
 
 
 

 
 

 
 

 
 
 
 
 
 

Relevant Molecular and Functional G-Protein 
Coupled Receptor Interactions in 
Neuroinflammation and Addiction 

 
Interaccions moleculars i funcionals de receptors acoblats  

a proteïna G rellevants en neuroinflamació i addició 
 

Edgar Angelats Canals 
 
 
 
 

 
 

 

 

 
 

 
ADVERTIMENT. La consulta d’aquesta tesi queda condicionada a l’acceptació de les següents condicions d'ús: La difusió 
d’aquesta tesi per mitjà del servei TDX (www.tdx.cat) i a través del Dipòsit Digital de la UB (diposit.ub.edu) ha estat 
autoritzada pels titulars dels drets de propietat intel·lectual únicament per a usos privats emmarcats en activitats 
d’investigació i docència. No s’autoritza la seva reproducció amb finalitats de lucre ni la seva difusió i posada a disposició 
des d’un lloc aliè al servei TDX ni al Dipòsit Digital de la UB. No s’autoritza la presentació del seu contingut en una finestra 
o marc aliè a TDX o al Dipòsit Digital de la UB (framing). Aquesta reserva de drets afecta tant al resum de presentació de 
la tesi com als seus continguts. En la utilització o cita de parts de la tesi és obligat indicar el nom de la persona autora. 
 
 
ADVERTENCIA. La consulta de esta tesis queda condicionada a la aceptación de las siguientes condiciones de uso: La 
difusión de esta tesis por medio del servicio TDR (www.tdx.cat) y a través del Repositorio Digital de la UB (diposit.ub.edu) 
ha sido autorizada por los titulares de los derechos de propiedad intelectual únicamente para usos privados enmarcados en 
actividades de investigación y docencia. No se autoriza su reproducción con finalidades de lucro ni su difusión y puesta a 
disposición desde un sitio ajeno al servicio TDR o al Repositorio Digital de la UB. No se autoriza la presentación de su 
contenido en una ventana o marco ajeno a TDR o al Repositorio Digital de la UB (framing). Esta reserva de derechos afecta 
tanto al resumen de presentación de la tesis como a sus contenidos. En la utilización o cita de partes de la tesis es obligado 
indicar el nombre de la persona autora. 
 
 
WARNING. On having consulted this thesis you’re accepting the following use conditions:  Spreading this thesis by the TDX 
(www.tdx.cat) service and by the UB Digital Repository (diposit.ub.edu) has been authorized by the titular of the intellectual 
property rights only for private uses placed in investigation and teaching activities. Reproduction with lucrative aims is not 
authorized nor its spreading and availability from a site foreign to the TDX service or to the UB Digital Repository. Introducing 
its content in a window or frame foreign to the TDX service or to the UB Digital Repository is not authorized (framing). Those 
rights affect to the presentation summary of the thesis as well as to its contents. In the using or citation of parts of the thesis 
it’s obliged to indicate the name of the author. 



	
	
	
	
	
	
	
	
	
	

UNIVERSITAT DE BARCELONA 
FACULTAT DE BIOLOGIA 

DEPARTAMENT DE BIOQUÍMICA I BIOMEDICINA MOLECULAR 
 
 
 

RELEVANT MOLECULAR AND FUNCTIONAL G-PROTEIN COUPLED 
RECEPTOR INTERACTIONS IN NEUROINFLAMMATION AND 

ADDICTION 
 
 

INTERACCIONS MOLECULARS I FUNCIONALS DE RECEPTORS 
ACOBLATS A PROTEÏNA G RELLEVANTS EN NEUROINFLAMACIÓ I 

ADDICCIÓ 
 
 

Memòria presentada pel graduat en Biomedicina 
Edgar Angelats Canals 

per optar al grau de Doctor per la Universitat de Barcelona 
 
 

Aquesta tesi s’ha adscrit al Departament de Bioquímica i Biomedicina Molecular de la 
Universitat de Barcelona, dins del programa de doctorat de Biomedicina 

 
El treball experimental i la redacció de la present memòria han estat realitzats per Edgar 

Angelats Canals, sota la direcció del Dr. Rafael Franco Fernández i la Dra. Gemma 
Navarro Brugal. 

 
 
 
 
 

Dr. Rafael Franco Fernández     Dra. Gemma Navarro Brugal 
 
 
 
 
 

Edgar Angelats Canals 
 

 Barcelona, Juny de 2018 



 
 
 
 



	 Una	 tesi	 doctoral	 podria	 definir-se,	 en	 certa	manera,	 com	un	 camí	 que	 decidim	
recórrer.		Sens	dubte	hi	ha	moments	en	que	el	camí	fa	pujada	i	es	fa	feixuc,	tan	cert	com	
que	 en	 d’altres	moments,	 fa	 baixada	 i	 bé	 tot	 rodat.	 En	 qualsevol	 cas,	 tot	 i	 semblar	 un	
viatge	d’un	sol	protagonista	o	d’un	sol	autor,	no	pot	entendre’s	sense	tota	aquella	gent	
que	en	algun	punt	del	procés,	t’han	acompanyat,	ajudat	o	fet	gaudir	d’aquest	camí	que	
sembla	arribar	al	seu	final.		
	
	 Així	 doncs,	 amb	 la	 intenció	 de	 no	 deixar-me	 a	 ningú,	m’agradaria	 donar-vos	 les	
gràcies	a	tots	aquells	que,	d’una	manera	o	un	altra,	m’heu	ajudat	a	que	avui	sigui	jo	qui	
arribi	al	final	del	trajecte.	
	
	 En	primer	lloc,	voldria	agrair	als	directors	de	tesi,	la	confiança	dipositada	en	mi	des	
d’un	primer	moment.	Sense	aquesta	confiança,	aquest	projecte	no	hagués	estat	possible.	
Al	 Rafa,	 agrair-li	 el	 fet	 de	 tenir	 la	 porta	 del	 despatx	 sempre	 oberta,	 volent	 solucionar	
qualsevol	entrebanc	i	problema	que	sorgeixi	amb	la	major	brevetat	possible.	A	la	Gemma,	
sense	 cap	mena	de	dubte,	 agrair-li	 la	passió	que	m’ha	 contagiat	per	 aquesta	professió,	
reconeixent-li	també	els	esforços	i	l’interès	perquè	tingues	una	beca	i	pogués	realitzar	la	
tesi	al	grup.	
	
	 Tanmateix,	no	voldria	oblidar-me	de	la	resta	de	membres	sèniors	del	grup.	L’Enric,	
la	Pepi,	l’Antoni	i	el	Vicent.	Durant	aquest	camí,	he	pogut	viure	i	aprendre	de	moltíssimes	
situacions	 que	 no	 serien	 possibles	 sense	 el	 grup	 de	 Neurobiologia	 Molecular,	 al	 qual	
estaré	sempre	agraït	per	tot	aquests	anys.			
	
	 Tampoc	 voldria	 deixar-me	 alguns	 que	 fa	 temps	 que	 van	 acabar	 la	 seva	 etapa	 al	
laboratori,	com	el	Victor	i	l’Isaac.	Tinc	el	plaer	d’haver	gaudit	48	hores	al	‘camarote’,	i	això	
sense	haver	donat	sang	als	últims	vampirs	de	NBM.	Al	Marc,	qui	va	suggerir-me	la	idea	de	
fer	pràctiques	d’estiu	al	grup	on	ell	treballava	i	que	tot	plegat	ha	acabat	amb	una	tesi	al	
grup...	Mencionar	també	el	‘poli’	del	grup,	el	Dani,	i	totes	les	seves	tècniques	en	l’art	de	la	
seducció.		
	
	 Passant	a	tots	aquells	més	contemporanis,	i	amb	aquells	amb	qui	he	compartit	el	
meu	dia	a	dia	al	laboratori	durant	aquest	temps,	desitjar	sort	a	la	Estefa	en	la	nova	etapa	
que	l’espera	en	un	mesos,	i	a	la	Vero	amb	l’última	passa	que	li	queda	per	convertir-se	en	
doctora.	A	la	Jas,	recordar-li	que	haurà	de	trobar	a	algú	altre	amb	qui	inventar-se	cançons.	
Es	fa	difícil	entendre	que	diu	(‘mi	gozo	en	seis	pozos’)	o	que	li	passa	pel	cap	a	la	Jas	molts	
cops,	però	és	un	membre	 indispensable	perquè	 funcioni	el	 lab.	Gràcies	per	 tota	 l’ajuda	
que	m’has	ofert	durant	aquests	anys.	Després	mencionar	al	David,	l’Agui.	Company	de	lab	
i	de	pis.	Gràcies	per	obrir-me	les	portes	del	‘bunquer’	(les	de	les	finestres	ja	les	obro	jo,	ni	
que	sigui	per	ventilar...)	i	per	tots	els	moments	viscuts	durant	aquests	anys	(sense	guants	
per	tenir	més	‘grip’	en	parets	verticals,	peixeres	per	Copenhage	o	les	festes	a	casa...).	Què	
dir	de	la	Mireia	Medrano...	Un	exemple	com	a	científica	i	de	qui	he	après	més	del	que	ella	
pugui	imaginar.	Apart	(menys	certes	discrepàncies	futbolístiques)	amb	qui	coincideixo	en	
molts	 aspectes.	 Què,	 quan	 fem	 un	 pàdel?	 (XD)...	 La	 Mar,	 la	 paciència	 i	 bondat	
personificades	alhora	que	una	gran	companya	de	coffee	breaks	(també	una	gran	Queen	
Cobra)...	 M’ha	 encantat	 poder	 compartir	 aquests	 últims	 mesos	 colze	 a	 colze,	 mentre	
escrivíem	 la	 tesi!	A	 la	 Irene,	agrair-li	 les	moltes	coses	bones	que	han	passat	amb	ella	al	



lab.	No	sé	si	és	coincidència	o	gràcies	a	ella,	però	justament	va	ser	després	de	que	arribes	
ella	que	tots	vam	passar	de	ser	companys	de	laboratori	per	ser	amics.	A	l’Iñigo,	els	vídeos,	
bromes,	i	moments	autènticament	inversemblants	al	laboratori.	Molta	sort	Doctor	Etayo!	
A	l’altra	Mireia,	la	2.0,	molta	sort	en	el	camí	que	tot	just	comences.	A	vegades	es	fa	dur,	
però	 segur	que	amb	 la	 teva	 alegria	 te’n	 surts	 amb	 facilitat.	 També	desitjar	 sort	 al	 Rafa	
Junior,	‘Cordobés’,	el	més	‘nou’	dels	meus	contemporanis	al	lab,	i	el	més	vell	de	les	noves	
generacions.	Finalment	dins	d’aquest	grup,	no	puc	deixar-me	a	la	Patri,	lletuga	(saps	que	
és	 el	millor	 dels	molts	 ‘apodos’	 que	 t’han	 posat...).	 La	 nostra	 amistat,	 va	 patir	 serioses	
turbulències	tot	just	quan	s’enlairava,	però	d’ençà	només	ha	fet	que	millorar,	convertint-
te	en	una	part	indispensable	del	laboratori	per	mi	en	aquests	últims	mesos!	
	
	 No	 vull	 deixar-me	 d’expressar	 els	 meus	 millors	 desitjos	 per	 a	 tots	 aquells	 que	
comenceu	i	que	ara	sou	al	lab.	Caty,	Laura,	Iu,	Alejandro,	Jaume	i	companyia,	molta	sort.	
Igualment,	 m’agradaria	mencionar	 aquelles	 dues	 noies	 a	 les	 quals	 espero	 haver	 pogut	
ajudar	a	créixer	científicament.	La	primera	TFG	a	càrrec	va	ser	 la	Cristina,	una	autèntica	
princesa	sortida	de	una	pel·lícula	de	Disney.	I	la	Marta,	ara	a	l’estranger	i		obrint-se	camí.	
Que	seguiu	valorant	 la	meva	opinió	(ja	sigui	per	 feina	o	altres	coses)	m’omple	d’orgull	 i	
alegria.		
	
	 Let	me	acknowledge	to	Horst	Vogel,	Thamani	and	Catarina	all	what	they	did	during	
my	 fruitful	 stay	 in	 the	 EPFL.	 Those	 months	 were	 such	 an	 experience,	 maybe	 the	 best	
months	of	 the	entire	 thesis.	All	what	 I	 learnt	 in	 the	 lab	or	 in	 the	SyncSignal	Meeting,	 is	
knowledge	that	I	will	carry	wherever	I	go	and	definitely	will	help	me	in	a	near	future.	
	
	 En	 aquest	 apartat,	 agrair	 novament	 al	Marc,	 fer-me	 sentir	 com	 a	 casa	 a	 Suïssa.	
També	a	l’Anna	i	 la	petita	Judit,	per	obrir-me	les	portes	del	Mont	Pelerin	i	per	convertir	
els	mesos	a	Lausanne	en	una	experiència	inoblidable.		
	
