrazolo[4,3-e]-1,2,4-triazolo[ 1,5¢|pyrimi-
dine) was provided by Prof. P.G. Baraldi (Baraldi et al., 1996). The CB,
cannabinoid receptor antagonist rimonabant (N-(piperidin-1-yl)-5-
(4-chlorophenyl)-1-(2,4,-di-chlorophenyl)-4-methyl-1H-pyrazole-3-
carboxa-mide hydrochloride) was prepared as described (Kotagiri et al.,
2007).

L-DOPA, desipramine, D-amphetamine and benserazide were dis-
solved in distilled water and injected intraperitoneally (i.p.) in a volume
of 0.3 ml/100 g body weight. Tacrine was dissolved in saline and
injected i.p. in a volume of 0.1 ml/100 g body weight. MSX-3 (free
acid) was re-suspended in 0.9% saline and the pH of the MSX-3 solution
was adjusted by adding 1.0 M NaOH until the drug was completely dis-
solved following conversion to its disodium salt (pH 7.1-7.4). The saline
solution, vehicle adjusted accordingly to obtain a similar pH, served as ve-
hicle control for MSX-3. SCH58261 was suspended in 0.5% methylcellu-
lose and injected i.p. in a volume of 1 ml/100 g body weight. The 0.5%
methylcellulose solution served as the vehicle control for SCH58261.
Rimonabant was freshly suspended in a vehicle consisting of few drops
of tween 80 dispersed in saline and injected i.p. The tween 80/saline
suspension served as the vehicle control for rimonabant.

For behavioral studies, sub-threshold doses of the A, and CB, recep-
tor antagonists (2-3 mg/kg of MSX-3; 3 mg/kg of SCH58261; 1 mg/kg
of rimonabant) were chosen according to previous studies (Karcz-
Kubicha et al., 2003; Kelsey et al., 2009; Masserano et al., 1999; Pinna
et al.,, 1996; Salamone et al., 2008; Simola et al., 2004) so that com-
pounds were not effective on their own in the PD behavioral models.
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Tacrine-induced jaw movements

NI-rats received an acute administration of the acetylcholinesterase
inhibitor tacrine (2.5 mg/kg i.p.). This validated parkinsonian tremor
model is characterized by administration of tacrine to rats which
induces perioral tremor; the majority of jaw movements performed
by rats occurred in bursts, therefore, the number of tremor bursts
and jaw movements within each burst were scored. Tremulous jaw
movements (TJMs) were defined as vertical deflections of the lower
jaw not directed at a particular stimulus. Yawns, mouth gapes and
tongue protrusions performed by rats were not included in the evalua-
tion, because they were thought to reflect non-specific cholinergic
peripheral effects (Salamone et al., 1998). In order to allow observation
of TJMs, rats were placed into an elevated (40 cm from the bench)
plexiglas cage with a metal grid over the floor. After 10 min habituation
to the cage, rats were divided into groups and administered with:

1) MSX-3 (2 or 3 mg/kg) or SCH58261 (3 mg/kg) + vehicle + tacrine
(2.5 mg/kg); N = 5-7.

2) Vehicle + rimonabant (1 mg/kg) + tacrine (2.5 mg/kg); N = 7.

3) MSX-3 (2 or 3 mg/kg) or SCH58261 (3 mg/kg) + rimonabant
(1 mg/kg) + tacrine (2.5 mg/kg); N = 7-8.

4) Vehicle + vehicle + tacrine (2.5 mg/kg); N = 8-10.

MSX-3 or SCH58261 or their vehicle, and rimonabant or its vehicle,
were administered 15 and 10 min, respectively, before tacrine adminis-
tration. The total number of tacrine-induced bursts of TJMs and the total
number of TJMs were recorded for 30 min immediately after tacrine
administration.

6-OHDA lesion

Rats (275-300 g) were anesthetized with chloral hydrate (400 mg/kg
i.p.), placed on a David Kopf stereotaxic apparatus (Tujunga, CA, USA) and
infused, through a stainless steel cannula, into the left medial forebrain
bundle [coordinates A = —2.2, L = + 1.5 from bregma, V= —7.8
from dura, according to the atlas of Pellegrino et al. (1979)] with
6-OHDA (8 pg/4 1 of saline containing 0.05% ascorbic acid). Rats were
pretreated with desipramine (10 mg/kg i.p.) to prevent damage to norad-
renergic neurons (Pinna et al., 1996; Ungerstedt, 1971).

Evaluation of turning behavior

Turning behavior was measured by individually placing rats in
plexiglas hemispherical bowls (50 cm diameter) covered with sawdust
on the bottom and connecting them to an automated rotameter system
capable of detecting the number of full (360°) rotations in any direction
(Panlab SLU Barcelona, Spain). Rats were placed in each apparatus
30 min before drug administration in order to acclimatize and extinguish
any spontaneous turning behavior; and both contralateral and ipsilateral
turns were measured every 10 min for 2 h after drug injection.

Drug treatments of unilaterally 6-OHDA lesioned rats (HPD-rats)

Two weeks after unilateral 6-OHDA-infusion, HPD-rats were primed
with an injection of L-DOPA (50 mg/kg i.p.) plus benserazide (30 mg/kg
i.p.); only rats displaying at least 300 contralateral turns during the 2h
testing period were included in the study. Three days later, HPD-rats
were randomly divided into groups and treated as follows:

1) MSX-3 (2 or 3 mg/kg) or SCH58261 (3 mg/kg) + vehicle + -DOPA
(3 mg/kg) + benserazide (3 mg/kg); N = 5-7.

2) Vehicle 4 rimonabant (1 mg/kg) + L-DOPA
benserazide (3 mg/kg); N = 5

3) MSX-3 (2 or 3 mg/kg) or SCH58261 (3 mg/kg) + rimonabant
(1 mg/kg i.p.) + L-DOPA (3 mg/kg) + benserazide (3 mg/kg);
N = 6-11.

(3 mg/kg) +

4) MSX-3 (2 or 3 mg/kg) or SCH58261 (3 mg/kg) + rimonabant
(1 mg/kg) + vehicle + vehicle; N = 5.

5) Vehicle + vehicle + -DOPA (3 mg/kg) + benserazide (3 mg/kg);
N = 10.

In all experiments benserazide was injected 30 min before L.-DOPA.
MSX-3 and rimonabant were administered 15 and 10 min, respectively,
before L-DOPA; whereas SCH58261 was injected 40 min before .-DOPA
(Fenu et al., 1997). The number of contralateral and ipsilateral turns
were measured every 10 min for 2 h.

Behavioral data analysis

For tacrine experiments, the number of bursts and TJMs (mean +
SEM) were calculated for 30 min after tacrine administration.

For turning behavior experiments, total number of contralateral and
ipsilateral turns (mean + SEM) in 2 h testing-period were calculated.

All values are expressed as mean 4 SEM. In all experiments and for
all parameters, differences between groups were evaluated by Student's
t-test followed by Newman-Keuls post hoc test. Significance was set at
p < 0.05.

Generation and behavioral evaluation of rats used in binding studies

Striatal membranes were obtained from unilaterally 6-OHDA-
lesioned rats (HPD-rats, lesioned as described above; N = 105) and
neurologically intact rats (NI-rats; N = 15). Seventeen days after lesion,
HPD-rats were randomly divided into two groups and received an i.p.
injection of:

1) Amphetamine (2.5 mg/kg; N = 60)
2) Vehicle (N = 45).

Animals that did not perform at least 100 turns/h were discarded
from further analysis. One week later, HPD-rats, that had received an
amphetamine injection, were further randomly divided on two groups
(Fig. 1A) and treated as follows:

1) HPD-rats (N = 28) received an i.p. injection of vehicle for 18 days
and an acute treatment with .-DOPA (6 mg/kg) + benserazide
(6 mg/kg) on the 19™ day. This dose of .-DOPA is known to induce
contralateral turns in HPD-animals (total contralateral turns were
370 + 40 turns/2 h; total AIMs 6.0 + 0.5 s/min). Evaluation of
Abnormal Involuntary Movements (AIMs) is described below.
HPD-rats (N = 28) received a chronic treatment with L.-DOPA
(6 mg/kg) + benserazide (6 mg/kg) for 19 days. Such treatment
knowingly induces the emergence of typical AIMs and sensitization
of contralateral turning behavior in HPD-animals (Cenci et al., 1998;
Pinna et al., 2001, 2006).

2

—

The time-dependent increase in the number of contralateral turns
and AIMs was assessed in rats that received a chronic treatment, for
19 days with L-DOPA, as described in Pinna et al., 2006. According to
their topographic distribution, AIMs were classified into three subtypes:
1) axial: torsion of head, neck and trunk towards the non-lesioned side;
2) limb: movements of the forelimb and the paw contralateral to the
lesion, and 3) orolingual: tongue protrusion and jaw movements
(Cenci et al., 1998). Contralateral turns were counted every 10 min,
whereas AIMs were observed individually for 1 min every 20 min,
during 2 h testing-period. Results were expressed as mean + SEM of
seconds spent by rats in total AIMs (axial, limb, orolingual) in 1 min
testing-period (average of six evaluations during 2 h) and mean + SEM
of total turns after acute or chronic .-DOPA (6 mg/kg) administration
during a 2 h testing-period (Pinna et al., 2006).

HPD-rats, treated chronically with 6 mg/kg L.-DOPA showed
a sensitization of behavioral response (turns and AIMs) during three
week-treatment (total contralateral turns at the 15 day were 160 +
40 turns/2 h; total contralateral turns at 19" day were 1300 +
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A Schematic protocol of treatments of rats used in binding studies
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Fig. 1. A: schematic representation of the experimental procedure for binding studies. B: tyrosine hydroxylase (TH) immunohistochemistry staining. Coronal sections containing the
substantia nigra parts compacta (SNc) were stained for the enzyme TH using a standard protocol (see Methods).

100 turns/2 h; for involuntary movements: total AIM count at 1°* day
was 3 + 0.1 s/1 min; total AIM count at day 19" was 30 + 1 /min).

To exclude any bias that might result from improper 6-OHDA lesion,
the degree of neuronal cell-loss was confirmed in all animals. The
correct nigrostriatal lesion was checked by immunohistochemical
staining for the enzyme tyrosine hydroxylase (TH) in the substantia
nigra pars compacta (SNc; Fig. 1B). Briefly, the mesencephalic part of
the brain of all unilaterally 6-OHDA-lesioned rats was post-fixed in 4%
paraformaldehyde for 3 weeks. Coronal sections containing the SNc
were stained for the enzyme TH (T1299, SIGMA) using a standard
protocol and dopaminergic neurons were counted (Pinna et al.,
2007).

All rats used for binding studies showed an almost complete lesion
with less than 15% neurons surviving in the lesioned side (Fig. 1B).

Six to eight hours after the last injection of vehicle or .-DOPA
(43 days after intracerebral injection of 6-OHDA or vehicle) animals,
from all groups (HPD-rats that received vehicle or an acute or chronic
treatment with L-DOPA, and NI-rats), were sacrificed by decapitation
and brains removed rapidly. Brain areas containing the striatum (from
both the lesioned and intact hemispheres) were dissected out, immedi-
ately frozen in dry ice and kept at —80°C until use for binding studies.

Radioligand binding assays

Preparation of brain striatal membranes and protein determination

Rat striatal tissue was disrupted with a Polytron homogenizer (PTA
20 TS rotor, setting 3; Kinematica, Basel, Switzerland) for three 5 s-
periods in 10 volumes of 50 mM Tris-HCI buffer, pH 7.4, containing a
protease inhibitor cocktail (Sigma, 1/1000). After eliminating cell debris

by centrifugation at 1000 xg for 10 min, membranes were obtained by
centrifugation at 105,000 xg (40 mins, 4°C) and the pellet was resus-
pended and centrifuged again under the same conditions. Membrane
pellets were stored at — 80°C and were washed once more as described
above and re-suspended in 50 mM Tris-HCI buffer for immediate use.
Protein concentration was quantified by the bicinchoninic acid method
(Pierce Chemical Co., Rockford, IL, USA) using bovine serum albumin
dilutions as standard.

Competition assays

For competition experiments, striatal membrane suspensions
(0.2 mg of protein/ml) were incubated for 2 h at 25°C in 50 mM Tris-
HCl buffer, pH 7.4, containing 10 mM MgCl, with the indicated
radioligand concentration and increasing concentrations of the compet-
itors (triplicates of 11-14 different concentrations) in the absence or in
the presence of the indicated concentrations of the effector ligands.
Non-specific binding was determined in the presence of 50 uM of the
D, receptor antagonist YM-09151-02, A, receptor agonist CGS21680
or CB; receptor agonist CP55940. In all cases, free and membrane-
bound ligand were separated by rapid filtration of 500 pl aliquots in a
cell harvester (Brandel, Gaithersburg, MD, USA) through Whatman
GF/Cfilters embedded in 0.3% polyethylenimine that were subsequently
washed for 5 s with 5 ml of ice-cold Tris-HCl buffer (50 mM, pH 7.4).
The filters were incubated with 10 ml of Ecoscint H scintillation cocktail
(National Diagnostics, Atlanta, GA, USA) overnight at room temperature
and radioactivity counts were determined using a Tri-Carb 1600
scintillation counter (PerkinElmer, Boston, MA, USA) with an efficiency
of 62%.
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Binding data analysis

Radioligand competition curves were analyzed by nonlinear regres-
sion using the commercial Grafit curve-fitting software (Erithacus
Software, Surrey, UK), by fitting the binding data to the mechanistic
two-state dimer receptor model (Casado¢ et al., 2007, 2009). Here, we
consider the possibility of a homodimer as the minimal structural unit
of a receptor forming homomers or forming heteromers with another
receptor. To calculate the macroscopic equilibrium dissociation
constants the two-state dimer model was used (Franco et al., 2006)
and data from competition binding experiments were fitted using the
following equation:

Avtat bound = (Koo + 247 + KosgAB/Kogg ) R/ (Kot Koma + KonoA + A’
+ Kpaz AB/Kpag + Kpa1 Kpaz B/Kpg: (1)

2
+ Kpa1Kpaz2 B/ (Kpg1 Kpg2)) + Anon—specific bound

where A represents free radioligand (the A4, D, or CB; receptor ligands
[2H]ZM241385, [*H]YM09151-02 or [2H]CP55940, respectively) con-
centration, Ry is the total amount of receptor dimers and Kpa; and
Kpaz are the macroscopic equilibrium dissociation constants describing
the binding of the first and the second radioligand molecule (A) to the
dimeric receptor; B represents the assayed competing compound
(dopamine) concentration, and Kpg; and Kpg; are, respectively, the
macroscopic equilibrium dissociation constants for the binding of the
first competitor molecule (B) to a dimer and for the binding of the
second competitor molecule (B) to the semi-occupied dimer; Kpap is
the hybrid equilibrium radioligand/competitor dissociation constant,
which is the dissociation constant of B binding to a receptor dimer
semi-occupied by A.

Since the radioligand A ([*H]ZM241385, [*H]YM-09151-02 or
[2H]CP55940) shows non-cooperative behavior, Eq. (1) can be simpli-
fied to Eq. (2) due to the fact that Kpao = 4Kpa; (Casadé et al., 1990,
2009); and, therefore, Kpa; is enough to characterize the binding of
the radioligand A:

2 2
Avtatbouna = (4ot + 2A° + 4Kpy; AB/Kpps ) Re/(4Kpps” -+ 4Kpyr A
+A? + 4Kpa1 AB/Kppp + 4Kpa; ZB/ Kpp; 2)

2p2
+ 4KDA] B /(KDBl KDBZ)) + Anon—speciﬁc bound

Goodness of fit was tested according to reduced y? value given by
the nonlinear regression program.

Results

Negative cross-talk in ligand binding to A,4—CB;-D, receptor heteromers
from control (NI) and hemiparkinsonian (HPD) rat striatum

A characteristic of receptor heteromers is that ligand binding to one
receptor can modulate ligand binding to the partner receptor in the
heteromer (Ferré et al., 2009a). This biochemical cross-talk constitutes
a fingerprint of the heteromer that for the A;5-D, receptor heteromers
consists of a modulation of the agonist affinity for D, receptors by
agonist binding to A, receptors (Ferré et al., 1991, 2007). Consequently,
we investigated whether any cross-talk between A,,, CB; and D,
receptors at the ligand binding level could be detected using striatal
membranes from NI-rats or from HPD-rats. Competition experiments
using 0.5 nM radiolabeled D, antagonist, [°’H]YM-09151-02, binding
vs increasing dopamine concentrations (0.01 nM to 30 uM) were
performed in the absence or the presence of 250 nM A,, agonist,
CGS21680, or 100 nM CB; agonist, CP55940, or both. In all cases the
competition curves were biphasic (data not shown). From fitting the
binding data to Eq. (2) the affinity constants for dopamine binding to
D, receptor were calculated (Table 1). In samples from NI-rats or from

Table 1

Effect of A4 and CB, receptor agonists on dopamine affinity for D, receptors in striatal
membranes from 6-OHDA lesioned rats. Pharmacological parameters obtained from com-
petition experiments.

