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Resumen 
 
Los receptores acoplados a proteína G o GPCRs conforman la mayor familia de receptores 
de membrana celular en organismos eucariotas. En humanos se han descrito más de 800 
GPCRs, gran parte de ellos descubiertos mediante ensayos de secuenciación en el proyecto 
Genoma Humano, que suponen aproximadamente un 5% del total del genoma (Craig Venter 
et al., 2001). Ostentan una gran relevancia en la actualidad, ya que más del 30% de los 
fármacos aprobados por la Administración de Medicamentos y Alimentos de los Estados 
Unidos tienen como diana terapéutica alguno de estos receptores (Garland, 2013; Shimada 
et al., 2019). 
 
La caracterización y el estudio de GPCRs endógenos implicados en ciertas patologías 
parece clave para el descubrimiento de nuevas dianas terapéuticas más específicas y 
seguras (R. Santos et al., 2016). Entre 2015 y mediados del 2020 se han aprobado 41 
fármacos que actúan sobre GPCRs por la “Food and Drug Administration” (FDA), 
administración de los Estados Unidos encargada de regular y aprobar nuevos 
medicamentos (Congreve et al., 2020). 
 
Teniendo en cuenta los resultados obtenidos y presentados en esta Tesis doctoral se puede 
concluir el gran potencial terapéutico, actual y futuro, que poseen los GPCRs en el 
tratamiento de las enfermedades neurodegenerativas ya sea utilizando aproximaciones 
directas que potencien los efectos beneficiosos que promueven, como el AT2R, o bien 
aproximaciones indirectas que busquen modular la acción de otros receptores clave, como 
el bloqueo de A2AR o CB2R sobre la señalización perjudicial de NMDAR. 
 
 
Abstract 
 
G protein-coupled receptors (GPCRs) make up the largest family of cell membrane receptors 
in eukaryotic organisms. In humans, more than 800 GPCRs have been described, most of 
them discovered by sequencing assays in the Human Genome project, which account for 
approximately 5% of the total genome (Craig Venter et al., 2001). They are highly relevant 
today, since more than 30% of the drugs approved by the United States Food and Drug 
Administration have some of these receptors as therapeutic targets (Garland, 2013; Shimada 
et al., 2019). 
 
The characterization and study of endogenous GPCRs involved in certain pathologies seems 
key to the discovery of new, more specific and safe therapeutic targets (R. Santos et al., 
2016). Between 2015 and mid-2020, 41 drugs that act on GPCRs have been approved by the 
Food and Drug Administration (FDA), the United States administration in charge of regulating 
and approving new drugs (Congreve et al., 2020). 
 
Taking into account the results obtained and sent in this doctoral Thesis, it is possible to 
conclude the great therapeutic potential, current and future, that GPCRs have in the 
treatment of neurodegenerative diseases either by using direct approaches that enhance the 
beneficial effects they promote, such as AT2R, or indirect approaches that seek to modulate 
the action of other key receptors, such as the blockade of A2AR or CB2R on harmful NMDAR 
signaling. 
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1. Introducción

1.1 Receptores acoplados a proteína G 

Los receptores acoplados a proteína G o GPCRs conforman la mayor familia de receptores 
de membrana celular en organismos eucariotas.  

En humanos se han descrito más de 800 GPCRs, gran parte de ellos descubiertos mediante 
ensayos de secuenciación en el proyecto Genoma Humano, que suponen aproximadamente 
un 5% del total del genoma (Craig Venter et al., 2001). Ostentan una gran relevancia en la 
actualidad, ya que más del 30% de los fármacos aprobados por la Administración de 
Medicamentos y Alimentos de los Estados Unidos tienen como diana terapéutica alguno de 
estos receptores (Garland, 2013; Shimada et al., 2019). 

Los GPCR se caracterizan por tener una estructura formada por siete dominios 
transmembrana (TM) de tipo α-hélice con 3 bucles extracelulares (E1, E2 y E3) y 3 bucles 
intracelulares (C1, C2 y C3). Así como un dominio n-terminal extracelular y un dominio c-
terminal intracelular (Strotmann et al., 2011). La rodopsina ha sido el primer GPCR cuya 
estructura se ha detallado a nivel atómico, con una resolución de 2.8Å (Jastrzebska, 2015; 
Palczewski et al., 2000), lo que ha supuesto un importante avance en el conocimiento de esta 
familia de receptores. Recientemente, la estructura de la rodopsina unida a la proteína G 
heterotrimérica se ha conseguido estabilizar y resolver mediante criomicroscopía electrónica 
(Cryo-EM) (Kang et al., 2018). Dada la gran relevancia de esta familia de receptores, durante 
los últimos 20 años, muchas otras estructuras de GPCR se han analizado tanto en un estado 
conformacional inactivo (Y. Xu et al., 2019), como en un estado intermedio (Lebon et al., 
2012) e incluso en su estado conformacional activo (Che et al., 2018). 

Aunque los GPCR comparten una estructura terciaria de 7TM, existen diferencias en la 
secuencia de aminoácidos que los componen, así como diferencias en el tamaño de sus 
bucles intra y extracelulares y las colas amino- y carboxi- terminal. Estas diferencias han 
llevado a clasificar a los GPCR en 6 grandes familias, de las cuales únicamente 4 se 
encuentran presentes en humanos (Congreve et al., 2020):  

- La familia A es la más numerosa, contando con un total de más de 700 receptores
en humanos. Los receptores miembros de esta familia tienen una estructura similar
al receptor de rodopsina, con una cola amino-terminal relativamente corta. La
mayoría de estos receptores se encuentran implicados en la captación de estímulos
olfativos o visuales.

- La familia B está formada por receptores con una estructura similar al receptor del
glucagón y al receptor de la secretina, con 48 receptores descritos en humanos. Se
caracterizan por una cola amino-terminal larga, con un dominio común formado por
seis cisteínas.

- La familia C muestra una estructura similar al receptor metabotrópico de glutamato
(mGluRs), con 22 receptores descritos en humanos. Se caracterizan por una cola
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amino-terminal relativamente grande, con espacio suficiente para la unión del 
ligando. 

- La familia F está formada por los receptores “frizzled/smoothened”. En humanos se
han descrito 11 receptores hasta la fecha que entran en esta clasificación. Su rasgo
principal consiste en la activación por esteroides y pequeñas moléculas.

Existe una amplia variedad de moléculas que tienen afinidad e interactúan con GPCRs entre 
las que se incluyen desde aminas (cómo la dopamina o la serotonina), aminoácidos, péptidos 
(como la grelina o la angiotensina) y proteínas, hasta lípidos, nucleótidos y nucleósidos 
(como el ATP, el ADP o la adenosina) o iones de calcio (Marinissen & Gutkind, 2001). La unión 
de estos ligandos al GPCR implica cambios conformacionales que dan lugar al acoplamiento 
de la proteína G heterotrimérica, iniciando una cascada de señalización intracelular. Los 
GPCR se encuentran implicados en una gran diversidad de procesos fisiológicos de crítica 
importancia, como el metabolismo celular, la diferenciación y la muerte celular, las 
respuestas inmunológicas, la neurotransmisión o la captación de luz, olores y sabores.  En 
este sentido, los GPCR constituyen importantes dianas terapéuticas para una gran variedad 
de procesos fisiológicos y patológicos, resultando, aproximadamente, un 35% de los 
fármacos aprobados y comercializados en la actualidad (Insel et al., 2019). La 
caracterización y el estudio de GPCRs endógenos implicados en ciertas patologías parece 
clave para el descubrimiento de nuevas dianas terapéuticas más específicas y seguras (R. 
Santos et al., 2016). Entre 2015 y mediados del 2020 se han aprobado 41 fármacos que 
actúan sobre GPCRs por la “Food and Drug Administration” (FDA), administración de los 
Estados Unidos encargada de regular y aprobar nuevos medicamentos (Congreve et al., 
2020). 

Los GPCR reconocen señales endógenas, desencadenando el acoplamiento a la proteína G 
heterotrimérica que resultará en la transmisión de señales al interior de la célula. Las 
proteínas G heterotriméricas fueron descubiertas por Alfred G. Gilman y Martin Rodbell, 
convirtiéndoles en merecedores del Premio Nobel de Medicina y Fisiología en el año 1994 
(Ross et al., 1979). La proteína G está constituida por tres subunidades: la subunidad α (Gα, 
45 kDa), la subunidad ß (Gß, 37 kDa) y la subunidad γ (Gγ, 9 kDa). La subunidad α posee una 
hendidura que le confiere la capacidad de unir los nucleótidos de guanina GTP y GDP, por 
otra parte, las subunidades ß y γ tienen gran afinidad entre ellas, formando el complejo Gßγ 
que se ancla en la membrana por el extremo c-terminal de la subunidad γ. Los GPCRs se 
acoplan a la proteína heterotrimérica G mediante la apertura del dominio transmembrana 6 
y los bucles intracelulares C1, C2 y C3 (J. Wang et al., 2020). 

En mamíferos se han descrito más de 20 subtipos de subunidad α. Entre ellas, cuatro 
subtipos muestran una mayor relevancia (McCudden et al., 2005; Shpakov, 2013):  

1) Gαs o estimuladora. Su activación es capaz de estimular la adenilato ciclasa (AC),
enzima liasa que cataliza la conversión de adenosín trifosfato (ATP) a adenosín
monofosfato cíclico (AMPc), activando la proteína quinasa A (PKA).

2) Gαi/o o inhibidora. Su activación inhibe la AC, reduciendo los niveles intracelulares
de AMPc. Es decir, con acción opuesta a la Gαs.
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3) Gαq/11. Su activación estimula la fosfoinositida fosfolipasa C (PLC), generando 
inositol trifosfatos (IP3) y diacilglicerol (DAG), aumentando los niveles de calcio 
en el citosol. 

4) Gα12/13. Su activación puede estimular enzimas GTPasas de la familia Rho. Se ha 
descrito su implicación en procesos de regulación de la formación del 
citoesqueleto de la célula (Suzuki et al., 2009). 

 

 
 
Figura 1: Diversidad de los ligandos capaces de activar GPCRs y la señalización mediada por 
las proteínas Gα más importantes. 
 
Uno de los mensajeros secundarios más importantes en la activación de los GPCR es la 
fosforilación de las MAPK. Esta señal puede ser dependiente de proteínas G (fase temprana) 
o dependiente de ß-arrestinas (fase tardía). Es una respuesta que alcanza su pico máximo 
de activación a los pocos minutos y que persiste en el tiempo hasta un intervalo máximo de 
30-60 minutos con señales ondulantes. La fosforilación de ERKs es una señal relacionada 
con la proliferación y supervivencia celular (Gurevich & Gurevich, 2020). 
 
La visión clásica considera que los GPCR pueden tener únicamente dos estados 
conformacionales (activo e inactivo). Sin embargo, recientemente se ha descrito como 
realmente pueden adoptar un amplio abanico conformacional, desde un estado inactivo con 
el centro de unión a proteína heterotrimérica G enmascarado, pasando por una serie de 
estados intermedios en los que el ligando se encuentra unido al GPCR, pero no señaliza, 
hasta un estado completamente activo en el que el receptor es capaz de acoplar la proteína 
heterotrimérica G. La unión del ligando al receptor depende de la presencia de dominios ricos 
en leucina a nivel extracelular, aunque el mecanismo por el cual algunos GPCR son activados 
por iones u odorantes no se ha caracterizado (Manglik & Kruse, 2017).  
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Existe un control y una regulación homeostática mediante una serie de procesos en un 
delicado equilibrio, conocidos como mecanismos de desensibilización/resensibilización que 
regulan la señalización de los GPCR. Estos receptores pueden alcanzar un estado 
conformacional activo y acoplar proteína G incluso en ausencia de ligando, lo que se conoce 
como actividad basal (Gough, 2016; Miller et al., 2003). Uno de los principales mecanismos 
de los que dispone la célula para desensibilizar a los GPCR es su internalización mediada por 
las proteínas citosólicas ß-arrestinas, reduciendo la disponibilidad del receptor en la 
membrana plasmática para unir ligando y transducir señales (Ferguson et al., 1996). Para 
que este proceso tenga lugar, una vez el receptor ha sido activado por su correspondiente 
ligando, es fosforilado por las serina/treonina quinasas de los receptores acoplados a 
proteína G (GRKs). Esto permite la unión estable de las ß-arrestinas a los GPCR fosforilados 
y formar un complejo que abandona la membrana plasmática mediante endocitosis,  
penetrando en el interior de la célula (Cahill et al., 2017). 
 
El receptor internalizado sigue dos posibles vías: 
  

1) El receptor es marcado mediante ubiquitinación, para su transporte y degradación 
en los lisosomas mediante peptidasas, en su mayoría endopeptidasas de la familia 
de las catepsinas (Cottrell, 2013). 
 

2) El receptor sufre un proceso de desfosforilación mediado por fosfatasas 
(principalmente PP1 y PP2) (Gupta et al., 2018) y un posterior reciclado a nivel de 
membrana plasmática, volviendo a ser un receptor funcional. 

 
Los GPCR se clasifican en dos subtipos según la afinidad por las ß-arrestinas con la que 
forman complejos: los GPCRs tipo A se unen con menor afinidad, por lo que se desfosforilan 
y reciclan de forma más rápida y eficiente; por otro lado, los GPCRs tipo B muestran una 
mayor afinidad por las ß-arrestinas, con un proceso de resensibilización más lento (Luttrell, 
2008)(Mohan et al., 2015).  
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Figura 2: Esquema de los procesos de desensibilización de GPCRs mediante GRKs y ß-
arrestinas, endocitosis y resensibilización en membrana celular. 

La proteólisis mediada por peptidasas presentes en la membrana plasmática también tiene 
un papel relevante en la regulación de la actividad de los GPCR. Las peptidasas controlan la 
disponibilidad de péptidos bioactivos que pueden unirse a los GPCR y activar la señalización 
transducida. Un ejemplo es la angiotensina II, un péptido que ejerce su efecto al unirse al 
receptor GPCR de angiotensina II tipo 1 (AT1R) y cuya disponibilidad está supeditada a la 
reacción de proteólisis mediada por la enzima convertidora de angiotensina (ACE), 
catalizando la conversión de angiotensina I en angiotensina II (Mogi et al., 2009). 

1.1.1 Dímeros y oligómeros de orden superior 

La membrana plasmática es la estructura celular encargada de delimitar el interior 
(citoplasma y orgánulos) del exterior celular. En ella se encuentran embebidos los receptores 
acoplados a proteína G junto con otras proteínas y lípidos, constituyendo lo que se conoce 
como mosaico fluido. La membrana plasmática es una estructura dinámica que contiene 
microdominios de entre 25 y 100 nm de diámetro llamados balsas de lípidos o “lipid rafts”. 
Estos dominios se encuentran altamente organizados, con una composición rica en 
fosfolípidos, glicoesfingolípidos y colesterol. Tienen un papel muy relevante en el tráfico y 
señalización de los GPCR (Head et al., 2014) favoreciendo las interacciones proteína-proteína 
(Villar et al., 2016).  

La asociación o interacción estrecha entre dos GPCR recibe el nombre de dímero, y el 
proceso por el que se forma dicho dímero se denomina dimerización (Rios et al., 2001), de 
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tal forma que estas estructuras actúan como una única unidad funcional. Los dímeros se 
pueden manifestar bien constituidos por dos receptores idénticos (homodímeros) o distintos 
(heterodímeros o heterómeros). En la actualidad existen más de 300 publicaciones en los 
últimos 5 años que reportan estas interacciones GPCR-GPCR (Wouters et al., 2019). 
 
A su vez, se han descrito estructuras de GPCRs de orden superior, entre las que encontramos 
trímeros (Jiang et al., 2014), tetrámeros (Ferré, 2015) e incluso oligómeros (Barreto et al., 
2020). El descubrimiento de los oligómeros de GPCRs ha llevado a replantear la manera en 
la que estos receptores median su señalización, puesto que en la membrana celular conviven 
la forma monomérica con otras estructuras de orden superior (Faron-Górecka et al., 2019). 
 

 
 
Figura 3: Interacciones entre los GPCRs. 
 
 
La detección y posterior demostración de la interacción entre dos o más GPCR siempre ha 
estado ligada a la evolución y perfeccionamiento de numerosas técnicas experimentales 
(Barreto et al., 2020), entre las que se incluyen: 
 
- Transferencia de Energía Resonante por Bioluminiscencia (BRET): esta técnica demuestra 
la interacción entre dos proteínas mediante la creación de proteínas de fusión. Una proteína 
actuará como dadora, fusionada a Renilla luciferasa y otra como aceptora fusionada a un 
fluorocromo (YFP o GFP). Si las proteínas de estudio se encuentran a una distancia inferior 
a 10 nm, se transferirá la energía de la proteína dadora a la aceptora que emitirá a una 
determinada longitud de onda, demostrando así la interacción física entre ambas (Bacart et 
al., 2008). 
 
- Transferencia de Energía Resonante por Fluorescencia o Förster (FRET): Esta técnica 
mantiene la misma base molecular que el BRET. La principal diferencia consiste en que 
ambas proteínas dadora y aceptora son fluorocromos cuyos espectros de emisión y 
excitación se solapan (Chakraborty & Chattopadhyay, 2015). 
 
-  BRET-FRET secuencial (SRET): esta técnica permite la detección de heterómeros formados 
por tres proteínas diferentes mediante la combinación de las técnicas de BRET y FRET. La 
primera proteína se encuentra fusionada a una luciferasa y al catalizar la oxidación del 
sustrato coelenteracina H actúa como molécula dadora excitando al fluorocromo al que está 
fusionada la segunda proteína, que al excitarse emitirá a una determinada longitud de onda 
excitando al fluorocromo fusionado a la tercera proteína de estudio (Carriba et al., 2008). 
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- Transferencia de Energía Resonante por Fluorescencia Resuelta en Tiempo (TR-FRET): Esta 
técnica es una combinación del FRET con la fluorimetría a tiempo real (TRF). En esta técnica 
se marca la proteína dadora con europio o terbio y la proteína aceptora con fluorocromos de 
larga duración (Lin & Chen, 2018). El dador y el aceptor se pueden utilizar para marcar una 
amplia variedad de biomoléculas, en aplicaciones que incluyen epigenética, cuantificación 
de biomarcadores y señalización de GPCR entre otros. 
 
- Complementación Bimolecular (BiFC): Esta técnica se basa en la fusión de las proteínas de 
análisis a dos hemiproteínas no fluorescentes de la proteína YFP. En el caso que las 
proteínas de estudio se encuentren interaccionando, las hemiproteínas se van a situar a una 
distancia inferior a 6 nm, siendo capaces de reconstituir a la proteína fluorescente YFP 
emitiendo fluorescencia de nuevo. En combinación con otras técnicas como el BRET o el 
FRET permite detectar oligómeros de GPCR de orden superior (Wouters et al., 2019). 
 
- Ensayos de Ligación por Proximidad (PLA): Esta técnica es la única de las técnicas descritas 
que permite detectar interacciones físicas de proteínas en tejido. Se basa en el marcaje de 
las proteínas de interés con anticuerpos primarios específicos. Posteriormente, se usan 
anticuerpos secundarios conjugados con dos sondas de oligonucleótidos complementarias. 
Si los receptores se encuentran a una distancia inferior a 30 nm, y por lo tanto, 
interaccionando, tras una incubación con una ligasa y una polimerasa, las sondas de 
oligonucleótidos hibridan y se amplifica una señal que es fácilmente detectable como un 
clúster de coloración roja (Weibrecht et al., 2010). 
 
 

 
 
Figura 4: Dibujo esquemático de la técnica experimental de BRET (izquierda) y de la técnica 
de PLA (derecha). 
 
Los dímeros y oligómeros de orden superior representan una nueva fase de complejidad en 
el campo de los GPCR. Aunque cada dímero de GPCR tiene características estructurales 
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propias, la evidencia científica sugiere que la unión de un ligando a un único miembro del 
dímero es suficiente para producir un cambio conformacional y permitir el acoplamiento a 
una proteína heterotrimérica G (Fuxe et al., 2012). Además, la dimerización entre GPCR 
puede dar lugar a una modulación alostérica directa, negativa o positiva. De esta forma, un 
receptor A puede disminuir o aumentar la afinidad del receptor B por su propio ligando 
cuando se encuentran formando un dímero. Otra posibilidad descrita es que la propia unión 
de un ligando al receptor A sea la causante de la internalización del segundo protómero del 
complejo o receptor B. Finalmente, también se ha descrito que la activación de un receptor 
en un complejo proteico puede afectar la transducción de señal y la funcionalidad del otro 
receptor del complejo (Pin et al., 2019). 
 
Desde otro punto de vista, la oligomerización también pone sobre la mesa nuevas 
posibilidades para el uso de los GPCR como dianas terapéuticas. La detección de 
heterómeros implicados en determinadas patologías es un reto continuo y su utilización 
como dianas farmacológicas específicas puede potenciar los efectos beneficiosos de un 
determinado compuesto, disminuyendo los efectos adversos (Franco et al., 2013). Un 
ejemplo descrito es el heterómero formado por los receptores AT1 y el receptor B2 de 
bradicinina, que aumenta en estado de preeclamsia (AbdAlla, Lother, el Massiery, et al., 
2001). Otro ejemplo descrito es el compuesto KW-6002, un antagonista específico de A2AR 
que, al contrario que sucede con otros antagonistas, no pierde afinidad por A2AR cuando este 
receptor se encuentra formando complejos heteroméricos lo que le confiere una gran 
capacidad terapéutica para combatir el Parkinson (Ferré et al., 2011).  
 
Para recopilar las interacciones conocidas entre GPCRs existen bibliotecas virtuales de libre 
acceso como GPCR-HetNet (Borroto-Escuela et al., 2014) (http://www.gpcr-
hetnet.com/)(Southan, 2016). Estas bases de datos indexan una red de receptores y reflejan 
sus interacciones apartando las referencias que las respaldan. 
 
 
1.1.2 Selectividad funcional 
 
Como se ha especificado en el apartado 1.1, existe una gran diversidad de compuestos 
capaces de interaccionar con los receptores acoplados a proteínas G. Estos compuestos se 
han clasificado atendiendo a su unión al centro ortostérico o principal del receptor o al centro 
alostérico o modulador (H. C. S. Chan et al., 2019).  
 
La molécula capaz de unirse al sitio ortostérico activando al GPCR se llama agonista. En 
cambio, si el ligando tiene la cualidad de bloquear al receptor inhibiendo la acción del 
agonista se llama antagonista. Los agonistas pueden ser totales o parciales según su 
eficacia para promover una respuesta bioquímica en el receptor. Por otro lado, también se 
ha descrito el agonista inverso, que se une al centro ortostérico inhibiendo la respuesta basal 
del propio receptor en ausencia de ligandos. Por otra parte, si la molécula se une al centro 
alostérico hablamos de moduladores alostéricos positivos o negativos, aumentando o 
disminuyendo respectivamente, el efecto de un agonista sobre un receptor. También se han 
descrito compuestos capaces de unirse al sitio alostérico y no modificar la señalización del 
receptor, que se han denominado como moduladores alostéricos neutros (Neubig et al., 
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2003). Hay que puntualizar que actualmente aun existen GPCR para los cuales no se conoce 
su propio ligando endógeno. Estos receptores se les describe como receptores huérfanos. 
 
Guidetopharmacology (https://www.guidetopharmacology.org) se plantea como una gran 
herramienta para obtener información “curada” y referenciada sobre que compuestos actúan 
y con qué afinidad sobre un determinado GPCR. 
 
Aunque el concepto fue introducido inicialmente por Kenakin (Kenakin, 1995), hasta años 
más recientes no se ha analizado en profundidad el fenómeno por el cual un ligando activa 
una señalización específica en un GPCR, que se ha denominado como agonismo sesgado 
(“biased-agonism”) o selectividad funcional. El ligando que desencadena esta respuesta 
específica, estabilizando una conformación del receptor de las múltiples que puede 
estabilizar un ligando “balanceado”, se denomina agonista sesgado (Gundry et al., 2017). 
 
Aunque en la mayoría de la bibliografía se describe una selectividad funcional entre la 
señalización dependiente de proteína heterotrimérica G o dependiente de ß-arrestinas (C. H. 
Liu et al., 2017; N. Bohinc & Gesty-Palmer, 2012; Zhou et al., 2017), también existe 
selectividad funcional en cuanto al acoplamiento de los GPCR a diferentes proteínas 
heterotriméricas G puesto que algunos de estos receptores son capaces de acoplarse a más 
de un tipo de subunidad alfa (Navarro, Reyes-Resina, et al., 2018; Navarro, Varani, et al., 2018; 
Wisler et al., 2014). 
 
Además de la selectividad funcional, también se ha reportado la existencia de un sesgo en 
la señalización dependiente del tiempo. Esto implica oscilaciones en algunas vías de 
señalización (Grundmann & Kostenis, 2017). 
 
La selectividad funcional es un fenómeno que también se aplica a heterómeros de GPCR 
(Navarro, Reyes-Resina, et al., 2018). Un ejemplo, es el descrito por (Mustafa et al., 2012), 
donde el heterómero compuesto por el receptor adrenérgico α1A y el receptor de quimiocina 
2 (CXC2) demuestra tener una mayor facilidad para reclutar ß-arrestinas. 
 
Este fenómeno del agonismo sesgado tiene una gran relevancia y está siendo utilizado en la 
actualidad para diseñar nuevos fármacos o incluso mejorar la eficacia de fármacos ya 
existentes y que muestren una reducción de los efectos secundarios indeseados, activando 
o bloqueando específicamente la vía de señalización terapéutica o causante de la patología 
(Franco et al., 2018). Es por ello que, desde un punto de vista farmacológico, un ligando 
sesgado es mucho más interesante que uno que active o bloquee de forma equilibrada todas 
las señalizaciones mediadas por un determinado receptor (Rominger et al., 2014). 
 
Existen diferentes métodos para la cuantificación del sesgo de un ligando específico sobre 
un determinado receptor, pero el más conocido y utilizado es el “bias factor” (Gundry et al., 
2017). Para su cálculo se requiere de dos valores: el valor de efecto máximo (r) y la KA que 
se obtiene aplicando el antilogaritmo de la concentración efectiva media (EC50) o de la 
concentración inhibitoria media (IC50), según si el compuesto actúa potenciando o inhibiendo 
la vía de señalación estudiada. También se debe escoger un ligando y una vía de señalización 
de referencia, habitualmente se opta por el ligando endógeno y la vía de señalización 
principal del receptor de interés. Teniendo esta información, el bias factor se puede calcular 
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aplicando esta fórmula matemática, donde j1 es la vía de señalización de interés y j2 es la vía 
de señalización de referencia (Onaran et al., 2017): 
 
 
 
 
 
Un bias factor superior a 1 indica que el ligando estudiado tiene una mayor preferencia a 
señalizar por una determinada vía de señalización que el ligando escogido como referencia, 
un valor inferior a 1 revela lo contrario. 
 
En definitiva, la selectividad funcional y su adecuada cuantificación se proyectan como 
potentes herramientas a considerar en la caracterización de ligandos ya existentes o de 
nuevos compuestos, con el fin de evaluar de forma precisa la respuesta que desencadenan 
sobre un receptor en concreto. 
 

 
Figura 5: Diferencias entre el ligando balanceado y el ligando sesgado en la activación de los 
GPCRs y de la señalización mediada a través de ellos. 
 
 
1.2 El sistema cannabinoide 
 
Durante milenios, extractos de la planta Cannabis sativa se han utilizado como terapia para 
combatir diferentes patologías, utilizando sus propiedades analgésicas, antiinflamatorias y 
antioxidantes. A principios del siglo XIX, con el propósito de descubrir el principio activo que 
ofrecía propiedades medicinales a la planta Cannabis sativa, se aisló por primera vez un 
compuesto cannabinoide, el cannabinol (CBN) y, también, el Δ9-tetrahidrocannabinol (Δ9-
THC) (Farag & Kayser, 2017). A partir de ahí y hasta la fecha, se han aislado más de 100 
compuestos cannabinoides extraídos de C. sativa que pueden ser clasificados químicamente 
dentro de la categoría de terpenofenoles. (Amin M.R. & Ali DW., 2019).  
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El conjunto formado por los endocannabinoides, las enzimas responsables de su síntesis y 
degradación, los receptores y transportadores de cannabinoides recibe el nombre de sistema 
endocannabinoide. Los compuestos cannabinoides se caracterizan por sintetizarse en la 
membrana de la neurona postsináptica para unirse a los receptores de la neurona 
presináptica, por ello se considera al sistema cannabinoide con capacidad de señalización 
retrógada (Wilson & Nicoll, 2001). 
 
Los compuestos cannabinoides se pueden clasificar según su origen en: 
 
- Fitocannabinoides: son los cannabinoides extraídos de la planta Cannabis sativa. Entre 
ellos, el compuesto con efecto psicotrópico mayoritario es el Δ9-THC, que representa 
aproximadamente el 17% del contenido total en compuestos cannabinoides de la planta. Por 
otra parte, el compuesto más abundante entre los no psicoactivos es el cannabidiol (CBD). 
Otros fitocannabinoides neutros relevantes son el cannabigerol (CBG) y el cannabinol (CBN). 
Los compuestos cannabinoides se encuentran en C. sativa de manera natural en su forma 
ácida (Δ9-THCA, CBDA, CBGA), de la cual pueden aislarse su versión neutra (Δ9-THC, CBD, 
CBG) y varínica (Δ9-THCV, CBDV, CBGV) (Franco et al., 2020; Turner et al., 2017). 
 
- Endocannabinoides: son los compuestos producidos de forma natural en el organismo. El 
primer endocannabinoide en ser descubierto fue la N-araquidonoetanolamina o anandamida 
(AEA) en 1992. Otro endocannabinoide de gran relevancia fisiológica, es el 2-
araquidonilglicerol (2-AG), con una afinidad tanto por CB1R como por CB2R del orden de entre 
50 a 500 veces más alta que la anandamida (Hanuš, 2009). 
 
- Cannabinoides sintéticos: son un grupo heterogéneo de cannabinoides diseñados 
artificialmente en un laboratorio con la finalidad de obtener compuestos con propiedades 
terapéuticas y sin efectos secundarios no deseados. También se ha intentado potenciar su 
efecto psicotrópico, mediante modificaciones del Δ9-THC, para su uso como droga 
recreativa (Karila et al., 2016; Martinotti et al., 2017). 
 
En 1990 se clonó por primera vez el primer receptor cannabinoide, el receptor CB1R (Matsuda 
et al., 1990) y tres años más tarde el segundo, el CB2R (Munro et al., 1993). Ambos receptores 
pertenecen a la superfamilia de receptores acoplados a proteína G. Tanto CB1R como CB2R 
son receptores bastante conservados entre especies, mostrando una alta homología 
superior al 80% entre las secuencias de humano, ratón y rata (Abood et al., 1997)(Marcu et 
al., 2013). En cambio, CB1 y CB2 son receptores que tienen una identidad reducida entre sus 
secuencias con un aproximado del 44% (Howlett & Abood, 2017). 
 
Años más tarde se encontró un nuevo receptor con capacidad de unir compuestos 
cannabinoides, el receptor GPR55. Inicialmente se consideró un receptor huérfano (Ryberg 
et al., 2007), después se teorizó como el tercer receptor de cannabinoides “CB3R” (Moriconi 
et al., 2010). Sin embargo, nunca fue aceptado y sigue siendo un receptor poco caracterizado 
cuyo comportamiento farmacológico es atípico y con publicaciones contradictorias sobre su 
funcionalidad que dificultan la comprensión de su verdadero papel fisiológico (Kapur et al., 
2009).  
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El sistema endocannabinoide se encuentra implicado en la modulación de una amplia 
variedad de procesos fisiológicos, entre los que encontramos el control de la ingesta de 
alimentos, la regulación del sistema inmune e incluso el desarrollo neuronal (D. Lu & Potter, 
2017). Por este motivo, el sistema endocannabinoide se plantea como un claro objetivo de 
investigación para su aplicación en una gran diversidad de terapias y tratamientos entre los 
que se incluyen: 

 
A) Tratamientos antiinflamatorios y calmantes del dolor. El uso de los 

cannabinoides para paliar el dolor se remonta a la antigua China (Roger G. 
Pertwee, 2006). Mientras que el receptor CB1 se encuentra implicado en procesos 
complejos relacionados con el dolor (Woodhams et al., 2017), el receptor CB2 se 
ha descrito con un papel antihiperalgésico y antiinflamatorio tanto en modelos 
de dolor agudo como crónico (Valenzano et al., 2005; L. Yang et al., 2014). 
 

B) Trastornos metabólicos. Debido a la elevada expresión de CB1R en tejido adiposo 
e hígado, así como la presencia de altas concentraciones de compuestos 
endocannabinoides en tejido adiposo de personas con obesidad (Kunos & Osei-
Hyiaman, 2008). Un buen ejemplo es el rimonabant, un antagonista de CB1R, 
utilizado como tratamiento para la obesidad (Burch et al., 2009). 

 
C) Tratamientos neuroprotectores. Diferentes estudios in vitro han demostrado que 

ciertos compuestos cannabinoides (como Δ9-THC o el cannabidiol) poseen 
propiedades neuroprotectoras, siendo algunos de ellos selectivos para un 
determinado receptor de cannabinoides, lo que facilita diseñar una terapia más 
específica (Fernández-Ruiz, 2019). 
 
El receptor cannabinoide CB1 es el receptor más expresado a nivel de SNC. 
Además, existe una elevada expresión de los receptores cannabinoides en el 
sistema nervioso periférico. Por ello el sistema endocannabinoide es 
potencialmente útil para tratar la isquemia, la esclerosis múltiple, las lesiones de 
médula espinal, los desórdenes del movimiento como la enfermedad del 
Párkinson o el Huntington, la enfermedad de Alzhéimer y la epilepsia entre otras 
patologías relacionadas con el sistema nervioso (Pacher et al., 2006).  
 

D) Tratamientos antieméticos. Se ha descrito como la activación de CB1R mediante 
agonistas suprime las náuseas, así como el reflejo del vómito. También se ha 
reportado que el bloqueo de la señalización de CB1R mediante antagonistas, 
como el rimonabant, provoca náuseas. Los mecanismos por los que este efecto 
tiene lugar no están perfectamente descritos y el estudio es complejo debido a 
que los modelos animales de rata o ratón son incapaces de vomitar (Parker et al., 
2011). 

E) Tratamientos anticancerígenos. Inicialmente, los cannabinoides se utilizaron 
como agentes paliativos en pacientes de cáncer con sintomatología grave. Años 
más tarde, se detectó un aumento significativo en su tasa de supervivencia 
(Aggarwal, 2016). Actualmente se ha visto que los receptores cannabinoides se 
encuentran sobreexpresados en numerosos tipos de cáncer, donde los niveles de 
endocannabinoides son más elevados. Así, se ha descrito que los cannabinoides 
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están implicados en procesos como la regulación de la proliferación celular y su 
supervivencia, por ello se están desarrollando terapias que inhiban la 
proliferación de las células cancerígenas y disminuyan su capacidad metastásica 
(Śledziński et al., 2018).   
 

Entre los fármacos que contienen cannabinoides más utilizados se encuentran el 
Dronabinol® y el Cesamet®. En ambos casos su principio activo es el Δ9-THC. Son 
compuestos aprobados para combatir las náuseas provocadas por la quimioterapia (Parker 
et al., 2011). También existen ensayos clínicos en los que se ha demostrado la eficacia del 
Dronabinol® para el tratamiento del dolor neuropático (Schimrigk et al., 2017). Otro fármaco 
regulado es el Sativex®, utilizado para combatir la sintomatología de la esclerosis múltiple 
y cuyos principios activos son el Δ9-THC y el CBD a concentraciones equivalentes (Russo et 
al., 2017). 
 
El sistema endocannabinoide tiene una gran plasticidad, es decir, una alta capacidad 
autorreguladora y homeostática. Algunos ejemplos incluyen la internalización de los 
receptores cannabinoides presentes en la membrana plasmática ante exposiciones 
prolongadas a cannabinoides o ciertas circunstancias como la ingesta de alimentos y la 
exposición a situaciones de estrés que son capaces de alterar la expresión de los 
componentes del sistema endocannabinoide (Castillo et al., 2012). 
 

 
 
Figura 6: Clasificación de los compuestos cannabinoides y los receptores del sistema 
cannabiniode. 
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1.2.1 Receptor de cannabinoides de tipo 1 (CB1R) 
 
El receptor de cannabinoides de tipo 1 no sólo es el GPCR del sistema endocannabinoide 
mayoritario, sino que además es el GPCR de clase A más abundante y uno de los mejor 
caracterizados en la actualidad. Está compuesto por 473 aminoácidos y comparte las 
características estructurales de la familia de receptores de clase A. La unión de ligando al 
receptor desencadena un cambio estructural que abre la hélice transmembrana 6, 
permitiendo la interacción con la proteína Gαi. El extremo N-terminal es de un tamaño 
inusualmente largo (117 aminoácidos) mientras que el extremo C-terminal tiene una longitud 
similar a otros GPCR (73 aminoácidos) y contiene 3 cisteínas y dominios ricos en serina y 
treonina susceptibles a ser fosforilados, con un papel relevante en la señalización del 
receptor (Stadel et al., 2011). La estructura de CB1R se ha descrito detalladamente mediante 
cristales de alta resolución (Shao et al., 2016) 
 
La activación de CB1R al unir un ligando desencadena una señalización intracelular mediada 
mayoritariamente por el acoplamiento a proteína Gαi/o, dando lugar a la inhibición de la 
adenilato ciclasa y disminuyendo los niveles de AMP cíclico intracelulares. Aunque también 
se ha descrito su unión a las subunidades Gαs y Gαq/11 en condiciones excepcionales, como 
ocurre en la astroglía (Navarrete & Araque, 2008). Precisamente, mediante resonancia de 
plasmón por superficie se ha demostrado que los agonistas de CB1R pueden estabilizar 
conformaciones estructurales diferentes, adquiriendo un acoplamiento preferencial a un tipo 
de proteína G u otro (Georgieva et al., 2008).  Por otra parte, la activación de CB1R también 
puede activar la fosforilación de proteínas MAPK tanto por la vía dependiente como 
independiente de proteína G, el reclutamiento de ß-arrestinas y la fosforilación de p38 o c-
Jun (Al-Zoubi et al., 2019). Cabe destacar que se ha descrito que CB1R muestra una alta 
actividad basal, controlada principalmente por una región reguladora en el extremo C-
terminal del receptor (Hanlon & Vanderah, 2010). 
 
La expresión del receptor CB1 es ubicua en el organismo humano, con altos niveles en 
corazón, endotelio vascular, hígado, huesos, pulmones, sistema nervioso central y periférico 
y sistema reproductor, también se encuentra en órganos como el ojo, próstata, timo, 
amígdalas y médula ósea (Howlett & Abood, 2017). Hay que puntualizar que enfermedades 
como el Huntington o el Párkinson se han asociado a bajos niveles de expresión de CB1R en 
el sistema nervioso central. 
 
La activación de CB1R desencadena en el organismo procesos que regulan la nocicepción, el 
aprendizaje, la memoria, la percepción sensorial y el metabolismo. Además, a través de CB1R 
se producen los efectos psicotrópicos que promueven algunos compuestos cannabinoides 
como el Δ9-THC. Existe una gran implicación del receptor CB1 en procesos fisiológicos que 
controlan y regulan la depresión, la digestión, el dolor crónico, el hambre, la memoria y el 
miedo (Lutz et al., 2015; Schwitzer et al., 2016). La amplia variedad de efectos inducidos por 
los cannabinoides es uno de los motivos por los que el número de publicaciones 
relacionadas con este receptor se ha visto incrementado en la última década al orden de 
unas 500 publicaciones anuales (Pubmed, 2020).  
 
El uso de antagonistas y agonistas inversos específicos dirigidos al sitio ortostérico del 
receptor CB1 se ha investigado ampliamente como terapia farmacológica. Un claro ejemplo 
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es el rimonabant, un antagonista específico de CB1R, que se ha descrito como efectivo para 
la reducción del apetito y para combatir la obesidad y que fue aprobado en 2006 (Carai et al., 
2006). Dos años más tarde, fue retirado del mercado por sus efectos secundarios, que 
superaban los beneficios terapéuticos (Moreira & Crippa, 2009). Otro caso similar, es el 
agonista inverso de CB1R taranabant, que no llegó a superar la fase III de los ensayos clínicos 
efectuados por Merck & Co. Inc (Proietto et al., 2010). 
 
Como se ha descrito, a la hora de recurrir a compuestos que activan el receptor CB1 mediante 
su unión al sitio ortostérico, existe un problema de aparición de efectos secundarios 
indeseados, especialmente los de carácter psicotrópico que pueden desencadenar 
conductas depresivas y ansiedad (Moreira & Crippa, 2009). Para evitar en la medida de lo 
posible este inconveniente se están buscando soluciones, las dos aproximaciones más 
prometedoras son las siguientes: 
 

1) Modulación alostérica del receptor CB1. Esta estrategia está despertando un gran 
interés entre la comunidad científica, cuyas publicaciones recientes están ampliando 
el conocimiento sobre los centros alostéricos del receptor CB1 y sus compuestos 
selectivos. Entre los moduladores alostéricos positivos cabe destacar GAT-211, 
lipoxina A4, ORG27569, PSNCBAM-1 y RTI-371. Y entre los moduladores alostéricos 
negativos el cannabidiol, algunos péptidos endocannabinoides (pepcanos) y la 
pregnenolona (Hryhorowicz et al., 2019; Khurana et al., 2017).  

 
2) Selectividad funcional. Existe un elevado número de compuestos cannabinoides que 

se comportan como agonistas sesgados. Entre los endocannabinoides, 2-AG y AEA 
señalizan a través de CB1R preferentemente a través de Gαi, mientras que la N-
Araquidonoil dopamina (NADA) lo hace a través de Gαq. Por otro lado, entre los 
fitocannabinoides, un claro ejemplo es el Δ9-THC, que señaliza preferencialmente a 
través de ß-Arrestinas I y Gαq. Sin embargo, debido a la amplia variedad de 
compuestos fitocannabinoides, aún quedan muchos por caracterizar. En último 
lugar, entre los cannabinoides sintéticos hay que resaltar que la selectividad 
funcional mostrada ante un determinado ligando sesgado puede depender de varios 
factores, como el tipo celular e incluso de la oligomerización de CB1R con otros 
receptores (Al-Zoubi et al., 2019). 

 
El receptor CB1 se postula como uno de los transductores de señales más importantes en el 
organismo humano. La activación o bloqueo específico de la señalización mediada a través 
de CB1R, evitando en la medida de lo posible efectos secundarios indeseados, puede ofrecer 
un amplio abanico de posibilidades en el tratamiento o atenuación de la sintomatología de 
un gran número de afecciones.  
 
 
1.2.2 Receptor de cannabinoides de tipo 2 (CB2R) 
 
El receptor de cannabinoides tipo 2 (CB2R) pertenece a la familia de GPCRs de clase A. En 
humanos, está constituido por un total de 360 aminoácidos. La longitud de su extremo C-
terminal es algo más corta que el CB1R, con 59 aminoácidos de extensión. Mediante la 
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técnica de resonancia magnética nuclear (RMN) se ha determinado con precisión la 
estructura del receptor CB2 (Yeliseev, 2019; Yeliseev & Gawrisch, 2017).  
 
Los polimorfismos o variantes genéticas de un determinado gen dentro de una especie son 
bastante frecuentes en la naturaleza. En el caso del receptor CB2 existe un polimorfismo en 
seres humanos de una única base (SNP), este cambio en la secuencia de ADN resulta en una 
traducción a arginina en la posición 63 de la cadena polipeptídica, en lugar de una glutamina 
(Q63R). Este polimorfismo tiene relevancia fisiológica, relacionándose con pérdidas en el 
control de una correcta respuesta inmunitaria, con la aparición de procesos inflamatorios 
exacerbados (Rossi et al., 2011), una mayor predisposición a la obesidad (Bellini et al., 2015) 
y una mayor incidencia al alcoholismo (Ishiguro et al., 2007). Sin embargo, se ha descrito 
que su unión a compuestos cannabinoides es similar en ambas isoformas del CB2R, aunque 
con una actividad reducida en el tiempo (Malfitano et al., 2014). 
 
La distribución de CB2R en el organismo es más limitada que CB1R. CB2R se expresa 
principalmente en células del sistema inmunitario, sistema hematopoyético (amígdala, bazo 
y timo) y sistema nervioso central (SNC). En SNC presenta bajos niveles de expresión en 
condiciones fisiológicas, aumentando significativamente en microglía activada. En el resto 
de tipos celulares del sistema nervioso central prevalece CB1R (Howlett & Abood, 2017).  
 
A nivel funcional, la activación de CB2R al unirse a un agonista desencadena una señalización 
intracelular mediada mayoritariamente por el acoplamiento a la proteína Gαi/o, dando lugar a 
la inhibición de la adenilato ciclasa y disminuyendo los niveles intracelulares de AMP cíclico. 
También promueve la fosforilación de MAP quinasas, así como el reclutamiento de ß-
arrestinas I y II (Haspula & Clark, 2020). Esta señalización es muy parecida a la inducida por 
la activación de CB1R, aunque no se ha descrito la capacidad del receptor CB2 de acoplar 
proteína Gαs ni Gαq.  
 
El receptor CB2 se encuentra implicado en procesos fisiológicos como el dolor, la 
inflamación, la regulación de la respuesta inmunitaria y distintos procesos metabólicos. Uno 
de los ejemplos mejor documentados es el papel de CB2R en la microglía del sistema 
nervioso central, dónde en presencia de daño cerebral, aumenta su expresión y adquiere un 
papel clave en la migración de la microglía a zonas lesionadas, promoviendo la liberación de 
factores antiinflamatorios como las interleucinas 1 y 10 (IL-1 y IL-10), inhibiendo la liberación 
de factores proinflamatorios (especialmente IL-6) y desencadenando efectos 
neuroprotectores que promueven la supervivencia celular (Roche & Finn, 2010). 
 
La implicación en tan diversas funciones fisiológicas convierte a CB2R en una potencial diana 
terapéutica para una gran variedad de enfermedades en las que el control de la respuesta 
inmunitaria y la inflamación son especialmente relevantes. Generalmente, las estrategias 
terapéuticas que se han desarrollado intentan potenciar los efectos beneficiosos de CB2R 
con agonistas selectivos, puesto que su activación no está acompañada de efectos 
psicoactivos (Aso et al., 2013; Parlar et al., 2018). Contrariamente, para CB1R, se utilizan 
antagonistas selectivos del receptor. 
 
Las principales investigaciones sobre las aplicaciones terapéuticas de CB2R se centran en 
enfermedades del sistema nervioso (An et al., 2020) entre ellas encontramos: 
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1) La esclerosis múltiple es una enfermedad que se caracteriza por un sistema inmune 
desregulado que ataca a las vainas de mielina del sistema nervioso. Se han obtenido 
resultados prometedores utilizando como tratamiento el ß-cariofileno, un 
fitocannabonide que actúa como agonista específico de CB2R, consiguiendo evitar el 
agravamiento de la esclerosis múltiple y mejorar su sintomatología en un modelo 
animal de la enfermedad (Alberti et al., 2017). 

 
2) La isquemia cerebral es una enfermedad que aparece cuando hay un fallo en el 

suministro de sangre a alguna zona del cerebro. Se ha observado que en ratones 
modelo de isquemia el tratamiento con O-1966, agonista específico de CB2R, reduce 
las zonas de tejido infartado (Ronca et al., 2015). Esta mejora puede atribuirse a las 
propiedades antiinflamatorias de CB2R (Turcotte et al., 2016). 
 

3) Enfermedades neurodegenerativas: En la enfermedad del Alzheimer se ha 
demostrado la capacidad de JWH-133, entre otros agonistas específicos de CB2R, de 
modular la reactividad de la microglía frente a las placas de ß-amiloide, reduciendo 
los niveles de la citoquina proinflamatoria IL-6, así como mejorando el rendimiento 
cognitivo de roedores modelo de Alzheimer (Aso & Ferrer, 2016). En cuanto a la 
enfermedad de Parkinson, se ha determinado en modelos animales que el 
antagonista específico ß-cariofileno, puede ser potencialmente beneficioso para 
atenuar la neuroinflamación e inhibir la gliosis gracias al poder antioxidante y 
antiinflamatorio de la señalización mediada por CB2R (Javed et al., 2016). 

 
Desarrollar un compuesto cannabinoide específico para CB2R entraña una gran dificultad 
debido a la gran similitud entre el centro de unión a ligando de CB1R y CB2R. Sin embargo, la 
obtención de ratones knockout para CB1R o CB2R ha producido un significativo avance en 
las investigaciones centradas en el desentrañar el papel de los receptores cannabinoides en 
diferentes procesos fisiológicos. Uno de los modelos más utilizados es el ratón Cnr2-/- que 
carece de la expresión de CB2R (Sun et al., 2014). Este modelo ha sido utilizado en 
investigaciones contra la isquemia cerebral, donde la zona de necrosis y muerte celular es 
mucho más extensa en ratones Cnr2-/- en comparación con ratones wt (Haspula & Clark, 
2020).  
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Figura 7: Expresión y distribución de los receptores cannabinoides mayoritarios en el 
organismo humano. 
 
Recientemente, se ha descrito la capacidad de CB2R para interaccionar con CB1R formando 
complejos heterodiméricos. Este complejo funciona como una nueva unidad funcional, con 
un cross-talk negativo, donde la activación de un receptor en el heterómero bloquea la señal 
del otro receptor del complejo y un antagonismo cruzado en el que inactivar la señalización 
mediada por CB1R con un antagonista específico también produce la inhibición de la 
señalización mediada a través de CB2R y viceversa (Callén et al., 2012). Así, los receptores 
cannabinoides se bloquean entre si en condiciones fisiológicas. 
 
 
1.2.3 Receptor GPR55 
 
El receptor huérfano GPR55, pertenece a la familia de receptores acoplados a proteína G, 
concretamente a la clase A. Se identificó y clonó en 1999  (Sawzdargo et al., 1999) y poco 
después se le consideró como un posible receptor de cannabinoides tipo 3 (CB3R) (R. G. 
Pertwee, 2007). Esta idea, aunque no ha sido completamente descartada, ha ido perdiendo 
impulso debido a la baja homología con los receptores cannabinoides, 13,5% de ellos con 
CB1R y un 14,4% con CB2R (Elbegdorj et al., 2013)  y la falta de estudios  in vivo que permitan 
confirmar la afinidad de algunos compuestos endocannabinoides por GPR55. En cambio, se 
ha identificado de forma clara como GPR55 responde frente a lípidos de la clasificación de 
los lisofosfatidilinositoles (Alhouayek et al., 2018). Actualmente, la Unión Internacional de 
Farmacología (IUPHAR) sigue considerando a GPR55 como un receptor huérfano.  
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GPR55 muestra una expresión importante en diferentes tejidos del organismo humano, entre 
ellos, sistema nervioso central tanto en neurona como en glía (predominantemente en las 
zonas del cuerpo estriado) (Sawzdargo et al., 1999), en diferentes tejidos del sistema 
gastrointestinal (Schicho & Storr, 2012), tejido óseo (tanto osteoblastos como osteoclastos) 
(Whyte et al., 2009) y también en tejido adiposo blanco (Imbernon et al., 2014). 
 
La activación del receptor GPR55 supone el desencadenado de una cascada de señalización 
mediada, fundamentalmente, por el acoplamiento a la proteína Ga12/13, promoviendo la 
activación de proteínas pequeñas con actividad enzimática GTPasa, incluyendo la proteína 
42 de control de la división celular (Cdc42), Rac1 y RhoA y favoreciendo la liberación de calcio 
del retículo endoplasmático. El calcio actúa como segundo mensajero induciendo la 
fosforilación de proteínas MAPK y activando diferentes factores de transcripción nuclear 
entre los que se incluyen CREB, NFAT y NF-kb. También se ha documentado la capacidad 
de GPR55 de acoplar la proteína Gaq para desencadenar, de manera alternativa a la proteína 
Ga12/13, la liberación de calcio del retículo endoplasmático y la producción de DAG e IP3 
(Lauckner et al., 2008). Al igual que otros muchos GPCR, GPR55 también puede reclutar ß-
arrestinas (Southern et al., 2013). 
  
También se reportado la capacidad de GPR55 de interaccionar y formar heterómeros 
funcionales con los receptores canónicos de cannabinoides. Por una parte, se ha descrito la 
existencia de heterómeros formados por GPR55 y CB1R. En el heterómero se ha detectado 
una potenciación de la señalización mediada por CB1R en presencia del receptor GPR55, 
centrada en un aumento de la fosforilación de MAPK inducida por la activación de CB1R 
(Simcocks et al., 2014). Sin embargo, no se ha identificado un cambio en el patrón de 
internalización de estos receptores cuando constituyen el heterómero (Julia Kargl et al., 
2012). Asimismo, se han descrito heterómeros GPR55-CB2R, donde aparece un antagonismo 
cruzado en el que al bloquear CB2R con un antagonista, los efectos mediados por GPR55 
también son bloqueados (Balenga et al., 2014). 
 
El receptor GPR55 se encuentra implicado en procesos fisiológicos como el control del peso, 
el desarrollo óseo, el control de eventos inflamatorios e incluso la regulación de la 
transmisión sináptica. Aunque actualmente, las investigaciones sobre el uso de GPR55 como 
diana terapéutica son menos concluyentes que las referentes a los receptores canónicos de 
cannabinoides CB1R y CB2R, no hay duda de su potencial terapéutico (Reggio & Shore, 2015). 
 
Considerando la controversia entre las publicaciones que investigan la funcionalidad y 
potencial terapéutico del receptor GPR55, los resultados, aunque prometedores, son todavía 
poco concluyentes y prematuros. Una posible explicación sobre la controversia en la 
funcionalidad de GPR55 podría recaer en la existencia de un centro alostérico (Anavi-Goffer 
et al., 2012). 
 
En este momento, las principales líneas de investigación abiertas con GPR55 como 
protagonistas consisten en tratar: 
 

1) La obesidad: se ha reportado la implicación de GPR55 en la regulación de la motilidad 
intestinal y en los procesos que promueven su inflamación. Del mismo modo, se ha 
observado la capacidad de este receptor para aumentar la liberación de insulina y 
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regular la homeostasis de la glucosa en sangre. Además, se está investigando la 
posibilidad de emplear agonistas específicos de GPR55 para combatir la obesidad, 
debido a su capacidad para suprimir el apetito y, por tanto, la ingesta de alimento en 
ratones (Tudurí et al., 2017). 
 

2) La osteoporosis: se ha descrito que la activación de GPR55 puede inducir la inhibición 
de la formación de los osteoclastos, aunque estimula la función de absorción ósea 
de los osteoclastos preexistentes (Whyte et al., 2009). La implicación de este 
receptor en la fisiología del hueso sigue sin esclarecerse y requiere de futuras 
investigaciones (Apostu et al., 2019). 
 

3) Las enfermedades neurodegenerativas: la activación de GPR55 en células del 
sistema nervioso cursa generalmente con una reducción en la liberación del factor 
de crecimiento neuronal, así como un incremento de citoquinas proinflamatorias. Sin 
embargo, sorprendentemente se ha descrito un posible papel neuroprotector a nivel 
de hipocampo (Hill et al., 2019). Se ha descrito en cultivos primarios de microglía de 
rata que el uso de un antagonista sintético (KIT-17) para el receptor GPR55 puede 
producir efectos antiinflamatorios, lo que sugiere que el bloqueo de la señalización 
mediada por GPR55 podría ser una posible estrategia para el tratamiento de 
enfermedades neurodegenerativas (Saliba et al., 2018). 
 

4) La terapia anticancerígena: se ha descrito que la activación mediante agonistas 
específicos de GPR55 contribuye a la proliferación de las masas tumorales (Hu et al., 
2011), por ello se está investigando el antagonismo selectivo de este receptor como 
tratamiento para algunas modalidades de cáncer. Un ejemplo es el antagonista 
CID16020046 para tratar el cáncer de colon (J. Kargl et al., 2016). En la misma línea 
de razonamiento, se ha observado que los antagonistas de GPR55 pueden disminuir 
la tasa de migración en cáncer de páncreas (Singh et al., 2016). 

 

 
 
Figura 8: Estrategias terapéuticas principales de los receptores CB1, CB2 y GPR55. 
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1.3 El sistema renina-angiotensina 
 
El descubrimiento del sistema renina-angiotensina (RAS) se remonta al año 1898, donde el 
fisiólogo Robert Tigerstedt y su equipo inyectaron suero salino extraído de riñón de conejo a 
conejos vivos y observaron como se producía un aumento paulatino en su presión arterial. 
Concluyeron que este aumento se produjo por una proteína a la que otorgaron el nombre de 
“renina” (Tigerstedt & Bergman, 1898). No sería hasta los años 70, con posteriores 
investigaciones, cuándo se termina de elucidar los principales integrantes del RAS (Wu et al., 
2011). 
 
Todos los componentes peptídicos del RAS son derivados de la degradación proteolítica de 
una glicoproteína que recibe el nombre de angiotensinógeno (Agt). Esta proteína pertenece 
a la familia de las serpinas, está constituida por 485 aminoácidos en seres humanos, con 
una región señal de 33 aminoácidos. El angiotensinógeno se sintetiza mayoritariamente en 
los lóbulos hepáticos, aunque también se genera en el epitelio renal, cerebro, corazón, tejido 
adrenal, endotelial e intestinal, posteriormente se libera al plasma sanguíneo donde se 
mantiene estable. La angiotensina I (Ang I) es un decapéptido (Asp-Arg-Val-Tyr-Ile-His-Pro-
Phe-His-Leu) que se sintetiza biológicamente inactivo y se genera mediante la proteólisis del 
extremo N-terminal del angiotensinógeno catalizada por la enzima renina. Cabe destacar que 
la reacción catalizada por la renina discrimina entre especies. Un claro ejemplo es la renina 
de ratón que no puede degradar la Agt humana (Wu et al., 2011). En la reacción catalizada 
por la renina también se genera un fragmento que recibe el nombre de des(Ang I)Agt, que 
constituye el 98% de la proteína original, cuyo papel fisiológico permanece sin desvelar (H. 
Lu et al., 2016). 
 
Tradicionalmente, el sistema renina-angiotensina se ha descrito como el encargado de 
regular la homeostasis en el riñón, sin embargo, también se encuentra distribuido en muchos 
otros órganos y tejidos del organismo humano donde realiza importantes funciones como la 
regulación de la presión arterial y mantener el adecuado equilibrio entre vasoconstricción y 
vasodilatación. Podemos encontrar miembros del RAS en el corazón y los vasos sanguíneos, 
el sistema nervioso, los órganos reproductores tanto masculinos como femeninos, la piel, 
los órganos encargados de la digestión (glándulas salivales, estómago, páncreas e 
intestino), el pulmón, el ojo, el tejido adiposo y el sistema linfático (Paul et al., 2006). 
 
Recientemente se ha documentado la existencia de un RAS “local” en los riñones y en el 
cerebro, con una señalización autocrina/paracrina. Este sistema local estaría regulado 
positivamente por las vías de señalización mediadas por el receptor de pro-renina y por la 
vía Wnt/ß-Catenina (T. Yang & Xu, 2017). 
 
Los componentes del sistema RAS se han clasificado en dos grandes cascadas de 
señalización: La vía clásica mediada a través de Ang II/ACE y la vía alternativa mediada por 
Ang (1-7)/ACE2 (Bitker & Burrell, 2019). 
 
El conocimiento sobre los miembros del RAS y de sus interacciones está creciendo 
exponencialmente, revelando una visión más amplia de su complejidad.  
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Figura 9: Péptidos del sistema renina-angiotensina clásico (verde), del sistema renina-
angiotensina alternativo (naranja) y los precursores comunes a ambos (amarillo). 
 
 
1.3.1 La vía clásica mediada por Ang II/ACE 
 
La renina es una aspartil-proteasa que cataliza la formación de angiotensina I (Ang I) a partir 
del angiotensinógeno. Esta enzima se produce en los riñones y su liberación se encuentra 
altamente regulada, principalmente por cambios en la presión sanguínea (Sparks et al., 
2014). La escisión de la Ang I mediante la enzima convertidora de angiotensina (ACE) 
produce el octapéptido angiotensina II (Ang II) (Harrison & Acharya, 2014). La Ang II es el 
péptido fundamental del RAS clásico y tiene potentes propiedades vasoconstrictoras 
(Moeller et al., 1998). Debido al exceso de angiotensinógeno en plasma humano, la 
producción de angiotensina II se encuentra limitada por la disponibilidad de renina, ya que 
es la encargada de generar el sustrato (Ang I) a partir del cual se genera Ang II.  
 
ACE es una proteína integral de membrana cuya actividad enzimática dicarboxipeptidasa es 
dependiente de zinc. En mamíferos existen dos isoformas: la somática, con distribución 
ubicua en el organismo, que se caracteriza por sus dos dominios homólogos (uno N-terminal 
y otro C-terminal) cada uno con su propio centro catalítico y la isoforma testicular, con solo 
un único dominio en la región C-terminal de la proteína. El papel fisiológico principal de esta 
enzima es el incremento de la presión sanguínea, mediado tanto por la producción de Ang II 
como por la degradación del péptido bradicinina en fragmentos inactivos y, por tanto, 
suprimiendo sus propiedades vasodilatadoras (Harrison & Acharya, 2014).  
 
La Ang II plasmática se degrada rápidamente a angiotensina III (Ang III), angiotensina IV (Ang 
IV) o angiotensina 1-7 (Ang (1-7)). El péptido Ang III es sintetizado por la enzima 
aminopeptidasa A, o por la escisión de la angiotensina 1-9 (Ang (1–9)) bajo la acción de ACE 
(Chiu et al., 1976). Al igual que Ang II aunque con efectos menos potentes, Ang III actúa como 
vasopresor, estimulante de la sed y el apetito, y activador de la secreción de aldosterona. A 
partir de Ang III, la enzima aminopeptidasa N puede generar el pentapéptido Ang IV. Ang IV 
se encarga de modular el flujo sanguíneo cerebral y la cognición, aumentar el flujo sanguíneo 
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renal y disminuir la reabsorción de agua y sodio en el epitelio renal mediante la unión y 
activación del receptor de angiotensina tipo 4 (AT4R) (Nehme et al., 2019). 
 
Los péptidos bioactivos del RAS clásico pueden activar diferentes receptores. Entre ellos, los 
más importantes de la vía clásica del RAS son el receptor de angiotensina tipo 1 (AT1R) y el 
receptor de angiotensina tipo 2 (AT2R). 
 
La señalización producida a través de los componentes del RAS clásico circulante 
desencadena diversos efectos fisiológicos en el organismo entre los que se incluyen el 
control de la homeostasis renal (Regulación del flujo sanguíneo, la filtración glomerular, 
regulación de los niveles de sodio, regulación del pH), la regulación de la presión arterial 
debido a que por una parte Ang II induce la vasoconstricción mientras que el NO y la 
bradicinina inducen la vasodilatación, también la estimulación de la sed y el apetito a través 
de la acción mediada por Ang II en el cerebro y, además controlan la liberación hormonal de 
aldosterona, catecolaminas y vasopresina entre otras. 
 
Debido a su capacidad para regular la presión arterial, la primera diana terapéutica que 
despertó el interés de las investigaciones por el RAS fueron los inhibidores de la enzima ACE 
para el tratamiento de la hipertensión. Estos compuestos evitaban la síntesis de Ang II y, por 
tanto, la subida de la presión arterial (Fyhrquist & Saijonmaa, 2008). Captopril fue el primero 
de los inhibidores de ACE efectivos a través de vía oral (Pitt, 1997; Reis et al., 2018). Si se 
compara la eficiencia de los inhibidores de ACE frente a inhibidores de receptores de 
angiotensina, se observa una tasa similar en cuanto a su baja mortalidad aunque una tasa 
de eficiencia ligeramente superior en inhibidores de los receptores de angiotensina (E. C. K. 
Li et al., 2014). 
 
 

 
 
Figura 10: Los receptores y las enzimas convertidoras de angiotensina del sistema renina-
angiotensina clásico (verde) y del sistema renina-angiotensina alternativo (naranja). 
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1.3.1.1 Receptor de angiotensina II de tipo 1  
 
El receptor de angiotensina tipo 1 (AT1R) se clonó por primera vez en 1991, aislándose de 
células glomerulares suprarrenales bovinas (Sasaki et al., 1991) y de células de tejido 
muscular liso (Murphy et al., 1991). Se encuentra clasificado dentro de la familia de GPCR 
de clase A, manteniendo sus características estructurales canónicas. Este receptor está 
constituido por 359 aminoácidos en humanos siendo uno de los más conservados entre 
mamíferos, con una homología de aproximadamente un 95% (Gosselin et al., 2000).  
 
Se ha reportado la posibilidad de AT1R de adquirir diferentes conformaciones activas 
estables, donde aparecen cambios estructurales en la orientación de los bucles 
intracelulares del receptor, donde el bucle intracelular 3 y la cola C-terminal juegan un papel 
protagonista. Cada una de estas conformaciones activa preferencialmente unas vías de 
señalización frente a otras (Devost et al., 2017). 
 
La estimulación de AT1R mediante Ang II, su agonista endógeno, induce el acoplamiento del 
receptor a proteína Gαq/11, activando la fosfolipasa C y provocando el movimiento 
intracelular de iones de calcio. La liberación de calcio intracelular promueve la activación del 
receptor de crecimiento epidérmico (EGFR) que a su vez desencadenará la fosforilación de 
ERKs (Higuchi et al., 2007). AT1R también puede acoplar Gαi, inhibiendo la adenilato ciclasa 
y disminuyendo los niveles de AMPc intracelulares (Kawai et al., 2017). Del mismo modo, 
AT1R también es capaz de mediar la activación de varias proteínas G pequeñas; 
principalmente Rac, Ras y Rho (Ohtsu et al., 2006). 
 
La señalización mediada por AT1R se traduce en un aumento de la tensión arterial y 
remodelación vascular. Por otro lado, las GTPasas pequeñas activadas por este receptor 
promueven procesos de contracción y remodelación vascular, así como la liberación de 
factores proinflamatorios y especies reactivas de oxígeno (ROS) (Ohtsu et al., 2006). 
 
Es posible encontrar una expresión elevada de AT1R en tejidos del cerebro (Benicky et al., 
2011), corazón (Wackenfors et al., 2004), riñón (Zhuo et al., 1997), tejido adiposo 
(Boschmann et al., 2006) y glándulas adrenales (Sanchez-Lemus et al., 2008). Al tratarse de 
un receptor con una distribución tan ubicua en el organismo y con una amplia diversidad de 
funciones fisiológicas, su desregulación resulta un importante desencadenante de 
numerosas patologías. Esta es la causa de que AT1 sea uno de los GPCR más estudiados.  
 

1) Enfermedades cardíacas: la hiperactivación de AT1R puede llevar a disfunción 
endotelial, lo que desencadena patologías como la hipertensión, la hipertrofia 
cardíaca, el infarto de miocardio y la arritmia cardíaca (J. Zhang & Crowley, 2013).  
Por ello, el uso de antagonistas o agonistas inversos que bloqueen la señalización 
de este receptor es una de las estrategias terapéuticas más utilizadas para combatir 
estas patologías (Michel et al., 2016). Actualmente, los bloqueadores de AT1R (ARBs) 
son moléculas de bajo peso molecular con una alta especificidad por AT1R y cuya 
función es competir con el péptido Ang II por su unión al receptor. Los ARBs más 
importantes son 8: azilsartan, eprosartan, telmisartan, candesartan, irbesartan, 
olmesartan, losartan y valsartan. De ellos, los 5 últimos comparten parte de su 
estructura química por lo que comúnmente se hace referencia a ellos como los ARBs 
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bifenilo tetrazoles (Takezako et al., 2017). Estos fármacos ya han sido aprobados 
para su comercialización. 
 
Los ARBs, junto con los bloqueadores del receptor ß-adrenérgico (ß-AR), son los 
principales fármacos para tratar dolencias cardíacas. Así, el diseño de fármacos para 
tratar patologías cardíacas que actúen sobre AT1R, se centra en encontrar un 
compuesto sesgado que bloqueé únicamente la señalización proteína G-dependiente 
del receptor debido a que la función mediada por ß-arrestinas promueve la 
supervivencia celular y, por tanto, es potencialmente beneficiosa (Grisanti et al., 
2018). 
 

2) Enfermedades renales: AT1R es una atractiva diana terapéutica para prevenir e 
incluso tratar patologías con daño renal, debido a la elevada expresión del receptor 
en riñón, especialmente en las células tubulares y en los vasos sanguíneos 
(Gonçalves et al., 2004). Se ha determinado que el tratamiento con el ARB iosartan 
protege del estrés oxidativo y la inflamación previo a la isquemia renal, impidiendo 
que este estado degenere en una patología renal crónica (Rodríguez-Romo et al., 
2016). 
 
El principal tratamiento utilizado para tratar la nefropatía diabética consiste en 
bloquear AT1R (Ros-Ruiz et al., 2012), esto supone un problema a medio-largo plazo 
puesto que se produce un aumento de la síntesis de renina como mecanismo 
compensatorio y en consecuencia de la disponibilidad de Ang II. Para evitarlo, se ha 
investigado el tratamiento combinado de ARBs y vitamina D (con capacidad para 
suprimir la producción de renina) que ofrecen una sinergia positiva frente a esta 
patología (Y. Zhang et al., 2009; Z. Zhang et al., 2008). 
 
Una de las claves para evitar el rechazo inmunológico en pacientes que requieren de 
un trasplante de riñón consiste en monitorizar la presencia de anticuerpos dirigidos 
contra AT1R, debido a que la interacción entre estos anticuerpos y AT1R supone un 
riesgo elevado de rechazo. Se plantea una posible solución a este problema con el 
uso de ARBs para enmascarar el epítopo de AT1R, evadiendo el rechazo (Sas-Strózik 
et al., 2020). 

 
3) Enfermedades neurodegenerativas: Aunque la barrera hematoencefálica impide la 

entrada o salida de los componentes del RAS sistémico al cerebro, se ha observado 
que el péptido Ang II local del cerebro mejora los procesos de memoria y aprendizaje 
a corto plazo a través de AT1R. En cambio, una hiperactivación del receptor 
desencadenaría estrés oxidativo y muerte neuronal (Mogi et al., 2012) (Wright et al., 
2013).  
 
Nuevamente, se ha reportado como el bloqueo de AT1R mediante ARBs produce una 
disminución de la neuroinflamación, de los niveles de estrés oxidativo y de la muerte 
neuronal tanto en modelos animales de Alzheimer y demencia como de la 
enfermedad del Parkinson (Saavedra, 2012a, 2012b).  
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Aunque AT1R es activo de manera aislada, también se ha descrito su habilidad de 
interaccionar y formar complejos funcionales homoméricos (B. M. Young et al., 2017) como 
heteroméricos con otros miembros del sistema renina-angiotensina, como AT2R (Ferrão et 
al., 2017) adquiriendo nuevas propiedades funcionales. No obstante, la señalización de AT1R 
es aún más compleja, puesto que interacciona con receptores de otros sistemas fisiológicos, 
como el heterómero formado por AT1R y CB1R, de la familia de los cannabinoides (Rozenfeld 
et al., 2011) y el heterómero compuesto por AT1R y A2AR, de la familia de los receptores de 
adenosina (De Oliveira et al., 2017).  
 
 
1.3.1.2 Receptor de angiotensina II de tipo 2 
 
El receptor de angiotensina de tipo II (AT2R) humano se clonó por primera vez en la década 
de los 90, aislado de una librería genómica de placenta. Su traducción a proteína se compone 
de 363 aminoácidos en humanos (Tsuzuki et al., 1994) y comparte una gran homología con 
rata y ratón, mayor al 90% (Hoe et al., 2003). Sin embargo, sólo hay una identidad de un 34% 
entre AT1R y AT2R humanos, siendo la secuencia de la región del tercer bucle intracelular, 
con un papel importante en la afinidad ligando-receptor y en la transducción de señales la 
secuencia con menor homología (Dittus et al., 1999; Hayashida et al., 1996). 
 
Al igual que AT1R, AT2R se clasifica dentro de los GPCR de clase A. Como peculiaridad, 
mencionar que la octava alfa hélice de AT2R se encuentra orientada de forma inusual. 
Originalmente se creyó que AT2R no pertenecía a la familia de los GPCR, puesto que 
experimentalmente no se conseguía observar acoplamiento a proteínas G al estimular el 
receptor con Ang II (Bottari et al., 1991). Recientemente, se ha demostrado que aunque AT2R 
puede unir el péptido Ang II, no es capaz de producir el cambio conformacional necesario 
para que este receptor pueda acoplar proteína G o pueda reclutar ß-arrestinas (Connolly et 
al., 2019), es por ello que la mayoría de los efectos fisiológicos inducidos por Ang II son 
mediados a través de AT1R (Forrester et al., 2018). 
 
La activación de AT2R desencadena, principalmente, el acoplamiento a proteína Gαi, 
disminuyendo los niveles de AMPc intracelular. Por otro lado, un aumento de los niveles de 
óxido nítrico (NO), promueve un incremento en la producción del segundo mensajero GMPc, 
y la activación de fosfatasas, suscitando la desfosforilación de las MAP quinasas (Kaschina 
& Unger, 2003; Porrello et al., 2009). 
 
La expresión de AT2R es muy elevada durante el desarrollo fetal y disminuye 
significativamente en la posnatalidad (Yoon et al., 2016). Su presencia se limita al sistema 
cardiovascular, las glándulas adrenales y el riñón, el sistema reproductor y las áreas 
cerebrales implicadas en la coordinación motora y la actividad sensorial (Bitker & Burrell, 
2019). En adultos sanos, la expresión de AT2R suele ser baja, aunque se ha determinado una 
sobreexpresión en ciertas condiciones patológicas entre las que se incluye el fallo renal, el 
infarto de miocardio y la isquemia cerebral (Padia & Carey, 2013).  
 
Las principales funciones fisiológicas en las que está implicado AT2R son la regulación del 
crecimiento tisular, la organogénesis y la reparación tisular y el desarrollo cerebral. Además, 
contribuye en la homeostasis de la liberación de catecolaminas (Danyel et al., 2013). Por lo 
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general, su activación tiene efectos antagónicos y opuestos a las señalización mediada por 
AT1R, esto implica, entre otros: vasodilatación, efectos cardioprotectores, reducción del 
estrés oxidativo e inhibición de la proliferación celular (Henrion et al., 2001). 
 
En la mayoría de las investigaciones se utiliza un agonista peptídico específico de AT2R, el 
compuesto CGP-42112, para activar directamente los procesos fisiológicos beneficiosos y 
antagonizar los efectos indeseados de AT1R de forma indirecta (Matavelli & Siragy, 2015). El 
potencial terapéutico de AT2R, se centra fundamentalmente en afecciones renales, cardíacas 
y cerebrales: 
 

1) Enfermedades cardíacas: AT2R se encuentra sobreexpresado en diferentes 
patologías cardíacas como insuficiencia cardíaca o el infarto de miocardio (Jones et 
al., 2008). Así, se están investigando terapias combinadas de ARBs y CGP-42112, con 
el objetivo de potenciar el efecto anti-hipertensivo de los “sartanes”, debido a las 
propiedades vasodilatadoras de AT2R (Carey, 2017). Otros estudios utilizan el 
compuesto no-peptídico C21, un agonista altamente selectivo para AT2R para 
mejorar la sintomatología de la fibrosis de miocardio debido a un efecto anti-
inflamatorio y a una correcta regulación de la producción de colágeno (Y. Wang et 
al., 2017). 
 

2) Enfermedades renales: AT2R media la nefrogénesis durante el desarrollo embrionario 
y la excreción de sodio a través de la orina (natriuresis) (Danyel et al., 2013). Además, 
en la nefropatía diabética o hipertensiva se produce una sobreexpresión de este 
receptor con propiedades antiinflamatorias y antioxidantes. Por ello, la activación de 
AT2R se traduce en una mejora en la progresión de estas enfermedades renales 
crónicas (Kaschina et al., 2017). 
 

3) Enfermedades neurodegenerativas: se ha reportado que la expresión de AT2R en el 
cerebro, especialmente en la substantia nigra, disminuye progresivamente con la 
edad. Desencadenando en un aumento de la expresión de AT1R y de sus efectos pro-
inflamatorios y pro-oxidativos, ligados a la aparición de enfermedades como el 
Alzheimer o el Parkinson (Rodriguez-Perez et al., 2020). Se ha descubierto que la 
expresión de AT2R en microglía es baja respecto a la de AT1R y se mantiene en esos 
niveles incluso en presencia de ang II. Sin embargo, el tratamiento con CGP-42112 
produce un incremento significativo de AT2R (Bhat et al., 2019). Este hecho abre el 
camino a utilizar AT2R como diana terapéutica para tratar enfermedades 
neurodegenerativas y contrarrestar la hiperactivación de AT1R (Ahmed & Ishrat, 
2020). 
 

Actualmente no hay compuestos que actúen como agonistas o antagonistas de AT2R 
aprobados clínicamente. Por una parte, CGP-42112 tiene ciertas limitaciones debido a su 
baja selectividad para AT2R a altas concentraciones. Además, no es conveniente su 
administración por vía oral (Whitebread et al., 1991). Así, se están estudiando nuevos 
compuestos sintéticos que se unan de forma altamente selectiva a AT2R (Wallinder et al., 
2019). 
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No obstante, gracias a las propiedades antiinflamatorias, cardio y neuroprotectoras 
mediadas por AT2R y demostradas en numerosas publicaciones científicas (Juillerat-
Jeanneret, 2020), la estimulación de este receptor se presenta como el principal mediador 
del “brazo protector” del RAS, con un gran potencial terapéutico en un futuro cercano. 
 
 

 
 
Figura 11: Efectos fisiológicos mediados por los receptores del sistema renina-angiotensina 
clásico (AT1R y AT2R). Balance (izquierda) y desregulación (derecha) entre los efectos 
mediados por AT1R y AT2R. 
 
Se ha reportado como el receptor AT2R actúa como antagonista natural de la señalización 
del receptor AT1R de forma consensuada (AbdAlla, Lother, Abdel-tawab, et al., 2001; Duke et 
al., 2005; Horiuchi et al., 1999; Nakajima et al., 1995), e incluso con efectos opuestos cuando 
es activado por un agonista específico, como el compuesto CGP-42112 (Barber et al., 1999; 
McCarthy et al., 2009). Esta retroalimentación entre ambos receptores se debe, en parte, a 
su interacción cuando se encuentran, espontáneamente en la célula, formando el heterómero 
AT1R/AT2R (Ferrão et al., 2017).  
 
De manera interesante, se ha descrito la capacidad de AT2R de agregar entre sí y constituir 
complejos oligoméricos con la facultad de acoplar proteína Gαq (AbdAlla et al., 2009). 
También se ha reportado interacciones heterodiméricas entre AT2R y B2R (Abadir et al., 2006) 
y entre AT2R y MasR (D. Villela et al., 2015) de la vía alternativa del RAS. 
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1.3.2 La vía alternativa mediada por Ang (1-7)/ACE2 
 
El conocimiento sobre el RAS cambió radicalmente entre el 2000 y el 2010, período en el que 
se descubrieron y caracterizaron nuevos componentes del sistema RAS que formaban una 
vía completamente nueva, que se denominó como vía alternativa del RAS (Donoghue et al., 
2000; Ferrario, 2011). La vía alternativa del RAS se caracteriza por mediar respuestas 
fisiológicas opuestas a la vía clásica.  Los receptores de la vía alternativa son Mas (MasR) y 
Mas Related (Mas Related Receptors) y se caracterizan por unir el péptido Ang (1-7) (R. A. S. 
Santos et al., 2000) y derivados como la alamandina (Lautner et al., 2013). 
 
Ang (1-7) es un heptapéptido con propiedades bioactivas que se encuentra principalmente 
en cerebro, riñón, corazón y vasos sanguíneos (Chappell et al., 1989). Este péptido puede ser 
generado en el organismo de distintas formas, entre ellas, la más común es la síntesis 
mediada por la enzima convertidora de angiotensina 2 (ACE2), una metaloproteasa 
dependiente de zinc con un único paso transmembrana. ACE2 es capaz de producir Ang (1-
7) de forma muy eficiente mediante la degradación de Ang II (Burrell et al., 2004). También 
puede convertir Ang I en Ang (1-9), aunque esta enzima tiene una afinidad 500 veces inferior 
por Ang I que por Ang II (Chappell 2012). La Ang (1-7) también puede ser sintetizada 
mediante endopeptidasas. Una de ellas es la neprilisina (NEP) con capacidad para catalizar 
la conversión directa de Ang I o Ang (1-9) en Ang (1-7) (Domenig et al. 2016). Otro ejemplo 
es la prolil-oligopeptidasa (PEP) que media la catálisis directa de Ang I o Ang II en Ang (1-7) 
(Polgar and Szeltner 2008). Finalmente, también se ha descrito la síntesis de Ang (1-7) 
mediada por la actividad dicarboxipeptidasa de ACE con el sustrato Ang (1-9) (Kittana, 2018). 
 
Las acciones fisiológicas principales mediadas por Ang (1-7) son la vasodilatación, 
aumentando la producción de NO, en el sistema cardiovascular (P. Li et al., 1997), el aumento 
del flujo sanguíneo renal y de la filtración glomerular asociado a mayor excreción de sodio y 
producción de orina (Handa et al., 1996) y el incremento del flujo sanguíneo cerebral (P. Xu 
et al., 2011). En conjunto, son efectos órgano-protectores y opuestos a los mediados por el 
eje ACE/Ang II. 
 
A día de hoy se siguen investigando los componentes del RAS y sus interconexiones. 
Recientemente, se han descubierto nuevos péptidos bioactivos del RAS derivados de los más 
conocidos. Entre ellos se encuentra el heptapéptido Alamandina, generado a partir de una 
descarboxilación del extremo N-terminal de Ang (1-7) por una enzima que desconocida hasta 
el momento (Lautner et al., 2013). Sus principales efectos en el organismo son la 
vasodilatación y la antihipertensión. Ambos mediados a través del receptor Mas-Related D 
(MrgprD) (D. C. Villela et al., 2014).  
 
Menos estudiado se encuentra el péptido Ang (1-9), generado por la acción catalítica de ACE2 
sobre el sustrato Ang I. Sus efectos antihipertrófico y cardioprotector parecen ser mediados 
a través del receptor AT2R (McKinney et al., 2014; Ocaranza et al., 2010). 
 
El RAS alternativo se está estudiando en la actualidad activamente debido a su relevante 
implicación en la patofisiología de la enfermedad del Coronavirus 2019 (COVID-19) 
producida por el coronavirus de tipo 2 del síndrome respiratorio agudo severo (SARS-CoV-2), 
declarada pandemia mundial en los primeros meses de 2020 (Bedford et al., 2020). La 
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enzima ACE2 se expresa en las células endoteliales del tracto respiratorio y es la vía de 
entrada del SARS-CoV-2 a la célula (K. K. Chan et al., 2020). Otro factor a considerar es como 
el proceso infectivo del SARS-CoV-2 a través de ACE2 induce la internalización celular de la 
enzima, contribuyendo a la desregulación del RAS al producirse una disminución en la 
producción de Ang (1-7) y aumentando los niveles disponibles de Ang II (Ingraham et al., 
2020). 
 
En conclusión, existe una gran modulación entre el sistema renina-angiotensina 
convencional y alternativo, de forma que una activación crónica del RAS clásico se encuentra 
antagonizada por la señalización mediada por el RAS alternativo (Iwai & Horiuchi, 2009). Una 
disfunción en este balance es responsable del desarrollo de un numeroso abanico de 
patologías (Paz Ocaranza et al., 2020). 
 
 
1.3.2.1 Receptor Mas  
 
El gen mas, que codifica para el receptor Mas, se clonó por primera vez en la década de los 
80, aislado a partir de una línea celular humana de carcinoma epidermoide (NIH3T3) (D. 
Young et al., 1986). En un inicio, se creyó que actuaba como un proto-oncogen, puesto que 
algunos estudios le atribuyeron propiedades tumorigénicas, sin embargo, ha sido 
desmentido años posteriores (Bader et al., 2014). MasR está compuesto por un total de 325 
aminoácidos, dispuestos en una estructura clásica de GPCR de clase A (Iwai & Horiuchi, 
2009). 
 
MasR muestra una elevada expresión en cerebro (D. Young et al., 1988) y testículos (Alenina 
et al., 2002) y en niveles más bajos en corazón, riñón, pulmón, hígado, bazo, lengua y músculo 
esquelético (Alenina et al., 2008).  
 
El ligando endógeno de MasR es el péptido Ang (1-7) (R. A. S. Santos et al., 2005). Al 
activarse, MasR desencadena un aumento en los niveles de NO (Sampaio et al., 2007) y una 
inhibición de la fosforilación de MAPK,  promoviendo la activación de la vía PI3K/Akt (Muñoz 
et al., 2010). También se ha descrito como una activación prolongada induce la 
desensibilización e internalización celular de MasR (Gironacci et al., 2011). Asimismo, los 
efectos mediados por la acción de Ang (1-7) son bloqueados por la acción del antagonista 
selectivo sintético de MasR, la D-Alanina-Ang (1-7) (A-779) (Ambühl et al., 1994). 
 
Existe cierta controversia alrededor de MasR, puesto que, a pesar de ser un GPCR, no se ha 
conseguido identificar su acoplamiento directo a proteína G al ser activado mediante Ang (1-
7) (Shemesh et al., 2008). Sin embargo, si se ha descrito la capacidad de MasR para modular 
la actividad de otros receptores con los que interacciona, un ejemplo reportado es la 
potenciación de la señalización de AT1R a través de Gaq cuando está formando el 
heterómero AT1R/MasR (Canals et al., 2006). Actualmente, se requiere de una mejor 
caracterización de MasR, debido a que las evidencias publicadas hasta la fecha únicamente 
explican su señalización a través de mecanismos proteína G-independientes (Tirupula et al., 
2014). 
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La activación de MasR induce principalmente efectos cardioprotectores en el organismo, 
pero también un papel neuroprotector en el SNC (Liao & Wu, 2020).  
 
En la patología de Alzheimer, se ha evaluado la señalización de Ang (1-7)/MasR mediante 
aceturato de diminazeno (DIZE), capaz de potenciar la actividad enzimática de ACE2, 
reduciendo la actividad de AT1R y potenciando la señalización de MasR. Los resultados han 
demostrado mejoras en la memoria y el aprendizaje gracias a una menor inflamación y una 
menor apoptosis neuronal (Kamel et al., 2018). Abriendo la puerta a utilizar MasR como diana 
terapéutica en la fisiopatología de Alzheimer. 
 
También se ha reportado, en un modelo animal de la enfermedad de Parkinson, la acción 
neuroprotectora de MasR, que al ser activado, activa la vía PI3K/Akt estimulando la 
producción de tiroxina hidroxilasa y aumentando la disponibilidad de dopamina. Reduciendo 
así, la sintomatología en PD (Rabie et al., 2018). 
 
 
1.3.2.2 Receptores Mas Related 
 
La familia de receptores Mas Related (Mrgprs) está compuesta por más de 50 GPCRs de 
clase A que se encuentran relacionados con MasR guardando similitudes a nivel estructural. 
Los primeros en descubrirse fueron los  receptores Mas-Related A (MrgA) y D (MrgD), que se 
describieron por primera vez en 2001 como receptores específicamente localizados en 
neuronas sensoriales, concretamente en aquellas de pequeño diámetro de los ganglios de la 
raíz dorsal y en los ganglios del trigémino (Q. Liu et al., 2001). En seres humanos, los 
receptores Mas Related se encuentran codificados en el cromosoma 11 (Dong et al., 2001). 
Posteriormente, se ha reportado la localización de los Mrgprs, con una baja expresión, en 
células de tejido adiposo blanco y pardo, arterias, cerebelo, cerebro, corazón, médula espinal, 
músculo esquelético, tracto gastrointestinal, globo ocular, peritoneo, próstata, pulmón, 
testículo, timo, tráquea, vejiga, vesícula seminal y útero (L. Zhang et al., 2005). 
 
Esta familia de receptores tiene una clasificación compleja cuya última nomenclatura 
aprobada en (http://www.guidetopharmacology.org) los divide en: Mrgprs de clase A, B, C, 
D, E, F, G, H y X, siendo esta última exclusivo de organismos del orden de los primates 
(Burstein et al., 2006). 
 
A pesar de la similitud estructural que los Mrgprs comparten con MasR, no se ha podido 
establecer un papel relevante de la mayoría de los integrantes de dicha familia en el sistema 
del RAS. Los Mrgprs son activados por una amplia variedad de ligandos endógenos que no 
forman parte del RAS (Steele & Han, 2020). Una excepción es MrgD, cuyo ligando endógeno 
es la Alamandina, componente del RAS alternativo (Etelvino et al., 2014). Además, también 
une Ang (1-7) (Tetzner et al., 2016). 
 
La mayoría de Mrgprs señalizan a través de la proteína Gaq, que desencadena la movilización 
de calcio del retículo endoplasmático y la activación de la proteína quinasa C (PKC) (Steele 
& Han, 2020). Aunque se han reportado casos de Mrgprs que acoplan a la proteína Gai (D. 
Wang et al., 2013).  Además, el receptor MrgprD, puede acoplar proteína Gas, promoviendo 
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un aumento en la disponibilidad celular de AMPc y la activación de la PKA (Bader et al., 2014; 
Shinohara et al., 2004).  
 
Debido a su elevada expresión en neuronas sensoriales, las principales investigaciones de 
los Mrgprs se centran en la búsqueda de aplicaciones terapéuticas para tratar las 
sensaciones de dolor y picor crónicas (Meixiong & Dong, 2017). Se ha descubierto que los 
receptores MRGPRX1 y MRGPRX2 tienen un papel principal en la sensación de dolor, 
mientras MrgA en la sensación de picor, especialmente el MrgA3 (Green, 2021). 
 
A pesar de su gran potencial terapéutico, es evidente que hay un gran desconocimiento y 
falta de caracterización de estos receptores en la actualidad por lo que se requiere un mayor 
número de estudios para poder comprender en su totalidad el funcionamiento y regulación 
de los Mrgprs. 
 
 

 
 
Figura 12: Balance entre el brazo perjudicial (AT1R) y el brazo protector del RAS (AT2R, MasR 
y MRGPCR). Equilibrio entre componentes del RAS clásico (verde) y componentes del RAS 
alternativo (naranja). 
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1.4 La familia de receptores de adenosina 

Las purinas son los mensajeros químicos más extendidos y conservados a lo largo del 
tiempo en organismos del reino animal como del reino vegetal; siendo las más importantes 
la adenosina y el ATP (Schmidt, Lara, and Souza 2007; Zrenner et al. 2006). 

La adenosina es un nucleósido de purina. Su papel fisiológico principal se describió en 1929 
y consiste en la habilidad de modular el ritmo cardíaco (Drury and Szent-Györgyi 1929). 

Se han descrito diferentes mecanismos que regulan la concentración de adenosina en el 
exterior como en el interior de la célula. A nivel extracelular, el principal mecanismo se basa 
en la actividad catalítica de la ectonucleotidasa CD39, que degrada el adenosín trifosfato 
(ATP) a adenosín difosfato (ADP) que a su vez es convertido en adenosina por la acción de 
la ectonucleotidasa CD73 (Ghiringhelli et al. 2012). Por otro lado, la adenosina no es 
permeable a la membrana plasmática, necesitando transportadores específicos. Los 
transportadores de adenosina pertenecen a la familia de transportadores de solutos (SLC) 
que se clasifican en transportadores de nucleósidos equilibradores (ENTs) y transportadores 
de nucleósidos concentrativos (CNTs). Mientras que los CNTs utilizan un gradiente de sodio 
para “concentrar” unidireccionalmente la adenosina en el interior celular, los ENTs tienen la 
capacidad de importar y exportar adenosina al exterior celular de manera bidireccional con 
concentraciones elevadas del nucleósido (Pastor-Anglada and Pérez-Torras 2018). También 
hay que tener en cuenta las enzimas que controlan la homeostasis de la adenosina en el 
interior celular,  siendo las principales la adenosina quinasa, que sintetiza AMPc a partir de 
adenosina y la adenosina desaminasa que forma inosina mediante la desaminación de la 
adenosina (Boison 2013).  

La ruta principal en la síntesis de adenosina es la generada por la hidrólisis del ATP mediante 
ectonucleotidasas en el espacio extracelular. Así, este nucleósido se expresa de manera 
ubicua en todos los fluidos corporales (Ghiringhelli et al. 2012). Esta amplia disponibilidad 
permite que pueda regular una gran variedad de funciones fisiológicas, jugando un papel 
especialmente relevante en la respuesta inmunológica a agentes patógenos (Haskó and 
Cronstein 2004), en la señalización neuronal (Snyder 1985), en la vasodilatación (Morgan et 
al. 1991) y en la atenuación de procesos inflamatorios (Haskó, Antonioli, and Cronstein 
2018).  

En condiciones fisiopatológicas de hipoxia y daño celular se ha descrito que la adenosina 
sufre una desregulación en su homeostasis, acumulándose en el espacio extracelular, 
fenómeno que se traduce en una hiperactivación de los receptores de adenosina (Grenz, 
Homann, and Eltzschig 2011). 
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Figura 13: Metabolismo general de la adenosina. Transportadores ENTs y CNTs. 
Ectonucleotidasas y receptores de purinas (P1, P2X y P2Y). 
 
Los receptores que unen purinas en el ser humano se agrupan en los GPCRs selectivos para 
adenosina, los receptores P1 y los receptores P2, dentro de los cuales encontramos los 
receptores P2X que son canales iónicos dependientes de unión a ligando y los GPCRs P2Y 
(Burnstock 2007). Los receptores P1 son los principales efectores que, al unir su ligando 
endógeno, adenosina, inducen la transducción de señal al interior de la célula, mediando un 
conjunto de funciones fisiológicas. Los receptores de adenosina se dividen en los receptores 
de alta afinidad, grupo compuesto por los receptores A1 (70 nM) y A2A (150 nM) y los 
receptores de baja afinidad que incluyen el A2B y A3. En concreto, A2B tiene una baja afinidad 
por el nucleósido y requiere de concentraciones superiores a 10 µM para su unión, solamente 
encontradas en el organismo en condiciones de hipoxia o daño tisular. Esta afinidad 
diferencial es muy relevante, ya que también existe una concentración heterogénea de 
adenosina en el cerebro (entre 30 nM y 980 nM, según la zona) (Fried, Elliott, and Oshinsky 
2017). Estos cuatro receptores comparten una elevada homología en su secuencia de 
aminoácidos de hasta un 60% en seres humanos (Palmer and Stiles 1995).  
 
Los ARs se descubrieron en la década de los 80’, aunque no se consiguieron clonar por 
primera vez hasta la década de los 90’, debido a diversos problemas encontrados en su 
purificación que dificultaron obtener una secuenciación fiable  (Alexander et al. 1996; Meng 
et al. 1994; Xie et al. 1994; Zhou et al. 1992). Todos ellos son GPCRs de clase A. A nivel 
estructural, se ha descrito que los 3 dominios extracelulares y los dominios TM3 y TM7 muy 
conservados en los cuatro ARs, son claves para la unión a ligando. (Fredholm et al. 2000).  
 
La señalización canónica de los receptores A1R y A3R muestra su capacidad de acoplar 
proteína Gai, produciendo una disminución de los niveles de AMPc intracelulares al inhibir la 
actividad de la adenilato ciclasa (Linden 1994; Wise et al. 1999). Por otra parte, tanto A2A 
como A2B se reportan como receptores capaces de acoplar proteína Gas, aumentando la 
producción de AMPc intracelular al estimular la actividad de la adenilato ciclasa (Jacobson 
2009). También se ha reportado la capacidad de A2BR y A3R de señalizar mediante el 
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acoplamiento a proteína Gaq, activando la proteína fosfolipasa C y favoreciendo la liberación 
de calcio intracelular (Kanno et al. 2012; Vecchio, White, and May 2019).   
 