	 En	aquest	camí	que	és	la	tesi,	no	tot	és	ciència.	Els	moments	per	desconectar	són	
més	que	necessaris,	I	en	aquest	sentit,	agrair	als	‘peixets’,	amics	de	tota	la	vida,	a	ajudar-
me	a	aillar-me	dels	problemes	del	dia	a	dia	científic.	Al	Marc	i	la	Cris,	per	fer-nos	partícips	
(en	certa	manera)	a	tots	de	la	seva	relació.	A	l’Hèctor,	per	portar	l’Anna	al	grup.	I	l’Anna,	
per	ser	ella,	per	ser	com	és.	També	al	Mario,	Panter,	Corrales	o	el	Muñoz	(el	més	car	de	
veure’l	però...)	per	tots	els	moments,	els	anys	junts	i	ser-hi	sempre.	A	la	Marina,	sempre	
disposada	 a	 cuinar-nos	 petites	 meravelles.	 A	 l’Albert	 agrair-li	 no	 haver-me	 venut	 cap	
hipoteca	 i	 a	 la	 Laura	 que	 no	 fugis	 corrents	 quan	 ens	 va	 conèixer	 a	 la	 Sede.	 I	 també	 al	
Pinguino,	ben	tornat!	
	
	 Vull	 agrair	 també	 a	 la	 Mar,	 Laura,	 Nago	 i	 la	 Dra.	 Sílvia	 Garcia	 Monclús,	 no	
únicament	per	no	repetir	errors	d’altres	que	no	se’n	recorden	dels	seus	amics	de	la	uni,	
sinó	perquè	sempre	és	motiu	d’alegria	recordar	moments	on	les	coses	eren	més	senzilles,	
més	fàcils	i	on	les	complicacions	menys	complexes.	Uns	grans	anys.		
	
	 Dins	 els	 agraïments	 a	 aquells	 que	 no	 són	 del	 món	 científic	 però	 que	 són	
indispensables	 i	més	que	necessaris	 per	mi,	 hi	 entra	 la	meva	 família.	Als	 qui	 els	 hi	 dec	
molt.	Sens	dubte	som	un	reflex	de	les	experiències	i	histories	viscudes,	I	en	aquest	sentit,	



sense	 tot	 el	 que	 he	 viscut	 i	 m’ha	 ensenyat	 la	meva	 família,	 no	 hagués	 pogut	 recórrer	
aquest	camí.		
	 	
	 Així	doncs,	agrair	als	tiets	i	cosins,	per	les	reunions,	dinars	i	sopars		interminables	i	
que	sempre	arranquen	més	d’un	somriure.	També	a	 la	 iaia	Fefa,	a	qui	aviat	podré	dir-li	
que	sí,	que	els	estudis	ja	els	he	acabat.	A	l’Èric	i	la	Espe,	que	són	un		exemple	i	demostren	
una	valentia	immensa	a	l’hora	de	perseguir	els	seus	somnis.	I	òbviament	als	meus	pares.	
A	 la	meva	mare,	qui	 segurament	més	 s’ha	preocupat	en	els	moments	durs	 i	 a	qui	més	
il·lusió	li	fa	aquest	moment.	Al	meu	pare,	per	el	suport	constant	i	incondicional,	i	per	tot	
el	 que	 m’ha	 ensenyat,	 potser	 sense	 que	 ell	 ho	 sàpiga	 i	 més	 del	 que	 mai	 li	 voldré	
reconèixer.	
	
	 I	ja	per	acabar,	no	puc	deixar-me	qui	ha	estat,	I	en	certa	manera	segueix	sent,	algú	
molt	important	per	a	mi.	A	la	iaia	Carmen,	a	qui	trobo	molt	a	faltar	cada	dia.	A	la	lliçó	de	
vida	que	era	passar	una	estona	amb	tu.	Per	la	teva	complicitat,	la	teva	alegria	i	la	felicitat	
amb	 que	 inundaves	 l’estança	 on	 fossis,	 independentment	 de	 la	 quina	 fos	 la	 situació.	
Perquè	res	m’enorgulleix	més	que	et	sentissis	orgullosa	de	nosaltres	 i	de	tota	la	família.	
Allà	on	siguis,	un	petó	molt	fort.		
	
	
	
	 A	tots	els	que	sortiu	en	aquestes	línies,	I	aquells	dels	quals	potser	m’he	oblidat;	de	
tot	cor,	moltes	gràcies.	
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I. INTRODUCTION 

 

 

  I.1 G PROTEIN COUPLED RECEPTORS 

 

I.1.1 General Characteristics 

 G-Protein Coupled Receptors (GPCR) or seven transmembrane domain (7-TM) 

receptors constitute the biggest and most versatile protein superfamily of membrane receptors 

involved in signal transduction. Almost a 2% of human genome codes for GPCR (Fredriksson 

et al., 2003; Jacoby et al., 2006), resulting in more than a thousand proteins, 90% of which are 

expressed in Central Nervous System (CNS) (George et al., 2002). 

 A diverse and wide range of endogenous and exogenous ligands can activate GPCRs, 

inter alia amines, glucopeptides, lipids, nucleotides, ions and even light photons. As shown in 

Figure 1, through activation of different effector proteins such as Adenylyl Cyclase (AC), 

phospholipase C (PLC) or ion channels, GPCR trigger multiple functions within the CNS and 

periphery, controlling cell survival, metabolism, cell differentiation, inflammatory and immune 

responses or neuronal transmission (Gether, 2000; Marinissen and Gutkind, 2001). Alterations in 

GPCR function or even polymorphisms in these receptors are linked to several diseases or 

disorders (Rana et al., 2001), making GPCR good candidates for drug discovery. Nowadays, it 

is estimated that the 40% of the commercialised drugs (Lu and Wu, 2016; Schlyer and Horuk, 

2006) and almost the 25% of the 200 most sold drugs are targeting and modulating GPCR 

activity (Flower, 1999; Howard et al., 2001; Marinissen and Gutkind, 2001). 

 

I.1.2 GPCR Structure 

 The first characteristic to define GPCR is that they have seven connected 

transmembrane domains that span the plasma membrane. These domains are formed by 25-

35 amino acids with a relative high degree of hydrophobicity. While the N-terminal domain of 

the protein is facing the extracellular space, the C-terminal is going to be found in the cytosol. 

The other main characteristic of these receptors is their ability to couple heterotrimeric G-

proteins, through which the receptor mainly transduces its signal. 

 In 2000, Palczewski et al. published the first GPCR crystal structure, defining the 

structure of bovine rhodopsin (Palczewski et al., 2000). With a resolution of 2.3 Å, the 

demonstration of the arrangement in seven α- helix domains forming the TM receptor core, 

with the six alternative connecting intracellular (ICL) and extracellular (ECL) loops, was 
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obtained. The integration and the conformation of the GPCR structure is done in the 

endoplasmic reticulum (ER), where the α- helixes are stabilized inside the lipid bilayer due to 

the molecule high hydrophobicity. Polar residues face the receptor core, then minimizing the 

hydrophobic interactions with the membrane, and the tertiary structure is achieved by specific 

interaction between helices that lead to the ring-shape stable conformation of the receptors. 

Finally, after the post-translational modifications and numerous steps of quality control, the 

receptors are delivered to the plasma membrane, where exert their function. 

 Several GPCR structures are now available (Rosenbaum et al., 2009; Weis and Kobilka, 

2008). The β2- adrenergic receptor (Cherezov et al., 2007) (Figure 2) or the A2A adenosine 

receptor (Jaakola et al., 2008) were among those whose structure was elucidated first. To date, 

more than a hundred crystal GPCR structures have been published (Shonberg et al., 2015; Yin et 

al., 2016). The obtain of the opsin receptor crystal structure coupled to a G-protein provide 

clues for interpret the conformational changes during signal transduction (Park et al., 2008; 

Scheerer et al., 2008). Structural advances have not only had an impact on GPCR architecture 

knowledge, but have let the concept of biased agonism evolve from a theoretical frame 

towards a realistic approach in pharmacology and drug discovery (Kenakin and Christopoulos, 

Figure I1. GPCR endogenous ligands and signalling mechanisms. A wide variety of ligands use 
GPCR to stimulate cytoplasmic and nuclear targets through heterotrimeric G-protein –dependent and 
independent pathways. Such signalling pathways regulate key biological functions such as cell 
proliferation, cell survival and angiogenesis (Dorsam and Gutkind, 2007).  
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2013; Whalen et al., 2011). Biased agonism could be described as the ability of ligands to 

stabilise different conformations of a GPCR, enabling the activation of some signalling 

pathways in detriment of others (Costa-Neto et al., 2016; Klein Herenbrink et al., 2016). Therefore, 

this new paradigm opens the possibility of generating new drugs favouring the signal 

transduction through one pathway and, at the same time, reducing the action of those 

pathways that provoke undesired side effects (Klein Herenbrink et al., 2016). To achieve this 

goal, it is necessary to understand how different ligands modify and stabilise the receptor 

structure. 

 

I.1.3 GPCR Classification 

 GPCR share structural common features, including the seven TM domains, the 

alternative ICL and ECL loops and, in most of them, two cysteine residues located in the 

ECL1 and ECL2 that form a disulphide bond with implications in packaging and stabilising 

the multiple conformations of the seven TM (Baldwin, 1994; Probst et al., 1992). Nonetheless, 

other structural characteristics of these receptors like N and C-terminus length or even the 

overall sequence homology are very diverse (Kolakowski, 1994). Due to this divergence, several 

GPCR classifications have been proposed. One of the oldest is the proposed by Kolakowski 

(Kolakowski, 1994), that gathers GPCR in six different groups according their sequence and 

structure (A to F). The families A, B and C are the biggest ones, while the families D, E and F 

are formed by few receptors (Kolakowski, 1994). 

 Family A, or rhodopsin-like family includes almost the 90% of all GPCR. The wide 

variety of receptors included in this family, that range from hormone to neurotransmitter 

receptors, make them share few homology traits. These are a palmitoylated cysteine in the C-

Figure I2. Crystal structure of the β2-adrenergic receptor coupled to a Gs protein 
(Rasmussen et al., 2011). 
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terminus that anchors the receptor at the membrane, a disulphide bond between ECL1 and 

ECL2, and the conserved amino acid residue of arginine in the Asp-Arg-Tyr (DRY) motif 

located on the cytoplasmic side of the third transmembrane domain (Probst et al., 1992), and 

believed to be involved in the receptor activation. The ligand is mainly bound to the cavity 

formed by the TM domains, although in some cases the interaction occurs at the N-terminus 

domain or at the extracellular loops (George et al., 2002; Jacoby et al., 2006).  

 The family B includes approximately 50 receptors, most of them receptors for 

hormones or neuropeptides. This family lacks of the DRY motif presented in family A, but 

contains a large N-terminus domain (100 amino acids) with multiple cysteine residues that 

form, presumably, a net of disulphide bonds (de Graaf et al., 2017; Ulrich et al., 1998).  

 Family C is characterised by a large C-terminus and N-terminus domains (500 to 600 

amino acids). According to crystallography studies with solubilised metabotropic receptor 

bound to glutamate, it was deduced that, in these receptors, ligand binding takes place in the 

N-terminal domain (Pin et al., 2003). Besides the two conserved cysteine residues that form a 

disulphide bond between ECL1 and ECL2, there is no other common trait with families A 

and B. In addition, the 3rd intracellular loop of these GPCR is short and highly conserved.  

 As mentioned above, families D and E are formed by few receptors, that include 

pheromone and yeast receptors, while the family F is composed of four cAMP receptors from 

Dictoyostelium discoideum (Kolakowski, 1994). 

 The Kolakowski system is widely accepted. However, after a phylogenetic analysis of 

mammalian GPCR genome, Fredriksson and collaborators proposed a more accurate GPCR 

classification. This classification, named GRAFS, divides GPCR in five different groups, 

gathered by common evolutionary origin, and resulting in the glutamate, rhodopsin, adhesion, 

frizzled/taste and secretin families (Fredriksson et al., 2003). The families Rhodopsin, Secretin 

and Glutamate of GRAFS classification are compatible with the Kolakowski system (families 

A, B and C respectively), although the other two families are not related to any family of 

Kolakowski system. The authors of this new classification defend that GPCRs arose from a 

Figure I3. Schematic representation of the principal GPCR families. A) Family A, rhodopsin-like. B) 
Family B. C) Family C. The highly conserved residues are indicated with red circles (George et al., 2002). 
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unique and common ancestor and through genetic duplication and other evolutionary 

mechanisms, reached the diversity and complexity that this superfamily presents nowadays.  

 

I.1.4 GPCR ligands and constitutive activation 

 Upon ligand interaction, GPCR undergo conformational changes that enable the 

transition of an inactive state of the receptor towards an active state, creating a balance 

between these two states. Sometimes, GPCR can present a constitutive activation in absence 

of ligands due to the unbalance of this equilibrium towards the active state of the receptor 

(Seifert and Wenzel-Seifert, 2002). Consequently, the exchange of the GDP to GTP and the 

activation of the downstream G-protein machinery promote a basal activation of the signalling 

pathway without the interaction with a ligand (Costa and Herz, 1989). 