Competition experiments Parameters

[>H]YM-09151-02 vs dopamine Kpg; (nM) Kpgz (nM)

Control

Vehicle 3+1 380 +£ 70
+CGS21680 (250 nM) 9+ 1™ 450 + 110
+CP55940 (100 nM) 8+1" 600 + 100
+CGS21680 + CP55940 541 800 + 200

6-OHDA lesioned (unlesioned side)

Vehicle 441 280 + 90
+ C€GS21680 (250 nM) 942" 250 + 30
+ CP55940 (100 nM) 10 + 2* 1100 4 400
+ CGS21680 + CP55940 341 190 4+ 90

6-OHDA lesioned (lesioned side)

Vehicle 3+1 160 + 40
+ CGS21680 (250 nM) 9+ 2" 230 + 20
+ CP55940 (100 nM) 7+1° 200 + 50
+ CGS21680 + CP55940 7+1° 220 £ 70

Kpg1 and Kpg; are, respectively, the equilibrium dissociation constants of the first and the
second dopamine binding to the receptor.

* p < 0.05 (with respect to vehicle).
** p < 0.01 (with respect to vehicle).

non-lesioned hemisphere of HPD-rats, both A4 and CB; receptor ago-
nists, administered alone, induced a significant decrease of dopamine
affinity for D, receptors; the effect was significant for the high-affinity
(Kpq) but not for the low-affinity (Kp,) component of the binding.
This effect produced by CGS21680 is consistent with the A,~D- receptor
cross-talk reported by Salim et al., 2000, who showed that A4 receptor
activation by CGS21680 decreases the high affinity parameters of D,
receptor but the low affinity ones were less affected.

Interestingly, when adenosine and cannabinoid receptor agonists
were added simultaneously the binding to D, receptors was not altered.
Results obtained using striatal samples from the lesioned hemisphere of
HPD-rats showed a significant decrease in dopamine affinity in pres-
ence of Ay, and CB, receptor agonists, administered alone. Moreover,
in the lesioned hemisphere of HPD-rats binding modulation was pres-
ent, also, when both CGS21680 and CP 55940 were added simulta-
neously (Table 1). These results indicate the presence of A;p—~CB{-D,
receptor heteromers in NI and in 6-OHDA-lesioned striatum thus con-
stituting a potential target for anti-parkinsonian therapies. However,
the cross-talk observed in the lesioned side when the two agonists
were added together likely reflects differential conformational changes
in striatal trimers in non-lesioned versus lesioned side. To demonstrate
the specificity of A;,—~CB{-D, receptor heteromer cross-talk found in
striatum, binding assays were performed in cortex and in hippocampus.
While the cross-talk could not be assayed in the cortex due to the low
amount of D, receptors, the cross-talk was not detected in the hippo-
campus, which expresses measurable levels of the three receptors
(data not shown).

Effect of co-administration of As and CB; receptor antagonists on
behavioral tests in NI- and HPD-rats

To date, compounds able to interact simultaneously with all active
sites of receptors forming the A;a-CB;-D; heteromer are not available,
thus to evaluate the anti-parkinsonian efficacy of drugs acting on
heteromers we use a combined administration of A4 and CB; receptor
antagonists.

A, receptor antagonists are in clinical trials for PD and adenosine-
cannabinoid-dopamine (A;a—CB;-D;) receptors heteromers are present
in the striatum of NI- and HPD-rats. To better clarify the putative efficacy
of a combined therapeutic strategy, we assessed whether co-treatment
with A4 and CB; receptor antagonists would result in higher efficacy
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compared to single treatment using two behavioral models of PD:
tacrine-induced tremor and L-DOPA-induced turning. The effects of single
or combined administration of the A,4 receptor antagonists, MSX-3 (2 or
3 mg/kg) or SCH58261 (3 mg/kg), and the CB; receptor antagonist,
rimonabant (1 mg/kg), on tremor bursts and TJMs induced in rat by
tacrine (2.5 mg/kg) are shown in Fig. 2. Pre-treatment with MSX-3 (at ei-
ther dose) or rimonabant per se did not produce any significant effect on
tremor bursts or TJMs induced by tacrine. Likewise, co-administration of
MSX-3 (at either dose) plus rimonabant did not significantly reduce
total bursts or TJMs (Fig. 2A/B). SCH58261, when administered alone,

Asa and CB; antagonist were co-administered rimonabant reverted the
effect of SCH58261 on T]Ms but not on bursts (Fig. 2C).

The effects of single or combined administration of the A5 antago-
nists, MSX-3 (2 or 3 mg/kg) or SCH58261 (3 mg/kg), and the CB; antag-
onist rimonabant (1 mg/kg) on the potentiation of contralateral and
ipsilateral turning behavior induced by a low dose of L-DOPA (3 mg/kg)
are shown in Fig. 3. Controls, performed in the absence of .-DOPA, showed
that MSX-3 or rimonabant induced a slight non-significant increase of
both contralateral and ipsilateral turns, indicative of a motor stimulating
effect but not of an anti-parkinsonian effect. Similarly, combined adminis-

produced a significant decrease in both parameters (Fig. 2C). When the tration of MSX-3 (2 or 3 mg/kg) and rimonabant, in the absence of
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Fig. 2. Effect of the administration of the A, receptor antagonists, MSX-3 (2 or 3 mg/kg i.p.)(A and B) or SCH58261 (3 mg/kg i.p.)(C), and the CB; receptor antagonist, rimonabant,
(1 mg/kgi.p.), alone or in combination, on tremor bursts and tremulous jaw movements (TJMs) induced by tacrine (2.5 mg/kg i.p.). Results are mean + SEM of tremor bursts and jaw
movements, recorded for 30 min after tacrine administration. Statistical significance was determined by Student's t-test followed by Newman-Keuls post hoc test. *p < 0.05 as

compared to vehicle-pretreated rats.
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Fig. 3. Effect of the administration of A, receptor antagonists, MSX-3 (2 or 3 mg/kgi.p.) (A and B) or SCH58261 (3 mg/kg i.p.)(C), and CB, receptor antagonist, rimonabant, (1 mg/kgi.p.),
alone or in combination, on turning behavior induced by a sub-threshold dose of .-DOPA (3 mg/kg i.p.). Ordinate indicates the total number of turns measured in 2 h; positive and
negative values represent contralateral and ipsilateral turns, respectively. Results are mean 4 SEM of total turns. Statistical significance was determined by Student t-test followed by
Newman-Keuls post hoc test. “p < 0.05, **p < 0.005, versus .-DOPA alone.



A. Pinna et al. / Experimental Neurology 253 (2014) 180-191 187

L-DOPA, did not induce any turns but only hyper-motility. Rimonabant
given in the presence of L.-DOPA (3 mg/kg), induced a slight non-
significant increase of contralateral and ipsilateral turns compared to
that induced by L-DOPA alone, similarly indicative of hyper-motility but
not of anti-parkinsonian effect. In contrast, MSX-3 (2 or 3 mg/kg) in com-
bination with L-DOPA (3 mg/kg) induced a significant, dose-dependent
increase in contralateral turns with respect to L-DOPA alone (Fig. 3A/B).
The combined administration of the two antagonists (rimonabant plus
MSX-3) led to a potentiation of turning behavior induced by L-DOPA
that was similar to that induced by MSX-3 alone (Fig. 3A/B). The use of
SCH58261 as A receptor antagonist led to a similar but more marked in-
crease in turning behavior, and combined administration of 3 mg/kg
SCH58261 and 1 mg/kg rimonabant induced a significant potentiation
of L-DOPA-induced contralateral turns, that was similar to that induced
by SCH58261 alone (**p < 0.005 versus L-DOPA alone; Fig. 3C). In the
absence of L-DOPA, administration of SCH58261 alone or in combination
with rimonabant induced a slight increase of contralateral and ipsilateral
turns, indicative once more of motor stimulating but not anti-
parkinsonian action (Fig. 3C). These results indicate that the anti-
parkinsonian effect achieved by A, receptor antagonists and low
doses of L-DOPA cannot be potentiated by CB; receptor antagonism.

L-DOPA treatment leads to the loss of cross-talk between receptors in the
Az4—-CB;-D, receptor heteromer

To try to understand why the combined pharmacological treatment
did not exert any additional effects in the rat model of PD, competition
experiments were performed to detect heteromer expression in HPD-
rats acutely treated with L-DOPA. The affinity constants for dopamine
binding to D, receptors obtained from competition experiments of
0.5 nM radiolabeled D, antagonist [°H]YM-09151-02 binding vs in-
creasing dopamine concentrations (0.01 nM to 30 uM) in the absence
or the presence of 250 nM CGS21680 or 100 nM CP55940, or both, are
shown in Table 2. In HPD-rats acutely treated with L-DOPA, the decrease
of dopamine affinity for D, receptors induced by A, or CB; agonists,
alone or in combination, was not significant in striatal membranes
obtained from either hemisphere, lesioned or intact, (Table 2). Similar

Table 2

Effect of A4 and CB, receptor agonists on dopamine affinity for D, receptors in striatal
membranes from 6-OHDA lesioned rats treated with .-DOPA. Pharmacological parameters
obtained from competition experiments.

Competition experiments Parameters

[>H]YM-09151-02 vs dopamine Kpg; (nM) Kpgz (nM)

Acute 1-DOPA (unlesioned side)

Vehicle 25403 200 + 100
+CGS21680 (250 nM) 45 + 03 240 £+ 70
+CP55940 (100 nM) 34 +£05 130 + 40
+CGS21680 + CP55940 17 £ 06 120 + 30

Acute 1-DOPA (lesioned side)

Vehicle 15+ 02 140 + 40
+CGS21680 (250 nM) 19+ 03 170 + 50
-+CP55940 (100 nM) 22 4+ 05 190 + 50
+CGS21680 + CP55940 342 270 + 70

Chronic 1-DOPA (unlesioned side)

Vehicle 43+ 03 250 £+ 50
+CGS21680 (250 nM) 541 300 + 40
+CP55940 (100 nM) 5+1 280 + 30
+CGS21680 + CP55940 541 170 + 90

Chronic L.-DOPA (lesioned side)

Vehicle 31+06 240 + 60
+CGS21680 (250 nM) 33407 400 + 90
+CP55940 (100 nM) 8+2 800 + 20™"
+CGS21680 + CP55940 5+1 200 + 40

Kpg1 and Kpg; are, respectively, the equilibrium dissociation constants of the first and the
second dopamine binding to the receptor.
** p < 0.01 (with respect to vehicle).

results were obtained in lesioned and non-lesioned striata of HPD-rats
chronically treated with .-DOPA that showed sensitized AIMs and con-
tralateral turning behavior (Table 2). These results indicate that L-DOPA
treatment leads to the loss of cross-talk between receptors. Abolish-
ment of the intermolecular cross-talk likely reflects functional or struc-
tural disruption of the heteromer. It is important to point out that
changes in receptor heteromer cross-talk in .-DOPA-treated rats were
not due to changes in the relative expression levels of the receptors
(Fig. 4). A decrease in receptor expression would account for a loss of
heteromers and, consequently, a reduction of cross-talk on binding
assays. On the other hand, the D, and CB; receptor levels were signifi-
cantly increased in the lesioned versus non-lesioned striatum in both
HPD-rats treated with vehicle and HPD-rats acutely and chronically
treated with L-DOPA. The receptor levels in the non-lesioned hemi-
sphere were similar to those in NI animals. The level of A4 receptors
in both hemispheres was slightly diminished respect to that found in
NI animal striatum, although not reaching statistical significance.

Discussion

The search for new therapeutic strategies to counteract PD symptoms
and/or reduce dyskinesias induced by chronic treatment with L-DOPA is
influenced by the emergence of the “receptor heteromer” concept. Recep-
tor heteromers constitute an entity with functional properties different
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Fig. 4. Aya, (B and D, receptor expression using membranes (0.2 mg protein/ml) of non-
lesioned (white) or lesioned (black) hemi-striata. Maximum binding was calculated from
competition experiments of A receptor antagonist [*H]ZM241385 (4 nM, A), D, antagonist
[>H] YM-09151-02 (0.5 nM, B) or CB; agonist [*H]CP55940 (6 nM, C) binding. Unspecific
binding was assessed using 50 UM of the non-radiolabeled ligands, and By, values were
calculated using the parameters considering the following affinity constants (KDa;): 1 nM
for ZM241385, 0.12 nM for YM-09151-02 and 4 nM for CP55940. Values are mean + SEM
of triplicates. Statistical significance was determined by ANOVA followed by Dunnett's mul-
tiple comparison post-hoc test. *p < 0.05, **p < 0.01 lesioned vs non-lesioned hemisphere.
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from those of each individual receptor involved (Ferré et al., 2009a,
2009b). Biochemical and biophysical technologies have led to the clear
identification of A4, CB; and D, receptor heteromers (Carriba et al.,
2008; Héroux et al., 2007; Hillion et al., 2002; Navarro et al., 2008,
2010), and studies in vitro have shown that these heteromers are
selectively coupled to the mitogen-activated protein kinase pathway
(Higley and Sabatini, 2010; Marcellino et al., 2008; Navarro et al., 2010).
In addition, the use of mutants that alter the quaternary structure of the
complex, has demonstrated that activation of Ay, or CB; receptors in
the heteromer negatively modulates D, receptor function (Navarro
et al., 2010). In fact, this cannabinoid-adenosine-dopamine receptor
cross-talk, which depends on a correct trimer structure, is considered to
be a fingerprint of the heteromer. The antagonistic interactions between
striatal CBy, D, and A, receptors have been further highlighted at the
behavioral level in NI-rats (Marcellino et al., 2008). From these consider-
ations, we hypothesized that striatal A;4,—CB;-D, receptor heteromers
could be a therapeutic target for the symptomatic treatment of PD.

In this study, the radioligand binding data indicate that the biochem-
ical fingerprint of striatal D,-receptor-containing heteromers is found in
NI-rats as well as in both intact and lesioned hemispheres of HPD-rats.
These results demonstrate that A;o—CB;-D, receptor heteromers are
present in the brain not only under physiological conditions but also in
neuro-pathological conditions, in particular in the lesioned striatum of
rats bearing a toxin-induced unilateral dopaminergic nigrostriatal degen-
eration. These observations indicate that selective targeting of Aya—CB;-
D, receptor heteromers may constitute an alternative therapeutic strate-
gy for PD and that receptors in these multimeric complexes are being
targeted by current dopamine-as well as non-dopaminergic-based
anti-parkinsonian therapies.

Positive effects of CB; antagonism as well as A,4-CB;-D, receptor
cross-talk have been observed in NI-animals strongly indicating the
presence of receptor heteromers in the intact nigrostriatal pathway
(Marcellino et al.,, 2008). Progression of the nigral pathology and the ap-
pearance of major parkinsonian symptoms seem to be associated with
over-activity of the cannabinoid signaling system, such as increased
CB, receptor density and function, and elevated endocannabinoid levels
in many BG nuclei in animal models of PD (Di Marzo et al., 2000;
Fernandez-Espejo et al., 2004; Fernandez-Ruiz, 2009; Gubellini et al.,
2002; Lastres-Becker et al., 2001; Romero et al., 2000; van der Stelt
et al., 2005), as well as in PD patients (Lastres-Becker et al., 2001; Pisani
etal., 2005). The CB, receptor antagonist rimonabant has been shown to
increase motor activity as well as a variety of movements, but showed
no effect on bradykinesia or posture in a non-human primate model
of PD (van der Stelt et al.,, 2005). Blockade of CB; receptors might thus
only be effective on particular aspects of PD motor deficits and at a par-
ticular time along the neurodegeneration process (Fernandez-Espejo
et al,, 2005; Garcia-Arencibia et al., 2008; Gonzalez et al., 2006). System-
ic as well as local central injections of rimonabant may reduce a variety
of behavioral PD symptoms in HPD-rats and increase locomotor activity
in rats with bilateral intracerebroventricular 6-OHDA-induced lesions
(El-Banoua et al., 2004; Fernandez-Espejo et al., 2005; Gonzalez
et al., 2006). Rimonabant could also effectively improve and potentiate
L-DOPA effects on contralateral adjusting step impairment in HPD-rats
suggesting that CB; antagonism may be effective as monotherapy in
early PD patients (Kelsey et al.,, 2009). Interestingly, motor depression
induced by the bilateral striatal infusion of a CB; agonist in rats was
completely counteracted by systemic administration of CB; as well as
Az a antagonists (Carriba et al., 2007). Existing data thus seem to suggest
that CB; antagonists have potential anti-parkinsonian activity that may
be hidden/modified in the presence of Ay antagonists.