 
 
Figura 14: Receptores de adenosina: señalización, afinidad por adenosina y velocidad de 
desensibilización.  
 
Se ha descrito que todos los ARs sufren un proceso de desensibilización tras períodos de 
activación prolongados. Este proceso es mediado, en la mayoría de los receptores, por la 
fosforilación a través de GRKs del extremo C-terminal del receptor; induciendo el 
reclutamiento de ß-arrestinas y la posterior internalización. Para A1R, este proceso de 
internalización ocurre de manera lenta, para los receptores A2A y A2B es un proceso algo más 
eficiente, con una duración media inferior a la hora y, finalmente, el A3R tiene la 
desensibilización más rápida, ocurriendo a los pocos minutos de su activación (Mundell and 
Kelly 2011). 
 
La distribución de los ARs en el organismo es ubicua, se encuentran presentes en todos los 
órganos y tejidos del cuerpo humano, siendo una diana terapéutica interesante para el 
desarrollo de nuevos fármacos para el tratamiento de diversas patologías. Sin embargo, esta 
amplia distribución es un escollo por superar, ya que dificulta el descubrimiento de fármacos 
específicos que actúen únicamente sobre los órganos afectados por una patología concreta 
y no se produzcan efectos secundarios debido a su unión a ARs presentes en otras zonas 
del organismo. Como posible solución se está estudiando el uso de moduladores alostéricos 
positivos en lugar de aplicar un agonista que se dirija al sitio ortostérico, aprovechando el 
aumento natural en la concentración de adenosina en condiciones patológicas, y 
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potenciando la señalización de los ARs únicamente en las zonas afectadas (Miao et al. 2018; 
Vincenzi et al. 2016). 
 
Los ARs juegan un papel principal en afecciones relacionadas con el cerebro y el sistema 
nervioso y las patologías cardíacas (Jacobson and Gao 2006). Por ello, la mayoría de las 
investigaciones se centran en aplicar el potencial de los ARs en enfermedades 
neurodegenerativas, en la sensación de dolor y en enfermedades cardíacas.  A nivel de SNC, 
la adenosina ejerce una función neuromoduladora y reguladora de la homeostasis, pero 
también participa en los procesos de memoria y aprendizaje. Estos efectos son mediados 
esencialmente por A1R y A2AR (Gomes et al. 2011). Las investigaciones que focalizan sus 
esfuerzos en los ARs como diana terapéutica se posicionan en como la activación de A1R 
mediante agonistas específicos (Kong et al. 2020; Martire et al. 2019) o bien el bloqueo de 
A2AR mediante antagonistas (Franco and Navarro 2018) suponen una mejora en afecciones 
que cursan con un proceso de neurodegeneración, entre las que se incluyen la Enfermedad 
del Parkinson, la Enfermedad del Alzheimer y la demencia. El primer antagonista de A2AR 
aprobado en terapia, es el compuesto “istradefylline”. Su uso se ha descrito beneficioso para 
potenciar la señalización dopaminérgica en la enfermedad de Parkinson (Casetta et al. 2014; 
Fredholm and Svenningsson 2020). En otros estudios se analiza la mejoría en la 
fisiopatología de enfermedades neurodegenerativas cuando se realiza un tratamiento con 
antagonistas de A2AR, no selectivos de la familia de las xantinas al igual que la cafeína 
(Garcez et al. 2019) o selectivos (Jacobson, Gao, et al. 2020), obteniendo un efecto 
neuroprotector. 
 
Por otro lado, se ha descrito ampliamente el papel de la cafeína, antagonista no selectivo de 
los ARs, para mitigar el dolor en migrañas y dolores de cabeza (Costenla, Cunha, and De 
Mendonça 2010; Lipton et al. 2017). El uso directo de adenosina para el tratamiento del dolor 
se ha probado, sin embargo, efectos secundarios entre los que se incluyen la vasodilatación 
o la activación de los P2Rs que median funciones proinflamatorias ha propiciado que se 
descarten como terapia (Habib et al. 2008; Jacobson, Giancotti, et al. 2020). En su lugar, se 
está investigado la posibilidad de utilizar agonistas parciales o moduladores alostérico 
positivos específicos para A1R o A3R, potenciando sus efectos antinociceptivos (Jacobson, 
Giancotti, et al. 2020; Zylka 2011). 

 
En último lugar, a nivel de sistema cardiovascular, se ha observado, por una parte, que los 
receptores A1 y A3 contribuyen a la reducción del ritmo cardíaco mientras que el A2AR se 
encarga de incrementar las pulsaciones al ser activado. Además, todos los ARs juegan un 
papel determinante en la regulación de la angiogénesis y la vasculogénesis (Guieu et al. 
2020). Así, los ARs resultan una diana farmacológica interesante para el tratamiento de 
ciertas patologías cardíacas como pueden ser la arritmia y la isquemia. En concreto, se ha 
descrito que la activación específica del A1R muestra un efecto cardioprotector y 
antiinflamatorio (Headrick et al. 2013). Del mismo modo, también hay experimentos en los 
que se observa la efectividad de terapias cardioprotectoras que utilizan compuestos 
agonistas específicos que promueven la activación de A1R y A3R y esto a su vez un aumento 
de señalización de la vía PI3K/Akt y de ERKs1/2 con efectos anti-inflamatorios (Singh et al. 
2018). 
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En conclusión, en la actualidad hay un número creciente de investigaciones que, a través del 
estudio de los ARs, pretenden mejorar la calidad de vida de millones de personas 
combatiendo las enfermedades neurodegenerativas, las enfermedades cardiovasculares y 
la sensación de dolor. 

Al igual que ocurre con muchos otros GPCRs, los ARs también tienen la capacidad de 
interaccionar con otros receptores, formando complejos heteroméricos funcionales. En 
primer lugar, se describió la existencia de heterómeros entre miembros de los receptores de 
adenosina, como la interacción entre A1 y A2AR (Sergi Ferre et al. 2008) o la 
homodimerización de A2AR (Canals et al. 2004). Y más adelante, se comprobó que los 
receptores de adenosina también pueden formar complejos heteroméricos interaccionando 
con los receptores P2Y (Jacobson et al. 2012; Yoshioka, Saitoh, and Nakata 2001), los 
receptores de dopamina (Ferré et al. 2004; Franco et al. 2007), los receptores de 
cannabinoides (Carriba et al. 2007) o los receptores de histamina (Márquez-Gómez et al. 
2018). Cuando los receptores de adenosina se encuentran formando complejos con otros 
receptores, pueden cambiar sus propiedades a nivel de señalización. Un ejemplo es la 
modulación alostérica negativa que ejerce la activación de A2AR sobre D2R, cuando se 
disponen constituyendo el oligómero A2AR-D2R (Borroto-Escuela et al. 2018). 

1.4.1 Receptor de adenosina A2A 

En el ser humano, el receptor de adenosina A2A se encuentra codificado en el cromosoma 
22. Consta de una estructura con un total de 412 aminoácidos (Moreau and Huber 1999) y 
comparte una homología entre humano y ratón del 83% y entre rata y ratón del 95%
(Fredholm, Cunha, and Svenningsson 2005).

Pertenece a la familia de GPCRs de clase A, al igual que el resto de los ARs, manteniendo 
características estructurales comunes como los 7 dominios a-hélice transmembrana. Pero 
se diferencia de ellos por una característica cola C-terminal inusualmente larga (Merighi, 
Gessi, and Borea 2018). La estructura del A2AR se ha descrito extensamente en estado 
inactivo, unido a ligando e incluso con el receptor acoplado a la proteína G heterotrimérica, 
mediante el uso de la técnica de cristalografía por difracción de rayos X (F. Xu et al. 2011) 
como, más recientemente, el uso de crio-microscopía (García-Nafría et al. 2018; Kang et al. 
2018). 

Se ha descrito que A2AR es capaz de interaccionar consigo mismo formando homómeros 
A2AR-A2AR (Canals et al. 2004) y también con los otros miembros de la familia de los ARs 
constituyendo heterómeros A1R-A2AR (Sergi Ferre et al. 2008; Lanznaster et al. 2019), A2AR-
A2BR (Hinz et al. 2018) y A2AR-A3R (Lillo et al. 2020). Del mismo modo, se ha documentado la 
habilidad de A2AR para establecer interacciones y modular la actividad de receptores de otras 
familias, la más importante descrita hasta el momento es el heterómero A2AR-D2R, donde 
existe un antagonismo cruzado entre ambos receptores (S. Ferre et al. 2008). También se ha 
descrito la capacidad de A2AR para interaccionar formando agregados funcionales de mayor 
orden como pueden ser heterotetrámeros A1R-A2AR (Ferré et al. 2016; Ferré and Ciruela 
2019).  
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La activación de A2AR mediada por la unión al sitio ortostérico de adenosina o agonistas 
específicos, estabiliza una conformación activa del receptor capaz de transmitir señales al 
interior de la célula (Carpenter and Lebon 2017). La señalización de A2AR se caracteriza, 
principalmente, por el acoplamiento a proteína Gas, activando la adenilato ciclasa, lo que se 
traduce en un aumento de los niveles de AMPc intracelulares (Fredholm et al. 2007) que 
activan la proteína kinasa A. De manera proteína G independiente, se produce una activación 
de la vía de las MAPK, favoreciendo la fosforilación de ERK1/2 (Oliveros et al. 2017). También 
se debe considerar la modulación alostérica de A2AR, con capacidad de afectar 
significativamente a su señalización. Recientemente se está abordando el estudio de los 
posibles centros alostéricos de A2AR mediante espectroscopia de resonancia magnética 
nuclear (Eddy et al. 2018). 
 
A través de su señalización, el A2AR se encarga de mediar diferentes procesos fisiológicos 
entre los que encontramos la vasodilatación (Shryock et al. 1998) y la regulación de los 
procesos inflamatorios (Awad et al. 2006) y a nivel de SNC, la regulación de la liberación de 
importantes neurotransmisores como el glutamato y la dopamina (Shen and Chen 2009). 
 
 

 
 
Figura 15: Estructura cristalizada en el estado inactivo del A2AR (rosa) y estructura 
cristalizada del A2AR en el estado activado (granate) por su agonista específico CGS 21680 
(azul). 
 
El receptor A2A se encuentra altamente expresado en el cerebro, especialmente en el cuerpo 
estriado, en el bazo, el timo y las células del sistema inmune como los leucocitos. También 
se expresa, aunque en menor nivel, en otras regiones del cuerpo humano como el corazón, 
los vasos sanguíneos, o los pulmones (Peterfreund et al. 1996). La presencia de A2AR en 
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estos tejidos lo convierten en una diana terapéutica excepcional para mejorar la calidad de 
vida de pacientes con enfermedades neurodegenerativas, enfermedades cardíacas y 
trastornos del sistema inmunológico (de Lera Ruiz, Lim, and Zheng 2014). 
 
Las aproximaciones terapéuticas que centradas en A2AR siguen dos estrategias: por un lado, 
encontramos aplicaciones terapéuticas que utilizan agonistas. El uso de adenosina se ha 
descartado en numerosas ocasiones debido su inespecificidad con el resto de miembros de 
ARs (Merighi et al. 2018). Por ello, se han estudiado compuestos que actúan de manera 
selectiva para A2AR (Lebon et al. 2015). Actualmente, estos compuestos se utilizan para 
tomar imágenes de perfusión miocárdica gracias a sus propiedades vasodilatadoras y, a 
dosis más bajas, para inhibir procesos inflamatorios en situaciones de asma y dolor 
neuropático (Al-Attraqchi et al. 2019). 

 
Por otro lado, encontramos aplicaciones terapéuticas que utilizan antagonistas de A2AR. En 
este sentido estos compuestos han demostrado ser seguros ejerciendo un papel 
neuroprotector en enfermedades neurodegenerativas como el Parkinson y el Alzheimer. Así, 
el uso de antagonistas específicos contra el A2AR, altamente expresado en la sustancia nigra, 
potencia de manera indirecta la funcionalidad de D2R mejorando la sintomatología de la 
patología del Parkinson, (Bara-Jimenez et al. 2003; Zheng, Zhang, and Zhen 2018), de hecho 
se está investigando el uso de compuestos bitópicos que actúan simultáneamente como 
antagonistas de A2AR y agonistas de D2R (Shao et al. 2018).  

 
También se ha observado experimentalmente que el tratamiento con cafeína, antagonista 
no selectivo de los ARs, o con antagonistas específicos para el A2AR, protege de la toxicidad 
mediada por la agregación de la proteína ß-amiloide (Domenici et al. 2019), generando un 
efecto protector frente al deterioro cognitivo y de la memoria causado por la enfermedad de 
Alzheimer.   
 
En conclusión, A2AR tiene un gran atractivo terapéutico. En los últimos 20 años se han 
conseguido sintetizar agonistas y antagonistas con una gran afinidad y especificidad por el 
receptor (Floris et al. 2012). En la actualidad se siguen investigando las interacciones de 
A2AR con otros receptores. Datos fundamentales para poder comprender, en mayor 
profundidad, la farmacología del receptor y poder desarrollar e implementar estrategias 
terapéuticas dirigidas. 
 
 
1.5 Enfermedades neurodegenerativas 
 
Hoy en día, existe un claro aumento de la esperanza de vida del ser humano, que se ha 
ampliado desde una media aproximada de 74,3 años para hombres y 80,9 años para mujeres 
en el año 2002, hasta 78,2 años en hombres y 83,7 años en mujeres en Europa en 2018, 
según datos publicados por la Oficina Europea de Estadística (Eurostat, 2020). Por desgracia, 
se está observando una separación cada vez mayor entre el aumento de la esperanza de 
vida y una buena calidad en la misma, en parte debido a que el envejecimiento poblacional 
se ha relacionado de forma indudable con una prevalencia cada vez mayor de enfermedades 
neurodegenerativas (Liotta et al. 2018). El envejecimiento se caracteriza por una progresiva 
pérdida en la regulación proteica y por el acortamiento de los telómeros, provocando la 
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inestabilidad genómica. Consecuentemente la edad avanzada constituye el factor de riesgo 
más importante en el desarrollo de las patologías neurodegenerativas (Hou et al. 2019).  
 
No hay duda del gran impacto económico y social que tienen, en la actualidad, las 
enfermedades neurodegenerativas. Así, el descubrimiento de nuevos tratamientos que 
mejoren la calidad de vida de las personas que las padecen constituye uno de los retos más 
importantes de nuestra sociedad (Zahra et al. 2020). 
 
Las enfermedades neurodegenerativas se desarrollan con una serie de procesos 
moleculares comunes que se desregulan de forma progresiva y acaban en muerte neuronal.  
Entre estos procesos se incluyen la desregulación del sistema del proteasoma, la agregación 
proteica, el aumento del estrés oxidativo, la neuroinflamación y, finalmente, muerte celular 
(Dugger and Dickson 2017; Forman, Trojanowski, and Lee 2004). 
 
La pérdida de la regulación proteica o proteostasis, es un rasgo común en la mayoría de las 
enfermedades neurodegenerativas (Limanaqi et al. 2020). En un porcentaje minoritario de 
casos, se puede encontrar favorecida por herencia genética (Chiti et al. 2002). La 
proteostasis se encuentra regulada en la célula por el sistema de ubiquitinación-proteasoma 
y por la autofagia mediada por chaperonas (Kaushik and Cuervo 2015). Estos mecanismos 
moleculares se encargan de marcar y destruir las proteínas dañadas, mal plegadas o 
simplemente que ya no son necesarias, por lo que una desregulación en los mismos supone 
un importante condicionante para la paulatina acumulación y agregación de estas proteínas 
defectuosas (Thibaudeau, Anderson, and Smith 2018). 
 
Los principales agregados de proteínas presentes en las enfermedades neurodegenerativas 
son los formados por tau, ß-amiloide (Aß), a-sinucleína o la proteína de 
respuesta transactiva conjugada a ADN (TDP-43) (Spires-Jones, Attems, and Thal 2017). La 
concentración de estos agregados no solo aumenta de forma progresiva con el transcurso 
de la enfermedad, aumentado la muerte neuronal y agravando la fisiopatología, sino que 
también se propaga a nuevas regiones cerebrales transmitiendo el mal plegamiento a otras 
proteínas, es decir, actuando de forma similar a la proteína priónica (Jucker and Walker 
2013). En este proceso se suele desencadenar una sobreproducción y un mal plegamiento 
proteicos, que se escapa al sistema de regulación celular  y, finalmente, una agregación de 
estas proteínas aberrantes, inicialmente solubles, en agregados macromoleculares 
insolubles que se depositan en el interior o en el exterior celular (Ross and Poirier 2004). Esta 
característica aparición de agregados proteicos en los trastornos neurodegenerativos es el 
motivo por el que también se conocen por el nombre de “proteinopatías” (Bayer 2015). 
  
En las enfermedades neurodegenerativas la muerte neuronal, además de asociarse a la 
agregación proteica, también se atribuye a una activación crónica del sistema inmune en el 
SNC. En el cerebro, las principales células del sistema inmune son la microglía y los 
astrocitos, encargándose de importantes funciones como la defensa frente a infecciones, la 
reparación tisular y la eliminación de células apoptóticas y desechos celulares (Capuron and 
Miller 2011). Se han reportado dos fenotipos de microglía activada, el fenotipo clásico o 
proinflamatorio (M1), siendo el principal responsable en los procesos de neuroinflamación 
crónica de las enfermedades neurodegenerativas (Stephenson et al. 2018) y el fenotipo 
alternativo o antiinflamatorio (M2). Mientras que el fenotipo M1 se caracteriza por una 
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producción de citoquinas proinflamatorias y óxido nítrico, así como una sobreexpresión de 
la óxido nítrico sintasa (iNOS), en contraste, al fenotipo M2 se le atribuye la capacidad de 
producir citoquinas antiinflamatorias y diversos factores de crecimiento, así como una 
sobreexpresión de la arginasa (Arg), enzima que compite por su unión al sustrato L-arginina 
con la enzima iNOS (Orihuela, McPherson, and Harry 2016). A nivel de investigación, se puede 
inducir la polarización de la microglía al estado de activación M1 con un tratamiento con 
lipopolisacárido bacteriano (LPS) e inferterón-g (IFN-g) (Qin et al. 2015). Además, se ha 
descrito que el envejecimiento favorece un estado proinflamatorio de la microglía con un 
aumento importante en la liberación de citoquinas proinflamatorias, como IL-6 (Tha et al. 
2000). La desregulación en la activación de la microglía supone una inflamación prolongada 
en el tiempo que se traslada a una situación de neurotoxicidad con capacidad de promover 
progresivamente la aparición de la patología neurodegenerativa (Gao and Hong 2008). 
 
Un indudable problema que persiste hoy día es el diagnóstico temprano de la enfermedad 
neurodegenerativa, que permita un adecuado tratamiento personalizado puesto que una 
diagnosis precoz se asocia con una mejor evolución del cuadro clínico. Algunos de los 
estudios más prometedores se centran en el estudio de diversos biomarcadores en fluidos 
corporales que permitan detectar problemas en la sinapsis, daño axonal y procesos 
neuroinflamatorios, como son el péptido amiloide ß (Aß42) en fluido cerebroespinal, así 
como nuevos biomarcadores en la sangre  (Mattsson-Carlgren et al. 2020; Simrén et al. 2020; 
Zetterberg 2017). También se está analizando la toma de fotografías cerebrales usando la 
técnica de tomografía de emisión de positrones (PET) que no solo ayudaría a un diagnóstico 
temprano sino que permitiría monitorear la severidad y la progresión de la enfermedad 
(Bischof et al. 2019; Shah and Catafau 2014). Para asegurar el diagnóstico definitivo de 
diversas enfermedades neurodegenerativas se realiza la autopsia post-mortem, en la que se 
confirma la atrofia de partes específicas del cerebro y la presencia de agregados proteicos 
(Burack et al. 2010; Kraybill et al. 2005). 
 
Más del 90% del total de GPCRs no sensoriales expresados en seres humanos se encuentran 
en el cerebro, participando en la regulación de diferentes procesos neurológicos. Se ha 
descrito que la alteración de la señalización inducida por los GPCR en el sistema nervioso 
central es un factor desencadenante de numerosas enfermedades neurodegenerativas entre 
las cuales se incluyen las enfermedades de Alzheimer y Parkinson (Huang, Todd, and 
Thathiah 2017). Así, los GPCR constituyen dianas importantes para el estudio de los 
mecanismos moleculares que dan lugar al desarrollo de estas enfermedades así como para 
el descubrimiento de nuevas terapias (Azam et al. 2020). Algunos de los GPCR más 
estudiados para el tratamiento del Alzheimer son los receptores metabotrópicos de 
glutamato (GluR) y de serotonina (5-HTR) (Stahl 2018), mientras que en el tratamiento del 
Parkinson los receptores de dopamina juegan un papel crucial (Hisahara and Shimohama 
2011). 
 
La lucha contra las enfermedades neurodegenerativas ha llevado al diseño y creación de 
nuevos modelos experimentales que permitan entender el origen y desarrollo de estas 
patologías (Dawson, Golde, and Lagier-Tourenne 2018). Uno de los modelos más utilizados 
en Alzheimer son los ratones transgénicos que sobreexpresan el gen mutado de la proteína 
precursora amiloidea humana (AppSW) (Shen et al. 2018). Por otro lado, como modelo de 
Parkinson es ampliamente utilizada la rata con lesión nigroestriatal mediante la inyección de 
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6-hidroxidopamina (6-OHDA), compuesto neurotóxico (Romero-Sánchez et al. 2020). En 
ambos modelos se busca simular y replicar de forma precisa las condiciones fisiológicas 
que tienen lugar en el organismo cuando aparecen estos trastornos. 
 
 
1.5.1 La Enfermedad de Alzheimer 
 
La Enfermedad de Alzheimer (AD) se descubrió en el año 1907, cuando el psiquiatra y 
neurólogo alemán Alois Alzheimer se percató de unos depósitos de proteínas, ahora 
conocidos como placas seniles y ovillos neurofibrilares, en el cerebro de una mujer que 
padecía pérdidas de memoria y deterioro cognitivo. Este estudio se amplió con el caso de 
otro paciente en el año 1911 (Graeber 1998). Finalmente, la enfermedad denominó el mal de 
Alzheimer, en honor a su descubridor.  
 
La demencia es la forma más severa con la que se presenta el deterioro cognitivo. De todos 
los tipos de demencia, el AD es la enfermedad prioritaria, supone entre el 50 y el 75% de los 
casos a nivel global, quedando lejos de la demencia vascular, que en la actualidad ocupa el 
segundo lugar (Rizzi, Rosset, and Roriz-Cruz 2014). Las estimaciones estadísticas 
consideran que en el año 2050 habrá un total de 130 millones de personas que sufrirán esta 
patología, con la consiguiente pérdida en su calidad de vida (Niu et al. 2017). 
 

 
 
Figura 16: Principales zonas deterioradas del cerebro en la patología del Alzheimer. 
 
La etiología del AD es compleja y multifactorial y, hoy en día, siguen existiendo muchas 
incógnitas, su causa permanece desconocida (Citron 2010). El envejecimiento es el factor 
desencadenante más importante. A partir de los 65 años, se dobla cada 5 años la 
probabilidad de padecer este trastorno (Alzheimer’s Association Report 2019). La actividad 
física y social regular son factores que previenen o ralentizan el desarrollo de la patología 
(Dyer et al. 2020; Santos-Lozano et al. 2016), mientras que la hipertensión, la diabetes, la 
obesidad, una dieta no saludable o consumir tabaco y/o alcohol, así como la herencia de 
diversas mutaciones genéticas como la mutación de la apolipoproteína E (APOE) (Kivipelto, 
Mangialasche, and Ngandu 2018) favorecen su aparición. Estos procesos están relacionados 
entre sí y se retroalimentan, promoviendo la desregulación de varios procesos bioquímicos 
en el sistema nervioso central y finalmente la muerte neuronal (Kumar, Singh, and Ekavali 
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2015). Las principales consecuencias fisiopatológicas de la enfermedad de Alzheimer 
consisten en:  
 

1) La deposición de agregados proteicos: La ruptura del equilibrio entre la 
eliminación de proteínas defectuosas y mal plegadas y su paulatina acumulación 
es un potente desencadenador de la agregación proteica en la AD, que resulta 
tóxica (Mawuenyega et al. 2010). En la AD aparecen placas Aß-amiloide, 
generalmente depositadas en el exterior celular (Kumar et al. 2011). Estas placas 
insolubles están constituidas mayoritariamente por Aß42, sintetizada mediante la 
acción proteolítica de las enzimas ß y g- secretasa (J. Wang et al. 2017). 
 
También es frecuente la aparición de otro tipo de agregados proteicos, los 
denominados ovillos neurofibrilares, que se depositan en el interior celular 
(Mandelkow 1999). Estos ovillo están constituidos por proteína tau 
hiperfosforilada. Esta proteína se expresa de forma habitual como unidad 
estructural de los microtúbulos en la neurona madura, dotándolos de estabilidad 
(Iqbal et al. 2010). Debido a  una pérdida en la homeóstasis entre fosforilación y 
desfosforilación de esta proteína, se desplaza el equilibrio hacia una mayor 
fosforilación de tau, por lo que se produce una degradación microtubular y se 
forman filamentos helicoidales de proteína tau hiperfosforilada (Mandelkow and 
Mandelkow 2012).  

  
2) Excitotoxicidad mediada por NMDAR: El receptor de NMDAR tiene un papel 

crucial en la plasticidad sináptica, participando también en la transmisión de la 
sinapsis (Cull-Candy and Leszkiewicz 2004). En AD se ha detectado una sobre 
estimulación de la señalización del neurotransmisor glutamato mediada por 
NMDAR extrasinápticos, produciendo una entrada incontrolada de calcio en la 
neurona y generando excitotoxicidad (Benarroch 2018; Wang and Reddy 2017).  
 

3) Microglía proinflamatoria: La microglía forma parte del sistema inmune en el 
cerebro y se le atribuyen propiedades moduladoras de la función cognitiva así 
como la capacidad para eliminar sustancias de desecho y defender frente a 
agentes infecciosos (Cameron and Landreth 2010). La microglía se puede 
encontrar en diferentes estados formando un abanico que se mueve entre el 
estado de reposo/quiescencia hasta un estado activado que aparece frente la 
necesidad de responder a estímulos perjudiciales; entre ellos, la presencia de 
agregados proteicos típicos de la AD. Se ha reportado que la microglía activada 
favorece la degradación y eliminación de agregados de Aß-amiloide (Sarlus et al. 
2017). En AD hay una clara pérdida del balance entre la microglía de tipo pro-
inflamatoria, M1 y anti-inflamatoria, M2, siendo el fenotipo M1 el que prevalece y 
derivando en una secreción crónica de citoquinas proinflamatorias como IL-6 e 
IFN-γ (Wang et al. 2015). 

 
4) Proteína priónica humana (PrNP): Aunque el PrNP se asocia de manera directa a 

las enfermedades priónicas como la enfermedad de Creutzfeldt–Jakob, también 
se ha descrito su posible implicación en la patogénesis del AD. Las más de 50 
mutaciones descritas hasta la fecha en la proteína PrNP parecen ser un factor de 
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riesgo que condiciona el desarrollo de esta enfermedad (Bagyinszky et al. 2019; 
Zhang et al. 2016). 

 

 
 
Figura 17: Mecanismos moleculares principales desencadenantes de la fisiopatología del 
Alzheimer. 
 
El síntoma más frecuente que presentan los enfermos que padecen Alzheimer es la pérdida 
progresiva de las capacidades cognitivas. Especialmente, de la memoria a corto plazo en los 
estadios iniciales (Palmer et al. 2007). Otros síntomas habituales son la dificultad para 
articular palabras, los cambios en la personalidad y en el comportamiento (Kumar et al. 
1988). Esta sintomatología es común en otras demencias, lo que dificulta un diagnóstico 
temprano y preciso de la enfermedad (Kalaria 2002; Lindau et al. 2000). 
 
Los síntomas del Alzheimer son un reflejo de la degradación paulatina de importantes 
regiones cerebrales. Fundamentalmente, debido a la atrofia del hipocampo y de la corteza, 
así como a un aumento del tamaño ventricular cerebral (Frisoni et al. 1999). 
 
Actualmente no existe un tratamiento efectivo para curar la patología del Alzheimer y por 
desgracia ha habido un gran número de ensayos clínicos fallidos (Anderson et al. 2017). Sin 
embargo, la FDA ha aprobado tratamientos sintomáticos. Entre ellos se encuentra la 
Memantina, que actúa como antagonista del receptor NMDA, regulando la excitotoxidad 
desencadenada por la liberación incontrolada de glutamato e inhibidores de la 
aceltilcolinesterasa, que intentan reforzar la señal mediada por la acetilcolina (Y.Y. Szeto and 
J.G. Lewis 2016). Desafortunadamente, estos fármacos tienen diversos efectos adversos y 
a pesar de que mejoran ciertos síntomas del AD potencian el desarrollo de otros nuevos. 
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1.5.1.1 Receptor de N-Metil-D-Aspartato 
 
El glutamato se considera el neurotransmisor excitatorio más importante en el SNC (Wang 
and Reddy 2017). Los receptores que unen glutamato se clasifican en dos grandes 
categorías. Por un lado, se encuentran los receptores ionotrópicos, que se encuentran 
acoplados a canal iónico, con capacidad de transportar iones. Este grupo está formado por 
los receptores de N-Metil-D-Aspartato (NMDA) y de ácido α-amino-3-hidroxi-5-metilo-4-
isoxazolpropiónico (AMPA). Por otro lado, el glutamato también se puede unir a los 
receptores metabotrópicos de glutamato (mGluRs), que pertenecen a la familia de GPCRs de 
clase C y que se caracterizan por un dominio N-terminal de gran tamaño (Koehl et al. 2019).  
 
Los receptores NMDA tienen una estructura tetramérica formada por distintas subunidades 
que se integran con varias combinaciones. Se han descrito diferentes tipos de subunidades, 
dos del tipo NR1 (A-B), cuatro del tipo NR2 (A-D) y dos del tipo NR3 (A-B). Obligatoriamente, 
el tetrámero NMDA se debe componer por dos subunidades NR1 reguladoras, con un 
dominio de unión a glicina, cuya activación es necesaria para la señalización mediada por 
NMDA. Mientras que las otras dos subunidades, habitualmente de tipo NR2, van a tener  un 
dominio de unión a glutamato (Flores-Soto et al. 2012).  
 
El amplio abanico de combinaciones de subunidades que conforman NMDAR dotan a este 
receptor de una gran heterogeneidad en un mismo organismo. La prevalencia de una 
combinación de subunidades varía según el tipo de célula en el que se exprese, por ejemplo, 
neuronas, microglía, astrocitos u oligodendrocitos (Lee et al. 2010; Verkhratsky and Kirchhoff 
2007). También se ha descrito una composición de subunidades en la estructura de NMDAR 
dependiente de su localización en la neurona (presináptica, extrasináptica o perisináptica) 
(Köhr 2006). Además, se ha descrito que la combinación tetramérica compuesta por dos 
subunidades NR1 y dos subunidades NR2B es la más frecuente en el desarrollo fetal y en 
NMDAR extrasináptico (Petralia et al. 2010). 
 
La concentración media de glicina en el SNC, en la mayoría de las circunstancias, es 
suficiente para unirse a las subunidades reguladoras de NMDAR y permitir su activación 
ejerciendo como coagonista junto con el glutamato. Así, la unión de glutamato a NMDAR 
induce la liberación del bloqueo mediado por Mg2+, fenómeno que suele estar favorecido por 
una despolarización de la membrana plasmática, y la entrada de Na+ y, especialmente, Ca2+ 
del exterior al interior celular. Puntualizar que bajo ciertas condiciones patológicas la 
concentración de glicina puede verse aumentada, favoreciendo la internalización de NMDAR 
(Nong et al. 2003).  
 
La principal función fisiológica de NMDAR consiste en la regulación de la transmisión 
sináptica, propagando la despolarización de la membrana mediante la entrada de Ca2+ y 
favoreciendo la fosforilación de ERK1/2. También participa en la plasticidad y supervivencia 
neuronal (Dore et al. 2017) con una implicación directa en procesos como la memoria. De 
manera interesante, se ha descrito que mientras la activación de NMDAR en condiciones 
fisiológicas favorece la supervivencia neuronal, en situaciones patológicas una activación 
crónica del receptor puede desencadenar en excitotoxicidad y muerte neuronal (Papadia and 
Hardingham 2007). Así, el NMDAR tiene una gran implicación en la fisiopatología del 
Alzheimer, tal y como se describe en el apartado 1.5.  
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Actualmente, NMDAR se ha convertido en una de las dianas terapéuticas más prometedoras 
para desarrollar una terapia efectiva contra la enfermedad de Alzheimer. Se están realizando 
diversos estudios que tienen como estrategia bloquear el receptor NMDA mediante el uso de 
antagonistas específicos. Es cierto que inhibidores con gran afinidad por NMDAR como el 
MK-801 se han descartado como terapia por sus numerosos efectos secundarios 
indeseados (Chemistry 2007). Sin embargo, la Memantina es el único antagonista de NMDAR 
aprobado para el tratamiento de casos moderados o severos de AD, en los que los 
potenciales beneficios de la droga superan a sus efectos adversos (Robinson and Keating 
2006). Recientemente, la estrategia principal se centra en la búsqueda de un antagonista 
selectivo para la subunidad NR2B de NMDAR, con el que se conseguiría una inhibición 
selectiva de los NMDAR extrasinápticos y, gracias a ello, se conservaría la señalización 
mediada por los tetrámeros de NMDAR que contuvieran la subunidad NR2A, favoreciendo la 
supervivencia neuronal (Liu et al. 2019).  

Figura 18: Estructura tetramérica y dominios del receptor NMDA. 

1.5.2 La Enfermedad de Parkinson 

El primer caso documentado de la Enfermedad de Parkinson (PD) se remonta al año 1817, 
cuando el doctor inglés James Parkinson se encargó de documentar los síntomas de un 
paciente. En 1872, Jean-Martin Charcot realizó su contribución, definiendo los principales 
síntomas del PD y separándolo de otros desórdenes como la esclerosis múltiple (Goetz 
2011). No sería hasta el año 1912, cuando Friederich Lewy se encargaría de reportar una de 
las principales características que identifican la enfermedad de PD, la aparición de 
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agregados proteicos de a-syn que recibieron el nombre de cuerpos de Lewy en su honor 
(Scroll and For 2010). Además, se ha reportado una fuerte correlación entre el diagnóstico 
del PD y el desarrollo en años posteriores de un proceso de demencia (Setó-Salvia et al. 
2011).  
 
El Parkinson tiene una gran prevalencia, siendo el segundo desorden neurodegenerativo con 
mayor número de casos a nivel mundial. Varios estudios coinciden en una mayor 
predominancia de este trastorno en hombres que en mujeres, y como la probabilidad de 
desarrollarlo incrementa dramáticamente a partir de los 80 años (Muangpaisan et al. 2011). 
Desafortunadamente, existen proyecciones que prevén una tendencia al alza del número de 
casos de PD en las próximas décadas, en gran parte, debido a una mayor esperanza de vida 
(Savica et al. 2018). 
 
A pesar de los esfuerzos de la comunidad científica por identificar los factores que influyen 
en la prevención y en la aparición del PD, no existe un consenso, probablemente, debido a 
las limitaciones en los estudios; como el escaso número de muestras con el que trabajar y 
la gran variabilidad que existe entre ellas (Belvisi et al. 2020). Sin embargo, si se han descrito 
los principales procesos bioquímicos característicos de esta enfermedad y que dan lugar a 
la muerte de las neuronas dopaminérgicas, generando un déficit de dopamina en el cuerpo 
estriado (Betarbet et al. 2002). Estos procesos consisten en: 
 

1) Agregación proteica: Una de las características más importantes del PD es la 
aparición de agregados proteicos citoplasmáticos en las neuronas dopaminérgicas 
de la corteza cerebral y, especialmente, de la Substantia nigra, en la región de los 
ganglios basales. Estas inclusiones reciben el nombre de cuerpos de Lewy y están 
constituidos por varias proteínas, entre ellas, la α-sinucleína (α-syn) es la mayoritaria 
(Spillantini et al. 1997), aunque también se encuentran presentes la ubiquitina o la 
parkina (Dawson 2006). Defectos en el sistema de ubiquitinación y proteasoma de la 
célula se han asociado claramente a una mayor agregación proteica en el PD, 
propiciando la acumulación incontrolada de inclusiones citoplasmáticas (Tan, Wong, 
and Lim 2009). También se ha demostrado que la existencia de cuerpos de Lewy en 
la célula puede potenciar la agregación de proteína ß-amiloide (Gomperts et al. 
2008). 
 

2) Disfunción mitocondrial: Se ha descrito en varios estudios la posible implicación de 
la disfunción del complejo mitocondrial (Greenamyre et al. 1999). Este defecto sería 
el causante de la producción de especies reactivas de oxígeno (ROS) capaces de 
dañar al ADN, proteínas y lípidos en la célula (Xie, Wan, and Chung 2010). Otra 
consecuencia consiste en una progresiva disminución de los niveles de ATP 
celulares que llevan a una peor eficiencia de la bomba ATPasa Na+/K+, exponiendo 
la célula a una situación excitotóxica mediada por NMDAR (Xiong et al. 2012). 

 
Se han propuesto mutaciones que podrían propiciar la agregación proteica y la disfunción 
mitocondrial y, debido a ello, favorecer el desarrollo del PD familiar. Entre ellas, son 
especialmente relevantes la mutaciones puntuales A53T y A30P que se producen en el gen 
que codifica la α-syn (Kilpeläinen et al. 2019), favoreciendo la formación de cuerpos de Lewy. 
También son determinantes los genes que codifican para componentes clave en el sistema 
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de ubiquitinación y proteasoma como la parkina (Kitada et al. 1998; Lücking et al. 2000) o la 
ubiquitina carboxi-terminal hidrolasa L1 (UCHL1) (Rydning et al. 2017).  
 
En las fases iniciales del PD, en las que todavía no hay síntomas apreciables, los cuerpos de 
Lewy se encuentran limitados al bulbo raquídeo y al bulbo olfatorio. Sin embargo, estas 
inclusiones se propagan con la evolución de la patología hasta la substantia nigra y otros 
núcleos del mesencéfalo, donde se observan las primeras alteraciones motoras. Finalmente, 
en estadios más avanzados, los agregados proteicos se pueden extender hasta el neocórtex 
(Sveinbjornsdottir 2016).  
 
La propagación de los cuerpos de Lewy supone, en líneas generales, la degeneración de la 
vía dopaminérgica nigroestriatal, favoreciendo la aparición de la sintomatología asociada al 
PD. Estos síntomas se suelen clasificar en dos grandes categorías; síntomas motores, que 
incluyen la bradiquinesia, la rigidez muscular, la inestabilidad postural, la distonía y la 
disquinesia y, por otra parte, síntomas no-motores, entre los que se encuentran la apatía, la 
dificultad para conciliar el sueño, la pérdidas de memoria, la depresión y la ansiedad 
(Aarsland et al. 2007; Heisters 2011). 
 

 
 
Figura 19: Principales zonas deterioradas del cerebro en la patología del Parkinson. 
 
Actualmente, la terapia farmacológica que nos ofrece una mayor tasa de éxito para el 
tratamiento del PD es la levodopa (L-DOPA). El hecho de ser un precursor natural de la 
dopamina, le ofrece una gran biodisponibilidad y absorción en el intestino al ser administrada 
mediante vía oral. También se caracteriza por su capacidad para atravesar con éxito la 
barrera hematoencefálica y reestablecer parcialmente una adecuada señalización 
dopaminérgica, resultando en un excelente tratamiento para el Parkinson que consigue paliar 
en gran medida su sintomatología (Lewitt 2015). Desgraciadamente, la terapia continuada 
con L-DOPA en pacientes con Parkinson suele venir acompañada de la generación de 
resistencia a dicho tratamiento a medio-largo plazo. Hecho que se traduce en una pérdida 
de efectividad, requiriéndose dosis cada vez mayores de este compuesto, y en el retorno de 
ciertos síntomas como las disquinesias (Aquino and Fox 2015). 
 
A pesar de los inconvenientes de la L-DOPA, sigue siendo el tratamiento más utilizado para 
combatir la sintomatología del Parkinson, junto con o alternativamente a otros agonistas de 
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los receptores de dopamina como el ropinirol o la rotigotina (Latt et al. 2019). Otro 
tratamiento en auge es la estimulación cerebral profunda, que permite solventar de forma 
efectiva los síntomas motores del Parkinson, aunque tiene escaso efecto sobre los síntomas 
no motores (Hartmann et al. 2019). Los estudios más innovadores se centran en la 
tecnología del ARN de interferencia para intentar reducir la producción de α-syn del 
organismo o potenciar su eliminación, ambas estrategias buscan evitar la formación de 
cuerpos de Lewy (Stoker, Torsney, and Barker 2018). 
 
A pesar de estos avances, se necesita de nuevas investigaciones para conseguir un 
tratamiento no solamente útil para mejorar la sintomatología durante los primeros estadios, 
si no que permita una cura efectiva que devuelva la calidad de vida a los enfermos con la 
patología de Parkinson. 
 
 

 
 
Figura 20: Mecanismos moleculares principales desencadenantes de la fisiopatología del 
Parkinson.  
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2. Objetivos 
 
 
Objetivo 1. Caracterizar la selectividad funcional de una librería de compuestos 
cannabinoides en ausencia y presencia de CBD sobre los receptores de cannabinoides CB1, 
CB2 y el heterómero de receptores CB1-CB2.  
 
Objetivo 2. Caracterizar la afinidad y la funcionalidad inducida por el fitocannabinoide CBG 
sobre los receptores de cannabinoides CB1, CB2 y el heterómero de receptores CB1-CB2.  
 
Objetivo 3. Detectar cambios en la expresión de los complejos heteroméricos CB1R-GPR55 y 
CB2R-GPR55 en un modelo de primate de la enfermedad de Parkinson. 
 
Objetivo 4. Determinar si existe una interacción específica entre los receptores AT1 y AT2 a 
nivel de membrana plasmática y estudiar como afecta a su funcionalidad en células 
transfectadas y cultivos primarios de ratón. Detectar cambios de expresión de los 
heterómeros AT1R-AT2R en secciones de cerebro de un modelo animal de la enfermedad de 
Parkinson. 
 
Objetivo 5. Determinar si existe una interacción específica entre los receptores de 
angiotensina AT1 y/o AT2 y Mas a nivel de membrana plasmática y estudiar las 
características funcionales de los nuevos complejos descritos en células HEK-293T 
transfectadas y en cultivos primarios neuronales y gliales. Determinar si existe una 
interacción trimérica entre los receptores AT1, AT2 y Mas. Detectar cambios de expresión de 
los heterómeros AT1R-MasR y AT2R-MasR en secciones de cerebro de un modelo animal de 
la enfermedad de Parkinson.  
 
Objetivo 6. Determinar si existe una interacción específica entre la enzima ACE2 y los 
receptores AT1, AT2 y Mas a nivel de membrana plasmática y estudiar como afecta a su 
funcionalidad y a su expresión en membrana. Detectar cambios de expresión de los 
complejos ACE2-AT1R, ACE2-AT2R y ACE2-MasR en tejido pulmonar de fetos de ratón y de 
ratón adulto. 
 
Objetivo 7. Determinar la implicación del eje ACE2/Ang (1-7)/Alamandina/MrgE mitocondrial 
en la regulación de las especies reactivas de oxígeno. 
 
Objetivo 8. Determinar si la cola C-terminal del receptor de adenosina A2A, inusualmente larga 
para un GPCR, tiene un implicación funcional relevante en la transmisión de señales del 
receptor. 
 
Objetivo 9. Determinar si existe una interacción específica entre los receptores NMDA y A2A 
o CB2 a nivel de membrana plasmática y describir la funcionalidad de las nuevas unidades 
estructurales. Detectar cambios significativos en la expresión de los heterómeros A2AR-
NMDAR y CB2R-NMDAR en cultivos primarios de un modelo animal de la enfermedad de 
Alzheimer (ratón AppSw/Ind). 
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La tesis doctoral de Rafael Rivas Santisteban titulada “Expresión y funcionalidad de los 
heterómeros de GPCR en las enfermedades neurodegenerativas de Parkinson y Alzheimer” se 
presenta como un compendio de publicaciones. 
 
El manuscrito “Cannabidiol skews biased agonism at cannabinoid CB1 and CB2 receptors 
with smaller effect in CB1-CB2 heteroreceptor complexes” ha sido publicado en Biochemical 
Pharmacology que tiene un factor de impacto en el año de publicación (2018) de 4,825. El 
manuscrito “Cannabigerol Action at Cannabinoid CB1 and CB2 Receptors and at CB1–CB2 
Heteroreceptor Complexes” ha sido publicado en Frontiers in Pharmacology que tiene un 
factor de impacto en el año de publicación (2018) de 3,845. El manuscrito “Expression of 
cannabinoid CB1R–GPR55 heteromers in neuronal subtypes of the Macaca fascicularis 
striatum” ha sido publicado en Annals of the New York Academy of Sciences que tiene un 
factor de impacto en el año de publicación (2020) de 4,718. El manuscrito “Expression of 
GPR55 and either cannabinoid CB1 or CB2 heteroreceptor complexes in the caudate, 
putamen, and accumbens nuclei of control, parkinsonian, and dyskinetic non-human 
primates” ha sido publicado en Brain Structure and Function que tiene un factor de impacto 
en el año de publicación (2020) de 3,298. El manuscrito “Angiotensin AT1 and AT2 receptor 
heteromer expression in the hemilesioned rat model of Parkinson’s disease that increases 
with levodopa-induced dyskinesia” ha sido publicado en Journal of Neuroinflammation que 
tiene un factor de impacto en el año de publicación (2020) de 5,793. El manuscrito “Novel 
Interactions Involving the Mas Receptor Show Potential of the Renin–Angiotensin system in 
the Regulation of Microglia Activation: Altered Expression in Parkinsonism and Dyskinesia” 
ha sido publicado en Neurotherapeutics que tiene un factor de impacto en el año de 
publicación (2020) de 6,035. El manuscrito “Functional Complexes of Angiotensin-Converting 
Enzyme 2 and Renin-Angiotensin System Receptors: Expression in Adult but Not Fetal Lung 
Tissue” ha sido publicado en International Journal of Molecular Sciences que tiene un factor 
de impacto en el año de publicación (2020) de 4,556. El manuscrito “An ACE2/Mas-related 
receptor MrgE axis in dopaminergic neuron mitochondria” ha sido publicado en Redox 
Biology que tiene un factor de impacto en el año de publicación (2021) de 11,799. El 
manuscrito “SARS-CoV-2 as a Factor to Disbalance the Renin-Angiotensin System: A Suspect 
in the Case of Exacerbated IL-6 Production” ha sido publicado en The Journal of Immunology 
que tiene un factor de impacto en el año de publicación (2020) de 4,886. El manuscrito 
“Experimental and computational analysis of biased agonism on full-length and a C-
terminally truncated adenosine A2A receptor” ha sido publicado en Computational and 
Structural Biotechnology Journal que tiene un factor de impacto en el año de publicación 
(2020) de 6,018. El manuscrito “Adenosine A2A Receptor Antagonists Affects NMDA 
Glutamate Receptor Function. Potential to Address Neurodegeneration in Alzheimer’s 
Disease” ha sido publicado en Cells que tiene un factor de impacto en el año de publicación 
(2020) de 4,366. El manuscrito “N-Methyl-D-Aspartate (NMDA) and cannabinoid CB2 
receptors form functional complexes in neural cells. Insights into the therapeutic potential 
of NMDA receptors in neurons and microglia” ha sido enviado para su consideración en Brain, 
Behavior and Immunity que tiene un factor de impacto en 2021 de 6,633. 
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En el estudio “Cannabidiol skews biased agonism at cannabinoid CB1 and CB2 receptors with 
smaller effect in CB1-CB2 heteroreceptor complexes” el doctorando Rafael Rivas Santisteban 
participó en el tratamiento de datos, elaborando los “radar plots” para la cuantificación del 
agonismo sesgado de los compuestos cannabinoides ensayados, así como en la realización 
del mapa de calor del efecto máximo y EC/IC50 de dichos compuestos. En el estudio 
“Cannabigerol Action at Cannabinoid CB1 and CB2 Receptors and at CB1–CB2 Heteroreceptor 
Complexes” el doctorando Rafael Rivas Santisteban participó en el análisis y tratamiento de 
datos. En los estudios “Expression of cannabinoid CB1R–GPR55 heteromers in neuronal 
subtypes of the Macaca fascicularis striatum” y “Expression of GPR55 and either cannabinoid 
CB1 or CB2 heteroreceptor complexes in the caudate, putamen, and accumbens nuclei of 
control, parkinsonian, and dyskinetic non-human primates” el doctorando Rafael Rivas 
Santisteban, junto a Jaume Lillo, llevó a cabo la cuantificación de la expresión de los 
complejos heteroméricos CB1R-GPR55 y CB2R-GPR55 de las fotografías obtenidas de los 
ensayos de PLA mediante la extensión de software “Andy's Algorithms” para FIJI. En el 
estudio “Angiotensin AT1 and AT2 receptor heteromer expression in the hemilesioned rat 
model of Parkinson’s disease that increases with levodopa-induced dyskinesia” el 
doctorando Rafael Rivas Santisteban llevó a cabo el clonaje de las construcciones del 
receptor AT2 fusionado a la proteína YFP y RLuc, los ensayos de BRET para determinar la 
interacción entre AT1R y AT2R, los ensayos de funcionalidad en HEK-293T transfectadas, en 
neuronas estriatales y en microglía, así como los ensayos de PLA en cortes de cerebro de un 
modelo animal de la PD. En el estudio “Novel Interactions Involving the Mas Receptor Show 
Potential of the Renin–Angiotensin system in the Regulation of Microglia Activation: Altered 
Expression in Parkinsonism and Dyskinesia” el doctorando Rafael Rivas Santisteban llevó a 
cabo el clonaje de las construcciones del receptor Mas fusionado a la proteína YFP y RLuc, 
los ensayos de BRET y de SRET para determinar la interacción entre AT1R, AT2R y MasR, los 
ensayos de funcionalidad en HEK-293T transfectadas, en neuronas estriatales y en microglía, 
así como los ensayos de PLA en cortes de cerebro de un modelo animal de la PD. En el 
estudio “Functional Complexes of Angiotensin-Converting Enzyme 2 and Renin-Angiotensin 
System Receptors: Expression in Adult but Not Fetal Lung Tissue” el doctorando Rafael Rivas 
Santisteban participó en la preparación de las muestras de tejido de pulmón fetal y adulto de 
ratón y en la realización de los ensayos de PLA que permitieron detectar la expresión de los 
complejos AT1R-ACE2, AT2R-ACE2 y MasR-ACE2. En el estudio “An ACE2/Mas-related 
receptor MrgE axis in dopaminergic neuron mitochondria” el doctorando Rafael Rivas 
Santisteban realizó los experimentos de “binding” no radiactivo con Fluoresceína (FAM)-
Alamandina para detectar la unión de varios compuestos al receptor MrgE. En la publicación 
“SARS-CoV-2 as a Factor to Disbalance the Renin-Angiotensin System: A Suspect in the Case 
of Exacerbated IL-6 Production” el doctorando Rafael Rivas Santisteban contribuyó a la 
recopilación de información y en la elaboración de las figuras del artículo. En la publicación 
“Experimental and computational analysis of biased agonism on full-length and a C-
terminally truncated adenosine A2A receptor” el doctorando Rafael Rivas Santisteban 
participó en el tratamiento de datos, elaborando los “radar plots” para la cuantificación del 
agonismo sesgado de los compuestos ensayados. En la publicación “Adenosine A2A 
Receptor Antagonists Affects NMDA Glutamate Receptor Function. Potential to Address 
Neurodegeneration in Alzheimer’s Disease” el doctorando Rafael Rivas Santisteban participó 
en la realización y en la toma de imágenes en el confocal de las PLAs y los marcadores de 
microglía iNOS y Arginasa. En el estudio “N-Methyl-D-Aspartate (NMDA) and cannabinoid CB2 
receptors form functional complexes in neural cells. Insights into the therapeutic potential 
of NMDA receptors in neurons and microglia” el doctorando Rafael Rivas Santisteban realizó 
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el ensayo de inmunocitoquímica, los ensayos de BRET para determinar la interacción entre 
CB2R y NMDAR, los ensayos de funcionalidad en HEK-293T transfectadas, en microglía y en 
neuronas de hipocampo de animales control y animales modelo de la AD, así como los 
ensayos de PLA. 

Barcelona, a 2 de Julio de 2021 

Dr. Rafael Franco Fernández Dra. Gemma Navarro Brugal 
Director y tutor Directora 
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Los resultados de la presente Tesis Doctoral están reflejados en los siguientes manuscritos: 
 
 
3.1 Gemma Navarro, Irene Reyes-Resina, Rafael Rivas-Santisteban, Verónica Sánchez de Medina, 

Paula Morales, Salvatore Casano, Carlos Ferreiro-Vera, Alejandro Lillo, David Aguinaga, Nadine 
Jagerovic, Xavier Nadal y Rafael Franco. Cannabidiol skews biased agonism at cannabinoid CB1 
and CB2 receptors with smaller effect in CB1-CB2 heteroreceptor complexes. 

 
Manuscrito publicado en Biochemical Pharmacology. 

 
3.2 Gemma Navarro, Katia Varani, Irene Reyes-Resina, Verónica Sánchez de Medina, Rafael Rivas-

Santisteban, Carolina Sánchez Carnerero Callado, Fabrizio Vincenzi, Salvatore Casano, Carlos 
Ferreiro-Vera, Enric I. Canela, Pier Andrea Borea, Xavier Nadal y Rafael Franco. Cannabigerol 
Action at Cannabinoid CB1 and CB2 Receptors and at CB1–CB2 Heteroreceptor Complexes. 

 
Manuscrito publicado en Frontiers in Pharmacology. 
 
3.3 Eva Martínez-Pinilla, Alberto J. Rico, Rafael Rivas-Santisteban, Jaume Lillo, Elvira Roda, Gemma 

Navarro, Gemma, Rafael Franco, Rafael y José Luis Lanciego. Expression of cannabinoid CB1R–
GPR55 heteromers in neuronal subtypes of the Macaca fascicularis striatum. 

 
Manuscrito publicado en Annals of the New York Academy of Sciences. 
 
3.4 Eva Martínez-Pinilla, Alberto J. Rico, Rafael Rivas-Santisteban, Jaume Lillo, Elvira Roda, Gemma 

Navarro, Rafael Franco y José Luis Lanciego. Expression of GPR55 and either cannabinoid CB1 
or CB2 heteroreceptor complexes in the caudate, putamen, and accumbens nuclei of control, 
parkinsonian, and dyskinetic non-human primates. 

 
Manuscrito publicado en Brain Structure and Function. 

 
3.5 Rafael Rivas-Santisteban, Ana I. Rodriguez-Perez, Ana Muñoz, Irene Reyes-Resina, José Luis 

Labandeira-García, Gemma Navarro y Rafael Franco. Angiotensin AT1 and AT2 receptor 
heteromer expression in the hemilesioned rat model of Parkinson’s disease that increases with 
levodopa-induced dyskinesia. 

 
Manuscrito publicado en Journal of Neuroinflammation. 

 
3.6 Rafael Rivas-Santisteban, Jaume Lillo, Ana Muñoz, Ana I. Rodríguez-Pérez, José Luís Labandeira-

García, Gemma Navarro y Rafael Franco. Novel Interactions Involving the Mas Receptor Show 
Potential of the Renin–Angiotensin system in the Regulation of Microglia Activation: Altered 
Expression in Parkinsonism and Dyskinesia. 

 
Manuscrito publicado en Neurotherapeutics. 
 
3.7 Rafael Franco, Alejandro Lillo, Rafael Rivas-Santisteban, Ana I. Rodríguez-Pérez, Irene Reyes-

Resina, Irene, José L. Labandeira-García y Gemma Navarro. Functional Complexes of 
Angiotensin-Converting Enzyme 2 and Renin-Angiotensin System Receptors: Expression in Adult 
but Not Fetal Lung Tissue. 

 
Manuscrito publicado en International Journal of Molecular Sciences. 
 
3.8 Rita Valenzuela, Ana I. Rodriguez-Perez, Maria A. Costa-Besada, Araceli Piñeiro, Rafael Rivas-

Santisteban, Pablo Garrido-Gil, Andrea Lopez-Lopez, Gemma Navarro, Jose L. Lanciego, Rafael 
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Franco, Jose L. Labandeira-Garcia. An ACE2/Mas-related receptor MrgE axis in dopaminergic 
neuron mitochondria. 

 
Manuscrito publicado en Redox Biology. 
 
3.9 Rafael Franco, Rafael Rivas-Santisteban, Joan Serrano-Marín, Ana I. Rodríguez-Pérez, José L. 

Labandeira-García, Gemma Navarro. SARS-CoV-2 as a Factor to Disbalance the Renin-
Angiotensin System: A Suspect in the Case of Exacerbated IL-6 Production. 

 
Manuscrito publicado en The Journal of Immunology. 
 
3.10 Gemma Navarro, Ángel Gonzalez, Stefano Campanacci, Rafael Rivas-Santisteban, Irene Reyes-

Resina, Nil Casajuana-Martin, Arnau Cordomí, Leonardo Pardo y Rafael Franco. Experimental 
and computational analysis of biased agonism on full-length and a C-terminally truncated 
adenosine A2A receptor. 

 
Manuscrito publicado en Computational and Structural Biotechnology Journal. 
 
3.11 Rafael Franco, Rafael Rivas-Santisteban, Mireia Casanovas, Alejandro Lillo, Carlos A Saura, 

Gemma Navarro. Adenosine A2A Receptor Antagonists Affects NMDA Glutamate Receptor 
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Manuscrito publicado en Cells. 
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3.1 Cannabidiol skews biased agonism at cannabinoid CB1 and CB2 receptors with smaller effect in CB1-
CB2 heteroreceptor complexes. 

Gemma Navarro, Irene Reyes-Resina, Rafael Rivas-Santisteban, Verónica Sánchez de Medina, Paula 
Morales, Salvatore Casano, Carlos Ferreiro-Vera, Alejandro Lillo, David Aguinaga, Nadine Jagerovic, 
Xavier Nadal y Rafael Franco.  

Manuscrito publicado en Biochemical Pharmacology, Septiembre 2018; 157: 148-158. 

Hoy en día, el estudio del agonismo sesgado es una de las aproximaciones terapéuticas más 
novedosas para el desarrollo de nuevos compuestos con propiedades terapéuticas. La 
información que se obtiene mediante la investigación del agonismo sesgado permite 
seleccionar aquellos compuestos que tienen una señalización beneficiosa y descartar 
aquellos compuestos con una funcionalidad que desencadena efectos secundarios 
indeseados. En nuestra investigación analizamos la funcionalidad de una serie de 
compuestos cannabinoides, en presencia o no de cannabidiol (CBD), mediante el estudio de 
la señalización que promueven regulando los niveles de AMP intracelular, la fosforilación de 
quinasas (ERK1/2), el reclutamiento de ß-arrestina y la redistribución dinámica de masas 
(DMR) en células HEK-293T transfectadas con el receptor CB1, el receptor CB2 o el complejo 
heterómerico formado por los receptores CB1-CB2. La concentración que se aplicó de CBD 
(100 nM) no permite su unión de forma significativa al sitio ortostérico a ninguno de los 
receptores cannabinoides. Es destacable como los dos compuestos cannabinoides (Δ9-THC 
y CP-55940) con capacidad de producir efectos psicoactivos en el organismo mostraron un 
sesgo similar en CB1R y, además, el Δ9-THC al actuar sobre CB2R no fue capaz de activar la 
proteína Gαi. De manera interesante, el fenómeno del agonismo sesgado se ve reducido en 
células que expresan el complejo heteromérico de receptores CB1-CB2. También se observa 
como el cotratamiento con CBD modifica, probablemente uniéndose al sitio alostérico de los 
receptores cannabinoides, la funcionalidad de los compuestos cannabinoides ensayados. 
Además, de forma novedosa, se caracteriza en un contexto heteromérico el agonismo 
sesgado de los GPCR. 
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A B S T R A C T

Currently, biased agonism is at the center stage of drug development approaches. We analyzed effects of a
battery of cannabinoids plus/minus cannabidiol (CBD) in four functional parameters (cAMP levels, phosphor-
ylation of extracellular signal–regulated kinases (ERK1/2), β-arrestin recruitment and label-free/DMR) in HEK-
293T cells expressing cannabinoid receptors, CB1 or CB2, or CB1-CB2 heteroreceptor complexes. In all cases two
natural agonists plus two selective synthetic agonists were used. Furthermore, the effect of cannabidiol, at a dose
(100 nM) that does not allow significant binding to the orthosteric center of either receptor, was measured. From
the huge amount of generated data, we would like to highlight that the two psychotropic molecules (Δ9-tetra-
hydrocannabinol/THC and CP-55940) showed similar bias in CB1R and that the bias of THC was particularly
relevant toward MAPK pathway. Furthermore, THC did not activate the Gi protein coupled to CB2R.
Interestingly, the biased agonism was reduced when assays were performed in cells expressing the two receptors,
thus suggesting that the heteromer allows less functional selectivity. In terms of cannabidiol action, the phy-
tocannabinoid altered the functional responses, likely by allosteric means, and modified potency, agonist IC50/
EC50 values and biased agonism in qualitative and/or quantitative different ways depending on the agonist. The
effect of cannabidiol on anandamide actions on both cannabinoid receptors was particularly noteworthy as was
significantly different from that of other compounds. Results are a compendium of data on biased agonism on
cannabinoid receptors in the absence and presence of cannabidiol. In addition, for the first time, GPCR biased
agonism is characterized in an heteromeric context.

1. Introduction

Endocannabinoid function is mediated by the two main en-
docannabinoids, anandamide and 2-arachidonoylglycerol (2-AG), and
the cannabinoid CB1 and CB2 receptors, which also respond to phyto-
cannabinoids derived from Cannabis sativa L.. CB1 and CB2 are class A
rhodopsin-like members of the superfamily of G-protein-coupled re-
ceptors (GPCR) and their cognate protein is Gi, i.e. their activation by
cannabinoids leads to the inhibition of adenylate cyclase activity and
the decrease of intracellular cAMP levels. The hydrophobic nature of

the endogenous agonists, 2-AG and anandamide, is an important issue
to understand cannabinoid receptor pharmacology. The binding mode
of receptor agonists seemingly contrasts with that of many of class A
GPCRs, whose orthosteric site is formed by a cavity located within the
seven transmembrane helix barrel and, therefore, is open wide to the
extracellular milieu [1,2]. The elucidation of the structure of the CB1
receptor, recently achieved in two different laboratories, confirmed the
hydrophobicity hypothesis but adds a new element, namely that the
orthosteric site is hidden by the N-terminal end of the receptor that acts
as a lid. Accordingly, it is now hypothesized that agonists enter to the
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orthosteric site laterally, via narrow openings within close transmem-
brane helical domains [3–5].

Among the phytocannabinoids extracted from Cannabis sativa L.,
cannabidiol (CBD) has attracted similar interest to that of the main
psychoactive component in the plant, delta-9-tetrahydrocannabinol
(THC). Whereas THC is a well-known non-selective cannabinoid re-
ceptor agonist acting in the orthosteric site, CBD’s action was first at-
tributed to cannabinoid receptors but, later on, experimental evidence
suggested agonism at, among others, 5-hydroxytryptamine receptors,
transient receptor potential (TRP)-like channels and peroxisome pro-
liferator-activated γ (PPAR γ) receptors [6,7]. Nanomolar-ranged high
affinity binding of CBD to the orthosteric site of cannabinoid or other
receptors has never been reported [8–12]. Recently, two laboratories
have reported modulation by CBD of CB1 [13] and CB2 [14] receptor
function, likely by binding to an allosteric site. The results in those two
reports point to a negative effect of CBD on cannabinoid receptor ac-
tivation.

Functional selectivity is now one of the elements to consider in the
GPCR field. In fact, functional selectivity consists of differential quali-
tative engagement of cytocrin signaling pathways [15]. The most
straightforward way to approach the issue is to look for biased agonism;
Kenakin defines biased agonists as those that “select which signaling
pathways become activated upon binding to the receptor” [16]. In other
words, two biased agonists for a given (e.g. cannabinoid) receptor are
able to preferentially engage two different responses [17]. This paper
provides insights into cannabinoid functional selectivity by means of
two approaches. First, the biased signaling of two natural and two
synthetic selective agonists for each receptor was tested in cells ex-
pressing CB1, CB2 or CB1 and CB2 receptors. The compounds used were:
THC and anandamide as natural cannabinoids, and CP-55940, ACEA,
JWH-133 and PM224 as synthetic cannabinoids. Secondly, we checked
whether a low CBD concentration (100 nM), that does not allow sig-
nificant binding to the orthosteric center, may affect biased agonism at
both cannabinoid receptor types and/or heteroreceptor complexes.
Calculation of the bias factor in the presence and absence of CBD gives
novel insights into the pharmacology and signaling of cannabinoid re-
ceptors. A heat map of the CBD effect on both maximum effects and
agonist IC50/EC50 values also provides relevant information. THC bias
properties seem important to understand its psychotropic and physio-
logical activities; remarkably we found that THC engages Gi in CB1- but
not CB2-receptor expressing cells.

2. Methods and materials

2.1. Reagents

ACEA, CP-55940, JWH-133, CGS-21680, LUF-5834 and ananda-
mide (AEA) were purchased from Tocris Bioscience (Bristol, UK), CBD
and THC analytical standard solutions were purchased from Cerilliant
(Texas, US) and CB2R agonist, 3-[[4-[2-tert-butyl-1-(tetrahydropyran-4-
ylmethyl)benzimidazol-5-yl]sulfonyl-2-pyridyl]oxy]propan-1-amine
(PM224), was developed as described elsewhere [18]. HEPES, pertussis
and cholera toxins were purchased from SigmaAldrich (St. Louis, MO,
US).

Compounds were handled using glass vials and tests were performed
to check for actual concentration of compounds. In our assay condi-
tions, the measure of concentrations after serial dilutions indicated that
the actual concentration of compounds was>95% in the 1–500 nM
range (100% being the theoretical concentration assuming the initial
compound was pure). Silanization of glass containers did not led to
significant differences and, therefore, silanization was omitted.

2.2. Cannabinoid isolation, purification and analysis

CBD was purified from the Cannabis variety SARA (CPVO
Application number 2015/0098; granted with decision N° EU 50007 of

16 July 2018) by crystallization, THC from the variety MONIEK (CPVO
Application number 2016/0114; granted with decision N° EU 50008 of
16 July 2018) by liquid-liquid chromatography. Both compounds were
purified following a previously described method [19] that provides
compounds with>95% purity. An Agilent liquid chromatography set-
up (Model 1260, Pittsburgh, PA, US) consisting of a binary pump, a
vacuum degasser, a column oven, an autosampler and a diode array
detector (DAD) equipped with a 150mm length×2.1mm internal
diameter, 2.7 μm pore size Poroshell 120 EC-C18 column was used for
the quality control of the purified cannabinoids. The analysis was
performed using water and acetonitrile both containing ammonium
formate 50mM as mobile phases. Flow-rate was 0.2mL/min and the
injection volume was 3 μL. Chromatographic peaks were recorded at
210 nm. All determinations were carried out at 35 °C. All samples were
analyzed in duplicate. The results of each cannabinoid (CBD 98.5%,
THC 95.3%) were calculated as weight (%) versus a commercial stan-
dard from Cerilliant (CBD batch n° FE01271601 and THC batch n°
FE04231406).

2.3. Cell culture and transfection

Human embryonic kidney 293T (HEK-293T) cells were grown in
DMEM supplemented with 2mM L-glutamine, 1mM sodium pyruvate,
100 units/mL penicillin/streptomycin, and 5% (v/v) FBS [all supple-
ments were from Invitrogen, (Paisley, Scotland, UK)]. Cells were
maintained at 37 °C in a humidified atmosphere of 5% CO2 and were
passaged, with enzyme-free cell dissociation buffer (13151-014,
Gibco®, Thermo Fisher, Waltham, MA, US), when they were 80–90%
confluent, i.e. approximately twice a week. Cells were transiently
transfected with the PEI (Polyethylenimine, SigmaAldrich, St. Louis,
MO, US) method as previously described [20,21]. Unless otherwise
stated, the sequences of the cDNA used were those coding for the
human receptors. Ad hoc experiments using cDNAs for receptors fused
to YFP indicated similar levels of expression of receptors. Taking CB1R-
YFP as reference we found that the levels of CB2R-YFP were similar and
that the levels of the two receptors in co-transfected cells varied be-
tween a narrow range (90–110% of the values obtained in single-
transfected cells). It should be noted that within a given experimental
session, for instance of determination of cAMP levels, all agonists (plus/
minus CBD when indicated) were tested in the same batch of trans-
fected cells.

2.4. Bioluminescence resonance energy transfer (BRET) assays

HEK-293T cells were transiently cotransfected with a constant
amount of cDNA encoding for CB1-RLuc and with increasing amounts of
cDNA corresponding to CB2-YFP or D1-YFP. 48 h after transfection cells
were adjusted to 20 μg of protein using a Bradford assay kit (Bio-Rad,
Munich, Germany) and bovine serum albumin for standardization. To
quantify protein-YFP expression, fluorescence was read in a Mithras LB
940 (Berthold, Bad Wildbad, Germany) equipped with a high-energy
xenon flash lamp, using a 30-nm bandwidth excitation and emission
filters at 485 and 530 nm, respectively. For BRET measurements,
readings were collected 1min after addition of 5 μM coelenterazine H
(Molecular Probes, Eugene, OR, US) using a Mithras LB 940, which
allows the integration of the signals detected in the short-wavelength
filter at 485 nm and the long-wavelength filter at 530 nm. To quantify
protein-RLuc expression, luminescence readings were performed
10min after 5 μM coelenterazine H addition using a Mithras LB 940.
The net BRET is defined as [(long-wavelength emission)/(short-wave-
length emission)]−Cf, where Cf corresponds to [(long-wavelength
emission)/(short-wavelength emission)] for the donor construct ex-
pressed alone in the same experiment. GraphPad Prism software (San
Diego, CA, US) was used to fit data. BRET is expressed as milli BRET
units, mBU (net BRET×1000) [22,23].
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2.5. In situ proximity ligation assays (PLA)

HEK-293T cells grown on glass coverslips were fixed in 4% paraf-
ormaldehyde for 15min, washed with PBS containing 20mM glycine to
quench the aldehyde groups and permeabilized with the same buffer
containing 0.05% Triton X-100 (5min treatment). Fixed cells were in-
cubated for 1 h at 37° with blocking solution (from PLA kit, see below)
and subsequently treated with specific antibodies against CB1 (sc-
293419 raised in mouse; 1/100) and CB2 (sc-10073 raised in goat; 1/
100) receptors (both from Santa Cruz Biotechnology, Dallas, TX, US)
and processed using the PLA probes detecting mouse and goat anti-
bodies [Duolink II PLA probe anti-Mouse plus and Duolink II PLA probe
anti-Goat minus (SigmaAldrich, St. Louis, MO, US)]. Specificity of an-
tibodies was tested in untransfected HEK-293T cells (data not shown).
Duolink II in situ PLA detection kit [Duolink® In Situ Detection
Reagents Red, DUO92008, developed by Olink Bioscience, Uppsala,
Sweden; and now distributed by SigmaAldrich (St. Louis, MO, US) as
Duolink® using PLA® Technology] was used to detect the presence/
absence of receptor clusters in the samples, which were incubated with
the ligation solution for 1 h, washed and subsequently incubated with
the amplification solution for 100min (both steps at 37 °C in a humid
chamber). Nuclei were stained with Hoechst (1/100; SigmaAldrich, St.
Louis, MO, US). Mounting was performed using 30% Mowiol (Merck,
Darmstadt, Germany). Negative controls were performed by omitting
the primary antibodies. Samples were observed in a Leica SP2 confocal
microscope (Leica Microsystems, Mannheim, Germany) equipped with
an apochromatic 63× oil-immersion objective (N.A. 1.4), and 405 nm
and 561 nm laser lines. For each field of view a stack of two channels
(one per staining) and 5 Z stacks with a step size of 1 µm were acquired.

2.6. cAMP determination

Two hours before initiating the experiment, HEK-293T cell-culture
medium was replaced by serum-starved DMEM medium. Then, cells
were detached, suspended in growing medium containing 50 µM zar-
daverine, a dual-selective PDE3/4 phosphodiesterase inhibitor used to
prevent cAMP to AMP conversion [24], and placed in 384-well mi-
croplates (2500 cells/well). Cells were pretreated (15min) with CBD-or
vehicle- and stimulated with agonists (15min) before adding 0.5 μM
forskolin or vehicle (15min). Readings were performed after one hour
incubation at 25 °C. Homogeneous time-resolved fluorescence energy
transfer (HTRF) measures were performed using the Lance Ultra cAMP
kit (PerkinElmer, Waltham, MA, US). Fluorescence at 665 nm was
analyzed in a PHERAstar Flagship microplate reader equipped with an
HTRF optical module (BMG Lab technologies, Offenburg, Germany).
None of the cannabinoid agonists used exert any significant effect in
cells not expressing cannabinoid receptors. When using toxins, pertussis
toxin was incubated for 24 h before the experiment, and cholera toxin
was incubated for 30min before the experiment. Positive control was
obtained using the A2A receptor, which is Gs-coupled and whose acti-
vation with a selective compound, CGS-21680 (100 nM), led to an in-
crease in cAMP levels of approximately 250% over basal values.

2.7. ERK phosphorylation assays

To determine ERK1/2 phosphorylation, 50,000 HEK-293T cells/
well were plated in transparent Deltalab 96-well microplates and kept
at the incubator for 24 h. 4 h before the experiment, the medium was
substituted by serum-starved DMEM medium. Then, cells were pre-
treated at 25 °C for 10min with vehicle or CBD in serum-starved DMEM
medium and stimulated for an additional 7min with agonists. Cells
were then washed twice with cold PBS before addition of lysis buffer
(20min treatment). 10 μL of each supernatant were placed in white
ProxiPlate 384-well microplates and ERK1/2 phosphorylation was de-
termined using AlphaScreen®SureFire® kit (Perkin Elmer, Waltham,
MA, US) following the instructions of the supplier and using an

EnSpire® Multimode Plate Reader (PerkinElmer, Waltham, MA, US).
None of the cannabinoid agonists used exert any significant effect in
cells not expressing cannabinoid receptors. Positive control was ob-
tained using the A2A receptor, which is Gs-coupled and whose activation
with a selective compound, CGS-21680 (100 nM), led to an increase in
pERK levels of approximately 220% over basal values.

2.8. Dynamic mass redistribution assays (DMR)

Cell mass redistribution induced upon receptor activation was de-
tected by illuminating the underside of a biosensor with polychromatic
light and measuring the changes in the wavelength of the reflected
monochromatic light. The magnitude of this wavelength shift (in pic-
ometers) is directly proportional to the amount of DMR. HEK-293T cells
were seeded in 384-well sensor microplates to obtain 70–80% confluent
monolayers constituted by approximately 10,000 cells per well.
Previous to the assay, cells were washed twice with assay buffer (HBSS
with 20mM HEPES, pH 7.15 and 1% BSA (SigmaAldrich, St. Louis, MO,
US) and incubated for 2 h with assay-buffer containing 0.1% DMSO
(24°, 30 μL/well). Hereafter, the sensor plate was scanned and a base-
line optical signature was recorded for 10min before adding 10 μL of
CBD for 30min followed by the addition of 10 μL of the agonist pre-
paration; all test compounds were dissolved in assay buffer. The cell
signaling signature was determined using an EnSpire® Multimode Plate
Reader (PerkinElmer, Waltham, MA, US) by a label-free technology.
Then, DMR responses were monitored for at least 5000 s. Results were
analyzed using EnSpire Workstation Software v 4.10 and (in all cases)
measures at 500 s were used for analysis.

2.9. β-arrestin 2 recruitment

Arrestin recruitment was determined as previously described
[20,21]. Briefly, BRET experiments were performed in HEK-293T cells
48 h after transfection with the cDNAs corresponding to the CB2R-YFP,
CB1R-YFP or CB2R-YFP and CB1R and 1 μg cDNA corresponding to β-
arrestin 2-Rluc. Cells (20 μg protein) were distributed in 96-well mi-
croplates (Corning 3600, white plates with white bottom) and were
incubated with CBD for 15min and stimulated with the agonist for
10min prior the addition of 5 μM coelenterazine H. After 10min of
adding coelenterazine H, BRET between β-arrestin 2-Rluc and receptor-
YFP was determined and quantified. The readings were collected using
a Mithras LB-940 (Berthold Technologies, Bad Wildbad, Germany) that
allows the integration of the signals detected in the short-wavelength
filter at 485 nm and the long-wavelength filter at 530 nm. To quantify
protein-RLuc expression luminescence readings were also performed
10min of adding 5 μM coelenterazine H. A (negative) control was ob-
tained using a deletion mutant (lacking part of the C-terminal domain)
of the adenosine A2A receptor, that upon activation with LUF-5834 is
unable to significantly recruit β-arrestin 2.

2.10. Calculation of bias factor

Using the operational model [25] and according to Rajagopal et al.
[26], the bias factor “quantifies the relative stabilization of one signaling
state over another compared with a selected reference agonist”. The for-
mulas and definitions are all taken from [26]. The formula to calculate
bias factor “bias” is:

=bias
K

j j10
A

log
1 2

=bias K jlog log( / )A 1

In which ji denotes one of the analyzed pathways/responses (here j1,
j2, j3 and j4, as four different responses were measured). The pathway of
reference was the canonical for Gi, i.e. j1 refers to cAMP level de-
terminations. τ denotes the maximum value in each response and KA is
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the antilogarithm of half maximal effective concentration: EC50 if the
agonist provides a direct response or IC50 if the agonist provides a re-
duction of the response provided by another reagent (for instance for-
skolin in cAMP level determination assays).

2.11. Statistical analysis

Data are the mean ± S.E.M. Comparisons were performed using
one-way ANOVA followed by post-hoc Bonferroni’s test. P < 0.05 was
considered as significant.

3. Results

3.1. Biased agonism in CB1 receptors

Four different functional readouts were analyzed for CB1 receptor
activation: cAMP, ERK1/2 phosphorylation, β-arrestin 2 recruitment
and dynamic mass redistribution (DMR) assays in transiently expressed
receptors activated using different natural or synthetic cannabinoids
(Fig. 1). In the case of CB1 receptor (CB1R) ACEA was the agonist of
reference, as it is considered a full agonist with consistent inter-assay
results. The functional response used as reference to calculate the bias
factor was the canonically linked to Gi, i.e. the effect on forskolin-in-
duced intracellular cAMP levels in the presence of zardaverine, a dual-
selective PDE3/4 phosphodiesterase inhibitor used to prevent cAMP to
AMP conversion [24]. Fig. 2A shows the effect of ACEA in forskolin-
induced cAMP levels in CB1R-expressing cells. The effects of THC and
ACEA were similar, i.e. the two compounds behaved as full agonists,
but the EC50 of ACEA was lower. In ERK1/2 phosphorylation, ACEA
effect was higher and the EC50 was lower than that of THC. Fig. 2B
shows the effect of ACEA and THC in MAP kinase pathway engagement.
When normalized to Gi-mediated signal of ACEA, the bias factor of THC
for ERK1/2 phosphorylation was 45.3. Similar experiments were per-
formed for β-arrestin 2 recruitment (Fig. 2C) and for DMR, a label-free
technique that has provided relevant information on GPCR research
(see [27,28] for review). The radar plot showing bias factors for four
agonists, ACEA, anandamide, THC and CP-55940 and for the four sig-
naling responses (cAMP, ERK1/2 phosphorylation, β-arrestin 2 re-
cruitment and DMR) taking cAMP and ACEA as reference is shown in
Fig. 2D. From these results, a number of features may be highlighted.
We observed similar behavior of ACEA and anandamide with the

Fig. 1. Chemical structure of compounds used in the study.

Fig. 2. Signaling and biased agonism on CB1 receptors. Panels A and B: HEK-293T cells expressing human CB1R (0.7 μg cDNA) and treated with the indicated
cannabinoids in the presence (weak color) or absence (intense color) of 100 nM CBD. The effect of compounds on 500 nM forskolin-induced cAMP levels (100%) was
determined as described in Methods, and data are expressed as % of reduction (A). ERK1/2 phosphorylation data are expressed as % respect to basal levels (B). Panel
C: HEK-293T were transfected with cDNAs corresponding to β-arrestin 2-RLuc and CB1R-YFP. Cells (20 μg protein) were distributed in 96-well microplates and BRET
assays were initiated by the addition of coelenterazine H; BRET was determined 10min after substrate addition and data are given in milli BRET units (mBU; see
further details in Methods). Data represent the mean ± SEM of 6 different experiments performed with 3 replicates. Panels D–F. Radar plots showing the bias factors
of the different compounds in the different functional outcomes in the absence (D) or presence of 100 nM CBD (E, F). In D and E, the compound of reference was
ACEA and the response of reference was forskolin-induced cAMP. In E, the plot of bias due to CBD is included; it should be noted that this plot is constructed using
CBD at different concentrations (in the absence of any other cannabinoid) and, therefore, is due to binding to the orthosteric center (and requires micromolar
concentrations of CBD). In F, the treatment of reference was ACEA+CBD.
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exception of anandamide being more biased to β-arrestin recruitment
than ACEA. Also interesting is the finding of a similar bias to MAPK and
β-arrestin when CB1R was activated with the two known psychotropic
compounds, the phytocannabinoid ligand THC, and the synthetic can-
nabinoid CP-55940.

Similar experiments were performed in the presence of 100 nM
CBD. The results from cAMP levels, ERK1/2 phosphorylation and β-
arrestin assays in response to ACEA and THC are shown in Fig. 2A–C
and in Table 1. Remarkably, the aforementioned concentration of CBD
markedly decreased the signaling of compounds as structurally dif-
ferent as ACEA and THC (Fig. 1). The radar plot showing bias factors for
the four agonists and their corresponding responses in the presence of
CBD is shown in Fig. 2E. First of all, this radar plot shows that the
biased effect of CBD on ACEA was similar to that of anandamide. Sec-
ondly, although CP-55940 and THC behaved, again, similarly, CBD was
able to virtually abrogate the β-arrestin bias of the synthetic compound,
but not of the natural compound, THC. Table 1 shows that CBD is re-
ducing the effect of almost all the agonists, being remarkable the
abolishment of the DMR signal produced by ACEA. The effect of single
treatments with 100 nM CBD were<10% of the maximal ones ob-
tained by either ACEA or THC; therefore, they were considered as
negligible in both calculations and data interpretation. Fig. 2E includes
the radar plot for CBD, i.e. performing the dose-response assays and
using the EC50/IC50 values due to binding to the orthosteric center (i.e.
EC50/IC50 values were in the micromolar range). When data are re-
interpreted taking as a reference cAMP and ACEA+CBD, the radar
plots show that the other three tested agonists showed a marked bias
except for DMR (Fig. 2F). It should be also noted that CBD by itself is
able to produce a label-free signal but at high concentrations
(EC50= 9.7 µM). In the case of THC, the effect of CBD is almost op-
posite to that exerted on ACEA as the effect on [cAMP] is almost
abolished but the MAPK signaling is only reduced (Fig. 2A and B).

Overall, CBD exerted potent regulation of CB1R-mediated effects and
the bias trend depended on the agonist used, i.e. CBD effect on bias was
different depending on the particular bias displayed by each agonist.

3.2. Biased agonism in CB2 receptors

The same four different functional responses were analyzed for CB2
receptor activation, being JWH-133 the agonist of reference for similar
reasons as those used to select ACEA in the case of CB1R, i.e. a full
agonist with consistent inter-assay results. Also, the functional readout
of reference to calculate the bias factor was that related to Gi. Fig. 3A
shows the full agonism of JWH-133 in forskolin-induced cAMP levels in
cells expressing the CB2R. The same figure shows the lack of effect of
THC; actually, if any, THC leads to small increases of cAMP levels. As
demonstrated by the use of cholera toxin (see below) THC did not en-
gage Gs proteins, a possibility that was first suggested in 1997 [29].
Fig. 3B shows the effect of JWH-133 and THC in MAP kinase pathway
engagement. ERK1/2 phosphorylation produced by JWH-133 treatment
was lower than the effect produced by THC. When normalized to JWH-
133 and the Gi-mediated signal, the bias factor of THC for ERK1/2
phosphorylation was 1.7. Fig. 3D shows the radar plot for four agonists,
JWH-133, anandamide, THC and PM224 [18] and four signaling re-
sponses (cAMP, ERK1/2 phosphorylation, β-arrestin recruitment –
Fig. 3C- and DMR) taking cAMP and JWH-133 as reference. As in the
case of CB1R, the radar plot showing results for CB2R-mediated effects,
provides relevant information. On the one hand, THC showed a mod-
erate bias towards β-arrestin recruitment and DMR. On the other hand,
anandamide provided the largest deviation because it did not show
preference for DMR but, mainly, because the bias factor to MAPK sig-
naling was unexpectedly small. Despite differences in chemical struc-
tures, PM224 showed no special bias when JWH-133 and cAMP were
taken as references.

Table 1
CBD-induced modification of potency and maximum effect in cells expressing CB1 (top), CB2 (middle) or CB1 and CB2 (botom) receptors.

EC50a Maximum effectb

HEK-293T – CB1R

cAMP ERKs β-Arrestins DMR cAMP ERKs β-Arrestins DMR

ACEA+CBD 12.02* 0.55 2.99* 0.15* −44.9 −85.3 −11.9 −33.0
THC+CBD 0.16 0.28* 0.18* 0.54 −72.3 −46.4 −9.3 −26.9
CP55940+CBD 1.14 0.20* 1.14 0.30* −80.1 −70.2 14.3 −34.6
Anandamide+CBD 8.9r2* 0.85 1.40 0.38* −15.4 −61.9 −15.3 −49.1

HEK-293T – CB2R

cAMP ERKs β-Arrestins DMR cAMP ERKs β-Arrestins DMR

JWH133+CBD 4.79* 0.72 1.43 1.05 −2.5 −35.5 −6.2 −27.2
THC+CBD NCc 0.33* 1.88 1.09 NCc −22.0 −13.6 −40.9
PM224+CBD NCc 1.80 2.69* 0.98 NCc −5.9 0.9 −35.1
Anandamide+CBD 17.24* NCc 1.61 0.27* −33.8 NCc −10.2 −69.5

HEK-293T – CB1R-CB2R

cAMP ERKs β-Arrestins DMR cAMP ERKs β-Arrestins DMR

ACEA+CBD 2.86* 0.83 0.10* 0.59 −16.6 −41.2 10.3 −29.3
THC+CBD NCc 1.34 0.46* 0.63 NCc −36.8 −10.6 −22.5
CP55940+CBD 0.92 0.94 0.92 0.61 −5.9 −39.0 −4.6 −17.1
Anandamide+CBD 2.78* 0.69 1.40 0.48* −31.4 −52.0 −13.1 −23.3
JWH133+CBD 1.27 0.57 0.24* 0.69 −43.3 −30.8 −20.4 −18.2
PM224+CBD 6.52* 0.98 0.29* 0.61 −1.9 −39.3 −0.4 −33.7

a In-fold versus parameter values in the absence of CBD.
b Values in percentage (100% being the value in the absence of CBD).
c NC: It was not possible to calculate the value because of the uncertainty in values related to cannabinoid agonist effect on tested assay (either in CB2- or CB1 and

CB2-receptor expressing cells).
* p < 0.05.
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Similar experiments performed in the presence of 100 nM CBD
showed a marked modification of biased agonism, much more sig-
nificant than in the case of the CB1 receptor (Table 1). One relevant
finding was the increased bias of PM224 when compared with the re-
ference compound (JWH-133). It should be noted that CBD-induced
reduction of Gi engagement due to JWH-133 is significant but quanti-
tatively modest [14]. Bias factors for THC were fairly different than in
the absence of CBD (Fig. 3E and F). Except in cAMP assays, the effect of
single treatments with 100 nM CBD were<10% of the maximal ones in
JWH-133 or THC; therefore, they were considered as negligible in both
calculations and data interpretation. The effect of 100 nM CBD in cAMP
assays was approximately a 25% of that obtained by JWH-133. Fig. 3E
includes the radar plot for CBD, i.e. performing the dose-response as-
says and using the EC50/IC50 values due to binding to the orthosteric
center (i.e. EC50/IC50 values were in the micromolar range). Finally,
CBD exerted less effect on anandamide than on other agonists. The
latter result is probably of physiological relevance as it seems that
anandamide displays more balanced actions on CB2R in the presence of
nanomolar concentrations of CBD. In summary, CBD significantly
modified CB2R agonism; notably, CBD profoundly affected the agonist
effect of anandamide.

3.3. Biased agonism in CB1-CB2 receptors heteromers (CB1-CB2-Hets)

The next aim of the study was to perform signaling assays in cells
co-expressing the two receptors and, likely, expressing CB1-CB2-Hets
[30,31]. A direct interaction was obtained in biophysical BRET ex-
periments using cells co-expressing CB1-RLuc and CB2-YFP, which
provides a saturation curve indicative of a specific interaction between
the two receptors, while the (negative) control performed in cells

expressing CB1-RLuc and the dopamine D1 receptor fused to YFP gave
an unspecific linear signal (Fig. 4A). We also undertook PLA, which is a
tool to detect heteromers even in natural sources. The results in co-
transfected cells provided red clusters, which correspond to heteromer
expression, that were surrounding Hoechst-stained nuclei (Fig. 4B).
Subsequently we wanted to address whether the heteromer was Gi-
coupled as when the receptors are individually expressed. Accordingly,
we performed similar experiments of cAMP determination in CB1-, CB2-
or CB1-CB2-Het-expressing cells preincubated with either pertussis
toxin, which affects Gi-mediated signaling, or cholera toxin, which af-
fects Gs-mediated signaling. The results displayed in Fig. 4 C, indicate
that Gi-coupling in CB1-expressing cells treated with ACEA was abol-
ished using pertussis but not cholera toxin. Similar results were ob-
tained in CB2-expressing cells treated with JWH-133 and CB1-CB2-Het-
expressing cells with ACEA or with JWH-133, thus showing that the
heteromer is coupled to Gi protein. In order to test whether THC may
engage receptors eventually coupled to Gs, we performed parallel as-
says using THC. The results show that THC does not engage any Gs-
mediated signaling, although it is confirmed that the phytocannabinoid
does engage Gi in CB1-expressing cells (Fig. 4C).

The four different functional responses were analyzed in cells co-
expressing the two receptors and the main differential results respect to
cells expressing only one receptor were i) the lack of Gi-coupling when
receptors are activated by THC in a heteromeric context and ii) the
reduced potency of JWH-133 on engaging the MAPK pathway if com-
pared with THC or ACEA. As for individual receptors, 100 nM CBD
produced reductions in the effect of agonists on heteroreceptor com-
plexes (Fig. 5A–C). The results related to biased agonism were analyzed
using ACEA as reference compound. The pathway of reference to cal-
culate the bias factor was not changed, i.e. it was the Gi-mediated

Fig. 3. Signaling and biased agonism on CB2 receptors. Panels A and B: HEK-293T cells expressing human CB2R (0.5 μg cDNA) and treated with the indicated
cannabinoids in the presence (weak color) or absence (intense color) of 100 nM CBD. The effect of compounds on 500 nM forskolin-induced cAMP levels (100%) was
determined as described in methods, and data are expressed as % of reduction (A). ERK1/2 phosphorylation data are expressed as % respect to basal levels (B). Panel
C: HEK-293T cells were transfected with cDNAs corresponding to β-arrestin 2-RLuc and CB2R-YFP. Cells (20 μg protein) were distributed in 96-well microplates and
BRET assays were initiated by the addition of coelenterazine H; BRET was determined 10min after substrate addition and data are given in milli BRET units (mBU;
see further details in Methods). Data represent the mean ± SEM of 6 different experiments performed with 3 replicates. Panels D-F. Radar plots showing the bias
factors of the different compounds in the different functional outcomes in the absence (D) or presence of 100 nM CBD (E, F). In D and E, the compound of reference
was JWH-133 and the response of reference was forskolin-induced cAMP. In E, the plot of bias due to CBD is included; it should be noted that this plot is constructed
using CBD at different concentrations (in the absence of any other cannabinoid) and, therefore, is due to binding to the orthosteric center (and requires micromolar
concentrations of CBD). In F, the treatment of reference was JWH-133+CBD.
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inhibition of adenylate cyclase. Remarkably, the biased agonism (in the
absence of CBD) virtually disappeared as indicated in the radar plots in
Fig. 5D. The exception was JWH-133 that, within the heteromeric
context, lost its ability to engage the MAPK pathway. Similar assays
performed in the presence of CBD showed that the phytocannabinoid
was able to modify the bias but to a less extent than in cells expressing
individual receptors (Fig. 5). It should be however noted that CBD af-
fected more the bias of natural than of synthetic cannabinoids
(Table 1). On the one hand, the selective CB2R agonist, JWH-133
showed similar bias in the absence and in the presence of CBD. On the
other hand, anandamide signaling towards the MAPK pathway was
markedly decreased while its responses were slightly reduced in DMR
and β-arrestin recruitment. Finally, CBD increased by two orders of
magnitude the THC functional activity towards MAPK, β-arrestin and
DMR. In summary, CB1-CB2-Hets displayed less functional sensitivity
than individual receptors, and CBD altered the bias of natural canna-
binoids acting on cannabinoid receptor heteromers (Fig. 5E and F).

3.4. Differential bias in CB1-, CB2- and CB1-CB2-Het-expressing cells

Data collected from all the experiments performed in the three cell
types have been comparatively analyzed using a heat map approach;
the results are displayed in Fig. 6. In terms of CBD effects on efficacy
(maximum responses), the results are qualitatively similar in all assayed
cells. CBD reduced the maximum effect of any agonist of any of the
receptors. The magnitude was strong in CB1-receptor expressing cells
whereas it was very mild in CB2-receptor-expressing cells. The results in
cotransfected cells were also moderate, more similar to those in CB2-
than to those in CB1-expressing cells. Occasionally, CBD led to increases
in maximum effect but of very small magnitude (around 10%, pale rose
color in Fig. 6).

The differences due to CBD in EC50/IC50 values were significant,

specially in cells expressing the CB1 receptor and in cotransfected cells
(Fig. 6). Quite often in these cells CBD led to decrease in the potency of
the agonists. Then, in the majority of cases CBD led to reduce maximum
effect and agonist potency. In some cases, however, CBD led to an in-
crease in potency while decreasing the maximum effect. For instance,
this occurred in the case of cAMP read-outs in response to ACEA acting
on CB1-expressing cells and, with a lower intensity in cotransfected
cells. The pattern in CB2 receptor-expressing cells is different and the
effect on the concentration given a 50% of the response was usually
positive, i.e. decreasing EC50 or IC50 values. Thus, in these cells CBD
was lowering maximal effects but increasing the potency; quantitatively
however the changes were moderate. Interestingly, the most significant
effect was found for the phytocannabinoid THC, as CBD decreased
(moderately) maximal effects and the potency (significantly) of THC
when MAPK activation was measured. Overall, these results confirm
that the effect of CBD is meaningful and varied depending on the
cannabinoid receptor, the agonist and the occurrence or not of canna-
binoid receptor heteromers.

4. Discussion

GPCR receptor action may be modulated in different ways de-
pending on the cellular context. GPCR-mediated signaling not only
depends on the coupled G protein, but on other molecules able to in-
teract with the receptor and/or with the signaling machinery [32–37].
Biased agonism, one of the recent and promising approaches for drug
discovery, is particularly relevant for cannabinoid receptors whose
pharmacological development is hampered by both the hydrophobic
nature of agonists and the particular structure of receptors, solved for
CB1R [3–5] and assumed to be similar for CB2R [38].