 GPCR can be found with multiple conformations, implying different responses in 

each situation. These conformations are stabilised by different ligands, being the most 

responsive conformation of the receptor promoted by the interaction with a full agonist. In 

turn, partial agonists show less efficiency in stabilising the most active conformation, thus 

promoting a lower exchange of GDP to GTP and a lower activation of the signalling pathway. 

Other ligands, known as inverse agonists, stabilise the inactive state of the receptor, gradually 

reducing the basal or constitutive activation of the GPCR. Finally, antagonists do not alter the 

equilibrium between active and inactive states, while blocking other ligands to interact with 

the receptor (Figure 4).  

 Agonists and antagonists interact with the orthosteric site of the GPCR. This site is 

where the endogenous ligands physically interact with the receptor (Neubig et al., 2003).  

However, GPCR may contain multiple allosteric domains, where modulatory compounds can 

interact to regulate the response of the receptor to specific agonists. (Bridges and Lindsley, 2008; 

Figure I4. GPCR activation according to the two-state model. A) Two-state model assumes the 
isomerization of a receptor in the inactive R and active R* states. B) Action of different ligands on GPCR 
constitutive activity (Seifert and Wenzel-Seifert, 2002). 
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Leach and Gregory, 2017; May et al., 2007).   

 Even tough the agonist, inverse agonist and antagonist nomenclature for GPCR 

ligands had a great consensus, it should be revised as the concept of biased agonism is 

growing and having more adepts among pharmacologists. Hitherto, the fact that different 

ligands could stabilise a receptor in different conformations, promoting the activation of 

certain signalling pathways in detriment of others, was not taken into account (Costa-Neto et al., 

2016). According to this new paradigm, a molecule could potentially be a full agonist for a 

given signalling pathway and at the same time, act as an antagonist when analysed in another 

(van der Westhuizen et al., 2014).  Moreover, the biased agonism concept includes interactions 

affecting the subcellular localisation of the receptor (Costa-Neto et al., 2016) (Figure 5).  

Nowadays, the hot-topic within the biased agonism field relies on how the ligand efficiencies 

for a given signalling pathway should be calculated (Kenakin, 2014; van der Westhuizen et al., 

2014).		

 

I.1.5 GPCR activation and signalling pathways 

 GPCR owe their name to the capacity to interact, modulate and regulate the function 

of heterotrimeric G-proteins constituted of α (39-46 kDa), β (37 kDa) and γ (8 kDa) subunits. 

Upon ligand activation, conformational changes are transmitted through the receptor that 

Figure I5. Example of biased signalling showing the shift in efficiency of an agonist. A) Ligand A 
presents a high efficiency and acts as full agonist for signalling pathway 1, lower potency towards signalling 
pathway 2, acting as partial agonist, and has no effects in pathway 3. B) Allosteric B ligand presents a higher 
potency for signalling pathway 2 than the pathway 1. C) Even with compound A bound at the orthorsteric 
domain of the receptor, binding of the allosteric modulator C induces a biased signalling promotes the 
activation of signalling pathways 2 and 3, diminishing the activation of pathway 1 (Wooten et al., 2013). 
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enables it to act as a guanine nucleotide exchange factor (GEF), provoking a substitution of a 

GDP to GTP in the α subunit of the G-protein (Syrovatkina et al., 2016). Is accepted that the 

Gα-GTP destabilise the G-protein heterotrimer, separating then the Gα and the Gβγ subunits. 

Both Gα and Gβγ subunits are signalling molecules able to interact with different effector 

proteins and activate or inhibit a wide range of second messengers. The signal terminates 

when the intrinsic GTPase activity of Gα subunit hydrolyses the GTP producing GDP + 

phosphate (Bourne et al., 1991). The hydrolysis of the GTP catalysed by the Gα subunit is slow, 

but it can be accelerated with the interaction of RGS proteins (Syrovatkina et al., 2016). The 

Gβγ activity ends when the subunits interact again with the Gα -GDP subunit.  

 Sixteen different genes code for twenty-one Gα subunits, while six different Gβ 

subunits are coded by five genes, and there are nine Gγ subunits (Downes and Gautam, 1999).  

In mammals, the different Gα subunits were classified in four groups according their 

sequence homology and the signal cascade they activate (Milligan and Kostenis, 2006) (Figure 4). 

Gαs and Gαi families regulate the effector protein adenylyl cyclase (AC) activity. While the 

first is in charge to stimulate the AC, the latter inhibits its catalytic activity. The AC conducts 

the conversion of ATP to cAMP, which is one of the most relevant second messengers. 

cAMP is able to activate the Ser/The protein kinase A (PKA), which in turn phosphorylates 

different proteins, from ion channels and receptors to transcriptional factors that modulate 

and regulate cell function. On the other hand, Gαq/11 activates Phospholipase C β (PLCβ) 

that hydrolyses membrane phosphoinositol, generating the second messengers inositol-1,4,5 

triphosphate (IP3) and diacylgycerol (DAG). DAG activates Ser/Thr protein kinase C (PKC), 

while IP3 leads to increases in the calcium intracellular levels, another significant second 

messenger. Finally, Gα12/13 families activate Rho proteins.   

 Many GPCR responses are not mediated by conventional second messengers, but are 

result of the integration of different signalling networks and cascades, among which we can 

find MAPK or JNK Ser/Thr kinases. It has been described that MAPK activation involve a 

Brodetella Pertussis toxin sensitive G-protein (Gαi), being strongly dependent of Gβγ complexes 

(Faure et al., 1994; Koch et al., 1994; McKay and Morrison, 2007). Moreover, it was deduced that in 

the absence of tyrosine kinase receptors (RTK) ligands, GPCR activation could stimulate 
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RTK, generating mitogenic signals in a process called transactivation (Figure 6). Upon 

transactivation, RTK initiates its own the signalling cascade, via Ras, Raf, MEK and ERK 1/2 

pathway. The process is triggered by Sos recruitment towards the membrane by Gβγ subunits. 

Sos promotes the Ras exchange of GDP to GTP, being this last protein the link between 

GPCR activation and ERK phosphorylation (Chaplin et al., 2017; Marinissen and Gutkind, 2001; 

Paradis et al., 2015). Other pathways can activate Ras in a transactivation-independent manner, 

being dependent on Gαq-mediated variation in intracellular calcium concentration.  

 Phosphorylation of two serine and threonine residues separated by just one amino acid 

is required for ERK1/2 activation. The highly specialised enzyme MEK is the only enzyme 

that can phosphorylate these two residues, being considered a rate-limiting step in ERK 

activation. Ras-independent mechanisms can also activate MEK. These mechanisms include 

B-Raf, which is a kinase activated by Rap, which in turn is under the control of PKA and 

Gαs-GPCR. Activated ERK1/2 could be transferred to the nucleus where regulates, via 

phosphorylation, other kinases and transcription factors (Davis, 1995).  

 Recently, evidence of heterotrimeric G-proteins independent GPCR signalling, as well 

as RTK-transactivation independent mechanisms have been revealed (Luttrell and Lefkowitz, 

2002; Ranjan et al., 2016). These signalling implicate direct union of Src and/or β-arrestins to 

the receptors (DeWire et al., 2008). 

 

 

 

Figure I6. Representation of some GPCR signals connecting with MAPK activation (Marinissen and 
Gutkind, 2001). 



 
INTRODUCTION 

	
25 

I.1.6 Regulation of GPCR activity 

 Exposure of GPCR to ligands often results in a rapid attenuation of receptor 

responsiveness, impeding overstimulation of the signalling pathway and possible side effects 

of a persistent response. The process, named desensitisation, could be done in three different 

mechanisms: i) receptor uncoupling the G-protein due to receptor phosphorylation (Ferguson, 

2001; Golan et al., 2009; Hausdorff et al., 1989); ii) receptor internalisation to intracellular 

compartments (Ferguson, 2001; Moore et al., 2007) and iii) down-regulation of the number of 

receptors in the cell. The time-span of these processes range from seconds in the case of 

phosphorylation, to minutes for internalisation, and hours in the case of the receptor down-

regulation. The achievement of the latter mechanism is through the reduction of mRNA and 

protein synthesis, as well as degrading the existing receptors in lysosomes (Jockers et al., 1999; 

Pak et al., 1999). Moreover, the desensitisation could be complete, which implies the abolition 

of the receptor signalling, as observed in olfactory systems, or result in an attenuation of the 

maximal response of the receptor, which is the case for β2 adrenergic receptor (Thomsen et al., 

2016). 

 Regarding the first desensitisation mechanism mentioned, phosphorylation of serine 

and threonine residues of the ICL and the C-terminal domains of GPCR promote the 

uncoupling of the G-protein. This rapid covalent modification is done by second messenger- 

activated kinases (kinases A and C) and GRK (Hilger et al., 2018; Krupnick and Benovic, 1998; 

Lefkowitz et al., 1993). Second messenger-activated kinases phosphorylate ligand-activated 

GPCR, but also indiscriminately non ligand-exposed GPCR as well. In contrast, GRK family 

just phosphorylates agonist-activated receptors, enabling the binding of β-arrestins, which are 

cytosolic proteins that uncouple G-proteins (Kang et al., 2014; Kelly et al., 2008; Ranjan et al., 

2016).  

 In the internalisation process, β-arrestins enables the interaction of GRK-

phosphorylated GPCR with clathrin-mediated endocytosis (Ranjan et al., 2016) (Figure 7). 

Upon activation of the receptor, β-arrestins are translocated towards the cell membrane, 

interacting with GPCR and blocking the receptor capacity to interact with G-proteins (Kang et 

al., 2015) and engaging the clathrin-mediated endocytosis; altogether reducing the signalling 

capacity of the receptor (Kang et al., 2014). However, recent works suggest the capacity of 

family B of GPCR to interact simultaneously with G-proteins and β-arrestins (Wehbi et al., 

2013), then enabling the receptor to continually promote a signal throughout all the 

internalisation process (Thomsen et al., 2016). 
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 β-arrestins- and clathrin-independent internalisation processes of GPCR exist.  This 

mechanism involves the receptors found in cholesterol-rich plasma membrane domains 

named caveolae (Navarro et al., 2014a; Parton and del Pozo, 2013). These caveolae could 

constitute another ligand-mediated internalisation mechanism (Kong et al., 2007; Navarro et al., 

2014a; Wu et al., 2008). Moreover, caveolae are domains that enable GPCR-signalling proteins 

specific interactions, acting as signalling domains (Ostrom and Insel, 2004; Villar et al., 2016). 

 Finally, desensitisation and internalisation processes to internal compartments enable 

GPCR to signal through G-protein independent pathways (Daaka et al., 1998; Lefkowitz, 1998). 

β-arrestins do not act only in the molecular switch required for GPCR desensitisation and 

internalisation, but also function as scaffolds to transduce and compartmentalise the 

alternative signals.  In fact, β-arrestins have the ability to interact with endocytic and signalling 

proteins like c-Src (Luttrell, 2005), MAPK and Raf (DeFea et al., 2000). The endocytosis, 

indeed, could promote the de-phosphorylation of the receptor by phosphatases, either 

triggering the recycling of the GPCR back to the cell surface or leading the receptor towards 

the degradation pathway (Métayé et al., 2005).	 
 Besides the regulation of GPCR due to the internalisation and desensitisation 

processes, GPCR topology enables the heptaspanning-membrane receptors to interact with a 

wide range of proteins. Characteristics like subcellular localisation, conformation or signalling 

pathways are GPCR properties liable to be modified and regulated upon protein-protein 

interactions. Moreover, these interactions could result in complex structures able to promote 

and integrate functions (J Gingell et al., 2016; Kenakin and Miller, 2010). Cytoskeletal proteins, 

signalling proteins, ion channels and other receptors are partners of GPCR in these 

supramolecular structures (Franco et al., 2005).  

 The interactions could involve extracellular domains of the receptor. When the length 

of ECLs is short, the extracellular-GPCR interactions target the receptor N-terminal 

Figure I7. GPCR desensitisation and recycling mechanisms (Pierce and lefkowitz, 2001). 
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sequences. Growing evidence show that these extracellular interactions modify the 

pharmacological properties of the receptor. An example are the receptor activity-modifying 

proteins (RAMPs) (J Gingell et al., 2016). To date, three RAMPs have been discovered (Sexton et 

al., 2009), that affect the signalling and the pharmacology of GPCR like CRF1R (Wootten et al., 

2013) or the glucagon (Weston et al., 2015) receptors. 