We used two behavioral models of PD, tacrine-induced tremor and
L-DOPA-induced turning, to further determine the therapeutic efficacy
of multidrug treatment, using compounds that act on the receptors
forming A;a—CB;-D, heteromers. Tacrine-induced TJMs show many of
the characteristics of parkinsonian tremor in humans and may be atten-
uated by anti-parkinsonian drugs, including .-DOPA and dopamine

receptor agonists such as apomorphine, bromocriptine, pergolide, or
ropinirole (Ishiwari et al., 2005). Our data show that the two A, recep-
tor antagonists used in this study have different therapeutic profiles
against tacrine-induced tremor. SCH58261 showed a significant anti-
tremorigenic effect, in accordance with previous observations (Collins
et al., 2010; Hauser et al., 2008; Salamone et al., 2008; Simola et al.,
2004, 2006), while MSX-3 had no effect. Similarly, the combined
Ao4-CB; antagonist (SCH58261-rimonabant) administration effectively
reduced only tremor bursts. These differences between the two A,
receptor antagonists may be due to the low doses purposively chosen
for this study to assess possible potentiation effects of combined treat-
ment with the CB; receptor antagonist. In addition, the two compounds
belong to two different chemical classes of A5 receptor antagonists
(Armentero et al., 2011; Miiller and Ferré, 2007; Miiller and Jacobson,
2011), and possess different pharmacokinetic properties that may con-
tribute to the distinct in vivo efficacy observed here. Similar differences
have also been observed for MSX-3 and SCH58261 in other tremor
models and could depend on distinct selective efficacy on dopaminergic
or cholinergic transmission (Collins et al., 2010; Salamone et al., 2008;
Simola et al., 2004, 2006). While it is recognized that Aya, D, and CB;
receptors are expressed on striatal cholinergic receptors (Fusco et al.,
2004; Tozzi et al., 2011), heteromer formation in these interneurons has
not been addressed yet. Interestingly, recent data have pointed out that
the potential of the A5 receptor to form heteromers with other G-
protein-coupled receptors, including CB; and D, receptors, may vary
depending on the cellular and/or subcellular location (Orrt et al., 20113,
2011b). As tacrine-induced tremor could not be attenuated by combined
treatment with adenosine and cannabinoid antagonists, the presence of
multimeric A4—CB;-D; receptors or functional cannabinoid/adenosine
interactions do not seem relevant for cholinergic transmission.

Turning behavior contralateral to the 6-OHDA-lesioned side of the
brain is typically induced by treatments improving motor deficits or
increasing L-DOPA efficacy. In our study we used doses of the A4 and
CB; antagonists, which per se did not prompt any contralateral turning
behavior, to evaluate a putative increased effect of combined treatment
with these receptor antagonists. A4 antagonists, MSX-3 or SCH58261,
enhanced the turning behavior induced by L-DOPA in HPD-rats, consis-
tent with previous studies using L-DOPA, or D; or D, receptor agonists
(Fenu et al., 1997; Hodgson et al., 2009; Koga et al., 2000; Pinna et al.,
1996, 2001, 2010; Rose et al., 2007; Tronci et al., 2007). Conversely,
the CB; receptor antagonist, rimonabant did not potentiate .-DOPA-
induced turning. The combined co-administration of either A, receptor
antagonist with rimonabant, produced a significant potentiation of
contralateral turning induced by L-DOPA alone; this enhancement,
however, was not significantly different from that induced by adminis-
tration of the Ay receptor antagonists alone. This finding suggests that,
following administration of L-DOPA, blockade of CB; receptors in the
presence of adenosine A5 receptor antagonists does not cause any
additional anti-parkinsonian efficacy in HPD-rats. Overall, the lack of
additional anti-parkinsonian efficacy of CB; antagonist when Aja
receptors are blocked may be due to the loss of A;4—CB;-D- receptor
heteromers in presence of .-DOPA, and/or to a complex functional
and/or pharmacological interaction between A,, and CB; receptors
not necessarily engaged in multimeric complexes. Indeed, there is
compelling evidence of a complex interaction of A, and CB; receptors
in the striatum (for a review see Ferré et al., 2010); these receptors
may be located at dendritic spines of striato-pallidal GABA neurons
and/or at glutamatergic terminals making a synaptic contacts with
striato-nigral GABA neurons (Carriba et al, 2007; Egertova and
Elphick, 2000; Ferré et al., 2007; Pickel et al., 2006; Uchigashima et al.,
2007; Yin and Lovinger, 2006). The latter is involved in motor-
depressant and rewarding effects of the partial CB; receptor agonism
as deduced from behavioral and microdialysis experiments using tetra-
hydrocannabinol (Ferré et al., 2010; Justinova et al., 2011). Biochemical
and electrophysiological findings also suggested that post-synaptic
mechanisms are involved in striatal Ay, receptor-dependent regulation



A. Pinna et al. / Experimental Neurology 253 (2014) 180-191 189

of cataleptogenic effects of cannabinoids acting on CB; receptors
(Andersson et al., 2005; Tebano et al., 2009). In both cases, a basal
level of A4 receptor activation is necessary for CB; receptor function
(Ferré et al., 2010).

Although A, receptor antagonists may produce similar behavioral
effects to CB; receptor antagonists (Andersson et al., 2005; Carriba
et al., 2007; Justinova et al., 2011; Soria et al., 2004), a report by
Lerner et al. (2010) shows that pharmacological blockade of CB; recep-
tors reduces the locomotor activation induced by an A, antagonist in
mice habituated to the testing environment (Lerner et al., 2010).
Interestingly, in non-habituated mice cannabinoid receptor antagonists
depress locomotion not only in As-receptor-antagonist-treated but
also in vehicle-treated animals (Orra et al., 2011a). In striatal gluta-
matergic terminals the CB;-mediated inhibition of glutamate release
due to Ay, activation may also result from an interaction at the second
messenger level (Ferré et al., 2010; Justinova et al., 2011; Martire
etal, 2011). All these results suggest complex relationships between
CB; and Aj4 receptors in what concerns locomotion, not only in
lesioned animals but also in NI animals subjected to qualitatively
different challenges.

Data in the present report show in HPD-rats the lack of additive anti-
parkinsonian activity of the combined administration of A4 and CB;
receptor antagonists. It should be noted that, Orri et al. (2011b) have
shown that A, receptor antagonists, previously considered to be phar-
macologically similar, may display in striatum preferential pre- or post-
synaptic profiles. Istradefylline, for instance, seems the compound with
the best post-synaptic profile thus interacting with A, receptors
forming heteromers with D, receptors (Orr et al., 2011b). In contrast,
MSX-3 and SCH58261, which were used in the present study, have a
mixed pre- and post-synaptic profile (Orrt et al., 2011b). Therefore,
further studies using different A, antagonists and more sophisticated
techniques are needed to clarify the behavioral influence of the
combined administration of A4 and CB; antagonists in physiological
and neuro-pathological conditions.

Taken together our binding data indicate that A,4-CB;-D, receptor
heteromers are present in the striatum of NI- and HPD-rats, and that
the cross-talk is lost with acute or chronic L-DOPA treatment. The
behavioral data in HPD-rats go in the same direction, and indicate that
the combined administration of A4 and CB; antagonists, in the pres-
ence of L-DOPA, does not produce a different response from administra-
tion of the A, receptor antagonist alone. .-DOPA treatment may disrupt
the receptor cross-talk due to conformational changes in the quaternary
structure of the heteromer. This report shows that a current therapy
may modify the expression of heteromers in the central nervous
system.
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Los receptores de dopamina D3, que son considerados como dianas terapéuticas para la
disquinesia en los pacientes parkinsonianos, forman heteromeros con los receptores D,
de dopamina. Investigando la expresion de heteromeros de receptores Di-Dj;
encontramos un incremento marcado en el cerebro de ratas hemilesionadas con la
neurotoxina 6-OHDA que desarrollan disquinesias inducidas por el tratamiento con L-
DOPA. La heteromerizaciéon fue evaluada sobre muestras estriatales de modelos
parkinsonianos tanto de rata como de primates no humanos, mediante la aparicion de
cross-talk a nivel de union de radioligandos y/o de ensayos de ligacioén por proximidad
in situ. Aparte de la deteccion de heteromeros, los experimentos de union e una
lateralizacion de los receptores D, observandose una afinidad més alta en el estriado
izquierdo. En los animales disquinéticos, pero no en los lesionados o solamente tratados
con L-DOPA, el incremento de los heterdmeros de receptores D;-D; parece ser
responsable de la alta sensitividad en la sefializacion mediada por el receptor D;. Esto es
debido en particular por el incremento en la afinidad del receptor D; por la dopamina
mediada por el receptor D3 en el lado derecho, volviéndose similar a la del lado
izquierdo. La disquinesia es consecuencia o causa de un equilibrio en la

neurotransmision mediada por el D; en el estriado izquierdo y derecho.
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Abstract

Dopamine D; receptors, which are considered therapeutic targets for dyskinesia in
parkinsonian patients, form heteromers with dopamine D, receptors. On looking for D;-D;
receptor heteromer expression we found a marked increase in the brain of 6-hydroxy-
dopamine-hemilesioned rats rendered dyskinetic by treatment with 3, 4-dihydroxyphenyl-L-
alanine (L-DOPA). Heteromerization was assessed in striatal samples from both rodent and
non-human primate parkinsonian models by cross-talk at the radioligand binding level and/or
by in situ proximity ligation assays. Apart from detecting heteromers, binding assays showed a
lateralization of dopamine D; receptors whose affinity was higher in the left striatum. In
dyskinetic, but not in lesioned or L-DOPA-treated animals, the increase in D;-D; receptor
heteromers seem responsible for higher sensitivity in D; receptor-mediated signaling. This is
particularly due to the D; receptor-mediated increase in the affinity of dopamine for the D,
receptor in the right side that becomes similar to that in the left side. Dyskinesia results from

or causes a balancing of D;-mediated transmission in left/right striatum.

Introduction

Parkinson’s disease is a progressive neurodegenerative disorder caused by the degeneration of
the pigmented neurons of the substantia nigra pars compacta that provide dopamine input to
the striatum, which contains two subtypes of GABAergic efferent neurons that express
different dopamine receptors. Those neurons give rise to the direct (motor activation) and
indirect (motor depression) basal ganglia pathways of motor control. Thus, whereas dopamine
D, receptor is mainly expressed in the GABAergic SP-dynorphinergic neurons (direct pathway),
the dopamine D, receptor is especially expressed in the GABAergic enkephalinergic neurons
(indirect pathway) [1,2]. The function of the dopaminergic system in the striatum is lateralized
during voluntary movements [3], and alterations in the interhemispheric ratio of dopamine
receptors binding conceivably may disrupt the normally lateralized function of this system, and
thereby contribute to neuropathological changes in human brain [4]. Dopamine D; receptor
has a relatively low expression in the striatum [5]. The most effective and most commonly
used symptomatic treatment for Parkinson’s disease is still levodopa (L-DOPA: 3,4-
dihydroxyphenyl-L-alanine) combined with a peripheral L-DOPA decarboxylase inhibitor, such
as carbidopa [6-8]. However, as the disease progresses, the therapeutic index of L-DOPA
decreases and its anti-parkinsonian effect is very often associated with adverse effects,
including progressive decline in symptomatic benefit (end-of-dose wearing-off and on
phenomena) and dyskinesia [9,10]. The higher the striatal dopamine denervation, the lower

the threshold at which the dopamine agonist primes for the appearance of dyskinesia.



Although the underlying striatal mechanism is not known, L-DOPA-induced dyskinesia, once
“primed”, seems to be persistent and even permanent [9]. L-DOPA-induced dyskinesia is
accompanied by an increase of D, receptor signaling and an up-regulation of D3 receptors [11].
Hence, dopamine D; receptors have been proposed as a target in parkinsonian and non-
parkinsonian dyskinesias [12-18].

It is becoming accepted that G-protein-coupled receptors (GPCRs) form homo and heteromers
that are the actual target of L-DOPA-based anti-parkinsonian therapy [19,20]. Interestingly,
heteromers may be formed by receptors for the same neurotransmitter. One example is the
dopamine D, and D, receptor heteromer [21-24]. It has been also demonstrated that D;
receptors co-localize, form heteromers and show an intra-membrane cross-talk with dopamine
D, receptors in living cells and in the striatum [25]. On the one hand, resonance energy
transfer techniques have proved that D; and D; receptors heteromerize in heterologous
systems co-expressing the human D, and D; receptors. Besides, complementary studies in two
different laboratories have demonstrated the existence of particular properties of the D;-D;
receptor heteromer that impact on signaling and receptor trafficking [26,25].
Heteromerization with D; receptors could therefore be a mechanism by which striatal D,
receptor could increase its sensitivity to dopamine. The aim of this paper was to assess
whether up-regulation of D; receptors affects, in dyskinesia, the degree of D;-D;
heteromerization. In this work we identified D;-D; receptor heteromers in the rat and primate
striatum of both naive and lesioned animals, and assessed how receptor heteromer expression

and biochemical properties were affected in L-DOPA-induced dyskinesia.

Materials and methods

Animals and treatments

Rats

Male Wistar rats were used. All experiments were carried out in accordance with EU directives
(2010/63/EU and 86/609/CEE) and were approved by the Ethical committee of the University
of Santiago de Compostela. Animals were divided into three groups as follows: non-lesioned
rats (n=10); 6-hydroxydopamine (6-OHDA)-lesioned animals receiving vehicle (n=10) and 6-
OHDA-lesioned animals receiving a chronic treatment with L-DOPA (n=28). Lesioned-group rats
were anesthetized with ketamine/xylazine (1% Ketamine, 75mg/kg; 2% xylazine, 10 mg/kg),
placed in a David Kopf stereotaxic apparatus and received a unilateral injection in the right
medial forebrain bundle of 12 ug of 6-OHDA HBr Sigma; prepared in 4 pL of sterile saline
containing 0.2% ascorbic acid. The stereotaxic coordinates were 3.7 mm posterior to bregma,

-1.6 mm lateral to midline and 8.8 mm ventral to the skull at the midline, in the flat skull



position [27]. The solution was injected with a 5-pL Hamilton syringe coupled to a motorized
injector (Stoelting, Wood Dale, Il, USA) at 1 pulL/min, and the canula was left in situ for 2
minutes after injection. Three weeks later the efficacy of the lesion was evaluated by the
amphetamine rotation and the cylinder test. The correct nigrostriatal lesion was confirmed by
the loss of tyrosine hydroxylase (TH) immunohistochemistry staining.

Amphetamine-induced rotation was tested in a bank of 8 automated rotometer bowls (Rota-
count 8, Columbus Instruments, Columbus, OH, USA) by monitoring full (360°) body turns in
either direction. Right and left full body turns were recorded over 90 min following an injection
of D-amphetamine (2.5 mg/kg i.p) dissolved in saline. Rats that displayed more than 6 full body
turns/min ipsilateral to the lesion were included in the study (this rate would correspond to
more than 90% depletion of dopamine fibers in the striatum, [28]).

Spontaneous forelimb use was evaluated by the cylinder test [29,30]. Rats were placed
individually in a glass cylinder (20 cm in diameter), and the number of left or right forepaw
contacts were scored by an observer blinded to the animals’ identity and presented as left
(impaired) touches in percentage of total touches. A control animal would thus receive an
unbiased score of 50%, whereas lesion usually reduces performance of the impaired paw to
less than 20% of total wall contacts.

Animals treated with L-DOPA received a daily injection with L-DOPA methyl ester (6 mg/kg) s.c
plus benserazide (10 mg/kg) for three weeks (such treatment knowingly induces dyskinetic
movements). In order to discriminate dyskinetic from non-dyskinetic animals, the
manifestation of L-DOPA-induced AIMS (abnormal involuntary movements) was evaluated
according to the rat dyskinesia scale described in detail previously [31,32]. The severity of
each AIM subtype (limb, orolingual, axial) was assessed using scores from 0 to 4 (1: occasional,
i.e. present < 50% of the time; 2: frequent, i.e present >50% of the time; 3: continuous, but
interrupted by strong sensory stimuli; 4: continuous, not interrupted by strong sensory
stimuli). The animals with higher scores were used for further studies.

Six hours after the last injection of vehicle or L-DOPA, animals were sacrificed by decapitation
and brains removed rapidly. Brain areas containing the striatum (both from the lesioned and
intact hemispheres) were dissected out and immediately frozen on dry ice until use. A
subgroup of animals were perfused, first with 0.9% saline and then with cold 4%
paraformaldehyde in 0.1 M phosphate buffer, pH 7.4. The brains were removed, washed, and
cryoprotected in the same buffer containing 20% sucrose, and finally cut on a freezing

microtome (40 um thick) for proximity ligation assays.