This paper focused first on comparing biased agonism in CB1R and
CB2R using synthetic agonists as reference and using an

Fig. 4. Effect of toxins in CB1- and/or CB2- receptor expressing cells. Panel A: BRET assays were performed in HEK-293T cells transfected with a constant amount of
cDNA for CB1R-RLuc (0.7 μg) and increasing amounts of cDNA for CB2R-YFP (0.2–1 μg). As negative control, HEK-293T cells were transfected with a constant amount
of CB1R-RLuc (0.7 μg) and increasing amounts of cDNA coding for the dopamine D1 receptor fused to YFP (0.3–1.5 μg). Values are± S.E.M. of 8 different experi-
ments. Panel B: Representative confocal microscopy images (five superimposed sections) of an in situ proximity ligation assays (PLA) in cells coexpressing CB1 and
CB2 receptors. CB1R-CB2R heteroreceptor complexes appear as red spots. Cell nuclei were stained with Hoechst (blue). As negative control, PLA was performed in the
absence of one primary antibody. Scale bars= 20 μm. Panel C: HEK-293T cells were transfected with cDNA for CB1R (left), for CB2R (middle) or both (right). Cells
were treated with selective agonists (100 nM ACEA for CB1 receptors; 100 nM JWH-133 for CB2 receptors) or with 100 nM THC in both absence (control) or presence
of either 10 ng/ml pertussis toxin (PTX) or 100 ng/ml cholera toxin (CTX). cAMP accumulation was detected by TR-FRET (see Methods) in cells pretreated with
0.5 μM forskolin. Values are mean ± S.E.M. of 5 different experiments performed in triplicates. In all cAMP accumulation assays, one-way ANOVA followed by
Bonferroni’s multiple comparison post hoc test were used for statistical analysis. (*p < 0.05, ***p < 0.001; versus ACEA). (##p < 0.01; versus THC). (&&p < 0.01,
&&&p < 0.001; versus JWH-133.)
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Fig. 5. Signaling and biased agonism on CB1/CB2 heteroreceptor complexes. Panels A and B: HEK-293T cells expressing human CB1R (0.5 μg cDNA) and CB2R (0.4 μg
cDNA) and treated with the indicated cannabinoids in the presence (weak color) or absence (intense color) of 100 nM CBD. The effect of compounds on 500 nM
forskolin-induced cAMP levels (100%) was determined as described in methods, and data are expressed as % of reduction (A). ERK1/2 phosphorylation data are
expressed as % respect to basal levels (B). Panel C: HEK-293T were transfected with cDNAs corresponding to β-arrestin 2-RLuc, CB2R-YFP and CB1R. Cells (20 μg
protein) were distributed in 96-well microplates and BRET assays were initiated by the addition of coelenterazine H; BRET was determined 10min after substrate
addition and data are given in milli BRET units (mBU; see further details in Methods). Data represent the mean ± SEM of 6 different experiments performed with 3
replicates. Panels D–F. Radar plots showing the bias factors of the different compounds in the different functional outcomes in the absence (D) or presence of 100 nM
CBD (E, F). In D and E, the compound of reference was ACEA and the response of reference was forskolin-induced cAMP. In E, the plot of bias due to CBD is included;
it should be noted that this plot is constructed using CBD at different concentrations (in the absence of any other cannabinoid) and, therefore, is likely due to binding
to the orthosteric center (and that requires micromolar concentrations of CBD). In F, the treatment of reference was ACEA+CBD.

Fig. 6. Heat maps of the differential effect of CBD on maximal and IC50/EC50 values obtained in cells expressing CB1 and/or CB2 receptors. Values of maximal IC50/
EC50 corresponding to the different signaling pathways were computed and independently compared in the three cell types. Color code is designed in such a way that
red indicates higher maximal effect or maximal differences in IC50/EC50 values (always comparing with values obtained in the absence of CBD). Indication of the
magnitude of the changes is shown in the scheme at the bottom. White color indicates negligible differences (within a± 5% range). Grey color indicates that the
comparison could not be properly done, for instance when data values were small and, therefore, giving rise to unreliable results.
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endocannabinoid, anandamide, and the psychoactive component of
Cannabis sativa L., THC. Taking into account all agonists except THC,
biased agonism is more marked for CB1 than for CB2 receptors.
Anandamide for instance is a little biased in CB2R while it is markedly
biased towards β-arrestin recruitment in CB1R. The results concerning
THC were unexpected. On the one hand, bias in CB1R was similar to
that of another psychoactive compound, CP-55940. On the other hand,
THC action on CB2R appears as markedly biased towards ERK1/2
phosphorylation, β-arrestin recruitment and DMR. Interestingly, such
trend in cells expressing CB2R correlated with an apparent failure to
couple to Gi when activated by THC. In fact, THC robustly engaged Gi-
mediated coupling in CB1R but not in CB2R. There is controversy sur-
rounding THC action on CB2R, in some studies THC reportedly engages
Gi via CB2R [39–43] meanwhile in some other studies, in agreement
with our findings, THC failed to engage Gi via CB2R [44–47]. In CB2R-
expressing CHO cells THC displays an IC50 of 42 nM for inhibition of
forskolin-stimulated cAMP levels [39]. Above this concentration and up
to 1 μM, THC was able to reduce forskolin-stimulated cAMP levels in
mouse CB2R CHO transfected cells but was unable to produce a sig-
nificant reduction of forskolin-stimulated cAMP levels in CHO cells
expressing the human CB2R [42]. In contrast, THC at concentrations
from 10 nM to 1 µM was not able to inhibit forskolin-stimulated cAMP
levels in COS-7 and CHO hCB2R transfected cells [44,45]. Possibilities
to explain discrepancies are, among others, i) Gi-coupled signaling
could be due to THC acting on CB1R and not on CB2R, ii) there is an-
other receptor that is responding to THC via Gi or iii) the high con-
centrations used (e.g. 10–50 µM [40,42,43,48]) are providing un-
specific/off-site effects that result in decreases in forskolin-induced
cAMP levels. Overlooking the discrepancies, we observe that THC in
concentrations below 1 µM is not able to reduce the cAMP in a variety
of cell types expressing the human CB2R. Therefore, our findings are in
agreement with the literature and permit us to infer that THC activated
CB2R is not able to engage the coupled Gi protein or is interacting with
a conformation of the receptor that is not coupled to Gi. Coupling to Gs
has been discarded by the results with toxins reported in Fig. 4.
Therefore, it is suggested that THC binds to a part of the orthosteric site
that is not connected to Gi activation mechanisms. As phospholipase
Cβ3 activation may occur by THC acting on CB1R, we cannot exclude
that the compound can promote the activation of a Gq protein [17].
Other possibilities such as off-target actions leading to blockade of Gi
activation cannot be ruled out. In our opinion, one of the advantages of
performing these studies in parallel is to show that the coupling to the
cognate protein of cannabinoid receptors does not occur in the case of
CB2R but occurs in the case of CB1R, in which THC behaves as a potent
full agonist able to decrease forskolin-induced cAMP levels.

Biased allosteric modulation, i.e. biased agonism in the presence of
an allosteric modulator of the CB1R was studied by Khajehali et al.,
[49]. Their results showed that the small molecule modulator,
Org27569, mainly blocked Gi-mediated effects, i.e. the decrease of
forskolin-induced cAMP levels by agonists was abolished. In contrast,
Org27569 did not affect ERK phosphorylation induced by some of the
CB1R agonists. These results are different from those described here for
CBD biased allosteric/non-orthosteric modulation, thus suggesting that
the mode of regulation of Org27569 and CBD on CB1R action is dif-
ferent.

Our results concerning biased agonism of THC and anandamide on
CB2R are similar to those in a recent paper on biased signaling using a
variety of selective and non-selective compounds [50]. The study does
not report any effect of THC on forskolin-induced cAMP levels and
shows a bias to the MAPK pathway.

In cells expressing receptor heteromers THC is also unable to sig-
nificantly modify the forskolin-induced cAMP levels. All together these
results are important as there is a link between Gi-mediated signaling
and MAPK activation [51], which may be engaged by THC acting on
CB1R but not on CB2R or on CB1/CB2 heteroreceptor complexes. The
link of GPCR to the MAPK signaling pathway has remained

controversial in the field in what concerned (heterotrimeric) G protein
mediation. Although cross-talk between different pathways is always
considered, the direct link of GPCR to MAPK activation was considered
either totally independent or partially dependent of coupled G proteins
[52–55]. In addition, these results might be cell-type and functional
readout specific. Accordingly, further studies with diverse GPCRs
should be done in order to fully understand the intricacies of G-protein-
dependent and G-protein-independent signaling pathways.

A recent report in cells lacking active G proteins demonstrates that
for most Gi-coupled class A GPCRs, the pERK signal is exclusively
triggered by G proteins and not by β-arrestins [56]. Our results con-
cerning THC, that is not able to activate Gi but triggers phosphorylation
of ERK, suggest that the Gi-coupled CB2R may be an exception or that it
may be coupled to other G proteins able to mediate activation of ERK
phosphorylation, e.g. Gq as reported for the CB1R [17].

Besides information obtained upon comparison of biased signaling
of two natural cannabinoids, anandamide and THC, at CB1 and at CB2
receptors, the results also highlight the important role of CBD on reg-
ulating cannabinoid signaling. Apart from CBD potential off-side ef-
fects, recent studies have shown that CBD is affecting CB1R- [13] and
CB2R- [14] mediated signaling, likely by binding to an allosteric site.
From the data in those two papers it was unlikely that the putative
allosteric site was located in equivalent places in the two receptors. In
fact, the putative allosteric site in CB1R is not present in CB2R. Our
results here show that CBD affects biased signaling in a different way in
the two receptors, thus reinforcing the idea that the potential allosteric
site is different in the two receptors. It is tempting to speculate that CBD
may be affecting CB1, CB2 and eventually other GPCRs (“off-side”), by
interacting with lipid-receptor interfaces. This hypothesis could explain
the myriad of effects reported for CBD and mediation by different
GPCRs; in all cases the binding to the orthosteric site occurs at micro-
molar concentrations, i.e. too high to be of physiological relevance. It
should be noted that the concentration here used to provide such sig-
nificant results was 100 nM.

Remarkably, our findings show that functional selectivity displayed
by agonists is reduced when cannabinoid receptors are forming het-
eromeric complexes. The results suggest that the heteroreceptor com-
plex is tightly coupled to the signaling machinery with less chance for
biased signaling. Also relevant was the finding of increased function-
ality when cells co-expressing the two receptors were pretreated with
CBD. These findings may explain some of the controversial results
concerning whether the phytocannabinoid interacts or not with can-
nabinoid receptors. The actions of CBD may be consequence of binding
to allosteric sites in the two receptors, as suggested in the two afore-
mentioned papers [13,14]. The effect of cannabidiol on anandamide
actions on both cannabinoid receptors was particularly noteworthy as
was significantly different from that of other compounds. Cannabinoid
drug discovery may take advantage of functional selectivity regulation
by CBD.
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3.2 Cannabigerol Action at Cannabinoid CB1 and CB2 Receptors and at CB1–CB2 Heteroreceptor 
Complexes. 

Gemma Navarro, Katia Varani, Irene Reyes-Resina, Verónica Sánchez de Medina, Rafael Rivas-
Santisteban, Carolina Sánchez Carnerero Callado, Fabrizio Vincenzi, Salvatore Casano, Carlos 
Ferreiro-Vera, Enric I. Canela, Pier Andrea Borea, Xavier Nadal y Rafael Franco.  

Manuscrito publicado en Frontiers in Pharmacology, Junio 2018; 9: 632. 

A partir de la planta Cannabis sativa se han conseguido identificar más de 500 compuestos 
cannabinoides, que reciben el nombre de compuestos fitocannabinoides. Dentro de esta 
categoría de compuestos, el cannabigerol (CBG) es uno de los que tienen un mayor 
protagonismo y que está adquiriendo la atención de la industria farmacológica al no producir 
efectos psicoactivos y encontrarse a gran concentración en algunas variedades del cáñamo. 
En este estudio se caracterizaron los efectos del CBG al actuar sobre los receptores 
cannabinoides CB1, CB2 y en complejos heteroméricos formados por los receptores CB1-CB2 
y la modulación que CBG ejerce en la funcionalidad de estos receptores al ser activados por 
un agonista específico. Usando [3H]-CP-55940, CBG compitió con valores bajos de Ki 
micromolar para la unión a CB1R y CB2R. También es interesante puntualizar que CBG 
compitió por la unión de [3H]-WIN-55,212-2 a CB2R, pero no a CB1R (Ki: 2,7 µM frente a > 30 
µM). Se realizaron ensayos de determinación de los niveles de AMP intracelular, la 
fosforilación de quinasas (ERK1/2), el reclutamiento de ß-arrestinas y la redistribución 
dinámica de masas (DMR), observándose como CBG actúa como un agonista parcial de 
CB2R. Los resultados obtenidos en nuestros experimentos indican que el CBG es eficaz como 
modulador de la señalización endocannabinoide.  
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Cannabigerol (CBG) is one of the major phytocannabinoids present in Cannabis sativa
L. that is attracting pharmacological interest because it is non-psychotropic and is
abundant in some industrial hemp varieties. The aim of this work was to investigate
in parallel the binding properties of CBG to cannabinoid CB1 (CB1R) and CB2 (CB2R)
receptors and the effects of the compound on agonist activation of those receptors and
of CB1–CB2 heteroreceptor complexes. Using [3H]-CP-55940, CBG competed with
low micromolar K i values the binding to CB1R and CB2R. Homogeneous binding in
living cells, which is only technically possible for the CB2R, provided a 152 nM K i value.
Also interesting, CBG competed the binding of [3H]-WIN-55,212-2 to CB2R but not to
CB1R (K i: 2.7 versus >30 µM). The phytocannabinoid modulated signaling mediated
by receptors and receptor heteromers even at low concentrations of 0.1–1 µM. cAMP,
pERK, β-arrestin recruitment and label-free assays in HEK-293T cells expressing the
receptors and treated with endocannabinoids or selective agonists proved that CBG is
a partial agonist of CB2R. The action on cells expressing heteromers was similar to that
obtained in cells expressing the CB2R. The effect of CBG on CB1R was measurable but
the underlying molecular mechanisms remain uncertain. The results indicate that CBG
is indeed effective as regulator of endocannabinoid signaling.

Keywords: cannabinoid receptor, cannabigerol, G-protein-coupled receptor, phytocannabinoid, TR-FRET, partial
agonist

Abbreviations: 18-THC, 18-tetrahydrocannabinol; 19-THC, 19-tetrahydrocannabinol; 19-THCA, 19- tetrahy
drocannabinolic acid; 19-THCV, 19-tetrahydrocannabivarin; 2-AG, 2-arachidonoyl glicerol; AEA, anandamide; CB1R,
cannabinoid receptor 1; CB2R, cannabinoid receptor 2; CBC, cannabichromene; CBD, cannabidiol; CBDA, cannabidiolic
acid; CBDV, cannabidivarin; CBG, cannabigerol; CBGA, cannabigerolic acid; CBN, cannabinol; CNS, central nervous system;
DMR, dynamic mass redistribution; HEK, human embryonic kidney; HTRF, homogeneous time-resolved fluorescence;
SNAP, protein used as a tag; it contains circa 180 amino acids and may be covalently labeled with different probes; Tb,
terbium; TLB, Tag-lite labeling medium.
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INTRODUCTION

Cannabinoid compounds bind and activate cannabinoid
CB1 (CB1R) and CB2 (CB2R) receptors, which belong to the
superfamily of G-protein-coupled receptors. There are many
ways to classify them, but the most used distinguishes between
endogenous molecules (endocannabinoids), phytocannabinoids
and synthetic cannabinoids. Endocannabinoids and one of the
most studied phytocannabinoids, 19-tetrahydrocannabinol
(19-THC), are agonists with more or less CB1R/CB2R
selectivity. Furthermore, synthetic cannabinoids mainly act
(as agonists or antagonists) by binding to the orthosteric site
of receptors (Mechoulam, 2016). Indeed, there is a limited
number of molecules, either synthetic or phytocannabinoids,
that behave as allosteric modulators of cannabinoid receptor
function.

Anandamide and 2-arachidonoyl glycerol (2-AG) are the
two main endocannabinoids, being synthesized from membrane
lipids and having an alkyl-amide chemical structure. They are
retrograde effectors being produced in the post-synaptic neuron
to act in the pre-synaptic neuron where they regulate the release
of neurotransmitters (Diana and Marty, 2004).

Phytocannabinoids are phenolic terpenes biosynthesized
in nature nearly exclusively in the Cannabis sativa L. plant.
In the Cannabis plant, all cannabinoids are biosynthesized in
the acid form, mainly 19-THCA, CBDA, etc. CBGA is the
first molecule formed in the biosynthetic pathway and the
substrate of 19-tetrahydrocannabinol-synthase and CBD-
synthase (Fellermeier and Zenk, 1998). The pharmacologic
effects of Cannabis components, traditionally consumed
through inhalation, are attributed to the decarboxylated neutral
products of above mentioned acids: 19-THC, CBD, and
CBG.

Synthetic cannabinoids are very different in chemical
structure. For instance, they may be indoles like WIN-55,212-
2, AM-1241 or JWH-018, or phenolic, phenols lacking the
pyrene ring, like CP-55,940 or HU-308. All these compounds
have been used in cannabinoid research and have helped to
unveil pharmacological aspects of the endocannabinoid system.
It should be noted that some of these compounds have
recently arrived at the streets sold as legal highs, thus raising
Public Health concerns (Adams et al., 2017; Weinstein et al.,
2017).

The endocannabinoid system is constituted by the
endogenous cannabinoids, the enzymes that produce and
degrade them, and by the receptors that mediate their
actions. Whereas endocannabinoids consist of molecules
with aliphatic structure, AEA and 2-AG, the structure of
natural cannabinoids, derived from C. sativa L., is fairly
different [see (Lu and Mackie, 2016) and references therein].
Although it is well established that one of the main active
components of the plant and one of the few that are psychoactive,
namely 19-THC, acts via cannabinoid receptors, there is
controversy on whether these receptors mediate the action of
phytocannabinoids such as CBN, CBD or CBG. As happened
the last years for CBD, a new research and revision of the
cannabinoid receptor pharmacology must be done with the

rest of phytocannabinoids as CBG. A further phenomenon that
may be considered to understand the action of molecules from
C. sativa L. and its extracts is the fact that cannabinoid receptors
may form heteromers, namely CB1–CB2 heteroreceptors,
which display particular functional properties (Callén et al.,
2012). It should be noted that in CNS those heteromers are
mainly expressed in pallidal neurons (Lanciego et al., 2011;
Sierra et al., 2015) and in activated microglia (Navarro et al.,
2018a).

Cannabigerol was isolated, characterized and synthetized
by the same researchers than reported the structure of the
main psychotropic agent of Cannabis, 19-THC (Gaoni and
Mechoulan, 1964). Few years later in vivo assays showed
that CBG was non-psychoactive (Grunfeld and Edery, 1969;
Mechoulam et al., 1970). The lower concentration and the lack
of psychoactivity was probably the cause that CBG was shadowed
by 19-THC. In fact, CBG has attracted less attention than 19-
THC and even than CBD, but nowadays is gaining interest among
the scientific community. Some commercial hemp varieties have
CBG and CBGA as main cannabinoids and, therefore, CBG
is another of the phytocannabinoids to be considered by the
unregulated market of hemp oils and derivatives. As recently
pointed out, the increased therapeutic potential of C. sativa
L. components requires a more in deep understanding of
the pharmacology of phytocannabinoids other than 19-THC,
namely CBD, CBG, CBN, 19-THCV, 18-THC, CBC and CBDV
(Turner et al., 2017).

Preliminary results using membranes from mice brain or
from CHO cells expressing the human CB2R led to postulate
that CBG could be a partial agonist at both CB1R and CB2R
with K i values in the 300–500 nM range (Gauson et al., 2007;
Pertwee, 2008). The first published data on the binding of
CBG to human CB1R and CB2R were provided by (Rosenthaler
et al., 2014) working with [3H]CP-55,940 as radioligand and
with preparations from Sf9 cells co-expressing one receptor and
the Gαi3β1γ2 protein. The K i values obtained in competition
assays are 897 and 153 nM for CB1R and CB2R, respectively.
CBG may modulate the activity of transient receptor potential
channels of ankyrin type-1; however, the EC50 values lie in
the micromolar range (De Petrocellis et al., 2008). It has been
reported that CBG binds to CB1R (K i = 381 nM) from mouse
brain membranes and CB2R (K i = 2.6 µM) from CHO cells
expressing the human receptor; CBG at high concentrations
(10 µM) antagonized [35S]GTPγS binding in mouse brain
membranes treated with AEA or CP-55940 (Cascio et al.,
2010). Authors also reported CBG as α2-adrenoceptor agonist
at nanomolar levels (EC50 = 0.2 nM), and being also able to
antagonize [35S]GTPγS binding upon stimulation of the 5HT1A
receptor by 1 µM 8-OH-DPAT (Cascio et al., 2010). Other
findings indicate that CBG can act as (i) agonist/desensitizer of
TRPA1 (EC50 = 700 nM), (ii) agonist of TRPV1 (EC50 = 1.3 µM)
(iii) agonist of TRPV2 (EC50 = 1.7 µM), (iv) antagonist of TRPM8
channels (IC50 = 160 nM) and v) inhibitor of AEA cell uptake
(K i = 11.3 µM) (De Petrocellis et al., 2011). More recently, the
PPARγ has been reported as target of the phytocannabinoid CBG
(K i = 11.7 µM) that at high concentrations, in the 10–25 µM
range, may enhance the PPARγ transcriptional activity (Granja
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et al., 2012; Nadal et al., 2017). A recent review substantiates the
complexity of the field and highlights that other players, GPR55
for instance, are also targeted by cannabinoids (Solymosi and
Kofalvi, 2017).

The aim of this work was to characterize CBG pharmacology
on the cannabinoid receptors using binding and measurement
of different signal transduction mechanisms in living HEK-293T
cells expressing human CB1R, CB2R, or CB1–CB2 heteroreceptor
complexes. The results indicate that, in our experimental
conditions, CBG mainly acts on CB2R and behaves as a partial
agonist.

MATERIALS AND METHODS

Reagents
ACEA, JWH133, and AEA were purchased from Tocris
Bioscience (Bristol, United Kingdom), CBD and CBG analytical
standard solutions were purchased from THCpharm (Frankfurt,
DE). Concentrated (10 mM) stock solutions prepared in ethanol
(CBG, ACEA, and AEA) or DMSO (JWH133 and CM-157)
were stored at −20◦C. In each experimental session, aliquots
of concentrated solutions of compounds were thawed and
conveniently diluted in the appropriate experimental solution.
For non-radioactive binding assays, TLB was obtained from
Cisbio Bioassays (LABMED; Codolet, France). The Tb derivative
of O6-benzylguanine was synthesized by Cisbio Bioassays
and is commercialized as SNAP-Lumi4-Tb (SSNPTBC; Cisbio
Assays). The plasmid encoding for the SNAP-tagged human
CB2R used for transient transfection was obtained from Cisbio
Bioassays (PSNAP-CB2). CB2R agonist 3-[[4-[2-tert-butyl-
1-(tetrahydropyran-4-ylmethyl)benzimidazol-5-yl]sulfonyl-
2-pyridyl]oxy]propan-1-amine (CM-157) conjugated to a
fluorescent probe was developed in collaboration with Cisbio
Bioassays (Martínez-Pinilla et al., 2016).

Cannabinoid Isolation, Purification and
Analysis
Cannabidiol was purified from dried leaves and inflorescences
of the Cannabis variety SARA (CPVO file number: 20150098),
CBG from the variety AIDA (CPVO file number: 20160167)
following a previously described method (Nadal, 2016)
that provides compounds with >95% purity. An Agilent
liquid chromatography set-up (Model 1260, Pittsburgh,
PA, United States) consisting of a binary pump, a vacuum
degasser, a column oven, an autosampler and a diode array
detector (DAD) equipped with a 150 mm length × 2.1 mm
internal diameter, 2.7 µm pore size Poroshell 120 EC-C18
column was used for the quality control of the purified
cannabinoids. The analysis was performed using water and
acetonitrile both containing ammonium formate 50 mM as
mobile phases. Flow-rate was 0.2 mL/min and the injection
volume was 3 µL. Chromatographic peaks were recorded
at 210 nm. All determinations were carried out at 35◦C.
All samples were analyzed in duplicate. The results of each
cannabinoid purity, 96.04% for CBD and 99.9% for CBG,
were calculated as weight (%) versus a commercial standard

from THCpharm (CBD batch n◦ L01258-M-1.0; CBG batch n◦
L01260-M-1.0).

Radioligand Binding Assays
Cell Culture and Membrane Preparation
For radioligand binding experiments CHO cells, stably
transfected with cDNA for human CB1 or CB2 cannabinoid
receptors, were grown adherently and maintained in Ham’s
F12 containing 10% fetal bovine serum, penicillin (100 U/mL),
streptomycin (100 µg/mL) and geneticin (G418, 0.4 mg/mL)
at 37◦C in a humid atmosphere of 5% CO2. Membranes were
prepared from cells washed with PBS and scraped off plates in
ice-cold hypotonic buffer (5 mM Tris HCl, 2 mM EDTA, pH
7.4). The cell suspension was homogenized with a Polytron and
then centrifuged for 30 min at 40,000× g.

Saturation Binding Experiments
[3H]-CP-55940 saturation binding experiments (specific activity
169 Ci/mmol, Perkin Elmer) were performed incubating different
concentrations of the radioligand (0.03 – 10 nM) in binding
buffer (50 mM Tris-HCl, pH 7.4, 2.5 mM EDTA, 5 mM
MgCl2 for CB1R or 50 mM Tris-HCl, pH 7.4, 1 mM
EDTA, 5 mM MgCl2 for CB2R) using CHO membranes
expressing the human versions of CB1R or CB2R (10 µg
protein/sample) at 30◦C. Non-specific binding was determined
in the presence of 1 µM WIN-55,212-2. At the end of the
incubation period (90 min for CB1R or 60 min for CB2R)
bound and free radioactivity were separated in a cell harvester
(Brandel Instruments) by filtering the assay mixture through
Whatman GF/B glass fiber filters. The filter-bound radioactivity
was counted in a 2810 TR liquid scintillation counter (Perkin
Elmer).

[3H]-WIN-55,212-2 saturation binding experiments (specific
activity 48 Ci/mmol, Perkin Elmer) were performed incubating
different concentrations of the radioligand (0.5–100 nM for CB1R
or 0.2–40 nM for CB2R) in binding buffer (50 mM Tris-HCl,
pH 7.4, 1 mM EDTA, 5 mM MgCl2) with CB1R- or CB2R-
containing CHO cell membranes (10 µg protein/sample) at 30◦C.
Non-specific binding was determined in the presence of 1 µM
WIN-55,212-2. At the end of the incubation period (60 min)
bound and free radioactivity were separated in a cell harvester
(Brandel Instruments) by filtering the assay mixture through
Whatman GF/B glass fiber filters. The filter-bound radioactivity
was counted in a 2810 TR liquid scintillation counter (Perkin
Elmer).

Competition Binding Experiments
[3H]-CP-55940 competition binding experiments were
performed incubating 0.3 nM of radioligand and different
concentrations of the tested compounds with membranes
obtained from CHO cells expressing human CB1 or CB2
receptors (10 µg protein/sample) for 90 min (CB1R) or 60 min
(CB2R) at 30◦C. Non-specific binding was determined in the
presence of 1 µM WIN-55,212-2. Bound and free radioactivity
were separated by filtering the assay mixture as above indicated.
The filter bound radioactivity was counted using a Packard Tri
Carb 2810 TR scintillation counter (Perkin Elmer).
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Competition binding experiments were also performed
incubating 3 nM [3H]-WIN-55,212-2 and different
concentrations of the tested compounds with membranes
obtained from CHO cells transfected with human CB1 or
CB2 receptors (10 µg protein/sample) for 60 min at 30◦C.
Non-specific binding was determined in the presence of 1 µM
WIN-55,212-2. Bound and free radioactivity were separated by
filtering the assay mixture as above indicated. The filter bound
radioactivity was counted using a Packard Tri Carb 2810 TR
scintillation counter (Perkin Elmer).

Homogeneous Binding Assays in Living
Cells
Expression Vector
cDNAs for the human version of cannabinoid CB2R without
their stop codon were obtained by PCR and subcloned to SNAP-
containing vector (PSNAP; Cisbio Bioassays) using sense and
antisense primers harboring unique restriction sites for HindIII
and BamHI generating the SNAP tagged CB2R (CB2R-SNAP).

Cell Culture and Transfection
For HTRF assays, HEK-293T cells were used. HEK 293T
(HEK-293T) cells were grown in DMEM supplemented with
2 mM L-glutamine, 1 mM sodium pyruvate, 100 units/mL
penicillin/streptomycin, and 5% (v/v) FBS [all supplements
were from Invitrogen, (Paisley, Scotland, United Kingdom)].
Cells were maintained at 37◦C in a humidified atmosphere
of 5% CO2 and were passaged, with enzyme-free cell
dissociation buffer (13151-014, Gibco R©, Thermo Fisher,
Waltham, MA, United States), when they were 80–90%
confluent, i.e., approximately twice a week. Cells were transiently
transfected with the PEI (Polyethylenimine, Sigma, St. Louis,
MO, United States) method as previously described (Medrano
et al., 2017; Navarro et al., 2018b). Experiments were carried out
in cells expressing SNAP-tagged CB2R in the presence or in the
absence of CB1R.

Labeling of Cells Expressing SNAP-Tagged CB2R
Cell culture medium was removed from the 25-cm2 flask and
100 nM SNAP-Lumi4-Tb, previously diluted in 3 mL of TLB
1X, was added to the flask and incubated for 1 h at 37◦C under
5% CO2 atmosphere in a cell incubator. Cells were then washed
four times with 2 mL of TLB 1X to remove the excess of SNAP-
Lumi4-Tb, detached with enzyme-free cell dissociation buffer,
centrifuged 5 min at 1,500 rpm and collected in 1 mL of TLB
1X. Tag-lite-based binding assays were performed 24 h after
transfection. Densities in the 2,500–3,000 cells/well range were
used to carry out binding assays in white opaque 384-well plates.

Non-radioactive Competition Binding Assays
For competition binding assays, the fluorophore-conjugated
CB2R ligand (labeled CM-157), unconjugated CM-157 and CBG
were diluted in TLB 1X. HEK-293T cells transiently expressing
Tb-labeled SNAP-CB2R with or without CB1R were incubated
with 20 nM fluorophore-conjugated CB2R ligand, in the presence
of increasing concentrations (0–10 µM range) of CBG or CM-
157. Plates contained 10 µL of labeled cells, and 5 µL of TLB 1X

or 5 µL of CBG or 5 µL CM-157 were added prior to the addition
of 5 µL of the fluorescent ligand. Plates were then incubated for
at least 2 h at room temperature before signal detection. Detailed
description of the HTRF assay is found in Martínez-Pinilla et al.
(2016).

Signal was detected using an EnVision microplate reader
(PerkinElmer, Waltham, MA, United States) equipped with a
FRET optic module allowing donor excitation at 337 nm and
signal collection at both 665 and 620 nm. A frequency of 10
flashes/well was selected for the xenon flash lamp excitation. The
signal was collected at both 665 and 620 nm using the following
time-resolved settings: delay, 150 µs; integration time, 500 µs.
HTRF R© ratios were obtained by dividing the acceptor (665 nm)
by the donor (620 nm) signals and multiplying by 10,000. The
10,000-multiplying factor is used solely for the purpose of easier
data handling.

Functional Assays
Cell Culture and Transient Transfection
HEK-293T cells were grown in DMEM medium (Gibco,
Paisley, Scotland, United Kingdom) supplemented with 2 mM
L-glutamine, 100 U/mL penicillin/streptomycin, MEM Non-
Essential Amino Acids Solution (1/100) and 5% (v/v) heat
inactivated Foetal Bovine Serum (FBS) (Invitrogen, Paisley,
Scotland, United Kingdom). Cells were maintained in a
humid atmosphere of 5% CO2 at 37◦C. Cells were transiently
transfected with the PEI (Polyethylenimine, Sigma, St. Louis,
MO, United States) method as previously described (Medrano
et al., 2017; Navarro et al., 2018b) and used for functional assays
48 h later (unless otherwise stated).

cAMP Determination
Signaling experiments have been performed as previously
described (Navarro et al., 2010, 2016, 2018b; Hinz et al.,
2018). Two hours before initiating the experiment, HEK-293T
cell-culture medium was replaced by serum-starved DMEM
medium. Then, cells were detached, resuspended in growing
medium containing 50 µM zardaverine and placed in 384-well
microplates (2,500 cells/well). Cells were pretreated (15 min)
with CBG -or vehicle- and stimulated with agonists (15 min)
before adding 0.5 µM forskolin or vehicle. Readings were
performed after 15 min incubation at 25◦C. HTRF energy transfer
measures were performed using the Lance Ultra cAMP kit
(PerkinElmer, Waltham, MA, United States). Fluorescence at
665 nm was analyzed in a PHERAstar Flagship microplate reader
equipped with an HTRF optical module (BMG Lab Technologies,
Offenburg, Germany).

ERK Phosphorylation Assays
To determine ERK1/2 phosphorylation, 50,000 HEK-293T
cells/well were plated in transparent Deltalab 96-well microplates
and kept at the incubator for 24 h. 2 to 4 h before the experiment,
the medium was substituted by serum-starved DMEM medium.
Then, cells were pre-treated at 25◦C for 10 min with vehicle
or CBG in serum-starved DMEM medium and stimulated for
an additional 7 min with the specific agonists. Cells were
then washed twice with cold PBS before addition of lysis
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buffer (20 min treatment). 10 µL of each supernatant were
placed in white ProxiPlate 384-well microplates and ERK 1/2
phosphorylation was determined using AlphaScreen R©SureFire R©

kit (Perkin Elmer) following the instructions of the supplier
and using an EnSpire R© Multimode Plate Reader (PerkinElmer,
Waltham, MA, United States).

Dynamic Mass Redistribution Assays (DMR)
Cell mass redistribution induced upon receptor activation was
detected by illuminating the underside of a biosensor with
polychromatic light and measuring the changes in the wavelength
of the reflected monochromatic light. The magnitude of this
wavelength shift (in picometers) is directly proportional to the
amount of DMR. HEK-293T cells were seeded in 384-well sensor
microplates to obtain 70–80% confluent monolayers constituted
by approximately 10,000 cells per well. Previous to the assay, cells
were washed twice with assay buffer (HBSS with 20 mM HEPES,
pH 7.15) and incubated for 2 h with assay-buffer containing
0.1% DMSO (24◦C, 30 µL/well). Hereafter, the sensor plate was
scanned and a baseline optical signature was recorded for 10 min
before adding 10 µL of CBG for 30 min followed by the addition
of 10 µL of specific agonists; all test compounds were dissolved in
assay buffer. The cell signaling signature was determined using an
EnSpire R© Multimode Plate Reader (PerkinElmer, Waltham, MA,
United States) by a label-free technology. Then, DMR responses
were monitored for at least 5,000 s. Results were analyzed using
EnSpire Workstation Software v 4.10.

β-Arrestin 2 Recruitment
Arrestin recruitment was determined as previously described
(Medrano et al., 2017; Navarro et al., 2018b). Briefly, BRET
experiments were performed in HEK-293T cells 48 h after
transfection with the cDNA corresponding to the CB2R-YFP
or CB1R-YFP and 1 µg cDNA corresponding to β-arrestin
2-Rluc. Cells (20 µg protein) were distributed in 96-well
microplates (Corning 3600, white plates with white bottom)
and were incubated with CBG for 15 min and stimulated
with the agonist for 10 min prior the addition of 5 µM
coelenterazine H (Molecular Probes, Eugene, OR, United States).
After 1 min of adding coelenterazine H, BRET between
β-arrestin 2-Rluc and receptor-YFP was determined and
quantified. The readings were collected using a Mithras LB
940 (Berthold Technologies, Bad Wildbad, Germany) that
allows the integration of the signals detected in the short-
wavelength filter at 485 nm and the long-wavelength filter at
530 nm. To quantify protein-RLuc expression luminescence
readings were also performed 10 min of adding 5 µM
coelenterazine H.

Data Handling and Statistical Analysis
Affinity values (Ki) were calculated from the IC50 obtained in
competition radioligand binding assays according to the Cheng
and Prusoff equation: K i = IC50/(1 + [C]/KD), where [C] is the
free concentration of the radioligand and KD its dissociation
constant (Cheng, 2001).

Data from homogeneous binding assays were analyzed using
Prism 6 (GraphPad Software, Inc., San Diego, CA, United States).

K i values were determined according to the Cheng and Prusoff
equation with KD = 21 nM for CM-157 (Cheng, 2001). Signal-to-
background (S/B ratio) calculations were performed by dividing
the mean of the maximum value (µmax) by that of the minimum
value (µmin) obtained from the sigmoid fits.

The data are shown as the mean ± SEM. Statistical analysis
was performed with SPSS 18.0 software. The test of Kolmogorov–
Smirnov with the correction of Lilliefors was used to evaluate
normal distribution and the test of Levene to evaluate the
homogeneity of variance. Significance was analyzed by one-
way ANOVA, followed by Bonferroni’s multiple comparison
post hoc test. Significant differences were considered when
p < 0.05.

RESULTS

Saturation and Competition
Radioligand-Based Assays in
Membranes Expressing CB1R or CB2R
The effect of CBG on radioligand binding to CB1R or CB2R
was first tested using the classical radioligand-binding assay in
membranes isolated from CHO cells expressing human CB1R or
CB2R and incubated with radioligands: [3H]-CP-55940 or [3H]-
WIN-55,212-2. Data obtained from binding isotherms using
increasing [3H]-CP-55940 or [3H]-WIN-55,212-2 concentrations
lead to a monophasic saturation curve. Saturation curves,
receptor density (Bmax values) and affinity (KD values) are shown
in Figures 1A–D. The affinity of the two radioligands was in the
nanomolar range for both CB1R and CB2R. KD for [3H]-CP-
55940 to CB1R and CB2R was similar with values around 0.3 nM.
KD values for WIN-55,212-2 were 9.4 and 3.2 nM for CB1R and
CB2R, respectively (Figures 1C,D). Overall the results agree with
previously reported data (McPartland et al., 2007; Merighi et al.,
2010).

Competition binding assays of WIN-55,212-2 showed similar
K i values using the two radioligands to CB1R and CB2R and
agreed with the KD values for [3H]-WIN-55,212-2 binding
(Table 1 and Figures 1E,F). Table 1 reports the affinity values
of CBG. K i values of CBG obtained using [3H]-CP-55940 as
radioligand were in the low micromolar range in both CB1R
and CB2R. The affinity value of CBG obtained using [3H]-
WIN-55,212-2 for CB2R was 2.7 µM, about twofold higher than
that obtained using [3H]-CP-55940. Using [3H]-WIN-55,212-
2 in competition binding experiments on CB1R, CBG was not
able to displace the radioligand (Figures 2A,B). In summary,
CBG displayed K i values in the low micromolar range when
competing for the binding to the CB2R. Surprisingly, significant
competition in the binding to the CB1R was only observed when
using [3H]-CP-55940 as radioligand.

CBG Binds to the Orthosteric Site of
Cannabinoid CB2R at Nanomolar
Concentrations
Competition experiments were performed using 20 nM of a
fluorophore-conjugated selective CB2R agonist (CM-157) and
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FIGURE 1 | Radioligand binding assays to CB1R and CB2R. (A–D) Saturation curves of either [3H]-CP-55940 or [3H]-WIN-55,212-2 binding on membranes from
CHO cells stably expressing human CB1R (A,C) or CB2R (B,D). (E,F) Competition curves for WIN-55,212-2 in radioligand-based assays using either [3H]-CP-55940
(E) or [3H]-WIN-55,212-2 (F) binding on membranes from CHO cells stably expressing human CB1R or CB2R. Data are expressed as the mean ± SEM of five
independent experiments performed in duplicate. KD (obtained from saturation isotherms) are shown in Table 1.

a homogeneous non-radioactive method performed in living
cells expressing SNAP-CB2R (details in Martínez-Pinilla et al.,
2016; Figure 2C). Unfortunately, the equivalent fluorophore-
conjugated selective CB1R ligand is not available to perform
HTRF assays in SNAP-CB1R-expressing living cells. Competition
assays were performed in HEK-293T cells expressing Lumi4-
Tb-labeled CB2R fused to the SNAP protein and incubated
with a fixed amount of the fluorophore-conjugated agonist and
different CBG concentrations. As observed in Figure 2, both
the unlabelled selective agonist (CM-157) and CBG decreased
the binding to SNAP-CB2R in monophasic fashion and with

K i values in the nanomolar range (16 nM for CM-157 and of
152 nM for CBG; Figures 2D,E). The K i obtained for CM-157
matches with previously reported dissociation constant KD
values (Martínez-Pinilla et al., 2016). These results indicate that
CBG can significantly bind to the orthosteric site of cannabinoid
CB2R at nanomolar concentrations.

Similar experiments were carried out in HEK-293T cells
expressing SNAP-CB2R fusion protein and a similar amount of
CB1R, i.e., in cells that express CB2R in a CB1–CB2 receptor
heteromer context. In the presence of cannabinoid CB1R the K i
for CM-157 was 19 nM (Figure 2F) and K i for CBG was reduced
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TABLE 1 | Affinity values of CB compounds obtained from radioligand binding assays.

[3H]-CP-55940 competition binding experiments [3H]-WIN-55,212-2 competition binding experiments

CB1 – KD (nM) CB2 – KD (nM) CB1 – KD (nM) CB2 – KD (nM)

0.29 ± 0.02 0.32 ± 0.02 9.43 ± 0.83 3.16 ± 0.24

CB1 – Ki (nM) CB2 – Ki (nM) CB1 – Ki (nM) CB2 – Ki (nM)

WIN-55,212-2 8.08 ± 0.65 3.22 ± 0.31 9.86 ± 0.84 3.48 ± 0.27

CBG 1,045 ± 74 1,225 ± 85 >30,000 2,656 ± 130

CBD 1,690 ± 110 1,714 ± 70 >30,000 4,019 ± 342

KD values were obtained from saturation isotherms and Ki from data in competition assays using the indicated radiolabelled compounds ([3H]-CP-55940 or [3H]-WIN-
55,212-2).

(56 nM, Figure 2G). These results indicate that in cells expressing
both cannabinoid receptors, CB1 and CB2, CBG shows higher
affinity for cannabinoid CB2R.

CBG Effects on Cannabinoid
Receptor-Agonist-Induced Effects
Previous reports Gauson et al. (2007), Cascio et al. (2010) suggest
that CBG may be a partial agonist of cannabinoid receptors.
To investigate this possibility, HEK-293T cells expressing CB1R
or CB2R were treated with increasing concentrations of CBG
(1 nM to 10 µM) and cAMP, MAPK, β-arrestin recruitment and
dynamic mass cell redistribution (DMR) assays were developed.
Interestingly, it was observed that in cells expressing CB1R
(Figure 3, blue curves), CBG induced a small decrease in
forskolin induced cAMP levels and a small increase in β-arrestin
recruitment (Figures 3A,C), while having no significant action
on MAPK phosphorylation assay (Figure 3B). Consequently,
CBG in label-free assays induced a slight effect in the DMR
signal (Figure 3D) that is consistent with a G protein-
dependent action on cAMP levels; label-free signal is based
on optical detection of DMR following receptor activation
and mainly reflects G-protein-coupling (Kebig et al., 2009;
Schröder et al., 2009; Hamamoto et al., 2015). On the other
hand, in HEK-293T cells expressing CB2R (Figure 3, red
curves), the action on forskolin-induced cAMP levels and
on the DMR signal was small and similar to that exerted
in CB1R-expressing cells (Figure 3A). On the contrary, the
activation of the MAP kinase pathway was notable (Figure 3B).
Also noteworthy was the CBG-induced β-arrestin recruitment
(Figure 3C). Taken together these data suggest that CBG is
a poor agonist of CB1R, whereas it acts as a partial agonist
in some of the signaling pathways analyzed in cells expressing
CB2R.

To further examine the CBG effect over CB1R, HEK-293T
cells expressing CB1R were treated with the endocannabinoid
agonist, AEA, or with ACEA in the presence or in the absence
of 100 nM or 1 µM CBG. In forskolin-induced cAMP assays
we found that 100 nM or 1 µM CBG pretreatment induced
a significant decrease in both, AEA and ACEA induced effects
(Figure 4A). In contrast, CBG (100 nM or 1 µM) was
unable to modify the agonist-induced MAPK phosphorylation
and β-arrestin recruitment (Figures 4B,C). In label-free DMR
assays the results were similar to those obtained in cAMP

determination assays, i.e., CBG reduced the effect of the agonists
(Figure 4D).

Cannabigerol (100 nM or 1 µM) was also tested in HEK-293T
cells expressing CB2R and using AEA and a receptor selective
agonist, JWH133. Pretreatment with CBG reduced the effects of
AEA and JWH133 in experiments of forskolin-induced cAMP
levels, ERK1/2 phosphorylation and in label-free DMR read-
outs (Figure 4). In contrast, CBG did not affect the recruitment
of β-arrestin induced by agonists (Figure 4G). This last result
may be due to the low sensitivity of the assay as β-arrestin
recruitment BRET signal was virtually negligible. Energy transfer
techniques completely depend on the correct orientation of the
fusion proteins and the reduced signal may be due to poor
recruitment of β-arrestin and/or to a high distance between
BRET donor/acceptor in the putative β-arrestin-Rluc/CB2R-YFP
complex. Thus, CBG in cells activated by endocannabinoids
or by selective agonists behaves as a partial agonist of the
CB2R.

CBG Effect in HEK-293T Cells
Expressing CB1R and CB2R
Experiments were finally performed in cells co-expressing the
two cannabinoid receptors, which are able to form heteromeric
complexes. A CB1–CB2 receptor heteromer print consists of
a negative cross-talk observed in Akt phosphorylation and
neurite outgrowth; i.e., activation of one receptor reduces the
signaling originated upon partner receptor activation (Callén
et al., 2012). To characterize the CBG effect, experiments were
performed in HEK-293T cells expressing the two cannabinoid
receptors. Dose-effect curves were provided for cAMP level
and ERK1/2 phosphorylation determination, and for label-free
DMR signal and β-arresting recruitment. Interestingly, the
effect on cAMP level determination and DMR assays was
additive (Figure 5), i.e., the presence of CBG blunted the
negative cross-talk in these signaling pathways. However,
the negative cross-talk was still evident in both ERK1/2
phosphorylation and β-arrestin recruitment experiments
(Figures 5B,C).

Finally, the effect of 100 nM CBG (100 nM) on AEA, ACEA
and/or JWH133 actions was investigated in cells co-expressing
CB1R and CB2R. CBG pretreatment led to significant effects,
always reducing the effect of the agonists, in cAMP-related assays
(Figure 5E). However, the effect in the other assay types was
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FIGURE 2 | Competition by CBG of agonist binding to CB1R and/or CB2R. (A,B) Competition curves for CBG in radioligand-based assays using either
[3H]-CP-55940 (A) or [3H]-WIN-55,212-2 (B) binding on membranes from CHO cells stably expressing human CB1R or CB2R. (C) Scheme of the HTRF-based
competitive binding assay. The GPCR of interest with the SNAP-tagged enzyme fused to its N-terminal domain is expressed at the cell surface. SNAP is a
commercially available tag consisting of circa 180 amino acids, that can be labeled with fluorophores or other probes in a covalent fashion. The GPCR–SNAP-tagged
cells are subsequently labeled with a Tb-containing probe (SNAP-Lumi4-Tb) through a covalent bond between the Tb and the reactive side of the SNAP enzyme.
The Tb acts as FRET donor of an acceptor covalently linked to a selective CB2 receptor ligand. Thus, upon binding of a fluorophore-conjugated ligand (FRET
acceptor) on the donor-labeled SNAP-tagged/GPCR fusion protein, an HTRF signal from the sensitized acceptor can be detected since the energy transfer can
occur only when the donor and the acceptor are in close proximity. In competition binding assays using CM-157, the unlabelled specific ligand competes for receptor
binding site with the fluorophore-conjugated ligand, leading to a decrease in the HTRF signal detected. (D–G) HEK-293T were transiently transfected with 1 µg
cDNA for SNAP-CB2R in the absence (D,E) or presence of 0.5 µg cDNA for CB1R (F,G). Competition curves of specific binding of 20 nM fluorophore-conjugated
CM-157 using CM-157 (0–10 µM) (D,F) or of CBG (0–10 µM) (E,G) as competitors are shown. Data represent the mean ± SEM of five experiments in triplicates.

Frontiers in Pharmacology | www.frontiersin.org 8 June 2018 | Volume 9 | Article 632

https://www.frontiersin.org/journals/pharmacology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles


Navarro et al. Cannabigerol Action at Cannabinoid Receptors

FIGURE 3 | Cannabigerol action in cells expressing CB1R or CB2R. HEK-293T cells were transfected with 0.75 µg cDNA for CB1R (red line) or 1 µg cDNA for CB2R
(blue line). Dose–effect curves for cAMP production are expressed as % of levels obtained by 0.5 µM forskolin treatment (A). Dose-effect curves for ERK1/2
phosphorylation are expressed as % respect to basal levels (B). Dose-effect curves for β-arrestin recruitment (C) and label-free (D) assays are expressed,
respectively, in mBRET units and pm. In β-arrestin-2 recruitment assays cells were transfected with 1 µg cDNA for β-arrestin-Rluc and either 0.75 µg cDNA for
CB1R-YFP or 1 µg cDNA for CB2R-YFP. Data are the mean ± SEM of a representative experiment in triplicates (n = 6).

negligible except for the negative modulation of the ACEA effect
on ERK1/2 phosphorylation and DMR, and of the AEA effect on
DMR read-outs (Figures 5F–H). Therefore, CBG either blunted
the cAMP-dependent signaling or did not significantly alter
the negative cross-talk when other CB1/CB2-mediated signaling
read-outs were determined (see Figures 5B,C). It should be noted
that cross-talk at the intracellular signaling level, cannot be ruled
out to partly explain some of the findings (Bayewitch et al., 1995;
Wartmann et al., 1995; Mcguinness et al., 2009; Peters and Scott,
2009; Van Der Lee et al., 2009).

DISCUSSION

The aim of this paper was to comparatively address CBG
pharmacology and effects on CB1 and CB2 receptors, and on
CB1–CB2 heteroreceptor complexes. The binding experiments
using radiolabelled- and non-radiolabelled-based approaches
have provided relevant results. The results on CB2R are clear
an indicate that CBG acts as a competitive partial agonist
ligand. There is, however, an interesting observation as the
K i values for competing both [3H]-CP-55940 and [3H]-WIN-
55,212-2 are in the low micromolar range (Table 1), whereas
displaying a value of 152 nM in HTRF-based assays. As pointed
out in previous reports, the conditions of the approach using a
fluorescent-conjugated CM-157 allows identification of different
states of the receptor. Irrespective of the molecular mechanism,
the marked differences in affinity constants suggest different

ways to accommodate the ligand within the orthosteric center.
To our knowledge this is the first report performed in parallel
binding assays using three different ligands that reportedly
bind to the orthosteric center of the CB2R ([3H]-CP-55940,
[3H]-WIN-55,212-2 and fluorescence-conjugated-CM-157). In
summary, the most reasonable assumption is that CBG binds
to the orthosteric center of CB2R but with marked differences
in affinity depending on the assay. It should be noted that
differences in affinity may result from the fact that HTRF binding
is performed in living cells whereas radioligand binding assays
are performed in isolated membranes. The already existing
data concerning CBG affinity for CB1 and CB2 receptors, all
performed using [3H]-CP-55940 also indicate that the affinity
may vary depending on the context of the receptor, by inter alia
the constraints of the membrane, heteromerization or interaction
with G-proteins. Comparing our results with similar data using
[3H]-CP-55940, the affinity is higher for receptors expressed in
HEK-293 cells or in brain membranes (Gauson et al., 2007;
Pertwee, 2008; Pollastro et al., 2011) that in receptors expressed
in CHO cells (Table 1). In competition assays of radioligand
binding to CB1R or to CB2R, affinity for CBG is similar to
that previously published (Gauson et al., 2007; Pertwee, 2008),
except in the case of Sf9 cells (K i: 897 and 153 nM for,
respectively, CB1R and CB2R). This piece of data would indicate
conformational changes induced by third molecules that affect
the binding of the radioligand and/or of CBG. In fact, Sf9 are
insect cells that do not express the cognate Gi protein and,
therefore, Gαi3β1γ2 was heterologously expressed to perform the
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FIGURE 4 | Effect of CBG on the action of CB1R and CB2R agonists. (A–D) HEK-293T cells were transfected with 0.75 µg cDNA for CB1R and treated with
100 nM AEA or a selective CB1R ligand (100 nM ACEA) in the absence (black bars) or presence of 100 nM (white bars) or 1 µM (gray bars) CBG. (E–H) HEK-293T
cells were transfected with 1 µg cDNA for CB2R and treated with 100 nM AEA or a selective CB2R ligand (100 nM JWH133) in the absence (black bars) or presence
of 100 nM (white bars) or 1 µM (gray bars) CBG. cAMP production (A,E) is expressed as % of levels obtained by 0.5 µM forskolin. ERK1/2 phosphorylation data are
expressed as % respect to basal levels (B,F). In β-arrestin-2 recruitment assays cells were transfected with 1 µg cDNA for β-arrestin-Rluc and either 0.75 µg cDNA
for CB1R-YFP or 1 µg cDNA for CB2R-YFP. Data for β-arrestin recruitment (C,G) and label-free (D,H) assays are expressed, respectively, in mBRET units and pm.
Data represent the mean ± SEM of six different experiments performed with six replicates. One-way ANOVA and Bonferroni’s multiple comparison post hoc test
were used for statistical analysis (∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001; versus treatment with AEA, ACEA, or JWH133 alone).

binding assays that led to different affinities for CBG (897 and
153 nM for, respectively, CB1R and CB2R) (Rosenthaler et al.,
2014).

The results from binding to the CB1R are not very robust and
more difficult to interpret. Unfortunately, there are no ligands
available to perform HTRF binding to SNAP-CB1R-expressing
living cells, whereas the data from competition assays using [3H]-
CP-55940 or [3H]-WIN-55,212-2 were contradictory. On the one
hand, the K i for binding to the CB1R using [3H]-CP-55940 was
in the low micromolar range, as it occurred with data from
radioligand binding to the CB2R. However, CBG was unable to
compete [3H]-WIN-55,212-2 binding to the CB1R. Taking into
account that recognition sites for CP-55940 and WIN-55,212-2
are not identical in the CB1R, one possibility is that CBG binds
to the orthosteric center but displaying different equilibrium
binding parameters depending on the radioligand. It was early
observed that Lys192 in the CB1R third transmembrane domain
(TM3) was crucial for binding of CP-55940 and AEA but not
for WIN-55,212-2 (Bonner et al., 1996; Chin et al., 1998). Later,
in silico models pointed to an hydrophobic pocket for CP-55940

binding that involved residues in different transmembrane
domains (not only in TM3) and in the second extracellular loop
(Shim et al., 2003). Those models showed that WIN-55,212-2
not only binds to the hydrophobic pocket described for CP-
55940 but to another hydrophobic region involving residues
in TM2 and TM3 (Shim and Howlett, 2006). The structure
of CBG is more similar to CP-55940 than to WIN-55,212,2,
bearing an OH in the A ring that may interact with the TM3
Lys192 residue. In brief, CBG binds to the orthosteric center
of CB1R as indicated by the fact that CBG affects CP-55940
binding without affecting the binding of [3H]-WIN-55,212-2.
In other words, CBG was able to distinguish between two
subregions of the CB1R orthosteric center. We therefore suggest
that pharmacological studies concerning the CB1R should be
run in parallel using radiolabelled CP-55940 and WIN-55,212-
2. Interestingly CP-55940 and WIN-55,212-2 are able to fix the
CB1R in two different conformations (Georgieva et al., 2008)
and, therefore, CBG would affect more the conformation and
signaling arising from occupation of the CP-55940 binding site.
Other possibilities cannot be ruled out and, in this respect,
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FIGURE 5 | Effect of CBG in cells expressing CB1 and CB2 receptors. (A–D) Effect of CBG in HEK-293T cells transfected with 0.75 µg cDNA for CB1R and 1 µg
cDNA for CB2R (A,B,D) or 1 µg cDNA for β-arrestin-Rluc, 0.75 µg cDNA for CB1R and 1 µg cDNA for CB2R-YFP (C). Dose–effect curves for cAMP production are
expressed as % of levels obtained by 0.5 µM forskolin treatment (A). Dose-effect curves for ERK1/2 phosphorylation are expressed as % respect of basal levels (B).
Dose-effect curves for β-arrestin recruitment (C) and label-free (D) assays are expressed, respectively, in mBRET units and pm. Dotted lines (red and blue) are the
same than those shown in Figure 3 and serve as a reference for differential effects in cells coexpressing both receptors. Data are the mean ± SEM of a
representative experiment in triplicates (n = 6). (E–H) HEK-293T cells transfected with 0.75 µg cDNA for CB1R and 1 µg cDNA for CB2R (E,F,H) or 1 µg cDNA for
β-arrestin-Rluc, 0.75 µg cDNA for CB1R and 1 µg cDNA for CB2R-YFP (G) were treated with 100 nM AEA or a selective CB2R ligand (100 nM JWH133) in the
absence (black bars) or presence (white bars) of 100 nM CBG. cAMP production (E) is expressed as % of levels obtained by 0.5 µM forskolin. ERK1/2
phosphorylation data are expressed as % respect of basal levels (F). Data for β-arrestin recruitment (G) and label-free (H) assays are expressed, respectively, in
mBRET units and pm. Data represent the mean ± SEM of six different experiments performed with three replicates. One-way ANOVA and Bonferroni’s multiple
comparison post hoc test were used for statistical analysis (∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001; versus treatment with AEA, ACEA, or JWH133 alone).

we assayed CBD in competition assays and obtained similar
results than those obtained using CBG (Table 1). Accordingly,
CBG could act on CB1R (but not on CB2R) as non-competitive
(allosteric) modulator, as described for CBD (Laprairie et al.,
2015).

When one compound binds to the orthosteric center and
affects several signaling pathways with different potency as in the
case of CBG in cells expressing CB1R, the phenomenon is known
as functional selectivity or biased agonism. In cells expressing
CB1R, CBG effect is skewed toward the Gi-mediated signaling
pathway. This is in agreement with our finding of significant
effect in label-free assays; often DMR signals correlate with effect
on cAMP levels in the case of receptors coupled to Gi or Gs
proteins (Grundmann and Kostenis, 2015a,b; Hamamoto et al.,
2015). It is, however, intriguing that CBG was unable to displace
the binding of [3H]-WIN-55,212-2 to the CB1R. Therefore, an
action of CBG on a particular state of the receptor, which,
in the case of CB2R may be disclosed by HTRF binding in
living cells (Martínez-Pinilla et al., 2016), cannot be ruled out.
Taking together all results, an allosteric action of CBG on the
CB1R would not explain why it is able to engage Gi –mediating

signaling. Another possibility, which was suggested for AM630,
a previously considered CB2R antagonist (Bolognini et al.,
2012), is that CBG is a protean agonist displaying biased
agonism.

Data from CB2R-mediated functional assays were easier to
interpret. First of all, the efficacy was lower compared to selective
synthetic agonists and endocannabinoids. Also, CBG led to
biased agonism as the effect on cAMP levels was small while
being quite marked in ERK phosphorylation and β-arrestin
recruitment. Therefore, CBG acted as a partial agonist and, as
such, it was able to reduce the effects of other cannabinoid
agonists. At 1 µM the effect of CBG on receptor activation by
other agonists was similar to that exerted by 100 nM (Figure 4)
thus suggesting that the effective affinity in living cells is that
obtained in HTRF non-radioactive-based assays.

Due to the complex pharmacology of cannabinoids this
research was undertaken to investigate whether CBG could
be exerting a differential action on the CB1–CB2 receptor
heteromers. Previous data have shown that the interplay between
the two receptors in an heteromeric context is also complex.
Whereas Callén et al. (2012) showed a negative cross-talk in
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a heterologous expression system, the allosteric interaction in
the CB1–CB2 heteroreceptor complex is synergistic in primary
cultures of activated microglia activated with LPS and interferon
gamma and in primary cultures of microglia from a transgenic
model of Alzheimer’s disease (Navarro et al., 2018a). Dose-
effect experiments here undertaken in the HEK-293T-based
heterologous expression system showed that CBG treatment in
the absence of any other agonist, led to additive/synergistic
effects on cAMP and label-free read-outs. In contrast, in
ERK phosphorylation and β-arrestin recruitment, we found the
negative cross-talk already described for this heteromer when
full agonists are used to activate the receptors (Callén et al.,
2012). These results suggest that partial agonism on the CB2R
is regulated by the presence of CB1R; however, more complex
alternative scenarios cannot be ruled out as CBG may act on the
orthosteric site of the CB2R protomer and as protean agonist of
the CB1R protomer. In cells expressing the two receptors, the
overall effect of 100 nM CBG on agonist-induced activation is
more consistent with acting on CB2R than on CB1R. In fact, the
results in co-expressing cells, which likely express heteromers,
are similar to those encountered in CB2R-expressing cells. In
summary, CBG significantly modulates CB2R- or CB1R/CB2R-
mediated endocannabinoid action, while the effects are weak in
CB1R-expressing cells. Our findings demonstrating the action of
CBG on the cannabinoid receptors are in complete agreement
and may explain the in vitro results, reporting the protection of
macrophages against oxidative stress (Giacoppo et al., 2017), and
the beneficial in vivo effects in a model of inflammatory bowel
disease (Borrelli et al., 2013). In the first of these two studies
CBG-mediated protection is blocked by AM630, a selective
CB2R ligand, whereas the CB1R antagonist, SR141716A, had
no effect on CBG action (Giacoppo et al., 2017). The second
study reported that CBG may both reduce the histological and
molecular changes of experimental colitis and nitrite release
from macrophages after LPS stimulation; again these effects were
seemingly mediated by CB2R (Borrelli et al., 2013). These results
can be explained by our findings; CBG acting as a partial agonist

and exerting actions via CB2R in macrophages (Giacoppo et al.,
2017) or “antagonizing” the effects of endogenous or synthetic
cannabinoids, as in LPS-stimulated macrophages (Borrelli et al.,
2013). In conclusion, the results presented in this study reveal
that the non-psychotropic phytocannabinoid, CBG, may exert
beneficial actions with therapeutic potential via cannabinoid
receptors.
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3.3 Expression of cannabinoid CB1R–GPR55 heteromers in neuronal subtypes of the Macaca fascicularis 
striatum. 
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Navarro, Gemma, Rafael Franco, Rafael y José Luis Lanciego.  
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42. 

El receptor cannabinoide CB1 es el receptor mayoritario del sistema endocannabinoide y, 
además, es el receptor acoplado a proteína G más expresado en el sistema nervioso central, 
lo que le permite ejercer una función neuromoduladora. Se ha caracterizado la expresión de 
complejos heteroméricos compuestos por los receptores CB1 y GPR55 en el cuerpo estriado. 
El objetivo de nuestro estudio consiste en la caracterización de la expresión de los 
heterómeros CB1R-GPR55 en los ganglios basales de los primates Macaca fascicularis tanto 
en las neuronas de proyección del estriado como en las interneuronas, empleando la técnica 
de ensayo de ligación por proximidad in situ (PLA). Para la identificación de la población de 
neuronas que proyectan el estriado se utilizó un trazador neuroanatómico retrógrado, la 
amina de dextrano biotinilada (BDA), inyectado en las subdivisiones externas o internas del 
globo pálido. Se pudieron detectar 1) neuronas marcadas con BDA, 2) heterómeros CB1R-
GPR55 mediante PLA y 3) interneuronas estriales positivas para colina acetiltransferasa, 
parvalbúmina, calretinina u óxido nítrico sintasa. Se detectaron heterómeros CB1R-GPR55 en 
ambos tipos de neuronas de proyección, así como en todas las interneuronas, con la 
excepción de las neuronas colinérgicas. Serán requeridos estudios posteriores para 
determinar la capacidad terapéutica de los heterómeros CB1R-GPR55 en enfermedades que 
guardan relación con los desequilibrios del control motor, como la enfermedad de Parkinson. 
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The cannabinoid CB1 receptor (CB1R) is the most abundant G protein–coupled receptor in the central nervous
system, consistent with the important role of endocannabinoids as neuromodulators. Cannabinoids also modulate
the function of G protein–coupled receptor 55 (GPR55), which forms heteroreceptor complexes with the CB1R in
the striatum. The aim was to characterize cannabinoid CB1R–GPR55 heteromers (CB1R/GPR55Hets) in the basal
ganglia input nuclei of nonhuman primates,Macaca fascicularis, both in projection neurons and interneurons, by
the in situ proximity ligation assay. Striatal projecting neurons were identified by the retrograde neuroanatomical
tracer, biotinylated dextran amine (BDA), injected into external or internal subdivisions of the globus pallidus.
Triple immunofluorescent stains were carried out to visualize (1) BDA-labeled neurons, (2) CB1R/GPR55Hets,
and (3) striatal interneurons positive for choline acetyltransferase, parvalbumin, calretinin, or nitric oxide syn-
thase. CB1R/GPR55Hets were identified within both types of projection neurons as well as all interneurons except
those that are cholinergic. Moreover, CB1R/GPR55Hets were found specifically in the neuronal cell surface, and
also in intracellular membranes. Further research efforts will be needed to confirm the intracellular occurrence of
heteromers and their potential as therapeutic targets in diseases related to motor control imbalances, particularly
within a parkinsonian context (with or without levodopa-induced dyskinesia).

Keywords: G protein–coupled receptor (GPCR); heteromer; biotinylated dextran amine; projection neurons;
interneurons; cannabinoid receptor; CB1

Introduction

Endocannabinoids acting on cannabinoid CB1
and CB2 receptors regulate neurotransmission and
synaptic plasticity in the basal ganglia (BG) (see

aThese authors contributed equally to this manuscript.

Giuffrida and Seillier for review, Ref. 1). The
cannabinoid CB1 receptor (CB1R), which is a mem-
ber of the G protein–coupled receptor (GPCR)
superfamily, is considered the most abundant
GPCR in neurons of the mammalian central ner-
vous system (CNS) and, therefore, drugs that acti-
vate or block receptor function do have functional

doi: 10.1111/nyas.14413
34 Ann. N.Y. Acad. Sci. 1475 (2020) 34–42 © 2020 New York Academy of Sciences.



Martínez-Pinilla et al. Cannabinoid CB1R and GPR55 in the primate striatum

consequences in the CNS.2–5 Consequently, nat-
ural and synthetic cannabinoids have been pro-
posed as medicines targeting neurodegenerative
diseases engaging, among others, motor control–
related brain areas.6,7
GPR55 (G protein–coupled receptor 55) was first

considered a third cannabinoid receptor because its
signaling is modulated by cannabinoids and there
was a significant degree of amino acid sequence
similarity around the ligand-binding site.8 Later,
it was discovered that cannabinoid action may
occur via an allosteric center, while the orthos-
teric centermay accommodate an endogenous com-
pound, lysophosphatidylinositol.9 GPR55 is widely
expressed in both CNS neurons and glial cells.
Specifically, mRNA transcripts have been detected
in neurons of human caudate and putamen nuclei,
and of the hippocampus, thalamic nuclei, and mid-
brain regions of rodent brains.10,11 AlthoughGPR55
function is still poorly characterized, knockoutmice
for GPR55 show impairedmotor coordination, thus
suggesting an important role of this receptor in
controlling events taking place within BG neural
networks.12 Relevant for the present study is the
fact that mapping GPR55 expression in the primate
brain still remains to be addressed.

Heteromerization of GPCRs on the cell surface
has opened a new field of research since GPCR
heteromers are known to constitute novel func-
tional units, that is, their functionality is differ-
ent from that of each receptor when considered
separately.13,14 In particular, G protein coupling and
further cytocrin signaling pathways are affected
by the activation of receptors in a heteromeric
context.15 We have previously demonstrated that
the CB1R may heteromerize with GPR55 and that
heteromerization affects receptor functionality in
rodent models.16,17 Taking advantage of our atlas of
the Macaca fascicularis brain18 and our experience
in dealing with neuroanatomical tracers,19,20 here,
we aimed to adequately characterize the expression
of CB1R–GPR55 heteromers (CB1R/GPR55Hets)
within the identified subtypes of striatal neurons
comprising both projection neurons and interneu-
rons.

Materials and methods

To the best of our knowledge, this manuscript
adheres to the guidelines detailed elsewhere.21 Stud-
ies were designed to generate groups of equal

sizes, using randomization and blinded analysis.
Immunological-based assays were conducted in full
keeping with guidelines detailed in Ref. 22.

Animals
A total of six naive young adult male M. fascicu-
laris primates (body weight 3.5–4.7 kg) were used
in this study. Animal handling was conducted at
all times in accordance with the European Council
Directive 2010/63/UE aswell as in keepingwith cur-
rent Spanish legislation (RD53/2013). The experi-
mental design was reviewed and approved by the
Ethical Committee for Animal Testing of the Uni-
versity ofNavarra (protocol ref: 009/12). All animals
were captive-bred and supplied by R.C. Hartelust
(Leiden, the Netherlands).

Ventriculography-assisted stereotaxic surgery
for tracer delivery
The stereotaxic atlas of Lanciego andVázquez18 was
used to allocate proper coordinates of tracer injec-
tion into the internal and external divisions of the
globus pallidus (GPi and GPe, respectively). Target
selection was assisted by ventriculography, ensur-
ing appropriate targeting of either the GPi or GPe.
Coordinates for the GPi nucleus were 3.5 mm cau-
dal to the anterior commissure (ac), 1.5 mm ven-
tral to the bicommisural plane (ac-pc plane), and
6mm lateral to themidline. Coordinates for theGPe
nucleus were 3.5 mm caudal to ac, 1.5 mm dorsal
to the ac-pc plane, and 8.5 mm lateral to the mid-
line. Animals received a single pressure injection of
1 μL of biotinylated dextran amine (BDA; 10 kDa,
lysine fixable; D-1956, Molecular Probes, Invitro-
gen) through aHamilton R© syringe (5mg/mL in 0.01
Mphosphate buffer (PB) at neutral pH) in either the
GPi or the GPe nuclei. Tracer delivery was carried
out in pulses of 0.1 μL/2 min and once completed,
the microsyringe was left in place for 15 min before
withdrawal to minimize tracer reflux through the
injection tract.

The survival time should be adapted to the
length of the pathway being studied. There is little
information available on the detectability of BDA as
a function of the survival time, but it seems that it
has a wide range.23–28 The BDA’s longest reported
survival time is 7 weeks for squirrel monkeys. In
our case, 2 weeks were enough to obtain consistent
staining.

35Ann. N.Y. Acad. Sci. 1475 (2020) 34–42 © 2020 New York Academy of Sciences.
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Tissue processing
Twoweeks postinjection, animals were anesthetized
with an overdose of anesthesia and perfused tran-
scardially. The perfusates were made of a saline
Ringer’s solution followed by 3000 mL of a fix-
ative solution containing 4% paraformaldehyde
and 0.1% glutaraldehyde in 0.125 M PB at neu-
tral pH. Perfusion was continued with 1000 mL
of a cryoprotectant solution made of 10% glyc-
erin and 1% of dimethyl sulfoxide (DMSO) in
0.125 M PB, pH 7.4. Once perfusion was com-
pleted, the brain was removed and stored in a cry-
oprotective solution containing 20% glycerin and
2% DMSO for 48–72 hours. Finally, 10 series of
frozen coronal adjacent sections (40-μm thick)
were obtained in a sliding microtome. These series
were used for (1) the in situ proximity liga-
tion assay (PLA) counterstained with TO-PROR©-3;
(2) histochemical detection of transported BDA
counterstained with the Nissl method; (3) fluores-
cent detection of transported BDA combined with
the PLA-mediated detection of CB1R/GPR55Hets;
(4) immunofluorescent detection of neurons pos-
itive for choline acetyltransferase (ChAT), com-
bined with BDA tracing and PLA detection of
CB1R/GPR55Hets; (5) immunofluorescent detec-
tion of neurons positive for parvalbumin (PV),
combined with BDA tracing and PLA detection
ofCB1R/GPR55Hets; (6) immunofluorescent detec-
tion of neurons positive for calretinin (CR), com-
bined with BDA tracing and PLA detection of
CB1R/GPR55Hets; (7) immunofluorescent detec-
tion of neurons positive for nitric oxide synthase
(nNOS), combined with BDA tracing and PLA
detection of CB1R/GPR55Hets; and (8) control
stains assessing the specificity of the PLA method
for the detection of CB1R/GPR55Hets. The remain-
ing two series of sections were stored at −80 °C as
backup materials for further processing, if needed.
Detection of transported BDAwas carried out by

90 min of incubation in HRP-conjugated strepta-
vidin (1:5000; Sigma) and finally visualized with a
nickel-enhanced solution of DBA (Sigma). Sections
were mounted on gelatin-coated slides, air-dried,
counterstained with the Nissl method, and finally
coverslipped with Entellan R© (Merck).

The PLA method
Proximity probes consisted of affinity-purified anti-
bodies modified by covalent attachment of the 5′

end of various nucleotides to each primary anti-
body. PLA probes were prepared by conjugating a
rabbit anti-CB1R antibody (ref: PA1-745, Thermo
Scientific, Rockford, IL) raised against the first 77-
amino acid (extracellular) sequence of the rat recep-
tor with a PLUS oligonucleotide (Duolink R© In Situ
Probemaker PLUS; DUO92009, Sigma) and a rabbit
anti-GPR55 antibody (10224, Cayman Chemical)
raised against the human 207–219 sequence (inter-
nal cytoplasmic region) with a MINUS oligonu-
cleotide (Duolink In Situ Probemaker MINUS;
DUO92010, Sigma) according to themanufacturer’s
guidelines. Using a heterologous expression sys-
tem in which the human version of the recep-
tors was expressed, we have previously shown that
the anti-CB1R antibody does not recognize GPR55
and vice versa (the M. fascicularis DNA sequence
of GPCR genes is almost undisguisable from the
human sequence).17,29 In Figure 1, another anti-
CB1R antibody was also used, a polyclonal antibody
raised against a C-terminal region (461–472 amino
acid sequence) of the human receptor (ab23703,
Abcam).

Tissue sections containing the caudate and
putamen nuclei were used for the detection of
CB1R/GPR55Hets with the PLA technique. Briefly,
free-floating sections were incubated for 1 h at 37 °C
with the blocking solution, followed by overnight
incubation at 4 °C with the PLA probe–linked anti-
bodies (at a final concentration of 75 μg/mL). After
washing with buffer A (wash buffer A, DUO82047;
Sigma), samples were immersed for 1 h in a 1:400
solution of TO-PRO-3 (T3605; Molecular Probes-
Invitrogen). GPCR heteromers were detected using
theDuolink II In Situ PLA detection kit (Duolink In
Situ Detection Reagents Red; DUO92008, Sigma).
Sections were washed with buffer A and incubated
with the ligation solution for 1 h at 37 °C in a humid-
ity chamber. After washing with buffer A, sections
were incubated with the amplification solution for
100 min at 37 °C and then washed with buffer
B (wash buffer B; DUO82048; Sigma). Sections
were finally mounted using an aqueous mount-
ing medium. Appropriate negative control assays in
which one of the antibodies was missing were car-
ried out to ensure that there was a lack of non-
specific labeling and amplification; similar negative
controls have been previously reported using the
same antibodies (see Fig. 2 in Ref. 17 and Fig. 5 in
Ref. 29).
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Figure 1. Validation of antibodies for PLAs. Expression of heteromers in striatal sections using two different anti-CB1R anti-
bodies. (A) Striatal neurons showing PLA label for CB1R/GPR55Hets using a rabbit antibody raised against the N-terminus of
the CB1R and with a rabbit anti-GPR55 antibody. (B) Striatal neurons showing PLA label for CB1R/GPR55Hets detected using
a rabbit anti-GPR55 antibody and a goat antibody raised against the C-terminal domain of the CB1R. Nuclei are labeled with
TO-PRO-3. Scale bar 50 μm.

The PLA method combined with the
detection of neuronal markers
The identity of striatal neuron subtypes (pro-
jection neurons and interneurons) expressing
CB1R/GPR55Hets was carried out by combining
the PLA technique with both BDA histochemistry
and the immunofluorescent detection using spe-
cific markers for striatal interneurons. The PLA
technique was conducted first, followed by the
fluorescent detection of BDA and then by stains
for different interneuron subtypes. Cholinergic
interneurons were detected with a goat anti-ChAT
primary antibody (1:1000; AB144P, Millipore)
followed by an Alexa Fluor R© 633–tagged donkey
anti-goat IgG (1:200; A-21082, Thermo Scientific).
For PV detection, a rabbit anti-PV antibody was

used first (1:250; AB15736, Millipore), followed
by an Alexa Fluor 647–coupled donkey anti-rabbit
IgG (1:200; A-31573, Thermo Scientific). CR-
positive neurons were detected with a goat anti-CR
primary antibody (1:500; AB1550, Millipore) fol-
lowed by an Alexa Fluor 633–coupled donkey
anti-goat IgG (1:200; A-21082, Thermo Scientific).
Finally, nNOS-positive neurons were visualized
by incubation with a rabbit anti-nNOS primary
antibody (1:500; AB5380, Millipore) and then with
an Alexa Fluor 647–coupled donkey anti-rabbit
IgG (1:200; A-31573, Thermo Scientific). Striatal
projection neurons retrogradely labeled with BDA
were visualized with an Alexa Fluor 488–coupled
streptavidin (1:100; S32354, Molecular Probes,
Invitrogen).
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Figure 2. Expression of CB1R-GPR55 heteromers within striatal projecting neurons. CB1R/GPR55Hets within a striatal neuron
innervating the GPe nucleus (A) and within a striatal neuron projecting to the GPi nucleus (B). Heteromers were only found in
the cell soma, and not in proximal and/or distal dendrites.

Results

Expression of CB1R–GPR55 heteromers in
striatal projecting neurons and striatal
interneurons
The experimental approach was designed to iden-
tify neuronal types that express CB1R/GPR55Hets.
While the in situ PLA was used to detect the pres-
ence of receptor heteromeric complexes, interneu-
rons were visualized by means of immunohisto-
chemical procedures and striatal medium-sized
spiny neurons (MSNs) were identified by the retro-
grade transport of the neuroanatomical tracer BDA.
The in situ PLA is instrumental to detect

receptor–receptor interactions in a natural sys-
tem. Thus, red clusters in PLA assays proved
the occurrence of CB1R/GPR55Hets in a sig-
nificant number of striatal neurons. The speci-
ficity of the signal was addressed by using
a negative control (lack of one of the pri-
mary antibodies, not shown) and by using two
different anti-CB1R antibodies recognizing two
different domains of the receptor. As shown in

Figure 1, the results obtained using each of the two
antibodies were similar. For further experiments,
the antibody raised against the first 77-amino
acid (extracellular) sequence of the rat receptor
was selected (versus the antibody recognizing an
intracellular region (see the Materials and methods
section)). On the one hand, the selected antibody
is the same used in previous studies in which
CB1R-containing heteromers were detected.17,29
On the other hand, we reasoned that specificity
would be maximized by using antibodies against
two different regions of the assayed GPCR, namely,
an extracellular domain in the case of the CB1R and
an intracellular domain in the case of GPR55.

We next addressed the expression of
CB1R/GPR55Hets by injecting BDA into either
the GPe or the GPi nuclei. Analysis of the expres-
sion of CB1R/GPR55Hets within striatal neurons,
retrogradely labeled with BDA, showed that het-
eromers were expressed in the cell soma of neurons
labeled by the tracer, without being found in
dendrites (Fig. 2).

38 Ann. N.Y. Acad. Sci. 1475 (2020) 34–42 © 2020 New York Academy of Sciences.



Martínez-Pinilla et al. Cannabinoid CB1R and GPR55 in the primate striatum

Figure 3. Expression of CB1R-GPR55 heteromeric complexes in different subtypes of striatal projection neurons and interneu-
rons. Triple immunofluorescent stains were performed to detect CB1R/GPR55Hets (by PLA), BDA-labeled neurons, and striatal
interneurons positive for eitherChAT, PV,CR, or nNOS. PV+ neurons are by far the striatal neuron subtype containing the highest
amount of heteromers.

Besides MSNs, the striatum contains up to
four main types of interneurons, namely, cholin-
ergic (ChAT+), PV-positive (PV+), CR-positive
(CR+), and nNOS-positive (nNOS+). Accord-
ingly, we identified CB1R/GPR55Hets–expressing
interneurons by the PLA technique followed by
an immunofluorescent stain using reagents that
label the different neuronal subtypes. In short,
triple immunofluorescent stains were carried
out to visualize (1) BDA-labeled neurons, (2)
CB1R/GPR55Hets, and (3) striatal interneu-
rons positive for ChAT, PV, CR, or nNOS.
CB1R/GPR55Hets were found in interneurons
positive for PV, CR, and nNOS, whereas ChAT+

interneurons lacked CB1R/GPR55Het expression
(Fig. 3). Furthermore, when compared with any
other striatal neuron subtype (either projection
neurons and interneurons), it is worth noting that
PV+ neurons were found to be the ones showing
the highest density of CB1R/GPR55Hets.
In summary, CB1R/GPR55Hetswere found in the

projecting MSNs, as well as in most of the identi-
fied subtypes of striatal interneurons (those express-
ing PV, CR, or nNOS), with the only exception of
ChAT+ interneurons.

Discussion

Mapping ionotropic and metabotropic receptors
across theCNSwas one of the seminal achievements
to know the molecular basis governing neurotrans-
mission and brain circuitry. Similarly, mapping
dopaminergic receptors and dopamine-producing
neurons allowed to propose a first model of motor
control, basically constituted by dopaminergic neu-
rons in the substantia nigra, BG pathways, and the
BG output neurons that project to the thalamus.30
Input information (mainly arising from glutamater-
gic corticostriatal and thalamostriatal projections)
is processed at the level of the striatum through both
GABAergic MSNs and striatal interneurons.31–33

The simplest model of motor control considers
two striatal pathways, known as direct and indi-
rect. The first contains dopamine D1 receptor–
expressing neurons projecting “directly” to GPi,
and the second contains dopamine D2 receptor–
expressing neurons projecting “indirectly” to the
GPe. However, it should be noted that in non-
human primates, both striatofugal pathways are
known to be highly collateralized, as reported
by Lévesque and Parent.34 The model was also
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challenged by the discovery of projecting neurons
containing bothD1 andD2 receptors thatmay inter-
act to form D1–D2 receptor heteromers in rodents
and primates.35–37 Differential expression of these
heteromers, depending on the gender, results in sig-
nificant changes in protein kinase B/glycogen syn-
thase kinase 3/β-catenin and brain-derived neu-
rotrophic factor/tyrosine receptor kinase B signal-
ing pathways, making female more predisposed
than male rats to anxiety and depression-like
behavior.38 As one might expect, the BG motor
control circuitry is more complex in primates than
in rodents. Single-axon tracing studies in squirrel
monkeys showed that most of the neurons from
the putamen and caudate nuclei were projecting to
both GPi and GPe.34 In other words, virtually all
striatofugal neurons in nonhuman primates project
into the GPe and, in fact, there are no neurons that
exclusively innervate the GPi or substantia nigra
pars reticulata or both. This means that compared
with rodents, primates do not have a pathway that
can be considered as “direct.” In humans, dysregu-
lation of the whole system by the lack of dopamine
production, owing to the progressive death of nigral
dopaminergic neurons, results in the appearance of
cardinalmotor symptoms that typically characterize
Parkinson’s disease (PD).
Cumulative evidence during the past two decades

using animal models of PD sustained the therapeu-
tic potential of cannabinoids as drugs to combat
PD symptoms and, eventually, to delay disease
progression,6,7 since (1) cannabinoids target neu-
ronal cannabinoid CB1R and regulate GPR55
function, and (2) these two GPCRs may interact to
form novel functional units. By taking advantage
of the PLA technique in combination with retro-
grade tract-tracing and the immunofluorescent
detection of striatal interneurons, the expression
of CB1R/GPR55Hets was here addressed in the
different neuronal types existing in the striatum
of the nonhuman primate, an experimental ani-
mal often considered as the gold standard in the
field of animal models of PD. Accordingly, once
the presence of CB1R/GPR55Hets complexes was
assessed within different subtypes of striatal neu-
rons, further research effort is needed to ascertain
potential changes, if any, in their expression when
considering parkinsonian animals (with or without
levodopa-induced dyskinesia).

Our results show that CB1R/GPR55Hets are
expressed in all neuronal cell types, except
in ChAT+ interneurons. The occurrence of
CB1R/GPR55Hets in BDA-labeled projecting
neurons indicates that they are expressed in MSNs
projecting to the GPi and/or to the GPe. In pro-
jection neurons, CB1R/GPR55Hets were found
in the cell soma, and not in dendrites. Striatal
interneurons positive for PV, CR, and nNOS also
contain CB1R/GPR55Hets. The highest amount of
these heteromers was found in PV+ interneurons,
followed by CR+ interneurons, and then nNOS+

interneurons.
The result concerning the widespread expres-

sion of the CB1R was expected as it is consid-
ered the GPCR with the highest occurrence in the
CNS neurons. However, the findings about GPR55
are novel as its mapping at the individual level
had not been previously attempted. Interestingly,
CB1R/GPR55Hets were identified in both neuronal
cell surface and intracellular locations. Although
there are a few studies related to the occurrence of
GPCRs in positions other than the cell surface, the
CB1R has been identified in mitochondria, where
it regulates energy metabolism.39–42 Despite tech-
nical challenges with detecting intracellular het-
eromers, the subcellular location of heterorecep-
tor complexes needs to be further investigated.
These cellular/subcellular locations suggest a func-
tional role for CB1R/GPR55Hets independent of the
cannabinoid receptor–mediated control of neuro-
transmitter release at axon terminals.
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3. RESULTADOS
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3.4 Expression of GPR55 and either cannabinoid CB1 or CB2 heteroreceptor complexes in the caudate, 
putamen, and accumbens nuclei of control, parkinsonian, and dyskinetic non-human primates. 

Eva Martínez-Pinilla, Alberto J. Rico, Rafael Rivas-Santisteban, Jaume Lillo, Elvira Roda, Gemma 
Navarro, Rafael Franco y José Luis Lanciego.  

Manuscrito publicado en Brain Structure and Function, Julio 2020; 225(7):2153-2164. 

Los endocannabinoides son compuestos con propiedades neuromoduladoras que actúan 
sobre los receptores acoplados a proteínas G (GPCR) del sistema cannabinoide (CB1R y 
CB2R), que representan atractivas dianas terapéuticas para las enfermedades 
neurodegenerativas. Del mismo modo, los cannabinoides también son capaces de regular la 
actividad del GPCR GPR55, que a su vez es un receptor capaz de interaccionar con los 
receptores CB1 y CB2. La hipótesis de este estudio es que los heterómeros formados por los 
receptores cannabinoides pueden ofrecer beneficios terapéuticos para la enfermedad de 
Parkinson. En nuestra investigación detectamos la presencia de los heterómeros CB1R-
GPR55 y CB2R-GPR55 en el cuerpo estriado de muestras de tejido de macacos control y 
parkinsonianos (con y sin presencia de disquinesia inducida por el tratamiento de levodopa) 
mediante el ensayo de ligación por proximidad (PLA). Para generar el modelo animal de 
Parkinson se realizó el tratamiento mediante inyección con MPTP. Para el posterior análisis 
de la imágenes se utilizó el software informático FIJI junto a la extensión de código abierto 
“Andy’s Algorithms” que permite la cuantificación de los puntos/célula que se corresponden 
con la expresión de los heterómeros CB1R-GPR55 y CB2R-GPR55. Nuestros resultados 
demuestran que hay un aumento en la expresión del heterómero CB1R-GPR55 en los ganglios 
basales en ratas modelo de la enfermedad de Parkinson respecto a los animales control y 
que estos vuelven a sus valores iniciales con el tratamiento crónico con levodopa en 
animales que presentan los movimientos discinéticos. En cuanto a la expresión del 
heterómero CB2R-GPR55, se obtuvieron resultados similares con un nivel de expresión 
similar entre animales control y animales parkinsonianos que presentan las disquinesias, así 
como un aumento significativo en los animales inyectados con MPTP pero que no 
presentaban las disquinesias. Estos resultados, en su conjunto, apuntan a los heterómeros 
CB1R-GPR55 y CB2R-GPR55 como buenos blancos moleculares no dopaminérgicos para 
mejorar la fisiopatología del Parkinson.  
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Abstract
Endocannabinoids are neuromodulators acting on specific cannabinoid  CB1 and  CB2 G-protein-coupled receptors (GPCRs), 
representing potential therapeutic targets for neurodegenerative diseases. Cannabinoids also regulate the activity of GPR55, a 
recently “deorphanized” GPCR that directly interacts with  CB1 and with  CB2 receptors. Our hypothesis is that these heterom-
ers may be taken as potential targets for Parkinson’s disease (PD). This work aims at assessing the expression of heteromers 
made of GPR55 and  CB1/CB2 receptors in the striatum of control and parkinsonian macaques (with and without levodopa-
induced dyskinesia). For this purpose, double blind in situ proximity ligation assays, enabling the detection of GPCR heter-
omers in tissue samples, were performed in striatal sections of control, MPTP-treated and MPTP-treated animals rendered 
dyskinetic by chronic treatment with levodopa. Image analysis and statistical assessment were performed using dedicated 
software. We have previously demonstrated the formation of heteromers between GPR55 and  CB1 receptor  (CB1-GPR55_
Hets), which is highly expressed in the central nervous system (CNS), but also with the  CB2 receptor  (CB2-GPR55_Hets). 
Compared to the baseline expression of  CB1-GPR55_Hets in control animals, our results showed increased expression levels 
in basal ganglia input nuclei of MPTP-treated animals. These observed increases in  CB1-GPR55_Hets  returned back to 
baseline levels upon chronic treatment with levodopa in dyskinetic animals. Obtained data regarding  CB2-GPR55_Hets were 
quite similar, with somehow equivalent amounts in control and dyskinetic animals, and with increased expression levels in 
MPTP animals. Taken together, the detected increased expression of GPR55-endocannabinoid heteromers appoints these 
GPCR complexes as potential non-dopaminergic targets for PD therapy.

Keywords G-protein coupled receptor (GPCR) heteromer · Levodopa · Parkinson’s disease · Proximity ligation assay 
(PLA) · Striatum
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Abbreviations
CB1-GPR55_Hets  Complexes formed by  CB1 and 

GPR55 receptors
CB1R  CB1 receptors
CB2-GPR55_Hets  Complexes formed by  CB2 and 

GPR55 receptors
CB2R  CB2 receptors
CLAHE  Contrast Limited Adaptive Histogram 

Equalization
CNS  Central nervous system
GPCRs  G-protein-coupled receptors
LPI  Lysophosphatidylinositol
PD  Parkinson’s disease
PLA  In situ proximity ligation assay
SN  Substantia nigra

Introduction

Endocannabinoids and their specific G-protein-coupled recep-
tors (GPCRs),  CB1 and  CB2, are known to regulate neuro-
transmission and synaptic plasticity in the basal ganglia [see 
(Giuffrida and Seillier 2012) for review]. Consequently, syn-
thetic or natural (e.g. Sativex® or Epidiolex®) cannabinoids 
have been proposed as novel drug compounds for Parkinson’s 
disease (PD) treatment. Neuroprotective and/or anti-symp-
tomatic mechanisms of cannabinoids may result from acti-
vation/blockade of  CB1 receptors  (CB1R, mainly expressed 
in neurons), of  CB2 receptors  (CB2R, expressed in microglia 
and in some neuronal populations (Onaivi 2006; Onaivi et al. 
2006; Brusco et al. 2008; Lanciego et al. 2011)), or be recep-
tor-independent [see (Fernández-Ruiz et al. 2011) for review].

Despite lack of consensus, GPR55 was deorphanized 
to be preliminarily considered as a receptor for lysophos-
phatidylinositol (LPI) (Oka et al. 2007). GPR55 is widely 
expressed in the central nervous system (CNS). Thus, 
mRNA transcripts were found by Northern blot in human 
caudate and putamen nuclei, and by in situ hybridization 
in hippocampus, thalamic nuclei and midbrain regions of 
rodent brains (Sawzdargo et al. 1999; Wu et al. 2010). More-
over, it is also expressed in microglia (Pietr et al. 2009), 
similarly to  CB2R (Núñez et al. 2004). GPR55 is still poorly 
characterized due to a variety of factors. Firstly identified as 
a putative cannabinoid receptor because of similar amino 
acid sequence in the binding region (Baker et al. 2006), 
extensive characterization at GlaxoSmithKline and Astra-
Zeneca pharmaceutical companies led to propose that the 
receptor was responsible for the blood pressure lowering 
properties of cannabinoids. However, whereas GPR55 seems 
to be activated by endogenous or exogenous (plant and syn-
thetic) cannabinoids, research studies using GPR55 knock-
out mice showed that the receptor does not mediate vaso-
dilator effects (Johns et al. 2009). Interestingly, phenotypic 

characterization of these animals guided to the discovery of 
receptor involvement in motor control (Wu et al. 2013). In 
fact, the knockout mouse showed impaired motor coordina-
tion providing the basis of a relevant role of the receptor in 
basal ganglia neural circuits.

Gi/o are the cognate heterotrimeric proteins of cannabinoid 
receptors (Alexander et al. 2017) (https ://www.guide topha 
rmaco logy.org/). In the case of GPR55, these proteins are 
of the  Gq/G11 and  G12/G13 families (Alexander et al. 2017) 
(https ://www.guide topha rmaco logy.org/) leading to a quite 
complex pharmacology. In this sense, not only cytosolic cal-
cium increases resulting from receptor activation are slower 
than for other  Gq-coupled receptors but it has been reported 
that the receptor activation may engage multiple signaling 
pathways (Henstridge et al. 2010). Among the mechanisms 
underlying such pleiotropic actions, receptor heteromeriza-
tion is included. Dimer/oligomerization is now considered a 
general phenomenon for practically all cell surface receptors. 
Noteworthy, we have previously demonstrated that  CB1R and 
 CB2R may heteromerize with GPR55 and that heteromeriza-
tion affects receptor functionality (Balenga et al. 2014; Mar-
tínez-Pinilla et al. 2014). Indeed, as a general rule, GPCR 
heteromers are currently considered as novel molecular enti-
ties, with signaling and ligand characteristics different than 
those for each GPCR when considered individually (Ferré 
et al. 2009; Franco et al. 2016, 2018).

The aim of this study was to assess, from a cell biology 
and anatomical perspective, whether the striatal expression 
of GPR55-containing heteromers is altered in Parkinson-
ism and in levodopa-induced dyskinesia. For this purpose, 
in situ proximity ligation (PLA), a technique instrumental 
for detecting receptor-receptor interactions and their pre-
cise anatomical localization, was used in samples from the 
MPTP monkey PD model. The results obtained showed that 
whereas both heteroreceptor complexes increase in caudate, 
putamen and accumbens nuclei of parkinsonian animals, 
chronic levodopa treatment tuned down these increases back 
to normal expression levels.

Material and methods

This manuscript adheres to the guidelines detailed in (Cur-
tis et al. 2018). Studies were designed to generate groups 
of equal sizes, using randomization and blinded analysis. 
Immunological based assays were conducted according to 
the guidelines detailed in (Alexander et al. 2018).