 At the cytoplasmic side, the large C-terminal domain and the 3rd ICL are the main 

targets for cytosolic proteins involved in signalling, subcellular localisation or cellular 

trafficking. The cytosolic protein calmodulin (CaM) provides two examples. Due to a short 

peptide, this calcium sensor protein is able to interact with the intracellular domains of GPCR 

allowing a calcium-dependent receptor signalling. In the case of the CaM- A2A adenosine 

receptor, the C-terminal domain of the receptor is involved, while for the interaction with the 

dopamine D2 receptor, the 3rd intracellular loop of the GPCR is involved (Bofill-Cardona et al., 

2000; Navarro et al., 2009).  

 Finally, many GPCR oligomers have been described at plasma membrane level (Franco 

et al., 2016; George et al., 2002; Herrick-Davis et al., 2015; Moreno et al., 2011, 2017; Navarro et al., 

2008, 2010a). Nowadays, the capacity to form homodimers, heterodimers and oligomers of 

higher order is accepted as a common trait in GPCR biology (Bonaventura et al., 2015; Bouvier, 

2001; Cordomí et al., 2015; Ferré et al., 2009; Franco et al., 2003, 2016; Guitart et al., 2014; Navarro 

et al., 2013). Oligomerization could modify the functional properties of the receptor, as well as 

generating new ones. These mechanisms could explain the diverse pharmacology and complex 

signalling of neurotransmitter/neuroregulator receptors.  

 

 

   I.2 GPCR OLIGOMERIZATION 

 

I.2.1 GPCR Interaction 

 Traditionally, ligand-binding and signal-transduction mechanisms of GPCR were 

based on the presumption that these receptors were monomers that acted with a 1:1 

stoichiometry with G-protein. However, since the nineties, many studies have demonstrated 

GPCR oligomerization, being relevant for their regulation.  

 Indirect pharmacological evidence, like complex binding competition results, were 

interpreted for the scientific community as proofs of a cooperativity only explained by the 

formation of dimers or oligomer complexes (Franco et al., 1996; Wreggett and Wells, 1995). 

Maggio and collaborators were able to describe the dimerization of M3 muscarinic receptors 
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and the α2-adrenergic receptors by the use of chimeras. These chimeras, consisted in the first 

five transmembrane domains of one receptor and the last two of the other, and were able 

perform co-immunoprecipitation and complementation studies when transfected together. 

Moreover, independently transfected chimeras were not able to bind ligands or to signal, but 

when co-transfected, a rescue in the ligand binding and signal-transduction was obtained 

(Maggio et al., 1993). Hence, GPCR oligomerization is not limited to the physical interaction of 

identical receptors, known as homomerization, but it also embraces the interaction of 

different receptors, named heteromerization. Traditionally, dimers, which are the result of the 

union of two monomers, have been considered the simplest functional oligomeric units. 

Nowadays, crystal structures and signal-particle tracking and imaging breakthroughs, have 

provided powerful and more precise tools to unravel oligomer’s stoichiometry (Kasai and 

Kusumi, 2014).  In this regard, new oligomeric models have been proposed, and the one 

involving a tetramer is the most reliable to date (Cordomí et al., 2015). 

 Oligomerization of G-protein coupled receptors might partially explain the wide 

variety and the high diversity of the brain functions. Additionally, this phenomenon is 

important for some GPCR functions like biogenesis (Ferré, 2010; Kim et al., 2009). In some 

cases, dimerization is essential for the functionality of the receptor due to the conformation 

changes provoked by the dimerization process, which enables ligand binding at the receptor 

(Zhang et al., 2014).  

 A higher level of organization, formed by GPCR oligomers and other proteins able to 

modulate the receptors’ activity, has been described. These supramolecular complexes interact 

through and across the membrane in horizontal and vertical interactions, being distributed and 

rearranged in clusters when activated by hormones or neurotransmitters. In these clusters, 

receptors could be then directly regulated by other receptors, enzymes or proteins that 

physically interact with them, but also being indirectly modulated by other non-physically 

interacting cluster proteins, providing a higher regulation of GPCR function (Franco et al., 

2003; Thomsen et al., 2016). 

 The new challenges in G-protein receptor oligomers field lie in deciphering the 

functional role of these complexes and in understanding the formation and destruction of the 

homo-heterodimers, how are these processes regulated, and in identifying new interacting-

partners. 

 Noteworthy, GPCR oligomerization introduces a grievous concern. Nowadays, most 

of the drugs against GPCR have been designed under the premise of a monomeric function of 

the receptors (Franco et al., 2013).  The discovery of homodimerization and heterodimerization 
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casts doubts about the efficiency of the existing drugs and the need of a revaluation taking 

into account the possible interactions of the targeted receptors.  

 

I.2.2 Architecture of GPCR heteromers 

 To explain the GPCR dimerization or oligomerization processes, two different 

considerations should be taken. In case of direct interactions, a physical contact between the 

two receptors is required, while in indirect interactions; some bridge-proteins, like cytosolic 

proteins, are needed to fulfil the oligomerization process.  

 Regarding to the latter, the GPCR-intracellular domains are responsible of the 

interaction with a wide range of cytosolic proteins. Some of these proteins have been 

proposed as scaffolding proteins that contribute to create a macromolecular organization, 

enabling the interaction of different receptors and also interactions between GPCR and 

signalling proteins that modulate the receptor function (Magalhaes et al., 2012; Walther and 

Ferguson, 2015). 

 In the case of direct interactions, diverse theories have been proposed. On one hand, 

some researchers suggested that the formation of GPCR oligomers took place in the 

endoplasmic reticulum of the cell. In this case, oligomers would not necessarily be modulated 

ligand, leaving the oligomeric regulation of the GPCRs up just to ontogeny and degradation 

processes (Bouvier, 2001; Van Craenenbroeck et al., 2014). However, Bouvier and collaborators 

already suggested that given the structural complexity of GPCR superfamily, think about just a 

single interaction mechanism would not be recommended (Bouvier, 2001). On the other hand, 

some oligomer-formation theories defend the presence of the receptor at plasma membrane, 

where depending of the cell conditions, the ligand binding, post-traductional modifications or 

the plasma membrane region they are located, are going to be found in equilibrated 

monomeric or oligomeric forms (Baltoumas et al., 2016). Baltoumas and collaborators 

hypothesised about GPCR dimerization could happen due to receptor accumulation in 

cholesterol-rich plasma membrane hot spots. In the same line and defending the occurrence 

of receptor dimerization at the cell surface, some authors defend that oligomerization 

formation is due to hydrophobic disarrangements between the width of the hydrophobic 

plasma membrane and the length of the hydrophobic part of the receptor’s transmembrane 

domains. Then, if the hydrophobic part of the protein surpasses the width of the plasma 

membrane, oligomerization processes reduce the exposure of the receptor hydrophobic 

domains (Gahbauer and Böckmann, 2016). Finally, direct interactions between transmembrane 

domains or intracellular domains could be mediated by covalent interactions like disulphide 
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bonds, or non-covalent interactions, due to electrostatic and hydrophobic forces (Figure 8).  

 Different type of intermolecular interactions are involved in the formation of GPCR 

homo- and heterodimers. In the family C of GPCR, the large and cysteine residues-containing 

N-terminus domain could contribute to the dimerization of the receptors by establishment of 

disulphide bonds with the cysteine residues of the partner receptor or protomer (Miura et al., 

2005; Romano et al., 1996, 2001). In some family A receptors such angiotensin II receptor 

(Miura et al., 2005), the serotonin 5-HT4R receptor (Berthouze et al., 2007) or the acetylcholine 

M3  muscarinic receptor (Hu et al., 2012) disulphide-bonds interactions also take place in the 

N-terminus domain. In another type of interaction the C-terminus domain is fundamental, as 

presented in the homodimerization of the β2-adrenergic receptor (Salahpour et al., 2004), or in 

the coiled-coil of the GABAB1 and GABAB2 dimers (Margeta-Mitrovic et al., 2000). Finally, direct 

interactions could be mediated by ionic or hydrophobic interactions between the extracellular, 

intracellular and transmembrane domains of the receptors. The implication of transmembrane 

domains has been proposed for dopamine D2 receptors homodimerization (Guo et al., 2008; 

Ng et al., 1996),  for µ-opioid receptors (Manglik et al., 2012), the β1-adrenergic (Huang et al., 

2013) and the β2-adrenergic receptors (Parmar et al., 2017). However, all the interaction 

mechanisms proposed indicate that multiple domains could be implicated in the stabilisation 

and ensemble of GPCR dimers. 

 Nowadays, structure and crystallisation advances combined with the computational 

modelling have allowed three-dimensional models that explain the G-protein coupled receptor 

dimerization. GPCR crystal structure analyses have revealed that monomers mainly interact 

through their transmembrane domains, in head-to-head structures between the two receptors. 

The domains taking part of these interactions are the TM1, TM4, TM4/5 or TM5/6 of each 

receptor (Gonzalez et al., 2014). Thus, in the case of TM1 interactions, the TM1 of one 

receptor will face the TM1 of the other partner of the dimer. Likewise, in the TM4 

ineractions, the fourth transmembrane domain of a receptor will face the fourth 

transmembrane domain of the partner, and for TM4/5 or TM5/6 interactions, the TM4 of a 

Figure I8. Molecular determinants of GPCR dimerization (Bouvier et al., 2001). 
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receptor will interact with the TM5 of the other GPCR and vice versa, being two 

transmembrane domains of each receptor involved in the interactions. Similarly, in TM5/6 

interactions, both TM5 and TM6 of both interacting receptors are involved in the architecture 

arrangements of the dimer. It seems that the interactions between TM1 and TM4/5 are the 

most appearing interactions in crystal structures, therefore, being the most plausible in dimeric 

models (Gonzalez et al., 2014) (Figure 9). However, when the structure of the G protein is 

taken into account, very few possible structures allow GPCR operation. In this regard, the 

dimeric model involving TM5/6 domains would impede the receptor conformational changes 

that trigger G-protein signalling, suggesting that dimers involving these transmembrane 

domains would not conform functional units (Cordomí et al., 2015). Similarly, in the TM4 

interactions and according to the stoichiometric accepted model, the coupling of the α 

subunit would not be compatible, due to the fact that the G-protein subunit would collide 

with the partner receptor of the dimer (Cordomí et al., 2015). These new models have raised 

scepticism in the previous oligomer stoichiometric beliefs, and nowadays, is accepted within 

the scientific community that the stoichiometry of GPCR dimers is 2:1 (receptor: G-protein) 

(Jastrzebska et al., 2013). Moreover, many authors defend that the minimum GPCR functional 

unit would be formed for two equal receptors and a G-protein (Banères and Parello, 2003; Franco 

et al., 2013; Jastrzebska et al., 2013).  

 The dimeric models proposed by Cordomí and collaborators explain, indeed, how 

would receptors interact in order to form higher order oligomers. The most simple structures 

	

Figure I9. Three-dimensional model of GPCR of homodimer formation. Extracellular view of 
the overlapped receptor pairs of the central red receptor. The regions involved in the dimer 
formation are: TM1 (white), TM4 (grey), TM4/5 (yellow) or TM5/6 (blue) (Cordomí et al., 2015). 
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would be the head-to-head interaction of two dimers, generating a tetramer (Cordomí et al., 

2015). According to the 2:1 receptor/G-protein stoichiometry, the tetramer structure would 

potentially admit two G-proteins, both in the inner and outer protomers of the complex, 

allowing the in-in, in-out and out-out combinations (Cordomí et al., 2015). 

 

I.2.3 Techniques used to identify GPCR oligomers 

 One of the first evidence of GPCR dimerization was obtained using pharmacologic 

assays. Complex binding competition curves in radioligand binding assays suggested a possible 

oligomerization of GPCR. Cooperativity, which is a change in the intrinsic properties of a 

receptor upon interaction with a ligand, and in the case of GPCR is mostly negative, could be 

explained by ligand binding to a receptor forming homodimers, thus upon ligand binding to a 

protomer of the dimer, the regulation of the affinity characteristics of the partner receptor are 

triggered (Franco et al., 1996; Hirschberg and Schimerlik, 1994; Limbird et al., 1975; Mattera et al., 

1985; Wreggett and Wells, 1995). In addition, some results based on radioligand binding assays 

in membrane preparations expressing two investigated receptors, could be more easily 

explained if the receptors were interacting. In these cell membrane preparations, where the 

downstream signalling machinery of receptors was not present, the modulation of ligand-

binding capacity of a receptor can only be given by conformational changes in the receptors 

upon direct or indirect receptor interaction (Franco et al., 2007, 2008). In many cases, these 

interactions have been detected in native tissue, being interpreted as an evidence of in vivo 

receptor heteromers occurrence (González-Maeso et al., 2008; Marcellino et al., 2008a). 