Monkeys



All animals were captive-bred and supplied by Harlan Laboratories: also they were naive
before treatments. A total of six naive adult male Macaca fascicularis primates (body weight
3.8 - 4.5 kg) were used in this study. Animal handling was conducted in accordance with the
European Council Directive 86/609/EEC, as well as in agreement with the Society for
Neuroscience Policy on the Use of Animals in Neuroscience Research. The experimental design
was approved by the Ethical Committee for Animal Testing of the University of Navarra as well
as by the Department of Health from the Government of Navarra (ref: NA-UNAV-04-08).

The dopaminergic neurotoxin 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP; Sigma
catalogue number MO0896) was administered intravenously to four macaques at a
concentration of 0.3 mg/kg (injected weekly) until animal reached a stable parkinsonian
syndrome. The severity of the MPTP-induced parkinsonism was evaluated using clinical rating
scales [33] where the highest score was 29. The clinical features used in this scale included:
facial expression (0-3), resting tremor (0-3), action or intention tremor (0-3), posture (0-3), gait
(0-2), bradykinesia (0-3), bradykinesia (0-4), balance/coordination (0-3), gross motor skills
upper limb (0-3), gross motor skills lower limb (0-3), defense reaction (0-2). The MPTP-treated
macaque reached a stable score between 19 to 23 points that was maintained over the 3-
month MPTP washout. The extent of the MPTP-induced dopaminergic depletion was
confirmed by immunohistochemical detection of tyrosine hydroxylase, as shown in
Bonaventura et al [19].

Two MPTP-treated monkeys were selected to receive daily oral treatment with L-Dopa and
benserazide (25 mg/kg of Madopar, Roche, France). The changes in the score of Kurlan et al.
[33] from the “off” to the “on” state were monitored and the duration of the “on” response
recorded [34]. LIDs were rated as 1 (mild), when presented only occasionally under stress; 2
(moderate) for LIDs present during most of the ‘on’ period without interfering with voluntary
movements; and 3 (severe) when LIDs were continuous, generalized and they perturbed motor
behavior. This scoring system is in keeping with the scale included in the Core Assessment
Program for Intracerebral Transplantation for Parkinson’s disease [35], subsequently modified
and validated for the assessment of dyskinesias in patients [36]. Animals were treated daily
with L-DOPA until they showed an overt dyskinetic syndrome; a mild dyskinetic syndrome was
displayed by the end of the first month of treatment and the overt dyskinetic symptoms
appeared one month later and remained stable until sacrifice. By the time of sacrifice, two
monkeys treated with L-DOPA showed severe dyskinesia. These primates entered in the “on”
state 30 min post-L-DOPA oral delivery and the duration of the “on” period was maintained for
2.5-3 h. L-DOPA-treated animals were killed in the ON state, when they showed peak-of-dose

dyskinesia.



Animals were anesthetized with an overdose of 10% chloral hydrate and perfused
transcardially. The perfusates consisted of a saline Ringer solution followed by 3,000 ml of a
fixative solution containing 4% paraformaldehyde and 0.1% glutaraldehyde in 0.125 M
phosphate buffer (PB), pH 7.4. Perfusion was continued with 1,000 ml of a cryoprotectant
solution containing 10% glycerin and 2% dimethylsulphoxide (DMSO) in 0.125 M PB, pH 7.4.
Once perfusion was completed, the skull was opened, the brain removed and stored for 48 h
in a cryoprotectant solution containing 20% of glycerin and 2% DMSO in 0.125 M PB, pH 7.4.
All solutions used for fixation and cryoprotection were treated with 0.1% diethylpyrocarbonate
(DEPC) and autoclaved prior to their use. Finally, frozen serial sagittal or coronal sections (40
pum-thick) were obtained on a sliding microtome and collected in 0.125 M PB cryoprotectant
solution containing 20% of glycerin and 2% DMSO in 0.125 M PB, pH 7.4, as 10 series of
adjacent sections. Basal ganglia-related structures were selected according to the atlas of

Lanciego and Vazquez [37].

Immunohistochemistry

Rat striatal sections were thawed at 4 2C, washed in Tris-HCI 50 mM, NaCl 0.9% pH 7.8 buffer
(TBS), treated 5 min with 1% Na,BH, dissolved in TBS, followed by successive TBS washes until
all Na,BH,; was eliminated and rocked in 7% normal donkey serum (SND, Sigma) in TBS for 1 h
at 37 2C in a humidified atmosphere. The sections were then incubated overnight at 4 2¢Cin a
humidified atmosphere with the primary antibody rabbit anti-D; receptor antibody (1:200, see
above) or guinea pig anti-D; receptor antibody (1:200, see above) in a solution with 0.1% TBS-
Tween, 0.1% BSA Acetylated (Aurion, Wageningen, The Netherlands), 7% SND. Then, sections
were washed in TBS-Tween 0.05% and left for 2 h at room temperature in a humidified
atmosphere with chicken anti-rabbit (1:200, Alexa Fluor 594, Invitrogen) or goat anti-guinea
pig (1:200, Alexa Fluor 488, Invitrogen) as secondary antibody in 0.1% TBS-Tween, 0.1% BSA,
7% SND. Finally sections were washed in TBS-Tween 0.05%, followed by a single wash in TBS
before mounting in Mowiol medium (Calbiochem, Merck, Darmstadt, Germany), covered with
a glass and left to dry at 4 oC for 24 h. The sections were observed and imaged in a Leica SP2

confocal microscope.

In situ proximity ligation assays

Monkey and rat sections were mounted on gelatin-coated slides and D;-D; receptor
heteromers were detected using the Duolink Il in situ proximity-ligation-assay (PLA) detection
Kit (OLink; Bioscience, Uppsala, Sweden) following the instructions of the supplier. Sections

were thawed at 42C, washed in 50 mM Tris-HCI, 0.9% NaCl pH 7.8 buffer (TBS), permeabilized



with TBS containing 0.1% Triton X-100 for 10 min and successively washed with TBS. After 1 h
incubation at 37°C with the blocking solution in a pre-heated humidity chamber (37°C),
sections were incubated overnight in the antibody diluent medium with a mixture of equal
amounts of rabbit anti-D; receptor antibody (1:200, ref.A1402, LifeSpan BioSciences, Fourth
Avenue, Seattle, USA) and guinea pig anti-D, receptor antibody (1:200, ref.Af500, Frontier
Institute, Ishikari, Hokkaido, Japan). Sections were washed as indicated by the supplier and
incubated for 2 h in a pre-heated humidity chamber at 37°C with PLA probes detecting rabbit
or guinea pig antibodies, Duolink Il PLA probe anti-rabbit plus and Duolink Il PLA probe anti-
guinea pig minus. Then samples were processed for ligation and amplification and were
mounted using a DAPI-containing mounting medium. The samples were observed in a Leica
SP2 confocal microscope (Leica Microsystems, Mannheim, Germany) equipped with an
apochromatic 63X oil-immersion objective (N.A. 1.4), and a 405 nm and a 561 nm laser lines.
For each field of view a stack of two channels (one per staining) and 9 to 15 Z stacks with a
step size of 1 um were acquired. A quantification of cells containing one or more red spots
versus total cells (blue nucleus) and the ratio r (humber of red spots/cells containing spots),

were determined using the Fiji package (http://pacific.mpi-cbg.de/). Nuclei and red spots were

counted on the maximum projections of each image stack. After getting the projection each
channel was processed individually. The nuclei were segmented by filtering with a median
filter, subtracting the background, enhancing the contrast with the Contrast Limited Adaptive
Histogram Equalization (CLAHE) plug-in and finally applying a threshold to obtain the binary
image and the regions of interest (ROI) around each nucleus. Red spots images were also
filtered and thresholded to obtain the binary images. Two-way ANOVA followed by
Bonferroni’s post hoc multiple comparison test was used to compare the values (% of positive
cells or ratio r) obtained for each pair of receptors in different disease stages or in different

striatal regions.

Preparation of rat brain striatal membranes and protein determination

Rat striatal tissue was disrupted with a Polytron homogenizer (PTA 20 TS rotor, setting 3;
Kinematica, Basel, Switzerland) for three 5 s- periods in 10 volumes of 50 mM Tris—HCI buffer,
pH 7.4, containing a protease inhibitor cocktail (Sigma, 1/1000). After eliminating cell debris by
centrifugation at 1000 xg for 10 min, membranes were obtained by centrifugation at 105,000
xg (40 min, 4°C) and the pellet was suspended and centrifuged again under the same
conditions. Membrane pellets were stored at -80°C and were washed once more as described

above and re-suspended in 50 mM Tris—HCl buffer for immediate use. Protein concentration


http://pacific.mpi-cbg.de/

was quantified by the bicinchoninic acid method (Pierce Chemical Co., Rockford, IL, USA) using

bovine serum albumin dilutions as standard.

Radioligand binding assays

Membrane suspensions (0,2 mg of protein/ml) were preincubated 2 h at 25°C in 50 mM Tris-
HCl buffer, pH 7.4, containing 10 mM MgCl, with 1 nM of the D, receptor antagonist [3H]R—(+)—
7-chloro-8-hydroxy-3-methyl-1-phenyl-2,3,4,5-tetra-hydro-1H-3-benzazepine ([*H]SCH-23390),
and increasing concentrations of the partial D, receptor agonist (t)-1-phenyl-2,3,4,5-
tetrahydro-(1H)-3-benzazepine-7,8-diol hydrobromide (SKF-38393, triplicates of 15 different
competitor concentrations from 0.01 nM to 50 uM), in the absence or the presence of 100
nM of the D; receptor agonist 7-OH-PIPAT (7-hydroxy-2-[N-n-propyl-N-(3'-iodo-2'- propenyl)-
amino]tetralin). For binding to D; receptors, membranes were incubated with 4 nM of the D;
receptor agonist [*H]7-hydroxy-N,N-di-n-propyl-2-aminotetralin ([*H] 7-OH-DPAT ([*H]7-
hydroxy-N,N-di-n-propyl-2-aminotetralin, Amersham Biosciences) and increasing
concentrations of the D; receptor agonist 7-OH-DPAT (triplicates of 15 different competitor
concentrations from 0.1 nM to 50 uM; Sigma). Nonspecific binding was determined in the
presence of 50 uM SCH-23390 for the D, receptor or 50 uM of the D; receptor ligand 7-OH-
DPAT.

Binding data analysis

Radioligand competition curves were analyzed by nonlinear regression using the commercial
Graphpad and Grafit curve-fitting software (Erithacus Software, Surrey, UK), by fitting the
binding data to the mechanistic two-state dimer receptor model [38,39]. We consider the
possibility of a homodimer as the minimal structural unit of a receptor forming homomers or
forming heteromers with another receptor. To calculate the macroscopic equilibrium
dissociation constants the two-state dimer model was used [40] and data from saturations
assays were fitted using the following equation:

Atotal bound = (KDAZA + 2AZ)RT/ (KDAl + KDAZA + AZ) + Anon—specific. bound €q. 1

where A represents free radioligand concentration, Ry is the total amount of receptor dimers
and Kpa; and Kpa, are the macroscopic equilibrium dissociation constants describing the
binding of the first and the second radioligand molecule (A) to the dimeric receptor. When the
radioligand (A) shows non-cooperative behavior, Kpa, = 4Kpa: [39]; and, therefore, Kpai is

enough to characterize the binding of A. Kpa; values obtained from saturations experiments



were: 0.6 nM for [3H]SCH-23390 binding and 4.0 nM for [3H]DPAT binding. These values are

needed to fit data from competition experiments (see below).

Data from competition binding experiments were fitted using the following equation:

Asotal bound = (Kpa2A + 2A% + Kpp,AB / Koas) Rr / (KpaiKpaz + KpaoA + A® +

Koa2 AB/ Kpag + Kpa1KpazB /Kps: + KDAlKDAZBZ / (Kog1Kps2)) + Aron-specific. bound eq. 2
where B represents the assayed competing compound concentration, and Kpg; and Kpg, are,
respectively, the macroscopic equilibrium dissociation constants for the binding of the first
competitor molecule (B) to a dimer and for the binding of the second competitor molecule (B)
to the semi-occupied dimer; Kpag is the hybrid equilibrium radioligand/competitor dissociation
constant, which is the dissociation constant of B binding to a receptor dimer semi-occupied by
A. When the radioligand (A) shows non-cooperative behavior, eq. 2 can be simplified to eq. 3
due to the fact that Kpa, = 4Kpar [39]; and, therefore, Kpa1 is enough to characterize the binding

of A:

Avotal bound = (4KparA + 2A% + 4KpaiAB / Kops) Ry / (4Kpar® + 4KparA + A? +4KpaAB / Kpag + 4Kpn’B /

Kps1 + 4KDA1ZBZ / (Kog1Kpg2)) + Anon-specific. bound €q.

3

Goodness of fit [41]; was tested according to reduced chi-squared value given after data
fitting. The test of significance for two different model population variances was based upon
the F-distribution. Using this F-test, a probability greater than 95% (p < 0.05) was considered
the criterion to select a more complex model over the simplest one. Competition curves for
each animal were performed in triplicates to obtain accurate parameter values. Differences
were analyzed for significance by two-way ANOVA followed by Bonferroni’s post-hoc multiple

comparison test.

Results

Expression D; and D; receptors in the striatum of L-DOPA-treated parkinsonian rats

The 6-OHDA rat model of Parkinson’s disease is prepared by unilateral neurotoxin injection on
the right hemisphere. Although the expression of the D; receptor is relatively low in striatum,
repeated L-DOPA treatment in parkinsonian animals induces ectopic striatal D; expression in
the dorsal striatum [12,14]. Saturation experiments using increasing concentrations of *H] 7-

OH-DPAT were performed. Saturation curves were monophasic (data not shown) and data
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were fitted to eq. 1 to calculate Ry and, from this value, the maximum binding (Bmax is twice
the number of dimers, Ry). In both ipsi- and contralateral hemispheres a very low expression of
D; receptors was observed in naive rats and in both hemispheres of lesioned animals.
Interestingly, the D; receptor expression was significantly increased in the ispsi- and
contralateral sides of rats that developed severe dyskinesia after L-DOPA treatment (Fig. 1).
Saturation experiments using increased concentration of [*H]SCH-23390 were performed to
measure D, receptor levels. In all cases the competition curves were monophasic (data not
shown). From fitting the binding data to eq. 1 we calculated R; and, from this value, the
maximum binding (Bmax is twice the number of dimers, Ry). The level of the D, receptor,
calculated as Bmax, was similar in all samples (Fig. 1). These results indicate a marked increase
in D3 receptor expression that correlated with the appearance of dyskinesia. The increase in D;
receptor expression in dyskinesia was also observed by immunocytochemistry using sections

from naive and dyskinetic rats (Fig. 1C-D).

Expression of D,-D; receptor heteromers in the rat striatum

To test whether the increase of D3 receptor expression in L-DOPA-induced dyskinesia leads to
an increase in D,-D; receptor heteromers, in situ Proximity Ligation Assays (PLA) were
performed. Labeling heterodimers by PLA requires both receptors to be sufficiently close to
allow the two antibody-DNA probes to form double stranded segments, a signal that is further
amplified in the presence of fluorescent nucleotides [42,43]. Thus, the detection of a
punctuate -red- fluorescent signal by confocal microscopy is dependent on the close proximity
of the receptors. In these experiments, specific primary antibodies directed against each of the
two receptors were used: a guinea pig anti-D; receptor antibody whose specificity has been
described previously [44], and a rabbit anti-D;, whose specificity for D; has been characterized
for immunohistochemistry comparing striatal samples from naive and dyskinetic animals. In
naive rats, the number of red spots around the DAPI-stained nuclei was low (Fig. 2). Staining
was observed in less than 50% cells, each having around 2 red spots/cell (Fig. 2). Similar results
were obtained in ipsi- and contralateral hemi-striatal sections from lesioned rats (Fig. 2B-C).
These results agree with the D; receptor expression quantified by radioligand binding (Bmax
values in Fig. 1). Concomitantly, the PLA staining increased in dyskinetic rats (Fig. 2D);
compared to naive rats, the percentage of cells expressing red spots increased (> 60% of
positive cells) as also increased the number of red spots/cell (around 4) (Fig. 2). Few red spots
were observed in samples treated with only one primary antibody (negative controls in Fig.

2E). These results indicate that the D; receptor expression induced by dyskinesia correlates
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with a significant increase in heteromer expression, meaning that D;-D; receptor heteromers

may be targets for dyskinesia.