Generation of parkinsonian animals and levodopa 
treatment

A total of 9 naïve young adults male Macaca fascicularis 
primates (body weight 3.5–4.7 kg) were used in this study. 

https://www.guidetopharmacology.org/
https://www.guidetopharmacology.org/
https://www.guidetopharmacology.org/


Brain Structure and Function 

1 3

Animal handling was conducted at all times in accordance 
with the European Council Directive 2010/63/UE as well as 
in keeping with current Spanish legislation (RD53/2013). 
The experimental design was reviewed and approved by 
the Ethical Committee for Animal Testing of the Univer-
sity of Navarra (Protocol Ref: 009/12). All animals were 
captive-bred and supplied by R. C. Hartelust (Leiden, The 
Netherlands).

To induce a bilateral parkinsonian syndrome, 6 mon-
keys were systemically administered 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP, Sigma Aldrich, St. 
Louis, USA) (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, 
stable 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 resting tremor (0–3), action or 
intention tremor (0–3), facial expression (0–3), posture 
(0–2), balance coordination (0–3), gait (0–3), bradykin-
esia (0–4), defense reaction (0–2), and gross motor skills 
of the upper (0–3) or lower limb (0–3); using this scale 
the highest severity corresponds to the maximal score, 
29. Once primates reached a score of at least 21 points, 
the treatment was discontinued for a wash-out period of 
2 months before performing any further assay. At the 
end of the stabilization period, the PD scores were in the 
21–24 range. Dyskinesia was induced in 3 animals scor-
ing 21, 22 and 24 points in the Kurlan’s scale through oral 
chronic administration of levodopa/benserazide (200:50 
Roche) at a dose of 25 mg/kg daily. Levodopa effects were 
monitored by motor scoring (Kurlan et al. 1991) and by 
assessing the “off/on” states and the duration of the “on” 
response (Lanciego et al. 2008). Dyskinesias were evalu-
ated using the scale included in the “Core Assessment 
Program for Intracerebral Transplantation for Parkinson’s 
disease” (Langston et al. 1992), subsequently modified 
and validated for the assessment of dyskinesias in patients 
(Goetz et al. 1994). Accordingly, they were rated as severe 
when dyskinesias were continuous, generalized and per-
turbing motor behavior; moderate if were presented during 
most of the “on” period without interfering with voluntary 
movements; and mild, when happened only under a stress 
challenge. By the time of sacrifice, all 3 monkeys treated 
with levodopa showed severe dyskinesia. These primates 
entered in the “on” state 30 min post-levodopa oral deliv-
ery and the duration of the “on” period was maintained 
for 2.5–3 h. A mild dyskinetic syndrome was displayed 
by the end of the first month of treatment, whereas severe 
dyskinetic symptoms appeared later and remained stable 
until sacrifice. Levodopa-treated animals were euthanized 
in the “on” state (peak-of-dose dyskinesia).

Tissue processing

Animals were anesthetized with an overdose of 10% chlo-
ral hydrate and perfused transcardially. The perfusate was 
made of a saline Ringer solution followed by 3000 mL 
of fixative solution containing 4% paraformaldehyde and 
0.1% glutaraldehyde in 0.125 M phosphate buffer (PB) at 
neutral pH. Perfusion was continued with 1000 mL of a 
cryoprotective solution made of 10% glycerin and 1% of 
dimethyl sulfoxide (DMSO) in 0.125 M PB, pH 7.4. Once 
perfusion was completed, the brain was removed and stored 
in a cryoprotective solution containing 20% glycerin and 
2% DMSO for 48–72 h. Finally, 10 series of frozen coronal 
adjacent sections (40 μm-thick) were obtained in a sliding 
microtome. These series were used for (1) in situ PLA for 
 CB1-GPR55_Hets counterstained with Topro-3, (2) in situ 
PLA for  CB2-GPR55_Hets counterstained with Topro-3, (3) 
immunohistochemical detection of tyrosine hydroxylase, 
and (4) control stains assessing the specificity of the PLA 
method for the detection of  CB1-GPR55_Hets. The remain-
ing 6 series of sections were stored at − 80 ºC as backup 
materials for further processing, if needed. Areas of interest 
for PLA stains (pre-and post-commissural caudate, putamen 
and accumbens nuclei), were selected according to the stere-
otaxic atlas of (Lanciego and Vázquez 2012).

In situ proximity ligation assays (PLA)

PLA allows the ex vivo detection of molecular interactions 
between two endogenous proteins. Assays were performed 
in samples from 3 monkeys per group (control, parkinsonian 
and dyskinetic). Proximity probes consisted of affinity-puri-
fied antibodies modified by covalent attachment of 5′ end of 
various nucleotides to each primary antibody. PLA probes 
were prepared by conjugating a rabbit anti-CB1 antibody 
(Ref: PA1-745, Thermo Scientific, Rockford, USA) with a 
PLUS oligonucleotide (Duolink In Situ Probemaker PLUS 
ref: DUO92009; Sigma) and a rabbit anti-GPR55 antibody 
(Ref: 10224; Cayman Chemicals; Ann Arbor, MI, USA), 
raised against the human 207–219 sequence, with a MINUS 
oligonucleotide (Duolink In Situ Probemaker MINUS Ref: 
DUO92010; Sigma) according to manufacturer’s guidelines. 
For  CB2-GPR55_Hets detection, a rabbit anti-CB2 antibody 
(Ref: 1001012; Cayman Chemicals) was conjugated with a 
PLUS oligonucleotide, whereas the rabbit anti-GPR55 anti-
body was conjugated as described above. Tissue sections 
containing the caudate and putamen nuclei were used for the 
detection of either  CB1-GPR55_Hets or  CB2-GPR55_Hets 
with the PLA technique. Briefly, free-floating sections were 
incubated for 1 h at 37 ºC with the blocking solution, fol-
lowed by overnight incubation at 4 ºC with the PLA probe-
linked antibodies described above (at a final concentration 
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of 75 μg/mL). After washing with buffer A (wash buffer A, 
ref: DUO82047; Sigma), samples were immersed for 1 h in a 
1:400 solution of Topro-3 (ref: T3605; Molecular Probes-Inv-
itrogen). GPCR heteromers were detected using the Duolink 
II in situ PLA detection kit (Duolink In Situ Detection Rea-
gents Red ref: DUO92008; Sigma). Sections were washed 
with buffer A and incubated with the ligation solution for 1 h 
at 37 ºC in a humidity chamber. After washing with buffer A 
again, sections were incubated with the amplification solution 
for 100 min at 37 ºC and then washed with buffer B (Wash 
buffer B, Ref: DUO82048; Sigma). Sections were finally 
mounted using an aqueous mounting medium. Appropriate 
negative control assays were carried out to ensure that there 
was a lack of non-specific labeling and amplification.

Statistical analysis on the receptor heteromer densities 
were conducted using dedicated software (Duolink Image 
Tool, Ref: DUO90806; Sigma-Olink). This software has 
been developed for quantification of PLA signals and 
cell nuclei in images generated from fluorescent confocal 
microscopy. Regarding selected regions of interest (ROIs), 
and for each field of view, a stack of two channels (one 
per staining) and 9–15 Z stacks with a step size of 1 µm 
were acquired. A quantification of cells containing one or 
more red spots versus total cells (blue nucleus), and the 
ratio r (number of red spots/cell) in cells containing spots 
were determined considering a total of 300–400 cells from 
six different fields within basal ganglia from three differ-
ent animals per group using the Andy’s algorithm and the 
procedure detailed elsewhere (Law et al. 2017). Nuclei and 
red spots were counted on the maximum projections of 
each image stack. After getting the projection, each chan-
nel was processed individually. The nuclei were segmented 
by filtering with a median filter, subtracting the background, 
enhancing the contrast with the Contrast Limited Adap-
tive Histogram Equalization (CLAHE) plug-in and finally 
applying a threshold to obtain the binary image and the ROI 
around each nucleus. Red spots images were also filtered 
and thresholded to obtain the binary images. Red spots were 
counted in each of the ROI obtained in the nuclei images.

It should be noted that the experiments were achieved in 
a blind basis; the experimenter was not aware of the label 
and the conditions (control, parkinsonian or dyskinetic) 
when images were taken. Moreover, the experimenter who 
made the analysis did not know the exact nature of the 
analyzed samples.

Data analysis

Data collected in samples from 3 animals per group (con-
trol, parkinsonian and dyskinetic) were the mean ± SEM. 
One- or two-way ANOVA followed by Bonferroni’s post hoc 
multiple comparison tests were 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. The normality of populations and homogeneity of 
variances were tested prior to ANOVA. Differences were 
considered significant when p ≤ 0.05. Statistical analysis 
were carried out with GraphPad Prism software version 5 
(San Diego, CA, USA). Outlier tests were not used; all data 
points were used for analysis.

Results

Expression of  CB1R‑GPR55 heteromers in control, 
parkinsonian and dyskinetic macaques

The PLA technique enables the detection of receptor-recep-
tor interactions in a native system. Red clusters detected 
in PLA assays proved the occurrence of complexes formed 
by  CB1 and GPR55 receptors  (CB1-GPR55_Hets) in all 
samples analyzed. PLA data was collected from different 
fields in samples of pre- and post-commissural basal gan-
glia input nuclei, which included caudate, putamen and 
accumbens. The areas that were considered in the study 
are delineated in Fig. 1 and the color code was used in 
subsequent figures.

A representative image of results of  CB1-GPR55_Het 
expression in all analyzed areas is given in Fig. 2, where 
the increase in the amount of red signal in samples from 
parkinsonian animals is already noticed. Analysis using the 
Andy’s algorithm (see “Materials and methods”) confirmed 
that the number of red dots per cell was significantly higher 
in the parkinsonian conditions. Remarkably, the level of 
expression in dyskinetic animals was similar to that found 
in control animals (Fig. 3a). These quantitative findings 
(higher density of  CB1-GPR55_Het clusters) in parkinso-
nian conditions were similar in post- and pre-commissural 
areas (Fig. 3b). Also relevant was that all regions showed 
significant increase of  CB1-GPR55_Het expression in sam-
ples from the PD animal model (Fig. 3c). 

Expression of  CB2R‑GPR55 heteromers in control, 
parkinsonian and dyskinetic macaques

Analogous analysis performed in the same regions but 
addressing  CB2-GPR55_Het expression led to similar find-
ings. Under the blind-like conditions of the experiments 
we discovered that in every animal in a given group the 
expression was similar in all analyzed regions, and that 
there was an increase in samples from parkinsonian ani-
mals that returned to “normal” after levodopa-induced dys-
kinesia (Figs. 4 and 5). The results were similar in pre- and 
post-commissural areas, and all regions showed significant 
increase of  CB2-GPR55_Het expression in samples from the 
PD animal model (Fig. 5b, c). A difference was the higher 
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number of red clusters per cell if compared with the results 
concerning the  CB1-GPR55_Het. 

Discussion

The present study was aimed at knowing whether Parkinson-
ism correlates with altered expression of  CB1-GPR55_Hets 
and/or  CB2-GPR55_Hets. The results here reported are quite 
clear in showing that the expression of both heteromers was 
significantly higher in MPTP-treated monkeys in all ana-
lyzed nuclei (caudate, putamen and accumbens). Increases 
of striatal expression in PD models have been similarly 
demonstrated for other heteromers (Rodríguez-Ruiz et al. 
2017). Also interesting is the disruption of heteromers here 
shown when parkinsonian animals are rendered dyskinetic 
after chronic levodopa treatment; a similar alteration has 
been demonstrated for adenosine  A2A/dopamine  D2/cannabi-
noid  CB1 heteroreceptor complexes (Armentero et al. 2011; 
Pinna et al. 2014; Bonaventura et al. 2014). Disorganiza-
tion of dopamine receptor heteromers has been associated 
to differential effects exerted by cocaine action (Perreault 
et al. 2016). The trend is not unspecific as there are cases of 
increased heteromer expression in dyskinesia. One relevant 
example, due to the possibility of alleviate dyskinesias by 
dopamine  D3 receptor blockade, is the increase of striatal 
expression of the  D3 receptor itself and of dopamine  D1–D3 
receptor heteromers in dyskinetic macaques (Marcellino 
et al. 2008; Fuxe et al. 2015; Farré et al. 2015).

In a recent report, we have addressed the expression of 
 CB1-GPR55_Hets in the basal ganglia input nuclei both 

in interneurons and in projection neurons in samples from 
naïve Macaca fascicularis. By using a tracer, delivered to 
the internal or to the external subdivisions of the globus 
pallidus, and immunohistochemical techniques we showed 
that heteromers are expressed in both striatofugal projection 
neuron types.  CB1-GPR55_Hets were not found in dendrites 
but in the cell somata. Triple immunofluorescent stains iden-
tified heteromers in parvalbumin, calretinin and nitric oxide 
positive interneurons. In contrast, cholinergic interneurons 
lacked heteromer expression (Martínez‐Pinilla et al. 2020).

For drug development, the  CB1R was first considered as 
better alternative than  CB2R due to its higher expression in 
neurons. However, potential psychotropic effects of drugs 
acting on the  CB1R have led to focus more on the  CB2R. 
Our results would indicate that, to counteract the increase 
in receptor expression associated to PD, the most appropri-
ate intervention would be the use of  CB1R and/or GPR55 
antagonists. While GPR55 has been poorly addressed in 
drug discovery, the serious side effects of rimonabant, a 
 CB1R antagonist, led to regulatory bodies to withdrawn this 
anti-obesity drug (Christensen et al. 2007). Alternatively, the 
benefits of targeting  CB2R are mainly based on the upregula-
tion of the receptor in activated glial cells that is concomi-
tant with dopaminergic neurodegeneration (Price et al. 2009; 
Palomo-Garo et al. 2016; Navarro et al. 2016). Our results 
open perspectives for the non-dopaminergic management 
of PD patients.

As indicated in the introduction, the presence of  CB2R 
in neurons is scarce. Although the receptor is significantly 
expressed in some pallidal, cerebellar and cortical neu-
rons, striatal ones have negligible levels. Consistent with 

Fig. 1  Delineation of pre- (a) 
and postcommissural (b) areas 
of interest in the Macaca 
fascicularis brain. Caudate (CN, 
red), putamen (Put, green) and 
accumbens (Acb, blue) are indi-
cated in a color code that will 
be used in Figs. 3c and 5c
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neuroinflammation occurring in PD and with upregulation 
of the receptor in microglia, it is likely that the increase in 
 CB2-GPR55_Hets in parkinsonian animals is due to acti-
vated (reactive) microglia. Cannabinoids are important reg-
ulators of neuroinflammation associated with neurodegen-
erative diseases (Palazuelos et al. 2009; Stella 2010; Kong 
et al. 2014; Janssen et al. 2016, 2018; Tao et al. 2016; Attili 
et al. 2019). Approaches to skew the phenotype of microglial 
cells from the M1 proinflammatory to the M2 neuroprotec-
tive (Franco and Fernández-Suárez 2015) are being actively 
sought. In this sense, there is the possibility for cannabinoids 
to regulate the M1/M2 balance (Galve-Roperh et al. 2008; 
Stella 2009; Aso and Ferrer 2014; Mecha et al. 2015, 2016; 

Tao et al. 2016). Interestingly, there are already data show-
ing that GPR55 may be a non-dopaminergic therapeutic tar-
get in PD (Wu et al. 2013; Celorrio et al. 2017).

The above-commented study of identification of neurons 
expressing  CB1-GPR55_Hets in the striatum of naïve animals 
also concluded that the heteromers are not only expressed 
on cell surface but in intracellular structures (Martínez‐Pin-
illa et al. 2020). In this regard, it has been reported that the 
 CB1R may be present in mitochondria and may mediate reg-
ulation of mitochondrial function by cannabinoids (Bénard 
et al. 2012; Hebert-Chatelain et al. 2014; Melser et al. 2017; 
Gutiérrez-Rodríguez et al. 2018). There are huge technical 
challenges to detect heteromers, either  CB1-GPR55_Hets 

Fig. 2  CB1-GPR55_Hets detected by the in  situ proximity ligation 
assay (PLA) in striatal regions of the monkey brain. Representative 
images showing PLA label for  CB1-GPR55_Hets in the regions of 
interest: caudate, putamen and accumbens (see Fig. 1 legend). Exper-

iments were performed in samples from the 3 animal groups namely 
control, parkinsonian (MPTP-treated) and dyskinetic. Quantification 
of red dots/cell is shown in the bar graphs displayed in Fig. 3
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or  CB2-GPR55_Hets, but it is worth knowing whether can-
nabinoids may affect neural cell energy production via these 
GPR55-containing receptor complexes and whether expres-
sion alterations during PD correlate with changes in the 
expression of heteromers at the mitochondrial level. Indeed, 
altered mitochondrial functionality is raising as a culprit in 
sporadic PD cases (Macdonald et al. 2018; Ben-Shachar 
2019). Therefore, targeting intracellular receptors by plasma-
membrane-permeant cannabinoids could be a good possibility 
to revert mitochondrial malfunctioning and prevent neuronal 
death.

The physiological role of the interactions, i.e. the proper-
ties of the heteromers in terms of signaling, must be taken into 
account in order to design the most effective approach. In this 
sense,  CB2R agonists or allosteric modulators such as cannabid-
iol, a very safe compound, may be useful (Fernández-Ruiz et al. 
2011; Pertwee 2012; Noel 2017; Martínez-Pinilla et al. 2017; 
Navarro et al. 2018; Fraguas-Sánchez and Torres-Suárez 2018). 
In contrast, more experimental effort is needed to know the most 
convenient way to approach GPR55 targeting, apart from doubts 
on which is mechanistically the best option, i.e. to measure the 
efficacy of agonists, antagonists or allosteric modulators in PD 
models. The safety of GPR55 ligands must be also tested.

With regard to GPR55, it is important to note that the 
affinity, the potency and the selectivity of different natural 

and synthetic cannabinoids are inconsistent across stud-
ies. For instance, whereas Kapur et  al. (2009) and Yin 
et al. (2009) reported agonist activity of rimonabant using 
a β-arrestin reporter assay, Lauckner et al. (2008) showed 
that the drug behaved as GPR55 antagonist in intracellular 
 Ca2+ mobilization assays. GPR55 shows the most unique 
features as it seems to act primarily through the  Gα12-family 
of proteins and RhoA (Ryberg et  al. 2007; Henstridge 
et al. 2010; Obara et al. 2011), but it may also couple to 
 Gq (Lauckner et al. 2008; Waldeck-Weiermair et al. 2008). 
In a careful study by Henstridge et al. (2010), it appears 
that GPR55 is linked to a range of downstream signaling 
events and that the activity of GPR55 ligands is influenced 
by the functional assay employed, with notable differences 
in potency and efficacy (Henstridge et al. 2010). Among 
these factors, the most investigated are ERK1/2 (Oka et al. 
2007; Ryberg et al. 2007; Lauckner et al. 2008; Waldeck-
Weiermair et al. 2008; Pietr et al. 2009; Kapur et al. 2009; 
Andradas et al. 2011; Piñeiro et al. 2011), and p38 MAPK 
(Oka et al. 2010). Importantly, it has been demonstrated 
that LPI-induced ERK1/2 phosphorylation is controlled, at 
least in part, by GPR55 coupling to  Gα12/13 which indicates 
a crosstalk between MAPK and Rho GTPases signaling 
(Andradas et al. 2011; Anavi-Goffer et al. 2012). Using a 
variety of homogenous assays, Anavi-Goffer et al. (2012) 

Fig. 3  Quantitation of  CB1-GPR55_Hets performed according to the 
Andy’s algorithm (see “Materials and methods”) in all striatal areas 
(caudate, putamen and accumbens nuclei) and in samples from con-
trol, MPTP-treated and dyskinetic animals. a Quantitation adding up 
the PLA label in all regions and both in pre- and post-commissural 
locations. b Quantitation in pre- versus quantitation in post-commis-
sural areas. c Quantitation in each area (caudate, putamen and accum-

bens nuclei) following the color code indicated in Fig. 1. Data are the 
mean ± SEM (150 data points from 3 sections, 6 fields and n = 3 per 
group). Significant differences were analyzed by a one- or two-way 
ANOVA followed by post-hoc Bonferroni’s test. *p < 0.05 compared 
with control; in c: ****p < 0.0001: every region in MPTP-treated ani-
mals versus both control and dyskinetic
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reported that certain cannabinoids can both activate GPR55 
and attenuate LPI-mediated ERK1/2 phosphorylation con-
cluding that “cannabinoid ligands have complex interactions 
with the LPI/GPR55 signalling system” (Anavi-Goffer et al. 
2012). Some of the results may be attributed to  CB2-GPR55 
receptor heteromerization. In fact, GPR55-mediated regu-
lation of cannabinoid effects on  CB2R was first suggested 
in human neutrophils (Balenga et al. 2011; Irving 2011). 
Concerning  CB2-GPR55_Hets, we have previously shown 
that signaling by agonists of either receptor in cell models 
“was governed (i) by the presence or absence of the partner 
receptors (with the consequent formation of heteromers) and 

(ii) by the activation state of the partner receptor” (Balenga 
et al. 2014).

The atypical pharmacology often reported (including 
the above-described phenotypic profiles for antagonists) for 
 CB1R and  CB2R but even more extreme for GPR55 makes 
these receptors excellent candidates to show, as a proof-of-
concept, that heteromerization influences pharmacology 
and the coupling to signaling pathways. In this context, 
additional forms of functional selectivity still need to be 
examined. For example, ligand-directed selectivity in G-pro-
tein-independent signaling pathways, which has been dem-
onstrated with β-arrestin biased ligands for the β2-adrenergic 

Fig. 4  CB2-GPR55_Hets detected by the in  situ proximity ligation 
assay (PLA) in striatal regions of the monkey brain. Representative 
images showing PLA label for  CB2-GPR55_Hets in the regions of 
interest: caudate, putamen and accumbens nuclei (see Fig. 1 legend). 

Experiments were performed in samples from the 3 animal groups 
namely control, parkinsonian (MPTP-treated) and dyskinetic. Quanti-
fication of red dots/cell is shown in the bar graphs displayed in Fig. 5
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receptors (Drake et al. 2008), has not been examined in full 
detail for  CB1R,  CB2R or GPR55.
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3.5 Angiotensin AT1 and AT2 receptor heteromer expression in the hemilesioned rat model of Parkinson’s 
disease that increases with levodopa-induced dyskinesia. 

Rafael Rivas-Santisteban, Ana I. Rodriguez-Perez, Ana Muñoz, Irene Reyes-Resina, José Luis 
Labandeira-García, Gemma Navarro y Rafael Franco.  

Manuscrito publicado en Journal of Neuroinflammation, Agosto 2020; 17:243. 

El sistema renina-angiotensina (RAS) se encuentra alterado en la enfermedad de Parkinson 
(PD), una enfermedad que aparece debido a una neurodegeneración de la substantia nigra 
del cerebro. En la actualidad, la terapia principal consiste en reestablecer los niveles de 
dopamina, utilizando el precursor levodopa, que conduce a medio-largo plazo a una 
resistencia al tratamiento y a efectos secundarios indeseados como las discinesias. Los 
receptores de angiotensina AT1 y AT2 son los efectores clásicos del RAS, y aunque son 
conocidos principalmente por su papel en la regulación de la homeostasis del agua y la 
presión arterial, también se expresan en el sistema nervioso central. En este estudio 
determinamos la capacidad de AT1R y AT2R de interaccionar de forma estrecha formando 
heterómeros AT1R-AT2R. Se realizaron determinaciones de calcio y cAMP intracelulares, 
activación de MAPK y ensayos de redistribución dinámica de masas (DMR) para caracterizar 
la señalización en sistemas homólogos y heterólogos. Se utilizaron ensayos de ligación por 
proximidad (PLA) para cuantificar la expresión del receptor en cultivos primarios de neurona 
estriatal y de microglía de ratón y en secciones del cuerpo estriado de rata. Nuestros 
resultados demuestran la existencia de heterómeros AT1R-AT2R que se expresan en células 
del sistema nervioso central y que actúan como unidades funcionales novedosas. Es 
importante destacar que la coactivación de los dos receptores en el heterómero se traduce 
en un cross-talk negativo y como se produce una potenciación en la señalización mediada 
por la activación de AT2R inducida por el bloqueo de AT1R con candesartan, su antagonista 
específico. Finalmente, se observó un aumento de la expresión del heterómero AT1R-AT2R 
en animales modelo de Parkinson respecto a los animales control, siendo este aumento más 
significativo en animales modelo de Parkinson que fueron tratados con levodopa. En su 
conjunto, los resultados apuntan como posible estrategia terapéutica en la PD el bloqueo del 
receptor AT1R para promover la acción neuroprotectora mediada a través del AT2R. 
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Abstract

Background/aims: The renin-angiotensin system (RAS) is altered in Parkinson’s disease (PD), a disease due to
substantia nigra neurodegeneration and whose dopamine-replacement therapy, using the precursor levodopa,
leads to dyskinesias as the main side effect. Angiotensin AT1 and AT2 receptors, mainly known for their role in
regulating water homeostasis and blood pressure and able to form heterodimers (AT1/2Hets), are present in the
central nervous system. We assessed the functionality and expression of AT1/2Hets in Parkinson disease (PD).

Methods: Immunocytochemistry was used to analyze the colocalization between angiotensin receptors;
bioluminescence resonance energy transfer was used to detect AT1/2Hets. Calcium and cAMP determination, MAPK
activation, and label-free assays were performed to characterize signaling in homologous and heterologous
systems. Proximity ligation assays were used to quantify receptor expression in mouse primary cultures and in rat
striatal sections.

Results: We confirmed that AT1 and AT2 receptors form AT1/2Hets that are expressed in cells of the central nervous
system. AT1/2Hets are novel functional units with particular signaling properties. Importantly, the coactivation of the
two receptors in the heteromer reduces the signaling output of angiotensin. Remarkably, AT1/2Hets that are
expressed in both striatal neurons and microglia make possible that candesartan, the antagonist of AT1, increases
the effect of AT2 receptor agonists. In addition, the level of striatal expression increased in the unilateral 6-OH-
dopamine lesioned rat PD model and was markedly higher in parkinsonian-like animals that did not become
dyskinetic upon levodopa chronic administration if compared with expression in those that became dyskinetic.

Conclusion: The results indicate that boosting the action of neuroprotective AT2 receptors using an AT1 receptor
antagonist constitutes a promising therapeutic strategy in PD.

Keywords: Neuroinflammation, Heteromer, G-protein-coupled receptor (GPCR), Dyskinesia, Levodopa

© The Author(s). 2020 Open Access This article is licensed under a Creative Commons Attribution 4.0 International License,
which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this article are included in the article's Creative Commons
licence, unless indicated otherwise in a credit line to the material. If material is not included in the article's Creative Commons
licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.
The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the
data made available in this article, unless otherwise stated in a credit line to the data.

* Correspondence: g.navarro@ub.edu; rfranco123@gmail.com
†Gemma Navarro and Rafael Franco contributed equally to this work.
2Centro de Investigación en Red, enfermedades Neurodegenerativas,
CiberNed, Instituto de Salud Carlos III, Madrid, Spain
Full list of author information is available at the end of the article

Rivas-Santisteban et al. Journal of Neuroinflammation          (2020) 17:243 
https://doi.org/10.1186/s12974-020-01908-z



Introduction
The renin angiotensin system (RAS) is composed of
enzymes that produce angiotensin (Ang) peptides and of
cell surface receptors that convey cytocrin signals to achieve
specific cell responses. There are two angiotensin receptors
(AT1R and AT2R) that belong to the superfamily of G-
protein-coupled receptors. RAS has been abundantly stud-
ied in the periphery, mainly in relation with the control of
arterial blood pressure. However, different laboratories have
provided solid evidence of the relevant role of RAS in the
central nervous system (CNS). Ang is an important regula-
tor of motor control, and AT1R and AT2R have been
suggested as targets to combat Parkinson’s disease (PD)
and related conditions such as levodopa (L-DOPA)-induced
dyskinesias [38, 45].
Age is a main risk factor for sporadic PD, which is char-

acterized by dysregulation of the dopaminergic function
due to the death of dopaminergic neurons of the substan-
tia nigra (SN). A local RAS has been reported in the SN
[20, 61], in which overactivity of AT1R correlates with
aging-related alterations, neuronal death [22, 31], and
neuroinflammation (Labandeira-Garcia et al., [29, 30, 52]).
Microglial cells are the main mediators of neuroinflamma-
tion and despite once activated they are considered as det-
rimental, it is now known that they may undertake the
pro-inflammatory (M1) or the neuroprotective (M2)
phenotype. The search for pharmacological tools targeting
G-protein-coupled receptors to convert M1 into M2
phenotype is an active field of research. The role of AT2R
and the interplay between the two receptors in the above-
mentioned changes due to Ang action in the aged or in
the pathological brain is still unclear.
The cognate proteins for coupling to AT1R and AT2R

are, respectively, Gq (also Gi) and Gi. Accordingly, ago-
nists of AT1R may mobilize calcium ion from intracellular
stores, whereas agonists of AT2R decrease the activity of
adenylyl cyclase thus depressing the cAMP/PKA signaling
(https://www.guidetopharmacology.org). Interestingly, the
two receptors may interact, leading to the formation of
receptor heteromers with particular properties: pharmaco-
logical, functional, or both [15, 48]. On the one hand, het-
eromerization modifies receptor trafficking and ß-arrestin
recruitment [48]. On the other hand, Ang II induces the
formation of heteromers of the two receptors (AT1/2Hets)
in luminal membranes of kidney tubular epithelial
LLC-PK1 cells. In these cells, the peptide activates a cal-
cium channel, sarco/endoplasmic reticulum Ca2+-ATPase
(SERCA), that in kidney cells participates in the control of
blood pressure [14].
The main target for pharmacological anti-parkinsonian

interventions is the striatum that receives the SN dopa-
minergic input needed for motor control. What is
important is to know whether AT1 and AT2 receptors
interact in the CNS, which is their physiological function

and how their expression alters the course of a neurode-
generative disease. Accordingly, the aims of this paper
were to (i) get further insight into the properties of
AT1/2Hets in a heterologous expression system; (ii) in-
vestigate the expression and function of AT1R, AT2R,
and AT1/2Hets in striatal neurons; and (iii) investigate
the expression and function of AT1R, AT2R, and
AT1/2Hets in striatal microglia in resting and activated
states. The results show that AT2R are expressed in neu-
rons and in activated microglia where they interact with
AT1R to form AT1/2Hets. Accordingly, a final aim was
to discover differential expression of AT1/2Hets in stri-
atal samples from parkinsonian and dyskinetic animals.

Materials and methods
Reagents
Lipopolysaccharide (LPS), interferon-γ (IFN-γ), and
forskolin, Angiotensin II (Ang II), CGP-42112A (CGP),
Candesartan (CAN) and PD123319 (PD) were purchased
from Sigma-Aldrich (St Louis, MO).

HEK-293T cells and primary cultures
Human embryonic kidney (HEK-293T) cells were grown
in Dulbecco’s modified Eagle’s medium (DMEM) (Gibco)
supplemented with 2 mM L-glutamine, 100 μg/mL so-
dium pyruvate, 100 U/mL penicillin/streptomycin, MEM
non-essential amino acids solution (1/100), and 5% (v/v)
heat-inactivated fetal bovine serum (FBS) (all supplements
were from Invitrogen, Paisley, Scotland, UK).
To prepare mouse striatal primary microglial cultures,

brain was removed from C57BL/6 mice of 2–4 days of
age. Microglial cells were isolated following protocols
described elsewhere [40, 49, 56] and grown in DMEM
medium supplemented with 2 mM L-glutamine, 100 U/
mL penicillin/streptomycin, MEM non-essential amino
acids preparation (1/100), and 5% (v/v) heat-inactivated
FBS (Invitrogen, Paisley, Scotland, UK). Briefly, striatum
tissue was dissected, carefully stripped of its meninges,
and digested with 0.25% trypsin for 20 min at 37 °C. The
action of the proteolytic enzyme was stopped by adding
an equal volume of culture medium (Dulbecco’s modi-
fied Eagle medium-F-12 nutrient mixture, fetal bovine
serum 10%, penicillin 100 U/mL, streptomycin 100 μg/
mL, and amphotericin B 0.5 μg/mL) with 160 μg/mL
deoxyribonuclease I (all reagents from Invitrogen). Cells
were brought to a single cell suspension by repeated pip-
etting followed by passage through a 100 μm-pore mesh
and pelleted (7 min, 200×g). Glial cells were resuspended
in medium and seeded at a density of 3.5 × 105 cells/mL
in 6-well plates for cyclic adenylic acid (cAMP) assays,
in 12-well plates with coverslips for in situ proximity
ligation assays (PLA), and in 96-well plates for mitogen-
activated protein kinase (MAPK) activation experiments.
Cultures were maintained at 37 °C in humidified 5%
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CO2 atmosphere and medium was replaced at DIV 2
and then once a week. At DIV 19-21 cells were treated
with diluted trypsin [56] to obtain > 98% pure microglial
cultures.
For neuronal primary cultures, the striatum from mouse

embryos (E19) was removed and the neurons were isolated
as described by [25] and plated at a density of circa 120,
000 cells/cm2. The cells were grown in a neurobasal
medium supplemented with 2 mM L-glutamine, 100 U/mL
penicillin/streptomycin, and 2% (v/v) B27 supplement
(Gibco) in a 6-, 12-, or 96-well plate for 19–21 days.
Cultures were maintained at 37 °C in humidified 5% CO2

atmosphere and medium was replaced every 4–5 days.
Immunodetection of specific markers (NeuN for

neurons and CD-11b for microglia) showed that neuronal
preparations contained > 98% neurons and microglia
preparations contained, at least, 98% microglial cells [39].

Parkinson’s disease model generation, levodopa
treatment, and dyskinesia assessment
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. Similar to the approach
elsewhere described [13], an experimental design using
male Wistar rats was aimed at obtaining four group of
animals as described below. Animals were 8-week-old at
the beginning of the experimental procedure.
Details of model generation, protocol of drug adminis-

tration, and behavioral analysis, performed by a blinded
investigator, are given elsewhere [38, 47]. Surgery was
performed on rats anesthetized with ketamine/xylazine
(1% ketamine—75 mg/kg, and 2% xylazine—10 mg/kg).
Lesions were produced in the right medial forebrain
bundle to achieve complete lesion of the nigrostriatal
pathway. The rats were injected with 12 μg of 6-OH-DA
(to provide 8 μg of 6-hydroxy-DA free base; Sigma-
Aldrich) in 4 μL of sterile saline containing 0.2% ascorbic
acid. These were considered “lesioned” animals. Injection
of vehicle lead to generation of naïve (or non-lesioned)
animals.
The 6-OH-dopamine hemilesioned rat is considered a

PD model. Amphetamine-induced rotation was tested in
a bank of eight 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 six 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) [65].
Spontaneous use of forelimb can be measured by the

cylinder test [28, 57]. 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.
Of the lesioned animals displaying parkinsonism-like

behavior according to the above described tests (18 in
total), 12 were chronically treated with L-DOPA daily for
3 weeks. A mixture of L-DOPA methyl ester (6 mg/kg)
plus benserazide (10 mg/kg) was subcutaneously admin-
istered. The treatment reliably induces dyskinetic move-
ments in some rats. As described in a previous report
[13], abnormal involuntary movements (AIMs) were
evaluated according to the rat dyskinesia scale described
in detail elsewhere [5, 12, 33, 36, 47]. The severity of
each AIM subtype (limb, orolingual, and 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). Rats were classified as “dyskinetic” if
they displayed a ≥ 2 score per monitoring period on at
least two AIM subtypes. Animals classified as “non-dys-
kinetic” exhibited either no L-DOPA-induced abnormal
involuntary movements or very mild/occasional ones
[41]. Animals with low scores, i.e., either non-dyskinetic
or dyskinetic, were discarded. In summary, four groups
of animals were obtained: (i) non-lesioned, (ii) lesioned
treated with vehicle, (iii) lesioned L-DOPA-treated be-
coming dyskinetic, and (iv) lesioned that upon L-DOPA
treatment did not become dyskinetic. In every animal,
tyrosine hydroxylase immunostaining was performed in
sections taken post-mortem [19, 38]; selected animals
undergoing 6-OH-dopamine treatment showed in the le-
sioned hemisphere a > 95% nigral dopaminergic denerv-
ation. Overall, 4 animals, those with better scores, were
selected in each of following 4 groups: naïve, lesioned,
lesioned/L-DOPA dyskinetic, and lesioned/L-DOPA non
dyskinetic. PLA analysis (see below) was performed in
different fields of striatal sections from each of the 16 fi-
nally selected animals. The striatum was delimited in sec-
tions using a bright field and images were captured within
delimitation coordinates.

Fusion proteins
Human cDNAs for AT1, AT2, and σ1 receptors cloned
into pcDNA3.1 were amplified without their stop codons
using sense and antisense primers harboring either
BamHI and HindIII restriction sites to amplify AT1R
and AT2R or BamHI and EcoRI restriction sites to
amplify σ1 receptor. Amplified fragments were then
subcloned to be in frame with an enhanced yellow
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fluorescent protein (pEYFP-N1; Clontech, Heidelberg,
Germany) or a Rluc (pRluc-N1; PerkinElmer, Wellesley,
MA) on the C-terminal end of the receptor to produce
AT1R-YFP, AT2R-RLuc, AT2R-YFP, and σ1R-RLuc
fusion proteins.

Cell transfection
HEK-293T cells were transiently transfected with the
corresponding cDNA by the polyethylenimine (PEI,
Sigma-Aldrich, St. Louis, MO) method [18, 23]. Briefly,
the corresponding cDNA diluted in 150 mM NaCl was
mixed with PEI (5.5 mM in nitrogen residues) also
prepared in 150 mM NaCl for 10 min. The cDNA-PEI
complexes were transferred to HEK-293T cells and were
incubated for 4 h in a serum-starved medium. Then, the
medium was replaced by fresh supplemented culture
medium and cells were maintained at 37 °C in a humid
atmosphere of 5% CO2. Forty-eight hours after transfec-
tion, cells were washed, detached, and resuspended in
the assay buffer.

Immunocytochemistry
HEK-293T cells were seeded on glass coverslips in 12-well
plates. On DIV 2, cells were transfected with AT1R-YFP
cDNA (1 μg), AT2R-Rluc cDNA (1 μg), or both. On DIV
4, cells were fixed in 4% paraformaldehyde for 15 min and
washed twice with PBS containing 20 mM glycine before
permeabilization with PBS-glycine containing 0.2% Triton
X-100 (5-min incubation). Cells were blocked during 1 h
with PBS containing 1% bovine serum albumin. HEK-
293T cells were labeled with a mouse anti-Rluc antibody
(1/100; Millipore, Darmstadt, Germany) and subsequently
treated with Cy3 conjugated anti-mouse (1/200; Jackson
ImmunoResearch (red)) IgG (1 h each). The AT1R-YFP
expression was detected by YFP’s own fluorescence. Con-
trols using untransfected cells and cells incubated without
the primary antibody are shown in Supplementary Figure
S1. Samples were washed several times and mounted with
30% Mowiol (Calbiochem). Images were obtained in a
Leica SP2 confocal microscope (Leica Microsystems) with
the × 63 oil objective.

Bioluminescence resonance energy transfer assays
For bioluminescence resonance energy transfer (BRET)
assays, HEK-293T cells were transiently cotransfected
with a constant amount of cDNA encoding for AT2R-
RLuc (0.9 μg) and with increasing amounts of cDNA
corresponding to AT1R-YFP (0.5 to 4 μg). For negative
control, HEK-293T cells were transiently cotransfected
with a constant amount of cDNA encoding for σ1-RLuc
(0.75 μg) and with increasing amounts of cDNA corre-
sponding to AT2R-YFP (0.1 to 4 μg). To control the cell
number, sample protein concentration was determined
using a Bradford assay kit (Bio-Rad, Munich, Germany)

using bovine serum albumin (BSA) dilutions to prepare
the standard absorbance versus concentration relation-
ship. To quantify fluorescent proteins, cells (20 μg protein)
were distributed in 96-well microplates (black plates with
a transparent bottom) and fluorescence was read in a
Fluostar Optima Fluorimeter (BMG Labtech, Offenburg,
Germany) equipped with a high-energy xenon flash lamp,
using a 10 nm bandwidth excitation filter at 485 nm. For
BRET measurements, the equivalent of 20 μg of cell sus-
pension was distributed in 96-well white microplates with
white bottom (Corning 3600, Corning, NY) and 5 μM coe-
lenterazine H (Molecular Probes, Eugene, OR) was added.
One minute after adding coelenterazine H, BRET was
determined using a Mithras LB 940 reader (Berthold
Technologies, DLReady, Germany), which allows the inte-
gration of the signals detected in the short-wavelength
filter at 485 nm and the long-wavelength filter at 530 nm.
To quantify AT2R-RLuc expression, luminescence read-
ings were performed 10 min after the addition of 5 μM
coelenterazine H. MilliBRET units (mBU) are defined as:

mBU ¼ λ530 long −wavelength emissionð Þ
λ485 short −wavelength emissionð Þ −C f

� �
x 1000

where Cf corresponds to [(long-wavelength emission)/
(short-wavelength emission)] for the RLuc construct
expressed alone in the same experiment.

Detection of cytoplasmic calcium ion
HEK-293T cells were cotransfected with the cDNA for
the Ang receptors AT1 (1 μg) and/or AT2 (1 μg) and the
GCaMP6 calcium sensor (1 μg) [11] by the use of PEI
method (Section “Cell Transfection”). Forty-eight hours
post-transfection, HEK-293T cells plated in 6-well black,
clear bottom plates, were incubated with Mg2+-free
Locke’s buffer (154 mM NaCl, 5.6 mM KCl, 3.6 mM
NaHCO3, 2.3 mM CaCl2, 5.6 mM glucose, 5 mM HEPE
S, pH 7.4) supplemented with 10 μM glycine. Receptor
antagonists were added only 15 min before readings to
allow efficient binding to receptors while avoiding
unspecific or long-term noxious events. Receptor ago-
nists were added right before readings as calcium level
increase when mediated by Gq-coupled receptors is very
quick. Fluorescence emission intensity of GCaMP6 was
recorded at 515 nm upon excitation at 488 nm on the
EnSpire® Multimode Plate Reader for 150 s every 5 s at
100 flashes per well.

cAMP level determination
The analysis of cAMP levels was performed in HEK-
293T cells transfected with cDNA for AT1 (1 μg) and/or
AT2 (1 μg) receptors in primary cultures of striatal
neurons or glia using the Lance Ultra cAMP kit
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(PerkinElmer). The optimal cell density to obtain an
appropriate fluorescent signal was first established by
measuring the TR-FRET signal as a function of forskolin
concentration using different cell densities. Forskolin
dose-response curves were related to the cAMP standard
curve in order to establish which cell density provides a
response that covers most of the dynamic range of
cAMP standard curve. Two hours before the experiment,
the medium was substituted by serum-starved DMEM
medium. Cells (2000 HEK-293T cells, 4000 striatal neu-
rons, or glial cells by well in 384-well microplates) growing
in medium containing 50 μM zardaverine were pre-
treated with the AT1R or AT2R antagonists (Candesartan
and PD123319 respectively) or the corresponding vehicle
at 24 °C for 15 min, and stimulated with the AT1R and/or
AT2R agonists (Ang II and CGP-42112A respectively) for
15 min before adding 0.5 μM forskolin or vehicle, and
incubating for an additional 15-min period. After 1 h,
fluorescence at 665 nm was analyzed on a PHERAstar
Flagship microplate reader equipped with an HTRF
optical module (BMG Labtech). A standard curve for
cAMP was obtained in each experiment.

Extracellular signal-regulated kinases 1/2 phosphorylation
To determine extracellular signal-regulated kinases 1/2
(ERK1/2) phosphorylation, 40,000 HEK-293T cells trans-
fected with cDNA for AT1R (1 μg) and/or AT2R (1 μg)
or 50,000 striatal neurons or glial cells primary cultures
were plated in each well of transparent Deltalab 96-well
microplates. Two hours before the experiment, the
medium was substituted by serum-starved DMEM
medium. Then, cells were treated or not for 15 min with
the selective antagonists Candesartan or PD123319 in
serum starved DMEM medium followed by 7-min treat-
ment with the selective agonists Ang II and/or CGP-
42112A. Cells were then washed twice with cold PBS
before the addition of lysis buffer (15-min treatment).
Ten microliters of each supernatant were placed in white
ProxiPlate 384-well microplates and ERK1/2 phosphor-
ylation was determined using AlphaScreen®SureFire® kit
(Perkin Elmer) following the instructions of the supplier
and using an EnSpire® Multimode Plate Reader (Perki-
nElmer, Waltham, MA, USA).

Dynamic mass-redistribution label-free assays
Cell signaling was explored using an EnSpire® Multi-
mode Plate Reader (PerkinElmer, Waltham, MA, USA)
by a label-free technology. Cellular cytoskeleton redistri-
bution movement induced upon receptor activation were
detected by illuminating the underside of the plate with
polychromatic light and measured as changes in wave-
length of the reflected monochromatic light that is a
sensitive function of the index of refraction. The magni-
tude of this wavelength shift (in picometers) is directly

proportional to the amount of dynamic mass redistribu-
tion (DMR). To determine the label free-DMR signal,
10,000 HEK-293T cells transfected with cDNA for AT1R
(1 μg) and/or AT2R (1 μg) receptors or 10,000 striatal
neurons or glial cells primary cultures were plated on
each well of transparent 384-well fibronectin-coated
microplates to obtain 70–80% confluent monolayers,
and kept in the incubator for 24 h. Previous to the assay,
cells were washed twice with assay buffer (HBSS with 20
mM HEPES, pH 7.15, 0.1% DMSO) and incubated in the
reader for 2 h in 30 μL/well of assay buffer at 24 °C.
Hereafter, the sensor plate was scanned and a baseline
optical signature was recorded for 10 min before adding
10 μL of antagonists (Candesartan or PD123319)
dissolved in assay buffer, followed by the addition, 30
min later of 10 μL of selective agonists (Ang II and/or
CGP-42112A) also dissolved in assay buffer. DMR
responses induced by the agonist were monitored for a
minimum of 3600 s.

Proximity ligation assay
Detection in natural sources of clusters formed by AT1

and AT2 receptors was addressed in primary cultures of
glial cells and rat brain sections.
Rats were processed for histological analysis as it

follows. Animals were injected an overdose of chloral
hydrate and transcardial perfusion fixation quickly
undertaken using cold 4% paraformaldehyde in 0.1 M
phosphate buffer (PB), pH 7.4. Brains were removed,
washed, and cryoprotected in the same buffer containing
20% sucrose. Serial 40-μm-thick coronal sections were
then cut with a freezing microtome and those containing
the striatum were collected in cryoprotectant solution.
Cells were grown on glass coverslips, fixed in 4% para-

formaldehyde for 15 min, washed with PBS containing
20 mM glycine to quench the aldehyde groups, perme-
abilized with the same buffer containing 0.05% Triton
X-100 for 5 to 15 min, and washed with PBS.
Cells and sections were then similarly processed. After

1-h incubation at 37 °C with the blocking solution in a
pre-heated humidity chamber, samples were incubated
overnight at 4 °C with a mixture of a mouse monoclonal
anti-AT1R antibody (1/100, sc-515884, Santa Cruz
Biotechnology, Texas, USA), a rabbit monoclonal anti-
AT2R antibody (1/100, ab92445, Abcam, Cambridge,
UK), and Hoechst (1/100 from stock 1 mg/mL; Sigma-
Aldrich) to stain the nuclei. The antibodies were
validated following the method in the technical brochure
of the vendor with fairly similar results and also by im-
munofluorescence in HEK-293T cells (transfected versus
untransfected). Samples from KO animals were not
available for validation.
Cells or brain sections were further processed using

the proximity ligation assays (PLA) probes detecting
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primary antibodies (Duolink In Situ PLA probe Anti-
Mouse plus and Duolink In Situ PLA probe Anti-Rabbit
minus) (1/5 v:v for 1-hour at 37 °C). Ligation and ampli-
fication were done as indicated by the supplier (Sigma-
Aldrich) and cells were mounted using the mounting
medium 30% Mowiol (Calbiochem). To detect red dots
corresponding to AT1/2Hets, samples were observed in a
Leica SP2 confocal microscope (Leica Microsystems,
Mannheim, Germany) equipped with an apochromatic
× 63 oil-immersion objective (N.A. 1.4), and a 405 nm
and 561 nm laser lines. For each field of view, a stack of
two channels (one per staining) and 3 Z-planes with a
step size of 1 μm were acquired. The Andy’s Algorithm
[32], a specific ImageJ macro for reproducible and high-
throughput quantification of the total PLA foci dots and
total nuclei, was used for data analysis.

Statistical analysis
The data in graphs are the mean ± SEM. GraphPad
Prism software version 7 (San Diego, CA, USA) was used
for data fitting and statistical analysis. The test of
Kolmogorov-Smirnov with the correction of Lilliefors
was used to evaluate normal distribution and the test of
Levene to evaluate the homogeneity of variance. The
Student’s t test and one-way ANOVA were used for
comparing, respectively, two or > 2 means. When indi-
cated, Bonferroni’s method was used as a post-hoc test
for multiple comparisons. Significant differences were
considered when the p value was < 0.05.

Results
Functionality of AT1/2Hets in a heterologous expression
system
Interactions between AT1 and AT2 receptors have been
previously reported [14, 48]. Hence, we first investigated
whether in HEK-293T cells and in our assay conditions
AT1 and AT2 receptors may form heteromers. We ana-
lyzed the colocalization of angiotensin receptors at the
plasma membrane by using HEK-293T cells coexpres-
sing AT1R and AT2R fused to, respectively, the yellow
fluorescent protein (YFP) and Renilla luciferase (Rluc).
The proper traffic of fusion proteins to the cell mem-
brane was confirmed by immunocytochemical analysis
(Fig. 1a, b). The high degree of colocalization between
AT1R-YFP and AT2R-Rluc in the plasma membrane and
in the cytosol is shown in yellow (Fig. 1c). To know
whether a direct interaction between AT1 and AT2

receptors is possible, BRET assays were performed in
HEK-293T cells expressing a constant amount of a fu-
sion protein consisting of AT2R and Renilla Luciferase
(AT2R-Rluc) and increasing amounts of AT1R fused to
YFP (AT1R-YFP). The saturation curve in Fig. 1d indi-
cates close proximity between the two Ang receptors.
The BRETmax and BRET50 values were 42 ± 1 mBU and

6 ± 2, respectively. When HEK-293T cells were trans-
fected with a constant amount of cDNA for σ1-Rluc and
increasing amounts of cDNA for AT1R-YFP, a linear re-
sponse was observed indicating a nonspecific interaction
of this negative control (Fig. 1d). These results confirm
that the two Ang receptors may form heteromers in
living HEK-293T cells. The proper functionality of
fusion proteins was confirmed by cAMP assays (data not
shown). A schematic representation of the technique is
shown in Fig. 1e.
To characterize the AT1/2Het functionality, signaling

assays were performed in single-transfected HEK-293T
cells and in cotransfected AT1/2Hets-expressing cells.
Cytosolic calcium levels, cAMP determination, ERK1/2
phosphorylation, and label-free DMR assays were per-
formed after treatment with AT1R and/or AT2R ligands.
Consistent with Gq coupling of AT1R, treatment of
AT1R-expressing cells with Ang II led to a marked
increase in cytosolic calcium levels. The effect was
receptor-mediated, as it was blocked by candesartan, the
AT1R antagonist (Fig. 2a). In AT2R expressing cells, the
AT2R agonist CGP-42112A did not induce mobilization
of the ion. These results agree with AT2R not engaging
Gq proteins. In cotransfected cells, CGP-42112A did not
produce any effect but reduced the response peak pro-
duced by Ang II. Hence, within the AT1/2Het, AT2R
stimulation inhibits the AT1 receptor signaling. Unlike
the selective AT1R antagonist, candesartan, which blunted
the agonist effect, the selective AT2R antagonist, PD123319,
potentiated the AT1R-mediated effect (Fig. 2c).
Consistent with AT2R coupling to Gi, CGP-42112A

reduced the forskolin-induced cAMP cytosolic levels in
AT2R single transfected cells. Interestingly, in AT1R-ex-
pressing cells, Ang II treatment also reduced the
forskolin-induced cAMP levels. These effects can be
explained by AT1R coupling not only to Gq, but also to Gi
proteins. These effects were receptor-mediated and spe-
cific as they were blocked by the corresponding antagonist
(Fig. 2d, e). Analysis of cAMP-PKA signaling in cotrans-
fected cells is more complex. On the one hand, all agonists
reduced forskolin-induced [cAMP] and each antagonist
blocked the effect of the corresponding agonist. Simultan-
eous administration of Ang II and CGP-42112A did not
result in an additive effect. On the other hand, the antag-
onist of the AT2R enhanced the effect induced by the
AT1R agonist and vice-versa, the antagonist of the AT1R
enhanced the effect of the AT2R agonist (Fig. 2e). These
latter results fit with data from calcium release experi-
ments assays where the antagonist of the AT2R potenti-
ated the action of Ang II. Then, it seems that both
angiotensin receptors regulate one another via heteromer-
ization. The negative regulation can be reversed and the
antagonist of one receptor can even reinforce the output
due to activation of the partner receptor.
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In AT1R-expressing cells, a marked increase in agonist-
induced ERK1/2 phosphorylation that was blocked by
candesartan was observed, while in AT2R-expressing cells,
a mild non-significant effect was obtained by treatment
with the agonist, CGP-42112A (Fig. 3a, b). Remarkably,
AT1/2Hets expression in cotransfected cells led to a
significant increase in ERK1/2 phosphorylation upon Ang
II treatment. The selective AT2R agonist was still unable
to produce any significant effect but, in combined treat-
ments, it markedly reduced the effect induced by Ang II
(Fig. 3c). Therefore, these results are in the same line with
that observed in calcium release and cAMP accumulation,
indicating that both receptors inhibit one another in the
AT1/2Het.
DMR was modified by agonists in both types of single-

transfected cells. In AT1R-expressing cells, the antagonist
could not revert totally the effect of the agonist, indicating
that part of the output signal is due to off-site action of Ang

II (Fig. 3d). In contrast, the effect of CGP-42112A on AT2R-
expressing was totally blocked by PD123319 (Fig. 3e). In
cotransfected cells, the results indicate that both angiotensin
receptors show a characteristic signal that is blocked by
selective antagonists. However, coactivation in these cells
produced an important decrease in the signal. This effect is
named negative crosstalk and it is similar to that observed
in MAPK phosphorylation assays (Fig. 3e). The enhance-
ment by candesartan of the effect of CGP-42112A, the
AT2R agonist, was also noticed.
In summary, these results indicate a particular func-

tionality of the AT1/2Het, namely Ang is able to en-
gage two different signaling pathways. This dual effect
is regulated by activation of the partner receptor
within the AT1/2Het as (i) activation of AT1R blocks
AT2R agonist induced effect and vice-versa and (ii)
AT1R antagonist releases the inhibition exerted by
AT2R over AT1R and vice-versa.

Fig. 1 Human AT1 and AT2 receptors interact in a heterologous expression system. a–c Immunocytochemistry assays were performed in HEK-
293T cells expressing AT1R-YFP (1 μg cDNA), which was detected by its own yellow fluorescence (green), and AT2R-Rluc (1 μg cDNA), which was
detected by a mouse anti-Rluc antibody and a secondary Cy3 anti-mouse antibody (red). Colocalization is shown in yellow. Cell nuclei were
stained with Hoechst (blue). Scale bar: 20 μm. d BRET assays were performed in HEK-293T cells transfected with a constant amount of cDNA for
AT2R-Rluc (0.9 μg) or σ1R-Rluc (0.75 μg) (as negative control) and increasing amounts of cDNA for AT1R-YFP (0.5 to 4 μg) or AT2R-YFP (0.1 to 4 μg)
(as negative control). Values are the mean ± S.E.M. of 8 independent experiments performed in duplicates. e Schematic representation of BRET
assay: the occurrence of energy transfer depends on the distance between the BRET donor (Rluc) and the BRET acceptor (YFP)
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Functionality of AT1R and AT2R in primary
cultures of striatal neurons
On the basis of the above-described relevance of Ang re-
ceptors in motor control and as potential targets to combat
PD, we investigated Ang receptor-mediated signaling in
primary cultures of neurons isolated from mouse striatum.
Reduction of forskolin-induced [cAMP] was obtained
using Ang II, while no sign of Gi-coupled AT2R was de-
tectable (Fig. 4a). Interestingly, in simultaneous treatment
with agonists, the lower decrease of forskolin-induced
[cAMP] indicated the presence of AT2R whose activation
reduced AT2R-mediated signaling. In the presence of the
AT1R antagonist, candesartan, the AT2R agonist, CGP-
42112A, induced a significant decrease in forskolin-
induced cAMP levels (& in Fig. 4a). These results indicate
that in the AT1/2Het, the AT2R signal is inhibited by AT1R
expression and this effect is counteracted by AT1R antago-
nists. Similar results were confirmed in experiments of
ERK1/2 phosphorylation determination in cultured striatal
neurons, where cells responded (moderately) to Ang II and

non-significantly to CGP-42112A (Fig. 4b). However,
candesartan pretreatment potentiated AT2R signal. In
agreement with the results in HEK-293T cells, cotreatment
with agonists induced a lower signal to that induced by
angiotensin II, indicating a negative crosstalk effect in both
cAMP and MAPK phosphorylation signaling pathways.
Overall, these cells express AT1/2Hets with similar func-
tional characteristics to that observed in cotransfected
HEK-293T cells.

Functionality of AT1R and AT2R in primary cultures of
striatal microglia: expression of AT1/2Hets
Before assessing the functionality of Ang receptors in
resting and LPS + IFN-γ activated microglia isolated
from striatum, we used in situ PLA to assess the expres-
sion of AT1/2Hets; PLA is instrumental to detect clusters
of interacting proteins in natural sources. Figure 5b
shows that resting cells have a few number of red dots
due to AT1/2Hets, while the negative control show a
negligible number of red dots (Fig. 5a). Interestingly, the

Fig. 2 Functional characterization in HEK-293T cells expressing the AT1R-AT2R heteromer. HEK-293T cells were pretreated with selective receptor
antagonists (300 nM candesartan for AT1R or 1 μM PD123319 for AT2R) and subsequently treated with selective agonists (100 nM angiotensin II
for AT1R and 300 nM CGP-42112A for AT2R) a–c Cytosolic calcium detection assay were performed in HEK-293T cells transfected with the cDNAs
for an engineered calcium sensor, 6GCaMP (1 μg), AT1R (1 μg), and/or AT2R (1 μg). Values are the mean ± S.E.M. of 5 independent experiments
performed in duplicates. d–f Intracellular cAMP levels were determined by TR-FRET as described in Methods. HEK-293T cells were transfected with
cDNAs for AT1R (1 μg) and/or AT2R (1 μg). When Gi coupling was assessed, decreases in [cAMP] were determined using 0.5 μM forskolin added
15 min after the agonists stimulation. Values are the mean ± S.E.M. of 6 independent experiments performed in triplicates. In cAMP one-way
ANOVA followed by Bonferroni’s multiple comparison post-hoc test were used for statistical analysis. Signaling output was the dependent
variable and the different treatments were the independent variables. (*p < 0.05, **p < 0.01, ***p < 0.001 versus forskolin treatment; +++p < 0.001
versus Ang II treatment; &&&p < 0.001 versus CGP-42112A treatment)
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Fig. 3 Functional characterization of AT1R-AT2R heteromer in HEK-293T cells. HEK-293T cells were transfected with cDNAs for AT1R (1 μg) and/or AT2R (1
μg). Cells were pretreated (15 min) with selective receptor antagonists (300 nM candesartan for AT1R or 1 μM PD123319 for AT2R receptors) and
subsequently treated with selective agonists (100 nM angiotensin II for AT1R and 300 nM CGP-42112A for AT2R receptors). a–c ERK1/2 phosphorylation was
analyzed using an AlphaScreen®SureFire® kit (Perkin Elmer). Values are the mean ± S.E.M. of 5 independent experiments performed in duplicates. One-way
ANOVA followed by Bonferroni’s multiple comparison post-hoc test were used for statistical analysis. Signaling output was the dependent variable and the
different treatments were the independent variables (*p < 0.05, **p < 0.01, ***p < 0.001; versus vehicle treatment (basal)). d–f DMR tracings represent the
picometer-shifts of reflected light wavelength over time. Values are the mean ± S.E.M. 8 independent experiments performed in triplicates

Fig. 4 AT1R-AT2R heteromer functionality in primary cultures of striatal neurons. For cAMP (a) or ERK1/2 phosphorylation (b), cells were pretreated
(15 min) with selective receptor antagonists (300 nM candesartan for AT1R or 1 μM PD123319 for AT2R) and subsequently treated with selective
agonists (100 nM angiotensin II for AT1R and/or 300 nM CGP-42112A for AT2R). Values are the mean ± S.E.M. of 5 independent experiments
performed in triplicates. One-way ANOVA followed by Bonferroni’s multiple comparison post-hoc test were used for statistical analysis. Signaling
output was the dependent variable and the different treatments were the independent variables. (&p < 0.05 versus CGP-42112A treatment; *p <
0.05, **p < 0.01, ***p < 0.001 versus forskolin treatment in cAMP determinations or versus vehicle treatment (basal) in pERK determinations)
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red label was markedly increased in activated cells, as
shown in Fig. 5c and in the bar graph of Fig. 5d indicating
that AT1/2Hets expression increases in activated microglia.
We then performed cAMP level determination and ERK1/

2 phosphorylation assays in resting and activated micro-
glial cells. The functionality of AT1R, AT2R, and/or
AT1/2Hets in resting cells was very low. But in cAMP
assays, pretreatment with candesartan potentiated AT2R

Fig. 5 AT1R-AT2R heteromer functionality in microglial primary cultures treated with LPS and IFN-γ. a–c Expression of AT1R/AT2R heteromers in
primary microglial cultures were determined by PLA, which was performed using specific primary antibodies against AT1 and AT2 receptors
(confocal microscopy images (stacks of 3 consecutive planes) show heteroreceptor complexes as red clusters and Hoechst-stained nuclei (blue)).
Scale bar: 20 μm. d Bar graph showing the percentage of red dots/cell respect non-treated cells; mean ± S.E.M of counts in 5–7 different fields (n
= 5; **p < 0.01; Student’s t test versus the control condition). e, f Microglial cultures were incubated for 48 h in the absence (left) or in the
presence (right) of 1 μM LPS and 200 U/mL IFN-γ. Microglial cells were pretreated (15 min) with selective receptor antagonists (300 nM
candesartan for AT1R or 1 μM PD123319 for AT2R receptors) and subsequently with the specific agonists (100 nM angiotensin II for AT1R and 300
nM CGP-42112A for AT2R receptors). cAMP (e-f) and ERK1/2 phosphorylation (g-h) were subsequently measured. Values are the mean ± S.E.M. of
5 independent experiments performed in triplicates. One-way ANOVA followed by Bonferroni’s multiple comparison post-hoc test were used for
statistical analysis. Signaling output was the dependent variable and the different treatments were the independent variables. (+p < 0.05 versus
Ang II treatment in pERK determinations; and *p < 0.05, **p < 0.01, ***p < 0.001; versus forskolin treatment in cAMP measurements or versus
vehicle treatment (basal) in pERK measurements)
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induced signaling, and PD123319 potentiated AT1R func-
tionality (Fig. 5e, g). In contrast, the angiotensin-receptor-
mediated signaling was more robust in LPS + IFN-γ acti-
vated cells (Fig. 5f, h). In cAMP assays, the agonist of the
two receptors reduced the forskolin-induced levels of this
second messenger, although receptor costimulation did
not lead to any additive effect. As it occurred in HEK-
293T cells and neuronal primary cultures, antagonist pre-
treatments potentiated the partner receptor signal. On the
other hand, the agonist of any of the two receptors acti-
vated the MAPK signaling pathway, while simultaneous
stimulation completely blunted the ERK1/2 phosphor-
ylation effect in activated microglia. In this signaling
pathway, antagonists blocked the cognate receptor and
did not potentiate the activation of the partner receptor
in the heteromer. Taken together, these results indicate
that AT1/2Hets are significantly expressed in activated
microglia showing the same properties than those
displayed in heterologous system.

Expression AT1/2Hets in the striatum of parkinsonian and
dyskinetic rats
Striatal sections of naïve and of 6-OH-dopamine hemile-
sioned rats, treated or not with L-DOPA and divided
into L-DOPA/dyskinetic or resistant to L-DOPA-induced
dyskinesia were prepared as described in methods. PLA
assays were performed simultaneously and in identical
conditions to detect the occurrence and the amount of
AT1/2Hets. A representative image of each of the condi-
tions is shown in Fig. 6a–d, while quantitation is shown
in the form of bar graph in Fig. 6e. Whereas the amount
of AT1/2Hets was negligible in the non-lesioned stri-
atum, the lesioned one displayed more receptor clusters.
L-DOPA/dyskinetic animals showed a two-fold increase
if compared with the ipsilateral hemisphere of lesioned
rats. Remarkably, animals resistant to L-DOPA-induced
dyskinesia had a circa 10-fold increase in the amount of
AT1/2Hets (compared to control, non-lesioned hemi-
sphere). These results show that, in this specific PD

Fig. 6 AT1R-AT2R heteromer expression in brain striatal sections of Parkinson’s disease (PD) rat model. a–d PLA assays in striatal sections from the
6-OH-dopamine PD rat model, non-lesioned (a), lesioned (b), and lesioned plus chronically treated with L-DOPA and either lacking (c) or
displaying (d) dyskinesias. Confocal microscopy images (stacks of 3 consecutive planes) show heteroreceptor complexes as red clusters and
Hoechst-stained nuclei (blue). Scale bar: 20 μm. e Bar graph showing the percentage of red dots/cell. Data are the mean S.E.M . of counts in 9–12
different fields per animal (n = 4 per group). One-way ANOVA followed by Bonferroni’s post-hoc multiple comparison tests were used to
compare the red dots/cell values. The number of clusters (r) was the dependent variable and the four animal groups treatments were
independent variables (***p < 0.001; versus lesioned condition, ++p < 0.01; versus L-DOPA non-dyskinesia condition)
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model, of maximal dopaminergic denervation similar to
that observed in advanced stages of the disease, there is
striatal expression of the heteromer that is increased upon
L-DOPA administration. Remarkably, a much higher in-
crease in expression was found in L-DOPA-treated
animals that did not become dyskinetic.

Discussion
Details of peripheral RAS have been instrumental to de-
velop a successful therapy to combat hypertension. The
knowledge of RAS in the CNS is still fragmentary but
with repercussions in dopaminergic neurotransmission
and potential in PD and/or PD therapy-related dyskine-
sias. One of the added values of any future PD interven-
tion based in central RAS is the safety of angiotensin
receptor antagonists that have been used for decades in
hypertensive patients. While no double-blind placebo
controlled clinical trials have been designed, epidemio-
logical studies addressing the risk of hypertensive pa-
tients taking angiotensin receptor antagonists have been
performed. The fact that not all the drugs are able to
cross the blood-brain barrier complicates data analysis.
Anyhow, some of the reported results appear promising
and using ß-blockers as a control and 65,001 hyperten-
sive patients for > 4 years [34] showed that the use of
certain antihypertensives (angiotensin receptor blockers
included) associates with reduced PD risk. The still un-
solved question is whether such drugs may be of benefit
in improving symptoms, avoiding L-DOPA-induced
dyskinesias and/or in delaying the progression of the
disease.
First of all, it has been described that the global effects

of angiotensin on AT1 and AT2 receptors are opposite.
In several tissues, overactivity of the AT1 receptor has
been linked to aging-related pro-inflammatory changes
([16]; Labandeira-Garcia et al., [29, 30]). Different mech-
anisms have been proposed to explain counteracting ef-
fects of AT2R on AT1R signaling (see [43, 44], and [59]
for review). Although the issue is complex, the expres-
sion of AT2R in brain suggests a relevant role in the
regulation of neuroinflammation. On the one hand, as
earlier indicated, the two angiotensin receptors may
interact leading to receptor heteromers with particular
properties such as regulating SERCA activity [14, 48].
On the other hand, several heteromers formed by angio-
tensin receptors have been described. Among other
examples [58], it has been reported that apelin and AT1

receptors interact and that the resulting heteromers
mediate the apelin inhibition of AT1R-mediated actions.
MAS protooncogene, the novel player in RAS research,
rescues a defective AT1R, likely by forming heterodimers
[55]. The discovery of interaction between AT1R and the
most abundant receptor in the CNS, namely the canna-
binoid CB1 receptor, has led to hypothesize that these

functional units may lead to pathogenic actions when
Ang II is produced. However, the potential toxicity was
studied in hepatic cells in relation to ethanol consump-
tion but it was not assayed in neuronal cell models [53].
The AT1R may form complexes with a variety of adren-
ergic receptors [4, 21], although their relevance to CNS
physiology seems scarce. Less data are available for the
AT2R receptor that may interact (in the periphery) with
MAS and with bradykinin B2 receptors [1, 35, 44, 63]. In
addition, AT1/2Hets may form dimers that may eventu-
ally interact with MAS or with bradykinin B2 receptors
in cells in which three of these receptors are expressed
together [10, 54]. One of the relevant results in this
study is the demonstration in a rat model of microglial
AT1/2Hets expression and its upregulation correlating
with PD and with ulterior treatment with L-DOPA, the
most extended therapeutic agent in PD [9, 24, 42].
What is relevant for PD pathophysiology and disease

progression is to delay the death of the approximately 30%
nigral dopaminergic neurons that are left at the time of PD
diagnosis. Glia in general, and microglia in what concerns
to neuroinflammation, are key to preserve neurons from
death. AT1Rs have been proposed as targets to reduce
chronic neuroinflammation [26, 27, 50] as that occurring
in PD. The general idea is that activation of the AT1R is
detrimental, for instance by a microglia-mediated enhance-
ment of neuronal loss in status epilepticus induced in rats
[60]. In a previous study performed in the SN of rats we
showed that angiotensin-induced Rho-kinase activation
was involved in NADPH-oxidase activation, which, in turn,
was involved in angiotensin-induced Rho-kinase activation
[51]. In addition, a prevention of astrocyte activation and
promotion of hippocampal neurogenesis has been attrib-
uted to AT1R blockade and subsequent prevention of
NFкB and MAP kinase signaling and activation of Wnt/β-
catenin signaling [7]. In our experimental conditions
performed with already activated striatal microglia, MAP
kinase signaling is suppressed by combined treatment with
AT1 and AT2 receptor agonists. In the retina, AT1R activa-
tion results in regulating microglial activation thus suggest-
ing that Ang II may have important implications in
diabetic retinopathy [46]. To our knowledge, the expres-
sion of AT1/2Hets in retinal cells has not been addressed
yet. In agreement with the occurrence of a RAS opposite
arm consisting of AT2R (also of Mas receptor) (Laban-
deira-Garcia et al., [29, 30]), AT2R activation attenuates
microglial activation in an autoimmune encephalomyelitis
rodent model [62]. Activation of the receptor is neuropro-
tective in a model of ischemia induced in conscious rats
[37]. Similarly, the report by Bennion et al. [6] proves that
AT2R activation in neurons and glial cells affords long-
term neuroprotection in stroke, by both direct and indirect
mechanisms. Recent studies show that the receptor
prevents/attenuates pro-inflammatory microglial activity
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via protein phosphatase 2A-mediated inhibition of protein
kinase C [8].
To our knowledge, the AT1-bradikinin B2 heteroreceptor

complex was the first to be associated to a peripheral-
affecting disease. In fact, the expression of the heteromer
was increased thus mediating a higher Ang responsiveness
in preeclampsia, a disease that markedly alters blood pres-
sure in pregnancy [2]. The heteromer physiological func-
tion involves diverse signaling pathways and a variety of
cells events such as phosphorylation of c-Jun terminal kin-
ase and enhanced production of nitric oxide and a second
messenger, cGMP [1]. An unbalanced proportion of AT1-
bradikinin B2 receptor heteromers alters activation of
cognate G-proteins and receptor desensitization [3, 64]. We
have collected data on differential expression of dopamine-
receptor-containing heteromers in PD and the conclusion
is that very often the expression of heteromers is altered in
one or different stages of the disease. Usually, the expres-
sion of those heteromers in dyskinesia is lower than in PD
animals treated with L-DOPA but not displaying dyskine-
sias. Hence, this is the first example in which the already
enhanced expression of heteromers in parkinsonian condi-
tions is further increased in animals that were not rendered
dyskinetic by L-DOPA treatment. These results are relevant
as antagonists of angiotensin are considered as having
potential to both improve PD symptoms and minimize L-
DOPA-induced dyskinesias.
As in any other study focused on a neurodegenerative

disease, there are a number of limitations. Among them
we are extrapolating to “adult” cells using primary cells
obtained from fetuses of neonates. Although this is a
common procedure because the procedure of isolation
of primary neural cells from adult animals is not opti-
mized, a note of caution is needed. Another limitation of
our study is the variety of neural cell types. It is a chal-
lenge to know the relative expression of receptors in
projection neurons, in choline acetyltransferase (ChAT),
parvalbumin (PV), calretinin (CR), or nitric oxide syn-
thase interneurons and in astroglia and microglia, which
may be at different degrees of activation depending on
the disease status. Furthermore, receptor functionality in
response to a given receptor ligand may vary from cell
to cell [17] and at onset of disease when comparing
naïve versus L-DOPA-treated individuals.
But in any case, pharmacological manipulation of RAS

components presents potential in PD (Labandeira-Garcia
et al., [29, 30]). One of the relevant findings in this paper
is the insensitivity of AT2R to agonist treatment of
striatal neurons. Indeed, those neurons express both
Ang receptor types as previously demonstrated [19].
However, it is more remarkable that it becomes func-
tional in the presence of candesartan. There are few
examples of similar findings and a recent one consists of
progressive decrease of adenosine A2A receptor

functionality upon coexpression of another adenosine re-
ceptor, A2B, and formation of A2A/A2B heteroreceptor com-
plexes. This phenomenon is due to allosteric inter-
protomer interactions in the heteromer, i.e., the presence of
one receptor blocks the signaling of the partner receptor in
the complex [23]. Interestingly, the presence of an antagon-
ist could make, as in the case of Ang receptor heteromers
in striatal neurons, appear AT2R functionality back. There-
fore, AT1R antagonists in these neurons may achieve two
benefits, which are repressing the detrimental actions medi-
ated by the AT1R while making that the AT2R becomes
functional and provides the benefits associated to its activa-
tion. Furthermore, in terms of looking for interventions to
prevent PD disease progression, there is enough informa-
tion to agree that microglial cells may be key if there is a
way to skew the physiology to acquire the M2 neuroprotec-
tive phenotype. On the one hand, neuronal alpha-synuclein
produces an upregulation of AT1R while increasing in
microglia the proportion of pro-inflammatory M1 versus
neuroprotective M2 markers; accordingly, it is suggested
that antagonists already used in hypertension and able to
cross the blood-brain barrier may be repurposed for the
therapy of PD [52]. On the other hand, microglial AT2Rs,
constituent in AT1/2Hets, show promise as (i) they are
upregulated in both parkinsonian conditions and in L-
DOPA-induced dyskinesias and (ii) their activation is seem-
ingly neuroprotective. Remarkably, AT1/2Hets do not show
cross-antagonism, a property displayed by many hetero-
mers and that would lead to a therapeutic dead end in
terms of neuroprotection; instead, the antagonist of one re-
ceptor releases the brake on activation of the partner recep-
tor. Taken together, the opposite action of AT1 and AT2

receptors, their expression in microglia, and the marked
upregulation of AT1/2Hets lacking cross-antagonism but
displaying antagonist-mediated cross-potentiation suggest
that interventions aimed at antagonizing central AT1Rs to
potentiate AT2R-mediated actions may be beneficial in PD.
Further experimental effort is required to identify the cell
types expressing the heteromer in the different parkinson-
ian conditions and to prove the functionality of the hetero-
mer in in vivo conditions, something that at present is
technically challenging.

Conclusions
Main conclusions
The present study demonstrates that AT1 and AT2 recep-
tors form AT1/2Hets that are expressed in cells of the cen-
tral nervous system. AT1/2Hets are novel functional units
with particular signaling properties. Importantly, the coacti-
vation of the two receptors in the heteromer reduces the
signaling output of angiotensin. Remarkably, AT1/2Hets,
which are expressed in both striatal neurons and microglia,
show a cross-potentiation, i.e., candesartan, the antagonist
of AT1 increases the effect of AT2 receptor agonists. In
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addition, the level of expression in the unilateral 6-OH-
dopamine lesioned rat PD model increases upon L-DOPA
treatment and is maximal in those animals that do not
become dyskinetic.

Importance and relevance of the study reported
These findings reported are potentially important because
they indicate that boosting the action of neuroprotective
AT2 receptors using an AT1 receptor antagonist constitutes
a promising therapeutic strategy in PD. The strategy may
consist of designing AT1R receptor antagonists able to
readily cross the blood-brain barrier and effective in releas-
ing the brake on the AT2 receptor. The fact that SARS-
CoV-2 uses angiotensin-converting enzyme 2 (ACE2) as
receptor, that ACE2 interacts with angiotensin receptors,
that some COVID-19 patients with severe symptoms
display a “cytokine storm” driven by macrophages and/or
suffer neurological alterations, adds interest to the present
work on the RAS system in microglia.
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El sistema renina-angiotensina (RAS) no solo juega un papel importante en el control de la 
presión arterial, sino que también participa en casi todos los procesos para mantener la 
homeostasis en los mamíferos. La expresión de los componentes del RAS en los ganglios 
basales es un indicio que sugiere que la modulación mediada por el RAS puede mejorar la 
terapia de enfermedades neurodegenerativas. Los datos relacionados con el RAS llevaron a 
la hipótesis de que los receptores que componen este sistema pueden interactuar entre sí. 
El objetivo de este trabajo fue encontrar heterómeros formados por el receptor Mas y 
receptores de angiotensina y abordar su funcionalidad en neuronas y microglía de ratón. Se 
han descubierto nuevas interacciones heteroméricas entre AT1R-MasR y AT2R-MasR 
mediante el uso de técnicas de transferencia de energía por resonancia (BRET). La 
funcionalidad de los receptores individuales y formando complejos heteroméricos de 
receptores se ensayó detectando los niveles de los segundos mensajeros intracelulares 
AMPc y Ca2+ en células renales embrionarias humanas transfectadas (HEK-293T) y cultivos 
primarios de células estriatales de ratón. La expresión de los complejos heteroméricos AT1R-
MasR y AT2R-MasR se analizó mediante los ensayos de ligación por proximidad (PLA) en 
secciones de cerebro de ratas parksonianas y discinéticas. La funcionalidad y expresión se 
ensayaron en paralelo en los cultivos primarios de microglía tratados o no con el 
lipopolisacárido y el interferón-γ (IFN-γ). Hemos demostrado que los tres receptores, MasR, 
AT1R y AT2R, pueden interactuar entre ellos para formar complejos heterotriméricos en un 
sistema heterólogo. Además, se observó que la expresión de los dímeros de receptores 
(AT1R-MasR y AT2R-MasR) es mayor en la microglía que en las neuronas y se ve afectada de 
manera diferencial por la activación de la microglía con lipopolisacárido e IFN-γ. En todos los 
casos, la señalización inducida por agonistas se redujo con la coactivación de ambos 
receptores y, en algunos casos, solo con la formación del complejo dimérico. Además, a 
menudo se observó que el tratamiento con el antagonista selectivo de uno de los receptores 
induce el bloqueo de la señalización de los dos receptores en un complejo, suceso que recibe 
el nombre de antagonismo cruzado. Los resultados obtenidos en esta investigación arrojan 
una nueva perspectiva de cómo se regulan entre sí los receptores del RAS. Además, los 
componentes de RAS en la microglía activada merecen atención de cara al desarrollo de 
fármacos para combatir la neurodegeneración. 
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Abstract
The renin–angiotensin system (RAS) not only plays an important role in controlling blood pressure but also participates in almost
every process to maintain homeostasis in mammals. Interest has recently increased because SARS viruses use one RAS com-
ponent (ACE2) as a target-cell receptor. The occurrence of RAS in the basal ganglia suggests that the system may be targeted to
improve the therapy of neurodegenerative diseases. RAS-related data led to the hypothesis that RAS receptors may interact with
each other. The aim of this paper was to find heteromers formed by Mas and angiotensin receptors and to address their
functionality in neurons and microglia. Novel interactions were discovered by using resonance energy transfer techniques.
The functionality of individual and interacting receptors was assayed by measuring levels of the second messengers cAMP
and Ca2+ in transfected human embryonic kidney cells (HEK-293T) and primary cultures of striatal cells. Receptor complex
expression was assayed by in situ proximity ligation assay. Functionality and expression were assayed in parallel in primary
cultures of microglia treated or not with lipopolysaccharide and interferon-γ (IFN-γ). The proximity ligation assay was used to
assess heteromer expression in parkinsonian and dyskinetic conditions. Complexes formed by Mas and the angiotensin AT1 or
AT2 receptors were identified in both a heterologous expression system and in neural primary cultures. In the heterologous
system, we showed that the three receptors—MasR, AT1R, and AT2R—can interact to form heterotrimers. The expression of
receptor dimers (AT1R-MasR or AT2R-MasR) was higher in microglia than in neurons and was differentially affected upon
microglial activation with lipopolysaccharide and IFN-γ. In all cases, agonist-induced signaling was reduced upon coactivation,
and in some cases just by coexpression. Also, the blockade of signaling of two receptors in a complex by the action of a given
(selective) receptor antagonist (cross-antagonism) was often observed. Differential expression of the complexes was observed in
the striatum under parkinsonian conditions and especially in animals rendered dyskinetic by levodopa treatment. The negative
modulation of calciummobilization (mediated by AT1R activation), the multiplicity of possibilities on RAS affecting the MAPK
pathway, and the disbalanced expression of heteromers in dyskinesia yield new insight into the operation of the RAS system, how
it becomes unbalanced, and how a disbalanced RAS can be rebalanced. Furthermore, RAS components in activated microglia
warrant attention in drug-development approaches to address neurodegeneration.
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Introduction

The renin–angiotensin system (RAS) has been widely studied
for its role in controlling blood pressure. Protein components
of RAS are angiotensin-converting enzyme 1 (ACE1), which
produces angiotensin II (Ang II); angiotensin-converting en-
zyme 2 (ACE2), which converts Ang II to angiotensin 1–7
(Ang(1-7)); the Ang II receptors AT1R and AT2R; and the
Ang(1-7) receptor Mas. For several decades, the balance be-
tween the prooxidative, proinflammatory, and the antioxida-
tive, anti-inflammatory RAS arms was thought to be centered
in the functional equilibrium of AT1R and AT2R. Now, the
role of the ACE2/Mas receptor function has been revealed as a
crucial element of RAS balance and RAS function. The Mas
receptor (MasR) was identified as a product of an oncogene
and, because of its resemblance to the mitochondrial assembly
gene from Saccharomyces cerevisiae, it was first known as
Mas-related proto-oncogene. All RAS receptors belong to the
superfamily of G protein-coupled receptors (GPCRs). A novel
family of RAS-related receptors are named Mas-related
GPCRs (Mrgprs); they respond to Ang (1-7) but their endog-
enous agonist is one of the newest members of the RAS sys-
tem, alamandine [1–5]. ACE2 is considered the canonical cell
surface receptor for SARS-CoV-2, the virus that causes
COVID-19. In fact, ACE2 was serendipitously identified as
the receptor for viruses of the SARS family [6–10].

RAS has a relevant role in controlling neurotransmission in
both the central and peripheral nervous systems. Identification
of Ang II receptors in neural cells of the substantia nigra and
other regions within the basal ganglia has uncovered novel
therapeutic approaches to address neurodegeneration in
Parkinson’s disease (PD) and other synucleinopathies
[11–18]. For obvious reasons, we must consider the brain
RAS to understand the neurological manifestations of some
patients infected with SARS-CoV-2. In fact, some cases of
COVID-19 have neurological symptoms as diverse as enceph-
alitis and seizures [19–21]. In some cases, the basal ganglia
have been identified as mediating virus-induced central ner-
vous system (CNS) alterations [13, 22, 23].

Although angiotensin I has little biological activity, ACE1
converts it into Ang II, the principal RAS effector, which
activates AT1R and AT2R, whose actions in CNS develop-
ment have been clearly delineated. However, in adults, the
scenario is quite complex because AT1R and AT2R seemingly
mediate opposite actions, whereas AT1R activation usually
leads to production of reactive oxygen species, activation of
AT2R counterbalances this noxious effect. In macrophages
and microglia, AT1R is thought to contribute to inflammation,
whereas AT2R attenuates inflammation and contributes to

neuroprotection. These data reinforce the hypothesis that
RAS balance is important in illnesses such as PD, which in-
volves glial activation and neuroinflammation [14, 24–27].
MasR, whose endogenous agonist is Ang (1-7), adds com-
plexity by mediating antioxidant and anti-inflammatory ef-
fects of AT2R [24, 28]. In summary, RAS action in a given
cell or brain circuit depends on peptide production by ACE1
and ACE2 and the expression of RAS receptors. Overall, the
mechanisms underlying RAS balance in healthy conditions
and RAS unbalance in aging [14] or disease remain unknown.

The physiological action of GPCRs is often mediated by
heteromers; that is, by complexes having more than one re-
ceptor. Consensus is that receptor heteromers are novel func-
tional units—their properties are different from those of the
individually expressed receptors [29–31]. The first reported
heteromer consisted of two GPCRs with the same endogenous
agonist; namely, the μ-δ opioid receptor heteromer [32].
Further examples of heteromers formed by two receptors for
the same endogenous ligand are adenosine A1-A2A and aden-
osine A2A-A2B receptors. In these cases, the presence and/or
activation of one of the receptors blunts the response arising in
the partner receptor, and structural information can explain
how the trans blockade may happen [33–38]. Importantly, it
has been reported that AT1R and AT2R and MasR and AT2R
form heteromers [39–41]. The aim of this study was to dem-
onstrate the presence of Mas and AT1/AT2 receptor
heterodimerization in neurons and microglia. The function
of the MasR-AT1R/AT2R complexes in resting and activated
microglia was investigated to complement our recent findings
on AT1R-AT2R heteromer function in neural cells [42].
Importantly, we assessed the expression of heteroreceptor
complexes in animal models of parkinsonian and dyskinesia.
We focused on the striatum because of its relevance in PD.
Our results provide a holistic model to understand RAS ac-
tion, especially under conditions in which microglia become
activated.

Materials and Methods

Reagents

Lipopolysaccharide (LPS), interferon-γ (IFN-γ), Ang II,
CGP-42112A, Ang [1–7], candesartan, PD123319, and
A779 were purchased from Sigma-Aldrich (St. Louis, MO,
USA). Forskolin was purchased from Tocris (Bristol, UK).
The concentrations of ligands used for signaling assays were
selected on the basis of the dose–response experiments shown
in Supplementary Figure S1.
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Cell Culture

Human embryonic kidney (HEK-293T) cells were grown in
Dulbecco’s modified Eagle’s medium (DMEM; Gibco/
Thermo Fisher Scientific, Paisley, UK) supplemented with
2 mM L-glutamine, 100 μg/mL sodium pyruvate, 100 U/mL
penicillin/streptomycin, MEM Non-Essential Amino Acids
Solution (1/100) and 5% (v/v) heat-inactivated fetal bovine
serum (FBS) (all supplements were from Invitrogen/Thermo
Fisher Scientific, Paisley, UK). Cells were maintained at
37 °C in a humid atmosphere of 5% CO2.

As mentioned in the “Introduction,” in this study, we fo-
cused on brain striatum. To prepare mice striatal primary
microglial cultures, the brain was removed from C57BL/6
mice at 2 to 4 days of age. Microglial cells were isolated as
described in [43] and grown in DMEM supplemented with
2 mM L-glutamine, 100 U/mL penicillin/streptomycin,
MEM non-essential amino acids preparation (1/100), and
5% (v/v) heat-inactivated FBS. Briefly, striatum tissue was
dissected, carefully stripped of its meninges, and digestedwith
0.25% trypsin for 20 min at 37 °C. Digestion was stopped by
washing the tissue. A cell suspension was prepared by passing
the cells through a 100-μm pore mesh. Glial cells were resus-
pended in medium and seeded at a density of 1 × 106 cells/mL
in 6-well plates for cyclic adenylic acid (cAMP) assays, in 12-
well plates with coverslips for in situ proximity ligation assays
(PLA), and in 96-well plates for mitogen-activated protein
kinase (MAPK) experiments. Cultures were maintained at
37 °C in a humidified 5% CO2 atmosphere, and unless other-
wise stated, the medium was replaced once a week.

For neuronal primary cultures, the striatum from mouse
embryos (E19) was removed and the neurons were isolated,
as described by [44], and plated at a density of approximately
120,000 cells/cm2. The cells were grown in a neurobasal me-
dium supplemented with 2 mM L-glutamine, 100 U/mL pen-
icillin/streptomycin, and 2% (v/v) B27 supplement (Gibco) in
a 6-, 12-, or 96-well plate for 19 to 21 days. Cultures were
maintained at 37 °C in a humidified 5% CO2 atmosphere, and
the medium was replaced every 4 to 5 days.

Immunodetection of specific markers (NeuN for neurons
and CD-11b for microglia) showed that neuronal preparations
contained > 98% neurons and that microglia preparations
contained at least 98% microglial cells [45, 46].
Contamination by astrocytes was negligible; in our hands,
the passage of the suspension through a syringe disrupts
astroglial cells, and in addition, the culture medium used does
not favor astrocyte survival (checked in every culture).

PD Model Generation, Levodopa Treatment, and
Dyskinesia Assessment

All experiments were carried out in accordance with EU di-
rectives (2010/63/EU and 86/609/CEE) and were approved by

the ethical committee of the University of Santiago de
Compostela. Similar to the approach elsewhere described
[47], our experimental design using male Wistar rats aimed
to obtain four groups of animals as described below. Animals
were 8 weeks old at the beginning of the experimental
procedure.

Details of model generation and the protocol of drug ad-
ministration and behavioral analysis, performed by a blinded
investigator, are given elsewhere [48, 49]. Surgery was per-
formed on rats anesthetized with ketamine/xylazine (1% ke-
tamine, 75 mg/kg, and 2% xylazine, 10 mg/kg). Lesions were
produced in the right medial forebrain bundle to achieve a
complete degeneration of the nigrostriatal pathway. The rats
were injected with 12 μg of 6-hydroxydopamine (6-OH-DA)
(to provide 8 μg of 6-hydroxy-DA free base; Sigma-Aldrich)
in 4 μL of sterile saline containing 0.2% ascorbic acid. These
were considered “lesioned” animals. Injection of the vehicle
led to the generation of naïve (or non-lesioned) animals.

The 6-OH-DA hemilesioned rat is considered a PD model.
Amphetamine-induced rotation was tested in a bank of 8 au-
tomated 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 > 90% depletion of dopamine fibers in the striatum [50]).

Spontaneous use of forelimb can be measured by the cyl-
inder test [51, 52]. Rats were placed individually in a glass
cylinder (20 cm in diameter) and the number of left or right
forepaw contacts was scored by an observer blinded to the
animals’ identity and presented as left (impaired) touches as
a percentage of total touches. A control animal would thus
receive an unbiased score of 50%, whereas the lesion usually
reduces the performance of the impaired paw to less than 20%
of total wall contacts.

Of the lesioned animals displaying parkinsonism-like
behavior according to the above described tests (18 in
total), 12 were chronically treated with L-DOPA daily
for 3 weeks. A mixture of L-DOPA methyl ester (6 mg/kg)
plus benserazide (10 mg/kg) was administered subcutane-
ously. The treatment reliably induces dyskinetic move-
ments in some rats. As described in a previous report
[47], abnormal involuntary movements were evaluated ac-
cording to the rat dyskinesia scale described in detail else-
where [48, 53–56]. The severity of each abnormal invol-
untary movement (AIM) subtype (limb, orolingual, and
axial) was assessed using scores from 0 to 4 (1 = occa-
sional, present < 50% of the time; 2 = frequent, present >
50% of the time; 3 = continuous but interrupted by strong
sensory stimuli; 4 = continuous, not interrupted by strong
sensory stimuli). Rats were classified as “dyskinetic” if
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they displayed a score ≥ 2 per monitoring period on at
least two AIM subtypes. Animals classified as “non-dys-
kinetic” exhibited either no L-DOPA-induced abnormal
involuntary movements or very mild/occasional ones
[57]. Animals with low scores, either non-dyskinetic or
dyskinetic, were excluded. In summary, four groups of
animals were obtained: [1] non-lesioned; [2] lesioned,
treated with vehicle; [3] lesioned and became dyskinetic
when treated with L-DOPA; and [4] lesioned and did not
become dyskinetic upon L-DOPA treatment. Tyrosine hy-
droxylase immunostaining was performed in every animal
from sections taken postmortem [18, 49]; selected animals
undergoing 6-OH-DA treatment showed, in the lesioned
hemisphere, >95% nigral dopaminergic denervation.
Overall, 4 animals (those with better scores) were selected
in each of the following 4 groups: naïve, lesioned, le-
sioned/L-DOPA dyskinetic, and lesioned/L-DOPA non-
dyskinetic. The PLA analysis (see below) was performed
in different fields of striatal sections from each of the 16
selected animals. The striatum was delimited in sections
using a bright field, and images were captured within
delimitation coordinates.

Fusion proteins

Human cDNAs for AT1, AT2, Mas, and σ1 receptors cloned
into pcDNA3.1 were amplified without their stop codons
using sense and antisense primers harboring either BamHI
and HindIII restriction sites to amplify AT1R and AT2R or
with BamHI and EcoRI restriction sites to amplify Mas and
σ1 receptors. Amplified fragments were then subcloned to be
in frame with an enhanced yellow fluorescent protein
(pEYFP-N1; Clontech, Heidelberg, Germany) or a Rluc
(pRluc-N1; PerkinElmer, Wellesley, MA) on the C-terminal
end of the receptor to produce AT1R-YFP, AT1R-Rluc,
AT2R-YFP, Mas-YFP, Mas-Rluc, and σ1R-Rluc fusion
proteins.

Cell Transfection

HEK-293T cells were transiently transfected with the corre-
sponding cDNA by means of the poly-ethylenimine (PEI;
Sigma-Aldrich) method, as previously described [58].
Briefly, the corresponding cDNA diluted in 150 mM NaCl
was mixed with PEI (5.5 mM in nitrogen residues) also pre-
pared in 150mMNaCl for 10min. The cDNA-PEI complexes
were transferred to HEK-293T cells, whichwere incubated for
4 h in serum-starved medium. Then, the mediumwas replaced
by fresh supplemented culture medium and cells were main-
tained at 37 °C in a humid atmosphere of 5%CO2. Forty-eight
hours after transfection, cells were washed, detached, and re-
suspended in the assay buffer.

Immunocytochemistry

HEK-293T cells were seeded on glass coverslips in 12-well
plates. After 24 h of culture, cells were transfected with
AT1R-YFP cDNA (1 μg) and Mas-Rluc cDNA (1 μg) or with
AT2R-Rluc cDNA (1 μg) and Mas-Rluc cDNA (1 μg). Forty-
eight hours later, cells were fixed in 4% paraformaldehyde for
15 min and washed twice with PBS containing 20 mM glycine
before permeabilization with PBS-glycine containing 0.2%
Triton X-100 (5 min incubation). A blocking solution
consisting of PBS containing 1% bovine serum albumin was
added (1 h). HEK-293T cells were then labeled with a mouse
anti-Rluc antibody (1/100; Millipore, Darmstadt, Germany)
and subsequently treated with Cy3-conjugated anti-mouse
(1/200; Jackson ImmunoResearch, West Grove, PA, USA;
red) antibody (1 h each). The expression of Mas-YFP and
AT2R-YFP was detected by their YFP fluorescence. Nuclei
were stained with Hoechst (1/100 from 1 mg/mL stock;
Sigma-Aldrich). Samples were washed several times and
mounted with 30% Mowiol (Calbiochem, Merck, Darmstadt,
Germany). Images were obtained in a Zeiss LSM 880 confocal
microscope (Zeiss, Jena, Germany) with a × 63 oil objective.