 Another biochemical assay to study GPCR dimerization is co-immunoprecipitation. In 

1996, Hebert and collaborators used this technique to investigate the dimerization of β2-

adrenergic receptor (Hebert et al., 1996). Since then, the glutamate metabotropic mGlu5R 

(Romano et al., 1996), the δ-opioid (Cvejic and Devi, 1997) or the serotonin 5-HT2C (Herrick-Davis 

et al., 2004) receptor dimers have been described using similar strategies. In addition, co-

immunoprecipitation assays have been useful to investigate heterodimerization processes. The 

interaction of GABAB1 and GABAB2 receptors (Jones et al., 1998; Kaupmann et al., 1998) or the 

interaction of δ and κ opioid receptors (Jordan and Devi, 1999) were demonstrated with co-

immunoprecipitation analyses. Likewise, interaction of receptors for different 

neurotransmitters like adenosine A1R and dopamine D1R (Ginés et al., 2000), the adenosine 

A2AR and metabotropic glutamate mGlu5 (Ferré et al., 2002) or the cannabinoid CB1 and 

dopamine D2 (Kearn et al., 2005) heterodimers  were described with this technique.  
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 Despite its historical relevance in detecting interacting protiens, co-

immunoprecipitation assays have some drawbacks, specially in the case of membrane proteins, 

that must be solubilised with detergents. Highly hydrophobic proteins like GPCR could form 

aggregates upon incomplete solubilisation that lead to false positive results. Therefore, the 

general acceptance of these complexes awaited a direct confirmation of GPCR dimerization 

by the use of biophysical methods based on light resonance energy transfer.  

 In 1948, Theodor Förster formulated the theory of resonance energy transfer that 

postulated the phenomenon of a non-radioactive energy transfer from a chromophore in 

excited state (donor) to a close molecule that absorbs it (acceptor). Based in this concept, 

resonance energy transfer techniques could be performed in living cells expressing fusion 

proteins of the GPCR fused to donor and acceptor proteins. If both donor and acceptor 

proteins are fluorescent molecules, we will refer to this technique as Förster Resonance 

Energy Transfer (FRET) technique, meanwhile if the donor is bioluminescent and the 

acceptor is fluorescent, we will refer to it as Bioluminiscent Resonance Energy Transfer 

(BRET).  

 Two requisites must be fulfilled in order to achieve energy transfer. The first one is 

that the emission spectrums of the donor and the excitation spectrum of the acceptor must be 

overlapped, allowing part of the emitted energy from the donor excite the fluorescent 

molecule of the acceptor protein. The other requisite is the close proximity of donor and 

acceptor in space (<100 Å or 10 nm). The efficiency of energy transfer decreases with the 

sixth potency of distance (Sheng and Hoogenraad, 2007; Stryer, 1978).  

 FRET assays use different mutated variants of the Green Fluorescent Protein (GFP). 

Mutations of a given donor or acceptor have led to proteins with different excitation and 

emission spectrums. The most common fluorescent proteins used are the GFP2, which is 

exited at 400 nm and emits at 510 nm, and the Yellow Fluorescent Protein (YFP), which is 

excited at 485 nm and emits at 530 nm.  When these proteins are fused to the studied 

receptors and co-expressed at the same time, and in case that the distance between GPCRs is 

less than 10 nm, an energy transfer between the two receptors will take place, and the YFP-

specific emission at 530 nm will be measured (Gandía et al., 2008; Navarro et al., 2010a; Pfleger 

and Eidne, 2005) (Figure 10).  

 The BRET approach takes advantage of the luminescence phenomenon occurring 

naturally in marine animals such as jellyfishes like Aequorea victoria or the sea pansy Renilla 

reniformis. From this last one, Renilla luciferase (Rluc) was isolated. This protein can oxidize a 

substrate to produce light. The substrate Coelenterazine H, when catalytically oxidised, emits 



 
INTRODUCTION 

	 	
34 

at 480 nm, which allows the excitation of the YFP. In turn, the substrate Deep Blue C emits at 

400 nm, enabling the excitation of the GFP2. According to the fluorescent proteins and 

substrate used, two variants of BRET exist. When YFP and the substrate coelenterazine H are 

used, it is named BRET1, and when the chosen acceptor and the substrate are GFP2 and Deep 

Blue C respectively, it is named BRET2 (Figure 11). 

 

 The use of resonance energy transfer (RET) techniques has served to reveal several 

protein complexes. Many researchers took advantage of the phenomenon to study the 

homodimerization processes of 

adenosine A2A receptors (Canals et al., 

2004), the δ-opioid receptor (Johnston et 

al., 2011), or the β2-adrenergic (Parmar et 

al., 2017) receptor. At the same time, an 

increasing number of heteromers have 

been identified or confirmed using these 

techniques, e.g. the adenosine A1R and 

A2AR heterodimers (Ciruela et al., 2006), 

the dopamine D1R and D3R dimers 

(Marcellino et al., 2008a), the dopamine 

D1 and D2 receptor heterodimers (Pei et 

al., 2010), cannabinoid CB1R and CB2R 

heterodimers (Callén et al., 2012), 

dopamine D1 and CRF2 receptor 

heterodimer (Fuenzalida et al., 2014) or 

the A2A-D2 receptor heterodimer 

(Bonaventura et al., 2015).	 
 Despite the efficiency of these 

techniques in address GPCR dimerization, new strategies based on the RET have been 

developed lately, including photobleaching FRET or time-resolved FRET. In the latter, the 

use of fluorochromes with longer life-spans enable acceptor excitations without a persistent 

and external excitation of the donor, obtaining the energy transfer between the two receptors 

but increasing the signal-to-noise ratio (Pfleger and Eidne, 2005). With these strategies, Vilardaga 

and collaborators were able to describe a cross-talk between α2-adrenergic and µ-opioid 

receptors, where morphine binding to µ-opioid receptor entails a conformational change that 

	 	

YFP emission GFP2 emission 

510 nm 530 nm 

Emission spectrums  (FRET)  

Wavelength (nm)  

Figure I10. Schematic representation of FRET assay 
with the corresponding fluorescent protein wavelengths.  
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impedes the signalling of the norepinephrine through the α2-adrenergic receptor (Vilardaga et 

al., 2008). 

 The techniques described 

above enable the detection of two 

interacting proteins. However, the 

CNS complexity required the 

development of more advanced 

techniques. In this regard, Carriba and 

collaborators developed the sequential 

resonance energy transfer (SRET). 

This approach takes advantage of 

BRET and FRET techniques to 

perform a BRET2 assay, where Rluc 

capable to excite a GFP2 protein, and 

use this excited GFP2 as a donor to 

consecutively excite a YFP, therefore 

sequentially performing a BRET2 and 

a FRET. The principal advantage of 

SRET is that enables the study of 

trimeric complexes (Carriba et al., 2008). The discovery of new mutations and development of 

new fluorescent proteins has increased the SRET possibilities, allowing a sequential BRET1 

and a FRET between the YFP and a DsRed protein (that is excited at 530 nm and emits at 

590 nm), or directly two sequential FRET, the first between GFP2 and YFP, and the latter 

between YFP and DsRed. 

  In turn, molecular complementation strategies, like the bimolecular fluorescent 

complementation (BiFC) or the bimolecular luminescence complementation (BiLC), are based 

Figure I11. Schematic representation of BRET1 and BRET2 
techniques. 

> 6 nm < 6 nm 

Figure I12. Schematic representation of Bimolecular Fluorescence Complementation technique 
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on the reconstitution of the fluorescent sYFP or Venus (nYFP and cYFP) or the 

bioluminiscent Rluc8 protein. These proteins are constituted by two different fragments, that 

upon interaction, can generate fluorescence in the case of sYFP or Venus, or have enzymatic 

activity in the case of RLuc8 (Hu et al., 2002; Paulmurugan and Gambhir, 2003). The 

reconstitution of the protein fragments just can happen if the distance between them is less 

than 6 nm (Figure 12). Despite BiFC and BiLC enable the detection of dimeric structures, the 

study of tetramer structures is possible upon the simultaneously use of BiFC and BiLC 

techniques (Bonaventura et al., 2015).	 
 Nowadays, technical advances have also reached the microscopy field. Such 

breakthroughs have brought along the development of the Total Internal Reflection 

Fluorescence (TIRF) technique. This microscopy technique takes advantage of the optical 

properties of light for, upon employing the appropriate settings, illuminate and obtain 

information of thin focal planes (Poulter et al., 2015). Depending on the settings utilised, focal 

planes of <200 nm width can be observed with this microscope. This provides a better signal-

to-noise ratio that enables the study of membrane protein diffusion or focal adhesion 

phenomenon, among others. In this line, several studies have put their focus on study the 

GPCR properties (Delgado-Peraza et al., 2016; Gidon et al., 2016). Noteworthy, TIRF techniques 

can be applied to heteromer studies providing stoichiometry details of the receptor oligomers 

and the diffusion properties of the oligomers. Upon employing fluorescently labelled GPCR, 

and photobleaching the fluorescent particles of a given focal plane, it is possible to infer how 

many the fluorescent particles are present in a given cluster of protomers. After the utilisation 

of proper algorithms the stoichiometry of the heteromer could be known (Navarro et al., 

2016a). Interestingly, it is also possible to record the trajectories of the receptors change and 

whether they change upon heteromerization. For instance, it may occur that a given receptor 

with Brownian diffusion in the cell surface gets a confined movement upon heteromer 

formation. These relevant aspects of GPCR biology could be addressed with TIRF 

microscopy (Navarro et al., 2016a). 

 The major drawback of the techniques presented above is that are used in 

heterologous expression systems. Hence, new strategies are needed to study protein-protein 

interactions in native tissue. In this regard, the most relevant approach available is the in situ 

Proximity Ligation Assay (PLA), developed by Fredriksson and collaborators. This technique 

requires primary antibodies directed against the proteins of interest. Once the antibodies are 

bind to their targets, two PLA probes are added. These PLA probes are secondary antibodies 

that contain an oligonucleotide. With the use of a ligase, the nucleotides linked to the 
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antibodies can form a circular DNA chain that, thanks to a polymerase and labelled 

nucleotides, can be amplified (Fredriksson et al., 2002). The resulting punctuation of the 

protein-protein interactions could be analysed, then, with the use of a fluorescence 

microscope (Figure 13). This may occur if the two receptors are very close; in fact, if the 

positive red punctuation of a positive PLA is obtained, it is assumed that the two receptors are 

directly interacting.  

  

I.2.4 Functional consequences of GPCR oligomerization 

 Receptor dimerization has been found to play a key role in regulation at several levels, 

including traffic to the cell surface or even conferring to the receptors new pharmacological 

and signalling properties. Although the physiological relevance of all the oligomerization 

processes is not fully understand, the studies performed in heterologous systems have 

provided interesting clues. For instance, dimerization could be implicated in GPCR 

ontogenesis, having a role in controlling protein folding and targeting newly synthesised 

receptors to the cell surface. Likewise, oligomerization could interfere in the endocytosis, 

recycling and/or degradation of GPCR. Regarding agonist binding, oligomerization can 

confer new pharmacological properties, since ligand binding to a receptor could influence the 

ligand binding to the second receptor of the dimer (Ferré et al., 2007; Franco et al., 2008). 

Finally, another aspect worth to be mentioned is that oligomerization processes can modify 

the signalling pathways of a receptor, since ligand activation of one receptor could lead to an 

allosteric modulation of the other partner of the complex, due to conformational changes in 

the heteromer signalling that may be potentiated, attenuated or even skewed towards the 

coupling of a non-cognate G-protein.  

 Metabotropic GABABR heterodimers provide a compelling example of how GPCR 

oligomerization might be important in receptor folding and transport to the cell surface. In 

1998, three simultaneous studies (Jones et al., 1998; Kaupmann et al., 1998; White et al., 1998) 

demonstrated that co-expression of the two GABAB receptor isoforms, GABAB1 and 

GABAB2, were required for a functional GABABR formation at the cell surface. The GABAB1 

Figure I13. Schematic view of the PLA technique procedure (abnova.com). 
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isoform is unable to reach the cell surface, being retained at the endoplasmic reticulum as an 

immature glycoprotein.  Contrarily, the GABAB2 isoform is expressed at the cell plasma 

membrane, but unable to neither bind ligands nor to signal. Only when the two receptors 

were co-expressed, heteromers are formed and found at cell surface showing their 

characteristic function. In fact, GABAB2 acts as an essential chaperone for the correct folding 

and for targeting of GABAB1 isoform at cell membrane. Moreover, GABAB1 is unable to 

signal when expressed alone, suggesting that the functional unit of the receptor should be the 

heterodimer (Margeta-Mitrovic et al., 2000).  

 Oligomerization also has a fey role in maturation or targeting to the cell membrane of 

vasopressin V2 receptor homodimers or the chemokine receptor CCR5 dimers. Truncated 

forms of the receptors retained the corresponding homodimers at intracellular level, leading to 

insipid nephrogenic diabetes (Benkirane et al., 1997) or a slow appearing of AIDS effects (Zhu 

and Wess, 1998). Moreover, it is assumed that biogenesis of many oligomers and receptor-

receptor interactions of family A of GPCRs already occur in the early stages of receptor 

folding and processing at the ER or the Golgi apparatus, and then traffic as dimers to the 

plasma membrane. This could constitute a quality checkpoint for the newly synthesised 

receptors (Herrick-Davis et al., 2006). Once in the membrane, the GPCR heteromers form 

functional entities able to couple G-protein and signal, exhibiting pharmacological and 

functional properties that differ from the ones displayed by the receptors in monomeric state 

(Bulenger et al., 2005; Franco et al., 2013). 