Expression of D,-D; receptor heteromers in the monkey striatum

Having previously demonstrated the presence of D;-D; receptor heteromers in rat striatum, we
next investigated their expression in Macaca fascicularis, taking advantage of the fact that the
regions of interest within the striatum are more clearly delineated in the brains of primates
than in rats or other non-primate models. In fact, the MPTP-primate model is considered the
gold standard for Parkinson’s disease pre-clinical research due to its resemblance, in
neurodegeneration and symptoms, to the human disease. By incubating monkey caudate
nucleus and putamen sections with the corresponding antibodies we observed red spots in
neurons with DAPI-stained nuclei. Positive neurons were found in control monkeys (Fig. 3B-B’,
F-F’), MPTP-treated monkeys (Fig. 3C-C’, G-G’) and macaques rendered dyskinetic by chronic L-
DOPA treatment (Fig. 3D-D’, H-H’). No red spots were observed in samples treated with only
one primary antibody (Fig. 3A-A’, E-E’). In all cases, staining was observed in a relatively high
percentage of cells, approximately a 50% in naive and MPTP animals and >65% in dyskinetic
animals. The percentage of positive cells and the number of red spots/cell for D;-D; receptor
heteromers were dissimilar between samples (p<0.01 by two-way ANOVA) and, compared
with either control of MPTP-treated animals, a significant increase in both caudate nucleus and

putamen was observed in dyskinetic monkeys (Fig. 3 1).

D;—-Dj; inter-receptor interaction in the striatum of dyskinetic rats

Before analyzing the cross-talk at the ligand binding level, the affinity of the D, receptor partial
agonist, SKF-38393, was determined by competition assays (using [*H]SCH-23390 as
radioligand) in both hemispheres of naive, lesioned (non-dyskinetic) and dyskinetic animals.
The results (table 1) show a clear asymmetry in right versus left striatum from naive animals;
the affinity was significantly different in the two hemispheres and the left one displayed a
significantly lower Kpg; values (p<0.001 by two-way ANOVA), i.e. a higher affinity. Similar
lateralization was detected in samples from lesioned, L-DOPA-treated (non-dyskinetic) and
dyskinetic animals. These results constitute evidence for right/left asymmetry in D, receptor
affinity for its ligands that likely reflects a different D; receptor context in the two
hemispheres.

Lateralization may be due to differential right vs. left allosteric interactions affecting the D,
receptor structure. Irrespective of whether the allosteric interactions explaining the

asymmetry are due to heteromerization or not, our next aim was to detect the biochemical
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fingerprint of the D;-Ds receptor heteromer in striatum. A common characteristic of receptor
heteromers is that ligand binding to one receptor can modulate ligand binding to the partner
receptor in the heteromer [45]. This biochemical cross-talk constitutes a fingerprint of the
heteromer and it is known that D; receptor stimulation enhances D, receptor agonist affinity in
transfected cells and calf striatum [25]. Due to both financial and ethical issues, these
experiments could not be attempted using primate samples; in fact the binding experiments
require a high amount of fresh tissue that was not available from primates. Therefore D;-D;
receptor cross-talk identification was performed in the two hemispheres of naive, lesioned, L-
DOPA-treated (non dyskinetic) and dyskinetic rats. In the different rat striatal samples
competition experiments using 1 nM of the D; receptor antagonist [°H]SCH-23390 binding vs.
increasing concentrations of the partial D, receptor agonist SKF-38393, were performed in the
absence or the presence of 100 nM of the D; receptor agonist 7-OH-PIPAT. Any effect of 7-OH-
PIPAT upon the competition curves would indicate positive cross-talk between D;-D; receptors,
likely due to receptor heteromerization. In samples from the two hemispheres naive, lesioned
and L-DOPA-induced dyskinetic animals the competition curves were biphasic due to negative
cooperativity (Fig. 4) and the affinity constants (table 1) for SKF-38393 binding to D, receptor
were calculated by fitting data to the two-state dimer model (eq. 3; see Methods). The positive
cross-talk consisting in binding with higher SKF-38393 affinity to D, receptors in the presence
of PIPAT was not observed in naive or non-dyskinetic animals in any of the hemispheres (Fig. 4
A; table 1). Interestingly, L-DOPA-induced dyskinesia produced the appearance of a notable D;-
D; heteromer fingerprint only in the ipsilateral (right) side; it consisted of a significant affinity
increase of D, receptor agonist SKF-38393 in the presence of the D; receptor agonist PIPAT
(Fig. 4 B; table 1). It should be noted that this cross-talk in the ipsilateral side correlates with
the above-mentioned significant increase in the levels of D; receptors (Fig. 1) and of D;-D;

receptor heteromers (Fig. 2) in the lesioned hemisphere.

Discussion

The involvement of the direct basal ganglia pathway in dyskinesia is well known. Already in
1997, Bordet and collaborators [12] proved a relationship between D; and D; receptors in
dyskinesia. The authors reported the Di-receptor-mediated induction of D; receptor
expression as a mechanism of behavioral sensitization to L-DOPA. Expression of D3 in L-DOPA-
treated animals correlated with enhanced levels of prodynorphin mRNA thus leading to the
hypothesis of altered balance between dynorphin and substance P in behavioral sensitization.
The occurrence of GPCR heteromers was described in late nineties and D;-D; receptor

heteromerization was reported in 2008 by Fiorentini et al [26], and by Marcellino et al [25].

13



Heteromers were identified in both transfected cells and in rat striatum, and its expression, in
both transfected cells and in membrane preparations, leads to a synergy in dopamine affinity
thus suggesting a stronger dopaminergic tone in the direct pathway [25]. D; receptors also
potentiate D;-receptor signaling in terms of cAMP accumulation [26]. As D, [46] and D;
receptor expression [12] is increased upon chronic L-DOPA treatment the aim of this paper
was to investigate whether the expression of heteromers was also increased in L-DOPA-
induced dyskinesias. Our results consisting of Bmax values in striatal samples showed a high
increase in D3 expression in dyskinetic rats.

As a side but very important result we found in naive rats a right/left asymmetry in the agonist
affinity binding to striatal D; receptors. As early as in 1982, Schneider et al [47] reported
increased level of D, receptors in the left striatum of naive (male Sprague-Dawley) rats. Their
results from experiments using a single data point could be due to actual differences in
receptor levels or to increased affinity of the striatal D, receptor in the left hemisphere.
Affinity likely results from the quaternary structure of dopamine receptors that seems to be
different in each striatal side. Quaternary structure of GPCRs may be modified by a number of
allosteric interactions with other proteins (G proteins and else) and also by heteromerization
[48]. The expression of D; receptors in naive and lesioned rats is relatively small and,
therefore, it is not expected that differential Ds-receptor expression in the two hemispheres
would contribute to the right/left asymmetry in D, receptors’ affinity. The positive cross-talk,
which was only found in samples from dyskinetic animals, abrogated lateralization found in
naive and lesioned animals, thus pointing to a physiological disequilibrium in the intact direct
pathway. To be sure that such disequilibrium is needed for appropriate motor control will
require more experimental effort. Cannon et al [4] have identified by positron emission
tomography (PET) a lateral asymmetry in binding of ["'CINNC-112, a D; receptor PET
radioligand, to the brain of healthy individuals. Brain lateralization in man is a well-known fact
apparently underlying right/left hand/arm preference and even the uniqueness of human
brain. A study by Silva et al., [49] performed in male black tufted-ear marmoset monkeys
showed that the right caudate/putamen displayed higher levels of dopamine than the left one.
Within the behaviors scored the authors did not find any hand preference but complex
interactions (particularly in the left hemisphere) between neurochemical and behavioral data.
The authors concluded that data are evidence for functional brain asymmetry [49].
Lateralization occurs even in invertebrate nervous systems (see [50] for review) thus raising
the possibility that right/left asymmetry is consubstantial with the inter-species evolution
towards a central nervous system. Direct basal pathway seems to be lateralized in mammals

and dyskinesia correlate with a balanced right versus left dopamine D;-receptor
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neurotransmission (Fig. 5). Interestingly, lateralization persisted in lesioned animals and in
non-dyskinetic lesioned animals treated with L-DOPA. Whether balancing due to L-DOPA-
induced activation of D, and D; receptors (see below) is cause or results from dyskinesia merits
further attention.

Heteromerization was tested by detecting the biochemical fingerprint by both PLA and binding
assays. Inter-molecular cross-talk within the heteromer often leads to binding modulation, i.e.
an allosteric effect due to binding of one ligand to one receptor that is transmitted to the
partner receptor [51]. The D;-D; receptor heteromer may be detected by the change in
dopamine affinity for D, receptor when PIPAT, a Ds-receptor-selective ligand, is included in the
assays [52]. Dyskinesia, but not the lesion or a limited treatment with L-DOPA, induced the
appearance of a D;-D; receptor heteromer fingerprint consisting of an affinity increase of D,
receptor agonist SKF-38393 in presence of the D; receptor agonist PIPAT. Fig. 5 summarizes
our PLA and binding modulation data that show a correlation between dyskinesia and increase
in both D3 and heteromer expression. Expression of oligomers formed by D, receptors and
NMDA glutamate receptors, which were identified by Lee et al [53] and Fiorentini et al. [54], is
altered in 6-OHDA rats rendered dyskinetic by L-DOPA treatment [26,55]. It should be also
noted that the expression of D;-NMDA receptor heteromer decreases in dyskinetic animals.
Taken together these results show that dyskinetic rats display a marked dysbalance in the
proportion of D;-receptor-containing heteromers. The decrease in D;-NMDA receptor
heteromers leads to altered long-term potentiation by inhibiting NMDA-mediated currents
[53] and the increase in D;-D; receptor heteromers enhances dopamine neurotransmission.
Actually in dyskinetic animals treated with L-DOPA in which D; receptors are activated within
the D;-D; receptor heteromer, the D, receptors in the two hemispheres display high affinity. In
dyskinetic states excess dopamine coming from L-DOPA treatment would activate D; receptors
in turn leading to a D;-receptor mediated super-sensitivity. Indeed these results are consistent
with the increased sensitization of D,-receptor-mediated signaling in caudate-putamen from
dyskinetic Macaca fascicularis primates [56]. The increase in D; receptor responsiveness,
mimicked by L-DOPA induction of the cAMP/PKA/DARPP-32 pathway has been linked to
dyskinesia emergence [57-59,11]. Exacerbated activation of DARPP-32 has been also related to
maintenance of L-DOPA-induced dyskinesias [59,60]. Evidence from different laboratories
indicates that chronic activation by L-DOPA of the increased number of D;-D; receptor
heteromers in dyskinetic animals would lead to a marked potentiation of the direct pathway,
which could be of benefit if the indirect pathway is intact. Aberrant activation of the direct
pathway together with weak signaling via the indirect pathway (Fig. 5) may underlie the motor

imbalance associated to dyskinetic states.
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Table 1. Parameters for SKF-38393 binding to D; receptors in the absence and
presence of a Ds-receptor-selective agonist (PIPAT). Data were fitted to the two-
state dimer model as indicated in Methods. Values are mean + SEM (n=3). Two-
way ANOVA showed significant inter-group differences (p<0.001) on Kpg; and

Kpe2 in samples from the right hemisphere.

Competition experiments Parameters
[*H]SCH-23390 vs SKF-38393  Right side Left side

Kpe: (NM)  Kpgz (NM)  Kpg1 (NM) Kpgz (NM)

Naive 22+2 370+40 3+1 80+10
+ 7-OH-PIPAT (100nM) 21+6 330+50 6+2 120+30
Lesioned 28+3 450120 3+1 120+20
+ 7-OH-PIPAT (100nM) 22+3 470140 7+3 210440
Lesioned + L-DOPA-treated 20+2 330+30 2+1 60120
+ 7-OH-PIPAT (100nM) 28+2 270430 8+3 90+20
Dyskinetic (L-DOPA-induced) 2042 340+30 4+1 160+30
+ 7-OH-PIPAT (100nM) 5+1* 160+30** 4+1 160+20

* p<0.05 and ** p<0.01 respect to naive after Bonferroni’s post-hoc test.
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Figure Legends (please download high quality images)

Figure 1. D, (D;R) and D; (D;R) receptor expression in the rat striatum.

Maximum binding to right and left hemi-striatal membranes from non-lesioned (naive),
lesioned (parkinsonian) and L-DOPA-treated rats displaying dyskinesia (dyskinetic) was
calculated by radioligand binding saturation experiments. Radioligand binding was performed
with increasing concentrations of either the D, receptor antagonist [3H]SCH-23390 or the D;
receptor agonist [*H] 7-OH-DPAT ligand (4 nM, B) in competition with increasing
concentrations of the same non-radiolabeled ligand. Maximum binding (B...=2Ry) was
obtained by fitting saturation binding data to eq. 1. Values represent the mean + SEM of n = 3.
Two-way ANOVA analysis showed significant inter-group differences (p<0.0010) on Bmax
values for D; receptors.

*p<0.05 and ***p<0.001 (respect to naive); #p<0.05 (respect to right hemisphere) after
Bonferroni’s post-hoc test.

Immunohistochemistry for D; receptors was performed in rat striatal sections from naive (C)

and dyskinetic (D) animals as described in Methods. Scale bar: 20 uM

Figure 2. D;-D; receptor heteromer expression in the rat striatum. /n situ proximity ligation
assays were performed as described in Materials and Methods using right and left hemistriatal
sections from non-lesioned (A, E) or lesioned (B) rats as well as L-DOPA-treated lesioned rats
not displaying (C) or displaying (D) high dyskinesia. Confocal microscopy images (superimposed
sections) are shown; heteromers appear as red clusters surrounding DAPI-stained nuclei in
blue. In (F), the ratio r (number of red spots/cell-containing spots) for the indicated samples is
expressed. The number of cells containing one or more red spots (expressed in percentage of
the total number of cells) is shown above bars. Data (ratio or percentage of positive cells) are
the mean = SEM of counts in 5-7 different fields from 3 different animals. Two-way ANOVA
analysis showed significant inter-group differences (p<0.001) on ratio and percentage of
positive cells.

**p<0.01 (respect to naive); ###p<0.001 (respect to negative control) after Bonferroni’s post-
hoc test.

Scale bars: 20 uM

Figure 3. D;-D; receptor heteromer expression in monkey striatum.
In situ proximity ligation assays were performed as described in Materials and Methods using
caudate (A-D and A’-D’) and putamen (E-H and E’-H’) sections from Macaca fascicularis,

untreated, treated with MPTP and treated with MPTP and rendered dyskinetic by chronic L-
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DOPA administration. A’-D’ and E’-H’ are magnification images of fields (white-dotted
rectangles) in, respectively, A-D and E-H. C. In (A, A’, E, E’) negative controls were performed
using only D; receptor antibody as primary antibodies. Confocal microscopy images
(superimposed sections) are shown; heteromers appear as red clusters surrounding DAPI-
stained nuclei in blue. Scale bar: A-H= 20 um; A’-H’ 5 um. In (l), the ratio r (number of red
spots/cells containing spots) for the indicated samples is expressed. The number of cells
containing one or more red spots (expressed in percentage of the total number of cells) is
shown above bars. Data (ratio or percentage of positive cells) are the mean + SEM of counts in
5-9 different fields from different animals. Two-way ANOVA analysis showed significant inter-
group differences (p<0.001) on ratio and percentage of positive cells.

***p <0.001 (respect to control macaque); ##p<0.01, ###p<0.001 (respect to negative control)

after Bonferroni’s post-hoc test.

Figure 4. D,-D; receptor cross-talk detected by radioligand binding
Competition by SKF-38393 of [*H]SCH-23390 binding to right striatal membranes from naive
(A) and dyskinetic (B) animals in the absence or presence of 100 nM PIPAT, a D3 receptor

agonist.

Figure 5. Scheme of the role of D;-D; receptor heteromers in L-DOPA-induced dyskinesia.
Indirect D,-receptor-expressing and direct-D;-receptor expressing striatal projecting neurons
are altered after dopamine depletion in Parkinson’s disease and by therapy with L-DOPA. The
strength of dopaminergic signaling via D, and D, receptors is differentially unbalanced in
dyskinetic animals. In the particular case of the direct pathway, sensitization of D, receptors

and right/left balancing occurs via increased expression of D;-D; receptor heteromers.
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La Tesis doctoral de Daniel Farré Pérez “Heteromeros de receptores de dopamina como
dianas terapéuticas en la enfermedad de Parkinson y en discinesias inducidas por el

tratamiento con L-DOPA” se presenta como compendio de publicaciones.
En el apartado de RESULTADOS se presentan los siguientes manuscritos:

El manuscrito “The catalytic site structural gate of adenosine deaminase
allosterically modulates ligand binding to adenosine receptors” ha sido publicado en

The Faseb Journal con un factor de impacto de 5,480 (Q1).

El trabajo “Cocaine inhibits dopamine D, receptor signaling via sigma-1-D,
receptor heteromers” ha sido publicado en PLoS One con un factor de impacto de

3,534 (Q1).

El manuscrito “L-DOPA-treatment in primates disrupts the expression of Ajs
adenosine—CB; cannabinoid—D, dopamine receptor heteromers in the caudate

nucleus” ha sido publicado en Neuropharmacology con un factor de impacto de 4,819

QD).