Bioluminescence Resonance Energy Transfer Assay

HEK-293T cells were transiently cotransfected with a con-
stant amount of cDNA encodingMas-Rluc (0.75 μg) and with
increasing amounts of cDNAs corresponding to AT1R-YFP
(0.5 to 2.5 μg) or AT2R-YFP (0.5 to 3 μg). When indicated
cDNA coding for AT1R fused to Rluc was used. For negative
control, HEK-293T cells were transiently cotransfected with a
constant amount of cDNA encoding σ1-Rluc (0.75 μg) and
with increasing amounts of cDNA corresponding to AT2R-
YFP (0.5 to 3 μg). To control the cell number, sample protein
concentration was determined using a Bradford assay kit (Bio-
Rad, Munich, Germany) using bovine serum albumin (BSA)
dilutions as standards. To quantify fluorescent proteins, cells
(20μg of total protein) were distributed in 96-well microplates
(black plates with transparent bottoms) and fluorescence was
read in a Fluostar Optima Fluorimeter (BMG Labtech,
Offenburg, Germany) equipped with a high-energy xenon
flash lamp, using a 10-nm bandwidth excitation filter at
485 nm. For bioluminescence resonance energy transfer
(BRET) measurements, the equivalent of 20 μg of total pro-
tein cell suspension was distributed in 96-well white micro-
plates with white bottoms (Corning 3600; Corning Inc.,
Corning, NY, USA). BRET was determined 1 min after
adding coelenterazine H (Molecular Probes, Eugene, OR),
using a Mithras LB 940 reader (DLReady, Berthold
Technologies, Bad Wildbad, Germany), which allows the in-
tegration of the signals detected in the short-wavelength filter
at 485 nm and the long-wavelength filter at 530 nm. To quan-
tify Mas-Rluc expression, luminescence readings were
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obtained 10 min after the addition of 5 μM coelenterazine H.
MilliBRET units (mBU) are defined as follows:

mBU ¼ λ530 long−wavelength emissionð Þ
λ485 short−wavelength emissionð Þ −C f

� �
� 1000

in which Cf corresponds to [(long-wavelength emission)/
(short-wavelength emission)] for the Rluc construct expressed
alone in the same experiment.

Sequential BRET-FRET Assay

HEK-293T cells were transiently cotransfected with a con-
stant amount of cDNA for MasR-Rluc (0.6 μg) and for
AT1R-GFP

2 (1 μg) and increasing amounts of cDNA for
AT2R-YFP (0.5 to 4.1 μg). For the negative control, HEK-
293T cells were transiently cotransfected with a constant
amount of σ1R-Rluc (0.3 μg) and AT1R-GFP

2 (1 μg) and
increasing amounts of cDNA for AT2R-YFP (0.5 to 4.1 μg).
To control the cell number, sample protein concentration was
determined using a Bradford assay kit (Bio-Rad) using BSA
dilutions as standards and adjusted to 0.2 mg/mL. To quantify
fluorescent proteins, cells (20 μg of total protein) were distrib-
uted in 96-well microplates (black plates with transparent bot-
toms) and fluorescence was read in a Fluostar Optima
Fluorimeter (BMG Labtech) equipped with a high-energy xe-
non flash lamp, using a 10-nm bandwidth excitation filter with
a 485-nm excitation filter for YFP or 410-nm excitation filter
for GFP2. For SRETmeasurements, the equivalent of 20μg of
total protein cell suspension was distributed in 96-well white
microplates (Corning 3600). SRET was determined 30 s after
the addition of Deepblue C (5 μM) (Molecular Probes), using
a Mithras LB 940 reader (Berthold Technologies), which al-
lows the integration of the signals detected in the short-
wavelength filter at 400 nm and the long-wavelength filter at
530 nm. To quantify MasR-Rluc or σ1R-Rluc expression,
luminescence readings were obtained 10min after the addition
of 5 μM coelenterazine H.

Assessment of Cytoplasmic Calcium Ion Levels

HEK-293T cells were cotransfected with the cDNAs for AT1

(1 μg) and/or AT2 (1 μg), and/or MasR (1 μg) and/or the
GCaMP6 calcium sensor (1 μg) [59] by the use of PEI meth-
od, as described above. Forty-eight hours after transfection,
HEK-293T cells plated in 6-well plates (black, clear-
bottomed) were incubated with Mg2+-free Locke’s buffer
(154 mM NaCl, 5.6 mM KCl, 3.6 mM NaHCO3, 2.3 mM
CaCl2, 5.6 mM glucose, 5 mM HEPES, 10 μM glycine,
pH 7.4). Receptor antagonists were added 10 min before read-
ings and receptor agonists were added a few seconds before
readings. Fluorescence emission intensity of GCaMP6 was
recorded at 515 nm upon excitation at 488 nm on an

EnSpire Multimode Plate Reader (PerkinElmer, Waltham,
MA, USA) for 150 s every 5 s at 100 flashes per well.

Determination of cAMP Level

The analysis of cAMP levels in primary neural cells or in
transfected HEK-293T was performed using the Lance®
Ultra cAMP kit (PerkinElmer). Two hours before the experi-
ment, cells were placed in serum-starved DMEM. Cells grow-
ing in the medium containing 50 μM zardaverine were dis-
tributed in 384-well microplates (2000 HEK-293T cells or
4000 striatal neurons or microglial cells per well) and
pretreated with the AT1R, AT2R, and MasR antagonists
candesartan, PD123319, and A779, respectively, or with the
vehicle at room temperature for 15 min, and then stimulated
with the AT1R, AT2R, and MasR agonists Ang II, CGP-
42112A, and Ang(1-7), respectively, for 15min before adding
0.5 μM forskolin or vehicle for an additional 15 min.
Homogeneous time-resolved fluorescence energy transfer
(HTRF) measures were performed using the Lance® Ultra
cAMP kit (PerkinElmer). Fluorescence at 665 nm was mea-
sured on a PHERAstar Flagship microplate reader equipped
with an HTRF optical module (BMG Labtech). A standard
curve for (cAMP) was obtained in each experiment.

Extracellular Signal-Regulated Kinases 1/2
Phosphorylation

To determine ERK1/2 phosphorylation, 40,000 HEK-293T
cells expressing MasR and either AT1R or AT2R, or 50,000
striatal neurons, or microglial primary cultures were plated in
transparent Deltalab 96-well microplates. Two hours before
the experiment, the medium was substituted with serum-
starved DMEM. Cells were treated or not for 10 min with
the selective antagonists (300 nM candesartan, 1 μM
PD123319, or 500 nM A779) followed by 7-min treatment
with the selective agonists (Ang II, CGP-42112A, or Ang(1-
7). Cells were then washed twice with cold PBS before the
addition of lysis buffer (15-min treatment). Ten microliters of
each supernatant was placed in white ProxiPlate 384-well mi-
croplates, and ERK1/2 phosphorylation was determined using
an AlphaScreen SureFire kit (PerkinElmer) following the in-
structions of the supplier and using an EnSpire Multimode
Plate Reader (PerkinElmer).

Dynamic Mass-Redistribution Label-Free Assays

Cell signaling was explored using an EnSpire Multimode
Plate Reader (PerkinElmer) by using label-free technology.
Cellular cytoskeleton redistribution movement induced upon
receptor activation was detected by illuminating the underside
of the plate with polychromatic light and measured as changes
in the wavelength of the reflected monochromatic light, which
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is a sensitive function of the index of refraction. The magni-
tude of this wavelength shift (in picometers) is directly pro-
portional to the amount of dynamic mass-redistribution
(DMR). To determine the label-free DMR signal, 10,000
HEK-293T cells cotransfected with cDNAs for AT1R (1 μg)
or AT2R (1 μg) and MasR or 10,000 striatal neuronal or
microglial primary cultures cells were plated on transparent
384-well fibronectin-coated microplates to obtain 70 to 80%
confluent monolayers, and kept in the incubator for 24 h.
Before the assay, cells were washed twice with assay buffer
(Hanks’ balanced salt solution with 20 mM HEPES, pH 7.15,
0.1% dimethyl sulfoxide) and incubated in the reader for 2 h in
30μL/well of assay buffer at 24 °C. Then, the sensor plate was
scanned and a baseline optical signature was recorded for
10 min before adding 10 μL of test antagonist (candesartan,
PD123319, or A779) dissolved in assay buffer, followed by
the addition of 10 μL of selective agonist (Ang II, CGP-
42112A, or Ang(1-7)) also dissolved in assay buffer. The
DMR responses induced by the agonist were monitored for
a minimum of 3600 s.

Proximity Ligation Assay

Detection in natural sources of clusters formed by AT1 and
Mas receptors or AT2 and Mas receptors was addressed in
primary cultures of microglia or striatal neurons and in brain
sections. Cells grown on glass coverslips were fixed in 4%
paraformaldehyde for 15 min, washed twice with PBS con-
taining 20mM glycine to quench the aldehyde groups, perme-
abilized with the same buffer containing 0.05% Triton X-100
for 5 to 15 min, and washed with PBS. After a 1-h incubation
at 37 °C with the blocking solution in a preheated humidity
chamber, samples were incubated overnight at 4 °C with a
mixture of a rabbit monoclonal anti-AT1R antibody (1/100,
ab124734, Abcam, Cambridge, UK) and a mouse monoclonal
anti-MasR antibody (1/100, sc-390453, Santa Cruz
Biotechnology, Santa Cruz, CA, USA) or a mixture of a rabbit
monoclonal anti-AT2R antibody (1/100, ab92445, Abcam)
and the mouse monoclonal anti-MasR antibody (1/100, sc-
390453, Santa Cruz Biotechnology). Nuclei were stained with
Hoechst (1/100 from 1 mg/mL stock; Sigma-Aldrich). The
antibodies were validated following the method in the techni-
cal brochure of the vendor and also by immunofluorescence in
HEK-293T cells (transfected vs non-transfected). Cells were
further processed using PLA probes detecting primary anti-
bodies (Duolink In Situ PLA probe anti-mouse plus and
Duolink In Situ PLA probe Anti-Rabbit minus; all probes
from Sigma-Aldrich) (1/5 v:v for 1 h at 37 °C). Ligation and
amplification were done as indicated by the supplier (Sigma-
Aldrich), and cells were mounted using the mounting medium
30% Mowiol (Calbiochem, Merck). To detect red dots corre-
sponding to AT1-MasHets or AT2-MasHets, samples were
observed in a Zeiss LSM 880 confocal microscope equipped

with an apochromatic 63× oil-immersion objective, and 405-
and 561-nm laser lines. For each field of view, a stack of 2
channels (one per staining) and 3 Z-planes with a step size of
1 μm were acquired. Andy’s algorithm, a specific ImageJ
(National Institutes of Health, Bethesda, MD, USA) macro
for reproducible and high-throughput quantification of the to-
tal PLA foci dots and total nuclei, was used for data analysis
[60].

The specificity of antibodies against angiotensin receptors
has been questioned, even though different laboratories have
reported excellent performance of different antibodies see
[58–61]. All antibodies used in this study were monoclonal;
however, to check the specificity of the antibodies used, we
performed experiments in HEK-293T cells, either non-
transfected or expressing AT1R or AT2R. Signal was negligi-
ble in AT2R-expressing cells and non-transfected cells when
the anti-AT1R antibody was used and negligible in AT1R-ex-
pressing cells and non-transfected cells when the anti-AT2R
antibody was used (Supplementary Figure S2). These results
confirm the antibody specificity as previously reported [62].

Data Analysis

All data were obtained from at least five independent experi-
ments and are expressed as the mean ± standard error of the
mean (SEM). GraphPad Prism 8 software (GraphPad Inc., San
Diego, CA, USA) was used for data fitting and statistical
analysis. One-way ANOVA and post hoc Bonferroni’s test
were used when comparing multiple values. When a pair of
values was compared, Student’s t test was used. Significant
differences were considered when the p value was < 0.05.

Results

The Mas Receptor Physically Interacts with AT1 or AT2
Receptors

Colocalization of MasR with AT1R or AT2R was first ad-
dressed using a heterologous expression system.
Immunocytochemical assays performed in HEK-293T cells
transfected with cDNAs encoding MasR fused to YFP and
AT1 fused to Rluc (Fig. 1A–C) indicated a marked degree of
colocalization (yellow in Fig. 1C). A lower degree of
colocalization was observed after immunocytochemical as-
says performed in HEK-293T cells transfected with cDNAs
encoding MasR fused to Rluc and AT2R fused to YFP (Fig.
1D–F). In those experiments, red fluorescence was due to a
secondary Cy3-conjugated antibody, whereas green fluores-
cence was due to YFP (see “Materials and Methods”);
colocalization can be observed by yellow in the merged im-
age. It should be noted that the images are taken near the glass
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surface, that is, most of the labeling was due to proteins in the
cell membrane proximal to the slide.

Immunocytochemistry assays do not demonstrate physical
interactions because they occur within distances of 200 nm.
Thus, we addressed potential interactions using BRET in
HEK-293T cells expressing a constant amount of MasR-
Rluc and increasing amounts of AT1R-YFP. The saturable
BRET curve (BRETmax 60 ± 2 mBU; BRET50 13 ± 4 mBU)
indicates specific interactions betweenMas and AT1 receptors
(Fig. 1G). A saturable curve was obtained when a similar
experiment was carried out in HEK-293T cells expressing a
constant amount of MasR-Rluc and increasing amounts of
AT2R-YFP (BRETmax 32 ± 1; BRET50 7 ± 2), indicating that
the two receptors do physically interact in living cells (Fig.
1H), confirming the results previously reported in HEK-293T

cells using fluorescence resonance energy transfer and cross-
correlation spectroscopy [40]. In contrast, experiments in cells
coexpressing σ1R-Rluc and AT2-YFP showed a linear non-
specific signal (negative control in Fig. 1H).

We addressed the potential formation of trimers by taking
advantage of the sequential resonance energy transfer (SRET;
[63]) technique using cells expressing MasR-Rluc, AT1R-
GFP2, and AT2R-YFP. The saturable curve, which was not
detected in the negative control (σ1R-Rluc, AT1R-GFP

2, and
AT2R-YFP), indicated that the three RAS receptors interacted
in a heterologous system, forming trimers (Fig. 2A). Trimer
formation led to a structural rearrangement; in fact, increased
expression of MasR led to a higher BRET signal due to the
AT1R-Rluc and AT2R-YFP pair. These results are consistent
with the reduced distance between Rluc fused to AT1R and

Fig. 1 Human AT1 and AT2 receptors interact with Mas receptor (MasR)
in transfected HEK-293T cells. Immunocytochemistry assays were per-
formed in HEK-293T cells expressing Mas-YFP and AT1-Rluc receptors
(1 μg of cDNA each) (A–C), or Mas-Rluc and AT2R-YFP (1 μg of
cDNA each) (D–F). Images were taken using a Zeiss 880 confocal mi-
croscope. Receptors fused to YFP were detected by yellow fluorescence
(green), and receptors fused to Rluc were detected by a mouse anti-Rluc
antibody and a secondary Cy3 anti-mouse antibody (red). Colocalization
is shown in yellow. Cell nuclei were stained with Hoechst (blue). Scale

bar: 2 μm. G, H BRET assays were performed in HEK-293T cells
transfected with a constant amount of cDNA for Mas-Rluc (0.75 μg) or
σ1R-Rluc (0.75 μg) (as negative control) and increasing amounts of
cDNA for AT1R-YFP (0.5 to 2.5 μg) or AT2R-YFP (0.5 to 3 μg).
Values are the mean ± SEM of 8 independent experiments performed in
duplicates. I, J Schematic representation of BRET assays: energy transfer
and fluorescence emission at 530 nM only occurs if the BRET donor
(Rluc) and the BRET acceptor (YFP) are close
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YFP fused to AT2R when forming receptor heterotrimers with
MasR (Fig. 2B).

Functional Characterization of AT1R-MasR
Heteromeric Complexes in HEK-293T Cells

Upon identification of AT1-MasHets and AT2-MasHets in
cotransfected HEK-293T cells, we characterized the func-
tionality of these complexes. It is well established that the
AT1 receptor couples to Gq proteins, increasing inositol
trisphosphate (IP3) and diacylglycerol (DAG) levels by
breaking phosphatidylinositol 4,5-bisphosphate (PIP2) and
subsequently releasing calcium (II) ion from endoplasmic
reticulum channels, but it also couples to Gi proteins,
inhibiting adenylate cyclase and decreasing cAMP levels.
In contrast, the MasR signal transduction pathway has not

yet been fully characterized. Calcium measurements were
first addressed in HEK-293T cells transfected with cDNAs

Fig. 2 All three RAS receptors interact in transfected HEK-293T cells.A
Sequential resonance energy transfer (SRET2) assays were performed in
HEK-293T cells transfected with a constant amount of cDNA for MasR-
Rluc (0.6 μg) or σ1R-Rluc (0.3 μg) (as negative control), a constant
amount of cDNA for AT1R-GFP

2 (1 μg), and increasing amounts of
cDNA for AT2R-YFP (0.5 to 4.1 μg). Values are the mean ± SEM of 8
independent experiments performed in duplicate. B BRET assays were
performed in HEK-293T cells transfected with a constant amount of

cDNA for AT2R-Rluc (0.5 μg), a constant amount of cDNA for AT1R-
YFP (3 μg), and increasing amounts of cDNA for MasR (0 to 1 μg).
Values are the mean ± SEM of 5 independent experiments performed in
triplicate. One-way ANOVA followed by Bonferroni’s multiple compar-
ison post hoc tests were used for statistical analysis. C: Schematic repre-
sentation of the SRET2 assay. *p < 0.05, ***p < 0.0001 versus absence of
MasR

�Fig. 3 Functional analysis of AT1R-MasR and AT2R-MasR complexes
in HEK-293T cells. HEK-293T cells were transfected with the cDNAs
forMasR (1μg) and for either AT1R (1μg) or AT2R (1μg) and, in assays
of Ca2+ determination, with the cDNA for an engineered calcium sensor,
GCaMP6 (1 μg). Transfected cells were pretreated with the selective
antagonists (300 nM candesartan for AT1R, 1 μM PD123319 for
AT2R, and 500 nM A779 for MasR) and subsequently treated with se-
lective agonists (100 nM Ang II for AT1R, 300 nM CGP-42112A for
AT2R, and 500 nM Ang [1–7] for MasR). Thereafter, cytosolic calcium
increases (A, B), intracellular cAMP levels (C, D), ERK1/2 phosphory-
lation (E, F), and the time-dependent DMR signal (G, H) were deter-
mined. Values are the mean ± SEM of 6 independent experiments per-
formed in triplicate. One-way ANOVA followed by Bonferroni’s multi-
ple comparison post hoc test were used for statistical analysis. *p < 0.05,
**p < 0.01, ***p < 0.001 versus forskolin treatment in cAMP determina-
tions or versus vehicle in pERK and DMR assays
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for AT1 and Mas receptors (1 μg of cDNA each) and with
the cDNA for the GCaMP6 calcium sensor (1 μg of
cDNA). After treating cells with the AT1R agonist Ang II

(100 nM), a characteristic curve of cytoplasmic transient
[Ca2+] increase was recorded. This ion mobilization was
completely blocked in cells pretreated with the AT1R
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antagonist candesartan (300 nM; Fig. 3A). Interestingly,
when cells were pretreated with the MasR antagonist
A779 (500 nM) followed by Ang II stimulation, we ob-
s e r v e d a m a r k e d i n c r e a s e i n t h e c a l c i um
mobilization signal. Thus, MasR blockade potentiated
AT1R-mediated signaling in the AT1-MasHet context. The
MasR agonist Ang(1-7) (250 nM) induced no effect, indi-
cating that the MasR receptor does not couple with Gq.

Because of the controversy existing around the pathways
engaged by MasR activation, we assayed whether the receptor
agonist could affect the cytoplasmic levels of cAMP. As can be
observed in Fig. 3C, activation of MasR in HEK-293T cells
coexpressing AT1 and Mas receptors (1 μg of cDNA each) did
not have any effect on either basal or forskolin-induced cAMP
levels, indicating that MasR does not couple with either Gs or
Gi. Similar results were obtained in cells only expressingMasR
(Supplementary Figure S3). Furthermore, Ang II stimulation
induced no effect in cells expressing AT1-MasHets (Fig. 3C).

We next addressed activation of the MAPK pathway,
which is linked to the action of many GPCRs. When HEK-
293T cells expressing AT1-MasHets were treated with Ang II
or Ang(1-7), observed an increase in ERK1/2 phosphoryla-
tion. However, when cells were simultaneously stimulated
with both agonists, the signal was reduced (Fig. 3E). This
phenomenon—in which the signal in a combined treatment
is lower than the sum of individual activation—is known as
negative cross-talk and it can be used to detect AT1-MasHets
in native tissues. Furthermore, when cells were pretreated with
selective antagonists, we observed that A779 treatment
blocked not only the MasR-induced signal but also the
AT1R-induced signal. Similarly, candesartan blocked both
AT1R-induced and MasR-induced signals (Fig. 3E). This
phenomenon—by which the antagonist of one receptor in
the heteromer blocks the signaling of the other protomer in
the complex—is known as cross-antagonism and is a common
print found for different GPCR heteromers.

Finally, when AT1-MasR complex signaling was assayed
by using label-free DMR, a technique that detects cytoskeletal
rearrangements upon receptor activation, negative cross-talk
was detected when cells were costimulated; cross-antagonism
was unidirectional because it was only detected with
candesartan (Fig. 3G).

Functional Characterization of AT2R-MasR
Heteromeric Complexes in HEK-293T Cells

After confirming that MasR and AT1R arrange into a func-
tional unit with novel properties, we proceeded to analyze the
possibility of a similar scenario for AT2R. The assays were
similar to those described in the previous section. On the one
hand, HEK-293T cells expressing AT2-MasHet and the
GCaMP6 calcium sensor did not respond to the MasR agonist
Ang [1–7] (250 nM) or to the AT2R agonist CGP-42112A

(300 nM). These results fit with a lack of Gq coupling (Fig.
3B). On the other hand, assays to determine cAMP levels
showed that CGP-42112A decreased the forskolin-induced
effect by approximately 20%, whereas Ang [1–7] produced
no effect (Fig. 3D). Similar results were obtained in cells ex-
pressing either AT2R (CGP-42112A) or MasR (Ang [1–7])
(Supplementary Figure S3). However, MasR activation par-
tially blocked the AT2R signal. Interestingly, when HEK-
293T cells expressing AT2-MasHets were pretreated with
the MasR antagonist A779 followed by AT2R activation, po-
tentiation of AT2R-mediated signaling was detected. Thus,
these results show that MasR stimulation blocked AT2R-in-
duced signaling, whereas, remarkably, MasR blockade poten-
tiated AT2R functionality. To further characterize signaling in
AT1-MasHet-expressing cells, ERK1/2 phosphorylation and
DMR were determined. Equivalent results were found in both
assays, namely negative cross-talk when receptors were si-
multaneously activated (Fig. 3F, H) and partial cross-
antagonism in MAPK phosphorylation when cells were
pretreated with selective antagonists. This partial cross-
antagonism was not detectable in DMR assays (Fig. 3H).
MasR blockade did not potentiate AT2R functionality in
MAPK activation or DMR assays.

AT1R-MasR and AT2R-MasR Heteromeric Complexes in
Neuronal Primary cultures

Parkinson’s disease is characterized by neuronal death and
neuroinflammation, mainly affecting the indirect pathway of
the basal ganglia, where angiotensin receptors are expressed.
Thus, we isolated primary cultures of brain striatum to look
for expression of angiotensin and Mas receptor complexes.

We first identified AT1-MasHets and AT2-MasHets in pri-
mary neurons by in situ PLA. Clusters of receptor pairs were
identifiable as red fluorescent dots (Fig. 4A–D); 1.44 red dots/
cell were counted using primary antibodies against AT1R and
MasR, and 0.63 red dots/cell were counted using primary
antibodies against AT2R and MasR. The non-specific signal
was equivalent to 0.17 red dots/cell in the negative control.

Once expression of heteromers was demonstrated, we ad-
dressed their functionality in striatal neurons. Receptors in
primary cultures of striatal neurons were treated with selective
antagonists (candesartan for AT1R, PD123319 for AT2R, and
A779 for MasR) and activated with agonists (Ang II for
AT1R, CGP-42112A for AT2R, and Ang(1-7) for MasR),
and cAMP levels and MAPK activation were analyzed.

In the cAMP assays, we observed that only AT2R activa-
tion produced a significant decrease in forskolin-induced
cAMP levels (Fig. 4E–G). This effect was partially
counteracted by MasR activation and thus congruent with
the data obtained in the heterologous expression system. In
addition, pretreatment with MasR antagonist potentiated
AT2R signaling.
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Finally, except for AT2R in cells expressing AT2-MasHets,
individual activation of receptors led to ERK1/2 phosphory-
lation. Furthermore, AT2R activation blunted the effect of
MasR activation. Antagonists allowed us to identify unidirec-
tional cross-antagonism, that is, the MasR antagonist blocked
the AT1R-induced but not the AT2R-induced effect, whereas
angiotensin receptor antagonists did not affect the link of
MasR and the MAPK pathway (Fig. 4H, I). Compared with
results in transfected HEK-293T cells, the cross-antagonism
of AT1 and AT2 receptors over MasR was not observed in
neurons.

AT2R-MasR Heteromeric Complex Expression in
Microglia Treated or Not with LPS and IFN-γ

In pathological conditions, microglia migrate to the injury
site, releasing pro- and anti-inflammatory factors, and be-
coming key actors in regulating the neurodegenerative/
neuroprotective balance [64]. First, expression of the
AT1R-MasR and AT2R-MasR heteromeric complexes was
detected by PLA in primary microglia, both resting and
activated. Microglia were activated by treating the cells
for 48 h with 1 μM LPS and 200 U/mL IFN-γ. As can
be observed in Fig. 5, 3.8 and 4.4 red dots/cell were

Fig. 4 AT1-MasHet and AT2-MasHet expression and function in primary
cultures of striatal neurons. A–C Expression of AT1-MasHets and AT2-
MasHets heteromers was determined by proximity ligation assay (PLA),
which was performed using specific primary antibodies against AT1,
AT2, and Mas receptors. Confocal microscopy images (stacks of 4
consecutive planes) show heteroreceptor complexes; nuclei are
Hoechst-stained (blue). Scale bar: 20 μm. D Bar graph showing the per-
centage of AT1R-MasR and AT2R-MasR clusters as red dots/cell com-
pared with the negative control (*p < 0.05, **p < 0.01; Student’s t test vs
the negative control condition). For cAMP (E–G) or ERK1/2

phosphorylation (H, I), cells were pretreated with selective receptor an-
tagonists (300 nM candesartan for AT1R, 1μMPD123319 for AT2R, and
500 nMA779 forMasR) and subsequently treated with selective agonists
(100 nMAng II for AT1R, 300 nMCGP-42112A for AT2R, and 250 nM
Ang(1-7) for MasR). Values are the mean ± SEM of 5 independent
experiments performed in triplicate. One-way ANOVA followed by
Bonferroni’s multiple comparison post hoc tests were used for statistical
analysis. *p < 0.05, **p < 0.01, ***p < 0.001 versus forskolin treatment
in cAMP determinations or versus vehicle treatment (basal) in pERK
determinations
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counted for AT1-MasHets (Fig. 5A) and AT2-MasHets
(Fig. 5D), respectively, in resting microglia; in the negative
control using the MasR primary antibody, only 0.2 red
dots/cells were counted (Fig. 5C). These results indicate
an expression level of AT1-MasHets and AT2-MasHets
that seems markedly higher in resting microglia than in
striatal neurons (see previous section). Interestingly, when
the same experiment was performed in activated microglia,
a significant decrease was observed in expression of the
AT2R-MasR complex (3.1 red dots/cell) (Fig. 5E) but not
in expression of the AT1R-MasR complex (4.2 red
dots/cell) (Fig. 5B).

AT1R-MasR Complexes Show Negative Cross-talk in
cAMP and MAPK Signaling Pathways in Microglia
Treated or Not with LPS and IFN-γ

Signaling outputs were used to look for any differential func-
tionality of heteromers in resting versus activated microglial
cells. As observed in Fig. 6A, B, neither AT1R nor MasR
activation resulted in any cAMP level alteration in resting
microglia. Also, activation of each receptor led to MAPK
activation (Fig. 6C). Moreover, simultaneous coactivation of
resting microglia with the two agonists induced negative
cross-talk, whereas experiments with antagonists showed
cross-antagonism. Interestingly, when primary cultures were

treated for 48 h with 1 mM LPS and 200 U/mL IFN-γ, Ang II
led to a significant Gi-mediated effect, indicating that the
blockade of AT1R that occurred when forming complexes
with MasR disappeared in activated microglia. This effect
was potentiated when receptors were coactivated and cross-
antagonism was not detected (Fig. 6D). By analyzing ERK1/2
phosphorylation data, we observed a similar effect of the
MasR agonist in both resting and activated microglia.
However, as in resting microglia, negative cross-talk and
cross-antagonism were observed (Fig. 6E). To summarize, in
activated microglia, the AT1-MasHets seem to undergo struc-
tural reorganization favoring the action of Ang II on Gi-
coupled AT1R.

AT2R-MasR Complexes Show Negative Cross-talk in
cAMP and MAPK Signaling Pathways in microglia
Treated or Not with LPS and IFN-γ

As in the previous section, we observed differential effects in
resting and activated microglia when the AT2R-MasR couple
was analyzed with a functional perspective. The cAMP data
indicated a non-significant effect upon AT2R or MasR activa-
tion in resting cells (Fig. 7A). Again, in resting microglia, a
blockade of Gi-mediated AT2R function was detected when
AT2R was coexpressed with MasR. In resting cells, only
MasR was linked to MAPK pathway activation but with

Fig. 5 AT1-MasHet and AT2-MasHet expression in microglial primary
cultures treated with LPS and IFN-γ. A–E Expression of AT1R-MasR
and AT2R-MasR heteromers in primary microglial cultures was
determined by proximity ligation assay (PLA), which was performed
using specific primary antibodies against AT1, AT2, and Mas receptors.
Confocal microscopy images (stacks of 4 consecutive planes) show

heteroreceptor complexes; nuclei are Hoechst-stained (blue). Microglial
cultures were incubated for 48 h in the absence (A, C, D) or in the
presence (B, E) of 1 μM LPS and 200 U/mL IFN-γ. Scale bar: 20 μm.
F: Bar graph showing the percentage of AT1R-MasR and AT2R-MasR
clusters as red dots/cell. **p < 0.01; Student’s t test versus resting cells
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marked negative cross-talk when the AT2R agonist was pres-
ent and with a cross-antagonism effect (Fig. 7B). These results
are similar to those obtained in the heterologous expression
system.

In microglia activated for 48 h with 1 mM LPS and 200 U/
mL IFN-γ, we observed that the AT2R agonist CGP-42112A
induced a significant decrease in forskolin-induced cAMP
levels (Fig. 7C). Activation of microglia provoked structural
alterations in AT2-MasHets because cross-antagonism and
negative cross-talk were not found; that is, there was no block-
ade by MasR over AT2R. In terms of ERK1/2 phosphoryla-
tion, the results were similar to those found in resting cells:
only MasR was linked to MAPK pathway activation, with
marked negative cross-talk and cross-antagonism (Fig. 7D).

Expression of Heteroreceptor Complexes in
Parkinsonian and Dyskinetic Animals

In situ PLA is instrumental in detecting receptor heteromer
clusters in natural sources. We performed PLA in striatal
sections from the 6-OH-dopamine-based PD model.

Assays were performed in sections from non-lesioned and
lesioned hemispheres in three animal groups (see
“Materials and Methods”): untreated, levodopa-treated
non-dyskinetic, and levodopa-treated dyskinetic. Both
AT1R-MasR and AT2R-MasR clusters were expressed but
at relatively low levels (Fig. 8) and their expression was
markedly enhanced in the lesioned hemisphere (Fig. 8).
Levodopa treatment per se did not lead to significant modi-
fication of expression in parkinsonian animals; however, in
dyskinetic animals (i.e., animals that developed dyskinesias
upon treatment with the drug), expression was modified.
Importantly, the expression in dyskinetic animals (with re-
spect to non-dyskinetic animals) was lower in the case of the
AT2R-MasRheteromer but significantly higher in the case of
AT1R-MasR (Fig. 8).

Discussion

At the beginning of the twenty-first century, research on
GPCRs uncovered a novel property resulting from the

Fig. 6 AT1-MasHet function in primary cultures of microglia. A–E
Microglia in primary cultures were incubated for 48 h with 1 μM LPS
and 200 U/mL IFN-γ (D, E) or vehicle (A–C). Then, cultures were
pretreated with selective receptor antagonists (300 nM candesartan for
AT1R, 1 μM PD123319 for AT2R, and 500 nM A779 for MasR) and
subsequently treated with selective agonists (100 nM Ang II for AT1R,
300 nM CGP-42112A for AT2R, and 250 nM Ang [1–7] for MasR).

Cytosolic cAMP levels (A, B, D) and ERK1/2 phosphorylation (C, E)
were subsequently determined. Values are the mean ± SEM of 5 inde-
pendent experiments performed in triplicate. One-way ANOVA followed
by Bonferroni’s multiple comparison post hoc test were used for statisti-
cal analysis. *p < 0.05, **p < 0.01, ***p < 0.001 versus basal treatment
(A) or forskolin treatment (B, D) in cAMP measurements or versus ve-
hicle in pERK measurements (C, E)
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formation of heteroreceptor complexes. Receptor–receptor in-
teractions lead to new functional units whose properties are
different from those displayed by the individually acting re-
ceptors. Interestingly, consideration of receptor heteromers

was first suggested for neurodegenerative conditions such as
those occurring in PD. Heteromers containing adenosine and
cannabinoid receptors are among those relevant to striatal
function [65–71]. The occurrence of angiotensin receptors in

Fig. 7 AT2-MasHet functionality
in primary cultures of microglia.
A–D Microglia in primary
cultures were incubated for 48 h
with 1 μM LPS and 200 U/mL
IFN-γ (C, D) or vehicle (A, B).
Microglial cells were pretreated
with selective receptor antago-
nists (300 nM candesartan for
AT1R, 1 μM PD123319 for
AT2R, and 500 nM A779 for
MasR) and subsequently treated
with selective agonists (100 nM
Ang II for AT1R, 300 nM CGP-
42112A for AT2R, and 250 nM
Ang [1–7] for MasR). Cytosolic
cAMP levels (A, C) and ERK1/2
phosphorylation (B, D) were
subsequently determined. Values
are the mean ± SEM of 5 inde-
pendent experiments performed
in triplicate. One-way ANOVA
followed by Bonferroni’s multi-
ple comparison post hoc test were
used for statistical analysis.
*p < 0.05, **p < 0.01,
***p < 0.001 versus forskolin
treatment in cAMPmeasurements
(A, C) or versus vehicle in pERK
assays (B, D)

Fig. 8 AT1-MasHet and AT2-MasHet complex expression in the striatum
of lesioned and levodopa-treated animals. Heteroreceptor expression was
assessed by the in situ proximity ligation assay (PLA) in the striatum of
the different groups of animals treated as described inMethods. Graphs in

the right represent the quantification of the red labeling in the different
groups calculated using Andy’s algorithm. *p < 0.05, **p < 0.01,
***p < 0.001 versus non-lesioned animals
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the nigra and the striatumwas followed by the identification of
complexes formed by AT1R and AT2R [39, 42]. In this paper,
we showed that the Mas receptor forms heteroreceptor com-
plexes with AT1R and AT2R and that such complexes are
relevant for better understanding the role of RAS in
neuroinflammation.

The RAS imbalance has been well studied in relation to
blood pressure alterations, which are exacerbated by aging
[14, 72, 73]. However, alterations in RAS balance upon aging
affects almost any physiological process. RAS regulates func-
tions in the kidneys, lungs, and brain and thus is key for main-
taining homeostasis both in the periphery and in the CNS.
Unbalanced RAS upon aging is seen as an opportunity to in-
tervene using ligands of RAS receptors to combat neurological
diseases whose main risk factor is age. Parkinson’s and
Alzheimer’s diseases are the most prevalent aging-related dis-
eases affecting the CNS [74–76]. It is tempting to speculate that
RAS is center stage in understanding the greater severity of
COVID-19 in older patients and the variety of symptoms rang-
ing from asymptomatic to serious lung, kidney, immunological,
and/or neurological manifestations [19, 21, 22, 77].

A review in 2009 questioned whether results associated with
the RAS system were due to cross-talk or to heteromerization
[78]. Both AT1R-AT2R [39, 79] and AT2R-MasR interactions
had previously been reported [4, 40]. In 2018, it was suggested
that MasR and AT2R were “joining forces” to counteract dele-
terious actions on blood pressure mediated by AT1R and that
AT2-MasHets could help explain the functionality of AT1R
[41]. A scenario of RAS receptors interacting with each other
raised numerous questions, particularly to understand why re-
ceptors mediating opposing effects would “join forces.” To ap-
proach the issue, two lines of inquiry are necessary: [1] assessing
the expression levels of the different components of the system
in targeted cells/tissues, heteromers included; and [2]
deciphering the properties of the units resulting from receptor–
receptor interactions. The functionality studies reported here
show differential behaviors depending on the signaling pathway
and inter-receptor interactions that lead to negative cross-talk,
even reaching full blockade and cross-antagonism. Such
counterbalancing effects occurred for both AT1-MasHets and
AT2-MasHets. Cross-antagonism was reported for AT2-
MasHet expressed in mouse astrocytes using the mRNA level
of the CX3C chemokine receptor-1 as a read-out [40]. Apart
from cross-antagonism, which is often a characteristic of
heteromer expression, a novel feature that is also explained by
inter-receptor interaction is that the antagonist of MasR in-
creased the calcium peak elicited by the AT1R agonist [31, 80,
81]. The properties of these heteromers must be considered to
understand the efficacy of antihypertensive medication targeting
RAS and for repurposing such approved drugs.

Unbalanced RAS associated with Parkinson’s and
Alzheimer’s diseases opens new therapeutic perspectives.
Pharmacological manipulation of RAS components has

potential in PD [82]; it is suggested that antagonists already used
to treat hypertension and able to cross the blood–brain barrier
may be repurposed to treat PD [83]. On the one hand, the
system has been extensively characterized in relation to nigral
neurodegeneration [27, 72, 83–85]. On the other hand, there are
confounding factors in assessing the risk of PD in individuals
taking antihypertensive medication. This is due to the multiplic-
ity of therapeutic choices but also to the fact that some drugs
targeting RAS enter the brain (e.g., candesartan) [86], whereas
others cannot cross the blood–brain barrier. Therefore, we can-
not assess with certainty whether chronic administration of
RAS-related antihypertensives is neuroprotective or whether
they can delay neurodegeneration once the disease shows clin-
ical symptoms. Selecting themost appropriate cell to be targeted
is also important. It is feasible to target activated microglia to
prevent neurodegenera t ion i f the disease has a
neuroinflammatory component. In addition, MasR is key for
microglia-driven development of the retinal vasculature [87].
The results presented here and those related to expression of
AT1R-AT2R heteromers in striatal cells [42] suggest that
MasR-related therapies to delay progression of PD should con-
sider RAS components in microglia, with the ultimate goal of
attenuating inflammation or skewing microglia toward the M2
neuroprotective phenotype [64]. RAS is well positioned to be
targeted to polarization of microglia activated upon neuroin-
flammation [82]. In contrast to results in transfected HEK-
293T cells and activated microglia, we did not observe cross-
antagonism of AT1 and AT2 receptors over MasR in neurons.
This, together with the lesser expression of MasR-containing
heteromers, suggests that MasR functionality in neurons is not
efficiently regulated by Ang II acting on AT1 or AT2 receptors.

Further parameters to consider are the expression of ACE1
and ACE2 and the possibility that these enzymes also interact
with RAS receptors, thus affecting the local concentration of
agonists of RAS receptors. In relation to COVID-19 manage-
ment, it has been demonstrated that ACE2 interacts with
AT1R [88]. Combining these results with the results presented
here, we cannot rule out the occurrence of a functional unit
constituted by an enzyme, two receptors, and the correspond-
ing G-coupled proteins. The functionality of equivalent mac-
romolecular complexes and the 3-dimensional structure un-
derlying the particular functional features has been demon-
strated for adenosine A1-A2A and A2A-A2B receptors (
[33–38] and data in preparation). Both the allosteric modula-
tion of ACE2 activity that results from the interaction with
SARS-CoV viruses and the effect of viral infection on the
surface expression of RAS components, heteromers included,
need to be addressed.

Mechanistically, the two most relevant findings are the
MasR-mediated regulat ion of cytosol ic calc ium
mobilization triggered byAT1R agonists and the differential link
between RAS and MAPK activation, depending on which
heteromers are expressed in a given cell type and which
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agonist(s) is (are) affecting RAS receptors. Very few mecha-
nisms lead to radical changes in the activation of the MAPK
pathway. However, we present here data that show that one of
the properties of RAS receptor heteromers is the possibility to
engage or not this relevant pathway, depending on the overall
RAS balance. Several years ago, we reported that histamine H3

receptor activation could not lead to ERK phosphorylation un-
less it formed a heteromer with the dopamine D1 receptor. D1-
H3 receptor heteromers are unique devices directing histaminer-
gic and dopaminergic signaling toward theMAPK pathway in a
Gi-dependent but Gs-independent manner [89]. Remarkably,
MasR in activated microglia is linked to MAPK pathway acti-
vation withmarked negative cross-talk and cross-antagonism. In
a complementary recent study, we showed that AT1-AT2 recep-
tor heteromers are expressed in microglia where [1] they are
upregulated in both parkinsonian conditions and in L-DOPA-
induced dyskinesias, and [2] their activation is seemingly neu-
roprotective. The data shown in Fig. 8 suggest that expression of
heteroreceptor complexes formed by MasR and either AT1R or
AT2R is higher in the striatum of the lesioned hemisphere in the
rat 6-OH-DA-based PDmodel. The marked increase in the case
of AT1R-MasR heteromers in dyskinetic animals open new
therapeutic avenues for the assessment of this well-known side
effect of antiparkinsonianmedication. Inmicroglia, a differential
pharmacological trend, when Ang II receptor heteromers are
compared with AT1-MasHets or AT2-MasHets, is cross-antag-
onism, which is not found in the former but in the latter. This is
promising from a therapeutic point of view, because cross-
antagonism in AT1R-AT2R heteromers would lead to a dead
end in terms of neuroprotection; instead, the antagonist of one
Ang II receptor releases the brake on activation of the partner
Ang II receptor within the AT1R-AT2R heteromer [42].
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3.7 Functional Complexes of Angiotensin-Converting Enzyme 2 and Renin-Angiotensin System 
Receptors: Expression in Adult but Not Fetal Lung Tissue. 

Rafael Franco, Alejandro Lillo, Rafael Rivas-Santisteban, Ana I. Rodríguez-Pérez, Irene Reyes-Resina, 
Irene, José L. Labandeira-García y Gemma Navarro.  

Manuscrito publicado en International Journal of Molecular Sciences, Diciembre 2020; 21, 9602. 

La enzima convertidora de angiotensina 2 (ACE2) es una peptidasa de membrana y un 
componente clave del sistema renina-angiotensina (RAS) capaz de catalizar la reacción que 
degrada la angiotensina II (Ang II) a angiotensina 1-7 (Ang 1-7). ACE2 se expresa en las 
células de todos los órganos, incluidos los pulmones. En la actualidad está adquiriendo una 
gran importancia, ya que se ha descrito como la entrada principal por la que el SARS-CoV-2 
puede penetrar a la célula. Años atrás ya se identificó la enzima ACE2 como el receptor que 
utilizan los coronavirus del síndrome respiratorio agudo severo (SARS). Sin embargo, el 
mecanismo subyacente a la entrada celular sigue siendo desconocido. Planteamos la 
hipótesis de que ACE2 también podría ser capaz de establecer interacciones estrechas con 
receptores acoplados a proteína G (GPCR) asociados al RAS. Usando ensayos de 
transferencia de energía por resonancia y ensayos de determinación de AMPc intracelular y 
proteína quinasa activada por mitógenos (MAPK), encontramos que el ACE2 humano 
interactúa con receptores del RAS, en concreto, tanto con el receptor de angiotensina II tipo 
1 (AT1R), como con el receptor de angiotensina II tipo 2 (AT2R) y el receptor del protooncogén 
MAS1 (MasR). Aunque estas interacciones conducen a alteraciones menores de la 
transducción de señal, hemos observado como las células que expresan niveles más altos 
de AT2R son más propensas a facilitar la adhesión del SARS-CoV-2 debido a los niveles más 
altos de expresión de ACE2 en membrana. Los ensayos de ligación por proximidad (PLA) 
realizados revelaron complejos macromoleculares compuestos por ACE2 y AT1R, AT2R o 
MasR en tejido pulmonar de ratón adulto, pero no fetal. Estos hallazgos destacan la 
relevancia del RAS en la infección por SARS-CoV-2 y el papel de los complejos que contienen 
ACE2 como posibles dianas terapéuticas. 
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Abstract: Angiotensin-converting enzyme 2 (ACE2) is a membrane peptidase and a component of 

the renin-angiotensin system (RAS) that has been found in cells of all organs, including the lungs. 

While ACE2 has been identified as the receptor for severe acute respiratory syndrome (SARS) 

coronaviruses, the mechanism underlying cell entry remains unknown. Human immunodeficiency 

virus infects target cells via CXC chemokine receptor 4 (CXCR4)-mediated endocytosis. 

Furthermore, CXCR4 interacts with dipeptidyl peptidase-4 (CD26/DPPIV), an enzyme that cleaves 

CXCL12/SDF-1, which is the chemokine that activates this receptor. By analogy, we hypothesized 

that ACE2 might also be capable of interactions with RAS-associated G-protein coupled receptors. 

Using resonance energy transfer and cAMP and mitogen-activated protein kinase signaling assays, 

we found that human ACE2 interacts with RAS-related receptors, namely the angiotensin II type 1 

receptor (AT1R), the angiotensin II type 2 receptor (AT2R), and the MAS1 oncogene receptor (MasR). 

Although these interactions lead to minor alterations of signal transduction, ligand binding to AT1R 

and AT2R, but not to MasR, resulted in the upregulation of ACE2 cell surface expression. Proximity 

ligation assays performed in situ revealed macromolecular complexes containing ACE2 and AT1R, 

AT2R or MasR in adult but not fetal mouse lung tissue. These findings highlight the relevance of 

RAS in SARS-CoV-2 infection and the role of ACE2-containing complexes as potential therapeutic 

targets. 

Keywords: COVID-19; SARS-CoV-2 receptor; RAS; ACE2; angiotensin receptor; Mas receptor; lung 
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1. Introduction 

The current coronavirus disease-2019 (COVID-19) pandemic is the result of widespread infection 

with the severe acute respiratory syndrome-coronavirus-2 (SARS-CoV-2) pathogen. The main cell 

surface receptor for SARS-CoV-2 is angiotensin-converting enzyme 2 (ACE2), which is an enzyme 

that catalyzes the conversion of angiotensin II (Ang II) into angiotensin 1-7 (Ang 1-7). The link 

between ACE2 and SARS coronaviruses was discovered serendipitously [1–5]. ACE2 is a component 

of the renin-angiotensin system (RAS), which has been characterized extensively in the kidney and 

serves as the target of efficacious antihypertensive drugs. In addition to enzymes that process renin 

and angiotensin, components of the RAS include members of the G-protein-coupled receptor (GPCR) 

superfamily. Receptors for Ang II type 1 (AT1Rs) and Ang II type 2 (AT2Rs) share Ang II as an 

endogenous ligand. As noted, Ang II is also a substrate for enzymatic processing by ACE2 [6]. By 

contrast, the Mas1 oncogene receptor (MasR) interacts with Ang 1-7. Mas1, also known as the Mas-

related proto-oncogene, is related to a putative ancestor gene identified in Saccharomyces cerevisiae 

that encodes mitochondrial assembly protein-1 [7]. Additional RAS receptors, the Mas-related GPCRs 

(Mrgprs), are also responsive to Ang 1-7 [8–10] and to another endogenous agonist that is an Ang 1-

7 derivative, alamandine [6]. 

Coronaviruses and the human immunodeficiency virus (HIV), the latter pathogen recognized as 

the causative agent of acquired immunodeficiency syndrome (AIDS), have several common 

characteristics. Both RNA viruses contain nucleic acids enveloped within a membrane that contains 

host components and viral proteins that facilitate interactions with surface receptors on target cells. 

The most studied of the HIV subtypes, HIV-1, interacts with target cell surface receptors and co-

receptors that are critical for entry into the host cell. HIV-1 entry requires interactions with the main 

receptor, CD4, and interactions with a GPCR co-receptor, most notably the CXC chemokine receptor, 

CXCR4 [11–17]. The chemokine CXCL12, also known as stromal-derived factor 1 (SDF-1), is the 

endogenous ligand of CXCR4. Interestingly, CXCL12/SDF-1 is degraded by dipeptidyl peptidase-4 

(CD26/DPPIV). The actions of this enzyme serve to reduce the local concentration of CXCL12/SDF-1 

and thereby protect the host cells from viral infection [18,19]. ACE2 and CD26/DPPIV are both 

proteases with several specific structural similarities. For example, both ACE2 and CD26/DPPIV are 

attached to cell membranes and can be removed and released into body fluids via a process known 

as shedding [20,21]. Furthermore, both enzymes are type I transmembrane proteins with a single 

transmembrane domain, a C-terminal domain facing the cytoplasm, and a large N-terminal 

extracellular domain that includes the catalytic site. 

Glycoprotein 120 kDa (gp120) found on the surface of HIV-1 virions interacts with CD26/DPPIV, 

which may interact with CXCR4. Among the findings that support our hypothesis, we previously 

characterized co-modulation of CXCR4 and CD26/DPPIV in human lymphocytes. We also found that 

the non-catalytic activating function of CD26/DPPIV was altered in the presence of gp120 via a 

mechanism that was dependent on the expression of both CD4 and CXCR4 [19,22]. 

Based on these findings, we hypothesized that the ACE2 may have the capacity to interact with 

receptors that are activated by its substrate, Ang II, and its product, Ang 1-7. Accordingly, this paper 

aimed at examining the physical and functional interactions of ACE2 with cell surface receptors for 

Ang II and Ang 1-7. We also performed experiments designed to detect enzyme-receptor complexes 

in lung tissue, which is the main portal of entry for SARS-CoV-2. 

2. Results 

2.1. Expression of ACE2 Downregulates AT1R-Mediated Signaling Induced by Ang II 

ACE2 has been identified as the main receptor for SARS coronaviruses. Its substrate, Ang II, is 

an endogenous agonist that activates the G-protein-coupled receptors (GPCRs) AT1R and AT2R. AT1R 

couples with the Gq protein; activation by agonists increases the levels of inositol triphosphate and 

diacylglycerol and mobilizes intracellular calcium. In this first set of experiments, we aimed to 

determine whether the expression of ACE2 has any impact on AT1R-mediated signaling. Toward this 

end, we measured cytoplasmic Ca2+ levels in a heterologous expression system using the calmodulin-
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derived Ca2+ sensor, GCaMP6. Ang II at concentrations of 1 nM to 100 nM was added to HEK-293T 

cells that expressed both AT1R and GCaMP6. A fluorescent signal with a maximum of 9000 AU at 150 

s was detected in response to the two highest concentrations of Ang II (Figure 1A). Interestingly, in a 

similar experiment targeting HEK-293T cells expressing AT1R and ACE2, a significant decrease in the 

maximum response was observed (6000 AU signal at the highest concentration of Ang II; Figure 1B). 

These results suggest that the expression of ACE2 may inhibit AT1R-mediated signaling. The 

possibility of functional selectivity and Gi coupling was discarded from experiments that evaluated 

intracellular cAMP levels in the presence or absence of forskolin. While slight increases in cAMP 

levels were identified in response to micromolar concentrations of Ang II, the expression of ACE2 

had no significant impact on these results (Figure 1C). 

 

Figure 1. Impact of ACE2 on the functionality of AT1R. HEK-293T cells were transfected with either 

0.4 µg AT1R cDNA and 0.2 µg ACE2-HA cDNA (A,B,F,G), 0.5 µg AT1R-YFP cDNA, 0.2 µg ACE2-HA 

cDNA, and 0.5 µg β-arrestin II-RLuc cDNA (C), or 0.4 µg AT1R cDNA, 0.2 µg ACE2-HA cDNA, and 
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0.5 µg cDNA encoding the Ca2+ sensor, GCaMP6 (D,E). After 48 h of incubation, cells were treated 

with increasing concentrations of the AT1R agonist, Ang II. Cyclic AMP was measured after 15 min 

in response to pre-treatment with 0.5 µM forskolin (A); as shown, this intervention resulted in 

approximately 4 nM cAMP, which corresponds to a 240% increase over baseline levels. Results from 

the evaluation of ERK1/2 phosphorylation (B), β-arrestin II recruitment (C) Ca2+ levels (D,E), and 

DMR recordings (F,G) are presented as dose-response curves. Where indicated, cells were pre-treated 

with the selective AT1R receptor antagonist, candesartan (1 µM), before challenge with the receptor 

agonist. Values shown are the mean ± SEM of 8 independent experiments each performed in triplicate. 

Activation of GPCRs results in the engagement of the mitogen-activated protein kinase (MAPK) 

signaling pathway. As such, we measured extracellular signal-regulated kinase (ERK)1/2 

phosphorylation in cells expressing AT1R and ACE2. While the addition of Ang II to HEK-293T cells 

expressing AT1R induced a 125% increase in ERK1/2 phosphorylation over baseline levels, the 

increase in phosphorylation observed in cells co-expressing AT1R and ACE2 was limited to 71% 

(Figure 1D). Similar results were obtained using dynamic mass redistribution (DMR) assays, which 

is a technique that can be used to measure changes in cytoskeletal structure in response to GPCR 

activation and the engagement of G-proteins. With this assay, we found that the expression of ACE2 

resulted in a 30% decrease in the overall impact of Ang II at AT1R (Figure 1F,G). Finally, AT1R-

mediated recruitment of β-arrestin was evaluated in cells that co-express β-arrestin II-RLuc and 

AT1R-YFP. The specific signal of 37 milli-Bioluminescence Resonance Energy Transfer (BRET) units 

(mBU) originally detected in cells expressing AT1R alone increased by 20 mBU in response to ACE2 

co-expression (Figure 1E). These results suggest that the expression of ACE2 augments AT1R-

mediated recruitment of β-arrestins. 

Taken together, our findings revealed that the expression of ACE2 results in a decrease in AT1R-

mediated signaling in response to Ang II with a concomitant increase in the capacity for β-arrestin 

recruitment. 

2.2. Expression of ACE2 Downregulates AT2R-Mediated Signaling Induced by Ang II 

Signaling assays were performed to assess the impact of ACE2 on AT2R function. As AT2R 

couples with Gi, we first determined intracellular cAMP levels in cells treated with forskolin. 

Findings shown in Figure 2A reveal that the addition of the selective AT2R agonist, CGP-42112A 

(CGP), resulted in a 73% reduction in cAMP levels. This strong effect was attenuated in cells that co-

expressed ACE2 (21% reduction). While similar results were obtained in DMR assays (Figure 2F,G), 

our findings revealed qualitative differences with respect to the engagement of the MAPK signaling 

pathway. Of note, we found that ERK1/2 phosphorylation following activation of AT2R was increased 

from 90% to 232% in response to ACE2 (Figure 2B). These results indicate that ACE2 expression 

potentiates the link between AT2R and MAPK signaling. 

By contrast, expression of ACE2 had a less profound impact on β-arrestin recruitment via AT2R 

when compared to responses mediated by AT1R. BRETmax was 22 mBU in cells expressing AT2R; this 

response increased to 29 mBU when ACE2 was also expressed (Figure 2C). As anticipated from 

findings of AT2R coupling with Gi and not to Gq, Ang II-mediated activation of this receptor-induced 

minimal mobilization of intracellular Ca2+. This response was completely abolished in the presence 

of ACE2 (Figure 2D,E). 
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Figure 2. Impact of ACE2 on the functionality of AT2R. HEK-293T cells were transfected with either 

0.3 µg AT2R cDNA and 0.2 µg ACE2-HA cDNA(A,B,F,G), 0.4 µg AT2R-YFP cDNA, 0.2 µg ACE2-HA 

cDNA, and 0.5 µg β-arrestin II-RLuc cDNA (C), or 0.3 µg AT2R cDNA, 0.2 µg ACE2-HA cDNA, and 

0.5 µg cDNA encoding the Ca2+sensor, GCaMP6 (D,E). After 48 h of incubation, cells were treated 

with increasing concentrations of the selective AT2R agonist, CGP. Cyclic AMP was measured after 

15 min in response to pre-treatment with 0.5 µM forskolin (A); see also Legend to Figure 1. Results 

from the evaluation of ERK1/2 phosphorylation (B), β-arrestin II recruitment (C), Ca2+ levels (D,E), 

and DMR recordings (F,G) are presented as dose-response curves. Where indicated, cells were pre-

treated with selective AT2R receptor antagonist, PD123319 (PD; 1 µM), before challenge with the 

receptor agonist. Values are the mean ± SEM of 8 independent experiments each performed in 

triplicate. 
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2.3. Expression of ACE2 Potentiates MasR-Mediated Signaling 

Assays analogous to those described in earlier sections were performed to determine the impact 

of ACE2 on the functionality of MasR. While the recruitment of β-arrestin in response to receptor 

activation with its ligand, Ang 1-7, was not affected by co-expression of ACE2, expression of ACE2 

resulted in the enhancement of all other transduced signals. This was observed in assays targeting 

cAMP and ERK1/2 phosphorylation and was notably strong with respect to the results of DMR 

analysis (Figure 3). As such, not only does the catalytic activity of ACE2 generate the endogenous 

agonist for this receptor, our results reveal that the expression of this enzyme may increase the 

signaling output from MasR via an enzyme-independent mechanism. We confirmed that MasR 

activation resulted in no changes in cytoplasmic Ca2+ levels, regardless of the presence or absence of 

ACE2 (Figure 3D,E). 

 

Figure 3. Impact of ACE2 on the functionality of MasR. HEK-293T cells were transfected with 0.5 µg 

MasR cDNA and 0.2 µg ACE2-HA cDNA (A,B,F,G), 0.6 µg MasR-YFP cDNA, 0.2 µg ACE2-HA 

cDNA, and 0.5 µg encoding β-arrestin II-RLuc cDNA (C), or 0.5 µg MasR cDNA, 0.2 µg ACE2-HA 

cDNA, and 0.5 µg cDNA encoding the Ca2+ sensor, GCaMP6 (D,E). After 48 h of incubation, cells were 

treated with increasing concentrations of the selective MasR agonist, Ang 1-7. Cyclic AMP was 



Int. J. Mol. Sci. 2020, 21, 9602 7 of 21 

  

measured after 15 min in response to pre-treatment with 0.5 µM forskolin (A); see also Legend to 

Figure 1. Results from the evaluation of ERK1/2 phosphorylation (B), β-arrestin II recruitment (C), 

Ca2+ levels (D,E), and DMR recordings (F,G) are presented as dose-response curves. Where indicated, 

cells were pre-treated with the selective MasR receptor antagonist, A779 (1 µM), before challenge with 

the receptor agonist. Values presented are the mean ± SEM of 6 independent experiments each 

performed in triplicate. 

2.4. ACE2 Interacts Directly with AT1R, AT2R, and MasR 

Naïve HEK-293T cells do not express functionally significant concentrations of RAS 

components. As such, we hypothesize that outcomes associated with ACE2 expression may be a 

direct result of receptor-enzyme interactions. 

This hypothesis was tested using BRET assays. First, HEK-293T cells were transfected with a 

constant amount of cDNA encoding AT1R-RLuc and increasing amounts of cDNA encoding ACE2-

eGFP. Findings shown in Figure 4A include a saturable BRET curve which is indicative of direct 

interactions between AT1R and ACE2 (BRETmax = 120 ± 20 mBU and BRET50 = 16 ± 4). Similar assays 

were performed in cells pretreated for 10 min with Ang II or with the selective AT1R antagonist, 

candesartan. While a significant decrease in BRET signal was detected after challenging with the 

agonist (BRETmax = 90 ± 10 mBU and BRET50 = 21 ± 5), these parameters did not undergo significant 

change in response to treatment with a receptor antagonist, candesartan (BRETmax = 12 ± 20 mBU and 

BRET50 = 15 ± 5; Figure 4A). These results may be explained by conformational changes that alter the 

distance between BRET donor and BRET acceptor. Another possibility is internalization, disassembly 

and recycling in response to agonist challenge. The latter process would lead to reduce the number 

of AT1R-ACE2 complexes. 

 

Figure 4. Interactions of RAS receptors and ACE2 as assessed by Bioluminescence Resonance Energy 

Transfer (BRET) assays. BRET assays were performed in HEK-293T cells transfected with constant 

amounts of cDNA encoding AT1R-RLuc (0.5 µg) (A), AT2R-RLuc (0.4 µg) (B), MasR-RLuc (0.6 µg) (C), 
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or GHS-R1a-RLuc (0.3 µg; negative control) (D) together with increasing amounts of cDNA encoding 

ACE2-eGFP (0.1 to 1 µg). Cells were treated (red symbols) or not (black symbols) for 25 min with 

selective antagonists (candesartan for AT1R, PD123319 for AT2R or A779 for MasR, both at 1 µM; red 

symbols) or selective agonists (Ang II for AT1R, CGP for AT2R or Ang 1-7 for MasR, all at 100 nM; 

green symbols). Values correspond to experimental points from 6 independent experiments each 

performed in quadruplicate. BRET50 and BRETmax values were calculated by non-linear regression 

using Prism GraphPad software; specific parameters are as described in the text. 

Potential AT2R-ACE2 interactions were examined in experiments performed in HEK-293T cells 

transfected with a constant amount of cDNA encoding AT2R-RLuc and increasing amounts of cDNA 

encoding ACE2-eGFP. The saturable BRET curve (BRETmax = 510 ± 20 mBU and BRET50 = 11 ± 2) 

revealed the formation of AT2R-ACE2 complexes in the co-transfected HEK-293T cells. However, we 

observed a significant increase in the height at saturation (BRETmax = 750 ± 70 mBU and BRET50 = 31 ± 

6) in co-transfected cells that were challenged with the AT2R agonist, CGP (Figure 4B). These results 

may be explained by conformational changes that reduce the distance between the BRET donor and 

BRET acceptor. The findings might also be explained by an increase in the number of receptor-

enzyme complexes. Challenge with the AT2R antagonist, PD123319, led to a significant decrease in 

the BRET signal when compared to results from untreated cells (BRETmax = 400 ± 20 mBU and BRET50 

= 12 ± 2). 

Finally, we addressed the possibility of physical interactions between MasR and ACE2. BRET 

assays confirmed these interactions. However, we observed no responses to treatment with MasR 

agonists or antagonists (Figure 4C). Parameters defining this interaction were: BRETmax = 362 ± 21 

mBU and BRET50 = 10 ± 2 in the absence of receptor activation, BRETmax = 420 ± 60 mBU and BRET50 = 

16 ± 5 in cells treated with receptor agonist, and BRETmax = 370 ± 40 mBU and BRET50 = 12 ± 4 in cells 

treated with receptor antagonist. A non-specific linear signal was obtained in HEK-293T cells that 

were transfected with the cDNA encoding GHS-R1a-RLuc (negative control) together with increasing 

amounts of ACE2 (Figure 4D). 

2.5. Cell Surface Expression of ACE2 Following Activation of AT1R and AT2R 

Our findings revealed that ACE2 was capable of functionally interact with RAS receptors. We 

also discovered that direct interactions between ACE2 and AT1R and AT2R underwent a quantitative 

change in response to receptor activation. As such, our next aim was to assess cell surface expression 

of ACE2 following RAS receptor activation. 

Cell surface expression of ACE2 was first assessed by immunocytochemistry assays targeting 

HEK-293T cells that express this enzyme together with AT1R, AT2R, or MasR. As shown in Figure 5A, 

ACE2 and the three receptors were all detected at the plasma membrane and were also associated 

with intracellular structures in the cytoplasm. Dual localization was also observed in cells treated 

with selective agonists. 

Increased green fluorescence documenting ACE2 immunoreactivity in the cytoplasm was 

detected in AT1R and ACE2-expressing cells that were treated with Ang II. These results suggested 

that activation of AT1R results in decreased expression of ACE2 at the plasma membrane (Figure 5A). 

By contrast, no significant changes in ACE2 immunoreactivity were detected when cells expressing 

AT2R or MasR were treated with their respective receptor agonists. 
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Figure 5. RAS receptors regulate cell surface expression of ACE2. (A) Immunocytochemistry assays 

were performed in HEK-293T cells expressing ACE2-eGFP together with AT1R-RLuc, AT2R-RLuc, or 

MasR-RLuc and activated with the respective agonists. Cells that expressed each RAS receptor were 

treated with their respective selective agonist. ACE2-eGFP expression was evaluated quantitatively 
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via green fluorescence. The Rluc-containing receptors were detected by an anti-RLuc primary 

antibody and a secondary Cy3-conjugated anti-mouse antibody (red-staining). Colocalization is 

shown in yellow. Scale bar = 10 µm. (B–G) Biotinylation experiments were performed in HEK-293T 

cells transfected with cDNA encoding AT1R-RLuc (1 µg; B,E), AT2R-RLuc (1 µg; C,F) or MasR-RLuc 

(1 µg; D,G) with or without 0.8 µg of ACE2-HA cDNA. Images from a representative experiment are 

shown (expansion of the image areas in Figure 5 and position of the MW from this representative 

experiment appear in Supplementary Figure S1). Immunoreactive bands from 6 independent 

experiments were quantified. Values presented are the mean ± SD. One-way ANOVA followed by 

Bonferroni’s multiple comparison posthoc tests were used for statistical analysis; * p < 0.05, *** p < 

0.001 vs. ACE2-HA singly-transfected cells. 

For improved assessment of cell surface expression, we performed biotinylation experiments 

using co-transfected cells. The assay conditions used in these experiments permit biotinylation of cell 

surface proteins only. Immunoblotting was performed on preparations of isolated biotinylated 

proteins. Fusion proteins containing Rluc or eYFP were used to normalize protein expression; this 

facilitated comparisons of similar expression levels in experiments performed in cells that expressed 

ACE2 alone, a receptor, or ACE2 together with a receptor. Using this method, we found that co-

expression of ACE2 had no significant impact on the expression of any of the three RAS receptors 

evaluated (Figure 5B–G). 

The results from HEK-293T cells that co-expressed AT1R-RLuc and ACE2 and were activated 

with Ang II revealed decreased expression of ACE2-eGFP on Western blots (Figure 5B). When similar 

assays were performed in cells that co-expressed AT2R-RLuc and ACE2, a significant increase in the 

enzyme expression was observed (Figure 5C). However, no differential regulation of ACE2 was 

observed in HEK-293T cells co-expressing MasR (Figure 5D). The presence of ACE2 had no impact 

on the expression of AT1R, AT2R, or MASR (Figure 5E–G). 

Taken together, our results indicate that ligand-mediated activation of AT1R resulted in 

diminished cell surface expression of ACE2. By contrast, activation of AT2R resulted in elevated levels 

of ACE2. No differential expression of this enzyme was observed in response to activation of MasR. 

2.6. Detection of AT1R-ACE2, AT2R-ACE2, and MasR-ACE2 Complexes in the Lungs of Adult Mice 

Children are less likely to succumb to severe SARS-CoV2 infection; it has been hypothesized that 

this may be due to comparatively lower levels of ACE2 in lung tissue. Given the findings described 

above, our next goal was to evaluate ACE2-receptor complexes in the lungs of adult and fetal CD-1 

mice. This investigation was approached using sections of fixed tissue and in situ proximity ligation 

assay (PLA). This technique is instrumental for the detection of complexes formed by two proteins in 

natural sources. 

Using specific antibodies raised against the proteins of interest, we could detect that 14% of cells 

expressed AT1R-ACE2 complexes with around 10 red dots/cell-expressing dots (Figure 6A), 11% of 

cells expressed AT2R-ACE2 complexes with around 6 red dots/cell-expressing dots (Figure 6B) and 

that only 8% of cells expressed MasR-ACE2 complexes with around 7 red dots/cell-expressing dots 

(Figure 6C). These results demonstrate the existence of AT1R-ACE2, AT2R-ACE2 and MasR-ACE2 

complexes in the adult lung of mice (Figure 6G). Remarkably, no positive signals were observed for 

any pair of proteins in sections from fetuses (<1% of cells expressed red clusters) (Figure 6D–F,H). 
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Figure 6. Detection of AT1R-ACE2, AT2R-ACE2, and MasR-ACE2 complexes in mouse lung tissue. 

Proximity Ligation Assays (PLAs) were performed using lung sections of adult (A–C) or 19-day fetal 

CD-1 mice (D–F) as described in the Methods. Cell nuclei were stained with Hoechst (blue). Protein 

complexes appear as red clusters or dots. Representative images corresponding to stacks of 4 

sequential planes are shown. Graphs (G,H) display the number of clusters and spots in spot-

containing cells. Values presented are the mean ± SEM of 5 independent experiments. 

3. Discussion 

ACE2 on target cells has been identified as a critical receptor for SARS and other coronaviruses 

[23–26]. However, the mechanisms underlying SARS-CoV-2 entry into cells and the role of ACE2 in 

facilitating viral infection remain to be clarified. Similar to what has been observed for HIV-1 

infection, GPCRs may facilitate viral infection. GPCRs constitute approximately 10% of the human 

proteome; they are typically expressed on the cell surface and can be internalized via clathrin- or 

caveolin-dependent mechanisms [27–30]. To the best of our knowledge, there are no published 

studies that link GCPRs or GPCR internalization mechanisms to the coronavirus life cycle. Of note, 

peptides derived from SARS, HIV-1 and Ebola virus proteins bind with high affinity to formyl-

peptide receptors [30,31]. The physiological role of this GPCR with respect to viral infection is 

currently unclear. 

The chemokine receptor CXCR4 was identified as an HIV-1 co-receptor and mediator of cell 

entry soon after the identification of this pathogen as the causative agent of AIDS [13,16]. Subsequent 

studies revealed that CD26/DPPIV interacts with CXCR4 and is targeted by envelope gp120 HIV-1 
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glycoprotein [19,22,32,33]. HIV-1 entry into target cells involves CXCR4 as well as interactions with 

CD26/DPPIV and the receptor agonist, CXCL12/SDF-1, which is also a substrate of this enzyme. 

Potential parallels to mechanisms underlying HIV-1 infection have led us to hypothesize that there 

is a gap in SARS-related research that will be only fulfilled once GPCRs are considered [34]. 

As the most straightforward approach toward the identification of GPCRs that may be involved 

in SARS-CoV-2 infection, we focused on receptors that interact with the ACE2 substrate, Ang II. 

Toward this end, results of RNA-based interference assays performed in the dorsal vagal complex of 

the mouse brainstem suggested the existence of interactions between ACE2 and AT1R [35]. However, 

the approach used in this study was not designed to address the possibility of direct protein-protein 

interactions. Similarly, Deshotels et al. [36] performed an important study using both cell transfection 

and rodent model approaches that revealed Ang II-mediated and AT1R-dependent regulation of 

ACE2 expression; the results of co-immunoprecipitation experiments suggested interactions between 

the two cell surface proteins. This biophysical approach can be used to identify direct interactions; 

the results revealed that ACE2 may interact with both AT1R and AT2R and also with MasR, which is 

the receptor for Ang 1-7, the product of ACE2-mediated cleavage of Ang II. 

Protein-protein interactions occurring at the plasma membrane can modify receptor-mediated 

signaling responses. As shown here, the expression of ACE2 modulated agonist-induced signaling at 

all three receptors (i.e., AT1R, AT2R, or MasR). Negative modulation of AT1R or AT2R-mediated 

signaling might be expected, given that ACE2 ultimately degrades the endogenous agonist, Ang II. 

However, the high-affinity CGP agonist used to promote signaling via AT2R does not undergo 

significant degradation by ACE2. Equally interesting was the modulation of ACE2 expression 

observed upon receptor activation. Our results add to findings reported by Bai et al. [37], who 

described telmisartan-induced downregulation of AT1R with a concomitant increase in ACE2 

activity; treatment of hypertensive rats with this selective AT1R antagonist rebalanced the RAS 

system. We found that activation of MasR, the receptor for Ang 1-7, had no significant impact on 

ACE2 expression. However, activation of the Ang II receptors, AT1R and AT2R, led to different 

outcomes, a finding that is consistent with the opposing physiological roles presumably played by 

these two receptors. 

The loss of cell surface ACE2 in a physiological context could be due to endocytosis or to 

shedding; the latter phenomenon has been reported for the HIV-1-related peptidase, CD26/DPPIV 

[20,21]. However, in our experimental conditions, changes in cell surface expression of ACE2 were 

largely dependent on processes underlying endocytosis and trafficking to the cell surface. This 

finding is important as it implies that the availability of the SARS receptor might vary depending on 

the status of the RAS, most notably on the local concentration of Ang II and the relative expression 

of both AT1R and AT2R. As these parameters may vary from cell to cell even under homeostatic 

conditions, SARS-CoV-2 infection may generate symptoms of varying severity. In other words, the 

expression of RAS components in a given cell may dictate its susceptibility to SARS-CoV-2 infection 

and responses that include mild to more severe symptoms of this disease. Our results suggest that 

cells that express higher levels of AT2R, especially when activated by Ang II, are more likely to 

facilitate SARS-CoV-2 attachment due to higher levels of ACE2 expression. Further experiments, 

preferably those performed with infectious SARS-CoV-2 particles, would be needed to determine 

whether cells enriched in AT2R and activated by the endogenous agonist are more susceptible to 

virion binding, and to assess whether the RAS-related GPCRs complexed with ACE2 promote viral 

endocytosis. 

Severe COVID-19 involves pneumonia and fatal outcomes that often correlate with elevated 

plasma levels of interleukin-6 (IL-6) and the cytokine storm [38–42]. High levels of IL-6 may be due 

to its overproduction by activated macrophages as well as by non-immune cells. Of note, bacterial 

endotoxin has been found to induce the synthesis of IL-6 in osteoblasts [43] and endothelial cells [44]. 

High levels of ACE2 expression have been detected in the lung which includes an air-exposed 

interface that is composed of a variety of cells; ACE2 in the human lung is particularly abundant in 

bronchial transient secretory cells [45,46]. Lung tissue includes both endothelial and epithelial cells 

that can express nearly all RAS components. Of particular note, ACE2 has been localized at the apical 
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side of polarized cells [47] where it can facilitate interactions with inhaled virions. As such, our final 

important objective was to identify ACE2-receptor complexes in the lung. This was made possible by 

in situ PLA, which is a technique that was specifically developed to detect complexes formed by two 

membrane proteins [48]. Using this method, we found that ~10% of the cells in adult mouse lung 

tissue expressed one or more complexed protein pairs, including ACE2/AT1R, ACE2/AT2R, and 

ACE2/MasR. Remarkably, no complexes were detected in mouse fetal lung sections. Given these 

findings, it is tempting to speculate that the predominance of mild or even asymptomatic infection in 

children exposed to SARS-CoV-2 might be directly related to the absence of receptor-enzyme 

complexes that promote viral entry into lung cells. Taken together, our findings suggest that further 

consideration of ACE2-containing RAS receptor complexes might reveal critical features underlying 

the mechanism of SARS-CoV-2 infection. 

4. Material and Methods 

Studies were designed to include groups of equal size and used randomization methods and 

blinded analysis. Antibody-based immunocytochemical assays were conducted in line with 

guidelines detailed elsewhere [49,50]. 

4.1. Reagents 

Ang II, CGP, Ang 1-7, candesartan, PD123319, A779, and forskolin were purchased from Sigma-

Aldrich (St. Louis, MO, USA). 

4.2. Expression Vectors 

cDNAs encoding human AT1R, AT2R, and MASR were amplified without their stop codons 

using sense and antisense primers that included either BamHI and HindIII restriction sites (for 

amplification of AT1R and AT2R) or BamHI and EcoRI restriction sites (for amplification of MasR) 

and subcloned into the pcDNA3.1 expression vector. Amplified fragments were subcloned in-frame 

with genes encoding the enhanced yellow fluorescent protein (pEYFP-N1; Clontech, Heidelberg, 

Germany) or Rluc (pRluc-N1; PerkinElmer, Wellesley, MA, USA) at the respective C-termini to 

produce AT1R-RLuc, AT1R-YFP, AT2R-RLuc, AT2R-YFP, MAS-RLuc, and MAS-YFP fusion proteins. 

cDNAs in pcDNA3.1 for ACE2-eGFP (ACE2_OHu20260C_pcDNA3.1(+)-C-eGFP Clone ID: 

OHu20260C; ORF Clones: Accession No.:NM_021804.3) and for ACE2-HA 

(ACE2_OHu20260C_pcDNA3.1(+)-N-HA Clone ID:OHu20260C; ORF Clones: Accession 

No.:NM_021804.3) were purchased from GenScript Biotech (Leiden, The Netherlands). 

4.3. Cell Culture and Transient Transfection 

HEK-293T cells were grown in Dulbecco’s Modified Eagle’s Medium (DMEM; Gibco, Paisley, 

Scotland, UK) supplemented with 2 mM L-glutamine, 100 U/mL penicillin/streptomycin, MEM Non-

Essential Amino Acids Solution (1/100) and 5% (v/v) heat-inactivated fetal bovine serum (FBS) 

(Invitrogen, Paisley, Scotland, UK). Cells were maintained in a humid atmosphere at 5% CO2 at 37 

°C. Cells were transiently transfected using the polyethylenimine (PEI; Sigma-Aldrich) method as 

previously described [51]. 

4.4. Bioluminescence Resonance Energy Transfer (BRET) Assays 

HEK-293T cells were transiently transfected with a constant amount of cDNA encoding AT1R-

RLuc, AT2R-RLuc, MasR-RLuc, or GHS-R1a-Rluc (the latter used as a negative control) together with 

increasing amounts of cDNA encoding ACE2-eGFP. At 48 h after transfection, cells were adjusted to 

20 µg of protein using a Bradford assay kit (Bio-Rad, Munich, Germany) using bovine serum albumin 

(BSA) for standardization. To quantify protein-eGFP expression, fluorescence was read in a FluoStar 

Optima Fluorometer (BMG LabTechnologies, Offenburg, Germany) equipped with a high-energy 

xenon flash lamp and a 10 nm bandwidth excitation filter at 485 nm. For BRET measurements, 

readings were collected 30 s after the addition of 5 µM coelenterazine H (Molecular Probes, Eugene, 
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OR, USA) using a Mithras LB 940, which facilitates the integration of signals detected from both the 

short-wavelength (485 nm) and the long-wavelength filters (510 nm). To quantify protein-RLuc 

expression, luminescence readings were performed 10 min after the addition of 5 µM coelenterazine 

H also using a Mithras LB 940. The net BRET is defined as ([long-wavelength emission]/[short-

wavelength emission]) minus Cf, with Cf corresponding to the [long-wavelength emission]/[short-

wavelength emission] ratio for the donor construct expressed alone in the same experiment. 

GraphPad Prism software (San Diego, CA, USA) was used to fit the data. BRET is expressed as milli-

BRET units (mBU = net BRET × 1000). 

4.5. Immunostaining Procedures 

HEK-293T cells expressing AT1R-RLuc, AT2R-RLuc, or MasR-RLuc in the presence or the 

absence of ACE2-eGFP were fixed in 4% paraformaldehyde for 15 min and washed twice with 

phosphate-buffered saline (PBS) containing 20 mM glycine (PBS-glycine). Washed cells were then 

permeabilized with PBS-glycine containing 0.5% Triton X-100 for 5 min. Fixed and permeabilized 

cells were treated for 1 h with PBS containing 1% BSA and labeled with primary mouse anti-RLuc 

antibody (1/100; Millipore, MA, USA) followed by secondary Cy3-conjugated anti-mouse IgG 

antibody (1/200; Jackson ImmunoResearch, Philadelphia, PA, USA). Samples were washed several 

times and mounted with 30% Mowiol (Calbiochem/Merck Group, Darmstadt, Germany). Samples were 

observed using a Zeiss 880 confocal microscope. The signal from eGFP was detected by its green 

fluorescence and could be distinguished from the red signal observed in response to binding of Cy3-

conjugated anti-mouse IgG. Colocalization was identified by yellow fluorescence. The scale bar presented 

in images measured 10 µm. 

4.6. cAMP Determination 

HEK-293T cells were transfected with cDNAs encoding AT1R, AT2R, or MasR in the presence or 

the absence of ACE2-HA. Cells were serum-starved in DMEM alone for 2 h before initiating an 

experiment. Starved cells were detached and suspended in culture medium containing 50 µM of the 

phosphodiesterase inhibitor, zardaverine (Sigma-Aldrich). Cells were then distributed into 384-well 

microplates at 2500 cells/well and stimulated for 15 min with increasing concentrations of agonists, 

including Ang II for AT1R, CGP for AT2R, and Ang 1-7 for MasR. Agonists were added at 

concentrations 0.1 nM to 3 µM or vehicle alone; this was followed by the addition of 0.5 µM forskolin 

or vehicle alone for an additional 15 min. Readings were performed after a 1 h incubation at 25 °C. 

Homogeneous time-resolved fluorescence energy transfer (HTRF) measurements were performed 

using the Lance Ultra cAMP kit (PerkinElmer, Waltham, MA, USA). Fluorescence at 665 nm was 

analyzed on a PHERAstar Flagship microplate reader equipped with an HTRF optical module (BMG 

Lab Technologies, Offenburg, Germany). 

4.7. ERK Phosphorylation Assays 

To determine the extent of ERK1/2 phosphorylation, HEK-293T cells were transfected with 

cDNAs encoding AT1R, AT2R, or MasR in the presence or the absence of ACE2-HA, plated at 40,000 

cells/well in transparent Deltalab 96-well microplates, and incubated at 5% CO2 for 48 h. Cells were 

serum-starved in DMEM alone for 2–4 h before the start of the experiment. Serum-starved cells were 

treated for 7 min at 25°C with vehicle or increasing concentrations of agonists (0.1 nM to 3 µM) 

including Ang II, CGP, or Ang 1-7 for specific receptors as described above. Cells were then washed 

twice with cold PBS and placed in lysis buffer; cells were lysed for 20 min while undergoing agitation. 

A 10 µL aliquot of each supernatant was placed in each well of a white ProxiPlate 384-well microplate, 

and the degree of ERK 1/2 phosphorylation was determined using an AlphaScreen®SureFire® kit 

(Perkin Elmer) following the instructions of the supplier and using an EnSpire® Multimode Plate 

Reader (PerkinElmer). 
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4.8. β-Arrestin 2 Recruitment 

Recruitment of β-arrestin was evaluated as previously described [52,53]. Briefly, 

Bioluminescence Resonance Energy Transfer (BRET) experiments were performed using HEK-293T 

cells at 48 h after transfection with cDNAs encoding AT1R-YFP, AT2R-YFP, or MasR-YFP together 

with β-arrestin II-Rluc in the presence or the absence of ACE2-HA. Cells (20 µg protein per aliquot) 

were distributed in 96-well microplates (Corning 3600, white plates with white bottom, Sigma-

Aldrich) and were stimulated for 10 min with the indicated agonists, including Ang II, CGP, or Ang 

1-7 as described above at concentrations of 0.1 nM to 3 µM before the addition of 5 µM coelenterazine 

H (Molecular Probes, Eugene, OR). Within 1 min of the addition of coelenterazine H, BRET between 

β-arrestin II-RLuc and receptor-YFP was determined and quantified. The readings were collected 

using a Mithras LB 940 (Berthold Technologies, Bad Wildbad, Germany) that facilitates the 

integration of the signals as described above. To quantify protein-RLuc expression, luminescence 

readings were performed at 10 min after the addition of 5 µM coelenterazine H. 

4.9. Cytoplasmic Ca2+ Detection 

HEK-293T cells were transfected with the cDNA encoding AT1R, AT2R, or MasR together with 

the Ca2+ sensor, GCaMP6 [54] in the presence or the absence of ACE2-HA using the PEI method. At 

24 h after transfection, 150,000 cells were plated in each well of a 96-well black, clear-bottom 

microtiter plate. Cells were then incubated with Mg+2-free Locke’s buffer (154 mM NaCl, 5.6 mM KCl, 

3.6 mM NaHCO3, 2.3 mM CaCl2, 5.6 mM glucose, and 5 mM HEPES at pH 7.4) supplemented with 

10 µM glycine, and pre-treated for 10 min with the selective antagonists, including candesartan (for 

AT1R), PD123319 (for AT2R) and A779 (for MasR), followed by stimulation with increasing 

concentrations (1 nM to 1 µM) of agonists, including Ang II, CGP, and Ang 1-7 as described above. 

The fluorescence emission intensity of GCaMP6 was recorded (every 5 s for 150 s, 100 flashes/well) 

at 515 nm upon excitation at 488 nm on the EnSpire® multimode plate reader. 

4.10. Dynamic Mass Redistribution (DMR) Assays 

Cell mass redistribution induced upon receptor activation was detected by illuminating the 

underside of the biosensor with polychromatic light followed by measuring the changes in the 

wavelength of the reflected monochromatic light. HEK-293T cells expressing AT1R, AT2R, or MasR 

in the presence or the absence of ACE2-HA were seeded in 384-well sensor microplates to 70–80% 

confluency (approximately 10,000 cells per well). Before the start of the experiment, cells were washed 

twice with assay buffer (Hank’s buffered saline solution [HBSS] with 20 mM HEPES, pH 7.15) 

followed by a 2 h incubation with assay-buffer containing 0.1% dimethyl sulfoxide (DMSO; 24 °C, 30 

µL/well). The sensor plate was then scanned, and a baseline optical signature was recorded for 10 

min before adding 10 µL of each of the specific antagonists (candesartan, PD123319, or A779 as 

described above). Responses were recorded for 30 min; this was followed by the addition of 10 µL of 

increasing concentrations of the selective agonists (Ang II, CGP, or Ang 1-7) at concentrations from 1 

nM to 1 µM; all test compounds were dissolved in assay buffer. Dynamic mass distribution (DMR) 

responses were monitored for at least 3000 s using an EnSpire® Multimode Plate Reader 

(PerkinElmer). Results were analyzed using EnSpire Workstation Software v 4.10. 

4.11. Immunoblotting 

To determine levels of immunoreactive AT1R, AT2R, MasR, and ACE2-HA expression in 

transfected HEK-293T cells, equivalent amounts of cell protein (10 µg) were separated by denaturing 

10% sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) and transferred onto 

polyvinylidene difluoride (PVDF)-fluorescence membranes. Membranes were treated overnight at 4 

°C with a mixture of a mouse anti-β-tubulin antibody (1:2000; Sigma-Aldrich), a rabbit anti-ACE2 

antibody (1:1000; Cat# ab108252, RRID:AB_10864415, Abcam, Cambridge, UK) and a mouse 

monoclonal anti-AT1R antibody (1:1000; Cat# sc-515884, RRID:AB_2801404, Santa Cruz 

Biotechnology, Dallas, TX, USA), a rabbit monoclonal anti-AT2R antibody (1:1000; Cat# ab92445, 
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RRID:AB_10561969, Abcam, Cambridge, UK) and a mouse monoclonal anti-MasR antibody (1:1000; 

Cat# sc-390453, RRID:AB_2801406, Santa Cruz Biotechnology). Cells were subsequently treated with 

a mixture of IRDye 800-conjugated anti-mouse antibody (1:10,000; #A9044 from Sigma-Aldrich) and 

IRDye 680-conjugated anti-rabbit antibody (1:10,000; #926-68071 from LICOR Biosciences, Lincoln, 

NE, USA) for 2 h at room temperature. Bands were scanned using the Odyssey infrared scanner (LI-

COR Biotechnology, Lincoln, NE, USA). Band densities were quantified using the scanner software 

and receptor level was normalized for differences in loading via normalization to tubulin protein 

band intensities. 

4.12. Biotinylation Experiments 

Cell surface proteins were biotinylated as previously described [55,56] using HEK-293T cells that 

transiently express AT1R-RLuc, AT2R-Rluc, or MasR-RLuc in the presence or the absence of ACE2-

HA. Before initiation of the experiment, eGFP fluorescence was adjusted to 10,000 fluorescence units 

and receptor-RLuc to 100,000 bioluminescent units. Briefly, cells were washed three times with borate 

buffer (10 mM H3BO3, pH 8.8 with 150 mM NaCl) and incubated with 50 µg/mL sulfo-NHS-LC-biotin 

(ThermoFisher Scientific, Halethorpe, MD, USA) in borate buffer for 5 min at room temperature. Cells 

were then washed three times in borate buffer and again incubated with 50 µg/mL sulfo-NHS-LC-

biotin in borate buffer for 10 min at room temperature. This was followed by the addition of 13 mM 

NH4Cl for 5 min to quench the remaining biotin. Cells were washed in PBS, disrupted using a 

polytron (3 strokes at 10 s each), and centrifuged at 16,000× g for 30 min. The pellet was solubilized 

in an ice-cold RIPA buffer (50 mM Tris–HCl, 1% Triton X-100, 0.2% SDS, 100 mM NaCl, 1 mM EDTA, 

0.5% sodium deoxycholate) for 30 min and centrifuged at 16,000× g for 20 min. The supernatant was 

incubated with 80 µl streptavidin-agarose beads (Sigma-Aldrich) for 1 h with constant rotation at 4 

°C. Beads were washed three times with ice-cold lysis buffer and aspirated to dryness using a 28-

gauge needle. Subsequently, 50 µl of SDS–PAGE sample buffer (8 M urea, 2% SDS, 100 mM 

dithiothreitol, 375 mM Tris, pH 6.8) was added to each sample. Proteins were dissociated by heating 

to 37 °C for 2 h, resolved by SDS-PAGE (10% gels), and immunoblotted as described above. 

4.13. In Situ Proximity Ligation Assays (PLA) 

Lungs from adult and 19-day-old fetal CD-1 mice were fixed in 4% paraformaldehyde for 1 day 

followed by processing with decreasing concentrations of sucrose. Tissue samples were cut in 30 µm-

thick sections in a cryostat (Leica CM3050S), mounted on coverslips, and frozen. Frozen tissue 

samples were washed with PBS containing 20 mM glycine and permeabilized by incubation for 30 

min in PBS-glycine containing 0.05% Triton X-100. Tissue sections were incubated for 1 h at 37 °C 

with blocking solution followed by specific antibodies, including mouse anti-AT1R (1:100; Cat# sc-

515884, RRID:AB_2801404, Santa Cruz Biotechnology), rabbit anti-AT2R (1:100; Cat# ab92445, 

RRID:AB_10561969, Abcam), mouse anti-MasR (1:100; Cat# sc-390453, RRID:AB_2801406, Santa Cruz 

Biotechnology), and rabbit anti-ACE2 (1:100; Cat# ab108252, RRID:AB_10864415, Abcam). These 

samples were processed using PLA probes that detect rabbit and mouse antibodies (Duolink II PLA 

probe anti-Rabbit plus and Duolink II PLA probe anti-Mouse minus). Nuclei were stained with 

Hoechst (1/200; Sigma-Aldrich) and mounted in 30% Mowiol (Calbiochem). Samples were observed 

using a Zeiss 880 confocal microscope (Leica Microsystems, Mannheim, Germany) equipped with an 

apochromatic 63X oil-immersion objective (N.A. 1.4), and 405 nm and 561 nm laser lines. For each 

field of view, a stack of two channels (one per staining) and three to four Z stacks with a step size of 

1 µm were acquired. Duolink Image took software was used to identify cells with one or more red 

spots vs. total cells (cell count determined by the presence of a single blue-stained nucleus). The ratio 

r was determined as the number of red spots per cell in all red spot-containing cells. This analysis 

was performed in a blinded fashion (i.e., the observer did not know which sample was undergoing 

processing and the analyzer did not know whether the results came from adult or fetal mice. 
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4.14. Validation of Antibody Specificity 

Despite the excellent performance of these antibodies in different laboratories [57–60], the 

specificity of antibodies directed against angiotensin receptors is always subject to question. As such, 

we performed a series of experiments in which the anti-Ang II receptor antibodies were tested against 

naïve HEK-293T cells and against cells that express either AT1R or AT2R. Signal detected from anti-

AT1R antibody binding was negligible in both naïve and AT2R-expressing HEK-293T cells. Similarly, 

the signal detected from anti-AT2R antibody binding was negligible in both naïve and AT1R-

expressing cells (Supplementary Figure S2). These results are consistent with previous studies that 

addressed the specificity of antibodies used to detect AT1Rs in mitochondria [61]. 

4.15. Data Analysis 

Data were obtained from at least five independent experiments and are presented as the mean 

± standard error of the mean (SEM). Two-group comparisons were performed using unpaired 

Student’s t-tests. Multiple comparisons were performed using one-way ANOVA followed by 

Bonferroni’s post hoc test or two-way ANOVA followed by Tukey’s post hoc test. The normality of 

populations and homogeneity of variances were tested before performing ANOVA. Post hoc tests 

were run only in the cases in which F achieved p < 0.05 and in which there was no significant variance 

with respect to homogeneity. Statistical analysis was undertaken only when each group size was at 

least n = 5, with n representing the number of independent variables. Technical replicates were not 

treated as independent variables. Unequal group sizes were due to (a) different sources due to the 

wide variety of experimental approaches, (b) the need to increase the “n” to ensure data reliability in 

some of the assays, (c) animal availability, and/or (d) economy of resources as directed by the 3Rs 

(Replacement, Reduction, and Refinement) rule that governs experimentation with animals. 

Differences were considered significant when p ≤ 0.05. Statistical analyses were carried out with 

GraphPad Prism software version 5 (San Diego, CA, USA; (RRID: SCR_002798)). Outlier tests were 

not used; all data points (representing the means of technical replicates) were used for analysis. The 

data and statistical analysis comply with the recommendations detailed elsewhere [49]. 

4.16. Nomenclature of Targets and Ligands 

Key protein targets and ligands in this article are hyperlinked to corresponding entries in 

http://www.guidetopharmacology.org, the common portal for data from the IUPHAR/BPS Guide to 

PHARMACOLOGY [62] and are permanently archived in the Concise Guide to PHARMACOLOGY 

2019/20 [6]. 

Supplementary Materials: The following are available online at www.mdpi.com/1422-0067/21/24/9602/s1, 

Figure S1: Expansion of the image areas in Figure 5 and position of the MW markers corresponding to 

immunoblots in Figure 5 of the main paper (panels refer to those in Figure 5). Figure S2: Antibody specificity 

control assays. 
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3.8 An ACE2/Mas-related receptor MrgE axis in dopaminergic neuron mitochondria. 
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Santisteban, Pablo Garrido-Gil, Andrea Lopez-Lopez, Gemma Navarro, Jose L. Lanciego, Rafael 
Franco, Jose L. Labandeira-Garcia. 

Manuscrito publicado en Redox Biology. 