 In the same line, oligomerization may also affect GPCR internalisation and 

desensitisation. This is the case of somatostatin receptors. SSTR1 possesses resistance to 

agonist-induced internalization; however, thanks to the interaction with SSTR5, internalisation 

of the heterodimer occurs upon ligand activation of the receptors (Rocheville et al., 2000). 

 Oligomerization might also regulate the signalling properties of the receptors. The 

modulation κ- and δ-opioid receptor dimer was the first case described. Upon 

heterodimerization and combined agonist treatment, the functional properties of the receptor 

change and result in a synergic potentiation of the receptors’ signalling (Gomes et al., 2000). 

 The case of the κ and δ opioid receptor heteromers was the first described with 

different properties compared with the receptors in monomeric state. Since then, multiple 

studies have suggested diverse modulation mechanisms where properties of a given GPCR 

change upon ligand binding in the other receptor of the oligomer. Dopamine and adenosine 

receptor heteromers provide multiple examples for negative cooperativity between receptors. 

In the case of the Adenosine A1 and Dopamine D1 heteromer, adenosine receptor agonists 
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inhibit the action of dopamine D1 receptor agonists (Fuxe et al., 2007), promoting the 

disappearance of the high affinity state of the D1R (Ginés et al., 2000). Similarly, in the A2AR- 

D2R heteromer, agonist binding to the A2A receptor reduces the affinity the dopamine D2 

receptor presents for its agonists and its ability to couple and signal through Gi protein (Fuxe 

et al., 2007). In the heterodimer formed by adenosine A2A receptors and cannabinoid CB1 

receptors (Carriba et al., 2007) the activation of the adenosine receptor reduces the activity of 

the CB1R (Ferreira et al., 2015). Another interesting example is the one provided by adenosine 

A1 and A2A receptor dimers. Activation of the A2A receptor diminishes the affinity of the A1 

receptor for its ligands and inhibits the signalling (Ciruela et al., 2006). Taking into account that 

the A1R affinity for adenosine is higher than the A2AR affinity, low concentrations of 

adenosine preferentially activated the A1 receptor. Thus, and acting through A1 receptor 

downstream machinery, low adenosine concentrations will inhibit glutamate release in the 

striatum. Contrarily, when the adenosine levels are high, A2A receptors will be activated and the 

function of A1 receptors will be blunted. Consequently, high adenosine levels promote the 

release of glutamate in the striatum (Ciruela et al., 2006). Taken together, A1-A2A heteromer acts 

as an on-off switch for the glutamate release at the striatum depending on the adenosine 

concentration in the striatal intersynaptic space.   

 Another characteristic derived from G-protein receptor dimerization is the possibility 

of a change in the G-protein coupled beneath the receptors. Lee and collaborators 

successfully described that the dopamine D2 and D1 receptor heteromer in transfected cells 

couple to a non-cognate G-protein (Lee et al., 2004). While in monomeric state the D2R signals 

through a Gαi protein and the D1R interacts with a Gαs; upon dimerization of both receptors, 

a Gαq is found beneath the heteromer (Hasbi et al., 2014; Perreault et al., 2016). Also involving 

the D2R, a switch in the signalling is observed in the D2R-CB1R heteromer compared to the 

monomeric receptors. Both GPCR are coupled to Gαi proteins when expressed alone, but the 

heteromer signals through a Gαs when the two are simultaneously activated (Kearn et al., 2005). 

 The coupling of G proteins to dimers and the stoichiometry of receptor dimer and G-

proteins has become a controversial subject. Some studies demonstrated in 2005 that just one 

protomer or receptor of the dimer could interact with a G-protein (Goudet et al., 2005; 

Hlavackova et al., 2005). However, posterior studies employing nanodisc technology suggested 

that β2-adrenergic receptors, µ-opioid receptor or the rhodopsin receptor could function as 

monomeric entities (Bayburt et al., 2007; Kuszak et al., 2009; Whorton et al., 2007). Experiments 

with nanodiscs arose a debate within the field for two reasons. On the one hand, models using 

nanodiscs are far from being physiological, without considering multiple cell factors that 
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modulate GPCR. On the other hand, this model does not allow, due to steric hindrance, the 

occurrence of receptor dimers. Adding an argument in favour the dimer hypothesis, El 

Moustaine and collaborators showed that monomers of family C GPCR were able to interact 

with their ligands, but the activation of the receptor and signalling through G-protein required 

a dimeric state (El Moustaine et al., 2012). However, confirmation of whether GPCR dimers 

can only couple one G protein or, in contrast, if each receptor of the dimer is capable of 

binding a G protein is yet to be revealed. 

 The new strategies and approaches available, ranging from TIRF microscopy tools or 

crystallography, to the use of interacting peptides that disrupt the dimer formation, have 

become fundamental tools for the study of GPCR (Jastrzebska et al., 2015; Moreno et al., 2017). 

The use of such methodology has provided a more detailed insight in G coupled receptor 

oligomers their functional consequences, and future progress and advances in the available 

researchers tool-kit will increase the knowledge within the GPCR field, and for instance, help 

to shed some light in questions like the stoichiometry relationship between receptors and G 

proteins.  

 

 

  I.3 THE ENDOCANNABINOID SYSTEM 

 

I.3.1 Components of the endocannabinoid system 

 The consumption of cannabis plant (Cannabis sativa) has been widely described in 

literature. The medicinal use of the marijuana dates back to the ancient Chinese medicine, 

where first uses of the plant to treat pains were compiled in medical books. Similarly, 

papyruses found in Egypt describe the use and the benefits of the plant to treat psychiatric 

disorders, several pains or even for gynaecological treatments in the ancient Egyptian culture. 

In occidental medicine, it was not until 1839 that the cannabis plant was used in a strictly 

medical purpose, and since then, the research on the molecular basis of the medical and the 

psychotropic effects of the plant has gained ground. The first, of more than 70 

phytocannabinoid compounds contained in the plant, were isolated, but remarkably, it was in 

1964 that Mechoulam and Gaoni identified and synthesised the main psychotropic 

component of the Cannabis sativa, the Δ9-tetrahydrocannabidiol (Δ9-THC). Thereafter, 

discovery of endogenous cannabinoid-like components i.e. of compounds able to activate the 

receptor for Δ9-THC were achieved later.  
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 The endocannabinoid system has an important neuromodulatory role within the CNS, 

regulating neural development, neural plasticity or neuroinflammation processes (Lu and 

Mackie, 2016). Additionally, endocannabinoids participate in the regulation of body 

temperature and a variety of physiological processes like hunger, sleep, cellular proliferation, 

reproduction or immune response (Makriyannis, 2014). Noteworthy, the capacity of 

cannabinoid receptors of oligomerizating with other GPCR, gives them the opportunity to 

indirectly modulate other physiological responses not necessary linked to the endocannabinoid 

system. 

 The endocannabinoid system is formed by cannabinoid receptors, the endogenous 

ligands or endocannabinoids and the enzymes for their synthesis and degradation. Regarding 

the receptors, despite some controversy, CB1R and the CB2R are the only two G-protein 

coupled receptors included in the system, while the transient receptor potential cation channel 

subfamily V type 1 or Vanilloid receptor 1 (TRPV1) (Di Marzo et al., 2001)   that binds 

capsaicin is the other receptor included. In 1990 Matsuda and collaborators cloned and 

molecularly characterised the CB1R (Matsuda et al., 1990), and three years later, Munro and 

collaborators did the same with the CB2R (Munro et al., 1993). The expression levels of the 

cannabinoid receptors is comparable to GABA, glutamate or dopamine receptor levels at 

striatum, predicting an important role of cannabinoid receptor in the synapses (Herkenham et 

al., 1990). Moreover the conservation of these expressions among species suggests a 

conserved physiological role of the whole endocannabinoid system.  

 Other components of the system are the synthesis and degradation enzymes. The 

precursors of endocannabinoids are membrane phospholipids that upon action of the 

enzymes N-arachidonyl-transferease (NAT), N-acyl-phosphatidyletanolamine phospholipase 

D (NAPE-PLD) or the diacylglycerol lipase (DAG-lipase) produce the principal endogenous 

cananbinoids: anandamide (AEA) and the 2-arachidonoylglycerol (2-AG) (Figure 14). In 1992 

Devane and collaborators identified AEA (Devane et al., 1992), and three years later, 2-

arachynodilglycerol (2-AG) was discovered and found to be 200 times more abundant than 

anandamide (Sugiura et al., 1995). Noladin ether (Hanus et al., 2001), virodhamin  or N-

arachinodoyldopamine (Huang et al., 2002) are also endocannabinoid ligands found in lower 

concentrations. Finally, the Fatty Acid Amides Hydrolase (FAAH) and the monoacylglycerol 

lipase (MAGL) enzymes degrade the endocannabinoids. 

 The synthesis of endocannabinoids is mainly on-demand, and the produced 

compounds are not being stored in vesicles.  Characteristically, in the CNS the synthesis of 

endocannabinoids is preceded by the activation of the post-synaptic neuron. The generated 
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endocannabinoids present in the synaptic cleft can diffuse and activate receptors expressed in 

the pre-synaptic neuron, regulating the neurotransmitter release. This phenomenon is known 

as retrograde signalling. Nonetheless, retrograde activation can be complemented by the 

cannabinoid-compound modulation of post-synaptic neurons through action on the CB1, CB2 

or TRPV1 receptors expressed in these cells.  

  However, all the actions and responses produced by cannabinoids could not be 

explained by activation of CB1 and CB2 receptors or the TRPV1 channels. Further research 

within the field showed that some orphan receptors can bind cannabinoid compounds. 

GPR55 (Ryberg et al., 2007) and GPR18 (Gantz et al., 1997; Kohno et al., 2006) orphan G-protein 

coupled receptors are some examples of classified as non-cannabinoid receptors that are able 

to bind cannabinoids. Although full consensus is still lacking, it seems that 

lysophosphatidylinositol (LPI) is the endogenous ligand of GPR55 (Oka et al., 2007), and the 

N-arachidonylglycine (NAGly) is the endogenous ligand of GPR18 (Kohno et al., 2006). 

However, upon interaction with cannabinoids, these receptors are able to signal, generate 

physiological responses and modulate the CNS activity, and even though not being considered 

cannabinoid receptors, increasing the versatility of responses and actions produced by 

endocannabinoids or cannabinoid compounds in the body.  

   

	
		

	
	

	

NAT 
NAPE 

NAPE-PLD 
AEA 

PC 
PE 

	

	
	

	
	

PIP
2
 

DAG 

2-AG 

PLC-β 

DAGL 

Figure I14. Schematic representation of Anandamide and 2-archinodylglycerol synthesis. At left, 
membrane phospholipids Phosphatidylethanolamine (PE) or Phosphatidylcoline (PC) are converted to N-
arachinodoyl-phophoethanolamine (NAPE) by action of the N-acyl-transferase (NAT). Then NAPE is 
converted to Anandamide (AEA) by the enzyme N-arachidonil-phosphatidylethanolamine (NAPE-PLD). At 
right, membrane phospholipid Phosphatidylinositol-biphosphate (PIP2) are converted to diacylglycerol 
(DAG) by the action of phospholipase C- β (PLC-β). Finally, the action of diacylglycerol lipase (DAGL) 
synthesise 2-arachidonoylglycerol (2-AG). Modified from Hermanson and Marnett, 2011.  
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I.3.2 Cannabinoid receptors  

• I.3.2.1 CB1Receptor 

 The CB1R is coded, in humans, by a gene located in chromosome 6, at the 6q14-q15 

position (Caenazzo et al., 1991; Hoehe et al., 1991). The protein contains 472 amino acids, with a 

conserved homology between mice, rats and humans. Recent research has obtained crystal 

structures of the receptor bind to the specific antagonist AM6538 (Hua et al., 2016) or to the 

inhibitor taranabant (Shao et al., 2016). The receptor belongs to family A of GPCR and it can 

be glycosylated in three different residues at the N-terminal domain (Figure 15). The receptor 

is densely distributed in GABAergic and glutamatergic synapses of basal ganglia, 

hippocampus, cerebral cortex and cerebellum and with a lower expression in the 

diencephalon, the brain stem or the spinal cord (Glass et al., 1997; Herkenham et al., 1990; Lu 

and Mackie, 2016). Apart from this widespread distribution, CB1R is considered the most 

expressed G-protein coupled receptor in the CNS (Katona and Freund, 2008). In all these 

structures CB1R is mainly located in the axonal terminals of neurons, with a lower distribution 

at the post-synaptic level (Laprairie et al., 2012). Lately, the presence of the receptor in glial 

cells has been reported, playing an important role in modulating neuroinflammation (Bilkei-

Gorzo, 2012; Mecha et al., 2015).  