El manuscrito “L-DOPA disrupts adenosine A;s—cannabinoid CB;,—dopamine D,
receptor heteromer cross-talk in the striatum of hemiparkinsonian rats:
Biochemical and behavioral studies” ha sido publicado en Experimental Neurology

con un factor de impacto de 4,617 (Q1).

El trabajo “Lack of lateralization of dopamine D;-receptor-mediated
neurotransmission in dyskinesia” ha sido enviado para su publicacién a la revista

Molecular Neurobiology con un factor de impacto 5,286 (Q1).

En el manuscrito “The catalytic site structural gate of adenosine deaminase
allosterically modulates ligand binding to adenosine receptors” el doctorando

Daniel Farré ha realizado los experimentos de union de radioligandos, de determinacion
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de la actividad enzimatica y de western-blot en colaboracion con Eduardo Gracia. En el
trabajo “Cocaine inhibits dopamine D2 receptor signaling via sigma-1-D, receptor
heteromers”, ha realizado parte de los experimentos de transferencia de energia de
resonancia bioluminiscente entre los diferentes receptores de dopamina D,-like y sigma-
1. En los articulos “L-DOPA-treatment in primates disrupts the expression of A;,
adenosine—CB; cannabinoid—D, dopamine receptor heteromers in the caudate
nucleus” y “L-DOPA disrupts adenosine A,s—cannabinoid CB;—dopamine D,
receptor heteromer cross-talk in the striatum of hemiparkinsonian rats:
Biochemical and behavioral studies”, el doctorando Daniel Farré ha realizado parte de
de los experimentos de unioén de radioligandos en colaboracion con Jordi Bonaventura.
En el trabajo “Lack of lateralization of dopamine Dj-receptor-mediated
neurotransmission in dyskinesia”, el doctorando Daniel Farré ha realizado la totalidad
de los experimentos de union de radioligandos, y parte de los experimentos de PLA en

colaboracion con Estefania Moreno.

Barcelona, a dia 15 de Septiembre de 2014

Dr. Rafael Franco Fernandez Dr. Vicent Casadé Burillo
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Un modelo ampliamente aceptado de la funcion de los ganglios basales propone
que la estimulacion de las vias estriatales eferentes directa e indirecta da como resultado
la activacion o inhibicidn motora, respectivamente (Albin et al. 1989; DeLong 1990) y
que el correcto funcionamiento motor depende de la influencia balanceada de estas vias
en la actividad neuronal de las estructuras de salida de los ganglios basales (Kravitz et
al. 2010). En la enfermedad de Parkinson este equilibrio en los circuitos de los ganglios
basales se pierde debido a una deplecion de dopamina en el estriado causada por la
degeneracion de las neuronas nigroestriatales dopaminérgicas (Lewis et al. 2003; Obeso
et al. 2008). A medida que avanza el proceso degenerativo, la terapia de reposicion se
hace necesaria para ayudar a aliviar la disfuncion motora. La levodopa (L-DOPA) es
ain el agente mas efectivo para mejorar los sintomas motores de la enfermedad de
Parkinson, ya que actia como una fuente de dopamina al cerebro capaz de interaccionar
con los receptores de dopamina de las familias D,-/ike y D,-like (Encarnacién y Hauser
2008), pero su uso cronico estd asociado con la emergencia de complicaciones motoras
que incluyen la fluctuacion de respuesta y las discinesias (Bezard et al. 2001). Aunque
los mecanismos que conducen a las complicaciones motoras no estdn totalmente
elucidados, la discinesia inducida por L-DOPA se cree que es el resultados de los
efectos combinados del dafio dopaminérgico nigroestriatal y del tratamiento pulsatil con
L-DOPA (Obeso et al. 2000; Cenci et al. 2007), y por tanto se ha realizado un gran

esfuerzo para encontrar nuevos compuestos que permitan la sustitucion de los actuales.

El desarrollo de compuestos no dopaminérgicos para ser utilizados en terapias
basadas en L-DOPA ha sido objeto de mucho interés en los tltimos afos (Pinna et al.
2009; Gottwald y Aminoff 2011). Entre las nuevas clases de farmacos, los antagonistas
del receptor A;s de adenosina han surgido como los mejores candidatos, ya que se
considera que ejercen una accion facilitadora de la transmision dopaminérgica que
puede resultar en una activacion motora, a través de interacciones tanto con el receptor
D, (Pinna et al. 1996; Pollack et al. 1996;) como con el receptor D, (Ferré et al. 1991;
Ferré¢ y Fuxe 1992; Ferré et al. 2004; Schwarzschild et al. 2006; Miiller y Ferré 2007;
Pinna 2009). Otro de los receptores involucrados en las alteraciones motoras en la
enfermedad de Parkinson son los receptores de cannabinoides. En muestras de pacientes

o de animales modelo de la patologia se ha demostrado que el sistema
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endocannabinoide esta sobreactivado en los estadios avanzados de la enfermedad pero
paradoxalmente, las primeras fases de la la enfermedad de Parkinson estan asociadas a
una regulacion a la baja de los receptores CB; (Sagredo et al. 2007), que podrian
incluso servir como un biomarcador en la fase inicial de la enfermedad. Diferentes
hallazgos refuerzan la teoria que el bloqueo de los receptores de CB; podria ser util
contra la bradicinesia parkinsoniana (Garcia-Arencibia et al. 2009; Orgado et al. 2009).
Utilizando una técnica basada en la transferencia de enrgia por resonancia (Carriba et al.
2008), nuestro grupo ha demostrado recientemente que los receptores CB; pueden
formar heteromeros con los receptores A,a de adenosina y D, de dopamina, en células

transfectadas y estriado de raton (Navarro ef al. 2010).

Considerando esto, hemos querido estudiar la expresion y la funcidon de los
heteromeros A;s-CBi-D, en el estriado de modelos primates y murinos de la
enfermedad de Parkinson, para investigar si este heterotrimero es una diana real para ser
tenida en cuenta en el disefio de terapias antidiscinéticas. Los resultados de este primer
objetivo de la Tesis ha dado lugar a dos manuscritos: por una parte, respecto al estudio
en el modelo del primate Macaca fascicularis, a la publicacion L-DOPA-treatment in
primates disrupts the expression of A;x adenosine—CB; cannabinoid—D, dopamine
receptor heteromers in the caudate nucleus; posteriormente, y en relacion a la
investigacion con ratas, al articulo L-DOPA disrupts adenosine A,s—cannabinoid
CB,—dopamine D, receptor heteromer cross-talk in the striatum of

hemiparkinsonian rats: Biochemical and behavioral studies.

En primer lugar, se comenzo6 la investigacion de la expresion del heterotrimero
en el estriado de macacos de la especie Macaca fascicularis, ya que una ventaja del
estriado de los primates es la posibilidad de delinear mejor las diferentes regiones del
estriado. Empleando la técnica de los ensayos in situ de ligacion por proximidad (PLA),
que permite la determinacién de interacciones moleculares entre dos proteinas
diferentes, detectamos heteromeros A;s-Cgi, Aza-D; y CBj-D; en alto porcentaje de
células de caudado de macaco con una tincioén relativamente alta. La deteccion de
heterémeros de cada pareja de Aja, CB; y D; en cantidades similares sugiere la
expresion del heteromero A;a-CBi-D; en el caudado de macaco. En contraste y
sorprendentemente, cuando se estudian los cortes de putamen del primate la sefial

positiva de PLA correspondiente a las parejas de heterdmeros estudiadas anteriormente,
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se ve muy disminuida, tanto en namero de células marcadas como en la intensidad de la
sefal, indicando que los heterdmeros A;5-CB;- D; no se expresan en el putamen pre y
post-comisural de Macaca fascicularis. Para obtener mas pruebas de la expresion de los
heterémeros de receptores AxA-CB-D; en el estriado de macacos y de su funcionalidad,
investigamos el cross-talk a nivel de union de ligandos entre los receptores Aja, CB; y
D, usando membranas de caudado y putamen de macacos. Se realizaron experimentos
de competicion para calcular las constantes de afinidad por la uniéon de la dopamina a
los receptores D, en las diferentes condiciones heteroméricas. De estos ensayos en
caudado, obtuvimos que no sélo el agonista del receptor Ax sino que también el
agonista de CB; inducen un descenso de mas de tres veces en la afinidad de la dopamina
por los receptores D,, y que este efecto se revierte cuando estdn presentes
simultdneamente ambos agonistas. Estos resultados pueden explicarse por una
interaccion molecular receptor-receptor entre los receptores del heteromero A;4-CB,-D;
donde la unidn del agonista a uno de los receptores induce un cambio conformacional
que afecta a los otros receptores del heteromero. En el putamen, la afinidad de la
dopamina por los receptores D, no se ve modificada, y estos resultados junto a la escasa
expresion del heteromero observada en los experimentos de PLA indican que solamente
en el caudado, pero no en el putamen, la unién de la dopamina a los receptores D5 se ve
modulada por la activacion individual de CB; o de A4 pero que la coactivacion de
ambos receptores bloquea esta modulacion negativa. Es importante destacar que los
cambios en la heteromerizacion en putamen respecto al caudado no son debidos a la

pérdida de expresion de los receptores.

Teniendo en cuenta que los heteromeros A;2-CB;-D; se expresan en el caudado
de macacos, se ha hipotetizd que este complejo pudiera tener un papel o estar alterado
en la enfermedad de Parkinson, y asi servir como una diana potencial en la terapia.
Teniendo en cuenta esta hipotesis, se investigd la expresion de los heterotrimeros en
cortes de caudado de macacos lesionados con MPTP, mediante el uso de la PLA. Asi, se
detectaron las parejas de heteromeros Ao-Cgi, Aza-D2 y CBj-D; en un porcentaje de
células y con un nivel de sefial que no es significativamente diferente de los macacos
control. Estos resultados sugieren que la expresion del heteromero AyA-CB,-D, también
se da en el caudado de animales parkinsonianos. De manera similar a lo observado en
los animales no lesionados, tanto el agonista de A;n como el del receptor CB;

provocaron un descenso en la afinidad de la dopamina por los receptores D, del
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caudado, y este efecto se veia revertido cuando ambos ligandos se anadian
simultaneamente. Las constantes de afinidad no se modificaban en muestras de putamen
pre y post-comisural. El hecho que se observe un comportamiento similar en la unién de
ligandos al heterotrimero A;2-CB;-D; en monos control y parkinsonianos indica que la
lesién no cambia la funcion del heterdmero, y que, por lo tanto, el heteromero podria ser

una diana real en el tratamiento de la enfermedad de Parkinson.

Para reforzar la hipodtesis anterior, probamos otro modelo animal de la
enfermedad de Parkinson: las ratas lesionadas unilateralmente con 6-OHDA (6-
hidroxidopamina). En las ratas control o en los estriados hemi-no lesionados, tanto el
agonista de A4 como el del receptor CB; inducen un descenso en la afinidad de la
dopamina por los receptores D, un efecto que se ve parcialmente revertido cuando los
dos agonistas se afiladen al mismo tiempo. Se obtienen resultados similares en las
membranas hemi-estriatales del lado lesionado con 6-OHDA, excepto que el descenso
en la afinidad no se ve revertido con la adicion simultinea de los agonistas de los
receptores Asx y CBj. Estos resultados fueron muy similares a los obtenidos con
macacos, reforzando la idea que los heteromeros de receptores A;4-CB-D; pueden ser

una diana real para el tratamiento de la enfermedad de Parkinson.

En la enfermedad de Parkinson, la terapia de reposicion de la dopamina con la
L-DOPA, sigue siendo aun la mas efectiva para mejorar la hipocinesia asociada a la
enfermedad, pero su uso cronico estd asociado a complicaciones motoras que incluyen
las discinesias (Obeso et al. 2010). Teniendo en cuenta los resultados obtenidos hasta el
momento, nos preguntamos si estas discinesias estan asociadas a cambios en la funcion
de los heteromeros de receptores Ax-CBj-D,.Con tal de responder a esa pregunta,
usamos cortes de caudado de macacos discinéticos inducidos con L-DOPA vy se testo la
expresion del heterotrimero con la PLA. En las muestras de caudado de monos
discinéticos encontramos unos niveles de expresion de las parejas de heteromeros Aja-
Cg1, Asa-Dy y CBj-D, drasticamente disminuidos en comparacion a los animales
controles. Por lo tanto, parece que la condiciéon de la discinesia bloquea la formacion del
heterotrimero. Para corroborarlo realizamos experimentos de cross-talk a nivel de unién
de ligandos. De manera interesante, en estas condiciones de discinesia, la afinidad en
caudado de la dopamina por el receptor D, no se vio modificada por la presencia de

agonistas de los otros dos receptores, indicdndose una pérdida del cross-talk funcional
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entre receptores que se corresponde con la pérdida de formacién de heterémeros
detectada por PLA. Los cambios en la heteromerizacion en los macacos discinéticos no
son debidos a cambios en los niveles de expresion relativa entre los animales no
lesionados, lesionados con MPTP y los discinéticos, ya que la expresion de los tres
receptores es similar. En el putamen pre y post-comisural de los monos discinéticos, la
falta de heteromerizacion entre receptores concuerda con el hecho de que la afinidad

por la dopamina no se ve afectada por la uniéon de agonistas de A, y CB;.

Paralelamente investigamos si esta pérdida del cross-talk entre receptores
inducida por la L-DOPA en macacos se puede observar también en otro modelo animal
de la enfermedad, por lo que empleamos ratas lesionadas con 6-OHDA vy tratadas aguda
o cronicamente con L-DOPA. En estas muestras, el descenso de la afinidad de la
dopmaina por los receptores D, inducida por los agonistas de A,x y de CB; so6los o
combinados, que se veia en los animales control o lesionados con 6-OHDA, se mostr6
muy reducida en las membranas del lado lesionado y no lesionado de las ratas tratas con
L-DOPA, sugiriendo que este efecto puede ser debido a tratamiento con L-DOPA mas
que a la lesion. De nuevo es importante remarcar, que el nivel de expresion de los
receptores es similar en todos los casos. Globalmente, estos resultados son muy
similares a los obtenidos en macacos, indicando que la pérdida de cross-talk funcional

entre los receptores se observa en diferentes modelos animales discinéticos.

La ADA (adenosina aminohidrolasa/desaminasa) es un enzima que cataliza la
desaminacion hidrolitica de la adenosina y de la 2’-desoxiadenosina a inosina y 2’-
desoxiinosina, respectivamente. En 1993, Kameoka y colaboradores identificaron el
CD26 como una proteina de anclaje extracelular de ADA. Posteriormente, el grupo de
investigacion en el cual se ha desarrollado esta Tesis doctoral descubrid otras proteinas
de anclaje de ecto-ADA: el receptor de adenosina del subtipo A; (Ciruela et al. 1996;
Saura et al. 1996) y del tipo A,s (Gracia et al. 2011) y A,p (Herrera et al.2001). Las
interacciones moleculares entre las diferentes proteinas, la ADA y los receptores de
adenosina descritos, se producen incluso cuando el enzima carece de actividad
desaminasa. Desde un punto de vista funcional, las interacciones enzima-receptor son
importantes ya que de este modo la ADA regularia la transduccion de sefial producida

por el receptor y modularia su proceso de desensibilizacion, ademas de facilitar la union

195



4. Resumen de resultados y discusion

uniodn de ligandos al receptor de adenosina A y A,a (Saura et al.1996; Sun et al. 2005;

Gracia et al. 2008; Gracia et al. 2011).

Ademas de los complejos binarios ADA-receptores de adenosina Aj, Axa v Azg,
estudiados en nuestro grupo (Herrera et al. 2001; Gracia ef al. 2008; Gracia et al. 2011),
se han descritos agregados proteicos de orden superior formados por ADA y los
receptores de adenosina. En este sentido, Torvinen y colaboradores (2000) hipotetizaron
la existencia de complejos heteroméricos funcionales en neuronas corticales formados
por la ADA, los receptores A; de adenosina y los receptores D; de dopamina, y que
estos agregados son modulables por la dopamina y la adenosina. Por otra parte, Pacheco
y colaboradores (2005) han mostrado que la ADA anclada a la membrana de células
dendriticas, probablemente a través del receptor A,a, interacciona con CD26 expresado
en la superficie de células T. En este caso, se ha propuesto que la ADA actiia como
puente entre células dendriticas y linfocitos en la immunosinapsis, desencadenando la
coestimulacion de estas células. Esta sefial coestimulatoria promueve la proliferacion de
células T con un patron Thl y la produccion de citocinas proinflamatorias, con lo que se

incrementa la respuesta inmune (Climent et al. 2009; Martinez-Navio et al, 2009).