La enzima convertidora de angiotensina 2 (ACE2), componente clave del sistema renina-
angiotensina (RAS), es el receptor de entrada a la célula para el virus SARS-CoV-2. Por este 
motivo, elucidar los mecanismos moleculares en los que ACE2 se encuentra involucrado es 
crucial para combatir la enfermedad COVID-19. En el cerebro, concretamente en la región de 
la substantia nigra de rata y mono, hemos detectado que el receptor ACE2, así como los 
productos de la reacción enzimática que cataliza (Ang 1-7 y alamandina) están altamente 
concentrados en las mitocondrias y se unen al receptor Mas Related E (MrgE), uno de los 
receptores del sistema renina-angiotensina alternativo, para producir óxido nítrico (NO). Se 
ha detectado la expresión del receptor MrgE en neuronas y en glía de la substantia nigra y 
otras regiones cerebrales en roedores y primates. Precisamente en las mitocondrias, se 
detectó, con el envejecimiento, una disminución de la expresión de ACE2 y MrgE y, en cambio, 
un aumento en la expresión de NOX4. Estas alteraciones a nivel de expresión del ACE2/MrgE 
mitocondrial con el envejecimiento pueden jugar un papel importante en la regulación del 
estrés oxidativo en las neuronas y posiblemente en otras células. También se observó que 
el tratamiento de células y mitocondrias aisladas con la espícula del virus aumentó el 
superóxido mitocondrial y disminuyó la actividad de ACE2 mitocondrial, respectivamente. 
Los resultados presentes sugieren que una desregulación del eje mitocondrial 
ACE2/MrgE/NO puede desempeñar un papel relevante en los efectos del SARS-CoV-2 a nivel 
celular. 
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ABSTRACT 

ACE2 plays a pivotal role in the balance between the pro-oxidative pro-inflammatory 

and the anti-oxidative anti-inflammatory arms of the renin-angiotensin system. 

Furthermore, ACE2 is the entry receptor for SARS-CoV-2. Clarification of ACE2-

related mechanisms is crucial for the understanding of COVID-19 and other oxidative 

stress and inflammation-related processes. In rat and monkey brain, we discovered that 

the intracellular ACE2 and its products Ang 1-7 and alamandine are highly concentrated 

in the mitochondria and bind to a new mitochondrial Mas-related receptor MrgE 

(MrgE) to produce nitric oxide. We found MrgE expressed in neurons and glia of 

rodents and primates in the substantia nigra and different brain regions. In the 

mitochondria, ACE2 and MrgE expressions decreased and NOX4 increased with aging. 

This new ACE2/MrgE/NO axis may play a major role in mitochondrial regulation of 

oxidative stress in neurons, and possibly other cells. Therefore, dysregulation of the 

mitochondrial ACE2/MrgE/NO axis may play a major role in neurodegenerative 

processes of dopaminergic neurons, where mitochondrial dysfunction and oxidative 

stress play a crucial role. Since ACE2 binds SARS-CoV-2 spike protein, the 

mitochondrial ACE2/MrgE/NO axis may also play a role in SARS-CoV-2 cellular 

effects. 

Keywords: alamandine; angiotensin 1-7; angiotensin converting enzyme 2; Parkinson; 

oxidative stress; renin-angiotensin system.  
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Abbreviations: ACE2, Angiotensin converting enzyme 2; ala, Alamandine; Ang 1-7, 

Angiotensin 1-7; Ang II, Angiotensin II; AT1, Ang II type 1 receptors; AT2, Ang II 

type 2 receptors; CD11b, Cluster of differentiation molecule 11b; Ct, Cycle threshold; 

DIC, differential interference contrast; DMEM, Dulbecco’s modified Eagle’s medium; 

D-Pro, D-Proline; FAM-Alamandine, fluorophore-conjugated alamandine FC, frontal

cortex; FRET, fluorescence resonance energy transfer; GFAP, Glial fibrillary acidic 

protein; GPCRs, G-protein–coupled receptors; MasR, Mas receptors; MrgE, Mas-

related receptor MRGPR, Mas related receptor family; mRNA, Messenger RNA; 

MTDR, Mitotracker Deep Red probe; NO,  Nitric oxide; NOX4, NADPH oxidase 4; 

OC, occipital cortex; PB, Phosphate buffer; PD, Parkinson´s disease; RAS, Renin-

angiotensin system; SN, substantia nigra; ST, striatum TH, Tyrosine hydroxylase; 

VDAC, Voltage-dependent anion channel; VM, ventral mesencephalon; WB, Western 

blot 
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1. Introduction

The renin-angiotensin system (RAS) was initially considered an endocrine system 

mainly related to regulation of blood pressure and sodium homeostasis. However, local 

or paracrine RAS were identified in different tissues and organs, including brain, and 

intracellular or intracrine RAS have been observed in different cell types [1-4]. At 

these three levels, RAS shows a prooxidative proinflammatory axis, which is 

counteracted by an antioxidative anti-inflammatory axis. A number of physiological 

functions are the result of an adequate equilibrium between both axes, and its 

disruption is involved in pathological processes. Major components of the prooxidative 

axis are angiotensin converting enzyme (ACE), which produces angiotensin II (Ang II) 

that acts on Ang II type 1 receptors (AT1). Major components of the counterregulatory 

antioxidative arm are Ang II acting on Ang II type 2 receptors (AT2) and, particularly, 

ACE2, which mainly produces Ang 1-7 that is the endogenous ligand of the Mas 

receptor (MasR). Previous studies have shown that brain RAS deregulation is involved 

in neuroinflammation and neurodegeneration, and we have shown the involvement of 

brain RAS, both at paracrine [5-7] and intracellular/intracrine [8-10] levels, in 

dopaminergic oxidative stress and neuron degeneration in Parkinson´s disease (PD) 

models. 

Interestingly, it is now known that ACE2, a key component of the antioxidant 

anti-inflammatory RAS axis, is also the entry receptor used by SARS-CoV-2 to invade 

cells [11, 12], and a virus-induced dysregulation of the ACE2 and, subsequently, RAS 

function plays a major role in the inflammatory and fibrotic processes observed in 

COVID-19 disease in several organs. Although lung lesions are particularly dangerous, 

other organs are also affected, including brain [13-15]. Possible effects of this type of 
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viruses on dopaminergic neuron death and PD have also been suggested [16, 17]. 

Clarification of the role of ACE2, particularly within the cell, is crucial and remains 

unclear. In dopaminergic neurons, we have previously observed AT1, AT2 and Mas 

receptors at the mitochondrial level, which modulate the mitochondrial function and 

oxidative stress [8, 9]. Surprisingly, we observed that intracellular ACE2 was highly 

concentrated in the mitochondrial fraction as compared with the whole cell homogenate, 

and mitochondria also had high levels of its product Ang 1-7, suggesting a major role of 

the mitochondria in ACE2-related intracellular effects. In contrast, the major receptor 

for Ang 1-7 (i.e. MasR) was at relatively low levels in the mitochondria in comparison 

with whole cell homogenates [8], suggesting that other receptors mediate the effects of 

the ACE2/Ang 1-7 on the mitochondrial function. We investigated the Mas related 

receptor family (MRGPR), which is a group of receptors identified in rodents and 

humans. Six MRG genes, MrgD, MrgE, MrgF, MrgG, MrgH and Mas1, were observed 

in rodents, with clear human orthologs [18, 19]. Almost all are considered “orphan” 

receptors. MrgD subtype is the best known and characterized member, and it was related 

to the natural MasR ligand, angiotensin 1-7 (Ang 1-7) [20], and to the now considered 

RAS component alamandine (Ala), a heptapeptide structurally similar to Ang 1-7 [21]. 

The aim of this study, mainly focused on dopaminergic neurons, was to figure out the 

mechanism that mediates the effects of the ACE2-induced peptides Ang 1-7 and 

alamandine in the mitochondria and particularly, major mitochondrial receptors

responsible for their effects. 
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2.1 Experimental design

In previous studies, we found relatively low expression of MasR in the mitochondrial 

fraction in comparison with mitochondrial ACE2 and Ang 1-7 levels [8].Therefore, in a 

first set of experiments, we investigated the presence of possible additional unknown 

receptors which may bind Ang 1-7 in the mitochondria. First, we investigated the 

expression of major Mas related receptors (i.e. MrgD, MrgE and MrgF) in cell 

homogenates of substantia nigra compared to nigral MasR and a control tissue with 

already known levels of Mas related receptors (i.e. testis) using RT quantitative PCR 

and western blot (WB) analyses. As MrgE was the most abundant Mas related receptor, 

we isolated mitochondria from the rat nigral region to investigate the possible presence 

of mitochondrial MrgE using WB for MrgE, mitochondrial marker voltage-dependent 

anion channel (VDAC) as a marker for mitochondrial fraction, and α-tubulin and 

GAPDH as markers for cytosol fractions. The specificity of the used ACE2 and MrgE 

antibodies was assessed in our laboratory by WB analysis of lysates from HEK293 

cells transiently transfected with MrgE tagged to fusion tail DDK and ACE2-GFP 

respectively. Colocalization of MrgE and mitochondrial markers (MTDR) in 

dopaminergic neurons was confirmed by double immunolabeling and confocal 

microscopy in cultures of N27 dopaminergic neurons. 

Then, we investigated by RT-PCR and WB whether MrgE was the most 

abundant Mas related receptor only in the SN or was also located in other brain areas 

(striatum, frontal and occipital cortex). In order to identify the cell types showing MrgE 

receptors, we used primary mesencephalic cultures and brain sections through the SN, 

which were analyzed by double immunolabeling for MrgE and the neuronal marker 

2. Materials and methods
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NeuN, the dopaminergic neuron marker tyrosine hydroxylase (TH), the astrocytic 

marker glial fibrillary acidic protein (GFAP), and the microglial marker CD11b 

(complement receptor-3, clone MRC OX42). Finally, major results observed in rats 

were confirmed in non-human primate (Macaca fascicularis) substantia nigra using 

double immunofluorescence and confocal microscopy for MrgE and different markers 

of neurons and glial cells, and WB of isolated mitochondria. 

A second set of experiments were designed to study functional effects of brain 

MrgE receptors. First, we performed fluorescence competition binding studies in MrgE- 

and Mas receptor transfected HEK293 cells to find out the ligands of MrgE receptors. 

As possible ligands we tested the ACE2-derived products Ang 1-7 (MasR ligand) and 

Alamandine (MrgD ligand), and also the MrgD ligand ß-Alanine, in the 

presence/absence of the MrgD blocker D-Proline (D-Pro) or the MasR blocker A-779. 

Subsequently, cells were incubated with fluorescence labeled alamandine (FAM-

alamandine). To verify whether the binding of the ACE2-derived peptides alamandine 

and/or Ang 1-7 to MrgE produces a functional response in cells, we evaluated levels of 

nitric oxide (NO) release using live-cell fluorescence time-lapse assays and a DAF-FM 

Diacetate fluorescent probe in HEK293 cells transfected with MrgE receptor or an 

empty plasmid as a control. Finally, we investigated the functionality of mitochondrial 

MrgE receptors. First, we used pure isolated brain mitochondria to exclude any 

interference of effects of cellular non-mitochondrial receptors. Mitochondrial NO 

production was detected with a NO fluorometric assay kit. Then, we confirmed MrgE-

derived mitochondrial NO production using confocal microscopy and a NO 

fluorescence probe DAF-FM diacetate in MTDR labelled mitochondria of HEK293 

cells transfected with MrgE receptor. We investigated the increase in mitochondrial NO 

production after treatment with alamandine and/or Ang 1-7. We also observed basal or 
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constitutive mitochondrial NO production in N27 dopaminergic neurons using 

colocalization of the NO fluorescence probe DAF-FM diacetate with MTDR labelled 

mitochondria by confocal microscopy. 

In a third set of experiments, we studied possible dysregulation of the 

mitochondrial MrgE/ACE2 axis by aging. The effect of aging in tissue and 

mitochondrial MrgE expression was studied using cell homogenates of rat substantia 

nigra and pure brain isolated mitochondria from young adult (2–3-month old) and aged 

(18–20-month old) male rats using RT-PCR and WB analysis. In addition, aging related 

changes in protein expression of mitochondrial ACE2 and the intracellular NADPH 

form NOX4 were investigated. 

2.2 Cell cultures 

Mesencephalic primary cultures were obtained by dissecting ventral mesencephalic 

tissues from rat embryos of 14 days of gestation (E14). After an incubation of 20 min at 

37ºC with 0.1% of trypsine, 0.05% of DNase (Sigma), and DMEM (Invitrogen), the 

tissue was washed and mechanically dissociated in DNase/DMEM. The cell suspension 

was centrifuged at 50×g for 5 min, and the resulting pellet was resuspended in 0.05% 

DNase/DMEM. Cells were plated at a density of 1.5 × 105 cells/cm2 onto 35-mm 

culture dishes (Falcon) previously coated with poly-L-lysine (100 μg/ml; Sigma) and 

laminin (4 μg/ml; Sigma), and maintained under control conditions (DMEM/HAMS 

F12/(1:1) containing 10% fetal bovine serum (FBS) in a humidified CO2 incubator (5% 

CO2; 37 °C) for 8 days in vitro (DIV); the entire culture medium was removed on day 

2 and replaced with a fresh culture medium.  
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The dopaminergic cell line N27 (SCC048, Millipore, MA, USA) was cultured in RPMI 

1640 medium supplemented with 10% FBS, 2 mM L-glutamine (Sigma), 100 U/ml 

penicillin, and 100 μg/ml streptomycin.  Human embryonic kidney 293 cells, HEK293 

(CRL-11268, ATCC), were cultured in DMEM medium supplemented with 10% 

FBS, 2 mM L-glutamine (Sigma), 100 U/ml penicillin, and 100 μg/ml streptomycin. 

2.3 Animal models 

Tissue from SN of young (2–3-month old) and aged (18–20-month old) Sprague-

Dawley male rats were used for immunolabeling, WB and RT-PCR. Non-human 

primate tissue from six adult (4.5–5-year old) male Macaca fascicularis was used for 

confirming major results in rat tissue. Animal handling was conducted in accordance 

with the Directive 2010/63/EU, European Council Directive 86/609/EEC and the 

Spanish legislation (RD53/2013). For monkeys, the experimental design was approved 

by the Ethical Committee for Animal Testing of the University of Navarra (ref: 009-12). 

Monkeys were captive-bred and supplied by R. C. Hartelust (Leiden, The Netherlands). 

Rodent experiments were approved by the corresponding committee at the University of 

Santiago de Compostela. Animals were housed at constant room temperature (RT) (21–

22 °C) and 12-h light/dark cycle.  

2.4 Isolation of mitochondria from rat and monkey ventral midbrain and 

cell cultures 
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Mitochondria from ventral midbrain of rat and monkey were isolated and purified 

according to the protocol described by Sims and Anderson [22] with few modifications 

[9]. This protocol was performed to isolate pure mitochondria with minimum 

contamination by synaptosomes and myelin, and combines differential centrifugation 

and discontinuous Percoll density gradient centrifugation. Ventral midbrain was 

removed and rinsed in cold isolation buffer (0.32 M sucrose, 1 mM and 10 mM TRIS; 

pH 7.4). The tissue was cut into small pieces, transferred to a Dounce homogenizer with 

12% Percoll solution, and then homogenized on ice using a loose-fitting and tight-fitting 

glass pestles. The homogenate was slowly layered on a previously prepared 

discontinuous Percoll gradient consisting of 26% Percoll layered over 40% Percoll and 

centrifuged using a fixed-angle rotor at 30 700 × g for 5 min at 4 °C. Three separate 

bands were produced during centrifugation, and the enriched mitochondrial fraction, 

which was located at the interface between the 26 and 40% Percoll layers, was carefully 

taken out with a glass Pasteur pipette. The mitochondrial fraction was diluted with 

isolation buffer and was centrifuged at 16 700 × g for 10 min at 4 °C. This provided a 

mitochondrial pellet, which was softly resuspended in the residual supernatant. Finally, 

the pellet was resuspended in isolation buffer and centrifuged at 7300 × g for 10 min at 

4 °C, producing a pellet of pure mitochondria that was used for WB. The same 

procedure was performed with rat whole-brain tissue to measure mitochondrial NO 

production. 

2.5 Western blot analysis 
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Isolated mitochondria from rat and monkey ventral midbrain, homogenates from rat 

different brain regions and rat testicle were lysed in RIPA buffer containing PMSF 

(Sigma) and protease inhibitor cocktail (Sigma). Tissue lysates were centrifuged and 

total proteins were quantified using the Pierce BCA Protein Assay Kit (Thermo 

Scientific). An equal amount of protein lysates were separated on a 10% Bis-Tris 

polyacrylamide gel and transferred to nitrocellulose membranes. Membranes were 

incubated overnight at 4ºC with primary antibodies against the MrgE receptor 

(TA316024; Origene; 1:750), ACE2 (ab108252; Abcam;1:1000) and NOX4 

(ab133303; Abcam; 1:800). Membranes were reincubated with loading controls: anti-α-

tubulin 

(T5168; 1:50.000; Sigma), GAPDH (G9545; 1:25.000; Sigma) and β-actine (A2228; 

Sigma, 1:10000) as markers of whole homogenate, anti-VDAC/porin (V2139; Sigma; 

1:1000) as a marker of mitochondrial fraction. The following horseradish peroxidase 

(HRP)-conjugated secondary antibodies were used: goat anti-rabbit-HRP and goat anti-

mouse-HRP Santa Cruz Biotechnology; 1:2500). Bound antibody was detected with an 

Immun-Star HRP Chemiluminescent Kit (Bio-Rad; 170-5044) and visualized with a 

chemiluminescence detection system (Bio-Rad; Molecular Imager ChemiDoc XRS 

System). The data were then expressed relative to the value obtained for the control to 

counteract possible variability among batches. 

2.6 RNA extraction and real-time quantitative polymerase chain reaction 

Total RNA from rat different brain tissues and testicle was extracted with TRIzol 

(Invitrogen, Paisley, UK) following the manufacturer's protocol. Total RNA (2 µg) was 

reversed transcribed to complementary DNA (cDNA) using nucleoside triphosphate 
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containing deoxyribose, random primers and Moloney murine leukaemia virus (M-

MLV; Invitrogen, Thermo Fisher Scientific; 200U) reverse transcriptase. Subsequently, 

the RT-PCR analysis was performed with a QuantStudio 3 platform (Applied 

Biosystems, Foster City, CA, USA), the EvaGreen qPCR MasterMix (Applied 

Biological Materials Inc., Vancouver, Canada), and primer sequences indicated below 

were used to examine the relative levels of Mas, MrgD, MrgE and MrgF receptors. β-

Actin was used as a housekeeping gene and was amplified in parallel with the genes of 

interest. We used the comparative cycle threshold values (cycle threshold (Ct)) method 

(2−ΔΔCt) to examine the relative messenger RNA (mRNA) expression. A normalized 

value was obtained by subtracting the Ct of β-actin from the Ct of interest (ΔCt). As it 

is uncommon to use ΔCt as a relative expression data due to this logarithmic 

characteristic, the 2−ΔΔCt parameter was used to express the relative expression data. 

Primer sequences were as follows: for Mas receptors, forward 5′-

CTTTGTGGAGAACGGGAT-3′, reverse 5′-GGAGATGTCAGCAATGGA-3′ ; for 

MrgD, forward 5´-CTGTGACCTGGGTTTACTTT-3´, reverse 5´-

CTCAGTAGCCAAATCACCAT-3´; for MrgE, forward 5´-

GCCTGATCATGCTGCGGTTC-3´, reverse 5´-AGCAGCAGGTCCAGTAGCAG-3´; 

for MrgF, forward 5´-CTCTGCGAAGGGAACTCGGA-3´, reverse 5´-

GAGTCCAGGCTCCTGTTGGG-3´; and for β-actin, forward 5´-

TCGTGCGTGACATTAAAGAG-3´ and reverse 5´-TGCCACAGGATTCCATACC-3

´. 

2.7 Immunofluorescence labelling 
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Mesencephalic primary cultures were grown on glass coverslips and co-incubated 

overnight at 4 °C with different cell markers and a rabbit polyclonal MrgE receptor 

antibody (LS-C136078, LSBio, 1:100).  Different cell types were identified with the 

corresponding mouse monoclonal antibodies: anti-NeuN (Millipore, 1:500) as neuronal 

marker, anti-TH (Sigma; 1:5000) as dopaminergic marker, anti-glial fibrillary acidic 

protein (GFAP, Millipore, 1:500) as astrocyte marker, or anti-CD11b (complement 

receptor-3, clone MRC OX42, Serotec; 1:100) as microglial marker. Primary 

antibodies were diluted in DPBS containing 1% BSA and 2% normal donkey serum. 

Then, the following fluorescent secondary antibodies were incubated for 2 h at RT: 

Alexa Fluor 568- conjugated donkey anti-rabbit IgG (Molecular Probes; 1:200) or 

Alexa Fluor 488-conjugated donkey anti-mouse IgG (Molecular Probes; 1:200). 

In other experiments, mitochondria from N27 dopaminergic cells were marked 

with the cell-permeant Mitotracker Deep Red probe (MTDR) (M-22426; InvitroGene; 

200nM) for 15 minutes and fixed with 4% paraformaldehyde. After mitochondrial 

labelling, neurons were incubated with MrgE receptor antibody (LS-C136078, LSBio, 

1:100) overnight, followed by the secondary antibody Alexa Fluor 488- conjugated 

donkey anti-rabbit IgG (Molecular Probes; 1:200). Cell nuclei were marked with the 

DNA-binding dye Hoechst 33342 (Sigma;10 μg/ml) for 30 min at RT. Finally, 

mounting was performed with Immumount (Thermo-Shandon). 

Rats and monkeys were sacrificed with an overdose of chloral hydrate and 

transcardially perfused with a cold 4% paraformaldehyde solution in phosphate buffer 

(PB). Then, brain was removed, cryoprotected and cut into coronal tissue sections (40-

μm thick) using a sliding microtome. Tissue sections through the entire SN were 

processed for double immunofluorescence to identify cells expressing MrgE receptor. 

The antibody against MrgE receptor was combined with antibodies against tyrosine 
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hydroxylase (TH) as dopaminergic marker, or glial fibrillary acidic protein (GFAP) as 

astrocytic marker or cluster of differentiation molecule 11b (CD11b) as microglial 

marker. Free-floating SN sections were pre-incubated in KPBS-1% BSA with 5% 

normal donkey serum (Sigma) and 0.05% Triton X-100 (60 min at RT). Tissue sections 

were then incubated overnight at 4 °C in primary antibodies raised against MrgE 

receptor (1:100; rabbit polyclonal, LS-C136078, LSBio) and TH (1:1000; mouse 

monoclonal, T2928, Sigma) or GFAP (1:500; mouse monoclonal; MAB360, Millipore) 

or rat CD11b (1:50; mouse monoclonal clone OX-42, MCA275, BioRad) or CD11b 

(1:50; goat polyclonal, Santa Cruz Biotechnology) diluted in KPBS-1% BSA with 5% 

normal donkey serum. Immunoreactivity was visualized with the following fluorescent 

secondary antibodies from Molecular Probes (diluted 1:200): Alexa Fluor 568- 

conjugated donkey anti-rabbit IgG, Alexa Fluor 488-conjugated donkey anti-mouse 

IgG, and Alexa Fluor 488-conjugated donkey anti-goat IgG. Finally, SN sections were 

mounted on gelatin-coated slides and coverslipped with Immumount (Thermo-

Shandon). Co-localization of markers was confirmed by confocal laser microscopy 

(AOBS-SP5X; Leica Microsystems Heidelberg GmbH, Mannheim, Germany) 

performing sequential scan to avoid any potential overlap with the LAS AF software 

(Leica Microsystems GmbH). 

2.8 Transfection of MrgE receptor 

HEK293 cells were seeded at a density of 0.4×106/well onto 24 well plates with or 

without glass cover depending on the post-analysis and maintained at 37 °C in a 

humidified CO2 incubator (5% CO2, 95% air). Cells were transiently transfected with 1 

https://en.wikipedia.org/wiki/Cluster_of_differentiation
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μg of MrgE cDNA (MRGE Myc DDK-tagged, MR216310, Origene) using a 

commercial transfection reagent, Turbofect (R0533, Thermo Scientific). After a period 

of 48 h post-transfection, cells were lysed with RIPA and immunoblotted for antibody 

specificity testing, directly used for in vivo time lapse experiments, or fixed for 

confocal studies. 

For binding studies, HEK293 cells were transiently transfected with the 

corresponding cDNA using the PEI (PolyEthylenImine, Sigma-Aldrich, St. Louis, MO) 

method. Briefly, the cDNA diluted in 150 mM NaCl was mixed, 10 min, with PEI (5.5 

mM in nitrogen residues) prepared in 150 mM NaCl. cDNA-PEI complexes were 

transferred to HEK293 cell cultures (6-weel plates) and incubated for 4 hours in a 

serum-free Dulbecco’s modified Eagle’s medium (DMEM). Then, the medium was 

substituted by 10% fetal-calf-serum supplemented DMEM and cells were maintained at 

37 ºC in a humid atmosphere of 5% CO2. Experiments were done 48 hours after 

transfection. 

2.9 Specifity of ACE2 and MrgE antibodies and ACE2 activity 

The specificity of the MrgE antibody (TA316024, Origene) and ACE2 antibody 

(ab108252, Abcam) was assessed in our laboratory by WB analysis of lysates from 

HEK293 cells transiently transfected with MrgE tagged to fusion tail DDK and ACE2-

GFP respectively. The specificity was confirmed by the presence of a predominant 

immunoreactive band in positively transfected lysates, after 48 post-transfection of 

MrgE receptor (TA316024, Origene; 1:750) or ACE2 enzyme (ab108252, Abcam, 

1:1000) and the absence of the fusion tail DDK (TA50011; Origene; 1:1000) band or 
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mouse monoclonal turboGFP antibody (TA150041; Origene; 1:1000) in negative 

controls (see Fig. 1 c). 

ACE2 activity of the mitochondrial fraction from rat and monkey brain was measured 

using a commercial ACE2 activity assay kit (AnaSpec, AS-72086) following the 

manufacturer’s specifications. The kit is based on the Mca/Dnp fluorescence resonance 

energy transfer (FRET) peptide (10 μM). In the FRET peptide, the fluorescence of Mca 

is quenched by Dnp but a cleavage of the substrate produces a separation into two 

fragments by the enzyme, so that the fluorescence of Mca is measured at 

excitation/emission = 330/390 nm using an Infinite M200 multiwell plate reader 

(TECAN). ACE2 activity was confirmed with the specific ACE2 inhibitor DX600 1 

µM, included as a control in the same kit (AnaSpec, AS-72086).  

2.10 Fluorescence competition binding studies in MrgE-transfected 

HEK293 cells  

To perform non-radioactive fluorescent ligand binding assays, binding of fluorophore-

conjugated alamandine (FAM-alamandine) was tested in control cells and transfected 

cells expressing Mas-related E (Mrgpre,1 µg cDNA) or Mas (MAS1, 1 µg cDNA) G-

protein–coupled receptors (GPCRs). Cells were carefully washed twice with phosphate-

buffered saline (PBS, pH 7.4). Then cells were incubated for 10 minutes with the 

following non-fluorescent compounds: the Mas ligands Ang 1-7 (10 µM) and 

Alamandine (10 µM), the MrgD ligand ß-Alanine (10 µM), the Mas receptor antagonist 

A779 (10 µM) or the MrgD antagonist D-Proline (10 µM). Then, cells were incubated 

with fluorescence labeled alamandine (FAM-alamandine ; 0,1 µM). Incubation was kept 
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for 1 hour, light-protected and at room temperature. Cells were then washed twice with 

PBS, detached and distributed in 96-well microplates (black plates with a transparent 

bottom). Fluorescence measurements were performed by VICTOR Multilabel Plate 

Reader (PerkinElmer) using a 10 nm bandwidth 495 nm excitation filter and a 10 nm 

bandwidth 519 nm emission filter. Imaging of FAM-Alamandine fluorophore labeled 

cells were performed by ZOE Fluorescent Cell Imager (Bio-Rad) inverted microscope 

equipped with a 20X objective. Brightfield channel uses a ring of multiple green LEDs 

to avoid chromatic aberration. Green channel for fluorescence images uses a blue LED 

which is compatible with FAM fluorophore labeled alamandine (excitation and 

emission wavelength 480/517 nm).  

2.11 Live-cell fluorescence time-lapse assays 

To determine the production of cellular NO due to activation of MrgE receptors, a 

DAF-FM Diacetate fluorescent probe (D-23844, ThermoFisher Scientifics) was used in 

HEK293 cells transfected with MrgE receptor and an empty plasmid as a control. 

HEK293 cells were seeded in 24-well plate at a density of 3 x 104 cells/well, and 

transfected with MrgE or empty plasmid. Forty-eight hours after transfection, cells were 

incubated for 30 minutes at RT with the DAF-FM Diacetate probe (5 µM), and washed 

to remove the excess of probe. Treatments with alamandine (1 µM) or Ang 1-7 (1 µM) 

were added directly under the microscope, and time-lapse differential interference 

contrast (DIC) images and fluorescence at 495 and 515 nm (3 fields/well) were 

captured using a 20X objective at 2 minute intervals for the following 30 minutes. 

Image capture was achieved automatically, using a Cell Observer instrument (LEICA 

CTR 7000 HS) equipped with a cell incubation chamber, motorized stage, CCD 

camera. All operations 
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were under the control of the Software Leica LAS X. The same conditions of laser 

intensities/exposure times were used for the entire experiment. 

2.12 Mitochondrial nitric oxide production 

Mitochondrial nitric oxide (NO) production was detected with a NO fluorometric assay 

kit (Biovision) in pure isolated mitochondria from rat brain. Total concentrations of 

nitrates and nitrites have been used as indicators of NO production. Direct 

quantification of NO is complex due to its brief half-time. An amount of 30 μg of brain 

isolated mitochondria was incubated for 10 min with MrgD inhibitor, D-Pro (5 μM) 

and/or 5 min with alamandine (1 μM) to investigate the effect of mitochondrial MrgE 

receptor activation. Then all nitrates were turned into nitrites by nitrate reductase 

enzyme. Finally, nitrite reacted with the fluorescent probe DAN (2,3-

diaminonaphthalene) and the measurement of nitrite concentration was used as a 

quantitative measure of NO production. Fluorescence was measured in an Infinite M200 

multiwell plate reader (TECAN). 

Basal mitochondrial NO production of dopaminergic neurons or MrgE-derived 

mitochondrial production in MrgE transfected HEK-293T cells were detected by 

quantifying the NO fluorescence probe DAF-FM Diacetate (InvitroGene, D-23844) in 

labelled mitochondria. Cells were seeded at 12-well plates (5 x 104 cells/well). Then, 

the DAF-FM probe (5 µM) was incubated for 30 minutes. During the last 20 minutes of 

loading the NO probe, a mitochondrial marker (Mitotracker deep red, MTDR; 200 nM) 

was added to the cells for 10 minutes. Then, cells were washed and treated or not 

treated with alamandine (1µM) or Ang 1-7 (1µM) to assess the NO production. Cells 

were fixed and co-localization of DAF-FM and MTDR was confirmed by confocal laser 
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microscopy (AOBS-SP5X; Leica Microsystems Heidelberg GmbH, Mannheim, 

Germany) performing sequential scan to avoid any potential overlap with the LAS AF 

software (Leica Microsystems GmbH). Quantification of fluorescence intensity was 

done with the open source image processing package based on ImageJ software (NIH, 

Bethesda, MD, USA, rsb.info.nih.gov/ij/). 

2.13 Statistical analysis 

All statistical analyses were performed using SigmaPlot 11.0 (Systat Software, Inc., 

CA, USA). All datasets were tested for normality with the Kolmogorov–Smirnov test. If 

the dataset passed the normality test, parametric tests were used: Student’s t test for two 

group comparisons and one-way ANOVA followed by the Student-Newman-Keuls 

Method for multiple comparisons. For non-parametric data, two group comparisons 

were carried out by Mann-Whitney Rank Sum Test and multiple comparisons by 

Kruskal-Wallis One Way Analysis of Variance on Ranks test followed by Student-

Newman-Keuls Method or Dunn's Method were used. Differences were considered 

statistically significant at p < 0.05. No statistical methods were used to predetermine 

sample sizes, but our sample sizes were similar to those reported previously [7-10, 23].  

3. Results

3.1 Discovery of MrgE as a mitochondrial receptor 

In previous studies we found relatively low expression of Mas receptors in the 

mitochondrial fraction in comparison with the whole cell homogenate. However, ACE2 
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concentration was much higher in mitochondrial fraction than in the whole cell 

homogenate [8], suggesting a major role of this enzyme in mitochondria. Furthermore, 

we observed that Ang 1-7 is more abundant than Ang II in pure isolated mitochondria 

from rat nigral region, suggesting an important role for Ang 1-7 in the mitochondrial 

function and that it may act not only via mitochondrial Mas receptors but also via 

additional unknown receptors. 

To identify possible mediators of the Ang 1-7 action, first we investigated the 

expression of major Mas related receptors (MrgD, MrgE and MrgF) in cell 

homogenates of substantia nigra. Surprisingly, we observed that MrgD mRNA, which 

is the best-studied Mas related receptor, was practically absent compared to MrgE or 

MrgF mRNA. As this result was unexpected, we tried several MrgD primers pairs to 

exclude the possibility of a technical problem. However, a low expression of the 

transcript for MrgD was consistently found. We observed circa 300 fold more mRNA 

expression of MrgE and 7 fold in MrgF expression compared to MasR in the SN of the 

same animals (Fig. 1 a).  

Based on these results, we isolated mitochondria from the nigral region in the rat 

ventral mesencephalon (VM) and investigated the possible presence of MrgE, as an 

additional mitochondrial receptor that could bind Ang1-7 or other ACE2-derived 

peptides such as alamandine. In isolated mitochondria, we confirmed the quality of the 

samples with the use of specific markers such as the voltage-dependent anion channel 

(VDAC) for the mitochondrial fraction, and the cytosol fraction was confirmed with α-

tubulin. In isolated mitochondria, we observed a much higher concentration of both 

ACE2 and MrgE receptors than in the whole cell homogenate (Fig. 1 b).  

The specificity of ACE2 and MrgE antibodies was confirmed by WB analysis of 

HEK293 cells transfected with ACE2-GFP or MrgE-DDK. We observed a predominant 
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immunoreactive band in transfected cells compared to control non-transfected cells at 

48 post-transfection (see below) (Fig. 1 c). In addition, we confirmed the activity of the 

mitochondrial ACE2 using an activity assay kit (274,6 +/- 23,2 mU/mg). The presence 

of MrgE at mitochondrial level was confirmed using confocal microscopy. In 

dopaminergic neuron N27 cell line, we observed co-localization of MrgE 

immunolabeling with the mitochondrial marker MTDR (Fig. 1 d-g).  

3.2 MrgE is the most abundant MRGPR receptor subtype in rat substantia 

nigra, and it is also expressed in other CNS regions 

After observing high levels of MrgE protein in mitochondrial preparations, we further 

analyzed the expression of major Mas related receptors (i.e. MrgD, MrgE and MrgF) in 

cell homogenates of substantia nigra (SN) and other areas of the brain. We used rat 

testis as a positive control tissue, as it is known that it shows a high MrgD expression 

and low expression of other types of Mas related receptors. We observed that MrgD 

mRNA was undetectable in SN relative to testis mRNA expression, confirming the 

specificity of the pair primers used (Fig. 2a). However, MrgE mRNA (Fig. 2b) and 

protein (Fig. 2e,f) expression were much more abundant in SN than in testis. Gene 

expression of MrgF subtype was not statistically different between both tissues (Fig. 

2c). In addition, we confirmed the presence of MrgE mRNA (Fig. 2d) and protein (Fig. 

2g,h) expression in other rat brain areas such as striatum (ST), frontal cortex (FC) and 

occipital cortex (OC). As in the SN region, MrgD receptors were expressed at very low 

level in all these brain areas compared to the same amount (µg) of tissue from testis (not 

shown). 
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3.3 MrgE is mainly expressed in neurons and at lower levels in glial cells 

We then investigated the cell types in which MrgE was present using rat primary 

mesencephalic cultures (Fig. 3 a-d) and tissue sections from rat substantia nigra (Fig. 3 

e-g). Immunolabeling for MrgE receptor was very intense in neurons, colocalizing with

the neuronal marker NeuN (Fig. 3 a). Dopaminergic neurons, which were identified with 

tyrosine hydroxylase (TH), were also intensely immunolabeled for the MrgE receptor 

(Fig. 3b, e). Astrocytes (i.e. GFAP-positive cells; Fig. 3c, f) and microglia 

(OX-42 positive cells; Fig. 3d, g), were also immunolabeled for MrgE, although glial 

cells usually showed less intense immunolabeling. Labeling for MrgE receptor observed 

by confocal microscopy revealed both plasma membrane and, particularly, intracellular 

distribution. 

3.4 In the nigra of non-human primates, ACE2 and MrgE are also at high 

levels in the mitochondrial fraction 

Major observations in rat tissue were confirmed in non-human primates. As in rats, both 

ACE2 and MrgE were highly concentrated in the mitochondrial fraction relative to 

whole cell homogenate (Fig. 4 a, b). We confirmed the presence of ACE2 activity in 

monkey isolated mitochondria, which was markedly reduced by the ACE2 inhibitor 

DX600, revealing its functionality (Fig. 4c). In addition, tissue sections through the 

monkey substantia nigra showed MrgE immunolabeling, which was intense in 

dopaminergic neurons (i.e. TH-positive cells; Fig. 4d), but was also observed in 

astrocytes (GFAP-positive cells; Fig. 4e) and microglia (CD11b-positive cells; Fig. 4 f). 
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3.5 MrgE binds to the ACE2-derived peptides Alamandine and Ang 1-7 

We performed fluorescence competition binding studies in MrgE-transfected HEK293 

cells to address whether MrgE receptor may be labelled using FAM-conjugated 

alamandine (FAM-alamandine). In parallel, we also used Mas-R expressing HEK293 

cells to test the binding of ligands and blockers to this receptor. In non-transfected 

HEK293 cells, we did not observe any significant binding of FAM-alamandine, 

confirming the low MrgE and Mas receptor expression in this cellular model (Fig. 5 a, f, 

g). However, we observed a significant binding of FAM-alamandine to both MrgE- and 

Mas-transfected cells. The binding of FAM-alamandine was competed by non-

fluorescent alamandine and Ang 1-7 (the natural ligand of MasR), showing that both 

peptides are able to bind to both receptors. However, the MrgD ligand, β-alanine, only 

could bind to MrgE-transfected cells but not to Mas-transfected cells (Fig. 5 b, c and h-

k) 

Once the binding of the ligands was established, we performed binding assays 

with the MrgD blocker, D-Pro, and the MasR blocker, A-779. We observed that both 

inhibitors abolished the increase in fluorescence in MrgE- and Mas-transfected cells. 

This result suggests that D-Pro and A-779 can block the alamandine binding to MrgE 

and Mas receptors, and therefore their functional effects (Fig. 5 d, e and l, m). 

3.6 Alamandine and Angiotensin 1-7 produce an increase in cellular nitric 

oxide (NO) through MrgE, independently of MasR 
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Due to the lack of specific ligands for MrgE receptor, we performed live-cell 

fluorescence time-lapse assays in HEK293 cells transfected with MrgE. To know 

whether the binding of alamandine and/or Ang 1-7 to MrgE-transfected cells produces 

functional responses, we evaluated NO release using the fluorescence DAF probe in a 

time period of 30 min. In the absence of treatment, no fluorescence was observed in 

control cells (i.e. transfected with the empty plasmid), and a very weak fluorescence was 

observed in MrgE transfected cells (Fig. 5 n, o and t, u). After 10 min of treatment, we 

observed an increase in NO-probe fluorescence in alamandine-treated MrgE transfected 

cells but not in control cells (Fig. 5 p, q and v, x). Moreover, treatment with Ang 1-7 

also induced an increase in NO production through MrgE receptors, as revealed by the 

increase in green fluorescence of DAF probe in MrgE-transfected cells (Fig. 5 y, z)

compared to the same treatment in control cells (Fig. 5 r, s). The NO-positive signal was 

observed during the 30-min measurements, slightly decreasing over the time, confirming 

the functionality of MrgE receptors independently of other receptors that could bind 

these ligands, such as MasR. 

3.7 MrgE is particularly abundant in the mitochondria and regulates 

mitochondrial NO production 

As mentioned above, we observed that MrgE receptors were enriched in the 

mitochondrial fraction. Consistent with this, basal NO production of N27 dopaminergic 

neurons, detected by the NO fluorescence probe DAF-FM, showed a marked 

colocalization with mitochondrial markers (Fig. 6 a-d). Furthermore, we investigated the 

functionality of mitochondrial MrgE receptors using isolated mitochondria from rat 

brain to exclude any interference of effects of cellular non-mitochondrial receptors. As 
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in cellular assays, treatment of isolated mitochondria with alamandine produced an 

increase in levels of mitochondrial NO, which was inhibited by pre-incubating the 

mitochondria with the receptor blocker D-Pro (Fig. 6 e). We confirmed the functional 

effects of mitochondrial MrgE receptors using confocal microscopy of HEK293 cells 

transfected with MrgE receptor. We observed an increase in mitochondrial NO 

production in MrgE-transfected cells after 30 min of alamandine or Ang 1-7 treatment, 

as shown by the increase in fluorescence of DAF probes in mitochondria identified with 

MTDR labelling (Fig. 6 f-r). The present results suggest that mitochondrial MrgE 

receptors modulate NO production at mitochondrial level. 

3.8 MrgE expression decreases with aging 

In previous studies, we observed a decrease in the expression of components of the 

protective RAS axis, including AT2 receptors [9, 23], Ang 1-7 and MasR [8] in aged 

animals relative to young controls. In the present work, we isolated SN from 18-20-

month-old rats and from 2-3-month-old rats to investigate the expression of ACE2 and 

MrgE receptors. We observed that MrgE protein and mRNA expression decreased in 

substantia nigra from aged rats relative to young rats (Fig. 7 a, b). Aged animals also 

showed a significant decrease in ACE2 and MrgE levels in the mitochondrial fraction, 

and a marked increase in NOX4 levels supporting an aging-related shift of the 

mitochondrial RAS towards the pro-oxidative axis (Fig. 7 c-e).  

4. Discussion
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In the present study, we discovered that intracellular ACE2 concentrates at high levels 

in brain mitochondria, and that the MrgE receptor is a major target for the ACE2-related 

peptides Ang1-7 and alamandine, which induce mitochondrial NO production. Our 

previous studies in neurons [8, 9] and studies in peripheral cells [24, 25] have shown the 

presence of receptors related to both pro-oxidative and, more abundantly, antioxidative 

RAS axes in the mitochondria. While AT1 receptors promote superoxide production via 

mitochondrial NOX4 activation [9], mitochondrial receptors belonging to the 

antioxidant axis such as AT2 receptors [9, 24] and MasR [8] modulate respiration and 

oxidative stress by promoting NO production via mitochondrial NOS. However, 

mitochondrial levels of Ang 1-7 are much higher (about threefold) than mitochondrial 

levels of Ang II [8], and in this study we found that mitochondrial MasR are notably 

less abundant than MrgE receptors. Altogether suggests that the ACE2/Ang 1-7-

alamandine/MrgE axis plays a major role in mitochondrial NO generation and 

modulation of mitochondria-derived oxidative stress, which plays a major role in 

dopaminergic degeneration and PD.  

Consistent with this, we observed that ACE2 and MrgE are decreased in aged 

animals, which was also observed for other major components of the RAS antioxidative 

axis such as AT2 [9], Ang 1-7 and MasR [8]. A shift towards the mitochondrial pro-

oxidative axis in aged animals is also supported by the present observation of 

significant increase in NOX4 levels in mitochondria from aged brains. This may 

contribute to the prooxidative proinflammatory state observed in aged brain and its 

vulnerability to neurodegeneration, particularly dopaminergic neuron degeneration [26]. 

In dopaminergic neurons, we have previously shown that the nuclear RAS [10] and the 

mitochondrial RAS [8, 9] buffer cell oxidative stress, and particularly that derived from 

the paracrine RAS pro-oxidative activity. However, dysregulation of this compensatory 
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mechanism during aging or pathological processes may lead to an excess of oxidative 

stress and neurodegeneration. 

It is also important to highlight that ACE2 is the entry receptor of SARS-CoV 

and SARS-CoV-2 to invade target cells [11, 27]. The effects of SARS-CoV-2 in the 

brain are still unclear. However, about 36% of Covid-19 patients (45% of severe cases) 

showed neurological manifestations [28], and a lesion of the brainstem neurons has 

been suggested to be involved in the respiratory failure in COVID-19 disease [14, 29], 

as neuronal death has been observed in mice infected with SARS-CoV [30]. 

Interestingly, high affinity of coronaviruses for basal ganglia and dopaminergic neurons 

has been suggested [17]. It is usually assumed that COVID-19 infection induces a 

decrease in levels ACE2 and ACE2 activity at the cell membrane, which results in a 

decrease in levels of the antioxidative Ang 1-7 and increase in levels of Ang II, leading 

to a shift towards the prooxidative Ang II/AT1 activity, which results in oxidative 

stress, inflammation and cell death. The present results open the possibility that a 

dysregulation of the mitochondrial ACE2/MrgE axis (i.e. the intracellular compensatory 

antioxidative axis) may also play a role, which should be addressed in future studies 

specifically designed to clarify this possibility. 

Although ACE2 is the entry receptor of SARS-CoV-2, a major anti-

inflammatory effect of the ACE2/Ang 1-7 axis has been shown in several organs, and 

particularly in the lung, which is a major target of SARS-CoV-2 and shows a high 

expression of ACE2 [31, 32, 33]. These two opposite effects have led to consider ACE2 

as a double-edged sword for COVID-19 disease [27, 34]. In recent studies, we have 

shown that the altered balance between both RAS axes play a major role in effects of 

virus/viral spike protein in human lung cells, but also in the viral spike protein 

internalization in cells [35,36]. However, a possible role of the mitochondrial ACE2 in 



28 

this process has not yet been investigated by our group or others. Several studies in lung 

and liver have suggested that NOX4-derived ROS may trigger the pro-inflammatory 

profibrotic process and that activation of the ACE2/Ang 1-7 axis may counteract this 

effect [37, 38]. The involvement of NOX4-derived ROS has been shown because the 

process is blocked by NOX4 inhibitors or NOX4 siRNA, or alamandine or Ang 1-7 [37, 

38]. However, cell compartments involved in this NOX4 activation, and particularly the 

possible involvement of mitochondrial NOX4, have not been addressed. It is normally 

assumed that binding Ang 1-7 to cell membrane Mas receptors is responsible for the 

intracellular antioxidative responses. Previous studies have shown that viruses, 

including SARS-CoV viruses, modulate cell function by modifying mitochondrial 

processes [39, 40], and that changes in mitochondrial bioenergetics play a major role 

both in viral replication and early cell responses to viral infection [41]. Several proteins 

generated from the SARS-CoV viral genome have mitochondrial targeting sequence 

[40, 42]. Coronavirus spike proteins contain endoplasmic reticulum retrieval signals 

that can retrieve spike proteins to the endoplasmic reticulum [43, 44]. Viral spike 

protein may interact with mitochondrial ACE2 via MAMs (mitochondrial associated 

membrane compartment) [45]. The present findings suggest that a possible role of 

mitochondrial ACE2 and its main target receptor MrgE should be also investigated in 

future studies for better comprehension of cell effects SARS-COV-2 in COVID-19. 

5. Conclusions

The present study shows for the first time that MrgE receptors are predominantly 

expressed in mitochondria in the brain, including dopaminergic neurons. Ang 1-7 and 

alamandine can bind to MrgE receptors to increase NO production, which is known to 
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counterbalance the increase in ROS at cell and mitochondrial levels. In addition, MrgE 

receptor expression decreases with aging, which supports the aging-related loss of the 

protective role of RAS. Overall, the present results suggest that MrgE, and ACE2-

derived peptides Ang1-7-and alamandine play a role in mitochondrial regulation of 

neuronal oxidative stress, which is a major factor involved in dopaminergic neuron 

degeneration. Dysregulation of the mitochondrial ACE2/Ang 1-7-alamandine axis may 

also play role in oxidative, inflammatory and fibrotic responses related to the 

impairment of the ACE2 function such as that observed in COVID-19 disease. The 

present findings open new avenues for research on these questions. 
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Legends 

Fig. 1. ACE2 and MrgE receptors in the rat substantia nigra (SN) and cultured 

dopaminergic neurons. (a) In the SN, MrgE mRNA expression was much higher than 

Mas receptor and other Mrg receptor expression. (b) In isolated mitochondria from the 

nigral region, ACE2 and MrgE receptors (together with the mitochondrial marker 

VDAC) were highly concentrated, as compared with the whole cell homogenate 

(identified by the cytosol marker tubulin). (c) The specificity of ACE2 and MrgE 

antibodies was confirmed by western blot analysis of HEK293 cells transfected with 

ACE2-GFP or MrgE-DDK, which showed a predominant immunoreactive band 

compared to control non-transfected cells at 48 h post-transfection. (d-g) In 

dopaminergic N27 cells, MrgE labelling was predominantly cytoplasmatic and 

colocalized with MTDR-positive mitochondrial labelling. Data are presented as 

mean ± s.e.m or median (max-min). *p< 0.05, Kruskal-Wallis One Way Analysis of 

Variance on Ranks with Student-Newman-Keuls Method post hoc test (a); Student´s t-

test (MrgE) and Mann-Whitney Rank Sum Test (ACE2) (b). Scale bar=25µm. 

Abbreviations: ACE2, Angiotensin Converting Enzyme 2; H or Wh, whole 

homogenate; MasR, Mas Receptor; M or Mt, Mitochondrial fraction; MrgE, Mas-

related G-protein coupled receptor member E; MrgD, Mas-related G-protein coupled 

receptor member D; MrgF, Mas-related G-protein coupled receptor member F; 

MTDR, MitoTracker Deep Red; VDAC, Voltage-dependent anion-selective channel 1. 

Fig. 2. Major Mas related receptors (MrgD, MrgE and MrgF) in different brain 

regions. (a-h) Expression of mRNA and protein of major Mas-related receptors in cell 

homogenates from testis (positive control for MrgD), substantia nigra (SN) and other 
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areas of the brain (striatum, frontal cortex, occipital cortex; ST, FC, OC). Data are 

presented as mean ± s.e.m or median (max-min. *p< 0.05, Mann-Whitney Rank Sum 

Test (a, b, e); Student´s t-test (c); One Way Anova (d, g) with Student-Newman-Keuls 

method post hoc test (d). Abbreviations: MrgE, Mas-related G-protein coupled receptor 

member E; MrgD, Mas-related G-protein coupled receptor member D; MrgF, Mas-

related G-protein coupled receptor member F. 

Fig. 3. Immunolabeling for MrgE in neurons and glial cells. (a-g) MrgE and Hoechst 

in different neuronal (NeuN as neuronal marker; TH as dopaminergic marker) and glial 

(GFAP as astrocytic marker, OX42 as microglial marker) cells in rat primary 

mesencephalic cultures (a-d) and tissue sections from rat substantia nigra (e-g). 

Immunolabeling for MrgE receptor was intense in neurons, and colocalized with NeuN 

(a) and TH (b, e). Astrocytes (c, f) and microglia (d, g) showed less intense

immunolabeling. Scale bars: 25 µm (a-d); 50 µm (e-g). Abbreviations: GFAP, glial 

fibrillary acidic protein; MrgE, Mas-related G-protein coupled receptor member E; 

NeuN, Neuronal nuclear antigen; TH, tyrosine hydroxylase.  

Fig. 4. ACE2 and MrgE in substantia nigra of non-human primates. (a, b) Protein 

in western blots from isolated mitochondria showing much higher concentration in the 

VDAC-positive mitochondrial fraction (Mt) than in the whole cell homogenate (Wh). c 

ACE2 activity in monkey isolated mitochondria, which was significantly reduced by the 

ACE2 inhibitor DX600. (d-f) Confocal microscopy of tissue sections through the 

monkey substantia nigra showing intense MrgE labelling in dopaminergic neurons (TH-

positive cells, d) and lower levels of immunolabelling in astrocytes (GFAP-positive 

cells, e) and microglia (CD11b-positive cells, f). Data are presented as mean ± s.e.m or 
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median (max-min). *p< 0.05; Student´s t-test (MrgE) and Mann-Whitney Rank Sum 

Test (ACE2) (a); Student´s t-test (c); Scale bars: 50 µm (d-f). Abbreviations: ACE2, 

Angiotensin Converting Enzyme 2; GFAP, glial fibrillary acidic protein; M or Mt, 

Mitochondrial fraction; H or Wh, whole homogenate; MrgE, Mas-related G-protein 

coupled receptor member E; TH, tyrosine hydroxylase; VDAC, Voltage-dependent 

anion-selective channel 1. 

Fig. 5. Fluorescence competition binding studies (a-m) and Nitric oxide (NO) 

release by MrgE activation (n-z). (b, c, h, i) Fluorescence labeled (FAM)-alamandine 

binds to both MrgE-transfected and Mas-transfected cells. (a, f, g) No significant 

binding was observed in non-transfected control HEK293 cells. (b, c, j, k) The binding 

of FAM-alamandine was competed by non-fluorescent alamandine and Ang 1-7, 

showing that both peptides are able to bind both receptors; the MrgD ligand, β-alanine, 

only could bind MrgE-transfected cells. (d, e, l, m) The MrgD blocker D-Pro, and the 

MasR blocker A-779 abolished the increase in fluorescence (i.e. alamandine binding) in 

MrgE- and Mas-transfected cells. (n, o, t, u) Using a fluorescence DAF probe, NO was 

not observed in non MrgE transfected controls (i.e. transfected with the empty plasmid; 

n, o) and was very weak in MrgE transfected cells (t, u). (p, q, v, x) After 10 min of 

treatment with alamandine MrgE transfected cells (but not control cells) increased NO-

probe fluorescence.  (r, s, y, z) Treatment with Ang 1-7 also produced an increase in 

NO levels in MrgE-transfected cells compared to control cells. Data are presented as 

mean ± s.e.m. *p< 0.05. Mann-Whitney Rank Sum Test (a); Kruskal-Wallis One Way 

Analysis of Variance on Ranks with Dunn’s Method post hoc test (b-e). Scale bar: 100 

µm (f-m) and 90 µm (n-z). Abbreviations: Ala, Alamandine; Ang 1-7, Angiotensin 1-7; 

β-Ala, β-Alanine; D-Pro, D-Proline; DAF-FM, Diaminofluorescein-FM diacetate ; 



38 

FAM-alamandine, Fluorescein labelled-alamandine; MrgD, Mas-related G-protein 

coupled receptor member D; MrgE, Mas-related G-protein coupled receptor member E. 

Fig. 6. Mitochondrial nitric oxide (NO) production by MrgE activation. (a-d) Basal 

mitochondrial nitric oxide (NO) colocalizing with the mitochondrial marker MTDR in 

N27 dopaminergic neurons. € Treatment of rat brain isolated mitochondria with 

alamandine produced an increase in levels of mitochondrial NO detected by fluorometric 

assay, which was inhibited by pre-incubating the mitochondria with the receptor blocker 

D. (f-r) The functional effects of mitochondrial MrgE receptors were confirmed using

confocal microscopy of HEK293 cells transfected with MrgE receptor. We observed an 

increase in mitochondrial NO production in MrgE-transfected cells (f, j-l) relative to 

non-transfected cells (f, g-i), and particularly 30 min after treatment of transfected cells 

with alamandine (f, m-o), or Ang 1-7 (f, p-r). Data are presented as mean ± s.e.m. *p< 

0.05. One Way Anova with Student-Newman-Keuls Method post hoc test (e); Kruskal-

Wallis One Way Analysis of Variance on Ranks with Dunn's Method post hoc test (f). 

Scale bars: 25 µm (a-d); 10 µm (g-r). Abbreviations: Ala, Alamandine; Ang 1-7, 

Angiotensin 1-7; DAF-FM: Diaminofluorescein-FM diacetate; D-Pro, D-Proline; MrgE, 

Mas-related G-protein coupled receptor member E; MTDR, MitoTracker Deep Red. 

Fig. 7. Dysregulation of mitochondrial ACE2/MrgE axis by aging. (a, b) MrgE 

protein and mRNA expression was significantly lower in substantia nigra of aged rats 

relative to young rats. (c-e) In isolated mitochondria, aged rats also showed a significant 

decrease of ACE2 and MrgE levels relative to young rats, together with a marked 

increase in mitochondrial NOX4 levels. Data are presented as mean ± s.e.m. *p< 0.05, 
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Student´s t-test. Abbreviations: ACE2, Angiotensin Converting Enzyme 2; MrgE, Mas-

related G-protein coupled receptor member E; NOX4, NADPH oxidase 4; VDAC, 

Voltage-dependent anion-selective channel 1. 
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3.9 SARS-CoV-2 as a Factor to Disbalance the Renin-Angiotensin System: A Suspect in the Case of 
Exacerbated IL-6 Production. 

Rafael Franco*, Rafael Rivas-Santisteban*, Joan Serrano-Marín*, Ana I. Rodríguez-Pérez, José L. 
Labandeira-García, Gemma Navarro.  

Manuscrito publicado en The Journal of Immunology, Julio 2020; 205: 1198–1206. 

Por lo general, la aparición de fiebre en procesos infecciosos se correlaciona con 
inflamación, infiltración y con la activación de macrófagos en el órgano afectado y la 
liberación de citoquinas implicadas en la respuesta inmune. La enzima convertidora de 
angiotensina 2 (ACE2) se encuentra implicada en la degradación de los péptidos del sistema 
renina-angiotensina (RAS), principalmente cataliza la conversión de la Ang II a la Ang (1-7). 
ACE2 se ha descrito como la vía de entrada a la célula del virus SARS-CoV-2. En la COVID-19, 
la sobreproducción de citoquinas proinflamatorias especialmente la IL-6, indica el papel 
clave de los macrófagos en esta patología. Al internalizarse el SARS-CoV-2 con ACE2 en la 
célula, se produce una disminución en la disponibilidad de esta enzima en la superficie 
celular lo que desencadena en una desregulación entre el péptido angiotensina II que se une 
a los receptores de angiotensina II tipo 1 (AT1R) y tipo 2 (AT2R) y los péptidos Ang (1-7) y 
alamandina, que activan al protooncogén Mas (MasR) y a los receptores relacionados con 
Mas (MRGDR). Además de los macrófagos, las células de los distintos tejidos del pulmón 
expresan componentes del RAS e incluso, algunas células pueden producir IL-6. Comprender 
como el SARS-CoV-2 desequilibra el RAS a través de ACE2 permitirá prosperar en el diseño 
de terapias dirigidas para mejorar la patología del COVID-19. 



 

 

 



SARS-CoV-2 as a Factor to Disbalance the
Renin–Angiotensin System: A Suspect in the Case of
Exacerbated IL-6 Production
Rafael Franco,*,†,1 Rafael Rivas-Santisteban,*,†,1 Joan Serrano-Marı́n,*,1

Ana I. Rodrı́guez-Pérez,†,‡ José L. Labandeira-Garcı́a,†,‡ and Gemma Navarro†,x

Fever in infections correlates with inflammation, mac-
rophage infiltration into the affected organ, macrophage
activation, and release of cytokines involved in immune
response, hematopoiesis, and homeostatic processes.
Angiotensin-converting enzyme 2 (ACE2) is the canon-
ical cell surface receptor for SARS-CoV-2. ACE2 to-
gether with angiotensin receptor types 1 and 2 and
ACE2 are components of the renin–angiotensin system
(RAS). Exacerbated production of cytokines, mainly
IL-6, points to macrophages as key to understand
differential COVID-19 severity. SARS-CoV-2 may
modulate macrophage-mediated inflammation events
by altering the balance between angiotensin II, which
activates angiotensin receptor types 1 and 2, and an-
giotensin 1–7 and alamandine, which activate MAS
proto-oncogene and MAS-related D receptors, respec-
tively. In addition to macrophages, lung cells express
RAS components; also, some lung cells are able to pro-
duce IL-6. Addressing how SARS-CoV-2 unbalances
RAS functionality via ACE2 will help design therapies
to attenuate a COVID-19–related cytokine storm.
The Journal of Immunology, 2020, 205: 1198–1206.

A
mammalian naive organism exposed to a new path-
ogen can activate two different branches of the im-
mune system: the innate and the adaptive immunity.

The innate immunity is involved in the activation of nonspe-
cific processes such as inflammation, whereas the adaptive
immunity is related with Ag-specific processes such as, among
other, Ab production or immunological memory. The most
serious consequences of COVID-19 infection come from
an acute respiratory distress syndrome that is aggravated by
exacerbated inflammation (1). Immune cells of the white
lineage infiltrate the affected tissue to become macrophages
that are subsequently activated to produce and release a

variety of cytokines. The plasma levels of one of them, IL-6,
directly correlates with COVID-19 severity. Often, the
macrophage response is limited and does not aggravate viral
infections. However, for unknown reasons, some COVID-19
patients develop the so-called cytokine storm, which correlates
with symptom aggravation, and the outcome can be fatal
(2–4). Patients (n = 30) in the critical care unit of one of the
main hospitals in Barcelona were assessed for plasma/serum
levels of four cytokines (IL-6, IL-1b, IL-8, and TNF-a). IL-6
levels led to high interindividual variability, whereas IL-1b
levels were within the reference value range. There was not
any common trend in IL-8 or TNF-a values, which were
either normal or increased. In summary, the most noticeable
finding in the cytokine storm was the level of IL-6, which in
some patients, may be high enough to lose the dynamic range
of measurement (i.e., two orders of magnitude increase or
even higher) (Refs. 5, 6, and T. Herold, V. Jurinovic, C. Arnreich,
J.C. Hellmuth, M. von Bergwelt-Baildon, M. Klein, and
T. Weinberger, manuscript posted on medRxiv, M.J. Cum-
mings, M.R. Baldwin, D. Abrams, S.D. Jacobson, B.J. Meyer,
E.M. Balough, J.G. Aaron, J. Claassen, L.E. Rabbani,
J. Hastie, B.R. Hochman, J. Salazar-Schicchi, N.H. Yip,
D. Brodie, and M.R. O’Donnell, manuscript posted on
medRxiv, and J. Gong, H. Dong, S.Q. Xia, Y.Z. Huang,
D. Wang, Y. Zhao, W. Liu, S. Tu, M. Zhang, Q. Wang, and
F. Lu, manuscript posted on medRxiv). The marked increase
in IL-6 levels has prompted the design of a clinical assay using
tocilizumab, a monoclonal anti–IL-6 Ab (7, 8). More promis-
ing, and already used in COVID-19 patients treated in Spanish
hospitals, corticoids may attenuate IL-6 production. It is known
that the production of the cytokine is inhibited by glucocorti-
coids in a wide range of cell types (9). In critical illnesses, the a
isoform of the glucocorticoid receptor (or nuclear receptor
subfamily 3, group C, member 1 [NR3C1]) arises as a key
regulator of homeostatic processes (see Ref. 10 for review).
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The link between the renin–angiotensin system (RAS) and
coronaviruses was serendipitously discovered. The angiotensin-
converting enzyme (ACE) 2 was identified as the receptor for
viruses of the SARS family, SARS-CoV-2 being no exception
(11–15). Importantly (see below), ACE2 has peptidase activity;
it is one of the newest members of the RAS, which has been
widely studied in relationship with the control of blood pres-
sure. Among its components, there are ACE1, which produces
angiotensin II (Ang II), and ACE2, which converts Ang II to
angiotensin 1–7 (Ang1–7), Ang II receptors (Ang II receptor
type 1 [AT1R] and Ang II receptor type 2 [AT2R]), and the
Ang1–7 receptor. The latter was first identified as a product of
an oncogene and because of resemblance to the mitochondrial
assembly gene from Saccharomyces cerevisiae was named as Mas-
related proto-oncogene (16). The receptor whose endogenous
agonist is Ang1–7 is now known as Mas receptor (MasR). All
these angiotensin-related receptors belong to the superfamily of
G-protein–coupled receptors (GPRCRs). It should be finally
noted that a novel family of receptors has been named as Mas-
related GPCRs (Mrgprs) that, interestingly, also respond to
Ang1–7 (17–19) but whose endogenous agonist is alamandine,
another new RAS member. The relationships between RAS
members is shown in Fig. 1.

Peptidases and GPCRs, lessons from HIV-1–related research

The intense multidisciplinary research on HIV-1 infection led
to the discovery of one of the main anchoring molecules, the
chemokine CXCR4 GPCR, and of other cell surface proteins

acting as virus coreceptors. A relevant HIV-1 coreceptor was
identified as dipeptidyl peptidase IV (DPPIV), also known as
CD26. In human lymphocytes, the link between CXCR4 and
CD26 was proven using different approaches (20). Identified
in bats but also occurring in primates, CD26 acts as a receptor
for Middle East respiratory syndrome (MERS) coronavirus
(21, 22). Using the online Search Tool for the Retrieval of
Interacting Genes/Proteins (STRING), ACE2 is directly
connected with CD26/DPPIV (Fig. 2A). By default, ACE2 is
connected to Ang II, which, in turn, is connected to its
cognate receptors, AT1R and AT2R (Fig. 2A). Interestingly,
the appearance of a GPCR related to DPPIV is required to
force the system to include chemokine receptors in the search
for connections (Fig. 2B). In contrast, with these easy-to-find
connections, there are almost no papers linking SARS viruses
to GPCRs. In sharp contrast, there are several articles devoted
to the link between HIV-1 and GPCRs. This fact probably
derives from the exhaustive research on HIV-1 and the AIDS
it produces, which was more deadly than coronavirus infec-
tions. A physiological substrate of CD26 is the stromal-
derived factor 1 (SDF-1), alternatively known as CXCL12,
which is the endogenous agonist of the CXCR4 chemokine
receptor (Fig. 3). On the one hand, SDF-1 is protective
against viral entry into cells, and CD26/DPPIV catalytic ac-
tivity reduces the concentration of this protective factor (20,
23). On the other hand, CXCR4 is a factor in HIV-1 viral
entry (24–30). Unfortunately, SARS-CoV-2 arrived, and no
background on GPCRs and the viral proteins and/or viral

FIGURE 1. Components of RAS.
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entry into the cells exists. Therefore, there is a need to put the
focus on the blind point of COVID-19 related research: in-
volved GPCRs, how GPCR functionality is affected by
coronaviruses, and whether GPCRs may or not favor SARS
entry into cells. Obviously, it is also needed to know how the
viral cycle affects the functionality of GPCRs that are directly
involved in viral targeting, membrane fusion, and/or viral
entrance into cells.

RAS GPCRs, the blind point in SARS research

Extensive research is available related to the receptor of SDF-1,
the CXCR4 chemokine receptor, and HIV-1. A search in
PubMed on SDF-1 and HIV-1 leads to ∼500 articles and 40
reviews, the most recent (review) in May 2020 (31). The
number of articles for HIV-1 and CXCR4 are ∼8 times
higher, and the last review appeared in May 2020 (25). In-
terestingly, the formyl peptide GPCR binds with high-affinity
peptides derived from proteins of HIV-1, SARS, and Ebola

viruses (32, 33). However, the physiological and/or phar-
macological relevance of such findings reported in 2006 is
unclear. With the exception of the results related with the
formyl peptide receptor, there are few or no articles devoted
to studying links between GPCRs and the SARS family of
coronaviruses.
The RAS is widely distributed in the mammalian body, and

data in the CNS have provided evidence of a relevant role in
immune function modulation. All receptors related to both
Ang and Ang1–7 are expressed in microglia and contribute to
the regulation of cell activation. There is interest in knowing
whether the neurologic alterations observed in some COVID-
19 patients are somehow mediated by the RAS system
expressed in neurons and/or microglia (34–48). However, our
focus in this review is RAS in macrophages, which release IL-6
when activated and also express RAS components. RAS has
been for years under scrutiny from assuming that Ang II was
proinflammatory and a potential profibrotic agent (49). It

FIGURE 2. Interaction graph analysis for ACE2 and DPPIV/CD26 restricted to human using STRING. (A) First shell of interactions between ACE2 and other

proteins. (B) First shell of interactions between DPPIV (DPP4 in STRING database) and other proteins. Network nodes represent proteins and edges protein–

protein associations. The colors of the edges represent different sources of evidence. Known interactions: cyan, from curated databases; magenta, experimentally

determined. Predicted interaction: green, gene neighborhood; red, gene fusions; blue, gene co-occurrence. Other: yellow, text mining; black, coexpression; lilac,

protein homology. AGT, angiotensinogen; AGTR1, type-1 Ang II receptor; AGTR2, type-2 Ang II receptor; CXCL12, stromal cell-derived factor 1; DPP4,

dipeptidyl peptidase 4; MEP1A, meprin A subunit a; MEP1B, meprin A subunit b; MME, neprilysin; PRCP, lysosomal Pro-X carboxypeptidase; REN, renin;

XPNPEP2, Xaa-Pro aminopeptidase 2.

FIGURE 3. Analogies between HIV-1 and SARS receptors and coreceptors Nonconfirmed interactions are represented as a question mark (?).
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becomes evident that proinflammation and profibrotic actions
depend on an exquisite balance within RAS, whose activity
changes depending on the differential cell surface expression
of its protein components (enzymes and receptors).

The potential of RAS in IL-6 production and macrophage polarization

Activated macrophages appear in two main phenotypic variants,
the proinflammatory or M1 and the anti-inflammatory or M2.
From a pharmacological point of view, it is of interest to know
how to skew macrophages to the M2 phenotype and whether it
is possible that, at some stage of activation, M1 macrophages
could be converted into M2 macrophages. Such polarization
depends on inhibiting the anti-inflammatory pathway to re-
inforce the proinflammatory or vice versa. As pointed out in an
excellent review in this topic (50), this cross-feedback regulation
is due to activation/deactivation of transcription factors: PPARg,
IRF4, and STAT to promote M2 skewing and AP1, NF-kB,
STAT1, and IRF5 to promote M1 skewing.
Unlike in renal cells, the RAS Ang1–7-MasR branch has

been better characterized in macrophages than the Ang II–
AT1R–AT2R branch. Although the expression pattern and the
role of Ang II receptors in macrophages are not fully eluci-
dated yet, the general idea is that Ang II is proinflammatory
and that inhibitors of ACE1 or antagonists of Ang II receptors
could be beneficial for patient with inflammatory diseases
coursing with inflammation (51). Unfortunately, the system is
more complex, as the two Ang II receptors usually have op-
posite functional activities. The present review comple-
ments another review (1) that appeared recently and tackles
the issue of whether ACE2 expression is beneficial or not in
SARS-CoV-2 infection (52).

In principle, Ang II has opposite effects depending on the
receptor that is activated (Fig. 4). Activation of AT1R by
agonists exacerbates inflammation via enhancement of ex-
pression of proinflammatory cytokines. In contrast, activation
of the AT2R in macrophages regulates the activity of inducible
NO synthase and negatively modulates the production of
TNF-a, NF-kB, IL-6, and IL-1b (53, 54). The AT2R also
mediates the production of IL-10 by the activated macro-
phage (55), thus attenuating the inflammatory response. In
physiological scenarios, it is assumed that inflammation oc-
curs with preponderance of AT1R-mediated signaling but that
time passing leads to the downregulation of this receptor
and to the upregulation of those RAS receptors whose
function is to be anti-inflammatory and/or to mitigate in-
flammation (Fig. 4, left). There is a variety of ways by
which RAS disbalances.
The burden of SARS-CoV-2 infections is much higher in

men than in women. In April, it was reported that 2.4 times
more men than women died of COVID-19 (56). As the ACE2
gene is in the X chromosome, it is tempting to speculate that
gender differences in symptoms and mortality are due to
decreased (overall) expression of ACE2 in men. Currently,
there are no data to support the benefit of having more or less
ACE2 expression. Also, one of the two X chromosomes in
women is inactive. Surely 20–30% of genes escape inactiva-
tion, and the ACE2 gene seems to be one of them (57), but it
is also true that ACE2 expression is greatly affected by sex
hormones (58). ACE2 polymorphisms have been described
(59), and therefore, males express one protein, whereas fe-
males may express two isoforms. If a given isoform represents
a higher vulnerability to infection, men would be more

FIGURE 4. Altered ACE2 function because of SARS viral infection leads to proinflammatory outcomes via RAS deregulation. Images produced using Servier

Medical Art (http://www.servier.com).
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exposed because the second isoform in women could exert a
compensatory/protective effect. In summary, ACE2 expres-
sion may be different in men and women, but it cannot yet be
confirmed that differential expression of equal or polymorphic
ACE2 correlates with symptom’s severity and with mortality.
A hypothesis based on evidence from SARS research is virus-

induced local reduction of ACE2 activity by either reducing its
catalytic activity, downregulation, or shedding. In any of those
circumstances, Ang II accumulates, Ang1–7 is reduced, and
inflammation is prolonged and/or exacerbated (Fig. 4, right).
It is not known whether the two angiotensin receptors in-

teract in macrophages as they do in microglia, where they are
upregulated upon activation and where the AT2R counteracts
the proinflammatory effects mediated by the AT1R (37, 60).
Activation of the AT2R, which is usually upregulated in dis-
eases with inflammatory component, reduces the action of
M1 macrophages and, accordingly, the synthesis of TNF-a
and IL-6 (61). In summary, more effort is needed to assess the
expression of AT1R and AT2R in resting and activated mac-
rophages and to define the role of each receptor when mac-
rophages activate in response to different pathogens.
The first evidence linking Ang1–7 to the regulation of cy-

tokine release by LPS-activated macrophages came from
studies using ACE2 knockout mice whose macrophages, upon
activation, showed altered expression of adhesion molecules
and of cytokines (IL-6 included) (62). When ACE2 is over-
expressed, there is a marked reduction of Ang II–induced
MCP-1 production, which is seemingly mediated by Ang1–7
(63). Those results led us to propose that the Ang1–7-MasR
branch of RAS was relevant for regulating macrophage acti-
vation (64). The anti-inflammatory action of Ang1–7 was
later confirmed in LPS-treated peritoneal macrophages (65)
and in a polymicrobial sepsis rat model (66). Very recent
results in an endotoxemia rat model show systemic anti-
inflammatory action of Ang1–7 that is mediated by the
MasR (67).
MasR activation poses a brake in macrophage activation. In

fact, genetic ablation of the receptor leads to increased infil-
tration of macrophages in a variety of tissues and to increased
expression of proinflammatory genes (68). Already, in 2012,

upregulation of MasR in LPS-treated cells and regulation by
Ang1–7 of TNF-a and of IL-6 production by activated
macrophages were reported (65). The effect of the most re-
cently identified member of the angiotensin family, ala-
mandine (Fig. 1), and of Ang1–7 depends on the activated
macrophage phenotype. In an in vitro model using macro-
phages activated using different protocols and in subsets of
infiltrating lung macrophages isolated after inducing pleurisy
in mice, activation of either MasR or Mrgprs is ineffective
on resting cells but reduces inflammation because there
were fewer cells producing IL-1b and TNF-a (i.e., fewer cells
with the M1 proinflammatory phenotype). In contrast, re-
ceptor activation by Ang1–7 or alamandine leads to an anti-
inflammatory reprograming of activated macrophages (69).

RAS dysregulation in SARS-CoV-2 infection

Based on the involvement of RAS in macrophage biology,
alterations induced by SARS-CoV-2 may lead to aberrant
macrophage activation. The details of the likely mechanisms
operating in macrophages responding to the viral infection are
schematized in Fig. 5. First of all, SARS-CoV-2 influences
the homeostatic function of its receptor. This issue has not
been fully addressed, but even if the SARS-CoV-2 is not af-
fecting peptidase activity, it has been shown that 1) the virus
needs ACE2 for entering into cells (70), and 2) there is a
coronavirus-induced shedding of ACE2 mediated by trans-
membrane serine protease 2 (TMPRSS2) and/or disintegrin and
metalloproteinase domain-containing protein 17 (ADAM17)
(71, 72). About 30 y ago, a selective reduction in cell surface
expression of CD26 in cells targeted by HIV-1 was discovered
(73). Analogously, ∼15 y ago, it was shown that coronavirus
infection markedly reduces cell surface ACE2 expression
(74, 75).
A decrease in ACE2 in the cell surface leads to RAS dis-

balance because of an increase in Ang II and a decrease in
Ang1–7/alamandine extracellular concentrations. This un-
balance of RAS leading to increasing the concentration of the
proinflammatory peptide while decreasing the concentration
of the anti-inflammatory peptide would exacerbate inflam-
mation and proinflammatory IL production (Fig. 4).

FIGURE 5. Possible scenarios involving RAS under SARS-CoV-2 infection. *1) the potential interaction between ACE2 and the AT2R or the MasR should be

investigated, and 2) there is the possibility of cointernalization of SARS-CoV-2/ACE2 together with ACE2-interacting proteins.
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Other scenarios remain speculative, as there are a number of
unknowns to fully understand macrophage-associated pa-
thology and propose effective therapies. For instance, it is not
known whether ACE2 may interact with the AT2R, or even
with MasR or with Mrgprs. SARS viruses are surrounded by
membrane proteins of the host; are ACE2 and angiotensin
receptors among them? Downregulation of ACE2 would re-
sult in a similar outcome as enzyme inhibition. If the AT1R is
identified as coreceptor, is it disappearing from the cell surface
together with ACE2 and/or SARS-CoV-2? This possibility
would lead to the preponderance of the action of AT2R,
which, in general terms, is anti-inflammatory; therefore, it is
not occurring or only occurs in those patients who do not
develop the cytokine storm. Overall, it would be informative
to investigate whether ACE2 interacts with other RAS com-
ponents, thus leading to the possibility that receptors of the
RAS are coreceptors for the virus. Also needed is to investigate
how the virus itself and/or the spike protein of the virus affect
the expression and function of all components of RAS in
macrophages and targeted lung cells. As in the case of CD26,
ACE2 may have catalytically independent function in those
cells; indeed, CD26 in lymphocytes acts as a costimulatory
molecule of relevance in immune and endocrine responses
(76). In addition, the noncatalytic function of CD26 is al-
tered by HIV-1 viral particles and by the envelope HIV-1
gp120 glycoprotein (77). This action is mechanistically de-
pendent on the expression of the main HIV-1 receptor, CD4,
and of CXCR4 (78). Already, in 2008, a role of the C-
terminal domain of ACE2 in infections by SARS-CoV was
identified (79) but was not investigated further. In summary,
it would be important to know how SARS-CoV-2 affects the
expression and function of protein RAS components, in-
cluding the possible heteromers that, hopefully because of
COVID-19–related research pressure, may now be discovered
(labeled with * in Fig. 5).

Cells other than macrophages are likely involved in aberrant
IL-6 production

Inhibiting ACE2 and altering the RAS balance in macrophages
surely lead to the increase in proinflammatory cytokines but
probably not to the extent of triggering a cytokine storm.
Then, other mechanism may operate in cases with serious
symptoms, very abnormal IL-6 levels, and increased death
risk. It should be noted the title of a recent preprint: “Level of
IL-6 predicts respiratory failure in hospitalized symptomatic
COVID-19 patients” (T. Herold, V. Jurinovic, C. Arnreich,
J.C. Hellmuth, M. von Bergwelt-Baildon, M. Klein, and
T. Weinberger, manuscript posted on medRxiv). A recent
metanalysis confirms that elevated IL-6 is one of the common
findings in fatal outcomes (5). It is then reasonable to hy-
pothesize that in the most serious cases, cells of the patient’s
lungs may be able to release IL-6, thus engaging a harmful,
vicious cycle.
The most serious COVID-19 cases course with pneumonia,

and ACE2 is heavily expressed in the lung (80). The air-
exposed internal surface of the lungs is composed of a vari-
ety of cells: ciliated, secretory, pneumocyte, basal, stromal,
endothelial, and epithelial. The most abundant (i.e., epithelial
and endothelial) are capable of producing IL-6 and express
almost every RAS component. ACE2 is expressed in type II
pneumocytes and in most respiratory-related epithelial cells,

with the notable exception of those in the upper respiratory
tract, including nasal and oral mucosa (80). In addition,
ACE2 is located in the apical side of polarized cells (81)
(i.e., readily available to SARS-CoV-2). How expression of
RAS components is affected by SARS-CoV-2 in pneumocytes
and lung epithelial or endothelial cells has not been tested yet.
Epithelial cells may produce IL-6. The first article on this

issue reported production and secretion of IL-6 by stimulated
epithelial cells of the human retinal pigment (82). As dem-
onstrated in a variety of experimental models, endothelial cells
may produce IL-6 (83–85). Furthermore, IL-6 and TNF-a
produced by macrophages may lead to endothelial dysfunc-
tion (86).
From a multicenter validation study in critically ill patients

because of sepsis, which also occurs in some COVID-19
patients (87), it is known that markers of endothelium acti-
vation are predictive of final outcome and that soluble FLT-1
(sFLT-1) may be a sepsis biomarker (88). The sFLT-1 is a
marker of preeclamptic hypertension in which RAS is dys-
balanced, and there is an increase in the expression in platelets
of the heteromer formed by the AT1R and the bradykinin B2
receptor (89). Interestingly, the B2 receptor may interact di-
rectly with the AT2R (90). In addition, it has been recently
hypothesized that dysregulated bradykinin signaling is behind
respiratory complications because of COVID-19 (91), whereas
it is known the direct link between bradykinin, platelets, and
coagulopathy (92), which is another complication in COVID-19
patients. In fact, some patients not only present a cytokine
storm, but signs of disseminated intravascular coagulation,
which increased serum levels of fibrin degradation products,
such as the D-dimer (93, 94). IL-6 may negatively impact on
coagulation control mechanisms (8).
Also known is that human coronavirus spike proteins

downregulate ACE2 (95) and that ACE2 expression is pro-
tective against lung failure (in a murine model) (74). After
COVID-19 infection, sequalae include lung fibrosis that can
be mediated by altered RAS. Ang II reportedly upregulates the
AT1R, downregulates the AT2R (AT1R/AT2R ratio going
from 0.4 to 1.4), and increases the activity of a profibrotic
enzyme, hyaluronidase (96).

Is there a coinfection impacting on IL production by lung cells?

The interindividual response to COVID-19 depends on the
viral load, the rate of viral replication, which varies from in-
dividual to individual, and the differential expression of the
RAS component in the attacked cells (lung cells exposed to the
inspired air) and in infiltrating macrophages. However, it
cannot be ruled out that opportunistic infections take over and
influence disease outcome. Bacterial infection can lead to the
production of ILs by cells of the nonimmune system. In fact,
bacterial LPS endotoxin can induce IL-6 synthesis by a variety
of cells as diverse as osteoblasts (97) and endothelial cells (98).
Existing data cannot test the hypothesis that pneumonia is
caused by more than one pathogen, but it maintains that
possibility. If this were the case, RAS would also have a rel-
evant role.
It should be noted that acute respiratory distress syndrome

animal models can be achieved by sepsis induction; therefore,
superinfection may be also impacting in the respiratory
problems in patients, requiring mechanical ventilation (99).
Potential pathogens include, but are not limited to,Mycoplasma
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and Chlamydia, which, in parallel to pneumonia induction,
lead to increases in serum of IL-6 levels (100–104), with fea-
tures such as IL-17–mediated effects that are common in pa-
tients infected with MERS-CoV or SARS-CoV viruses (105,
106). Even pneumonia induced by Escherichia coli courses with
elevated IL-6 concentration in serum, Gram-positive bacteria,
leading to lower IL-6 and TNF-a levels than Gram-negative
bacteria (107, 108). The very informative report on the
findings in interstitial pneumonia versus nonspecific inter-
stitial pneumonia/fibrosis is recommended, which includes
the sources of IL-6 upon analysis of lung biopsy specimens
(109). The imbalance of RAS in idiopathic pneumonia, the
involvement in fibrosis postpneumonia, and the therapeu-
tic possibilities by targeting some of the components are
reviewed elsewhere (110).

Conclusions
MERS viruses attach to DPPIV/CD26 peptidase in targeted
cells. SARS viruses attach to and alter ACE2 peptidase function
with local downregulation and reduction of the catalytic ac-
tivity, thus altering the Ang II/Ang1–7 and Ang II/alamandine
ratios. Such RAS disbalance may lead to serious consequences
in cases of inflammation. SARS-CoV-2 not only alters RAS
in targeted cells but in macrophages infiltrating the affected
tissue(s). The evidence points to a reduction of ACE2 func-
tion, by inhibition, downregulation, and/or shedding caused
by viral proteins. Further alterations in the function of RAS
proteins are likely to occur after coronavirus attack. The link
between an altered RAS and cytokine storm and pulmonary
fibrosis also needs to be addressed in detail. Such knowledge
would likely open new perspectives to combat infection and
guide the appropriate management of disease aggravation and
of comorbidities.
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truncated adenosine A2A receptor. 
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Resina, Nil Casajuana-Martin, Arnau Cordomí, Leonardo Pardo y Rafael Franco.  
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2723-2732. 

El agonismo sesgado es la propiedad por la cual algunos compuestos actúan activando de 
forma diferencial algunas vías de señalización respecto a otras. Este fenómeno adquiere una 
gran importancia cuando se habla de receptores acoplados a proteína G (GPCRs). Algunas 
de las señalizaciones mediadas por GPCRs incluyen la activación de proteínas G, la 
activación de quinasas y la activación de ß-arrestinas. En este artículo caracterizamos la 
funcionalidad del receptor de adenosina (A2AR) con la cola c-terminal completa y la cola c-
terminal truncada (que carece de los últimos 40 aminoácidos) en un sistema de expresión 
heterólogo. El A2AR es un GPCR con gran importancia terapéutica, siendo la diana de un 
fármaco para el tratamiento de la enfermedad de Parkinson. Se han obtenido datos 
experimentales de la unión de los ligandos a ambas formas del A2AR y del mismo modo se 
ha caracterizado la funcionalidad de estos receptores mediante ensayos de determinación 
de los niveles AMPc intracelular, de determinación de la fosforilación de ERK1/2, de 
reclutamiento de ß-arrestinas y de la redistribución dinámica de masas. Estos ensayos se 
efectuaron en presencia de diversos compuestos (los agonistas adenosina, NECA, CGS-
21680, PSB-0777 y LUF-5834 y el antagonista específico de A2AR, SCH-58261) en células que 
expresaban A2AR o A2AD40R. Para el cálculo del agonismo sesgado se ha utilizado como vía 
de referencia la determinación de los niveles de AMPc y como ligando de referencia, el 
ligando endógeno adenosina. Se observó que el extremo C-terminal del A2AR es prescindible 
para el reclutamiento de proteína G y de ß-arrestinas, así como para la activación de la vía 
de las MAPK. Mediante simulaciones de dinámica molecular sin restricciones se estudiaron 
las disposiciones estructurales de la cavidad de unión, en presencia de los distintos 
agonistas utilizados cuya composición estructural y química es diferente. 
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a b s t r a c t

Biased agonism, the ability of agonists to differentially activate downstream signaling pathways by sta-
bilizing specific receptor conformations, is a key issue for G protein-coupled receptor (GPCR) signaling.
The C-terminal domain might influence this functional selectivity of GPCRs as it engages G proteins,
GPCR kinases, b-arrestins, and several other proteins. Thus, the aim of this paper is to compare the
agonist-dependent selectivity for intracellular pathways in a heterologous system expressing the full-
length (A2AR) and a C-tail truncated (A2A

D40R lacking the last 40 amino acids) adenosine A2A receptor, a
GPCR that is already targeted in Parkinson’s disease using a first-in-class drug. Experimental data such
as ligand binding, cAMP production, b-arrestin recruitment, ERK1/2 phosphorylation and dynamic mass
redistribution assays, which correspond to different aspects of signal transduction, were measured upon
the action of structurally diverse compounds (the agonists adenosine, NECA, CGS-21680, PSB-0777 and
LUF-5834 and the SCH-58261 antagonist) in cells expressing A2AR and A2A

D40R. The results show that tak-
ing cAMP levels and the endogenous adenosine agonist as references, the main difference in bias was
obtained with PSB-0777 and LUF-5834. The C-terminus is dispensable for both G-protein and b-
arrestin recruitment and also for MAPK activation. Unrestrained molecular dynamics simulations, at
the ls timescale, were used to understand the structural arrangements of the binding cavity, triggered
by these chemically different agonists, facilitating G protein binding with different efficacy.

� 2020 The Authors. Published by Elsevier B.V. on behalf of Research Network of Computational and
Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-

commons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Adenosine triphosphate (ATP) is the main energy-transfer
molecule and adenosine is one of its main metabolites. Adenosine
receptors appeared early in evolution, as sensors of ATP decay,
because excess of adenosine correlates with ATP depletion. They
are considered as the most ancient within the class A (or
rhodopsin-like) G-protein-coupled receptor (GPCR) family. More-
over, phylogenetic studies suggest that adenosine receptors were

the first to start diverging [1] from the MECA receptor cluster [2],
which is formed by the melanocortin, endothelial differentiation
sphingolipid, and cannabinoid receptors. There are four identified
mammalian adenosine receptors (humans included) whose cog-
nate heterotrimeric G proteins are Gi (A1 and A3) or Gs/Golf (A2A

and A2B) [3].
The crystal structure of the A2A receptor (A2AR) was one of the

first reported for the G-protein-coupled receptor (GPCR) family
[4]. Today, there are nearly fifty structures of A1R and A2AR bound
to agonists, antagonists, and/or to G proteins [5]; all of them dis-
playing the common features of class A GPCRs [6]. Unfortunately,
the N- and C-terminal domains, which are highly variable in
sequence, length, and structure [7], have been removed for crystal-
lization purposes. The long C-terminal domain of A2AR (about 122
amino acids) is known to engage G proteins, GPCR kinases, arrest-
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ins and several other proteins [8,9]. The C-terminus is also respon-
sible for the constitutive activity of the receptor [10], influences
the quaternary structure of heteromers [11,12], and is involved
in differential intracellular signaling [13].

A2AR offers numerous possibilities for therapeutic applications
[14–16]. A2AR antagonists show promise, among others, in Alzhei-
mer’s and Parkinson’s diseases, attention-deficit hyperactivity dis-
order, depression, and anxiety. Istradefylline, one of the most
studied antagonists, is safe and efficacious in Parkinson and was
approved in Japan as NouriastTM and by the US Food and Drug
Administration as NourianzTM [17]. A2AR agonists could be used in
Niemann Pick type C disease, autism-spectrum disorders, and
schizophrenia. Regadenoson, a selective A2AR agonists that is a
coronary vasolidator, was approved in the United States as
LexiscanTM.

These facts open the possibilities for more drug approvals, both
agonists and antagonists, related to adenosine receptors. Thus, the
aim of this work was double. First, we wanted to analyze the
agonist-dependent selectivity for intracellular pathways, known
as functional selectivity or biased agonism, using structurally
diverse compounds in a heterologous system expressing A2AR.
Biased agonists might offer attractive therapeutic properties rela-
tive to their unbiased counterpart, circumstance that remains to
be validated in clinical trials [18]. In fact, adenosine receptor biased
agonists could be used for cardioprotection without bradycardia as
a serious adverse effect [19,20]. Second, we analyzed in living cells
the effect of the C-terminal domain of A2AR in ligand binding and in
agonist-induced signaling.

2. Materials and methods

2.1. Reagents

Adenosine, NECA, CGS-21680, PSB-0777, LUF-5834 and SCH-
58261 were purchased from Tocris Biosciences (Bristol, UK). HEPES
was purchased from SigmaAldrich (St. Louis, MO, US). Stock solu-
tions were prepared in DMSO. Aliquots of these stock solutions
were kept frozen at �20 �C until use.

2.2. Cell culture and transient transfection

Human embryonic kidney 293T (HEK-293T) cells were grown in
Dulbecco’s modified Eagle’s medium (DMEM) (Gibco, Paisley, Scot-
land, UK) supplemented with 2 mM L-glutamine, 1 mM sodium
pyruvate, 100 units/ml penicillin/streptomycin, MEM non-
essential amino acids solution (1/100) and 5% (v/v) heat inacti-
vated fetal bovine serum (FBS) [all supplements were from Invitro-
gen, (Paisley, Scotland, UK)]. Cells were incubated in a humid
atmosphere of 5% CO2 at 37 �C. 24 h after seeding in 6-well or
96-well (for ERK phosphorylation assay) plates, cells were tran-
siently transfected with cDNA coding for wild-type A2AR or A2A

D40R
(amino acids 372–412 on the C-terminal domain were deleted
[21]) with the PEI (PolyEthylenImine, SigmaAldrich) method as
previously described [13,22]. Truncation of this part of the C-tail
does not remove the proposed phosphorylation codes (PxPxxP/E/
D or PxxPxxP/E/D, where P represents phospho-serine or
phospho-threonine) for arrestin recruitment [23]. This phosphory-
lation code starts 33 amino acids after P7.50 of the NPxxY motif in
human rhodopsin, whereas truncation of A2AR starts 87 amino
acids after P7.50. Cells were incubated for 4 to 5 h with the cDNA
of interest, PEI and NaCl in serum-free medium. After that, the
serum-free medium was replaced by complete culture medium
and cells were incubated for 48 h at 37 �C in 5% CO2 humid atmo-
sphere. The sequences in the plasmids were those coding for
human receptors. It should be noted that within a given experi-

mental session, for instance of determination of cAMP levels, all
agonists (plus/minus antagonist when indicated) were tested in
the same batch of transfected cells.

2.3. Homogeneous HTRF binding assays

HEK-293T cells growing in 6-well plates were transiently trans-
fected with 1 mg of plasmid encoding for pHALO-tagged human
A2AR (pHALO-A2AR, Cisbio Bioassays, Codolet, France) or 1 mg of
plasmid encoding for pHALO-tagged human A2A

D40R and incubated
at 37 �C in a 5% CO2 humid atmosphere (24 h).

2.4. Covalent labeling of cells expressing pHALO-tagged receptors

48 h post transfection culture medium was removed, cells were
washed with PBS and incubated with 100 nM of HALO-Lumi4Tb, a
terbium derivative of O6-benzylguanine (SSNPTBC, Cisbio Bioas-
says, Codolet, France) - previously diluted in TagLite Buffer (TLB)
(LABMED, Cisbio Bioassays, Codolet, France) for 1 h at 37 �C under
5% CO2 humid atmosphere. After that, cells were washed with PBS
to remove the excess of HALO-Lumi4Tb, detached with Versene
(Gibco Life Technologies, Paisley, Scotland, UK), centrifuged at
1,500 rpm for 5 min and resuspended in TLB. Densities of 10,000
cells/well were used to carry out binding assays in white opaque
384-well plates.

2.5. Non-radioactive homogeneous time-resolved FRET-based binding
assays

Saturation binding experiments were performed by incubating
cells expressing Tb-labeled HALO-A2AR with increasing concentra-
tions of the A2AR antagonist SCH-442416, conjugated to a fluores-
cent probe developed by Cisbio (red A2AR ligand, purchased from
Cisbio Bioassays, Codolet, France). The unspecific signal was
obtained by incubating cells expressing Tb-labeled HALO-A2AR
with increasing concentrations of red A2AR ligand in the presence
of 10 mM unlabeled SCH-58261. Both, fluorescent ligands and unla-
beled compounds, were diluted in TLB. 10 ml of labeled cells
(10,000 cells/well) were loaded onto 384-well white plates and
5 ml unlabeled SCH-58261 (10 mM final concentration) or TLB were
added, followed by the addition of 5 ml of increasing concentrations
(0–60 nM range) of red A2AR ligand. Plates were incubated pro-
tected from light for 2 h at room temperature before time-
resolved fluorescence resonance energy transfer (TR-FRET) signal
reading. The specific binding was calculated by subtracting the
unspecific binding from the total binding.

For competition binding assays, HEK-293T cells transiently
expressing Tb-labeled HALO-A2AR, or A2A

D40R, were incubated with
20 nM fluorophore-conjugated A2AR ligand, in the presence of
increasing concentrations (0–10 mM range) of agonists (or antago-
nists when indicated). Plates contained 10 ml of labeled cells, and
5 ml of tested compounds or TLB were added prior to the addition
of 5 ml of the red A2AR ligand. Plates were then incubated for at
least 2 h at room temperature prior to TR-FRET signal detection.
Detailed description of the HTRF assay is found elsewhere [24].