 The CB1 receptor signalling is mainly mediated by Gαi coupling, thus inhibiting the 

action of adenylyl cyclase and decreasing cAMP levels (Howlett et al., 1986). However, CB1R is 

considered a promiscuous G-protein coupling receptor due to its ability to switch the Gα 

subunit underneath the receptor. Upon treatment with PTX (Bonhaus et al., 1998) or due to 

oligomerization processes like in D2R-CB1R (Jarrahian et al., 2004; Kearn et al., 2005),  CB1R 

Figure I15. Crystal structure of CB1R bound to the antagonist AM6538. A) Parallel view of the 
receptor across the membrane. B) Perpendicular to the membrane view of the receptor from the 
extracellular domain (Hua et al., 2016). 
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signals through a Gαs. In the latter case, both CB1 and D2 receptors signal through a Gαi 

subunit, but co-activation with dopamine and endocannabinoids leads to a Gαs activation, 

with the subsequent increase of cAMP levels promoted by AC (Scotter et al., 2010). Further 

research has suggested that some residues at the second intracellular loop were determinant 

for the Gαs coupling to the CB1R (Chen et al., 2010). 

 Thanks to their location at pre-synapse and the activation of a Gαi pathway, CB1R 

exert the well-known retrograde signalling that controls neurotransmitter release from the pre-

synaptic terminals. Upon activation of the post-synaptic neuron with the consequent calcium 

increases, endocannabinoids are produced. The generated ligands can act as retrograde 

molecules and activate pre-synaptic CB1 receptors, leading to the inhibition of calcium influx 

in pre-synaptic neurons (Wilson and Nicoll, 2002). Moreover, CB1R can modulate the action of 

different ion channels. Voltage gated calcium channels (VGCC)(Castillo et al., 2012), as well as 

a N type and P/Q calcium channels are inhibited by CB1R, while the rectifying potassium 

channels are activated by CB1R activity (Lu and Mackie, 2016; McAllister and Glass, 2002). 

Altogether, and due to this retrograde signalling mechanism and the modulation of channel 

ions, cannabinoids acting on CB1R reduce the neurotransmitter release from the pre-synaptic 

terminals and can regulate multiple physiological responses within the brain: the motor 

control, involving receptors present at both indirect and direct motor pathways of the basal 

ganglia (Laprairie et al., 2012; Valdeolivas et al., 2017); learning, cognition and long-term 

depression (LTD) memory processes occurring at the hippocampus (Wang et al., 2017); or the 

regulation of neural plasticity at the cerebral cortex, amygdala and mesolimbic reward 

pathways being implicated in drug addiction (Lu and Mackie, 2016).  

 However, CB1R is also found at post-synaptic neurons. Thus, autocrine 

endocannabinoid signalling is equally important, leading to a regulation of the post-synaptic 

signalling. In this regard, it is remarkable the cannabinoid modulation of GABAergic neurons 

present in the indirect motor pathways exerted upon interaction with different GPCR like 

adenosine A2AR or the D2R (Carriba et al., 2007; Marcellino et al., 2008b; Navarro et al., 2008).  

 

• I.3.2.2 CB2Receptor 

 Shortly after the discovery of CB1R, Munro and collaborators identified the CB2 

receptor (Munro et al., 1993). Located in the chromosome 1 (1p36.11) in humans, the CNR2 

gene codes for a 360 amino acid protein, with an overall homology of 44% with the CB1R, 

that increases to 68% when the ligand-binding domain is considered, (Brown et al., 2002; Griffin 

et al., 2000; Montero et al., 2005; Munro et al., 1993). Despite the crystal structure of the receptor 
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has not been obtained, several three-dimensional models of the cannabinoid receptor 2 based 

in the crystal structures available of CB1R have been published (Feng et al., 2014; Morales et al., 

2016; Ragusa et al., 2015) (Figure 16). 

 Initially, the CB2R was thought to be a peripheral receptor due to the high expression 

in macrophages, mononuclear blood cells, lymphocytes B and other cells of the immune 

system (Galiègue et al., 1995; Howlett et al., 2002). Moreover, besides immune and hematopoietic 

cells, CB2R is found in liver, endocrine tissues, muscle, pancreatic cells, heart and bladder 

(Atwood and Mackie, 2010). However, with the advance of methodologies and techniques, the 

presence of CB2R in CNS was proved. Several researchers have detected the receptor 

expression in glial cells (Cabral and Marciano-Cabral, 2005; Fernández-Ruiz et al., 2007; Mecha et 

al., 2015; Navarro et al., 2016b), while Lanciego and collaborators showed the expression of 

CB2R in primate (Maccacca fascicularis) neurons of different brain regions (Lanciego et al., 2011). 

The most relevant neuronal immunohistochemical labelling for CB2R was obtained in 

Purkinje cells of the cerebellum and pyramidal neurons of hippocampus (Li and Kim, 2015; 

Rodríguez-Cueto et al., 2014), and with lower immunoreactivity in olfactory bulb, cortex, 

striatum, brain stem, pineal gland, thalamus, hypothalamus, amygdala and substantia nigra pars 

reticulata (Atwood and Mackie, 2010). In striking contrast with the CB1R, the subcellular 

localisation of the CB2R in hippocampal, cortex and subtantia nigra neurons is mainly post-

synaptic (Brusco et al., 2008).	 
 Ligand binding to CB2R leads to a Gαi/o coupling. Therefore, AC and PKA pathways 

are inhibited after CB2R activation. Stimulation of the receptor could activate different MAPK 

(Lu and Mackie, 2016). At the same time, mTOR and PI3K/Akt signalling pathways have been 

Figure I16. Structure of human CB1 and CB2 receptors. In black are represented the 
conserved amino acids in both CB1R and CB2R. ψ are used to mark the glycosylated sites (Shire et 
al., 1996). 
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linked to CB2R (Palazuelos et al., 2012), implicating the receptor in neural survival and 

proliferation. Moreover, the presence of the receptor in neural progenitor cells confirms the 

role of the receptor in neural proliferation (Díaz-Alonso et al., 2017; Galve-Roperh et al., 2013) 

However, activation of the receptor in tumour cells induces the activation of apoptotic 

pathways while inhibits the cancer cell growth (Fernández-Ruiz et al., 2007; Wang et al., 2018).  

 Due to the high expression in macrophages and lymphocytes, CB2R has always been 

related to a regulatory role in the immune system. In this regard, it has been seen that 

inflammatory processes promote, in the periphery, an increase of the endocannabinoid 

production and an increase of the available ligand for CB2R. Meanwhile, activation of the 

receptor leads to anti-inflammatory responses and lower production of pro-inflammatory 

chemokine (Pacher and Mechoulam, 2011). Similarly, recent findings show that CB2R expression 

is increased in brain in neuroinflammatory processes. Inflammation markers have been 

reported in neurodegenerative diseases like Parkinson disease (PD), Alzheimer disease (AD) 

or Huntington disease (HD), and in other pathologies like schizophrenia (Atwood and Mackie, 

2010; Navarro et al., 2016b; Pacher and Mechoulam, 2011). Therefore, due to the anti-

inflammatory and neuroprotective role of CB2R in immune system cells, and to the increased 

presence of the receptor in CNS under inflammatory conditions, CB2R is a promising target to 

counteract the effects of neurodegenerative diseases.  

 

I.3.3 Cannabinoid receptor heteromers 

 Cannabinoid receptors, like other GPCR, can be subject to oligomerization processes 

that modulate their pharmacology, signalling properties and general characteristics. Both CB1 

and CB2 receptors form homodimers and heterodimers with multiple GPCR (Borroto-Escuela et 

al., 2014). 

 In 2000, Mukhopadhyay and collaborators co-immunoprecipitated CB1R homomers in 

solubilized rat tissue preparations (Mukhopadhyay et al., 2000). Other authors confirmed the 

CB1R homomerization in posterior studies (Mackie, 2005; Wager-Miller et al., 2002; Xu et al., 

2005), even in human tissue (De Jesús et al., 2006). Similarly, in 2004 Filppula and collaborators 

successfully identified the CB2R homomers (Filppula et al., 2004). Nonetheless, the 

pharmacological and functional consequences of cannabinoid receptors heteromerization are 

more relevant than the homodimerization ones.  

 Both CB1 and CB2 receptors can form heterodimers with multiple partners. 

Interestingly, one of the interactions could occur between both cannabinoid GPCR receptors. 

Thus, in 2012 Callén and collaborators identified the CB1R-CB2R in heterologous cells 
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heteromer, in neruoblastoma SHSY5Y cells and in rat tissue (Callén et al., 2012). In this study, 

heteromerization led to a negative cross-talk and a cross-antagonism phenomenon in Akt 

signalling pathway, resulting in lower neurite growth in SHSY5Y cells. In the same line, other 

authors demonstrated a reduction of CB1R and CB2R mRNA expression and a reduction of 

CB1-CB2 receptor heteromer presence in globus pallidus neurons of diskinetic monkeys, result 

of a chronic treatment with levodopa (Sierra et al., 2015). These results indicated the existence 

of the heteromer in native tissue of different species, as well as possible physiological and 

pathological consequences of the interaction. 

 Interestingly, CB1R can heteromerize with GPR55 receptor. Upon interaction, 

GPR55-mediated ERK1/2 phosphorylation and signalling through NFAT and SRE factors is 

reduced (Kargl et al., 2012). In turn, the ability of the CB2R to interact with GPR55 was 

described simultaneously by two research groups. In 2014, Balenga and collaborators focused 

their study in determine the functional consequences of the CB2R-GPR55 heteromerization. 

The results showed that the expression of a receptor influences the characteristic signalling of 

the partner receptor in the heteromer. Thus, presence of CB2 receptor lead to a diminished 

transcription factor response after GPR55 activation, and an increase in the MAPK signalling. 

Similarly, GPR55 could alter the CB2R signalling, demonstrating the existence of a cross-talk 

between both receptors (Balenga et al., 2014). The other study focused their efforts on 

demonstrate the role of the CB2R-GPR55 heteromer in tumor progression. The study shows 

that due to the negative cross-talk between CB2R and GPR55, high doses of Δ9-THC can 

prevent or induce a slower tumour growth, while low doses of Δ9-THC do not affect the 

tumoral growth (Moreno et al., 2014). Similarly, the CB2R is capable to interact with another 

cannabinoid-related GPCR, GPR18. The CB2R-GPR18 heteromer seems to be involved in 

microglia migration, and a cross-talk between the receptors is suggested (Franklin and Stella, 

2003; McHugh et al., 2008). 

 Besides the heteromers CB1 and CB2 receptors could form with other cannabinoid 

related GPCR, both receptors are implicated in many other oligomerization processes. Worth 

mention are the interactions of CB1R with adenosine and dopamine receptors.  

 In striatal medium spiny neurons, endocannabinoids through their action on pre-

synaptic CB1R lead to the inhibition of glutamate release. At these pre-synaptic neurons, CB1R 

might form heteromers with adenosine A2A receptors (Ferré, 2010). In this context, A2AR 

inhibits CB1R-mediated synaptic effects, probably occurring at cAMP/PKA pathway (Martire 

et al., 2011). The CB1R-A2AR heteromers have also been reported at post-synaptic level 

(Carriba et al., 2007; Navarro et al., 2008; Tebano et al., 2009), but with different physiological 
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consequences of the interaction. In line, and due to the expression of the dopamine D2 

receptor in the striatal medium spiny neurons, and the close relationship of CB1R and A2AR 

receptors with the dopamine receptor, it is not surprising that the D2R-CB1R heteromer was 

described (Kearn et al., 2005; Khan and Lee, 2014). In this case, the functional consequence of 

the interaction implies a switch in the G-protein coupling after the co-activation of the CB1-

D2 receptor heteromer (Glass and Felder, 1997; Jarrahian et al., 2004; Kearn et al., 2005; Marcellino 

et al., 2008b). The close relationship of A2AR, CB1R and D2R arose hypothesis about the 

possibility of the three receptors forming a macromolecular complex. It was not until 2008, 

that Navarro and collaborators identified the interaction of the three receptors (Navarro et al., 

2008) adding complexity to the regulation of these motor pathways in physiological and 

pathological conditions (Bonaventura et al., 2014; Pinna et al., 2014). 

 Other CB1R-containing heteromers have been described, with important implications 

in CNS or peripheral functions. The CB1R and serotonin 5HT2A receptor heteromer is 

involved in the deleterious effects of cannabis in memory (Viñals et al., 2015), and the 

interaction between the CB1 receptor with δ, κ and µ-opioid receptors could have 

consequences in alcohol consumption and addiction or in neurite formation processes (Bushlin 

et al., 2012; Fujita et al., 2014; Hojo et al., 2008; López-Moreno et al., 2010; Rozenfeld et al., 2012). 