Aunque los contactos intermoleculares que contribuyen y estabilizan la
formacion del complejo ADA-CD26 son conocidos, los dominios de la ADA
involucrados en la interaccion con los receptores de adenosina no han sido estudiados.
Por ello, el objetivo segundo de la presente Tesis doctoral, desarrollado en el trabajo
“The catalytic site structural gate of adenosine deaminase allosterically modulates
ligand binding to adenosine receptors”, ha sido caracterizar los dominios moleculares
de la ADA involucrados en la modulacion de su actividad catalitica y en la interaccion
con los receptores A; y Asa, previamente demostrados por nosotros en los trabajos

anteriores.

Para este propdsito, seleccionamos algunas secuencias aminoacidicas de la
ADA, que podrian contribuir de forma significativa en la interaccion con ambos
receptores de adenosina, basandonos en estudios de docking. Estos estudios sugieren
una tendencia significativa de cada uno de los mondémeros del enzima a interaccionar
con cada uno de los receptores de A, adenosina. Los segmentos de la secuencia

aminoacidica seleccionados fueron: segmento 1 Leu58-Met69; segmento 2 Proll14-
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Asnl18; segmento 3 Metl55-GInl58; segmento 4 Glyl184-1le188. De estos cuatro
segmentos, el segmento 1 aporta la contribucidon mas importante a la interaccion entre

las dos proteinas.

También analizamos a través de estudios de dindmica molecular la estructura de
la ADA. Tales estudios muestran claramente dos estados del enzima: uno en forma
abierta y otro en forma cerrada. La principal diferencia entre estos dos estados es un
cambio en la conformacion de una hélice a (residuos Leu58-Iso72) y un bucle (residuos
Leul82-Aspl85) en la zona de la catélisis. En el estado de la forma abierta estos
residuos se encuentran en una conformacién mas laxa, permitiendo la entrada y salida
del ligando. Por el contrario, en el estado de la forma cerrada estos se encuentran mas

rigidos impidiendo el movimiento del ligando.

Estos estados conformacionales corresponden a las formas abierta y cerrada
previamente detectadas en diversos estudios (Wilson et al. 1991; Wilson y Quiocho,
1993; Wang y Quiocho, 1998; Kinoshita et al. 2005). Se comprobaron las distancias al
ligando y las energias de interaccion en todas las trayectorias posibles y finalmente
obtuvimos una serie de residuos supuestamente involucrados en la interaccion. Ademas,
el Area de Desolvatacion Optima (Optimal Desolvation Area, ODA) es una de las
fuerzas motrices involucradas en las interacciones proteina-proteina, utilizamos este tipo
de calculos con el fin de averiguar las regiones potencialmente implicadas en las
interacciones enzima-receptor. Analizamos las regiones de ODA durante todo el tiempo
de la simulacion, para las formas abierta y cerrada, y encontramos dos regiones
coincidentes con las determinadas por las energias de union y distancia del ligando. La
combinacion de estos analisis nos proporciond una lista de residuos relacionados con la
unidn de ligando y con la interaccion proteina-proteina. Algunos de estos residuos estan
incluidos en tres de las cuatro regiones deducidas por los estudios de docking y fueron

considerados para ser mutados.

Como consecuencia de todo ello, disenamos una serie de mutaciones
representativas que cubren los segmentos supuestamente involucrados en la interaccion
de la ADA con los receptores de adenosina deducidos por los estudios de docking y de
dinamica molecular. Para ello utilizamos la técnica de mutagénesis sistematica a

alanina, con el objetivo de analizar el efecto de las mutaciones sobre la eficiencia
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catalitica de la ADA y sobre los incrementos inducidos por el enzima en la union de
agonistas a los receptores de adenosina A; y Ajs. Las mutaciones sobre la ADA
incluyeron sustituciones a alanina para los aminoacidos Leu-58, Asp-60, Phe-61, Leu-
62, Lys-64, Phe-65, Asp-66, Met-69, Ile-115, Asn-118, Met-155, His-157, Asp-185,
Leu-194 y la mutacién del residuo Gly-184 a glutamina (Gln). Las mutaciones fueron
generadas por mutagénesis dirigida directamente en el plasmido pZC11 que contenia el
cDNA de la ADA humana. Los mutantes fueron expresados en una cepa deficiente en
ADA bajo condiciones estandarizadas. Para investigar los epitopos de la ADA
involucrados en la interaccion con los receptores de adenosina, se utilizaron

preparaciones de los enzimas wild-type y mutado, purificados parcialmente.

La actividad especifica de varios mutantes de la ADA resultaron claramente
diferentes a los valores obtenidos con el enzima wild-type. Este hecho sugiere la
existencia de cambios en la eficiencia catalitica de la ADA debido a modificaciones en
los parametros cinéticos del enzima. Para examinar el efecto de las mutaciones en el
comportamiento catalitico de la ADA, los parametros de los enzimas mutados y wild-
type fueron determinados utilizando adenosina como sustrato. Los valores de Ky, Keat, ¥
la eficiencia catalitica (ke,/Kym) del enzima recombinante y de los mutantes fueron
determinados. Adicionalmente, para comprobar el efecto en la conservacion de la
estructura del centro activo, las constantes de afinidad para el inhibidor del estado basal,

ribosido de purina (Kjepg)), también fueron determinadas.

Obtuvimos parametros muy similares al enzima wild-type para los mutantes
Asp66Ala, Tle155Ala y Leul94Ala, y detectamos pequenas diferencias en algunos de
los parametros cinéticos para los mutantes Asp60Ala, Lys64Ala, Asnl18Ala,
His157Ala, Glyl84Ala y Aspl85Ala. Las mutaciones en los aminoacidos Phe61,
Met69, Metl55 y Phe65, causaron una disminucion de un orden de magnitud en la
eficiencia catalitica. Las mutaciones en los aminoacidos Phe61 y Met69 disminuyeron
la eficiencia catalitica debido a una disminucion en el valor de k,, pero no en el valor
de Ky, hecho que indica que estas mutaciones son importantes para alcanzar la Vix.
Las mutaciones en los aminoacidos Met155 y Phe65, alteraron los valores de ke, y de
Ky, hecho que indica que el valor de V.« y la afinidad del sustrato fueron disminuidas.
Por ultimo, las mayores alteraciones observadas en los valores de ke y de Ky se

detectaron en los mutantes Leu58Ala y Leu62Ala, dando lugar a una disminucién de
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dos ordenes de magnitud en la eficiencia catalitica. Para estos dos tltimos mutantes, se
detectaron cambios en ambos valores de kq,; y de Ky, indicando que tanto la afinidad
para el sustrato como la velocidad méxima fueron disminuidas, lo que sugiere que estas
mutaciones alteran la estructura del centro activo. Este hecho se corroboré por un
incremento de 70 veces en el valor de Kjpr) comparado con el valor obtenido con el

enzima wild-type.

Para investigar si los aminoacidos mutados en la molécula de la ADA estan
involucrados en la interaccion con los receptores de adenosina, comparamos la union de
los agonistas de los receptores Ay Aza en ausencia de la ADA, en presencia de la ADA
wild-type o en presencia de los diferentes enzimas mutados. Realizamos estos
experimentos con concentraciones crecientes de la ADA para determinar, mediante
curvas dosis-repuesta, la cantidad de enzima necesaria para producir el 50% del efecto
maximo de union del agonista radiomarcado (valores de ECs); este parametro puede ser
relacionado con la afinidad de la ADA por el receptor. También determinamos el efecto
maximo inducido por la ADA, es decir, el efecto producido por la concentraciéon mas

alta de enzima sobre la unién de radioligando.

Al analizar el efecto de las mutaciones en la hélice a-1 (Leu58Ala, Asp60Ala,
Phe61Ala, Leu62Ala, Lys64Ala, Phe65Ala, Aps66Ala y Met69Ala; secuencia LeuS8-
Ile72) sobre la unién de los agonistas de los receptores A; y Aza obtuvimos que,
mientras que la mutacion Asp66Ala no modificéd significativamente el efecto de la ADA
wild-type, el resto de mutantes se mostraron menos efectivos a la hora de incrementar la
unién de los agonistas. Las mutaciones Asp60Ala, Lys64Ala y Phe65Ala afectaron
moderadamente tanto el valor de ECsy como el incremento de la unién de ligando; la
mutacion Met69Ala dio lugar a una falta de efecto en la union del agonista del receptor
Aja asi como a un incremento de 42 veces en el valor de la ECs sobre el receptor A;.
Por tultimo, las mutaciones LeuS8Ala y Leu62Ala a concentraciones inferiores a los 100
ng/ml fueron incapaces de incrementar la union de los agonistas a ambos receptores.
Estos resultados indican que la hélice a-1 y los residuos Leu58 y Leu62 son importantes
para producir el efecto de la ADA sobre los receptores A; y Aza, y ademas el residuo
Met69 de la ADA afecta mas a la union de ligandos del receptor A que a los ligandos

del receptor A;.
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Se comprob6 a continuacion el efecto de las mutaciones de los segmentos o
secuencias 2 y 3, las cuales forman parte de los bucles situados cerca de la hélice a-1 en
la estructura terciaria del enzima. Estas secuencias contienen los residuos Prol14-
Asnll18 y Metl55-GInl158. Los mutantes Ilel15Ala, Asnl18Ala e Hisl57Ala no
produjeron ningiin cambio significativo en los valores de ECs ni en el efecto maximo
sobre la unidn de ligandos comparados con los valores de la ADA wild-type sobre ambos
receptores. A pesar de que la mutacidon Met155Ala incremento moderadamente el valor
de ECs, sin cambios significativos en la union maxima de ligando, estos resultados
sugieren que estas regiones del enzima no son particularmente importantes para la
interaccion ADA-receptores de adenosina. El efecto moderado de la mutacién
Metl55Ala, puede ser debido a una alteracion estructural transmitida a la estructura

terciaria de la proteina que afectaria la conformacion de la hélice a -1.

En tltimo lugar, comprobamos el efecto de las mutaciones del segmento 4, bucle
que contiene los residuos Alal83-Ile188. Este dominio se encuentra relativamente cerca
a la hélice a -1 en la estructura terciaria del enzima, actuando como puerta estructural
que cierra el centro catalitico una vez se une el ligando (Kinoshita et al. 2005). Los
mutantes Gly184GIn y Aspl85Ala produjeron un efecto moderado (Glyl184Gln) o
marcado (Aspl85Ala) en el valor de ECsg, sin cambios significativos (Gly184Gln) o
moderados (Asp185Ala) en la unién méaxima de ligando, comparados con la producida
por la ADA wild-type. Estos resultados indican que este bucle es un dominio importante

de la ADA involucrado en la interaccion con los receptores de adenosina.

En definitiva, los datos presentados en este trabajo nos llevan a varias
conclusiones importantes sobre la interaccion de la ADA con los receptores de
adenosina A; y Aza. En primer lugar, los residuos Leu58-1le72 de la hélice a-1 y los
residuos Alal83-Ile188 del bucle descrito son dominios estructurales importantes para
mantener la eficiencia catalitica del enzima, asi como para la interaccion funcional con
ambos receptores. En segundo lugar, podemos concluir que la ADA interacciona con
los receptores A y Axa a través de dominios importantes también para el centro activo.
Y, por ultimo, nuestros resultados nos permiten sugerir que es la forma abierta de la

ADA y no la cerrada la que interacciona funcionalmente con los receptores A; y Aja.
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Es un hecho conocido que muchas proteinas experimentan cambios
conformacionales al interaccionar con sus sustratos, con diferentes ligandos o con otras
macromoléculas. En el caso de la ADA se ha observado que este enzima tiene dos
conformaciones distintas denominadas forma abierta y forma cerrada (Wilson et al.
1991; Wilson y Quiocho, 1993; Wang y Quiocho, 1998; Kinoshita et al. 2005). La
estructura del enzima consiste en una estructura de barril 8 con ocho hélices a y ocho
laminas B, ((B/a)8). El centro activo se halla situado en una cavidad muy profunda
localizada en el extremo carboxi terminal del barril B, en cuyo interior se encuentra un
ion Zn*" fuertemente unido al enzima y que es esencial para su actividad catalitica. En
ausencia de ligandos, la entrada del centro activo, que consiste en una hélice o (Thr57-
Ala73) y el esqueleto peptidico de una hebra B (Leul82-Aspl85), esta en la forma
abierta. En presencia de sustrato o de ciertos inhibidores, como la desoxicoformicina o
el ribosido de purina, se produce un cambio conformacional y el centro activo pasa a la
forma cerrada (Wilson et al. 1991; Wang y Quiocho, 1998; Kinoshita et al. 2003;
Terasaka et al. 2004; Kinoshita et al. 2005; Kinoshita et al. 2008), aunque permanece
accesible al solvente incluso en la forma cerrada de la ADA de mamiferos (Larson et al.

2008).

En este trabajo demostramos que la mutacion de los residuos hidrofobicos Leu58
y Leu62, que pertenecen a la hélice a -1 que forma parte de la estructura de la entrada a
la cavidad del centro activo, reducen en dos 6rdenes de magnitud la eficiencia catalitica
de enzima, afectando tanto la afinidad para el sustrato como su velocidad méxima. Esta
es la primera demostracion del papel de estos dos residuos hidrofobicos en el
mantenimiento de la afinidad por el sustrato adenosina y en el funcionamiento catalitico
de la ADA. Ademas, se ha demostrado que la hélice a -1 y la lamina B del esqueleto
polipeptidico, que forman parte de la estructura que cierra la entrada al centro activo del
enzima, juegan también un papel muy importante en la interaccion con los receptores de
A,y Asa de adenosina. Si el dominio de interaccion entre la ADA vy los receptores de
adenosina es la estructura responsable de cerrar el centro activo y controla el cambio
conformacional entre la forma abierta y la forma cerrada, parece razonable pensar que
los receptores A; y A, interaccionan con una de estas dos formas. En nuestro trabajo
hemos observado que el enzima ADA wild-type es capaz de incrementar la union de
ligandos a los receptores de adenosina en preparaciones de membranas estriatales de

cerebro tratadas para evitar la presencia de adenosina enddgena. En estas condiciones la
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ADA se encuentra en la forma abierta (Wilson et al. 1991; Kinoshita et al. 2003;
Kinoshita et al. 2005); por lo tanto, parece ser la forma abierta del enzima la que

interacciona con los receptores A; y Aja.

Es importante destacar que en presencia de desoxicoformicina, inhibidor
del estado de transicion del enzima, el efecto de la ADA sobre la union de los agonistas
de los receptores Ay Aza de adenosina puede ser bloqueada, de acuerdo con un estudio
previo (Torvinen et al. 2002) en el que se demostrd que la ADA bovina inhibida con
desoxicoformicina no era capaz de interaccionar con el receptor A; de adenosina. En
presencia de este inhibidor irreversible, la ADA adopta la conformacion cerrada (Wang
y Quiocho, 1998). Estos resultados apoyan la hipdtesis de que es la forma abierta y

no la cerrada la que es capaz de interaccionar con los receptores de adenosina.

El caudado- putamen y el nucleo accumbens (las partes dorsales y ventrales del
estriado, respectivamente), son regiones cerebrales que median los efectos a largo plazo
de la cocaina y en las que abundan tanto receptores D; como D»; se ha demostrado que
la administracion continua de cocaina en estas zonas induce el incremento de los
receptores G;, un proceso mediado por los receptores D; de dopamina (Zhang et al.
2005). En nuestro grupo, hemos demostrado la importancia de los receptores o, y los
receptores D; de dopamina en los eventos iniciales que causa la exposicion a la cocaina
(Navarro et al. 2010b). De hecho, a través de los heterémeros o;- Dj, la cocaina
potencia de forma significativa la activacion de la adenilato ciclasa a través del receptor
D;. Sin embargo, no se ha descrito la posibilidad de que los receptores o; puedan
modular también la funcion de los receptores D, de dopamina. De acuerdo con el
objetivo tercero de esta Tesis, estudiar los efectos de la cocaina sobre la funcion de los
receptores Dy, se ha llevado a cabo la investigacion que se resefia en el estudio
“Cocaine inhibits D; receptor signalling via sigma-I-dopamine D, receptor
heteromers”. En primer lugar, se ha demostrado que los receptores D, de dopamina
(concretamente, la isoforma larga del receptor) puede formar heteromeros con los
receptores 1, interaccion que es especifica ya que otros miembros de esta familia, los
receptores D3 y Dy, no forman heteromeros. En segundo lugar, se ha descubierto que los
heteromeros o;-D, estan constituidos por oligdmeros de orden superior, con una
estructura minima de heterotetrdmeros 6;-6,-D;,-D». En tercer lugar, se ha descrito que

los heteromeros 61-D, se encuentran en el estriado de raton. Finalmente, se demuestra
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que la cocaina, a través de la unidn con los heteromeros 6;-D,, inhibe la sefializacion de

segundos mensajeros tanto en cultivos celulares como en estriado de raton. .