2.6. Signal detection and data analysis

Signal was detected using a PHERAstar FS (BMG Lab technolo-
gies, Offenburg, Germany) microplate reader equipped with a FRET
optic module allowing donor excitation at 337 nm and signal col-
lection at both 665 and 620 nm. A frequency of 10 flashes/well was
selected for the xenon flash lamp excitation. The signal was col-
lected at both 665 and 620 nm using the following time-resolved
settings: delay, 150 ms; integration time, 500 ms. HTRF ratios were
obtained by dividing the acceptor signal (665 nm) by the donor sig-
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nal (620 nm) and multiplying this value by 10,000. The 10,000-
multiplying factor is used solely for the purpose of easier data
handling.

Data were analyzed using Prism 7 software (GraphPad Soft-
ware, Inc., San Diego, CA), and competition data were fitted by
non-linear regression to a one site-fit logIC50, competition curves
were -in all cases- monophasic. KD (dissociation constant) values
of the fluorescent ligand were obtained from the specific binding
saturation curves. Note that Bmax values obtained from HTRF satu-
ration curves do not reflect absolute values of receptor binding
sites. Ki values were determined from competition binding assays
by using the calculated IC50 and KD values and the Cheng-Prusoff
equation [25].

2.7. cAMP determination

HEK-293T cells were grown in 6-well plates and transiently
transfected with cDNAs for A2AR or for A2A

D 40R as described in 2.2.
Two hours before initiating the experiment, medium was replaced
by serum-free DMEM medium. Then cells were detached, isolated
by centrifugation (5 min at 1,500 rpm) and resuspended in DMEM
containing 50 mM zardaverine (phosphodiesterase inhibitor) to
prevent degradation of cAMP, and 5 mMHEPES (pH 7.4). Cells were
placed in white 384-well plates (PerkinElmer) (6,000 cells/well)
and incubated with antagonists or vehicle for 15 min before treat-
ment with agonist or vehicle for 15 min. Finally, cAMP-Eu and the
fluorescent antibody were added. Readings were performed after
one hour incubation at 25 �C. Homogeneous time-resolved fluores-
cence energy transfer (HTRF) measures were performed using the
Lance Ultra cAMP kit (PerkinElmer, Waltham, MA, US). Fluores-
cence at 665 nm was measured in a PHERAstar Flagship plate
reader equipped with an HTRF optical module (BMG Lab technolo-
gies, Offenburg, Germany).

2.8. ERK1/2 phosphorylation assays

HEK-293T cells were grown on transparent Biocat Poly-D-
Lysine 96-well plates (Deltalab) and kept at the incubator for
24 h. Then cells were transiently transfected with cDNA coding
for A2AR or A2A

D40R and incubated for 48 h at 37 �C in a 5% CO2

humid atmosphere. Supplementary Fig. S1A shows that treatment
with CGS-21680 in non-transfected HEK-293T cells is not signifi-
cantly different to the basal condition. Thus, the expression level
of A2AR in non-transfected HEK-293T cells is negligible. 2 h before
initiating the experiment, the medium was substituted by serum-
free DMEM. Cells were stimulated at 25 �C for 10 min with vehi-
cle or agonists (Supplementary Fig. S1D). ERK phosphorylation
was measured at ‘‘short” times to detect G-protein mediated sig-
nal. After that, cells were washed twice with cold PBS before the
addition of lysis buffer (30 ml/well; Perkin Elmer, Waltham, MA,
US) and incubated for 15 min at 25 �C on a Heidolph Titramax
100 shaker. 10 ml of each cell lysate was transferred to white
ProxiPlate 384-well microplates (PerkinElmer; Waltham, MA,
USA). ERK1/2 phosphorylation was determined using AlphaS-
creen�SureFire� kit (Perkin Elmer, Waltham, MA, US): 5 ml/well
of acceptor beads were added. Plates, protected from light, were
incubated for 2 h at 25 �C. Finally, 5 ll/well of donor beads were
added and plates, protected from light, were incubated for 2 h
before analysis. Fluorescence was determined using an EnSpire�

Multimode Plate Reader (PerkinElmer, Waltham, MA, USA). The
value of reference (100%) was that achieved in the absence of
any treatment (basal). The effect of ligands was given in percent-
age respect to the basal value.

2.9. b-Arrestin 2 recruitment

HEK-293T cells were transiently transfected with 0.625 mg of
cDNA coding for b-arrestin 2-Rluc and 2 mg of cDNA coding for
A2A-YFP or with 1.5 mg of cDNA coding for b -arrestin 2-Rluc and
4 mg of cDNA coding for A2A

D40R-YFP. BRET experiments were per-
formed 48 h after transfection. Cells were detached using HBSS
containing 0.1% glucose, centrifuged for 5 min at 3,200 rpm and
resuspended in the same buffer. Protein concentration was quanti-
fied by using the Bradford assay kit (Bio-Rad, Munich, Germany).
Hereafter, YFP fluorescence at 530 nm was quantified in a FluoStar
Optima Fluorimeter (BMG Labtechnologies, Offenburg, Germany)
to quantify receptor-YFP expression. To measure b -arrestin
recruitment, cells (20 mg of protein) were distributed in 96-well
microplates (Corning 3600, white plates with white bottom) and
were incubated for 10 min with antagonists. Cells were then stim-
ulated with agonists prior to the addition of 5 mM Coelenterazine H
(Molecular Probes, Eugene, OR). BRET between b-arrestin 2-Rluc
and receptor-YFP was determined and quantified at 5 min after
adding coelenterazine H. This time of response was selected from
time-response curves (Supplementary Fig. S1C). The readings were
collected using a Mithras LB 940 (Berthold Technologies, Bad Wild-
bad, GE), which allows the integration of the signals detected in the
short-wavelength filter (485 nm) and the long wavelength filter
(530 nm). To quantify protein-RLuc expression, luminescence
readings were also collected 10 min after the addition of 5 mM coe-
lenterazine H.

2.10. Dynamic mass redistribution assays (DMR)

Cell mass redistribution induced upon receptor activation was
detected by illuminating with polychromatic light the underside
of a biosensor and measuring the changes in the wavelength of
the reflected monochromatic light, that is a sensitive function of
the index of refraction. The magnitude of the wavelength shift
(in picometers) is directly proportional to the amount of mass
redistribution. 48 h before the assay, HEK-293T cells were tran-
siently transfected with 2 mg of cDNA coding for A2AR or A2A

D40R.
HEK-293T cells were seeded in 384-well sensor microplates to
obtain 70–80% confluent monolayers constituted by approximately
10,000 cells/well. Prior to the assay, cells were washed twice with
assay buffer (HBSS with 20 mM HEPES, pH 7.15 and 1% BSA) (Sig-
maAldrich, St. Louis, MO, US) and incubated for 2 h with assay-
buffer containing 0.1% DMSO (24 �C, 30 ml/well). Hereafter, the sen-
sor plate was scanned, and a baseline optical signature was
recorded for 10 min before adding 10 ml of the selective antagonists
for 30 min, followed by the addition of 10 ml of the selective ago-
nists; all test compounds were diluted in assay buffer. Then,
DMR responses were monitored for at least 5000 s in an EnSpire�

Multimode Plate Reader (PerkinElmer, Waltham, MA, USA) by a
label-free technology. Results were analyzed using EnSpire Work-
station Software v 4.10.

2.11. Calculation of bias factor

Bias factor (bias) was calculated with the following formulas
adapted from [26] in which s represents the agonist efficacy, and
KA the agonist affinity [27].

log bias ¼ D log
s
KA

� �
j1

� D log
s
KA

� �
j2

bias ¼ 10
DDlog s

KA

� �
j1�j2
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log (s/KA) is defined as the transduction coefficient or synony-
mously as logR, a parameter that can be used to compare agonist
activity between different systems. The transduction coefficient
is a measure of the ability of a ligand to activate the receptor [28].

The pathway of reference j1 was cAMP determination for Gs-
coupling, whereas the other pathways (ERK1/2 phosphorylation,
ß-arrestin 2 recruitment, or DMR) were j2. s denotes the maximum
value in each response and KA is the antilogarithm of half maximal
effective concentration (EC50 if the agonist provides an increase
response, IC50 if the agonist provides a reduction of the response
induced by another reagent).

2.12. Computational methods

Preparation of protein structure and ligand parametrization. Crys-
tal structures of the A2AR in its active intermediate state in com-
plex with the adenosine (PDB id 2YDO), NECA (2YDV) and CGS-
21680 (4UHR) agonists, and the crystal structure of A2AR in its
inactive state in complex with the ZM241385 antagonist (PDB id
4EIY) were obtained from the Protein Data Bank (rcsb.org). Fusion
proteins were removed and stabilizing mutations were mutated to
the native sequence using MODELLER v9.12 [29]. Parameters for
adenosine, NECA, CGS-21680, PSB-0777, LUF-5834 and SCH-
58261 were obtained from the general Amber force field (GAFF)
and HF/6-31G*//HF/6-31G*-derived RESP atomic charges calcu-
lated with Gaussian09.

Molecular docking. The PSB-0777 and LUF-5834 agonists were
docked into the active intermediate state (2YDV) and the SCH-
58261 antagonist was docked into the inactive state (4EIY) using
the Molecular Operating Environment (MOE) software (Chemical
Computing Group Inc., Montreal, Quebec, Canada). One hundred
docking solutions per ligand were generated by the triangle
matcher algorithm into the active site of the receptor structures.
Top-ranking solutions were inspected and conformations in which
the central moiety of PSB-0777 and the aminopyridine group of
LUF-5834 were located in the same region as the adenine moiety
of adenosine and NECA were selected (Supplementary Fig. S2).
The binding pose of SCH-58261 was selected in such a manner that
the orientation of its pyrazolo-triazolo-pyrimidine central moiety
was similar to the bicyclic triazolotrazine core of the highly potent
selective antagonist ZM241385 found in the 4EIY structure (Sup-
plementary Fig. S2).

Molecular dynamics (MD) simulations. The complexes of adeno-
sine, NECA, CGS-21680, PSB-0777 and LUF-5834 with the interme-
diate active structure of A2AR and the complex of SCH-58261 with
the inactive structure of A2AR (see above) were embedded in a pre-
equilibrated lipid bilayer box containing 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphatidylcholine (POPC), water molecules (TIP3P)
and monoatomic Na + and Cl� ions (0.2 M). Assignment of ioniza-
tion states and hydrogens at physiological pH for the selected
structures was conducted with the Protonate3D method [30] as
implemented in MOE. D2.50 was deprotonated (negatively
charged) for antagonist-bound receptor simulations and proto-
nated (neutral) for agonist-bound receptor simulations [31],
whereas H264 was protonated (positively charged) in all simula-
tions [32]. A sodium ion was placed, near the negatively charged
D2.50, in the inactive, antagonist-bound, structure of A2AR
[33,34]. Molecular systems were subject to a 1000 cycles of energy
minimization, followed by 20 ns of gradual relaxation of positional
restraints (corresponding to 100, 50, 25 and 10 kJ.mol�1nm�2) at
protein backbone coordinates before the production phase in order
to hydrate the receptor cavities and allow lipids to pack around the
protein. After equilibration, unrestrainedMD simulation (3 replicas
of 1 ls giving a total of 3 ls of sampling time) were produced for
each ligand-receptor complex at a constant temperature of 300 K
using separate v-rescale thermostats for the receptor, ligands,

lipids and solvent molecules. A time step of 2.0 fs was used for
the integration of equations of motions. All bonds and angles were
kept frozen using the LINCS algorithms. Lennard-Jones interactions
were computed using a cutoff of 10 Å, and the electrostatic inter-
actions were treated using PME with the same real-space cutoff
under periodic boundary conditions. MD simulations were per-
formed using GROMACS v5.0.7. The AMBER99SB force field as
implemented in GROMACS, Berger parameters for POPC lipids,
and the GAFF parameters for the ligands (see above) were used
for the MD simulations, attending the performance of this protocol
on membrane-protein systems [35].

2.13. Statistical analysis

Experimental data was managed and analysed with GraphPad
Prism software version 7 (San Diego, CA, USA) or IBM SPSS Statis-
tics version 25.0 (IBM Corp., NY, USA). Unless otherwise stated data
are the mean ± S.E.M (n = 5 or higher). P-values lower than 0.05
were considered statistically significant.

3. Results and discussion

3.1. Ligand binding experiments

We studied the binding of the agonists adenosine, NECA and
CGS-21680, the partial agonists PSB-0777 and LUF-5834, and the
selective antagonist SCH-58261 by homogeneous time-resolved
fluorescence (HTRF) experiments, schematized in Fig. 1A, in living
HEK-293T cells expressing either wild type (wt) A2AR or a trun-
cated receptor (A2A

D40R, lacking the last 40 amino acids of the C-
terminal end) tagged with HaloTag on the N-terminus (see 2.3–
2.5). First, a saturation curve was performed using a
fluorescence-conjugated antagonist (Fig. 1B). The obtained KD val-
ues were 1.7 nM and 1.2 nM for full-length A2AR and A2A

D40R, respec-
tively (Table 1). Subsequently, competition assays were performed
using 20 nM of the fluorescence-conjugated antagonist and
increasing amounts of the ligands (Fig. 1C-1D). The Ki value of each
compound was calculated from IC50 and KD values using the Cheng-
Prusoff expression [25] (Table 1). The obtained Ki values are in the
range of those obtained in radioligand binding assays for isolated
membranes from tissues or transfected cells. According to this
assay, the Ki values of agonists are in the 13–219 nM range, LUF-
5834 being the compound that binds A2AR the strongest and
PSB-0777 the weakest. Clearly, removal of the C-terminal domain
results in weaker agonist binding to the orthosteric site (a ratio
of Ki values in the 1.4–4.4 range, which correspond to binding free
energy differences between 0.2 and 0.9 Kcal/mol). On the other
hand, removal of the C-terminal domain has a significant impact
on the binding of the antagonist SCH-58261 (0.7 nM vs 113.9 nM
for full-length A2AR and A2A

D40R, respectively; binding free energy
difference of 3.0 Kcal/mol).

3.2. Molecular models of agonist binding

The binding of these compounds to A2AR has been extensively
studied by site-directed mutagenesis, computer simulations, and
supported by the recent crystallographic data of adenosine, NECA
and CGS in complex with A2AR (reviewed in [36]). PSB-0777 and
LUF-5834 were docked (see 2.12) using, as template, ligands solved
in crystal structures with homologous chemical scaffolds (see Sup-
plementary Fig. S2). All molecules but LUF-5834 are structurally
related through a common adenosine core. Fig. 2 summarizes the
binding modes of all compounds, emphasizing common/different
areas of the receptor occupied by each ligand. In order to under-
stand the molecular mechanism of receptor activation (see 3.5),
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we studied by molecular dynamics (MD) simulations (see 2.12) the
interactions of crucial ligand moieties to key receptor amino acids
in all these regions. Detailed analysis of the simulations shows that
these binding modes were stable during the unbiased 1 ls MD
simulations (three replicas) as shown by the relatively low move-
ment in root mean-square deviation (rmsd) plots of the receptor
and ligand heavy atoms, as well as the conservation of the sec-
ondary structure elements of A2AR (Supplementary Figs. S3-S5).

As shown in Fig. 2, three regions (blue, green and yellow rectan-
gles) are invariably occupied by functional groups of all the studied
compounds, illustrated by the binding of adenosine in the central
panel. The heterocyclic site (blue rectangle) corresponds to the
central region and accommodates the adenine moiety of adeno-
sine, NECA, CGS-21680, and PSB-0777, and the aminopyridine
group of LUF-5834 through aromatic/hydrophobic interactions
with F168, M5.38, M7.35, I7.39 (numbering in Ballesteros and
Weinstein scheme [37], except for residues outside helices in
which sequence numbers are used) and polar interactions of the
exocyclic nitrogen with N6.55 (Supplementary Fig. S3). The second
region (green rectangle) accommodates the 50-hydroxymethyl
(adenosine and PSB-0777), N-ethylcarboxamido (NECA and CGS-
21680) and hydroxyphenyl group of LUF-5834 (Fig. 2). The 50-
hydroxymethyl group attached to the ribose ring of adenosine
and PSB-0777 and the hydroxyphenyl group of LUF-5834 hydrogen
bond H6.52 during all the simulation time (Supplementary Fig. S3).
NECA and CGS-21680 replace the 50-hydroxymethyl group by the
longer N-ethylcarboxamido group that can directly interact with
both H6.52 and T3.36 (Supplementary Fig. S3). Several X-ray struc-
tures of A2AR contain crystallized water molecules in the environ-
ment of T3.36 and N5.42 [4] that are important for the activity of
GPCRs [38,39]. Supplementary Fig. S6 shows that during the MD
simulations adenosine, PSB-0777 and LUF-5834 maintain this
water bridge, whereas NECA and CGS-21680 cannot because the
N-ethylcarboxamido group interacts with T3.36. Finally, the third
region (yellow rectangle) is occupied by the ribose moiety of ade-
nosine derivatives and by the carbonitrile substituent of LUF-5834.
Most important interactions in this site imply the formation of

Fig. 1. Competition curves in HTRF-based assays. Panel A: Scheme of the homogeneous binding technology performed in living HEK-293T cells. Panel B. Saturation isotherm
of binding of fluorophore-conjugated red A2AR ligand to HEK-293T cells transiently transfected with HALO-A2AR in the absence (red) or presence of 10 mM SCH-58261 (black);
specific binding is depicted in green. Panels C-D: Non-radiolabeled HTRF-based competition curves of specific binding of 20 nM fluorophore-conjugated red A2AR ligand in the
presence of increasing concentrations of different agonists and of the selective antagonist SCH-58261, in cells expressing A2AR (C) or A2A

D40R (D). Data represent the
mean ± SEM of a representative experiment (n = 4). HTRF ratio = (665 nm acceptor signal/620 nm donor signal) � 10,000. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

Table 1
IC50 and Ki values obtained from competition binding assays in HEK-293T cells
expressing wild type A2AR or A2A

D40R. Values reported are the mean of three
experiments conducted in triplicates fitted to a monophasic competition model.

A2AR A2A
D40R

IC50

(nM)
Ki

(nM)
IC50

(nM)
Ki

(nM)
Ki
DCT/

Ki
wt

DDGa

(kcal/mol)

adenosine 1658 183 4804 531 2.9 0.6
NECA 1118 124 2190 242 2.0 0.4
CGS-21680 746 82.5 1690 187 2.3 0.5
PSB-0777 1984 219 8680 960 4.4 0.9
LUF-5834 115 13 166.0 18 1.4 0.2
SCH-58261 6.3 0.7 1030 114 162.3 3.0

A2AR A2A
D40R

Bmax KD (nM) Bmax KD (nM)

6959 1.677 9214 1.22

aExperimental binding free energy differences between wild type (A2AR) and
truncated (A2A

D40R) receptors, calculated as DDG = -RT ln (Ki
DCT/Ki

wt) where R is
1.987 cal mol�1 K�1 and T is the temperature of 298�K (-RT = �0.592 kcal mol�1)
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hydrogen bonds from the hydroxyl groups at positions C2 and C3
of the ribose moiety of adenosine derivatives with the S7.42 and
H7.43 residues.

Three additional regions are occupied by the ligands (orange,
cyan and black in Fig. 2). The ethyl group of the N-
ethylcarboxamido moiety of NECA and CGS-21680 extends deep
into the binding pocket (orange), forming hydrophobic interactions
with C5.46 (Supplementary Fig. S3). These interactions between
aliphatic chains and sulfur-containing amino acids have been
shown to be of high energy [40]. The long substituents of CGS-
21680 and PSB-0777 expand toward the extracellular loops
through a cavity within TMs 1, 2 and 7 (black rectangle), which
has been shown to influence G protein and b-arrestin signaling in
other GPCRs [41,42]. The negatively charged SO3

� group of PSB-
0777 interacts with His264 in ECL3, whereas the longer chain of
CGS-21680 permits the negatively charged COO� to form an ionic
interaction with K153 in ECL2 (Supplementary Fig. S7). Finally, the
imidazole substituent of LUF-5834 interacts with residues Y1.35,
A2.61, I2.64, S2.65, and I7.39 in the sideward region of the binding
cavity (cyan rectangle). This binding orientation of LUF-5834 has
been previously proposed using mutagenesis studies [43]. This
region is generally occupied by inverse agonists and, thus, we
believe contributes to the low activity of LUF-5834 regarding the
rest of the agonists.

3.3. Agonist-induced signaling responses

Next, we measured four functional read-outs that correspond to
different steps of the signaling pathways in cells expressing full-
length A2AR or A2A

D40R: cAMP production, b-arrestin recruitment,
ERK1/2 phosphorylation, and dynamic mass redistribution (DMR)
assays (Fig. 3 and Table 2). Immediately following receptor activa-
tion, cAMP levels increase as the result of adenylyl cyclase activa-
tion by Gs. Next, receptor phosphorylation by G protein kinases
triggers b-arrestin recruitment. Later, ERK signaling is regulated
by G protein or/and b-arrestin. DMR accounts for events that occur

much later in the signaling pathway such as protein trafficking,
rearrangement of cytoskeleton and adhesion or morphological
changes. The amount of transfected cDNA for A2AR and A2A

D40R
was adjusted to obtain similar receptor expression levels (Supple-
mentary Fig. S1B). b-arrestin recruitment and ERK1/2 phosphoryla-
tion were analyzed by time response curves (Supplementary
Figs. S1C-S1D). In our cAMP assay conditions, adenosine, NECA,
and CGS-21680 behaved as full agonists, whereas PSB-0777 and
LUF-5834 were partial agonists on full-length A2AR. The effect
was specific for all agonists as shown by the blockade of cAMP pro-
duction using the selective receptor antagonist SCH-58261 (Sup-
plementary Fig. S8). b-arrestin recruitment assays showed that
PSB-0777 and NECA are more efficient in recruitment than adeno-
sine and CGS-21680. Remarkably, LUF-5834, which is a partial ago-
nist in the cAMP assay, is as efficient as CGS-21680 and adenosine
in b-arrestin recruitment. pERK1/2 dose–response curves follow
similar patterns as cAMP curves, with the exceptions of PSB-0777
that behaves as a full agonist, and LUF-5834 that is a very weak
partial agonist. DMR responses were all very similar with PSB-
0777 providing a slightly larger signal at higher concentrations.

In agreement with previous reports [10], removal the last 40
amino acids of the C-terminus in the A2A

D40R construct caused a
right-shift of the cAMP dose–response curves (a ratio of EC50 values
in the 2.2–9.8 range, similar to the range of Ki ratios) with almost
no change in Emax for all agonists, with the exception of LUF-
5834 whose effect became almost negligible in the truncated form
of the receptor (Fig. 3 and Table 2). C-terminal truncation provides
a small decrease in b-arrestin recruitment with no changes in Emax

rank order relative to full-length A2AR. pERK1/2 dose–response
curves of A2A

D40R were very similar to full-length A2AR except that
pEC50 increased for the truncated receptor, which goes against
the general trend, and the potency of NECA and PSB-0777 became
close to that of adenosine and CGS-21680. Finally, DMR read-outs
of A2A

D40R were almost negligible for NECA and adenosine while we
could observe a higher signal for PSB-0777 compared to that of the
other compounds in A2AR and A2A

D40R.

Fig. 2. Ligand-receptor complexes. Cross-section through the A2AR, highlighting the agonists adenosine (white sticks), NECA (cyan), CGS-21680 (pink), PSB-0777 (green) and
LUF-5834 (blue) occupying the binding site. Color rectangles highlight regions of the orthosteric binding cavity that are occupied by functional groups of the studied agonists
(see 3.2). The PIF motif (in yellow) located below the orthosteric binding cavity, and the side chain of the highly conserved R3.50 (in green) of the DRY motif near the G protein
binding site are highlighted. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

G. Navarro, A. Gonzalez, S. Campanacci et al. Computational and Structural Biotechnology Journal 18 (2020) 2723–2732

2728



3.4. Addressing biased agonism

Bias factors were calculated taking as reference the effect of
adenosine, the endogenous compound, and the Gs-mediated sig-

nal, i.e. cAMP response elicited by adenosine (see 2.8). Bias factors
for CGS-21680, PSB-0777, LUF-5834 and NECA agonists in cAMP, b-
arrestin recruitment, ERK1/2 phosphorylation and DMR signaling
responses are summarized in the radar plot of Fig. 4. Adenosine
and CGS-21680 are balanced agonists with similar bias factors
for the four pathways, whereas NECA has small factors for DMR
and b-arrestin recruitment and LUF-5834 has small factors for all
responses other than cAMP. By contrast, PSB-0777 has a higher
bias for the pERK1/2 response. Truncation of the C-terminus makes
LUF-5834 and PSB-0777 more balanced. In fact, LUF-5834 acquires
the largest bias factors for b-arrestin recruitment, ERK1/2 phospho-
rylation and DMR. By contrast, NECA keeps the small factors for b-
arrestin recruitment and DMR. Overall the results are consistent
with the C-terminus being dispensable for both G-protein and
arrestin recruitment and also for MAPK activation (ERK1/2 phos-
phorylation and DMR), with only minor differences in signaling
compared to full-length A2AR.

3.5. Molecular mechanisms of agonist-induced receptor activation

The first step to understand the mechanisms of agonist-induced
receptor activation, was to compare by MD simulations the trajec-
tories of amino acids at positions 3.40, 5.50, and 6.44 (Fig. 5), which
have been named as the ‘‘P-I-F” motif [44], the ‘‘transmission
switch” [45], the ‘‘triad core” [46] or the connector region [6], in
the presence of the agonists adenosine, NECA, CGS-21680, PSB-
0777 and LUF-5834 and the antagonist SCH-58261. These residues,
located below the ligand binding cavity and above the G protein or
arrestin binding cavity (see Fig. 2), adopt different positions upon
binding of agonists or antagonists [47,48], and we have been using
them to predict the effect of the ligand on the conformational state
of the receptor [49–51]. Clearly, the agonist-bound, active-like
complexes are characterized relative to the antagonist-bound,
inactive-like, complex by the proposed inward movement of TM5
at the highly conserved P5.50, rotation of TM3 due to a steric clash
with the bulky I3.40, and an outward movement of F6.44 in TM6
(Fig. 5). Unfortunately, these movements are similar for full and
partial agonists and cannot be used to explain the different agonist
pharmacological profiles.

Thus, in order to understand the structural arrangements of the
binding cavity, triggered by these chemically different agonists,
facilitating G protein binding or b-arrestin recruitment with differ-
ent efficacy, we studied the trajectories of a selected group of 34
amino acids either located above (in the ligand binding cavity)
and below (in the G protein or arrestin binding cavity) the ‘‘trans-
mission switch” amino acids in the presence of agonists and the
antagonist (see Supplementary Table S1). In the bivariate correla-
tion analysis, dependent variables are Emax values measured in
cAMP production and b-arrestin recruitment, whereas indepen-
dent variables are the movement of the chosen amino acid in the
agonist-bound, active-like complexes relative to the antagonist-
bound, inactive-like complex. This is measured as the distance

Fig. 3. Signaling in cells expressing either A2AR or A2A
D40R. Dose response curves on

0.5 mM forskolin-induced cAMP levels, on ß-arrestin recruitment, on ERK1/2
phosphorylation, and on dynamic mass redistribution (DMR). Data (n = 12, each in
triplicates) for cAMP are given in percentage (100% represents the forskolin effect).
Data (n = 10, each in triplicates) for BRET assays, used to determine b-arrestin
recruitment, are given in milliBRET Units (mBU). Data (n = 6, each in triplicates) for
ERK1/2 phosphorylation are expressed as % with respect to basal levels. DMR
tracings are representing the picometer (pm)-shifts of reflected light wavelengths
over time upon ligand treatment.

Table 2
pEC50 and Emax values obtained in HEK-293T cells expressing wild type A2AR or truncated A2A

D40R for cAMP production, b-arrestin II recruitment, ERK1/2 phosphorylation and
dynamic mass redistribution (DMR) response (Fig. 3).

cAMP assays b -arrestin assays pERK1/2 assays DMR assays

A2AR A2A
D40R A2AR A2A

D40R A2AR A2A
D40R A2AR A2A

D40R

pEC50 Emax pEC50 Emax pEC50 Emax pEC50 Emax pEC50 Emax pEC50 Emax pEC50 Emax pEC50 Emax

Adenosine 8.0 156.6 8.1 163.5 7.8 24.1 7.7 23.7 7.5 373.0 7.7 326.9 6.4 1231 6.4 517.8
NECA 9.0 156.6 9.0 166.0 7.9 34.9 7.8 31.3 8.3 392.1 8.2 302.6 6.4 1416 6.5 407.9
CGS-21680 8.0 155.1 8.2 163.4 7.9 25.9 7.8 26.8 7.4 373.5 7.7 315.2 6.4 1374 6.4 941.5
PSB-0777 8.1 127.7 8.6 133.5 7.9 37.6 7.7 33.8 8.5 374.7 8.3 300.7 6.2 1887 6.2 1332
LUF-5834 9.7 131.1 8.2 113.6 8.0 27.8 7.8 28.0 8.2 183.9 8.2 175.8 6.3 1306 6.3 988.6
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between the centroid (calculated from 100 snapshots obtained
during 1 ls of unbiased MD simulations) of the Cb positions of
the chosen amino acids of A2AR bound to agonists and the centroid
of A2AR bound to the antagonist. No deviations from normality
(Shapiro-Wilk test) are observed in all variables, thus, correlation
analyses were performed using a Pearson test for continuous, nor-
mally distributed variables.

Although ligand efficacy is a function of multiple factors, we
found a clear statistically significant correlation between Emax in
cAMP assays and the movement of the side chains of T3.36
(p = 0.033) and W6.48 (p = 0.015) above the ‘‘transmission switch”

and Y5.58 (p = 0.039) below the ‘‘transmission switch” (Supple-
mentary Table S1). Y5.58 is a key amino acid in the process of
receptor activation as it stabilizes the extended conformation of
R3.50 in the active state [52]. Positions 3.36 and 6.48 have been
described as conformational toggle or trigger switches involved
in the initial agonist-induced receptor activation in other GPCRs
such as cannabinoid CB1R [53,54], serotonin 5HT4R [55], melano-
corin MC4R [56], mGlu2R [57], or A2AR [58]. With the aim of under-
standing at the molecular level the different activation trends
among agonists, we explored the amount of time, in the MD sim-
ulations, the side chains of T3.36 and W6.48 spend in the gauche

Fig. 4. Radar plot representation of bias factors. Plots show the bias factors of the different compounds in the different functional outcomes in cells expressing A2AR or A2A
D40R.

Adenosine and the Gs-cAMP signaling pathway were used as reference for calculations.

Fig. 5. Receptor side-chain movements in response to agonists. Plot of the centroids (calculated from 100 snapshots) of the Cb atoms of a selected group of 34 amino acids
(Table S1) located above (in the ligand binding cavity) and below (in the G protein or b-arrestin binding cavity) the ‘‘transmission switch” amino acids obtained during 1 ls of
MD simulations of A2AR in the presence of the agonists adenosine, NECA, CGS-21680, PSB-0777 and LUF-5834 and a selective antagonist SCH-58261. The distances between
the centroids of the agonist-bound conformations and the centroid of the antagonist-bound conformation were statistically correlated with Emax values measured in cAMP
production and b-arrestin recruitment (Table S1). (A) Movement of the salt bridge between E169ECL2 and H264ECL3 that is proposed to govern the residence time of ligands. (B)
Movement of E131.39, and the nearby H2787.43, that correlates with b-arrestin recruitment. (C) The proposed mechanism of receptor activation at the ‘‘transmission switch”
amino acids (inward movement of TM 5, an anticlockwise rotation of TM 3, and an outward movement of TM 6, see arrows) is observed but similar for full and partial
agonists. (D) Movement of T883.36 and W2466.48 that correlate with cAMP production (Supplementary Fig. S9).
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+ (g+, v1 = -60�), gauche- (g-, v1 = 60�) or trans (t, v1 = 180�) con-
formations (see Supplementary Fig. S9). Clearly, the antagonist-
bound structure favors the g+/g+ conformations of T3.36 and
W6.48, whereas full agonists adenosine, NECA, and CGS-21680
favor the g-/g+ conformations. Notably, partial agonists PSB-0777
and LUF-5834 cannot achieve these g-/g+ conformations as fre-
quently as full agonists. In this respect, it should be noted that
Thr residues in this g- conformation are capable of hydrogen bond-
ing the backbone carbonyl in the previous turn of the helix, which
is known to trigger a local opening of the helix [59] that might be
necessary for receptor activation. Importantly, the T3.36A muta-
tion impedes signaling [43,60] and the W6.48A mutation has sig-
nificant deleterious effects on receptor function [43].

In the case of Emax in b-arrestin recruitment, we found a statis-
tically significant correlation only with the movement of the side
chain of E1.39 (p = 0.014) above the ‘‘transmission switch” (Supple-
mentary Table S1). Because E1.39 and H7.43 might form an ionic
interaction we calculated the distance between these side chains
in the presence of the different agonists. However, we have not
observed a statistically significant correlation between this dis-
tance and Emax in b-arrestin recruitment.

4. Conclusion

The agonist-dependent selectivity for intracellular pathways of
A2AR has been studied using, in synergy, molecular modeling tools
and pharmacological assays. This combination of expertise has per-
mitted to understand the structural arrangements of the binding
cavity, triggered by chemically different agonists, facilitating G
protein binding with different efficacy. The mechanism of
agonist-induced b-arrestin recruitment seems more difficult to
rationalize. First, different ligands stimulation might induce dis-
tinct patterns of receptor phosphorylation, which direct specific
b-arrestin conformations and functional outcomes [61–63]. Sec-
ond, there is increasing evidence that biased signaling could also
be a consequence of binding kinetics [64–66]. In particular, a rela-
tion between residence time of ligands with biased signaling in
both A1R and A2AR [67,68] that is governed by a salt bridge
between E169ECL2 and H264ECL3 in A2AR (Fig. 5A) [69,70] has been
shown. Finally, the last 40 amino acids of the C-terminal end of
A2AR receptor are dispensable for both G-protein and arrestin
recruitment and also for MAPK activation (ERK1/2 phosphorylation
and DMR).
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El receptor ionotrópico de glutamato N-metil d-aspartato (NMDAR) es una de las principales 
dianas terapéuticas para combatir la enfermedad de Alzheimer (AD), ya que la 
hiperactivación de los NMDAR extrasinápticos se ha descrito como uno de los mecanismos 
moleculares implicados en la aparición de la AD. El objetivo principal de nuestra investigación 
fue determinar si el receptor de adenosina A2A (A2AR), que también es una diana clave para 
combatir la neurodegeneración, puede alterar la señalización mediada por el NMDAR. 
Nuestros resultados mediante la técnica de transferencia de energía resonante por 
bioluminiscencia (BRET) confirman la interacción específica entre los receptores NMDA y 
A2A. Mediante los ensayos de ligación por proximidad (PLA) detectamos un aumento en la 
expresión del heterómero A2AR-NMDAR en microglía activada en comparación a la microglía 
control, este hecho también se observó en cultivos primarios de microglía de ratones 
APPSw,Ind. También se efectuaron ensayos de PLA en neuronas, donde se observó una menor 
formación de los complejos heteroméricos A2AR-NMDAR respecto a los ensayos en células 
gliales. Los ensayos de caracterización funcional revelaron un efecto de antagonismo 
cruzado en el heterómero de receptores A2A-NMDA. Así, el uso de un antagonista específico 
para A2AR podría ser útil como terapia preventiva de la hiperactivación del NMDAR. En 
conclusión, el uso de antagonistas de A2AR, como el fármaco Istradefylline, ya aprobado para 
el tratamiento de la enfermedad de Parkinson, tienen un gran potencial para el tratamiento 
de la AD. 
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Abstract: (1) Background. N-methyl d-aspartate (NMDA) ionotropic glutamate receptor (NMDAR),
which is one of the main targets to combat Alzheimer’s disease (AD), is expressed in both
neurons and glial cells. The aim of this paper was to assess whether the adenosine A2A receptor
(A2AR), which is a target in neurodegeneration, may affect NMDAR functionality. (2) Methods.
Immuno-histo/cytochemical, biophysical, biochemical and signaling assays were performed in a
heterologous cell expression system and in primary cultures of neurons and microglia (resting and
activated) from control and the APPSw,Ind transgenic mice. (3) Results. On the one hand, NMDA and
A2A receptors were able to physically interact forming complexes, mainly in microglia. Furthermore,
the amount of complexes was markedly enhanced in activated microglia. On the other hand,
the interaction resulted in a novel functional entity that displayed a cross-antagonism, that could be
useful to prevent the exacerbation of NMDAR function by using A2AR antagonists. Interestingly,
the amount of complexes was markedly higher in the hippocampal cells from the APPSw,Ind than
from the control mice. In neurons, the number of complexes was lesser, probably due to NMDAR not
interacting with the A2AR. However, the activation of the A2AR receptors resulted in higher NMDAR
functionality in neurons, probably by indirect mechanisms. (4) Conclusions. A2AR antagonists
such as istradefylline, which is already approved for Parkinson’s disease (Nouriast® in Japan and
Nourianz® in the US), have potential to afford neuroprotection in AD in a synergistic-like fashion.
i.e., via both neurons and microglia.

Keywords: G-protein-coupled receptors; functional selectivity; microglia; neuroprotection;
cognition; signaling

1. Introduction

Alzheimer’s disease (AD) is characterized by two pathological hallmarks, amyloid plaques
composed of β-amyloid peptides and neurofibrillary tangles composed of hyperphosphorylated
tau protein. Patients are currently treated with two drug types: N-methyl d-aspartate ionotropic
glutamate receptor (NMDAR) modulators and acetylcholinesterase inhibitors. An anti-AD approved
drug acting on NMDAR, memantine (marketed in many Countries as Namenda®), is a negative
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allosteric modulator acting as a low-affinity open channel blocker. The drug was developed to find a
weak negative modulator as both strong or weak NMDAR activities are noxious [1–3]. Unfortunately,
the efficacy of current drugs is low and none prevent the disease progression [4]. It is well established
that AD correlates with NMDAR functional alterations that cannot be addressed by drugs acting in
the orthosteric center; in fact, NMDAR-related drugs used in AD patients are allosteric modulators of
the receptor.

Adenosine is an autacoid, i.e., a hormone-like locally acting molecule, that exerts metabolic and
regulatory functions in almost any tissue and cell type of the mammalian body. In the brain, it is
one of the main neuromodulators acting via four G-protein-coupled receptors (GPCRs): A1, A2A,
A2B and A3. The adenosine A2A receptor (A2AR), a Gs-coupled GPCR, is heavily expressed in the
motor control brain areas [5] but is also expressed in other CNS regions [5]. Remarkably, an antagonist
of the receptor, istradefylline, has been recently approved as a first-in-class drug for the treatment of
Parkinson’s disease [6–8] (Nouriast® in Japan and Nourianz® in the US). Apart from combating motor
symptoms and/or minimizing the side effect of anti-parkinsonian medication, A2AR antagonists may
be neuroprotective. Mechanisms of neuroprotection are based in in vitro and in vivo pharmacological
studies. Pioneering work using adenosine itself led to a review entitled “Cerebral Protection by
Adenosine” [9]. Based on data using brain ischemia-reperfusion models, it was already evident that
adenosine could achieve the same neuroprotective effects as NMDAR blockers. The data came from
studies focused on neurons, and the molecular mechanisms, including the type of adenosine receptor,
were not known. As pointed out below, NMDAR are expressed in glia where adenosine receptors are
also expressed. It is noteworthy that the A2AR is upregulated in activated microglia [10].

More recent studies conducted to explore the therapeutic possibilities to combat AD have used
different assays with genetic ablation or a pharmacological blockade of the adenosine A2A receptor,
resulting in neuroprotection in different models. Briefly, taking into account the most recent reports,
the expression of the A2A receptor is altered even in peripheral blood cells from patients with AD
or vascular dementia [11]. In addition, deletion of the receptor was beneficial in a tauopathy mouse
model [12] and A2AR antagonists were protective in both the APPswe/PS1dE9 [13] and the triple
3×Tg-AD transgenic AD models [14]. Finally it should be noted that the early synaptic events seemed
mediated by the A2AR in the 3×Tg-AD transgenic AD mouse model [15].

Based on the extensive background, the aim of this paper was to investigate whether the activation
of the A2AR may regulate NMDAR function in both neurons and microglia cells. Although NMDAR
function is instrumental for neurotransmission, senescent neurons have little resources to prevent
death and rely on the support provided by glial cells. Among them, microglia are of interest since
A2AR expression is enhanced in activated microglia where the NMDAR is also expressed [16–19].
Our results suggested that A2AR antagonists may provide neuroprotection via the modulation of
NMDAR functionality.

2. Materials and Methods

2.1. Reagents

Lipopolysaccharide (LPS) and interferon-γ (IFN-γ) were purchased from Sigma Aldrich (St Louis,
MO, USA); receptor ligands were purchased from Tocris Bioscience (Bristol, UK). Agonists were:
N-methyl d-aspartate (NMDA) 4-[2-[[6-Amino-9-(N-ethyl-β-d-ribofuranuronamidosyl)-9
H-purin-2-yl]amino]ethyl]benzenepropanoic acid hydrochloride (CGS-21680). Antagonists were:
(5S,10R)-(+)-5-Methyl-10,11-dihydro-5H-dibenzo [a,d]cyclohepten-5,10-imine maleate (MK-801)
and 2-(2-Furanyl)-7-(2-phenylethyl)-7H-pyrazolo[4,3-e] [1,2,4]triazolo[1,5-c]pyrimidin-5-amine
(SCH-58261).
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2.2. Fusion Proteins

To create A2AR-Renilla luciferase (RLuc and A2AR-yellow fluorescent protein (YFP) fusion
molecules, the human version of adenosine A2AR cDNA lacking the stop codon, was obtained by PCR
and subcloned to a Renilla luciferase (RLuc)-containing vector (pRLuc; PerkinElmer, Wellesley, MA,
USA) and a yellow fluorescent protein (YFP)-containing vector (pEYEP-N1; Clontech, Heidelberg,
Germany) using sense and antisense primers harboring unique restriction sites for HindIII and
BamHI. A similar approach was used to generate the cDNAs for GluN1-RLuc and caldendrin-YFP
fusion proteins.

2.3. APP Transgenic Mouse Model of Alzheimer’s Disease (AD)

APPSw,Ind transgenic mice (line J9; C57BL/6 background), expressing human APP695 harboring
the familial AD-linked Swedish (K670N/M671L) and Indiana (V717F) mutations under the PDGFβ
promoter, were obtained by crossing APPSw,Ind to non-transgenic (WT) mice [20]. Animals come
from a colony established by co-author Carlos A. Saura in the Autonomous Barcelona University;
animals came directly from the laboratory who developed the transgenic animal after signing the ad
hoc Transfer Agreement.

2.4. Cell Culture and Transfection

HEK-293T human embryonic kidney cells from the American Type Culture Collection (ATCC) were
grown in Dulbecco’s modified Eagle’s medium (DMEM) (Gibco, Paisley, Scotland, UK) supplemented
with 2 mM l-glutamine, 100 U/mL penicillin/streptomycin, MEM Non-Essential Amino Acids Solution
(1/100) and 5% (v/v) heat inactivated fetal bovine serum (FBS) (Gibco, Paisley, Scotland, UK). The cells
were maintained in a humid atmosphere of 5% CO2 at 37 ◦C. The cells were transiently transfected
using Polyethylenimine (PEI, Sigma Aldrich, St. Louis, MO, USA) as previously described [21].

To prepare mice primary microglial cultures (C57BL/6 wild type or transgenic mice), the brain
was removed at postnatal days 2 to 4. The microglial cells were isolated as described in [22] and grown
in a DMEM medium supplemented with 2 mM l-glutamine, 100 U/mL penicillin/streptomycin, and 5%
(v/v) heat inactivated FBS. For neuronal primary cultures, the hippocampus from mouse embryos (E19)
was removed and the neurons were isolated as described by Hradsky et al., 2013 [23]. Cells were grown
in a neurobasal medium supplemented with 2 mM l-glutamine, 100 U/mL penicillin/streptomycin,
supplement (2% v/v) with B27 (Gibco). For cAMP assays, cells were grown on 6-well plates at a density
of 500,000 cells/well, for ERK 1/2 phosphorylation assays, cells were placed in 96-well plates at a density
of 50,000 cells/well; for proximity ligation assay cells were placed in 12-well plates with coverslips.
Cell counting was assessed using trypan blue and a countless II FL automated cell counter (Thermo
Fisher Scientific, Waltham, MA, USA). Experiments were carried out 15 days later and the medium
was replaced every 5–7 days. The animal handling and protocols were conducted in accordance with
the European Council Directive 2010/63/UE as well as in keeping with the current Spanish legislation
(RD53/2013). The ethics committee of the two institutions (University of Barcelona and Autonomous
University of Barcelona) were in charge of law implementation.

2.5. Immunocytochemistry

The transfected HEK-293T cells or primary microglial culture cells seeded in coverslips were
fixed in 4% paraformaldehyde for 15 min and washed twice with phosphate-buffered saline (PBS)
containing 20 mM glycine, before permeabilization with PBS-glycine containing 0.2% Triton X-100 (5 min
incubation for the HEK-293T cells and 15 min for the microglial culture cells). The HEK-293T cells were
treated for 1 h with PBS containing 1% bovine serum albumin (BSA), labeled with mouse monoclonal
anti-RLuc antibody (1/100; mAB4400, EMD Millipore, Darmstadt, Germany) and subsequently treated
with Cy3 anti-mouse (1/200; 715-166-150, Jackson ImmunoResearch (red)) immunoglobulin G (IgG)
(1 h each). Microglial cells were treated for 1 h with PBS containing 1% BSA and labelled with a mouse



Cells 2020, 9, 1075 4 of 16

anti-iNOS (1/100; NOS2 (C-11): sc-7271; SCB) antibody, a mouse monoclonal anti-arginase I (1/100;
610708; BD Biosciences, San Jose, CA, USA) antibody or a rabbit polyclonal anti-Ki-67 (1/100; ab15580;
Abcam, Cambridge, UK) antibody, and subsequently treated with a Cy3-conjugated anti-rabbit (1/200;
711-165-152; Jackson ImmunoResearch (red), West Grove, PA, USA) or anti-mouse (1/200; 715-166-150;
Jackson ImmunoResearch (red), West Grove, PA, USA) IgG secondary antibodies (1 h each). The nuclei
were stained with Hoechst (1/100; Sigma Aldrich, St. Louis, MO, USA). The samples were washed
several times and mounted with 30% Mowiol (Calbiochem, San Diego, CA, USA). The images were
obtained in a Leica SP2 confocal microscope (Leica Microsystems). The instrument was equipped with
an apochromatic 63X oil-immersion objective (N.A. 1.4), and 488 nm and 561 nm laser lines.

2.6. Bioluminescence Resonance Energy Transfer (BRET) Assays

For the BRET assays, the HEK-293T cells were transiently co-transfected with a constant
amount of cDNAs encoding for GluN1-RLuc and GluN2 and with increasing amounts of cDNAs
corresponding to A2AR-YFP or caldendrin-YFP. Forty-eight hours post-transfection, the cell suspension
was adjusted to 20 µg of protein using a Bradford assay kit (Bio-Rad, Munich, Germany) and BSA
for standardization. To quantify the protein-YFP expression, fluorescence was read in a Mithras
LB 940 (Berthold Technologies, Bad Wildbad, Germany) equipped with a high-energy xenon flash
lamp, using a 10 nm bandwidth excitation filter at 485 nm reading. For BRET and BRET with
bimolecular complementation (BiFLC) measurements, the readings were collected 1 min after the
addition of 5 µM coelenterazine H (Molecular Probes, Eugene, OR, USA) using a Mithras LB 940,
which allowed the integration of the signals detected in the short-wavelength filter at 485 nm and the
long-wavelength filter at 530 nm. To quantify the protein-RLuc expression, luminescence readings
were performed 10 min after the 5 µM coelenterazine H addition using a Mithras LB 940. The net BRET
was defined as ((long-wavelength emission)/(short-wavelength emission)) − Cf, where Cf corresponds
to ((long-wavelength emission)/(short-wavelength emission)) for the donor construct expressed alone
in the same experiment. The GraphPad Prism software (San Diego, CA, USA) was used to fit the data.
BRET is expressed as milli BRET units, mBU (net BRET × 1000).

2.7. Cyclic Adenylic Acid (cAMP) Determination

Two hours before initiating the experiment, culture medium for HEK-293T-transfected or primary
neuronal or glial cells was exchanged by serum-starved DMEM medium. Then, the cells were detached,
resuspended in a growing medium containing 50 µM zardaverine (Tocris Bioscience, Bristol, UK) and
plated in 384-well microplates (2500 cells/well), pretreated (15 min) with the corresponding antagonists
(SCH-58261 for A2AR and MK-801 for NMDAR) or vehicle and stimulated with agonists (CGS-21680 for
A2AR and NMDA for NMDAR) (15 min) before adding 0.5µM forskolin or vehicle (15 min). The readings
were performed after a 1 h incubation (room temperature). Homogeneous time-resolved fluorescence
energy transfer (HTRF) measures were performed using the Lance Ultra cAMP kit (PerkinElmer,
Waltham, MA, USA). Fluorescence at 665 nm was analyzed on a PHERAstar Flagship microplate
reader equipped with an HTRF optical module (BMG Lab technologies, Offenburg, Germany).

2.8. Extracellular Signal-Regulated Kinase (ERK) Phosphorylation Determination

To determine the ERK1/2 phosphorylation, 40,000 HEK-293T cells/well, 50,000 microglia cells/well
or 50,000 neurons/well were plated in transparent 96-well microplates and kept in the incubator
for 48 h (HEK-293T cells) or 12 days (microglia and neuronal culture cells). Two to four h before
initiating the experiment, the medium was substituted for a serum-starved DMEM medium. Then,
the cells were pre-treated at room temperature for 10 min with the specific antagonists (SCH-58261
for A2AR and MK-801 for NMDAR) or vehicle in a serum-starved DMEM medium and stimulated
for an additional 10 min with the specific agonists (CGS-21680 for A2AR and N-methyl d-aspartate
(NMDA) for NMDAR) or vehicle. The cells were then washed twice with cold PBS before the addition
of a lysis buffer (20 min treatment in constant agitation). Subsequently, 10 µL of each supernatant was
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placed in white ProxiPlate 384-well microplates and the ERK 1/2 phosphorylation was determined
using the AlphaScreen®SureFire® kit (Perkin Elmer, Waltham, MA, USA) following the instructions of
the supplier and using an EnSpire® Multimode Plate Reader (PerkinElmer, Waltham, MA, USA).

2.9. Assessment of Dynamic Mass Redistribution (DMR)

The cell mass redistribution induced upon receptor activation was detected by illuminating the
underside of a biosensor with a polychromatic light and measuring the changes in the wavelength of the
reflected monochromatic light that was a sensitive function of the index of refraction. The magnitude
of this wavelength shift (in picometers) was directly proportional to the amount of DMR. HEK-293T
cells and neuronal and microglial primary cultures were seeded in 384-well sensor microplates to
obtain 70–80% confluent monolayers constituted of approximately 10,000 cells per well. Prior to
the assay, the cells were washed twice and incubated for 2 h with assay buffer (Hank’s balanced
salt solution (HBSS) with 20 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer,
pH 7.15) containing 0.1% DMSO (24 ◦C, 30 µL/well). Hereafter, the sensor plate was scanned and a
baseline optical signature was recorded for 10 min before adding the 10 µL of the specific antagonists
(SCH-58261 for A2AR and MK-801 for NMDAR), that were recoded for 30 min followed by the addition
of 10 µL of the specific agonists (CGS-21680 for A2AR and NMDA for NMDAR); all the test compounds
were dissolved in the assay buffer. The cell signaling signature was determined using an EnSpire®

Multimode Plate Reader (PerkinElmer, Waltham, MA, USA) by a label-free technology. The results
were analyzed using the EnSpire Workstation Software v 4.10.

2.10. Determination of Cytoplasmic Calcium Ion Level Increase

HEK-293T cells were transfected with the cDNAs for human A2AR, for GCaMP6 calcium sensor,
and/or for both the GluN1 and GluN2 subunits of the NMDAR [24]. Forty-eight hours after transfection,
150,000 HEK-293T cells/well were plated in 96-well black, clear bottom microtiter plates and were
incubated with Mg2+-free Locke’s buffer (154 mM NaCl, 5.6 mM KCl, 3.6 mM NaHCO3, 2.3 mM CaCl2,
5.6 mM glucose and 5 mM HEPES, pH 7.4) supplemented with 10 µM glycine. The cells were treated
with the specific antagonists (SCH-58261 for A2AR and MK-801 for NMDAR) for 10 min, followed by
the addition of the receptor agonists, CGS-21680 for A2AR and NMDA for NMDAR, just a few seconds
before the readings. The fluorescence emission intensity of the GCaMP6 was recorded at 515 nm upon
excitation at 488 nm on the EnSpire® Multimode Plate Reader (PerkinElmer, Waltham, MA, USA) for
225 s every 5 s.

2.11. In Situ Proximity Ligation Assay (PLA)

PLA was performed with reagents from Sigma Aldrich and following the protocols of the
supplier. In brief, microglial and neuronal primary cells grown on glass coverslips were fixed in 4%
paraformaldehyde for 15 min, washed with PBS containing 20 mM glycine to quench the aldehyde
groups, and permeabilized with the same buffer containing 0.05% Triton X-100 (15 min). After 1 h
incubation at 37 ◦C with blocking solution, the cells were treated with specific antibodies against
A2A or NMDA receptors: mouse monoclonal anti-A2AR (1/100, Millipore, Darmstadt, Germany) or
rabbit polyclonal anti-GluN1 antibody (1/200, Millipore). The cells were processed using the PLA
probes detecting mouse and rabbit antibodies (Duolink II PLA probe anti-rabbit plus and Duolink
PLA probe anti-mouse minus; Sigma Aldrich) and were prepared with Hoechst (1/200; Sigma Aldrich,
St. Louis, MO, USA) using a mounting medium. The images were obtained in a Leica SP2 confocal
microscope (Leica Microsystems, Mannheim, Germany). For each field of view a stack of two channels
(one per staining) and 3 to 4 Z stacks with a step size of 1 µm were acquired. The quantification of
the cells containing one or more red spots versus the total cells (blue nucleus), and in cells containing
spots, the ratio r (number of red spots/cell), were determined by the Duolink Image tool software
(Sigma Aldrich, St. Louis, MO, USA).
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2.12. Statistical Analysis

The data in the graphs are the mean ± SEM (n = 5, at least). The GraphPad Prism software version
7 (San Diego, CA, USA) was used for the data fitting and statistical analysis. The Kolmogorov-Smirnov
test with the correction of Lilliefors was used to evaluate the normal distribution and the Levene test
was used to evaluate the homogeneity of variance. A one-way ANOVA followed by the post-hoc
Bonferroni’s test were used when comparing multiple values. When a pair of values were compared,
the Student’s t test was used. Significant differences were considered when the p value was < 0.05.

3. Results

3.1. NMDA Receptors May Directly Interact with Adenosine A2A Receptors

N-methyl-d-aspartate receptor (NMDAR) activation regulates synaptic plasticity and neuronal
survival. However, an increase in the NMDAR activity is associated to excitotoxicity and cell death and
this is the main reason it is targeted by one of the existing anti-AD drugs. On the other hand, adenosine is
a neuromodulator and one of the main mediators is the A2A receptor (A2AR), which is expressed
in both CNS neurons and glial cells. To address a potential interaction between the two receptors,
we first performed immunocytochemical assays in a heterologous expression system. HEK-293T cells
were transfected with cDNAs for A2AR-RLuc or for GluN1 fused to RLuc and the GluN2B subunit
of NMDAR (transfection of the two subunits was necessary for reconstituting a functional NMDA
receptor). The membrane and cytoplasmic expression of both: A2A and NMDA receptors was observed
(Figure 1A). Then, colocalization was addressed in cells transfected with the cDNAs for A2AR-YFP
and for GluN1-RLuc and GluN2B subunits. The degree of colocalization was significant (Figure 1B)
but while it demonstrated expression in the same compartment(s), it did not allow the discovery of
direct protein–protein interaction. Accordingly, the A2A-NMDA receptor interaction was assayed by
bioluminescence resonance energy transfer (BRET) using HEK-293T cells expressing a reconstituted
NMDAR fused to RLuc and increasing amounts of A2AR-YFP. The saturable BRET curve indicated a
specific interaction between the A2A and the NMDA receptors (BRETmax 141 ± 14 and BRET50 155 ± 22).
As a negative control, the A2AR was substituted by the calcium sensor protein, caldendrin, and the
result was a linear relationship that was indicative of unspecificity (Figure 1C). In summary A2AR may
interact with NMDAR but not with caldendrin in living transiently transfected HEK-293T cells.

3.2. Functional Properties of A2A-NMDA Receptor Heteromer Complex

Adenosine A2AR couple to Gs proteins, activating adenylate cyclase and increasing cAMP
intracellular levels. In preliminary assays, we demonstrated that cytosolic cAMP levels increased
when HEK-293T cells expressing A2AR were treated with the selective ligand, CGS-21680
(Supplementary Figure S1A). Furthermore, this effect was specific, because it was blocked by
pre-treatment with the selective antagonist SCH-58261. Neither NMDA, nor a NMDAR antagonist,
MK-801, induced any effect (Supplementary Figure S1A). Similar results were obtained in extracellular
signal-regulated kinase (ERK) phosphorylation and label-free dynamic mass redistribution (DMR)
assays (Supplementary Figure S1B,C). As expected, cytosolic calcium did not increase upon A2AR
stimulation (Supplementary Figure S1A–D) but it did increase when HEK-293T cells were transfected
with reconstituted NMDAR and treated with NMDA (Supplementary Figure S1A–H). Whereas the
stimulation with NMDA did not alter the cytosolic cAMP levels (Supplementary Figure S1A–E),
it induced MAPK phosphorylation and modified the DMR outputs. Although the effects were specific
and blocked by a selective NMDAR antagonist, MK-801 (Supplementary Figure S1F,G), they were not
altered by either a selective A2AR agonist, CGS-21680, or a selective A2AR antagonist, SCH-58261.

Once receptor-mediated signaling was characterized in the cells expressing A2AR or NMDAR
receptors, cross-modulation was assayed in the co-transfected HEK-293T cells in which the cAMP levels,
MAPK phosphorylation, label-free DMR and the calcium release signals were analyzed. Remarkably,
the cAMP data revealed that the signal obtained after the A2AR stimulation was blocked by both A2AR
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and NMDAR antagonists (Figure 2A). Such a property is known as cross-antagonism and would be
useful to identify A2A-NMDA receptor complexes in natural sources. In fact, cross-antagonism is
considered a heteromer print [25,26]. Coactivation of the A2A and NMDA receptors led to a decrease
in the CGS-21680-induced effect, indicating that the NMDAR activation impacted on adenosine A2AR
signaling. In the MAPK phosphorylation assays, the activation of both A2A and NMDA receptors
were able to activate the MAPK pathway. In addition, whereas the A2AR-mediated signaling was
smaller when the two receptors were co-expressed, the NMDAR-mediated signaling was stronger.
This result indicated a possible potentiation of A2AR over the NMDAR signaling when forming the
A2A-NMDA receptor complexes. However, the coactivation of both receptors did not result in an
additive effect. It is noteworthy that any signal was counteracted by either the NMDAR or A2AR
selective antagonists, i.e., cross-antagonism was also detected. (Figure 2B). DMR data were similar
to those found in cAMP and MAPK assays. The A2AR- and NMDAR-agonist-induced signals were
blocked by both the NMDAR and A2AR selective antagonists, while the coactivation of both receptors
produced a stronger signal than that of the NMDA but smaller than that of the A2AR agonist. Finally,
in terms of calcium mobilization, the coactivation of both receptors produced a similar effect to that
induced by the NMDAR stimulation but interestingly, the NMDA effect was blocked by both NMDA
and A2A receptor antagonists (A2A receptor agonists did not yet induce cytosolic calcium increases)
(Figure 2D). The results may be explained by i) the A2AR expression increasing the NMDAR function
and ii) the NMDAR activation blocking adenosine A2AR signaling and iii) a cross-antagonism due to
inter-protomer allosteric communication within the A2AR and NMDAR heteromer.
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Figure 1. The N-methyl d-aspartate (NMDA) and the adenosine A2A receptors interact to form
heteromeric complexes. In (A,B), HEK-293T cells were transfected with 0.5 µg cDNA corresponding
to the A2A receptor (A2AR)-Renilla luciferase (RLuc) (A left) or 0.5 µg cDNA corresponding to the
GluN1-RLuc in the presence of 0.3 µg cDNA corresponding to GluN2 (A right) or co-transfected
with 0.4 µg cDNA for A2AR-yellow fluorescent protein (YFP) and 0.4 µg cDNA corresponding to the
GluN1-RLuc in the presence of 0.25 µg cDNA corresponding to the GluN2 (B). Confocal microscopy
images are shown. The receptors fused to RLuc were identified by immunocytochemistry (red) and
the proteins fused to YFP were identified by its own fluorescence (green). Colocalization is shown in
yellow in the merge image. Scale bar: 20 µm. In (C), the bioluminescence resonance energy transfer
(BRET) saturation experiments were performed in HEK-293T cells transfected with 0.3 µg of cDNA
corresponding to the GluN1-RLuc, 0.2 µg of cDNA corresponding to the GluN2 and increasing amounts
of cDNA corresponding to A2AR-YFP (0.1 µg to 0.5 µg) or caldendrin-YFP (0.1 µg to 0.7 µg) as a
negative control. The relative amount of BRET is given as a function of 1000× the ratio between the
fluorescence of the acceptor (YFP) and the luciferase activity of the donor (RLuc). BRET is expressed
as milli BRET units (mBU) and is given as the mean ± SEM of 6 different experiments grouped as a
function of the amount of BRET acceptor.
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Figure 2. Functional characterization of the A2A-NMDA receptor heteromer in HEK-293T cells. In (A)
to (D), HEK-293T cells expressing A2AR (0.5 µg of cDNA), GluN1 (0.5 µg of cDNA) and GluN2 (0.5
µg of cDNA) (A–C) or expressing A2AR (0.5 µg of cDNA), GluN1 (0.5 µg of cDNA), GluN2 (0.5 µg of
cDNA) and 6GCaMP calcium sensor (0.75 µg of cDNA) (D) were pre-incubated or not with 1 µM of the
A2AR antagonist SCH-58261 (SCH) or with 1 µM of the NMDA antagonist, MK-801 (MK), followed
by treatment with 100 nM of the A2AR agonist CGS-21680 (CGS), 15 µM of NMDA or both, and the
cAMP levels (A), extracellular signal-regulated (ERK) 1/2 phosphorylation (B), representative traces of
dynamic mass redistribution (DMR) (C) and the representative traces of intracellular Ca2+ responses
over time (D) were determined. Values are the mean ± SEM of 10 to 12 different experiments. ERK
1/2 phosphorylation levels and cAMP increases are expressed as percentage over basal. A one-way
ANOVA followed by a Bonferroni multiple comparison post-hoc test showed a significant effect over
100% (* p < 0.05, ** p < 0.01, *** p < 0.001).

3.3. A2A-NMDA Receptor Heteromer Complex Expression in Resting and Activated Microglia

Due to the renowned interest in glial cells as targets to combat neurodegenerative diseases and
due to the expression of both receptors in these cells, we next analyzed the A2A-NMDA receptor
complex expression in the microglial primary cultures from wild type mice. Interestingly, the proximity
ligation assay (PLA) showed 23% of cells with clusters of receptor complexes depicted as red dots
(two red dots per cell) (Figure 3A,B). Moreover, when the microglia was activated using LPS and
IFN-γ, the A2AR-NMDAR heteromer expression was markedly enhanced, with 92% of cells showing
red dots and an eight-fold increase in dots/cell (16 dots in activated cells versus two in resting cells)
(Figure 3A,B). Similar assays were performed in hippocampal neuronal primary cultures; 28% of
neurons showed red dots. Overall, these results showed that the A2A-NMDA receptor complexes may
play a relevant role in activated microglia cells.
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Figure 3. Expression and functionality of the A2A and NMDA receptors heteromers in the microglial
and neuronal primary cultures. Panels (A,B). The proximity ligation assay (PLA) was performed in
mice microglial primary cultures treated or not with 1 µM lipopolysaccharide (LPS) and 200 U/mL
interferon-γ (IFN-γ) to activate the microglia and in the mice hippocampal primary cultures of neurons
using the primary antibodies specific for the A2A and NMDA receptors. In all cases, the cell nuclei were
stained with Hoechst (blue). The confocal microscopy images are shown (superimposed sections) in
which heteromers appear as red clusters (in neurons or microglia). Scale bars = 30 µm. The bar graph
(B) shows the number of the red dots/cell (r) and the numbers above the bars indicate the percentage
of cells presenting red dots. Values are the mean ± SEM (n = 8). A one-way ANOVA followed by
Bonferroni’s multiple comparison post-hoc test were used for statistical analysis (*** p < 0.001, versus
control -resting- microglia). Panels (C–H) display the microglial primary cultures treated (D,G) or not
(C,F) with 1 µM LPS and 200 U/mL IFN-γ and the mice hippocampal primary cultures of the neurons
(E,H) that were pre-incubated or not with 1 µM of the A2AR antagonist SCH-58261 (SCH) or with 1 µM
of the NMDAR antagonist MK-801 (MK) followed by treatment with 100 nM of the A2AR agonist
CGS-21680 (CGS), 15 µM NMDA or both, and the cAMP levels (C–E) and ERK 1/2 phosphorylation
signal (F–H) were determined. The values are the mean ± SEM of 10 to 12 different experiments.
The ERK 1/2 phosphorylation levels and cAMP increases were expressed as a percentage over basal.
A one-way ANOVA followed by a Bonferroni multiple comparison post-hoc test showed a significant
effect over 100% (* p < 0.05, ** p < 0.01, *** p < 0.001).

The functional cross-talk was assayed by the analysis of the cAMP intracellular levels in the
microglia cells and in neurons. In both, the resting and the activated microglia, only the activation of
the A2AR results in cAMP responses, that were reverted by the A2AR antagonist and by the NMDAR
antagonist. We observed similar results in neurons but without cross-antagonism, probably reflecting
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that not all NMDA receptors were interacting with the A2AR (Figure 3C–E). The activation of either the
NMDAR or the A2AR resulted in the MAPK pathway activation. Interestingly, coactivation led to a
small non additive effect only in microglia cultures, once more supporting the idea that not all NMDA
receptors in neurons were interacting with the A2AR. However, cross-antagonism was detected in both
the microglial and neuronal cells (Figure 3F–H).

3.4. A2AR-NMDAR Heteromer Expression is Elevated in Primary Microglia from APPSw/Ind Mice

Alzheimer’s disease (AD) is one of the most prevalent neurodegenerative diseases worldwide;
the causes are unknown and current drugs have little efficacy. NMDAR function is enhanced in the
initial stages of AD, thus leading to altered intracellular calcium handling and the gradual loss of
synaptic function [27,28]. In addition, A2AR expression markedly increases in neurodegenerative
diseases with an inflammatory component. Accordingly, we moved to assess the expression of
A2AR-NMDAR heteromers in a transgenic AD mouse model.

We first analyzed the expression of A2A-NMDA receptor complexes in the primary cultures of
microglia and neurons from the hippocampus of APPSw,Ind mice. The hippocampal microglia and
neuronal primary cultures were obtained from two-day-old pups or 19-day-old fetuses, respectively,
and were independently cultured. PLA data analysis was blindly done before knowing the genotyping
results. Remarkably, whereas 29% of the cultured microglia from the controls animals showed red dots,
the percentage of cells from transgenic animals was 75% (three dots/cell in control versus six dots/cell
in transgenic) (Figure 4A,B). The same assay type in neurons led to a low percentage of cells expressing
receptor clusters (11% in control and 16% in transgenic) (Figure 4A,B). These results suggested that
microglia cells were resting in control animals and activated in AD-mice.

After determining the occurrence of A2A-NMDA receptor complexes in microglia primary cultures,
we moved to characterize the activated microglia phenotype in the APPSw,Ind mice model. When
microglia cells are activated, they can evolve showing different characteristics, with two opposite
phenotypes: M1 microglia inducing a pro-inflammatory state and cytotoxic effects and M2 microglia
inducing an anti-inflammatory state and neuroprotective effects. Then, the microglia primary cultures
of the control and APPSw,Ind mice models were prepared and analyzed by immunocytochemistry.
Through the analysis, an important increase in inducible nitric oxide synthase (iNOS) a marker of the
M1 phenotype, was observed in microglia from APPSw,Ind mice compared to controls (Figure 4C,D).
Moreover, fluorescence signal quantitation indicated an important increase in arginase-1 (Arg-1), a
marker of the M2 phenotype, in APPSw,Ind –derived microglia (Figure 4C,D). These results indicated
an important increase in both M1 and M2 microglia in the AD-mice model. Interestingly, when the
same assay was repeated by pretreating the APPSw,Ind-derived cultures for one week with the A2AR
antagonist SCH-58261, a significant decrease in iNOS and a small but significant increase in Arg-1
fluorescence were observed, indicating that A2AR antagonists skew activated microglia towards the
neuroprotective M2 phenotype.

Then, no alteration in microglia proliferation marker was observed upon analysis of the Ki-67
fluorescence signal in the APPSw,Ind mice models treated or not with SCH-58261 and control (WT)
animals (Figure 4C,D).
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Figure 4. Microglial markers in primary cultures from APPSw,Ind mice. In (A,B), proximity ligation
assays (PLAs) were performed in microglial and in the hippocampus neuronal primary cultures of
control (WT) and APPSw,Ind mice using primary antibodies specific for A2A and NMDA receptors. In
all cases, the cell nuclei were stained with Hoechst (blue). The confocal microscopy images are shown
(superimposed sections) in which the heteromers appear as red clusters (in neurons or microglia).
Scale bars = 30 µm (neurons and microglia). The bar graph (B) shows the number of red dots/cell (r)
and the numbers above the bars indicate the percentage of cells presenting red dots. Values are the
mean ± SEM (n = 6). A one-way ANOVA followed by Bonferroni’s multiple comparison post-hoc test
were used for statistical analysis (*** p < 0.001, versus WT -control-). In (C,D), immunocytochemical
assays were performed in the primary cultures of microglia APPSw,Ind mice or control (WT) animals
pretreated or not for one week with the A2AR antagonist SCH-58261. The staining was performed
using the antibodies that detected either arginase-1 marker, the antiproliferation cell protein Ki-67 or
nitric oxide synthase and a Cy3-conjugated secondary antibody (red). The fluorescence was quantified
in all the panels using the Fiji program and normalization by cell number. Representative images in
all conditions are shown in (C). A one-way ANOVA followed by Bonferroni’s multiple comparison
post-hoc test were used for statistical analysis (* p < 0.05, ** p < 0.01; versus WT).

3.5. A2AR Activation Negatively Modulates NMDA Receptor Signaling in Microglia but it Increases NMDAR
Signaling in Neurons from APPSw,Ind Mice

To analyze the adenosine regulatory effects over NMDAR functionality in the AD model, primary
cultures of microglia and neurons were prepared from the hippocampus of APPSw,Ind mice and control
animals. Intracellular cAMP levels, ERK1/2 phosphorylation and DMR were determined upon receptor
activation and coactivation.

On the one hand, A2AR activation led to an increase in cAMP levels in the neurons and
microglia from control and transgenic animals. As expected, NMDA did not modify cAMP levels but
counteracted the action of A2AR agonists. In addition, the selective NMDAR antagonist reverted the
effect of CGS-21680 (cross-antagonism) (Figure 5A–D). The MAPK pathway activation was similar
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in microglia from control and transgenic animals, with a similar effect in the individual activation or
the coactivation of receptors. In these cells, bidirectional cross-antagonism was found (Figure 5E,F).
In neurons coactivation led to a more robust effect than individual treatments. We found a partial
cross-antagonism that fits with the hypothesis that, in neurons, not all NMDAR are directly interacting
with the A2AR (Figure 5G,H). DMR recordings in glial cells were only obtained upon A2AR activation
with NMDA being ineffective and with a lack or a small cross-antagonism. A relevant finding was
underscored using neurons, because those from the control animals were much less responsive to
CGS-21680 than those from the transgenic animals. Moreover, NMDA also induced a robust response
in the cells from transgenic animals; however, coactivation did not lead to synergism or additive effects
(Figure 5I–L).Cells 2020, 9, x 12 of 16 
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Figure 5. Functionality of the A2A-NMDA receptor heteromer in the APPSw,Ind mice model of
Alzheimer’s disease(AD). In (A–L), the microglial and neuronal primary cultures from the hippocampus
of the WT and APPSw,Ind mice (E,H) were pre-incubated with vehicle, 1 µM of the A2AR antagonist
SCH-58261 (SCH) or 1 µM of the NMDAR antagonist, MK-801 (MK), followed by treatment with
100 nM of the A2AR agonist CGS-21680 (CGS), 15 µM NMDA or both, and the cAMP levels (A–D),
ERK 1/2 phosphorylation signal (E–H) and the representative traces of dynamic mass redistribution
(DMR) over time (I–L) were determined. Values are the mean ± SEM of 10 to 12 different experiments.
ERK 1/2 phosphorylation levels and cAMP increases are expressed as percentage over basal. A one-way
ANOVA followed by a Bonferroni multiple comparison post-hoc test showed a significant effect over
basal (* p < 0.05, ** p < 0.01, *** p < 0.001).

4. Discussion

Adenosine A1 and A2A receptors have deserved attention as potential targets to prevent
neurodegeneration [29]. NMDA-induced preconditioning studies have led to controversial results on
the usefulness of agonists or antagonists of the A1 receptors to afford neuroprotection (see [30] and
references therein). In contrast, there is a consensus on the safety and the neuroprotective potential of the
A2A receptor antagonists. Pharmacological studies in parkinsonian models, the dopamine/adenosine
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antagonism and the use of knock-out mice reinforced the view that targeting the A2AR in striatal
neurons could be useful in the therapy of Parkinson’s disease [31–36]. All the experimental effort
plus drug discovery programs in pharmaceutical companies have led to the approval of istradefylline,
a selective A2AR antagonist, for the therapy of Parkinson’s disease in Japan and the US [6–8].

Evidence on the possibility of targeting A2AR for combating dementia-related neurodegeneration
has come from different sides and is consistent in both cell and animal models. Early synaptic
deficits in the APP/PS1 mouse model of Alzheimer’s disease involved neuronal adenosine A2AR [37].
Electrophysiological studies in CA1 pyramidal neurons showed that the activation of those adenosine
receptors enhanced chemically evoked NMDAR currents [38]. In an early β-amyloid-based AD
model, adenosine production from ATP release was detrimental for cognition but not in the knock-out
A2AR mouse [39]. Classically, the A2AR in neurons has been the focus in AD-related research.
Another recent example is the involvement of the neuronal receptor in the memory deficits and
synaptic loss in a tauopathy mouse model. Previously, it was demonstrated that receptor gene
deletion was neuroprotective in the tauopathy model [12,40]. Remarkably, the A2A receptor has a
relevant function in activated microglia, which was found surrounding the pathological hallmarks
of AD [41,42]. The activation of microglial A2AR enhances the production of proinflammatory
mediators [43]. These results fit with the finding that the blockade of the microglial receptor reduces
neuroinflammation and more importantly, may lead to an improvement of cognitive impairment [44].
Cunha and collaborators have compiled in different reviews the potential of targeting A2AR in both
neurons and microglia to combat cognition and/or neurodegeneration in Alzheimer’s disease and other
age-related dementias [45,46]. Coincidentally, it is well accepted that the most consumed adenosine
receptor antagonists, caffeine in coffee and theophylline in tea, do protect against suffering from
Alzheimer’s disease [47].

Our results show that further to the blockade of classical signaling mediated Gs-coupled
GPCRs, A2AR antagonists have the potential to combat AD by impacting one of the most relevant
pathophysiological molecular mechanisms, namely modulation of NMDAR function. The early studies
showing neuroprotection via adenosine impacting on NMDA-mediated effects [9] were never attributed
to a direct interaction between adenosine and NMDA receptors. We here identified A2A-NMDA receptor
complexes with particular properties. Unlike GPCRs that are prone to form complexes containing two
different receptors, few examples of direct interactions between metabotropic (GPCR) and ionotropic
receptors have been reported, probably due to lack of ad hoc assays. Interestingly, the cross-antagonism
here detected for the A2AR-NMDAR couple was often found in GPCR-GPCR complexes; when cross
antagonism is actually detected, GPCR-GPCR heteromer formation is suspected [25,26,48]. As further
discussed below, the impairment of NMDAR function by A2AR antagonists is an attractive possibility
to afford neuroprotection in AD.

The assessment of receptor complex expression led to various relevant findings. On the one
hand, the expression in activated microglia was markedly higher than in resting microglia. Moreover,
the expression in the microglia from the APPSw,Ind was higher than that in the microglia from the
control mice. These results agree with a different phenotype of microglia in these transgenic AD
models and reinforces the hypothesis that microglia from the APPSw,Ind protect neurons as the cognitive
impairment only appears several months after birth [49]. On the other hand, complexes were also
expressed in hippocampal neurons although the expression was similar in transgenic and control mice.
By combining the expression data with the signaling results, it seems that the amount of A2AR-NMDAR
interactions was comparatively higher in the microglia than in neurons and that there were a significant
number of NMDAR in hippocampal neurons that were not interacting with the A2AR. The latter does
not imply a lack of functional A2AR-NMDAR interactions but that both direct allosteric modulations
within the macromolecular complex as well as indirect interactions, i.e., via cross-talk between second
messengers, like Ca2+, impacting on the cAMP-PKA pathway.

As pointed out in the introduction, we undertook this investigation to find indirect ways to
modulate the overactivity of the NMDAR. At least in part, neuronal death in AD (and in other
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neurodegenerative diseases) is due to excitotoxicity, i.e., by excess of glutamate that in turn results
in the exacerbation of NMAR functionality [50]. Unfortunately, full blockade of the NMDAR is not
feasible as it is fundamental for neural cell viability, while the current NMDAR allosteric modulators
are not showing significant efficacy in either AD patients nor neuroprotection. Hence, current attempts
to prevent neuronal death in AD should target either neurons, which are already altered, or glial cells
surrounding “suffering” neurons. In our opinion, the results in this paper plus the literature data on
neuroprotection by targeting the A2AR (see [29,51] for review) reinforces the hypothesis that A2AR
antagonists could modulate glutamatergic action in AD and afford neuroprotection.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4409/9/5/1075/s1,
Figure S1: Functional signaling of A2A and NMDA receptors in HEK-293T cells.
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El receptor de cannabinoides tipo 2 (CB2R) es un componente clave en la señalización del 
sistema endocannabinoide, cuya funcionalidad se ha descrito con propiedades 
antiinflamatoria y neuroprotectoras. Por otra parte, el receptor de N-metil-D-aspartato 
(NMDAR) es una diana de gran interés para mejorar la fisiopatología de la enfermedad de 
Alzheimer (AD). El objetivo de nuestro estudio es detectar la formación de estructuras 
heteroméricas formadas por el NMDAR y el CB2R, y observar como se comportan 
funcionalmente estos complejos. Nuestros ensayos mediante transferencia de energía 
resonante por bioluminiscencia (BRET) en un modelo heterólogo de expresión confirmó la 
formación de complejos NMDAR-CB2R. Mediante ensayos de ligación por proximidad (PLA) 
detectamos un incremento significativo del heterómero de receptores NMDA-CB2 en cultivos 
de neuronas de hipocampo y microglía de ratón modelo de la AD (APPSw/Ind) respecto a los 
ratones control. Se caracterizó el complejo NMDAR-CB2R mediante ensayos de 
determinación de los niveles de AMPc, calcio intracelular, determinación de las ERKs1/2 
fosforiladas y de redistribución dinámica de masas (DMR). De manera interesante, se 
observó un cross-talk negativo al producirse la coactivación de ambos receptores con sus 
agonistas específicos. En conclusión, la activación de CB2R de forma específica, a la vez que 
atenúa la señalización mediada por NMDAR, puede suponer un tratamiento con gran 
potencial en pacientes con la AD, mejorando su calidad de vida. 
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Summary 

 

Cannabinoid CB2 receptors, which are target of neuroprotection and N-Methyl-D-

Aspartate (NMDA) ionotropic glutamate receptors, which are key in mediating excitatory 

neurotransmission, are expressed in both neurons and glia. As NMDA receptors are target 

of current medication in Alzheimer’s disease patients and with the aim of finding 

neuromodulators of their actions that could provide benefits in dementia, we hypothesized 

that cannabinoids could modulate NMDA function.  In a heterologous system we 

identified CB2-NMDAcomplexes with a particular heteromer print consisting of 

impairment by cannabinoids of NMDA receptor function. The print was detected in 

activated primary microglia treated with lipopolysaccharide and interferon-γ. CB2R 

activation blunted NMDA receptor-mediated signaling in primary hippocampal neurons 

from APPSw/Ind mice, a Alzheimer’s disease  model. Furthermore, imaging studies showed 

that primary cells (microglia or neurons) from APPSw/Ind mice displayed a marked 

overexpression of macromolecular CB2-NMDA receptor complexes thus becoming a tool 

to modulate excessive glutamate input using cannabinoids. 
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Introduction 

 

Alzheimer’s disease (AD) is the most common neurodegenerative disorder affecting more 

than 46 million people worldwide. The prediction is that the number of affected 

individuals will grow due to aging population. This pathology first described by Alois 

Alzheimer is characterized by a serious cognitive deficit and behavioral abnormalities 

(Alzheimer, 1911). Pathological hallmarks are the presence of ß-amyloid (Aß) deposits 

(extracellular plaques) and of hyperphosphorylated tau protein aggregates (intracellular 

neurofibrillary tangles) (Ulm et al., 2021). At the molecular level, several characteristics 

have been reported, among others, an increase in oxidative stress and defective 

mitochondrial dynamics (Bhatia and Sharma, 2021).  To this day, no truly effective 

treatment has been developed. In addition to the approved drugs, cholinesterase inhibitors 

and NMDA receptor modulators (see below), multiple strategies have been proposed over 

the years (see (Ettcheto et al., 2020)). 

 

The most affected neurons are located in the ascending cholinergic system whose somas 

are situated in Meinert's basal nucleus, thereafter, neurodegeneration in hippocampal, 

amygdala and neocortex areas, leads to the pathological AD features (Arendt et al., 1986; 

Doucette et al., 1986; Etienne et al., 1986). The main excitatory neurotransmitter 

glutamate, is crucial for the physiological state of the brain. Excitatory glutamatergic 

neurotransmission is required for neuronal survival and synaptic plasticity; however, 

aberrant activity promotes excitotoxicity and cell death (Wang et al., 2017; Wang and 

Reddy, 2017). Ionotropic ligand-gated glutamate receptors are the main mediators of 

glutamate action in the CNS. In addition, glutamate can activate the so-called 

metabotropic receptors that are not channels but G protein-coupled receptors (GPCRs). 

Three ionotropic glutamate receptors have been discovered, namely kainate, α-amino-3-

hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) and N-methyl-D-aspartate 

(NMDA) receptors. The N-methyl-D-aspartate (NMDA) receptor plays an important role 

in neuronal plasticity and learning mechanisms. Memantine a drug approved for AD 

therapy (Lipton, 2007, 2006) targets NMDA receptors, which are multimers composed 

of different subunits whose consensual nomenclature is: GluN1, GluN2A, GluN2B, 

GluN2C, GluN2D, GluN3A and GluN3B (Alexander et al., 2019). A combination of 

these subunits leads to different tetrameric functional NMDA receptors (NMDARs). 

Moreover, the combination of different subunits leads to NMDARs with different 

functional and pharmacological properties. Activation of synaptic NMDARs has been 

reported to control synaptic plasticity and stimulate cell survival, while activation of 

extrasynaptic NMDARs promotes cell death and thus contributes to the etiology of AD. 

The limited effect of memantine in AD is likely due to an allosteric effect on extrasynaptic 

NMDARs (Stazi and Wirths, 2021; Wang et al., 2017; Wang and Reddy, 2017). 

 

Endocannabinoids in the CNS, act as retrograde neuromodulators, i.e. they are released 

from the membrane of a postsynaptic neuron and act on receptors in the presynaptic 

neuron. However, cannabinoid receptors are widely expressed in the CNS, not only in 

neurons but in astrocytes, microglia and oligodendrocytes. There are two cannabinoid 

receptors, CB1 and CB2, that belong to the superfamily of GPCRs. CB1 is considered the 

most abundant GPCR in the CNS and is expressed in many different neuronal types. The 

expression of the CB2 receptor (CB2R) is restricted to some neuronal populations, e.g. in 

the globus pallidus (J.L. Lanciego et al., 2011) or the cerebellum (Ashton et al., 2006), 

but is expressed in other neural cell types (Chung et al., 2016; Navarro et al., 2016; Pazos 

et al., 2013; Reyes-Resina et al., 2018; Stella, 2010; Wu et al., 2013). GPCRs may interact 



to form homo and heterodimers which for many of the receptors in the superfamily 

constitute the real functional units (Borroto-Escuela et al., 2014; Ferré et al., 2009). 

Heteromers have different functionality than homomers, and different heterodimers have 

different signaling properties thus adding diversity to the action of 

neurotransmitters/neuromodulators that is mediated by GPCRs. CB1 and CB2 receptors 

may form functional heteromers that are heavily expressed in the neurons of the globus 

pallidus (Callén et al., 2012; José L Lanciego et al., 2011; Sierra et al., 2015) and that 

have a relevant function in activated microglia (Callén et al., 2012; Navarro et al., 2018). 

CB2R and CB1-CB2 receptor heteromers are considered to exert neuroprotective actions 

(Cilia, 2018; Fernández-López et al., 2007; Micale et al., 2007; Rodríguez-Cueto et al., 

2018; Sánchez and García-Merino, 2012); they have been proposed as targets to delay 

progression of Parkinson’s disease (Navarro et al., 2018). 

 

The NMDA receptor plays a central role in the CNS excitatory neurotransmission, being 

also a therapeutic target to combat AD. Receptor function deregulation is, at least in part, 

responsible for the progression of the disease. In this regard it would be interesting to 

discover membrane proteins capable of interacting with NMDA receptors, and being able 

to modulate their function to slow the onset of symptoms and the progressive 

neurodegeneration. In relation to neurodegenerative diseases, cannabinoid receptors 

appear as modulators of both neurotransmission and neuroinflammation. The aim of this 

study was to investigate whether the NMDA and the cannabinoid CB2 receptors interact 

functionally in neurons and microglia in physiological conditions and in pathological AD 

models.    

 

 

Results 

 

N-methyl-D-aspartate receptors (NMDARs) interact with the cannabinoid CB2 

receptor in a heterologous expression system. 

 

The NMDA receptor plays a central role in excitatory neurotransmission, being also a 

therapeutic target to combat AD. Receptor function deregulation is, at least in part, 

responsible for the progression of the disease. In this regard, it would be interesting to 

discover membrane proteins capable of interacting with NMDA receptors, and being able 

to modulate their functionality. We considered that cannabinoid CB2 receptors (CB2R) 

could be candidates for receptor-receptor interaction. Accordingly, HEK-293T cells were 

transfected with the cDNAs for CB2R fused to YFP, for the GluN1 NMDAR subunit 

fused to RLuc and for the GluN2B subunit. Expression of these two protomers, GluN1 

and GluN2B, leads to the assembly of a tetrameric structure, which is required for NMDA 

receptor functionality. Immunocytochemical assays showed that CB2R-YFP, detected by 

YFP’s own fluorescence, was expressed at the plasma membrane and also intracellularly 

(Fig. 1A). Qualitatively, similar expression was detected for the NMDA-RLuc receptor 

by using a specific anti-RLuc antibody (Fig. 1B). Moreover, a high level of colocalization 

between the two receptors was observed in the plasma membrane and in intracellular 

organelles (yellow in Fig. 1C). The results are suggestive of possible direct interactions. 

To demonstrate the hypothesis of a physical interaction between CB2 and NMDA 

receptors, HEK-293T cells were transfected with a constant amount of cDNA for GluN1-

RLuc and for GluN2B and increasing amounts of cDNA for CB2R-YFP. The saturable 

curve obtained in Bioluminescence Energy Transfer (BRET) experiments was consistent 

with a physical interacting between CB2R and GluN1 and the formation of CB2-NMDA 



receptor complexes (Fig. 1D, E). When HEK-293T cells were transfected with a constant 

amount of GluN1-RLuc and increasing amounts of the ghrelin receptor 1a fused to YFP 

(GHS-R1a-YFP), the linear relationship between the BRET donor/acceptor ratio 

indicated a lack of interaction of these two proteins (negative control; Fig. 1E red).  

 

CB2R activation impairs signaling via the NMDA receptor expressed in HEK-293T 

cells  

 

In HEK-293T cells only expressing GluN1 and GluN2B subunits, intracellular cAMP 

levels were increased upon treatment with either NMDA or MK-801, a NMDAR selective 

antagonist  (Fig. 2A). As Gi is the cognate protein coupled to the CB2R, activation of the 

receptor leads to adenylate cyclase activity inhibition and decrease of intracellular cAMP 

levels. Such canonical functionality was confirmed in HEK-293T cells expressing CB2R 

treated with forskolin and, afterwards, with a selective CB2R agonist, JWH-133. The 

decrease in forskolin-induced cAMP levels was mediated by the cannabinoid receptor as 

it was completely counteracted by the pretreatment with a selective antagonist, SR 

144528 (Fig. 2B). In HEK-293T cells expressing GluN1, GluN2B and CB2R, CB2R 

activation produced a significant decrease in forskolin induced cAMP levels, that was 

counteracted by the activation of the NMDAR (Fig. 2C). This phenomenon is usually 

described as negative cross-talk and can serve as a print/pattern to identify CB2-NMDA 

receptor complexes in natural sources. The small decrease upon NMDAR activation was 

not significant. The CB2R antagonist, SR-144528, blocked CB2R activation while the 

NMDAR antagonist produced no effect (Fig. 2C).  

 

Next, we determined MAPK pathway activation by means of ERK1/2 phosphorylation 

assays. It should be noted that both NMDAR and CB2R activation leads to engagement 

of the MAPK pathway. Then, in HEK-293T cells expressing GluN1 and GluN2B, NMDA 

activation induced an effect that was counteracted by MK-801 pretreatment (Fig. 2D); 

analogously, in HEK-293T expressing the CB2R, JWH-133 produced a significant effect 

that disappeared by the pretreatment with SR-144528 (Fig. 2E). In cells coexpressing the 

two receptors, NMDA induced a circa 2-fold increase in ERK1/2 phosphorylation; in 

contrast, CB2R activation led to a non-significant response. Furthermore, coactivation 

with both agonists impeded the link of the CB2-NMDA receptor complex to the MAPK 

pathway (Fig. 2F). Finally, antagonist pre-treatment did not lead to cross-antagonism, i.e. 

the antagonist of one receptor did not block the effect of the agonist of the partner receptor 

in the heteromer.  

 

Activation of NMDA by glutamate results in the opening of the ligand-gated ion channel 

to allow calcium influx. In HEK-293T cells expressing the NMDAR the increase in 

cytoplasmic calcium caused by NMDA was inhibited in cells pretreated with the 

antagonist MK-801 (Fig. 3A). As expected, JWH-133 did not produce any calcium signal 

in HEK-293T cells expressing the CB2R (Fig. 3B). However, this CB2R agonist blocked 

NMDA-induced effect in HEK-293T cells coexpressing NMDAR and CB2R, thus 

showing a negative cross-talk. In addition, the CB2R antagonist, SR-144528, potentiated 

the NMDA-induced effect. These results indicate that, when forming complexes with 

CB2Rs, NMDA receptor activation is restrained by CB2R (activation) unless CB2R is 

blocked by its antagonist (Fig. 3C). 

 

Finally, the label-free technique Dynamic Mass Redistribution (DMR) that underscores 

ligand-induced changes due to multiple pathways and cellular events was applied (Ellen 



E code 2011). First, in cells expressing CB2R or NMDAR redistribution of mass occurred 

upon agonist treatment (Fig. 3D,E); the effects were partially inhibited by pretreatment 

with selective antagonists. In cotransfected cells, it was demonstrated that coactivation 

induced no additive effect, while the CB2R antagonist, SR-144528, potentiated NMDA 

activation (Fig. 3F).  

 

To sum up, heteromers constituted by the two receptors (CB2-NMDA-Hets) show a 

negative crosstalk that may disappear when the partner receptor is blocked by an 

antagonist. It should be noted that the blockade of CB2R markedly potentiates the ligand-

gated ionotropic action subsequent to NMDAR activation. 

 

CB2R activation blocks NMDA signaling in activated microglia  

The cannabinoid receptor CB2R is upregulated in activated microglia likely having a 

neuroprotective role. Then, to evaluate the possible role of the CB2R in regulating 

NMDAR function, mouse primary microglia were activated (48 h) with 1 μM LPS and 

200 U/ml IFN-γ, or vehicle, and treated with receptor ligands. Treatment of non-activated 

cells with the CB2R agonist, JWH-133, did not produce any significant decrease of 

forskolin-induced cAMP levels. This is likely due to the low CB2R expression levels in 

resting microglia. In contrast, in activated microglial cell cultures, in which the CB2R is 

upregulated, JWH-133 treatment induced a significant decrease of forskolin-induced 

cAMP levels, that was completely blocked by the CB2R antagonist, SR144528, but not 

by NMDAR antagonist, MK-801. However, no effect was found when the two agonists 

were added together, i.e. a negative cross-talk was detected (Fig. 4B). These results were 

similar to those observed in transfected HEK-293T cells.  

 

In resting cells the effect on MAPK pathway activation of either JWH-133 or NMDA was 

not significant (Fig. 4C). In activated microglia, the significant effect of both CB2R and 

NMDAR agonists on increasing ERK1/2 phosphorylation was, however, significantly 

decreased when the two agonists were added together (Fig. 4D). Pretreatment with the 

NMDAR antagonist, MK-801, did not block the effect of JWH-133, whereas the CB2R 

antagonist, SR-144528, slightly decreased the NMDAR-mediated effect. These results 

are consistent with the occurrence of CB2-NMDA-Hets in activated microglia in which 

CB2R activation exerts a negative regulation over the NMDAR link to the MAPK 

pathway.  

 

Differential levels of CB2-NMDA-Hets in neurons and microglia from APPSw/Ind mice  

 

Finally, we investigated the levels and cross-talk of CB2R/NMDAR complexes in primary 

hippocampal neurons  of control and APPSw/Ind transgenic mice. First, the expression of 

CB2-NMDAR-Hets was determined by in situ PLA (see Methods). Compared with 

control mice, CB2-NMDA-Hets expression was circa two-fold higher in primary neurons 

and circa 2.6 fold higher in microglia from APPSw/Ind  mice (Fig. 5A-D). These results 

demonstrate that CB2R-NMDA receptor complexes are aberrantly increased in both 

neurons and microglia of APPSw/Ind mice.  

 

CB2R activation blocks NMDAR-mediated signaling in primary hippocampal 

neurons from APPSw/Ind mice 

 

After describing the functional characterization of the newly identified CB2-NMDA 

receptor complex in microglia, we moved to primary cultures of neurons from mice 



hippocampus. Intracellular cAMP levels were determined in primary neurons treated with 

forskolin and with selective receptor agonists. Whereas CB2R activation produced a 

significant 30% decrease of forskolin-induced cAMP levels, NMDA did not generate any 

significant effect but counteracted the activation of the cannabinoid receptor (Fig. 5G). 

Thus, the negative cross-talk observed in transfected HEK-293T cells was also noticeable 

in primary neurons, thus suggesting the occurrence of functional CB2-NMDA-Hets in 

hippocampal neurons. A similar phenomenon was also observed upon analysis of MAPK 

pathway activation: JWH-133 and NMDA induced ERK1/2 phosphorylation, which was 

undetectable in cells simultaneously treated with the two agonists (Fig. 5I). In addition, 

as observed in HEK-293T cells, pretreatment with the CB2R selective antagonist blocked 

the JWH-133-induced signal while exerted no significant effect on NMDAR activation. 

Reciprocally, the NMDAR antagonist reverted the effect of NMDA but not that due to 

JWH-133. Finally, similar results were obtained in DMR label-free assays (Fig. 5K), i.e. 

NMDA receptor activation blocked CB2R function and vice versa. Moreover, as observed 

in transfected HEK-293T cells, SR144528 pretreatment potentiated the NMDAR action.  

 

Finally, we investigated the expression and cross-talk of cannabinoid CB2 and NMDA 

receptors in primary neurons from control and APPSw/Ind mice. Interestingly, it was 

observed that CB2R activity was potentiated in APPSw/Ind neurons, and contrary to control 

mice, it was not blocked by cotreatment with NMDA (see Fig. 5H). Upon analysis of 

MAPK pathway activation, JWH-133 and NMDA induced ERK1/2 phosphorylation, 

which was undetectable in cells simultaneously treated with the two agonists (Fig. 5J). 

Remarkably, the pretreatment with the CB2R selective antagonist blocked the NMDAR-

mediated effect in samples from control animals, and with more potency than in APPSw/Ind 

neurons. This cross-antagonism was found in the opposite direction, i.e. the antagonist of 

the NMDAR completely blocked the JWH-133 effect. Finally, in Dynamic Mass 

Redistribution assays a negative cross-talk was identifiable when the two agonists were 

added together. This phenomenon, which was observed in neurons from both control and 

APPSw/Ind mice (Fig. 5L), indicate that NMDAR activation blocks CB2R function and vice 

versa. 

 

Discussion 

Ionotropic glutamate receptors are essential for the proper functioning of the mammalian 

central nervous system. The NMDA receptor is key to many aspects of glutamate-

mediated actions in the nervous system, for excitatory neurotransmission, but also for 

development and neurogenesis. However, a dark side is related to excitotoxicity due to 

excessive levels of extracellular glutamate and the subsequent accumulation of toxic 

levels of ions in the cytoplasm of neurons. In this sense, it was hypothesized that NMDA 

would be a target of neurodegenerative diseases since, in fact, among the few existing 

drugs to combat AD, a negative allosteric NMDAR modulator, MemantineR, was 

approved several years ago. Although the main interest has logically focused on neurons, 

NMDARs are expressed in glial cells, where they play a critical role in maintaining brain 

homeostasis. This work was based on the hypothesis that the action of NMDAR could be 

regulated by cannabinoid receptors and we focused on neurons and microglia, whose 

activation phenotype affects the progression of AD. 

Although the different GPCRs tend to form dimers and oligomers, it was assumed that 

the multimeric structure of ionotropic receptors prevented the addition of more proteins 

to form macromolecular complexes with particular physiological properties. In fact, few 



examples of direct interactions between ionotropic receptors and GPCRs have been 

reported. We had previously demonstrated the interaction of a GPCR, which is a target 

for neuroprotection, the adenosine A2A receptor, and NMDAR. This complex appears to 

have a relevant role in activated microglia where these complexes, which are expressed 

in the microglia of WT animals, are markedly upregulated in cells of AD transgenic mice 

(Franco et al., 2020). 

In this report we first addressed the possibility of a direct interaction between CB2R and 

NMDAR, and the results were positive, that is, these two receptors can form complexes 

that alter the effect exerted by NMDA or CB2R agonists. This finding is remarkable and 

confirms that GPCRs that are relevant to maintaining a correct neuroprotective balance 

(the adenosine A2A receptor is a significant example ((Franco et al., 2020))) can interact 

with ionotropic receptors. Although CB2R is less abundant in neurons than the 

cannabinoid CB1 receptor, it can be found in neurons in different brain regions, and here 

we were able to find CB2-NMDA-Hets in primary hippocampal neurons (Fig. 5). In 

microglia, heteromers were present but at a lower level at resting than in activated cells; 

this is likely due to the increase in CB2R, whose expression in resting conditions was 

quite low. 

In the heterologous expression system the most noticeable property of the CB2-NMDA-

Hets was the negative cross-talk, namely simultaneous treatment with the two agonists 

led to absence of response in either the Gi/adenylate cyclase/cAMP pathway or the 

MAPK pathway. Because CB2R agonists could not, in the heteromeric context, 

significantly phosphorylate ERK1/2, the blocking effect appears to be direct, that is, due 

to intra-CB2-NMDA-Het allosteric interactions and conformational changes upon 

binding of cannabinoids to the CB2R. Perhaps the most noticeable effect was the 

reduction by CB2R agonists of the ionotropic function of the NMDAR. The cross-

antagonism found in complexes formed by two GPCRs was not found in HEK-293T cells 

expressing CB2 and NMDA receptors. This contrast with the A2AR-NMDAR couple 

properties whose structure allows detecting cross-antagonism when GPCR-GPCR 

heteromer formation is suspected (Ferré et al., 2009; Franco et al., 2018a, 2016).  

Importantly, CB2-NMDA-Hets were also detected in hippocampal neurons, although the 

glutamate/cannabinoid relationships are more complex. In WT animals, the finding 

related to Gi-coupled actions of the CB2R were similar to those found in the heterologous 

cells, basically there was a negative cross-talk. However, this cross-talk was not found in 

cells from the APPSw/Ind transgenic mice. On the one hand, these finding show that 

hippocampal neurons from WT and transgenic mice are different, already, in early steps 

of CNS development; the AD-like phenotype takes months to be detectable. On the other 

hand, the results may indicate a lack of complexes in neurons from the AD mouse model. 

The cross-antagonism detected in samples from those mice, i.e. the antagonist of one 

receptor blunted the link to the MAPK pathway and vice versa, shows that CB2-NMDA-

Hets are present. Thus the most reasonable hypothesis is that different populations of 

receptors coexist and that the CB2-NMDA-Het is one of them. This hypothesis could 

explain why NMDA does not affect the JWH-133 effect on cAMP levels; perhaps Gi-

coupled to CB2R are not interacting with NMDARs in neurons from transgenic animal or 

the CB2-NMDA-Het is not well coupled to the Gi. Remarkably, the negative cross-talk 

in the link to the MAPK pathway occurs in both neurons from WT and from APPSw/Ind 

animals. The presence of complexes was confirmed by PLA, which furthermore showed 



that the expression of the CB2-NMDA-Het increases in both microglia and neurons from 

the transgenic mice (compared with levels in WT mice). 

NMDAR is a target to combat AD. However, drugs that directly affect its function are 

not effective in the medium/long term (Lipton, 2006). Finding GPCRs that can interact 

and modulate NMDAR-mediated function holds promise for innovative treatments 

targeting neurons, microglia, or both. In the case of A2AR, impairment of NMDAR 

function by A2AR antagonists is an attractive possibility. In the present study, 

cannabinoids could provide equivalent benefits by significantly reducing the effect of 

agonists that activate NMDAR. With the exception of Δ9-tetrahydrocannabinol (THC), 

which produces CB1R-mediated psychotropic effects, most of the natural cannabinoids 

studied so far are generally safe. Additionally, there is an increased interest in 

cannabinoids as potential drugs to combat a variety of diseases (Alvarez et al., 2008; 

Fernández-Ruiz et al., 2013; van der Stelt and Di Marzo, 2005). 

A deleterious factor in neurodegenerative diseases, including AD, is excitotoxicity, that 

is, the aberrant increase in cytoplasmic Ca2+ levels after excessive stimulation of NMDAR 

by extracellular glutamate (Lewerenz and Maher, 2015). Since allosteric modulators that 

act directly on NMDAR do not provide much help to AD patients, an interacting GPCR-

mediated allosteric modulation is an attractive possibility to explore further. In the case 

of CB2R, its complex pharmacology can be an added value to find the best way to regulate 

the NMDAR function. In fact, cannabinoids show multiple modes of binding and biased 

signaling due to the wormhole-like structure of their orthosteric site and due to the 

existence of various non-orthosteric binding sites. Multiple modes of cannabinoid binding 

to CB2R lead to specific receptor conformations underlying functional selectivity (biased 

agonism) (Navarro et al., 2020) and, ultimately, differentially regulating NMDAR 

function. As an example, we have designed bitopic ligands that bind to an exosite located 

at the entrance of the structure that connects the orthosteric site with the lipid bilayer 

(Morales et al., 2020). These findings constitute a selective advantage since the 

expression of CB2-NMDA-Het increases in neurons and microglia of APPSw/Ind 

transgenic mice. 

 

Materials and Methods 

Reagents  

Lipopolysaccharide (LPS), interferon- (IFN-), JWH-133 (JWH) and SR-144528 (SR) 

were purchased from Sigma-Aldrich (St Louis, MO, USA). N-methyl-D-aspartate 

(NMDA), MK-801 (MK) and forskolin (FK) were purchased from Tocris (Bristol, UK). 

Tau and p-Tau proteins were kindly provided by Prof. J. Avila (CBM, UAM-CSIC, 

Madrid, Spain). Detailed descriptions of the elaboration and processing of proteins can 

be found elsewhere (Pérez et al., 2002; Tarutani et al., 2016) 

 

HEK-293T cells and primary cultures  

Human embryonic kidney (HEK-293T) cells were grown in Dulbecco’s modified Eagle’s 

medium (DMEM) (Gibco) supplemented with 2 mM L-glutamine, 100 μg/ml sodium 

pyruvate, 100 U/ml penicillin/streptomycin, MEM non-Essential Amino Acids Solution 

(1/100) and 5% (v/v) heat inactivated Fetal Bovine Serum (FBS) (all supplements were 

from Invitrogen, Paisley, Scotland, UK). Cells were maintained at 37 ºC in a humid 

atmosphere of 5% CO2. 



 

To prepare mice striatal primary microglial cells, brain was removed from C57BL/6 mice 

of 2–4 days of age. Microglial cells were isolated as described in (Newell et al., 2015). 

Briefly, striatum tissue was dissected, carefully stripped of its meninges and digested with 

0.25% trypsin for 20 min at 37 ºC. Trypsinization was stopped by washing the tissue. 

Cells were brought to a cell suspension by passage through 0.9 mm and 0.5 mm nails 

followed by passage through a 100 µm pore mesh. Glial cells were resuspended in 

medium and seeded at a density of 1 x 106 cells/ml in 6-well plates for cyclic adenylic 

acid (cAMP) assays, in 12-well plates with coverslips for in situ proximity ligation assays 

(PLA) and in 96-well plates for mitogen-activated protein kinase (MAPK) activation 

experiments. Cultures were grown in DMEM medium supplemented with 2 mM L-

glutamine, 100 U/ml penicillin/streptomycin, MEM non-Essential amino acids 

preparation (1/100) and 5% (v/v) heat inactivated Fetal Bovine Serum (FBS) (Invitrogen, 

Paisley, Scotland, UK) and maintained at 37ºC in humidified 5% CO2 atmosphere and, 

unless otherwise stated, medium was replaced once a week. 

 

For culturing primary neurons, the striatum from mouse embryos (E19) was removed and 

the neurons were isolated as described by Hradsky et al., 2013 (Hradsky et al., 2013) and 

plated at a density of circa 120,000 cells/cm2. Cells were grown in a neurobasal medium 

supplemented with 2 mM L-glutamine, 100 U/mL penicillin/streptomycin, and 2% (v/v) 

B27 supplement (Gibco) in a 6-, 12- or 96-well plate for 12 days. Cultures were 

maintained at 37oC in a humidified 5% CO2 atmosphere and medium was replaced every 

4–5 days. 

 

Immunodetection of specific markers (Neu N for neurons and CD-11b for microglia) 

showed that neuronal preparations contained >98% neurons and microglia preparations 

contained, at least, 98% microglial cells (Franco et al., 2018b). 

 

APPSw/Ind Transgenic Mice 

APPSw/Ind transgenic mice (line J9; C57BL/6 background) expressing human APP695 

harboring the FAD-linked Swedish (K670N/M671L) and Indiana (V717F) mutations 

under the platelet derived growth factor subunit B (PDGFB) promoter were obtained by 

crossing APPSw/Ind to nontransgenic (control) mice (Mucke et al., 2000). Control and 

APPw;Ind embryos (E16.5) were genotyped individually, and hippocampus/cortex 

dissected and prepared for microglia and neuron primary cultures as described elsewhere 

(Franco et al., 2018b; Navarro et al., 2018). All experimental procedures were conducted 

according to the approved protocols from the Animal and Human Ethical Committee of 

the Universitat Autònoma de Barcelona (CEEAH 2895) and Generalitat de Catalunya 

(10571) following the experimental European Union guidelines and regulations 

(2010/63/EU) 

 

Fusion proteins 

Human cDNAs for the GluN1 NMDA receptor subunit, for the CB2 receptor and for the 

ghrelin GHS1a receptor, all cloned into pcDNA3.1 were amplified without their stop 



codons using sense and antisense primers harboring either BamHI and HindIII restriction 

sites to amplify GluN1, BamHI and KpnI restriction sites to amplify CB2 receptor or 

EcoRI and KpnI restriction sites to amplify GHS1a receptor. Amplified fragments were 

then subcloned to be in frame with an enhanced yellow fluorescent protein (pEYFP-N1; 

Clontech, Heidelberg, Germany) or a RLuc (pRLuc-N1; PerkinElmer, Wellesley, MA) 

on the C-terminal end of the receptor to produce GluN1-RLuc, CB2R-YFP and GHSR1a-

YFP fusion proteins. 

 

Cell transfection  

HEK-293T cells were transiently transfected with the corresponding cDNA by the PEI 

(PolyEthylenImine, Sigma-Aldrich) method. Briefly, the corresponding cDNA diluted in 

150 mM NaCl was mixed with PEI (5.5 mM in nitrogen residues) also prepared in 150 

mM NaCl for 10 min. The cDNA-PEI complexes were transferred to HEK-293T cells 

and were incubated for 4 hours in a serum-starved medium. Then, the medium was 

replaced by fresh supplemented culture medium and cells were maintained at 37 ºC in a 

humid atmosphere of 5% CO2. 48 hours after transfection, cells were washed, detached, 

and resuspended in the assay buffer.  

 

Immunocytochemistry  

HEK-293T cells were seeded on glass coverslips in 12-well plates. 24 hours after, cells 

were transfected with CB2-YFP cDNA (1 µg), GluN1-RLuc cDNA (1 µg) and GluN2B 

cDNA (0.75 µg). 48 h after, cells were fixed in 4% paraformaldehyde for 15 min and 

washed twice with PBS containing 20 mM glycine before permeabilization with PBS-

glycine containing 0.2% Triton X-100 (5 min incubation). Cells were blocked during 1 

hour with PBS containing 1% bovine serum albumin. HEK-293T cells were labeled with 

a mouse anti-RLuc antibody (1/100; Millipore, Darmstadt, Germany) and subsequently 

treated with Cy3-conjugated anti-mouse (1/200; Jackson ImmunoResearch (red)) 

antibody (1 hour each). The CB2R-YFP expression was detected by the YFP’s own 

fluorescence. Nuclei were stained with Hoechst (1/100 from stock 1 mg/mL; 

SigmaAldrich). Samples were washed several times and mounted with 30% Mowiol 

(Calbiochem). 

 

Images were obtained in a Zeiss LSM 880 confocal microscope (ZEISS, Germany) with 

the 40X and 63X oil objectives. 

 

Bioluminescence resonance energy transfer (BRET) assay 

For BRET assay, HEK-293T cells were transiently cotransfected with a constant amount 

of cDNA encoding for GluN1-RLuc (0.25 μg) and GluN2B (0.15 µg) and with increasing 

amounts of cDNA corresponding to CB2R-YFP (0.25 to 1.25 μg). As negative control, 

HEK-293T cells were transiently cotransfected with a constant amount of cDNA 

encoding for GluN1-RLuc (0.25 μg) and GluN2B (0.15 µg) and with increasing amounts 

of cDNA corresponding to GHSR1a-YFP (0.25 to 1.5 μg). To control the cell number, 

sample protein concentration was determined using a Bradford assay kit (Bio-Rad, 

Munich, Germany) using bovine serum albumin (BSA) dilutions as standards. To 



quantify fluorescent proteins, cells (20 μg of total protein) were distributed in 96-well 

microplates (black plates with a transparent bottom) and fluorescence was read in a 

Fluostar Optima Fluorimeter (BMG Labtech, Offenburg, Germany) equipped with a high-

energy xenon flash lamp, using a 10 nm bandwidth excitation filter at 485 nm. For BRET 

measurements, the equivalent of 20 μg of total protein cell suspension was distributed in 

96-well white microplates with white bottom (Corning 3600, Corning, NY). BRET was 

determined one minute after adding coelenterazine H (Molecular Probes, Eugene, OR), 

using a Mithras LB 940 plate reader (Berthold Technologies, DLReady, Germany), which 

allows the integration of the signals detected in the short-wavelength filter at 485 nm and 

the long-wavelength filter at 530 nm. To quantify GluN1-RLuc expression, luminescence 

readings were obtained 10 min after the addition of 5 μM coelenterazine H. MilliBRET 

units (mBU) are defined as:  

 

mBU =  [ 
λ530(long − wavelength emission)

λ485(short − wavelength emission) 
 − Cf ] 𝑥 1000 

 

where Cf corresponds to [(long-wavelength emission)/(short-wavelength emission)] for 

the RLuc construct expressed alone in the same experiment.  

 

cAMP level determination  

The analysis of cAMP levels was performed in HEK-293T cells cotransfected with the 

cDNA for two subunits of the NMDA receptor, GluN1 (1 μg) and GluN2B (0.75 μg) 

or/and/or the cDNA for the CB2R (1 µg). Similar assays were also performed in primary 

microglia and primary neurons prepared from wild type mice or the transgenic APPSw/Ind  

AD mice model. In the case of microglia cells were first activated using 1 μM LPS and 

200 U/mL IFN-γ (48 hours). 2 hours before the experiment the medium was substituted 

by serum-starved DMEM medium. Cells growing in medium containing 50 μM 

zardaverine were distributed in 384-well microplates (2,000 HEK-293T cells or 4,000 

hippocampal neurons or microglial cells per well) followed by the stimulation with the 

NMDA and/or CB2R agonists (NMDA (15 µM) and/or JWH-133 (100 nM)) for 15 min 

before adding 0.5 μM forskolin or vehicle for an additional 15 min period. When indicated 

cells were pre-treated (15 min) with the NMDA or CB2R antagonists, respectively, MK-

801 (1 µM) or SR-144528 (1 µM). Homogeneous time-resolved fluorescence energy 

transfer (HTRF) measures were performed using the Lance Ultra cAMP kit 

(PerkinElmer). Fluorescence at 665 nm was analyzed on a PHERAstar Flagship 

microplate reader equipped with an HTRF optical module (BMG Labtech). A standard 

curve for cAMP was obtained in each experiment. 

 

MAP kinase pathway activation is measured by ERK1/2 phosphorylation  

Hippocampal neurons, microglial cells or HEK-293T cells cotransfected with the cDNA 

for the protomers of the NMDA receptor, GluN1 (1 μg) and GluN2B (0.75 μg), and/or 

with the cDNA for CB2R (1 µg) were plated in transparent Deltalab 96-well microplates. 

Primary microglial cells were activated by incubating cells with 1 μM LPS and 200 U/mL 

IFN-γ during 48 hours. Two hours before the experiment, the medium was substituted by 



serum-starved DMEM medium. Cells were treated or not for 10 min with the selective 

antagonists (MK-801 (1 µM) or SR-144528 (1 µM)) followed by 7 min treatment with 

the selective agonists (NMDA (15 µM) and/or JWH-133 (100 nM)). Cells were then 

washed twice with cold PBS before the addition of lysis buffer (15 min treatment). 10 μL 

of each supernatant were placed in white ProxiPlate 384-well microplates and ERK1/2 

phosphorylation were determined using an AlphaScreen®SureFire® kit (Perkin Elmer) 

following the instructions of the supplier and using an EnSpire® Multimode Plate Reader 

(PerkinElmer).  

Detection of cytoplasmic calcium levels 

HEK-293T cells were cotransfected with the cDNA for the protomers of the NMDA 

receptor channel GluN1 (1 μg) and GluN2B (0.75 μg), with thee cDNA for CB2R (1 µg) 

and with the cDNA for the GCaMP6 calcium sensor (1 μg) (Chen et al., 2013) by the use 

of PEI method (Section “Cell Transfection”). 48 hours after transfection, HEK-293T cells 

plated in 6-well black, clear bottom plates, were incubated with Mg2+-free Locke’s buffer 

(154 mM NaCl, 5.6 mM KCl, 3.6 mM NaHCO3, 2.3 mM CaCl2, 5.6 mM glucose, 5 mM 

HEPES, 10 µM glycine, pH 7.4). On line recordings were performed right after addition 

of agonists. When indicated cells were pre-treated with receptor antagonists for 10 min.  

Fluorescence emission intensity due to complexes GCaMP6 was recorded at 515 nm upon 

excitation at 488 nm on the EnSpire® Multimode Plate Reader for 150 s every 5 s at 100 

flashes per well.  

 

Dynamic Mass-Redistribution (DMR) label free assays  

Cell signaling was explored using an EnSpire® Multimode Plate Reader (PerkinElmer) 

by a label-free technology. Cellular cytoskeleton redistribution induced upon receptor 

activation was detected by illuminating the underside of the plate with polychromatic 

light and measured as changes in wavelength of the reflected monochromatic light. The 

magnitude of this wavelength shift (in picometers) is directly proportional to the amount 

of DMR. To determine the label free-DMR signal, 10,000 HEK-293T cells cotransfected 

with cDNAs for the protomers of the NMDA receptor channel, GluN1 (1 μg) and GluN2B 

(0.75 μg) and/or with the cDNA for the CB2R (1 µg). Similar assays were performed 

using 10,000 primary neurons from wild type or transgenic APPSw/Ind mice. Transparent 

384-well fibronectin coated microplates were used until obtaining 70-80% confluent 

monolayers (kept in the incubator for 24 h). Previous to the assay, cells were washed 

twice with assay buffer (HBSS with 20 mM HEPES, pH 7.15, 0.1% DMSO) and 

incubated in the reader with assay-buffer for 2 hours at 24°C. Hereafter, the sensor plate 

was scanned and a baseline optical signature was recorded for 10 minutes before adding 

10 μL of selective agonists (NMDA (15 µM) and/or JWH-133 (100 nM)) also dissolved 

in assay buffer. When indicated cells were pre-treated with antagonists (MK-801 (1 µM) 

or SR-144528 (1 µM); 10 μL in volume). Real time DMR responses by the were 

monitored for a minimum of 3600 s. 

 

Proximity Ligation Assay (PLA)  

Detection in natural sources of clusters formed by the NMDA and CB2 receptors was 

addressed in primary hippocampal microglia and hippocampal neurons of wild type mice 



or the transgenic APPSw/Ind mice model. Cells grown on glass coverslips, were fixed in 

4% paraformaldehyde for 15 min, washed twice with PBS containing 20 mM glycine to 

quench the aldehyde groups, permeabilized with the same buffer containing 0.05% Triton 

X-100 between 5 to 15 min and washed with PBS. After 1 hour incubation at 37°C with 

the blocking solution in a pre-heated humidity chamber, samples were incubated 

overnight at 4ºC with a mixture of a rabbit monoclonal anti-GluN1 antibody (1/100, 

ab52177, Abcam, Cambridge, UK) and a mouse monoclonal anti-CB2R antibody (1/100, 

sc-293188, Santa Cruz Biotechnology, Texas, USA). Nuclei were stained with Hoechst 

(1/100 from 1 mg/mL stock; SigmaAldrich). The antibodies were validated following the 

method in the technical brochure of the vendor with fairly similar results. Cells were 

further processed using the PLA probes detecting primary antibodies (Duolink In Situ 

PLA probe Anti-Mouse plus and Duolink In Situ PLA probe Anti-Rabbit minus) (1/5 v:v 

for 1-hour at 37ºC). Ligation and amplification were done as indicated by the supplier 

(SigmaAldrich) and cells were mounted using the mounting medium Mowiol (30%) 

(Calbiochem). To detect red dots corresponding to CB2-NMDA-Hets, samples were 

observed in a Zeiss LSM 880 confocal microscope (ZEISS, Germany) equipped with an 

apochromatic 63X oil-immersion objective, and a 405 nm and 561 nm laser lines. For 

each field of view a stack of two channels (one per staining) and 3 Z-planes with a step 

size of 1 μm were acquired. The Andy’s algorithm, a specific ImageJ macro for 

reproducible and high-throughput quantification of the total PLA foci dots and total 

nuclei, was used for data analysis (Law et al., 2017). 

 

Statistical analysis  

The data in graphs are the mean ± SEM (at least n=5). GraphPad Prism 9 software (San 

Diego, CA, USA) was used for data fitting and statistical analysis. One-way ANOVA 

followed by post-hoc Bonferroni’s test were used when comparing multiple values. When 

a pair of values were compared, the Student’s t test was used. Significant differences were 

considered when the p value was <0.05. 
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Figure legends 

 

 

Figure 1. The NMDA receptor interacts with the cannabinoid CB2 receptor in a heterologous 

expression system. Panels A-C: Immunocytochemistry performed in HEK-293T cells expressing 

CB2-YFP (A) (1 µg cDNA), that was detected by its own yellow fluorescence (green), and GluN1-

Rluc receptor (1 µg cDNA) (B), that was detected by a mouse monoclonal anti-Rluc antibody and a 

secondary Cy3-conjugated anti-mouse IgG antibody (red). Colocalization is shown in yellow (C). Cell 

nuclei were stained with Hoechst (blue). Images are taken near the bottom of the cell, i.e. it mainly 

includes the membrane in contact with the glass of the plate. Scale bar: 20 µm. Panel D: Schematic 

representation of BRET assay: the occurrence of energy transfer depends on the distance between the 

BRET donor (Rluc) and the BRET acceptor (YFP). Panel E: BRET assays were performed in HEK-

293T cells transfected with a constant amount of cDNAs for GluN1-Rluc (0.25 µg), GluN2B (0.15 

µg) and increasing amounts of cDNA for CB2R-YFP (0.25 to 1.25 µg) (black) or (as negative control) 

GHSR1aR-YFP (0.25 to 1.25 µg) (red). Values are the mean ± S.E.M. of 8 independent experiments 

performed in duplicates. 



 

Figure 2. Signaling in HEK-293T cells expressing NMDA-CB2R heteromers. HEK-293T cells 

transfected with the cDNAs for two protomers of the NMDA receptor: GluN1 (1 μg) and GluN2B 

(0.75 μg) and/or with the cDNA for the CB2R (1 µg), were treated with selective agonists (15 µM 

NMDA for NMDAR and/or 100 nM JWH-133 for CB2R). When indicated cells were pretreated with 

selective receptor antagonists (1 µM MK-801 for NMDA or 1 µM SR-144528 for CB2R). Panels A-

C: Intracellular cAMP levels were determined by TR-FRET as described in Methods. As Gi coupling 

was assessed, decreases in cAMP levels were determined in cells previously treated with 0.5 µM 

forskolin (15 min). Values are the mean ± S.E.M. of 6 independent experiments performed in 

triplicates. In cAMP one-way ANOVA followed by Bonferroni’s multiple comparison post hoc test 

were used for statistical analysis (*p < 0.05, **p < 0.01, ***p < 0.001 versus forskolin treatment). 

Panels D-F: ERK1/2 phosphorylation was analyzed using an AlphaScreen®SureFire® kit (Perkin 

Elmer). Values are the mean ± S.E.M. of 5 independent experiments performed in triplicates. One-

way ANOVA followed by Bonferroni’s multiple comparison post hoc test were used for statistical 

analysis (*p < 0.05, **p < 0.01, ***p < 0.001 versus vehicle treatment). 

 

Figure 3. DMR and intracellular calcium mobilization in HEK-293T cells expressing NMDA-

CB2R heteromers. HEK-293T cells were transfected with the cDNAs for two protomers of the 

NMDA receptor: GluN1 (1 μg) and GluN2B (0.75 μg) and/or with the cDNA for the CB2R (1 µg); for 



calcium assays cells were also transfected with the cDNA for the engineered calcium sensor, 6GCaMP 

(1 μg) (D-F). Receptors were activated using selective agonists (40 µM NMDA (for calcium detection 

assays) or 15 µM NDMA (for DMR assays) for NMDAR and/or 100 nM JWH-133 for CB2R). When 

indicated cells were pretreated with selective receptor antagonists (1 µM MK-801 for NMDA or 1 µM 

SR-144528 for CB2R). Real-time calcium-induced fluorescence or DMR readings were collected. 

Values in each figure are from a representative experiment out of 5 independently performed.  

 

 

Figure 4. Signaling in primary microglia activated with LPS and IFN-. Primary microglial cells 

were incubated for 48 h in the absence (black bars) or in the presence (white bars) of 1 µM LPS and 

200 U/mL IFN-. Cells were treated with selective agonists (15 µM NMDA for NMDA channel, 

and/or 100 nM JWH-133 for CB2R) and cAMP levels and MAPK pathway activation were 

determined. As Gi coupling was assessed, decreases in cAMP levels were determined in cells 

previously treated with 0.5 µM forskolin (15 min). When indicated cells were pretreated with selective 

receptor antagonists (1 µM MK-801 for NMDA or 1 µM SR-144528 for CB2R). Values are the mean 

± S.E.M. of 5 independent experiments performed in triplicates. One-way ANOVA followed by 

Bonferroni’s multiple comparison post hoc test were used for statistical analysis (*p < 0.05, **p < 

0.01, ***p < 0.001 versus forskolin treatment in cAMP determinations or versus vehicle treatment 

(basal) in ERK phosphorylation assays). 



 

Figure 5. NMDA-CB2R heteromer levels and functionality in APPSw/Ind neurons. Panels A-F: 

Expression of NMDA-CB2R heteromers in mouse primary neurons (A-B) and microglia (D-E) of wild 

type (A, D) and APPSw/Ind transgenic mice (B, E) as determined by PLA (see Methods) using specific 

primary antibodies against the GluN1 subunit and against the CB2R receptor. Confocal microscopy 

images (stacks of 3 consecutive panels) show heteroreceptor complexes as red clusters over Hoechst-

stained nuclei (blue). Five independent experiments were performed using, for each condition, 5 

preparations per session. Bar graphs show the amount of red dots/cell in APPSw/Ind mice and control 

animals (*p < 0.05, **p < 0.01; Student’s t test versus the control condition). Panels G-L: Primary 

neurons from control and APPSw/Ind  mice were treated with selective agonists (15 µM NMDA for 

NMDA channel, and/or 100 nM JWH-133 for CB2R) and cAMP levels (G-H), ERK1/2 

phosphorylation (Panel I-J) and DMR (K-L) assays were determined. When indicated cells were 

pretreated with selective receptor antagonists (1 µM MK-801 for NMDA or 1 µM SR-144528 for 

CB2R). Values are the mean ± S.E.M. of 5 independent experiments performed in triplicates. One-

way ANOVA followed by Bonferroni’s multiple comparison post hoc test were used for statistical 

analysis (*p < 0.05, **p < 0.01, ***p < 0.001 versus forskolin treatment in cAMP determinations or 

versus vehicle treatment (basal) in ERK phosphorylation assays). 
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4. Resumen de resultados y discusión 
 
Desde hace varios años la señalización mediada a través de GPCRs y de sus agrupaciones 
oligoméricas, que constituyen nuevas unidades funcionales, tiene un papel protagonista como diana 
farmacológica de múltiples patologías, incluidas las enfermedades neurodegenerativas. 
 
La acción de los receptores GPCR puede ser modulada de diferentes maneras dependiendo del 
contexto celular. La señalización mediada por GPCRs no sólo depende de la proteína G acoplada, 
sino de otras moléculas capaces de interactuar con el receptor y/o con la maquinaria de señalización 
(Brady and Limbird 2002).  
 
El agonismo sesgado, uno de los enfoques recientes y más prometedores para el descubrimiento de 
fármacos, es especialmente relevante para los receptores cannabinoides, cuyo desarrollo 
farmacológico se ve obstaculizado tanto por la naturaleza hidrofóbica de los agonistas como por la 
estructura particular de los receptores, resuelta para el CB1R (Hua et al. 2016, 2017) y para el CB2R 
(Li et al. 2019). 
 
El estudio del apartado 3.1 se centró, en primer lugar, en comparar en un modelo heterólogo de 
expresión el agonismo sesgado de una batería de compuestos cannabinoides sobre los receptores 
CB1 y CB2 utilizando como referencia un agonista sintético (la ACEA para células que únicamente 
expresaban el CB1R o el heterómero de receptores CB1-CB2, y el JWH-133 como referencia para 
células que expresaban únicamente el CB2R). Se demostró que todos los agonistas utilizados excepto 
el Δ9-THC, mostraban un agonismo sesgado más marcado para el CB1R que para el CB2R. Los 
resultados obtenidos relativos al Δ9-THC fueron inesperados, por un lado, el sesgo en CB1R fue similar 
al de otro compuesto psicoactivo, el CP-55940. Y, por otro lado, la acción del Δ9-THC en CB2R se 
encuentra claramente sesgada hacia la fosforilación de ERK1/2, el reclutamiento de β-arrestina y la 
redistribución dinámica de masas (DMR). Curiosamente, esta tendencia en las células que expresan 
CB2R se correlaciona con un aparente fracaso en el acoplamiento a Gαi cuando el receptor es activado 
por el Δ9-THC. Hay controversia en torno a la acción del Δ9-THC en CB2R, en algunos estudios señaliza 
a través de Gαi (Felder et al. 1995; Iwamura et al. 2001) mientras que en otros estudios, y en línea 
con nuestros resultados, el Δ9-THC no se acopla a Gαi a través de CB2R (Slipetz et al. 1995). En ellos 
se demuestra que el Δ9-THC a concentraciones entre 10 nM y 1 µM no fue capaz de inhibir los niveles 
de AMPc inducidos por la forskolina en células COS-7 y CHO transfectadas con CB2R (Bayewitch et 
al. 1995). Las posibilidades para explicar las discrepancias son, entre otras, i) la señalización 
acoplada a Gαi podría deberse a que el Δ9-THC actúa sobre el CB1R y no sobre el CB2R, ii) hay otro 
receptor que responde al Δ9-THC a través de Gαi o iii) las altas concentraciones utilizadas (por 
ejemplo, 10-50 µM (Jeon et al. 1996)) están proporcionando efectos inespecíficos que resultan en la 
disminución de los niveles de AMPc inducidos por la forskolina. Los estudios de caracterización 
funcional realizados en paralelo demostraron que el acoplamiento a la proteína Gαi no se produce en 
el caso del CB2R pero sí en el caso del CB1R, es decir, el Δ9-THC se comporta en el CB1R como un 
potente agonista completo capaz de disminuir los niveles de AMPc inducidos por la forskolina. 
 
La modulación alostérica sesgada, es decir, el agonismo sesgado en presencia de un modulador 
alostérico del CB1R fue estudiado en el estudio de (Khajehali et al. 2015). Sus resultados demostraron 
que el modulador Org27569 bloqueó principalmente los efectos mediados por Gαi. En cambio, 
Org27569 no afectó a la fosforilación de ERK inducida por algunos de los agonistas de CB1R. Del 
mismo modo en nuestros estudios en los apartados 3.1 y 3.2 analizamos el efecto modulador de los 
fitocannabinoides CBD y CBG sobre los receptores CB1 y CB2. Los resultados obtenidos destacan el 
importante papel del CBD y del CBG en la regulación de la señalización de los cannabinoides. Estudios 
recientes han demostrado que el CBD afecta a la señalización mediada por el CB1R (Laprairie et al. 
2015) y el CB2R (Martínez-Pinilla et al. 2017), probablemente mediante la unión a un sitio alostérico. 
A partir de los datos de estos dos trabajos, se deduce que el sitio alostérico de los receptores CB1 y 
CB2 tienen una localización diferente.  
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Es atractivo especular que el CBD puede estar afectando a los receptores CB1, CB2 y eventualmente 
a otros GPCRs al interactuar con las interfaces lípidicas del receptor. Esta hipótesis podría explicar 
el cúmulo de efectos reportados para el CBD; aunque en todos los casos, la unión al sitio ortostérico 
ocurre a concentraciones micromolares, es decir, demasiado elevadas para ser de relevancia 
fisiológica. Hay que tener en cuenta que la concentración de CBD utilizada en esta Tesis doctoral 
donde se observan resultados significativos fue de 100 nM. 
 
Sorprendentemente, nuestros hallazgos demuestran que la selectividad funcional inducida por los 
agonistas (Δ9-THC, PM224, Anandamida y CP55940) se reduce cuando los receptores cannabinoides 
forman complejos heteroméricos. Los resultados sugieren que el complejo heteroreceptor se 
encuentra estrechamente acoplado a la maquinaria de señalización, con menos posibilidades de 
señalización sesgada. De hecho, en las células que expresan el heterómero de receptores CB1-CB2, 
el Δ9-THC tampoco puede modificar significativamente los niveles de AMPc inducidos por la 
forskolina. En conjunto, estos resultados son importantes, ya que demuestran que existe un vínculo 
directo entre la señalización mediada por Gαi y la activación de las MAPK (Goldsmith and 
Dhanasekaran 2007), que puede ser comprometida por el Δ9-THC actuando sobre el CB1R pero no 
sobre el CB2R o sobre los complejos heterómeros CB1R-CB2R. También fue relevante el hallazgo de 
una mayor funcionalidad cuando las células que coexpresaban los dos receptores fueron pretratadas 
con el CBD. Este resultado puede explicar algunos de los datos controvertidos sobre si el 
fitocannabinoide interactúa o no con los receptores cannabinoides. Podemos concluir que la acción 
inducida por el CBD puede ser consecuencia de la unión a un sitio alostérico en ambos receptores, 
como se sugiere en los dos trabajos mencionados (Laprairie et al. 2015; Martínez-Pinilla et al. 2017). 
El efecto del CBD sobre las acciones de la anandamida en ambos receptores cannabinoides fue 
particularmente notable, potenciando el reclutamiento de ß-arrestinas.  
 
En definitiva, el descubrimiento de fármacos cannabinoides puede aprovechar la modulación de la 
selectividad funcional por parte del CBD y del CBG. 
 
Por otra parte, y de forma similar a nuestro trabajo anterior, el objetivo principal del estudio del 
apartado 3.2 era abordar comparativamente la farmacología del CBG y sus efectos sobre los 
receptores CB1 y CB2, y sobre el heterómero de receptores CB1-CB2. Se efectuaron experimentos de 
unión mediante ensayos basados en ligandos radiomarcados y no radiomarcados en el CB2R que 
indican que el CBG actúa como un ligando agonista parcial competitivo. Teniendo en cuenta nuestros 
resultados, la hipótesis más razonable es pensar que el CBG se une al centro ortostérico del CB2R. 
Cabe señalar que las diferencias en la afinidad encontradas según el tipo de ensayo pueden deberse 
al hecho de que la unión obtenida mediante fluorescencia homogénea resuelta en el tiempo (HTRF) 
se realiza en células vivas, mientras que los ensayos de unión por radioligando se realizan en 
membranas aisladas. Por otra parte, los resultados obtenidos de la unión del CBG al CB1R tienen una 
interpretación más compleja. La Ki obtenida para la unión al CB1R utilizando el [3H]-CP-55940 se 
encuentra en el rango micromolar, como ocurrió con los datos de la unión del radioligando al CB2R. 
Sin embargo, el CBG no pudo competir con la unión del [3H]-WIN-55,212-2 al CB1R. Teniendo en 
cuenta que los sitios de reconocimiento para el CP-55940 y el WIN-55,212-2 no son idénticos en el 
CB1R, una posibilidad es que el CBG se una al centro ortostérico pero mostrando parámetros de unión 
de equilibrio diferentes dependiendo del radioligando. En otras palabras, el CBG fue capaz de 
distinguir entre dos subregiones del centro ortostérico en el CB1R. En consecuencia, el CBG podría 
actuar sobre el CB1R (pero no sobre el CB2R) como modulador no competitivo alostérico, como se ha 
descrito para el CBD (Laprairie et al. 2015). Hay que considerar que la afinidad de un compuesto 
puede variar en función del contexto del receptor, por las limitaciones de la membrana, la 
heteromerización o la interacción con las proteínas G, entre otras causas.  
 
En las células HEK-293T que expresaban el CB1R, la señalización mediada por el CBG está sesgada 
hacia la vía mediada por Gαi. Esto concuerda con nuestro hallazgo de un efecto significativo en 
ensayos de DMR; ya que es frecuente que las señales de DMR se correlacionen con la alteración en 
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los niveles de AMPc en el caso de los receptores acoplados a proteínas Gαi y Gαs (Grundmann and 
Kostenis 2015a, 2015b; Hamamoto, Kobayashi, and Saito 2015). Tomando en conjunto todos los 
resultados, se puede concluir que una acción alostérica del CBG sobre el CB1R no explicaría por qué 
es capaz de promover la señalización mediada por Gαi. 
 
Por otra parte, los datos de los ensayos funcionales mediados por CB2R fueron más fáciles de 
interpretar. En primer lugar, la eficacia del CBG fue menor en comparación con los agonistas 
sintéticos selectivos y los endocannabinoides. Además, el CBG produjo un agonismo sesgado, con 
un efecto pequeño sobre los niveles de AMPc y bastante marcado en la fosforilación de ERK1/2 y el 
reclutamiento de β-arrestinas. Por lo tanto, el CBG actuó como un agonista parcial y, como tal, fue 
capaz de reducir los efectos inducidos por otros agonistas cannabinoides. Obteniendo resultados 
similares tanto a una concentración de 1 µM como a 100 nM. 
 
Debido a la compleja farmacología de los cannabinoides, los ensayos funcionales de determinación 
de AMPc intracelular, detección de fosforilación de ERK1/2, reclutamiento de ß-arrestinas y ensayos 
de la DMR se llevaron a cabo para investigar si el CBG pudiera estar ejerciendo una acción 
moduladora sobre el heterómero CB1R-CB2R. En esta Tesis se ha descrito la complejidad de la 
interacción CB1R-CB2R, mientras que en el estudio de (Callén et al. 2012) mostraron una interacción 
cruzada negativa en un sistema de expresión heterólogo, la interacción alostérica en el complejo 
CB1R-CB2R se convierte en un efecto sinérgico cuando los cultivos primarios de microglía son 
activados (tratada con LPS y IFN-γ) y en cultivos primarios de microglía de un modelo transgénico de 
la enfermedad de Alzheimer (Gemma Navarro, Borroto-Escuela, et al. 2018). Los experimentos de 
dosis respuesta realizados en nuestro estudio mostraron que el tratamiento con el CBG en ausencia 
de cualquier otro agonista, condujo a efectos aditivos/sinérgicos sobre el AMPc y en ensayos de la 
DMR. Por el contrario, en la fosforilación de ERK y el reclutamiento de β-arrestina, encontramos el 
cross-talk negativo ya descrito para este heterómero cuando se utilizan agonistas completos para 
activar los receptores (Callén et al. 2012). Estos resultados sugieren que el agonismo parcial en el 
CB2R está regulado por la presencia del CB1R. Teniendo en cuenta los resultados obtenidos, el CBG 
modula significativamente la acción endocannabinoide mediada por CB2R o CB1R-CB2R, mientras que 
los efectos son débiles en las células que expresan únicamente CB1R.  
 
En conclusión, los resultados presentados en este estudio revelan que el fitocannabinoide no 
psicotrópico CBG puede ejercer acciones beneficiosas con potencial terapéutico a través de los 
receptores cannabinoides. 
 
Se ha demostrado que algunos compuestos cannabinoides pueden unirse y activar la funcionalidad 
del receptor GPR55 (Moriconi et al. 2010). La regulación que ejerce sobre los receptores CB1 y CB2 
puede ser clave para el desarrollo de nuevas estrategias terapéuticas. Es por ello por lo que en 
nuestra investigación en los apartados 3.3 y 3.4 nos centramos en analizar la expresión de los 
complejos heteroméricos CB1-GPR55 y CB2-GPR55 en distintas regiones cerebrales en un modelo 
animal de primate. 
 
El mapeo de los receptores ionotrópicos y metabotrópicos en el SNC fue uno de los logros 
fundamentales para conocer las bases moleculares que rigen los neurotransmisores y los circuitos 
cerebrales. Del mismo modo, el mapeo de los receptores dopaminérgicos y las neuronas productoras 
de dopamina permitió proponer un primer modelo de control motor, constituido básicamente por 
neuronas dopaminérgicas en la substantia nigra, las vías de los ganglios basales (BG) y las neuronas 
de salida del BG que se proyectan al tálamo (Wooten et al. 1997). La información de entrada 
(procedente principalmente de las proyecciones glutamatérgicas corticoestriatales y tálamo-
estriatales) se procesa a nivel del cuerpo estriado a través de las neuronas espinosas medianas 
(MSN) gabaérgicas y las interneuronas estriatales (Chang and Kita 1992; Kaneko et al. 1993; Kita, 
Kosaka, and Heizmann 1990). 
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El modelo más sencillo de control motor considera dos vías estriatales, conocidas como la vía directa 
y la vía indirecta. La primera contiene neuronas que expresan receptores de dopamina D1 y se 
proyectan "directamente" a la división interna del globo pálido (GPi), y la segunda contiene neuronas 
que expresan receptores de dopamina D2 y se proyectan "indirectamente" a la división externa del 
globo pálido (GPe). El modelo también fue cuestionado por el descubrimiento de neuronas de 
proyección que contienen tanto receptores D1 como D2 y que pueden interactuar para formar 
heterómeros D1-D2 en roedores y primates (Hasbi et al. 2009; Perreault et al. 2016; Rico et al. 2017). 
Como cabría esperar, el circuito de control motor del BG es más complejo en los primates que en los 
roedores. En los seres humanos, la desregulación de todo el sistema por la falta de producción de 
dopamina, debido a la muerte progresiva de las neuronas dopaminérgicas nigroestriatales, da lugar 
a la aparición de los síntomas motores cardinales que caracterizan típicamente a la enfermedad de 
Parkinson (PD). 
 
La evidencia acumulada durante las últimas dos décadas usando modelos animales de PD sostuvo 
el potencial terapéutico de los cannabinoides como fármacos para combatir los síntomas de la PD y 
para retrasar la progresión de la enfermedad (Fernández-Ruiz, Moro, and Martínez-Orgado 2015; 
Sagredo et al. 2007) ya que los compuestos cannabinoides se dirigen al CB1R y regulan la función del 
GPR55 y, además, estos dos GPCRs pueden interactuar para formar nuevas unidades funcionales.  
 
Mediante ensayos de PLA se abordó la expresión del heterómero CB1R-GPR55 en los diferentes tipos 
neuronales existentes en el estriado del primate no humano, un animal experimental muy valioso 
para el estudio de la PD. Es necesario considerar que se requiere un mayor esfuerzo de investigación 
para determinar los posibles cambios, si los hay, en los niveles de expresión del heterómero CB1R-
GPR55 en animales parkinsonianos (con o sin disquinesia inducida por el tratamiento con la 
levodopa). Nuestros resultados muestran que el heterómero CB1R-GPR55 se expresa en todos los 
tipos de células neuronales, excepto en las interneuronas colinérgicas (ChAT+). La presencia del 
heterómero CB1R-GPR55 en las neuronas de proyección marcadas con dextrano amina biotinilada 
(BDA) indica que se expresan en las MSN que proyectan al GPi y/o al GPe. Puntualizar que en las 
neuronas de proyección, el heterómero CB1R-GPR55 se encontró en el soma de la célula, y no en las 
dendritas. Las interneuronas estriatales positivas para la parvalbúmina (PV), la calretinina (CR) y la 
óxido nítrico sintasa (nNOS) también expresaban el heterómero CB1R-GPR55. La mayor expresión de 
este heterómero se encontró en las interneuronas PV+, seguidas de las interneuronas CR+ y luego de 
las interneuronas nNOS+. 
 
La expresión generalizada del CB1R era de esperar, ya que se considera el GPCR con mayor presencia 
en las neuronas del SNC. Sin embargo, los hallazgos sobre el receptor GPR55 son muy novedosos, 
ya que no se había descrito previamente su mapeo a nivel individual. Curiosamente, se identificó el 
heterómero CB1R-GPR55 tanto en la superficie celular neuronal como en localizaciones 
intracelulares. Aunque existen muy pocos estudios que demuestren la presencia de GPCRs en 
localizaciones distintas a la superficie celular, el CB1R ha sido identificado en las mitocondrias, donde 
regula el metabolismo energético (Bénard et al. 2012; Gutiérrez-Rodríguez et al. 2018; Hebert-
Chatelain et al. 2014; Melser et al. 2017). Aunque es necesario seguir investigando y mejorando las 
técnicas que permitan describir la localización subcelular de los complejos heteroméricos de 
receptores, la localización intracelular del heterómero CB1R-GPR55 sugiere un papel funcional 
independiente del control mediado por el receptor cannabinoide de liberación de neurotransmisores 
en los terminales de los axones. 
 
Continuando con lo estudiado en las investigaciones del apartado 3.3 y 3.4 nos planteamos detectar 
si en el parkinsonismo se produce una alteración de la expresión de los heterómeros CB1R -GPR55 
y/o CB2R-GPR55.  
 
Mediante ensayos de PLA obtuvimos unos resultados que muestran que la expresión de ambos 
heterómeros fue significativamente mayor en el modelo primate tratado con el 1-metil-4-fenil1,2,3,6-
tetrahidropiridina (MPTP), para la inducción de la PD, en todos los núcleos analizados (caudado, 
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putamen y accumbens). En este modelo de PD se ha descrito el aumento de la expresión estriatal de 
forma similar para otros heterómeros formados por los receptores de dopamina D1, histamina H3 y 
NMDA (Rodríguez-Ruiz et al. 2017). También es interesante la disminución detectada de ambos 
heterómeros cuando los animales parkinsonianos se vuelven discinéticos tras el tratamiento crónico 
con levodopa; una alteración similar se ha demostrado para los complejos heteroméricos de 
A2AR/D2R/CB1R (Armentero et al. 2011; Pinna et al. 2014). Por el contrario, también hay publicaciones 
que han reportado un aumento en la expresión de ciertos heterómeros en modelos de PD que 
presentan discinesias, como por ejemplo el heterómero de receptores de dopamina D1-D3 en 
macacos discinéticos (Fuxe et al. 2015; Marcellino et al. 2008). 
 

 
 
Figura 21. Resumen gráfico: los receptores cannabinoides como posible diana terapéutica. 
 
Para el desarrollo de fármacos, el CB1R se consideró en primer lugar como mejor alternativa que el 
CB2R, debido a su mayor expresión en las neuronas. Sin embargo, los potenciales efectos 
psicotrópicos de los fármacos que actúan sobre el CB1R junto al incremento en los niveles de 
expresión del receptor CB2 en procesos inflamatorios, han llevado a centrar más la atención en el 
receptor CB2 como diana terapéutica. Nuestros resultados indicaron que, para contrarrestar el 
aumento de la expresión del receptor asociado a la PD, la intervención más adecuada sería el uso de 
antagonistas del CB1R y/o del GPR55. Mientras que el GPR55 ha sido poco abordado en el 
descubrimiento de fármacos, los graves efectos secundarios del rimonabant, un antagonista del 
CB1R, llevaron a los organismos reguladores a retirar del mercado este fármaco contra la obesidad 
(Christensen et al. 2007). Por otra parte, las miradas se centraron en CB2R basándose, 
principalmente, en su beneficiosa capacidad para regular la microglía hacia un fenotipo 
antiinflamatorio M2 (Navarro et al. 2016; Palomo-Garo et al. 2016; Price et al. 2009). En este sentido, 
pueden ser de gran utilidad los agonistas de CB2R y los moduladores alostéricos como el cannabidiol, 
un fitocannabinoide muy seguro (Fernández-Ruiz et al. 2011; Gemma Navarro, Reyes-Resina, et al. 
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2018; Pertwee 2012). A día de hoy, en lo que respecta al GPR55, es importante señalar que la afinidad, 
la potencia y la selectividad de los fitocannabinoides y cannabinoides sintéticos son inconsistentes 
entre los estudios publicados. El GPR55 muestra las características más singulares, ya que parece 
actuar principalmente a través de la familia de proteínas Gα12/13 y RhoA (Ryberg et al. 2007), pero 
también puede acoplarse a otras proteínas G (Waldeck-Weiermair et al. 2008). Utilizando diferentes 
ensayos homogéneos, (Anavi-Goffer et al. 2012) publicaron que ciertos cannabinoides pueden tanto 
activar el GPR55 como atenuar la fosforilación de ERK1/2 mediada por lisofosfatidilinositol (LPI), 
concluyendo que "los ligandos cannabinoides tienen una interacción compleja con el sistema de 
señalización LPI/GPR55" (Anavi-Goffer et al. 2012). Por ello, es necesario un mayor esfuerzo 
experimental para descifrar la forma más conveniente de abordar al GPR55 como diana terapéutica, 
es decir, comprobar que compuestos se unen con mayor eficacia al mismo, como afectan a su 
señalización y, finalmente, si su uso terapéutico es realmente eficaz y seguro.  
 
La variada farmacología a menudo reportada para CB1R y CB2R, y de manera aún más extrema para 
GPR55, hace que estos receptores sean excelentes candidatos para demostrar que la 
heteromerización influye en la farmacología y el acoplamiento a las distintas vías de señalización. En 
concreto, nuestros resultados abren nuevas perspectivas para abordar un nuevo tratamiento, no 
dopaminérgico, para los pacientes con la PD. 
 
Los avances en el conocimiento del RAS periférico han sido fundamentales para desarrollar una 
terapia exitosa para combatir la hipertensión. Por otra parte, el entendimiento del RAS en el SNC es 
todavía limitado, pero con claras implicaciones en la neurotransmisión dopaminérgica. Este hecho 
ofrece a la señalización mediada por los receptores del RAS, con un gran potencial terapéutico contra 
la PD. Así, en las investigaciones realizadas en los apartados 3.5 y 3.6 se describen las posibles 
interacciones entre los receptores del RAS AT1, AT2 y MasR, y se descifran las propiedades 
funcionales de las unidades resultantes de las interacciones receptor-receptor. Los ensayos 
realizados muestran comportamientos diferenciales en función de la vía de señalización y de las 
interacciones entre receptores. 
 
Las alteraciones del equilibrio del RAS al envejecer afectan a casi cualquier proceso fisiológico. El 
RAS es clave en la regulación de procesos homeostáticos tanto en la periferia, como en los riñones 
y los pulmones; como en el SNC, en el cerebro. El desequilibrio del RAS al envejecer se considera una 
oportunidad para intervenir utilizando ligandos de los receptores del RAS para combatir diferentes 
enfermedades. Se ha descrito como el desbalance del RAS, estrictamente regulado en condiciones 
normosaludables, supone la aparición progresiva de enfermedades como la hipertensión (Sun et al. 
2015) o la nefropatía diabética (Rubio-Ruíz et al. 2014). Además, el RAS se desregula en las 
enfermedades de Parkinson (PD) y Alzheimer (AD), siendo las enfermedades neurodegenerativas 
más frecuentes relacionadas con el envejecimiento del SNC (Hornykiewicz 2006; Oertel 1995; Rocca 
1994). 
 
Uno de los valores añadidos de cualquier terapia basada en el RAS y dirigida a la PD es la seguridad 
de los antagonistas de los receptores de angiotensina que se han utilizado durante décadas en 
pacientes hipertensos. En contraposición, una dificultad es el hecho de que no todos los fármacos 
son capaces de atravesar la barrera hematoencefálica. Se sugiere que los antagonistas ya utilizados 
en la hipertensión y capaces de atravesar la barrera hematoencefálica también podrían ser utilizados 
para la terapia de la PD (Kirik, Winkler, and Björklund 2001). Sin embargo, quedan incógnitas por 
resolver sobre los beneficios concretos que estos antagonistas pueden aportar para paliar los 
síntomas de la PD, como evitar las discinesias inducidas por la levodopa (L-DOPA) y/o retrasar la 
progresión de la enfermedad. 
 
En primer lugar, se ha descrito que los efectos globales de la señalización mediada por los receptores 
AT1 y AT2 son opuestos. En varios tejidos, la hiperactividad del receptor AT1 se ha relacionado con 
cambios proinflamatorios relacionados con el envejecimiento (Villar-Cheda et al. 2014). Por el 
contrario, la señalización mediada por AT2R se ha reportado con propiedades antiinflamatorias (Bhat 
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et al. 2019). Se han propuesto diferentes mecanismos para explicar los efectos contrarios a los 
mediados por los receptores AT1 que desencadena la activación de los receptores AT2 (Padia and 
Carey 2013; Patel and Hussain 2018). Aunque la cuestión es compleja, la expresión de AT2R en el 
cerebro aumenta en procesos inflamatorios por lo que tiene un papel relevante de este receptor en 
la regulación de la neuroinflamación, gracias a su potente función antiinflamatoria. En nuestros 
experimentos realizados con microglía estriatal activada (tratada con LPS y IFN-γ) la señalización 
mediada por las MAP quinasas se ve suprimida mediante el tratamiento combinado con agonistas 
de los receptores AT1 y AT2. 
 
Los receptores AT1, AT2 (Porrello et al. 2011) y Mas del RAS (Rabie et al. 2020), se encuentran 
expresados en los ganglios basales del estriado cerebral. Precisamente, el cuerpo estriado es la zona 
cerebral que sufre un mayor deterioro en la PD. En este sentido, en esta Tesis doctoral hemos 
focalizado el estudio del RAS hacia la búsqueda de nuevas estrategias para combatir esta 
enfermedad. 
 
Por una parte, en nuestros estudios demostramos mediante ensayos de PLA en un modelo de rata, 
la expresión del heterómero AT1R-AT2R en células estriatales y su regulación al alza correlacionada 
con la aparición de la PD y con el tratamiento posterior con la L-DOPA, el agente terapéutico más 
extendido en la PD (Hornykiewicz 2017). Del mismo modo, en nuestros resultados observamos que 
los niveles de expresión de los heterómeros que contienen MasR (AT1R-MasR y AT2R-MasR), también 
se ve incrementada en células estriatales del modelo animal de la PD en comparación a los animales 
control y, aún de forma más acusada, en animales tratados con L-DOPA. El marcado aumento de los 
heterómeros AT1R-MasR en los animales discinéticos abre nuevas vías terapéuticas para combatir 
este conocido efecto secundario de la medicación antiparkinsoniana. Es una evidencia que existe 
una alteración en la expresión de los heterómeros que contienen receptores de dopamina en la PD, 
bien en una o en diferentes etapas de la enfermedad. Por lo general, la expresión de estos 
heterómeros (por ejemplo D1R-D3R) en la discinesia es menor que en los animales con PD tratados 
con L-DOPA pero que no presentan discinesias. Estos resultados son relevantes debido al potencial 
rol de los antagonistas de la angiotensina tanto para mejorar los síntomas de la PD como para 
minimizar las discinesias inducidas por la L-DOPA. 
 
La estrategia para mejorar la fisiopatología de la PD y detener en cierta medida la progresión de la 
enfermedad es retrasar la muerte del aproximadamente 30% de las neuronas dopaminérgicas 
nigroestriatales que quedan en el momento del diagnóstico de la PD. La microglía en lo que se refiere 
a la neuroinflamación, es clave para preservar las neuronas de la muerte. La señalización mediada 
por AT1R es potenciadora del fenotipo proinflamatorio de la microglía, por lo que el bloqueo de los 
receptores AT1 se ha propuesto con el objetivo de reducir la neuroinflamación crónica (Jarrott and 
Williams 2016; Joglar et al. 2009) como la que ocurre en la PD. Hay consenso entre la comunidad 
científica que describe la activación de los receptores AT1 como perjudicial, por ejemplo, la 
hiperactivación de AT1R supone un aumento de la pérdida neuronal mediada por la microglía en el 
estado epiléptico inducido en ratas (Sun et al. 2015). Por otra parte, la activación de los receptores 
AT2 y Mas (Labandeira-Garcia et al. 2017) atenúa la activación de la microglía proinflamatoria, siendo 
por ello estos receptores beneficiosos para disminuir procesos inflamatorios exacerbados. Un 
ejemplo de estas propiedades antiinflamatorias mediadas por los receptores AT2 y Mas se describe 
en un modelo de roedor de encefalomielitis autoinmune (Valero-Esquitino et al. 2015). El informe 
(Bennion et al. 2017) demuestra que la activación del receptor AT2 en las neuronas y las células 
gliales proporciona una neuroprotección a largo plazo en el ictus, tanto por mecanismos directos 
como indirectos. Del mismo modo, las terapias relacionadas con la activación del MasR para retrasar 
la progresión de la PD deberían considerar los componentes del RAS en la microglía, con el objetivo 
final de atenuar la inflamación o sesgar la microglía hacia el fenotipo neuroprotector y 
antiinflamatorio M2 (Franco and Fernández-Suárez 2015). 
 
Uno de los hallazgos relevantes en nuestro trabajo es la incapacidad del AT2R para disminuir los 
niveles intracelulares de AMPc en las neuronas estriatales cuando se tratan con un agonista selectivo 
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(CGP-42112a). Sin embargo, y de manera notable, el receptor AT2 se volvió funcional en presencia de 
candesartán, el antagonista selectivo del AT1R. Por lo tanto, el tratamiento con antagonistas del AT1R 
en las neuronas estriatales puede conseguir dos efectos beneficiosos, que consisten en reprimir las 
señalización perjudicial mediada por el AT1R y permitir al AT2R recuperar su funcionalidad, con los 
beneficios asociados a su activación. Este fenómeno se debe a las interacciones proteína-proteína 
entre los receptores del heterómero AT1R-AT2R, donde el receptor AT1 actúa bloqueando la 
señalización de AT2 cuando están formando complejo y, al unirse el antagonista de AT1R se produce 
el desbloqueo de la funcionalidad mediada por AT2R (Hinz et al. 2018). Por otro lado, el receptor AT2 
en la microglía, forma parte de los heterómeros AT1R-AT2R y AT2R-MasR, constituyendo una diana 
prometedora para la PD debido a su elevada expresión en animales modelo de Parkinson y, incluidos 
aquellos que presentan las disquinesias inducidas por la L-DOPA. Otros estudios también avalan 
como la manipulación farmacológica de los componentes del RAS presenta un potencial terapéutico 
en la PD (Labandeira-Garcia et al. 2017). 
 
Una característica novedosa que observamos en nuestros resultados, y que también se puede 
explicar por la interacción entre receptores, es que el antagonista de MasR fue capaz de aumentar el 
pico de liberación de calcio inducido por el agonista de AT1R (Franco et al. 2007, 2018). En 
contraposición, en los resultados obtenidos en las células HEK-293T transfectadas y en la microglía 
activada, no se observa un antagonismo cruzado entre los receptores AT1 y AT2 sobre MasR en las 
neuronas estriatales. Sorprendentemente, la expresión de los heterómeros AT1R-MasR y AT2R-MasR 
en la microglía activada está vinculada a la activación de la vía MAPK con un cross-talk negativo y un 
antagonismo cruzado. En la microglía se detectó una señalización diferencial cuando se comparó la 
funcionalidad de los heterómeros AT1R-AT2R con los AT1R-MasR o con los AT2R-MasR, puesto que 
los heterómeros que expresan MasR muestran un antagonismo cruzado que no se encuentra en 
AT1R-AT2R. Esto dato es prometedor desde el punto de vista terapéutico, porque si existiera el 
antagonismo cruzado en el heterómero AT1R-AT2R, conduciría a un callejón sin salida en términos de 
neuroprotección; debido a las acciones contrarias que promueven ambos receptores de angiotensina 
(Rivas-Santisteban et al. 2020).  
 
Como en cualquier estudio centrado en una enfermedad neurodegenerativa, la base experimental 
conlleva una serie de limitaciones. Entre ellas, en nuestros estudios extrapolamos el comportamiento 
de células "adultas" al obtenido en nuestros experimentos con las células de cultivos primarios de 
ratones recién nacidos o fetos. Aunque se trata de un procedimiento habitual, es necesario tener este 
dato en consideración. Otra limitación de nuestros estudios es la variedad de tipos de células 
neurales, ya que la funcionalidad del receptor en respuesta a un determinado ligando puede variar de 
una célula a otra (Franco et al. 2018) e incluso entre los diferentes estadios de una misma 
enfermedad. 
 
En conclusión, por una parte y de forma sorprendente, podemos afirmar que en los heterómeros 
AT1R-AT2R el antagonista de AT1R libera el freno de la activación del receptor AT2 favoreciendo así 
un efecto de neuroprotección. Por otra, y como se observa en los resultados expuestos, aparece un 
incremento significativo del heterómero AT1R-MasR y del heterómero AT2R-MasR en ratas modelo de 
PD, tratadas o no con L-DOPA. Finalmente, también se ha demostrado que el receptor Mas ejerce una 
modulación significativa sobre la señalización de los receptores AT1 y AT2. Todo ello, y a pesar de 
que se requiere de una mayor investigación al respecto, convierte a estos receptores del RAS en una 
buena diana terapéutica para el desarrollo de una terapia farmacológica con posibilidades de mejorar 
la calidad de vida de los enfermos de Parkinson. 
 
Si consideramos el sistema renina-angiotensina como diana terapéutica, no podemos obviar el papel 
clave que juegan las enzimas convertidoras de angiotensinas (ACE1 y ACE2), puesto que pueden 
interactuar con los receptores del RAS y pueden modular de manera directa la concentración local 
de agonistas de los receptores RAS. Por ello nos planteamos en el estudio del apartado 3.7 investigar 
los posibles complejos formados entre la enzima ACE2 y los receptores del RAS AT1, AT2 y Mas, 
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detectando como estos complejos pueden modular la expresión a nivel de membrana y la 
funcionalidad de dichos receptores. 
 
La ACE2 ha sido identificada como un componente crítico para el proceso infectivo del SARS y otros 
coronavirus (Chen and Subbarao 2007; Kuba et al. 2005). Recientemente, esta enzima está cobrando 
una gran importancia entre la comunidad científica debido a actuar como puerta de entrada a la célula 
para el virus SARS-CoV-2, causante de la enfermedad COVID-19. Siendo, por ello, un componente 
clave en el proceso de infección (Yan et al. 2020).  
 
Como el enfoque más directo para la identificación de GPCRs que pueden estar involucrados en la 
infección de SARS-CoV-2, nos centramos en los receptores del RAS que unen el sustrato de ACE2, el 
péptido Ang II. En la investigación de (Deshotels et al. 2014) se demostró que la expresión de ACE2 
era regulada por la presencia de Ang II y dependiente de los niveles de expresión de AT1R tanto en 
células transfectadas como en un modelo de roedor. Además, los resultados de los experimentos de 
co-inmunoprecipitación sugirieron la existencia de una interacción directa entre las dos proteínas de 
la superficie celular (ACE2 y AT1R). Nuestros resultados revelaron que la ACE2 puede interactuar 
tanto con el AT1R como con el AT2R y también con el MasR, que es el receptor de la Ang (1-7), el 
producto de la degradación de la Ang II mediada por la ACE2. 
 
De manera interesante, detectamos como la expresión de ACE2 modula la señalización inducida por 
agonistas en AT1R, AT2R y MasR. Podría esperarse una modulación negativa de la señalización 
mediada por el AT1R, dado que la ACE2 degrada en última instancia el agonista endógeno, la Ang II, 
pero en nuestros resultados obtuvimos una disminución más acusada de los niveles de AMPc y del 
reclutamiento de ß-arrestinas cuando el AT1R es activado en presencia de la ACE2. Sin embargo, el 
agonista CGP-42112a utilizado para promover la señalización a través del AT2R no sufre una 
degradación por parte de la ACE2. Así, podemos concluir que la activación de los receptores AT1R y 
AT2R en células que también expresaban ACE2, induce resultados diferentes, un hallazgo que es 
consistente con las funciones fisiológicas opuestas que desempeñan estos dos receptores. No 
obstante, encontramos que la expresión de ACE2 en células que también expresaban el MasR, no 
tuvo un impacto significativo en la señalización de MasR.  
 
La expresión diferencial de los componentes del RAS en una célula determinada puede establecer su 
susceptibilidad a la infección por el SARS-CoV-2 y la aparición de una sintomatología leve a otra más 
grave del COVID-19. Nuestros resultados sugieren que las células que expresan niveles más altos de 
AT2R son más propensas a facilitar la adhesión del SARS-CoV-2 debido a la correlación con niveles 
más altos de expresión de ACE2. Serían necesarios más experimentos, preferiblemente los realizados 
con partículas infecciosas de SARS-CoV-2, para determinar si las células enriquecidas en AT2R y 
activadas por el agonista endógeno son más susceptibles a la unión del SARS-CoV-2, y para evaluar 
si los GPCRs relacionados con RAS y que forman complejos con ACE2 promueven la endocitosis 
viral. 
 
Se han detectado altos niveles de expresión de ACE2 en el pulmón, que incluye una interfaz expuesta 
al aire; la ACE2 en el pulmón humano es particularmente abundante en las células secretoras 
transitorias bronquiales (Hamming et al. 2004; Lukassen et al. 2020). El tejido pulmonar incluye tanto 
células endoteliales como epiteliales, que pueden expresar casi todos los componentes del RAS. Por 
lo tanto, el último propósito del artículo del apartado 3.7 consiste en identificar los complejos ACE2-
receptor del RAS en el pulmón y detectar la posible variación en su expresión en la etapa adulta. Estos 
estudios se desarrollaron mediante ensayos de PLA que nos permitieron encontrar como el 
aproximado 10% de las células del tejido pulmonar de ratones adultos expresaban uno o más pares 
de los heterómeros ACE2-AT1R, ACE2-AT2R y/o ACE2/MasR. Sorprendentemente, no se detectaron 
estos complejos heteroméricos en secciones de pulmón de ratón fetal. Teniendo en cuenta estos 
hallazgos, es tentador especular que el predominio de la infección leve o incluso asintomática en los 
niños expuestos al SARS-CoV-2 podría estar directamente relacionada con la ausencia de complejos 
receptor-enzima que promueven la entrada viral en las células pulmonares. En conjunto, nuestros 
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hallazgos sugieren que un mayor estudio de los complejos de receptores del RAS que contienen ACE2 
podría revelar características críticas que subyacen al mecanismo de la infección por SARS-CoV-2.  
 
En el estudio del apartado 3.8 extendimos nuestra investigación sobre el RAS a unos receptores que 
hoy en día siguen planteando muchas incógnitas, la familia de los receptores relacionados con MasR 
(Mas-related receptors). Descubrimos que la ACE2 intracelular se concentra en altos niveles en las 
mitocondrias cerebrales, y que el receptor Mas-related E (MrgE) es una diana importante para los 
péptidos Ang1-7 y alamandina, induciendo la producción de óxido nítrico (NO) mitocondrial. Además, 
los resultados sugieren que el eje mitocondrial ACE2/MrgE puede ser una nueva diana terapéutica 
para la COVID-19, ya que modula las funciones bioenergéticas mitocondriales, que suelen estar 
implicadas en la supervivencia y replicación de los virus. 
 

 
Figura 22. Resumen gráfico: implicación del sistema RAS en la infección por SARS-CoV-2 y en la 
patología del Parkinson. 
 
Los receptores del RAS también se expresan en las mitocondrias. En estos orgánulos el AT1R 
promueve la producción de superóxido a través de la activación de NOX4 mitocondrial, mientras los 
receptores AT2 (Abadir et al. 2011; Valenzuela et al. 2016) y MasR (Costa-Besada et al. 2018), tienen 
un papel antioxidante, promoviendo la producción de NO a través de la NOS mitocondrial. Hay que 
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tener en cuenta que la disponibilidad mitocondrial de la Ang (1-7) es aproximadamente tres veces 
superior a la de la Ang II (Costa-Besada et al. 2018). Sin embargo, según nuestros resultados 
encontramos que los MasR mitocondriales son notablemente menos abundantes que los receptores 
MrgE. Todo ello apunta a que el eje ACE2/Ang (1-7)/alamandina/MrgE juega un papel importante en 
la generación de NO mitocondrial y en la modulación del estrés oxidativo derivado de las 
mitocondrias, al menos a nivel neuronal. Los resultados obtenidos nos indican que el eje pro-oxidativo 
mitocondrial es el predominante en los animales envejecidos, aumentando la susceptibilidad a la 
neurodegeneración y a la muerte neuronal (Villar-Cheda et al. 2012).  
 
La infección por SARS-CoV-2 induce una desregulación perjudicial del RAS, en la que se produce una 
disminución de los niveles de ACE2 en la membrana celular y por tanto de su actividad enzimática 
(Kuba et al. 2005), dando lugar a una disminución de los niveles de la Ang (1-7) antioxidante y a un 
aumento de los niveles de la Ang II, lo que conduce a un cambio hacia la actividad prooxidativa de la 
vía Ang II/AT1R, que da lugar a estrés oxidativo, inflamación y muerte celular. Los resultados 
obtenidos sugieren que una desregulación del eje mitocondrial ACE2/MrgE (es decir, el eje 
antioxidante compensatorio intracelular) también puede desempeñar un papel importante. 
 
Normalmente se asume que la unión de la Ang 1-7 a los receptores Mas de la membrana celular es 
responsable de las respuestas antioxidantes intracelulares. En esta Tesis doctoral se ha visto que el 
tratamiento de células SH-SY5Y humanas con la espícula del SARS-CoV-2 (proteína S) induce un 
aumento de los niveles mitocondriales de superóxido. Para confirmar que la proteína S del SARS-
CoV-2 puede actuar sobre el eje ACE2/MrgE mitocondrial, tratamos mitocondrias aisladas con la 
proteína S y observamos una disminución significativa de los niveles de actividad de la ACE2 
mitocondrial. Estudios anteriores habían demostrado que los virus, incluido el SARS-CoV, modulan la 
función celular modificando los procesos mitocondriales (Boya et al. 2004; Yuan et al. 2006), y que 
los cambios en la bioenergética mitocondrial desempeñan un papel importante tanto en la replicación 
viral como en las primeras respuestas celulares a la infección viral (Silva da Costa et al. 2012).  
 
En conclusión, nuestros resultados demuestran i) la expresión de los receptores MrgE en las 
mitocondrias del cerebro, y en las neuronas dopaminérgicas en particular, ii.) que la Ang (1-7) y la 
alamandina pueden unirse a los receptores MrgE para aumentar la producción de NO, que se sabe 
que contrarresta el aumento de ROS a nivel celular y mitocondrial. iii) La proteína S del SARS-CoV-2 
puede afectar al eje mitocondrial ACE2/MrgE, provocando una desregulación del RAS y una 
disfunción mitocondrial. Así podemos concluir que la desregulación del eje mitocondrial ACE2/Ang 
(1-7)-alamandina puede desempeñar un papel importante en las respuestas oxidativas e 
inflamatorias relacionadas con el deterioro de la función de ACE2, como el observado en la 
enfermedad COVID-19.  
 
Tal y como recopilamos en nuestro artículo del apartado 3.9, los casos de COVID-19 grave conllevan 
una neumonía y resultados fatales que a menudo se correlacionan con niveles plasmáticos elevados 
de interleucina-6 (IL-6) y una tormenta de citoquinas (Zhao et al. 2017). Los niveles elevados de IL-6 
pueden deberse a una sobreproducción por parte de los macrófagos activados, así como de las 
células no inmunes. Curiosamente y, al igual que se ha observado en la infección por el VIH-1, los 
GPCRs pueden facilitar la infección viral. El receptor de quimioquinas CXCR4 fue identificado como 
correceptor del VIH-1 y como mediador de la entrada celular poco después de la identificación de 
este patógeno como agente causante del SIDA (Herrera et al. 2001). Estudios posteriores revelaron 
que la dipeptidil peptidasa-4 (CD26 o DPPIV) interactúa con el CXCR4 y es el objetivo de la 
glicoproteína de la envoltura del VIH-1 (gp120) (Aliyari Serej et al. 2017). La entrada del VIH-1 en las 
células diana implica a CXCR4, así como las interacciones con CD26/DPPIV y el agonista del receptor, 
CXCL12/SDF-1, que también es un sustrato de la enzima CD26/DPPIV. Los posibles paralelismos del 
transcurso infectivo del SARS-CoV-2 con los mecanismos de la infección por el VIH-1 nos han llevado 
a plantear como los GPCR también podrían participar activamente en el proceso de infección e 
internalización a la célula de los virus. 
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Continuando con la búsqueda de dianas terapéuticas para el tratamiento de enfermedades 
neurodegenerativas, seleccionamos al receptor A2A como objetivo de nuestras investigaciones 
debido a su alta expresión en el cerebro, por la seguridad reportada por diversas investigaciones de 
antagonistas que actúan sobre dicho receptor, así como por su alto potencial para prevenir la 
neurodegeneración (Stockwell, Jakova, and Cayabyab 2017). De hecho, la aprobación de la 
istradefilina, un antagonista selectivo de A2AR, para la terapia contra la enfermedad de Parkinson es 
un hecho en Japón y en los Estados Unidos (Kondo and Mizuno 2015; Mizuno and Kondo 2013). En 
el estudio del apartado 3.10 nos enfocamos en descubrir si la cola c-terminal del receptor A2A, 
inusualmente larga, juega un papel relevante en su funcionalidad. Otros estudios describen la 
implicación de esta cola en el bloqueo de la funcionalidad del A1R (Ferre et al. 2008) y del D2R (Ferré 
et al. 2016) cuando forman un complejo heteromérico con A2AR. 
 
En primer lugar, seleccionamos una batería de moléculas con diferentes estructuras capaces de 
unirse al A2AR. Mediante simulaciones de dinámica molecular (MD) determinamos que todos los 
compuestos ensayados se unían de forma estable al receptor. Al profundizar en la unión del ligando 
al receptor, se observó una clara tendencia en nuestros resultados, dónde la eliminación de los 
últimos 40 aminoácidos del dominio C-terminal (A2A

Δ40R) resultó en una unión más débil tanto de los 
agonistas al sitio ortostérico como del antagonista SCH-58261. 
 
A nivel de señalización, en nuestras condiciones de ensayo de determinación del AMPc intracelular, 
la adenosina, la NECA y el CGS-21680 se comportan como agonistas completos, mientras que el PSB-
0777 y el LUF-5834 únicamente como agonistas parciales del A2AR. Los ensayos de reclutamiento de 
ß-arrestinas demostraron que el PSB-0777 y la NECA son más eficientes en el reclutamiento que la 
propia adenosina y el CGS-21680. Sorprendentemente, LUF-5834, que es un agonista parcial a nivel 
de acoplamiento de proteína Gαs en el ensayo de AMPc, es tan eficiente como el CGS-21680 y la 
adenosina en el reclutamiento de ß-arrestinas. Las curvas dosis-respuesta de pERK1/2 siguen 
patrones similares a las curvas de AMPc, con las excepciones del PSB-0777 que se comporta como 
un agonista completo, y el LUF-5834 que actúa como un débil agonista parcial. Nuestros resultados, 
en concordancia con informes anteriores (Klinger et al. 2002), muestran que la señalización mediada 
por la forma truncada A2A

Δ40R no causó una alteración en el efecto máximo de los agonistas 
ensayados en las dosis-respuesta de AMPc, con la excepción del LUF5834 cuyo efecto se convirtió 
en prácticamente insignificativo en la forma truncada del receptor. El truncamiento del extremo C-
terminal proporcionó también una disminución del reclutamiento de ß-arrestinas en comparación con 
el A2AR de longitud completa. Para terminar, puntualizar que las curvas dosis-respuesta de pERK1/2 
del A2A

Δ40R fueron muy similares a las del A2AR de longitud completa. 
 
Debido a la gran relevancia farmacológica que esconde el conocimiento de la vía de señalización 
preferencial de un determinado compuesto, para minimizar al máximo sus efectos secundarios 
indeseados (Michel and Charlton 2018), se calculó la selectividad funcional de cada uno de los 
compuestos para cada una de las vías estudiadas, tomando como referencia la adenosina, el 
compuesto endógeno, y como vía de señalización principal la mediada por la proteína Gαs, es decir, 
el incremento del AMPc intracelular.  
 
El análisis realizado demuestra que la adenosina y el CGS-21680 son agonistas equilibrados con “bias 
factor” similares para las cuatro vías ensayadas, mientras que la NECA tiene factores pequeños para 
el reclutamiento ß-arrestinas y la DMR y el LUF-5834 tiene factores pequeños para todas las 
respuestas exceptuando la modulación de los niveles de AMPc intracelulares. Por el contrario, el PSB-
0777 tiene un mayor sesgo para la respuesta a pERK1/2. El truncamiento del extremo C-terminal 
hace que LUF-5834 y PSB-0777 se encuentren más equilibrados. De hecho, el LUF-5834 adquiere los 
mayores factores de sesgo para el reclutamiento de ß-arrestinas, la fosforilación de ERK1/2 y la DMR. 
Por el contrario, NECA mantiene los factores pequeños para el reclutamiento de ß-arrestinas y la 
DMR. En general, los resultados son consistentes con que el extremo C-terminal es prescindible tanto 
para el reclutamiento de la proteína G y las ß-arrestinas como para la activación de las MAPK 
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(fosforilación de ERK1/2) y la DMR, con sólo pequeñas diferencias en la señalización en comparación 
con el A2AR de longitud completa. 
 
El diferente comportamiento detectado en el reclutamiento de ß-arrestinas inducido por agonistas 
puede deberse a una inducción alternativa en los patrones de fosforilación del receptor, que dirigen 
conformaciones específicas de la ß-arrestina (Yang et al. 2015, 2017). Por otra parte, hay evidencias 
de que la señalización sesgada podría ser también una consecuencia de la cinética de unión 
(Grundmann and Kostenis 2017).  
 
Como hemos visto, existe un consenso sobre la seguridad y el potencial neuroprotector de los 
antagonistas de los receptores A2A. Los estudios farmacológicos en modelos parkinsonianos, el 
antagonismo dopamina/adenosina y el uso de ratones knock-out reforzaron la opinión de que 
dirigirse al A2AR en las neuronas estriatales podría ser útil en la terapia de la enfermedad de Parkinson 
(Fuxe et al. 2005, 2007; Gui et al. 2009). Además, este receptor también podría ser la llave para 
mejorar la fisiopatología de otras enfermedades neurodegenerativas, como la enfermedad de 
Alzheimer (AD), existiendo estudios que vinculan los primeros déficits sinápticos en el modelo de 
ratón de la AD con el receptor A2A neuronal (Viana da Silva et al. 2016). Además, estudios 
electrofisiológicos en neuronas piramidales CA1 mostraron que la activación de esos receptores de 
adenosina potenciaba las corrientes del NMDAR (Mouro et al. 2018). También se ha reportado la 
función relevante del receptor A2A en la microglía activada, característica en la AD (Angulo et al. 2006), 
donde la activación del A2AR microglial aumenta la producción de mediadores proinflamatorios 
(Saura et al. 2005). Estos resultados coinciden con el hallazgo de que el bloqueo del A2AR microglial 
reduce la neuroinflamación y, lo que es más importante, puede conducir a una mejora del deterioro 
cognitivo (Rebola et al. 2011). De hecho, está bien aceptado que los antagonistas del receptor de 
adenosina más consumidos, la cafeína presente en el café y la teofilina en el té, protegen contra la 
aparición de la AD (Eskelinen and Kivipelto 2010). En base a estos antecedentes, nos propusimos en 
nuestro estudio del apartado 3.11 determinar la posible interacción entre los receptores A2A y NMDA, 
siendo la desregulación funcional de este último uno de los mecanismos moleculares clave en la 
aparición de la AD. 
 
Aunque los diferentes GPCRs tienden a formar dímeros y oligómeros, se suponía que la estructura 
multimérica de los receptores ionotrópicos impedía la adición de más proteínas para formar 
complejos macromoleculares con propiedades fisiológicas particulares. De hecho, se han descrito 
pocos ejemplos de interacciones directas entre receptores ionotrópicos y GPCRs. Sin embargo, 
nuestros resultados muestran que, además del bloqueo de la señalización clásica del receptor A2A 
mediada por el acoplamiento a proteína Gαs, el antagonista de A2AR tiene el potencial de combatir la 
AD incidiendo en la modulación de la función de los NMDAR, cuando se encuentran formando el 
complejo heteromérico A2AR-NMDAR. Los primeros estudios que mostraban el efecto neuroprotector 
inducido por la adenosina sobre el NMDAR (Rudolphi et al. 1992) nunca se atribuyeron a una 
interacción directa entre la adenosina y los receptores ionotrópicos. Si es cierto que al menos en 
parte, la muerte neuronal en la AD, y en otras enfermedades neurodegenerativas, se debe a la 
excitotoxicidad, es decir, al exceso de glutamato que, a su vez, provoca la hiperactivación de la 
funcionalidad del NMDAR (Lewerenz and Maher 2015).  En nuestro estudio, identificamos por primera 
vez complejos de receptores A2A-NMDA con propiedades particulares. De forma interesante, se 
detectó un fenómeno de antagonismo cruzado, habitual en complejos heteroméricos GPCR-GPCR 
(Franco et al. 2016), donde los antagonistas de A2AR bloquean la sobreactivación de NMDAR.  
 
La evaluación de la expresión del complejo A2AR-NMDAR condujo a varios hallazgos relevantes. Por 
un lado, la expresión en la microglía activada era notablemente mayor que en la microglía en reposo. 
Por otra parte, la expresión en la microglía de los ratones APPSw,Ind fue mayor que la de la microglía 
de los ratones de control. Estos resultados refuerzan la hipótesis de que la microglía de ratones 
APPSw,Ind protege a las neuronas, ya que el deterioro cognitivo sólo aparece varios meses después del 
nacimiento (G Navarro et al. 2018). Por otro lado, los complejos también se expresaron en las 
neuronas del hipocampo, aunque la expresión fue similar en los ratones transgénicos y en los control, 
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por lo que habría un número significativo del NMDAR en las neuronas del hipocampo que no 
interactúa con el A2AR, que se encuentra sobreexpresado en las neuronas de animales APPSw,Ind. 
 
Aunque el interés principal de nuestro estudio se ha centrado en las neuronas, los NMDAR, como 
hemos descrito, también se expresan en las células gliales, donde desempeñan un papel fundamental 
en el mantenimiento de la homeostasis cerebral. Para continuar profundizando en nuestras 
investigaciones para intentar buscar moduladores de la funcionalidad del NMDAR decidimos estudiar 
la posible interacción entre NMDAR y CB2R en nuestro estudio del apartado 3.12. El papel 
neuroprotector y antiinflamatorio del receptor CB2 hoy día está fuera de toda duda (van der Stelt and 
Di Marzo 2005), esto nos llevo a pensar que potenciar su funcionalidad podría mejorar la 
fisiopatología de la AD, ya que se expresa en las neuronas y células de microgliales del SNC.  
 
En nuestra investigación reportamos por primera vez la interacción específica entre CB2R y NMDAR, 
es decir, la capacidad de estos dos receptores de formar complejos heteroméricos. Aunque el CB2R 
es menos abundante en las neuronas que el receptor CB1, puede encontrarse en neuronas de 
diferentes regiones del cerebro, de hecho, detectamos heterómeros CB2R-NMDAR en cultivos 
primarios de neuronas del hipocampo. En la microglía, los heterómeros se detectaron pero a un nivel 
de expresión más bajo en los cultivos en reposo en comparación con las células activadas; esto se 
debe, probablemente, al aumento de la expresión del CB2R en condiciones de neuroinflamación. 
 
En el sistema de expresión heteróloga, la propiedad más notable del heterómero CB2R-NMDAR fue el 
cross-talk negativo, es decir, el tratamiento simultáneo con los dos agonistas condujo a la ausencia 
de respuesta en la vía mediada por el acoplamiento de Gαi y en la fosforilación de las MAPK. Dado 
que los agonistas del CB2R no pudieron, en el contexto heteromérico, fosforilar significativamente las 
ERK1/2, el efecto de bloqueo parece ser directo, es decir, debido a las interacciones alostéricas entre 
los receptores y a los cambios conformacionales al unirse los cannabinoides al CB2R. Quizás el efecto 
más notable fue la reducción por parte de los agonistas del CB2R de la función ionotrópica del 
NMDAR. El antagonismo cruzado encontrado en los complejos formados por dos GPCRs no se 
encontró en las células HEK-293T que expresaban los receptores CB2 y NMDA. Este resultado 
contrasta con las propiedades que encontramos en la pareja A2AR-NMDAR, cuya estructura permite 
detectar el antagonismo cruzado entre ambos protómeros. 
 
En los heterómeros CB2R-NMDAR presentes en las neuronas de los animales WT, se detectó un cross-
talk negativo similar al observado en cultivos heterólogos. Sin embargo, este cross-talk no se 
encontró en las células de los ratones transgénicos APPSw/Ind. Por un lado, estos resultados muestran 
que las neuronas del hipocampo de los ratones WT y transgénicos son diferentes ya en las primeras 
etapas del desarrollo del SNC; el fenotipo similar al de la AD tarda meses en ser detectable. El 
antagonismo cruzado detectado en las muestras de estos ratones a nivel de fosforilación de MAPK 
demuestra que los heterómeros CB2R-NMDAR se encuentran presentes. Así, la hipótesis más 
razonable consiste en que coexisten diferentes poblaciones de los receptores y que los heterómeros 
CB2R-NMDAR son una de ellas. Esta hipótesis podría explicar por qué el NMDA no afecta al efecto 
inducido por el JWH-133 sobre los niveles de AMPc; quizás los CB2R acoplados a Gαi no están 
interactuando con los NMDARs en las neuronas del animal transgénico. Sorprendentemente, el cross-
talk negativo en el enlace con la vía de las MAPK se produce tanto en las neuronas de animales WT 
como en las de APPSw/Ind. Por otra parte, la presencia de complejos CB2R-NMDAR fue confirmada por 
ensayos de PLA, que además mostró un aumento significativo tanto en la microglía como en las 
neuronas de los ratones transgénicos, en comparación con los niveles detectados en los ratones WT.  
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Figura 23. Resumen gráfico: implicación de los complejos heteroméricos A2AR-NMDAR y CB2R-
NMDAR en la patología del Alzheimer. 

Desgraciadamente abordar una estrategia terapéutica, aunque es factible, también es una tarea 
compleja, esto es debido a que un bloqueo total del NMDAR no sería viable al ser fundamental para 
la viabilidad de las células neuronales. Por otra parte, los moduladores alostéricos del NMDAR 
actuales no están mostrando una eficacia significativa ni en los pacientes con AD ni en la 
neuroprotección (Ahmed, Haider, and Ametamey 2020) dado que los moduladores alostéricos que 
actúan directamente sobre el NMDAR no proporcionan mucha ayuda a los pacientes con AD. Así, una 
modulación alostérica mediada por un GPCR que interactúe directamente con el NMDAR es una 
posibilidad atractiva.  

En conclusión, los intentos actuales de prevenir la muerte neuronal en la AD deberían focalizarse en 
regular únicamente aquellos receptores de NMDA que se comportan de forma aberrante. En 
definitiva, los resultados de nuestro trabajo sugieren que la disminución en la funcionalidad de los 
NMDAR por parte de los antagonistas de los A2AR es una posibilidad atractiva para promover un 
efecto neuroprotector en la AD. Por otra parte, la capacidad de CB2R de regular negativamente la 
señalización mediada por NMDAR, así como el incremento en la expresión del heterómero de 
receptores NMDA-CB2 en modelo de ratón de Alzheimer abre la posibilidad de utilizar compuestos 
cannabinoides naturales, generalmente seguros, para promover los efectos beneficiosos mediados 
por CB2R para mejorar la fisiopatología de la AD.  

Teniendo en cuenta los resultados obtenidos y presentados en esta Tesis doctoral se puede concluir 
el gran potencial terapéutico, actual y futuro, que poseen los GPCRs en el tratamiento de las 
enfermedades neurodegenerativas ya sea utilizando aproximaciones directas que potencien los 
efectos beneficiosos que promueven, como el AT2R, o bien aproximaciones indirectas que busquen 
modular la acción de otros receptores clave, como el bloqueo de A2AR o CB2R sobre la señalización 
perjudicial de NMDAR. 
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5. Conclusiones

1. El CBD modula negativamente la funcionalidad de los receptores CB1 y CB2 a
concentraciones del rango nanomolar mediante su unión al sitio alostérico de los receptores
cannabinoides. A concentraciones del rango micromolar es capaz de unirse al sitio
ortostérico y activar estos receptores.

2. El CBG tiene baja afinidad por el CB1R, nuestros resultados sugieren una modulación
negativa de la señalización de este receptor mediante su unión al sitio alostérico. Por otra
parte, el CBG actúa como agonista parcial en el CB2R, exhibiendo un comportamiento
sesgado con capacidad para promover la fosforilación de ERK1/2 y el reclutamiento de β-
arrestinas.

3. Se ha detectado un aumento en la expresión de los heterómeros CB1R-GPR55 y CB2R-
GPR55 en modelo de primate de la enfermedad de Parkinson, disminuyendo su expresión en
aquellos individuos que presentan discinesias.

4. Se ha demostrado la interacción específica entre los receptores AT1 y AT2. Se observa un
cross-talk negativo al coactivar ambos receptores con Ang II y CGP-42112a. Además, el
bloqueo de AT1R con candesartan produce una potenciación en la señalización mediada por
la activación de AT2R. En cultivos primarios de microglía activada se observa una mayor
activación de AT1R y de AT2R en comparación a la microglía en reposo. Se ha detectado un
incremento de la expresión del heterómero AT1R-AT2R en el modelo animal de enfermedad
de Parkinson que no mostraba discinesias.

5. Se ha demostrado la interacción de los receptores AT1 y Mas y de los receptores AT2 y
Mas. Se observa un fenómeno de cross-talk negativo en ambos complejos. Además, se
detectó el fenómeno de cross-antagonismo unidireccional en el complejo heteromérico
AT1R-MasR pero no el heterómero AT2R-MasR. Se ha demostrado la interacción
heterotrimérica AT1R-AT2R-MasR mediante ensayos de BRET y SRET. Se ha observado una
mayor expresión de los heterómeros AT1R-MasR y AT2R-MasR en el grupo lesionado modelo
animal de enfermedad de Parkinson en comparación con el grupo control.

6. Se han demostrado las interacciones ACE2-AT1R, ACE2-AT2R y ACE2-MasR. Además, la
expresión de ACE2 moduló la señalización inducida por agonistas en AT1R, atenuándola a
nivel global, y en AT2R, atenuando la señalización mediada por Gαi y en DMR pero
potenciando la fosforilación de ERK1/2, sin embargo, no pareció afectar a la funcionalidad
de MasR. La activación de AT1R resulta en una disminución de la expresión en membrana de
la enzima ACE2, mientras que la activación de AT2R incrementa la expresión de ACE2. La
expresión de complejos ACE2-receptor del RAS es mayor en tejido pulmonar adulto en
comparación con el mismo tejido fetal.

7. Se ha detectado la expresión de MrgE en mitocondrias procedentes de homogenados
celulares de cerebro de rata. El MrgE, cuyos niveles de expresión en la mitocondria
disminuyen con la edad, tiene un claro papel antioxidante mediante la producción de óxido
nítrico.
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8. Se ha establecido que la forma trucada del extremo c-terminal del receptor A2A (A2AΔ40R)
supone una unión más débil tanto de agonistas como antagonista al receptor, aunque no
supone un impedimento para la señalización mediante el acoplamiento de proteína G o para
el reclutamiento de ß-arrestinas.

9. Se ha demostrado la interacción entre los receptores A2A, CB2R y NMDA, formando los
heterómeros A2AR-NMDAR y CB2R-NMDAR que constituyen nuevas unidades funcionales.
Mientras que el complejo A2AR-NMDAR muestra un cross-antagonismo bidireccional, el
heterómero CB2R-NMDAR se caracteriza por un fenómeno de cross-talk negativo. La
expresión de los heterómeros A2AR-NMDAR y CB2R-NMDAR aumenta significativamente en
el modelo de Alzheimer AppSw/ind en comparación con los animales control.
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