Se ha demostrado que los receptores 6; y D, interaccionan a nivel molecular y a
nivel funcional. Mediante el desarrollo de nuevas técnicas basadas en la transferencia de
energia por resonancia, se ha demostrado la oligomerizacion de los receptores ¢l en
cultivos celulares y que los receptores 6; y D> pueden formar heteromeros constituidos
al menos por un homdémero de receptor 6; y un homémero de receptor D,. La unién de
la cocaina al receptor o; en el heteromero promueve cambios estructurales en el
heterémero que llevan a modificaciones significativas en la funcion del receptor D». La
cocaina por si sola no es capaz de inducir la sefializacion mediada por proteina G, pero,
actuando a través del heteromero 6,-D,, puede disminuir la capacidad del receptor D,
para sefalizar a través de la proteina G;. De este modo, la inhibicion de la produccion de
AMPc mediada por el receptor D, se reduce significativamente por la union de la
cocaina al heteromero de receptores ci-D,. Ademas, la cocaina por si sola, activa la
fosforilacion de ERK 1/2, un proceso que requiere ambos receptores o; y D,. Estos
resultados indican que la cocaina es un agonista del heteromero c;-D, a nivel de la
activacion de la via de las MAPK. Paralelamente a lo que ocurre en modelos celulares,
la fosforilacion de ERK 1/2 mediada por la cocaina se detecta en cortes estriatales de
raton, pero no en cortes estriatales de raton deficientes en el receptor ol. Dado que la
fosforilacion de ERK 1/2 inducida por la cocaina parece ser una caracteristica
bioquimica de los heteromeros ¢;-D,, estos resultados proporcionan evidencias de su
presencia en el estriado. Ademds, se ha descrito que la cocaina puede inhibir la
fosforilacion de ERK 1/2 mediada por el receptor D,. Todos estos datos indican que la

unioén de la cocaina al heteromero 6,-D, inhibe la sefalizacion del receptor D;.

El efecto de la cocaina en la sefalizacién del heteromero c,-D, es opuesta al
efecto de ¢ésta en la sefalizacion del heteromero o;-D; descrita por Navarro y
colaboradores (Navarro et al. 2010b). En el caso del heteromero 6,-Dj, la produccion de
AMPc mediada por el receptor D; se incrementa significativamente por la uniéon de la
cocaina a 61, mientras que para el heterémero c1-D,, la disminucioén de la produccion
de AMPc mediada por el receptor D, se inhibe significativamente por la union de la
cocaina a o). El conjunto de estos resultados, indica que la cocaina produce un

incremento selectivo de la sefializacion inducida por la dopamina a través de la ruta de
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la formacion de AMPc en neuronas que expresan el receptor D, a la vez que inhibe la
funcion mediada por el receptor D, en neuronas que expresan el receptor D,. De forma
simultanea, la cocaina altera la sefializacion a través de la fosforilacion de ERK 1/2
inducida por la dopamina en neuronas que expresan el receptor D; y en neuronas que
expresan el receptor D,. Estos hallazgos sugieren que la exposicion a la cocaina lleva a
la desregulacion de la sefializacién de los receptores D;/D, que esta balanceada en
situaciones normales. Los datos obtenidos en nuestro grupo de investigacion apoyan un
papel importante de los receptores 61, por lo menos durante los efectos agudos de la
cocaina, no solo incrementando la produccion de AMPc mediada por los receptores Dy,
sino también impidiendo la sefalizacién del receptor D, en los heteromeros ;- D,.
Estos desequilibrios entre la via directa e indirecta, pueden sustentar los hallazgos
descritos por Bateup et al. (2010), que encontraron que la respuesta locomotora
inducida por tratamiento agudo con cocaina disminuye después de la eliminacion de
DARP-32 en neuronas estriatonigroentopedunculares, indicando un papel esencial de la
via directa en este comportamiento. En contraposicion, las neuronas estriopalidales
externas, que expresan los receptores D, reducen la activacion locomotora inducida por
la cocaina. Més recientemente, Luo et al. (2011) han demostrado in vivo la existencia de
efectos agudos de la cocaina mediados tanto por los receptores D; como por receptores
D, de dopamina (incrementos en el flujo de Ca’" mediado por el receptor D y
disminuciones en el flujo de Ca*" mediado por el receptor D), con una disminucion
significativa en la dindmica de los efectos mediados por el receptor D,. Teniendo en
cuenta nuestros datos, las observaciones de Luo y colaboradores podrian estar
relacionadas con la disminucion en la sefializacion impuesta por la cocaina a través del
heterémero 61-D,. En resumen, los resultados sugieren que tanto la via directa como la
indirecta ejercen un papel importante en el comportamiento motor inducido por la
cocaina. En conjunto, todos estos datos proporcionan un nuevo mecanismo global por el
cual la cocaina, al unirse a heteromeros 6,-D; y 6;-D; afecta las vias directa (D)) e
indirecta (D;) de manera contrapuesta, proporcionando, al menos en parte, las bases
moleculares para explicar por qué en los efectos de la cocaina hay un papel prevalente

del receptor D, respecto al receptor D,.

La funcién del sistema dopaminérgico en el estriado esta lateralizada durante la
realizaciéon de los movimientos voluntarios (Yamamoto et al. 1982), y alteraciones

interhemisféricas en los niveles de unién de la dopamina a sus receptores, podrian
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romper esta lateralizacion y conducir hacia la aparicién de cambios neuropatologicos
(Cannon et al. 2009). Uno de estos procesos patoldgicos podria ser la aparicion de las
discinesias asociadas al tratamiento con L-DOPA en los pacientes de Parkinson, que
Bordet y colaboradores ya asociaron en el 1997 con los receptores de dopamina D; y Ds.
Dos grupos de investigacion distintos (Fiorentini et al. 2008; Marcellino et al. 2008)
presentaron resultados que apoyaban la heteromerizacion D;-D;. Los heteroémeros
identificados tanto en células transfectadas como en estriado de rata, y su expresion,
mostraba una sinergia sobre la afinidad de la dopamina que sugiere la presencia de una
fuerte regulacion del sistema dopaminérgico sobre la via directa estriatal del

movimiento.

Con el objetivo de investigar la presencia de heteromeros D;-Ds; en modelos
animales de la enfermedad de Parkinson, y demostrar el papel que puede jugar el
heterémero e la aparicion de las discinesias inducidas por el tratamiento con levodopa,
se ha desarrollado el trabajo “Lack of lateralization of dopamine D;-receptor-
mediated neurotransmission in dyskinesia”. Los resultados consistentes en valores de
uniéon maxima o Bz en muestras estriatales mostraron un incremento elevado en la
expresion del receptor D; en las muestras de ratas discinéticas. Por otra parte,
encontramos, entre ambos lados del estriado de muestras de ratas naive, una asimetria
en los valores de afinidad en la unién de los agonistas por los receptores estriatales de
dopamina D;. Esta lateralizacion del sistema dopaminérgico ya fue demostrada para el
receptor D, (Schneider ef al. 1982), y podria deberse a diferencias en la estructura
cuaternaria de los GPCRs de cada lado del estriado. Se ha postulado que la estructura
cuaternaria de los GPCRs puede ser modificada bien por la heteromerizacién con otros
GPCRs bien por interacciones alostéricas con otras proteinas, como GPCRs u otras
(Navarro et al. 2010a). La expresion del receptor Ds en las ratas naive y lesionadas es
relativamente baja, por lo que no creemos que las diferencias de expresion del Ds
comparando los dos hemisferios sea la causa de la asimetria estriatal en la afinidad del
receptor D,.El cross-talk positivo, consistente en la mejora en la afinidad del receptor
D, por sus ligandos promovida por la activacion del D3, es una huella bioquimica de la
presencia del heteromero en la muestra, y s6lo se ha encontrado en las muestras de
animales discinéticos, La identificacion del cross-talk coincide con la desaparicion de la
lateralizacion hallada en los animales naive y lesionados, lo cual apunta a un

desequilibrio fisiologico en la via estriatal indirecta del movimiento. Nuestros
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resultados no son los unicos que apoyan la lateralizacion dopaminérgica en el cerebro
humano sano, ya se que han encontrado diferencias intercerebrales en las afinidades del
D, empleando la técnica de PET (Cannon et al. 2009), asi como una asimetria en los
niveles de la dopamina interestriatales (Silva ef al. 2007). La aparicion de las discinesias
correlaciona con una neurotransmision del receptor D; equilibrada entre ambos
hemisferios, ya que la lateralizacion persiste en animales lesionados y en animales
lesionados tratados con L-DOPA no discinéticos. Un punto a esclarecer en el futuro,
con mas experimentos, es si este equilibrio causado por la L-DOPA podria ser la causa
o una consecuencia de la discinesia. Por otra parte la discinesia pero no la lesion o el
mero tratamiento de L-DOPA, indujo la aparicion del cross-talk positivo como huella
bioquimica del heteromero D;-Ds, y que junto con los datos de los experimentos de
PLA, permite correlacionar la discinesia con los incrementos de tanto en la expresion

del receptor D3 como del conjunto del heterémero de estudio.

Con todo esto, nuestros resultados apoyan que las ratas discinéticas muestran un
desbalance marcado proporcional al nivel de heteromeros D;-Ds. Siguiendo en la linea
de los experimentos de Lee y colaboradores en el 2002, un incremento de los
heterémeros que contienen el receptor D; mejora la neurotransmision dopaminérgica.
Existen evidencias de que la activacion cronica producida por la L-DOPA
incrementando el nimero de receptores D;-D;, conduciria hacia una importante
potenciacion de la via directa del movimiento, lo que seria beneficioso si la via indirecta
del movimiento estuviera intacta. Pero como muestran nuestros resultados, los estados
de discinesia, provocados por un desbalance en las vias motoras del cerebro, serian
provocados por una activacion andmala de la via directa sumada a una débil

sefializacion de la via indirecta.
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5. CONCLUSIONES

Conclusiones que hacen referencia al primer objetivo de la Tesis: Determinar los
cambios en la expresion, la farmacologia y la heteromerizacion de los receptores D, de
dopamina, A4 de adenosina y CB; de cannabinoides en modelos animales de la

enfermedad de Parkinson, en diferentes estados de progresion:

Los receptores de adenosina Ajs, de cannabinoides CB; y de dopamina D,
forman heterémeros en el nucleo caudado de Macaca fascicularis no lesionados o
lesionados con MPTP pero no en el putamen, donde estos receptores se expresan en
niveles similares o superiores. La unién de la dopamina al receptor D, se modula
negativamente cuando se activan individualmente los receptores A,x o CB; pero no
cuando se co-activan. Esta propiedad bioquimica, que unicamente se observa en el
caudado, correlaciona la expresion de los heterémeros en el caudado pero no en el
putamen de los macacos no lesionados y lesionados, por lo que constituye una

caracteristica del heteromero.

La interaccion negativa a nivel de union de ligandos se observa también en el
estriado de ratas no lesionadas y lesionadas con 6-hidroxidopamina, indicando la

expresion de heteromeros A;4-CBi-D; en el estriado de estos animales.

La aparicion de discinesia en los macacos o ratas por el tratamiento de L-DOPA
comporta la pérdida de la expresion de los heteromeros A;o-CB;-D; en el caudado de
macacos y en el estriado de ratas, sin variaciones significativas en la expresion de los

diferentes receptores.

Los heteromeros de receptores A,4-CB;-D, constituyen una diana terapéutica en
la enfermedad de Parkinson y su disrupcion correlaciona con la aparicion de las

discinesias inducidas por L-DOPA.
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Conclusiones que hacen referencia al segundo objetivo de la Tesis: /dentificar los
dominios estructurales implicados en la interaccion de la ADA con los receptores A; y
Azy4, v en la modulacion de su actividad catalitica:

Mediantes técnicas de mutagénesis dirigida hemos demostrado que las
mutaciones Leu58Ala y Leu62Ala sobre la ADA humana disminuyen su eficacia
catalitica (Kcar/Ky) en dos oOrdenes de magnitud, mientras que las mutaciones
Phe61Ala, Phe65Ala, Met69Ala y Met155Ala disminuyen la eficiencia catalitica en un
orden de magnitud; el resto de mutaciones disefiadas en nuestro estudio no modificaron
apreciablemente las caracteristicas cinéticas respecto al enzima wild-type. Esta es la
primera demostracion del importante papel de residuos de caracter hidrofobico en el
mantenimiento de la afinidad de la ADA por la adenosina y en el control del proceso

catalitico.

En general, las mutaciones que mas afectan las caracteristicas cinéticas de la
ADA estan implicadas en la interaccién del enzima con los receptores A; y Asa de
adenosina, extremo analizado en base a la alteracion producida por cada enzima mutado
sobre las afinidades de los correspondientes ligandos de dichos receptores. Los
resultados obtenidos sugieren que la hélice alfa del enzima, que contiene los residuos
Leu58 a Met69, es un determinante estructural clave en su interaccion con los dos
receptores de adenosina analizados y que los aminoécidos Leu58 y Leu62 juegan un
papel especialmente relevante en dicha interaccion. Por otra parte el residuo Asp185 del
bucle que, junto a la hélice alfa, cierra el centro activo del enzima es también importante
para la interaccion con los receptores, especialmente con el A,a. El conjunto de nuestros
resultados sugiere, ademas, que es la forma abierta de la ADA y no la cerrada la que es

capaz de interaccionar funcionalmente con los receptores de adenosina.
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Conclusiones que hacen referencia al tercer objetivo de la Tesis: Estudiar si los
receptores D, de dopamina pueden formar heteromeros con los receptores sigma-1 e
investigar el efecto que ejerce la cocaina, mediado por estos heteromeros, en la
transmision dopaminérgica:

Los receptores sigma-1 forman heterémeros con los receptores D, de dopamina
pero no con los otros miembros de la familia D,, los receptores D3 o Ds. Estos
heteromeros estan constituidos como minimo por la interaccion entre homodimeros de
sus componentes y se expresan tanto en células transfectadas como en el estriado de

raton.

La union de la cocaina al receptor sigma-1 induce cambios estructurales y
funcionales en los heteromeros o-1-D,. La cocaina, interaccionando con sigma-1, es
capaz de incrementar la sefializacién inducida por agonistas de receptores D; de
dopamina hacia la produccion de AMPc e inhibir los decrementos de AMPc inducidos
por agonistas del receptor D, y, simultdneamente, la cocaina es capaz de bloquear la
fosforilacion de ERK 1/2 inducida por agonistas del receptor D,. Esto podria resultar en
una desregulacion del balance entre las vias directa e indirecta del estriado que
contienen neuronas que expresan receptores D; y D, respectivamente. Estos resultados
constituyen nuevas perspectivas en el entendimiento de las acciones a corto plazo de

esta droga.

211



5. Conclusiones

Conclusiones que hacen referencia al cuarto objetivo de la Tesis: Determinar la
existencia de heteromeros D;-D3 y demostrar el papel importante del heteromero en la
etiologia de las discinesias inducidas por el tratamiento con L-DOPA, empleando
modelos animales de la enfermedad de Parkinson:

Se ha detectado un gran incremento del receptor D; en ambos hemisferios (mas
marcado en el lado ipsilateral) de las ratas discinéticas. Sin embargo, el receptor D; solo
incrementa su expresion en el hemisferio lesionado, mientras mantiene sus niveles en el
contralateral. Ademads, se investigd la formacion de cross-talk o interacciones cruzadas
entre en los receptores D; y D3, como un fingerprint o huella bioquimica de la presencia
de heterdmeros entre estos dos receptores, empleando ligandos radioactivos. Solamente
se ha detectado el cross-talk positivo en el lado ipsilateral de las ratas lesionadas
discinéticas, consistente en un aumento en la afinidad del receptor D; por sus ligandos
cuando el receptor D3 es activado por su agonista selectivo. En todas las condiciones, en
el lado contralateral a la lesién el receptor D; siempre se muestra mas afin a sus

ligandos, asi como no se observa ningtn tipo de interaccion cruzada.

Gracias al uso de la novedosa técnica de la PLA (Proximity Ligation Assay) in
situ, que permite detectar interacciones moleculares entre dos proteinas que se
encuentran muy cercanas directamente en el tejido, detectamos que el mayor numero de
células positivas (que presentan el heterdmero D;-Ds3) se encuentra en el estriado de las
ratas lesionadas discinéticas. Ademads, gracias al poco tejido necesario para llevarla a
cabo, nos permiti6 confirmar este hallazgo inicial de rata sobre muestras del modelo
parkinsoniano de primate no humano (el macaco lesionado bilateralmente con la

neurotoxina MPTP).

Todos estos resultados muestran que el incremento en la expresion del receptor
D; en los animales discinéticos induce la heteromerizacion D;-D; en ambos hemisferios
cerebrales. Ademas, la activacion del receptor D3 incrementa la afinidad del D; hasta
llegar a equilibrarse con el lado contrario (lograndose una simetria). Estos hechos
podrian ser responsables del patron de inicio de las discinesias inducidas por el

tratamiento de L-DOPA.
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