CB1R could influence the food intake and appetite, as well as waking-sleep states through the 

heteromerization with orexin OX1 receptor (Ellis et al., 2006; Jäntti et al., 2014; Pertwee, 2010), 

or be involved in angiotensin related pathogenesis in the liver through AT1R-CB1R heteromers 

(Rozenfeld et al., 2011). 

 On its behalf, CB2R-containing heteromers have been less studied. However, and in 

line with the above indicated CB2-GPR55 receptor heteromer, which can have implications in 

tumoral growth, Coke and collaborators have described a role for the CB2R-CXC4R in tumour 

progression, thus being the heteromer suggested as a relevant target in metastasis (Coke et al., 

2016). Moreover, other studies attribute a neuroprotective role for cannabidiol in hypoxic and 

ischemic episodes through their action on CB2R-5HT2AR heteromers (Pazos et al., 2013).  

 

I.3.4 Cannabinoids role in neuroinflammation process 

 Neuroinflammation can be described as the inflammatory response that the CNS 

undergoes when is threatened by harmful elements. The process can involve multiple actors 

ranging from microglia and astrocytes to lymphocytes or macrophages, and pursues the 

objective of eliminate the insult and to repair the damaged tissue. However, a sustained 

neuroinflammatory response can derive in negative consequences that contribute to the 



 
INTRODUCTION 

	
49 

disease progress. In this regard, cannabinoids have always been related to a protective function 

within the CNS, and many researchers have determined the neuroprotective role of 

exogenous and endogenous cannabinoids in in vitro and in vivo models of excytotoxicity and 

neurodegeneration (van der Stelt and Di Marzo, 2005).  

 Excytotoxicity is the pathological process in which excessive neuronal activation, due 

to the action of excitatory neurotransmitters like glutamate, promote the consequently 

increase in intracellular calcium that can lead to metabolic damage and eventually, to the cell 

death. Many evidence in literature suggest a pivotal role for excytotoxicity in the beginning of 

the degeneration processes concomitant in Alzheimer’s disease, Parkinson’s disease, 

Amyotrophic Lateral Sclerosis (ALS) or Multiple Sclerosis (MS). In the AD, PD or even HD: 

motor disorders implicating motor pathways, the over-stimulation of the pathways comes 

from the cortical glutamate release. The excessive concentration of this stimulatory 

neurotransmitter produces the increase of calcium levels in the post-synaptic neurons that 

triggers the activation of caspases and is followed by neuronal death (Kermer et al., 1999). In 

this context, cannabinoid administration could establish a neuroprotective effect by 

diminishing either the glutamate release at the pre-synaptic neuron and the activation tone of 

the glutamate over-stimulated neurons, as several excytotoxicity and neurodegenerative 

models have determined (Mechoulam et al., 2002; van der Stelt et al., 2002). Moreover, the levels 

of the endocannabinoids 2-AG and anandamide are notably increased after neuronal damage 

(Berger et al., 2004; Franklin et al., 2003; Muthian et al., 2004). 

 Neuronal function is supported by the action of different cell types that contribute to 

the CNS homeostasis. In this regard, astrocytes are involved in, among other functions, 

energy supply, in the clearance of ions or neurotransmitters like glutamate from the synaptic 

cleft preventing the neurotoxic effects of excessive neuronal activation, and in the synthesis of 

antioxidant compounds and trophic factors that exert a neuroprotective role. However, in 

certain pathological situations, astrocytes can produce pro-inflammatory cytokines that will 

contribute to the neuroinflammatory process (Zorec et al., 2018). The presence of CB1 and CB2 

receptors has been demonstrated in this cell type (Duarte et al., 2012; Sheng et al., 2005), and its 

activation leads to a reduced pro-inflammatory cytokine release in neuroinflammatory 

conditions (Molina-Holgado et al., 2002). Moreover, it has been seen that endocannabinoids 

could be regulating the glutamate up-take of astrocytes helping to reduce the excytotoxicity 

generated by this neurotransmitter (Shivachar, 2007). 
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 Endocannabinoids have another important role in neuroprotection due to their 

implication in modulate microglial activation. Microglial cells sense the neural environment  

and quickly respond to threats and neuron malfunctions. After a brain injury and bacterial or 

viral infection, microglial cells are able to detect the threat and undergo phenotypic changes. 

Thus, in first instance, microglia acquires a reactive M1 pro-inflammatory phenotype, 

promoting an acute inflammation that ensures the clearance of the insult. Subsequently, 

microglial cells acquire an M2 anti-inflammatory phenotype, that tries to repair the tissue and 

restore the homeostatic conditions (Franco and Fernández-Suárez, 2015; Mecha et al., 2016; Walker 

and Lue, 2015). However, in neurodegenerative diseases, the persisting insult promotes the 

microglial M1-phenotype and chronifies the pro-inflammatory environment, generating a 

worst outcome and increasing the neurodegeneration process (Figure 17). In this context 

endocannabinoids could play an important role. Both CB1 and CB2 receptors have been 

detected in microglial cells (Malek et al., 2015) and, indeed, the CB2R expression is highly 

increased under pro-inflammatory conditions (Ashton and Glass, 2007; Concannon et al., 2016; 

Figure I17. Microglial phenotypes in inflammation contexts. In homeostatic conditions, 
surveillant M0 phenotype monitories the nervous system. After injury, stroke, toxins or 
neurodegenerative damage, M1 microglial profile secretes inflammatory mediators and chemokines 
triggering monocytes and Th1 cell recruitment. These peripheral cells will amplify the inflammatory 
context and increase the neuronal damage. Contrarily, M2 microglial phenotype through segregation of 
growth factors could promote a reparative and neuroprotective effects in the CNS. Recruitment of 
Treg and Th2 lymphocytes will be necessary to the restore of the CNS homeostasy (Mecha et al., 
2016).  
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Maresz et al., 2005). Interestingly, it seems that endocannabinoids have a role in driving the 

acquisition of inflammatory phenotypes of microglial cells (Mecha et al., 2015).  Therefore, CB1 

and CB2 receptors are potential targets for therapies trying to unbalance microglia towards a 

more reparative M2 inflammatory phenotype (Navarro et al., 2016b). 

 

 

  I.4 CALCIUM SENSOR PROTEINS 

 

I.4.1 Relevance of calcium in neuron physiology 

 Calcium ion is a second messenger of vital importance for cell behaviour. It 

participates in multiple functions like signal transduction, cell division, differentiation or 

apoptosis (Carafoli, 2002; Orrenius et al., 2003) and its intracellular concentration oscillates from 

submicromolar to millimolar  concentrations (Ghosh et al., 2017; Tsien and Tsien, 1990). Small 

changes in calcium intracellular levels will regulate different processes, although these changes 

will also depend on the specific velocity, the frequency or the magnitude of the signal (Zampese 

and Pizzo, 2012).  

 At CNS, the role of calcium presents even greater importance. The calcium-mediated 

signalling, characterised by dynamic gradients called Ca2+ waves are fundamental for neuron 

communication (Berridge, 1998). Neuronal transmission is a refined process requiring a rapid 

and local increase of calcium concentration at pre-synaptic and post-synaptic level. The 

entrance of calcium at the pre-synapse allows the release of neurotransmitter vesicles, and at 

the post-synapse, as well as helping to propagate the signals to other neurons, will contribute 

to the short and long-term plasticity (Catterall and Few, 2008; Mochida et al., 2008). Not only 

calcium is in charge of these processes, but also is involved in the control of the development, 

maturation and refinement of the synapse (Greer and Greenberg, 2008). In order to regulate the 

intracellular levels of this ion, cells possess a wide range of calcium-binding proteins that 

modulate and restring the spatial and temporal impact of calcium as second messenger. 

Therefore, these proteins play an important role in the calcium induced signalling (Di Donato et 

al., 2013). 

 Three different groups of calcium binding protein exist, with many proteins differing 

in subcellular and tissue distribution in each group. Buffer proteins, like S100G or 

parvalbumin, form the first one. These proteins are characterised by having a high affinity for 

calcium and by not suffering big conformational changes, therefore, acting mainly as chelates 

(Schröder et al., 1996; Schwaller, 2009). The second group is formed by proteins like thermolysin, 
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which require to bind calcium ions for being stabilised (Buchanan et al., 1986) and finally, the 

third group contains the calcium sensor proteins. These proteins have a low affinity for 

calcium, but suffer important conformational changes upon the calcium binding, triggering 

the interaction with different effector proteins. The second and third groups bind the calcium 

ions through EF-hand domains (Mikhaylova et al., 2011). This domain, present in 122 proteins, 

consists in 29 amino acids with a characteristic structure formed by two α-helix separated by a 

connecting loop (Burgoyne, 2007).  

 In this chapter we are going to focus on the study of calcium sensor proteins in CNS. 

Calcium sensor proteins are characterised by suffering conformational changes upon binding 

calcium ions. The conformational rearrangement permits the interaction of the sensors with 

different effectors, enabling the transmission of information through phosphorylation or gene 

expression changes (Hashimoto and Kudla, 2011). Altogether provokes, in the last resort, the 

modulation of neuronal activity (McCue et al., 2010a). The common ancestor of these proteins 

is calmodulin (CaM) (Mikhaylova et al., 2011). According to their evolution and the history of 

their discovery, the calcium sensor proteins of the CaM superfamily have been divided in the 

Neuronal Calcium Sensor (NCS) family and the neuronal calcium-binding proteins (nCaBP) 

family, that contains Caldendrin and Calneuron calcium-binding proteins (Mikhaylova et al., 

2011). The members of the two families have a similar structure, derived from its common 

ancestor. The sensors contain four calcium-binding EF-hand domains, even though not all of 

them are functional (Mikhaylova et al., 2011). In spite of the structural homology with CaM, 

NCS and nCaBP present multiple differences at amino acid sequence level and at the 

functional implications of their interactions (Burgoyne, 2007; Ikura and Ames, 2006).  

 

I.4.2. Calmodulin  

 Calmodulin (CaM) is one of the most important EF-hand domain-containing proteins, 

being an essential calcium sensor protein. In humans, three different genes (CALM1-3) code 

for an identic protein (Sorensen et al., 2013). Noteworthy, the homology of the protein among 

vertebrate species is maintained, not having been described any amino acid changes between 

mammals (Friedberg and Rhoads, 2001). The CaM structure is formed by 148 amino acids, 

containing a α-helix structure with two globular domains at the N- and C-terminal domains. 

These domains contain two EF-hand domains each (Sorensen et al., 2013). Altogether results in 

a protein with an affinity for calcium of 5-10 microMolar (µM)(Mikhaylova et al., 2011). The 

two globular (N- and C-terminal) domains present different calcium binding kinetics, 

increasing the versatility of the sensor (Tadross et al., 2008). Upon the interaction with calcium 
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ions (one in each of the four EF-hand domains present in CaM), CaM suffers conformational 

changes that enable specific interactions with, reported to date, more than 120 proteins 

(enzymes, ion channels, transcription factors or cytoskeletal proteins). Thus, the protein acts 

as a sensor and as a signal transducer (Marcelo et al., 2016). Extracellular stimuli like insulin, 

hormones or adipogenic signals are going to trigger intracellular calcium increases. Afterwards, 

CaM will bind the calcium ions and interact with multiple kinases and downstream machinery 

that will promote cell growth, regulation of energy homeostasis, protein synthesis or 

regulation of gene expression among others (Marcelo et al., 2016) (Figure 18). 

 CaM is present in all eukaryotic cells, but its expression is remarkable in heart and 

brain, with a subcellular localisation at plasma membrane, endoplasmic reticulum or 

mitochondria. Its widespread distribution, allows the sensor being involved in process related 

to metabolism (Marcelo et al., 2016), apoptosis (Berchtold and Villalobo, 2014; Ozcan and Tabas, 

2010), inflammation and in the immune system (Ainscough et al., 2015; Racioppi and Means, 

2008), cell proliferation and autophagy (Berchtold and Villalobo, 2014), long term memory 

(Limbäck-Stokin et al., 2004) or nervous system development (Ghosh and Greenberg, 1995). 

Moreover, CaM has been related to cancer processes, as increases of this protein have been 

described in tumour cells (Berchtold and Villalobo, 2014). 
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Figure I18. Calmodulin. A) Structural representation of CaM bound to 4 calcium ions (green circles) 
(McCue et al., 2010). B) Representation of the different signalling cascades mediated by CaM (Marcelo et al., 
2016). 
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I.4.3. Neuronal calcium-binding Proteins 

 Neuronal calcium-binding proteins (nCaBP) family members were classified together 

due to their close relationship, even though, some phylogenetic analysis suggested that two 

different subfamilies could be divided from nCaBP (McCue et al., 2010b). Both subfamilies 

could had been arisen at the same time during vertebrate evolution, being the 

Caldendrin/CaBP subfamily and the Calneuron subfamily (Haeseleer et al., 2002; McCue et al., 

2010b; Mikhaylova et al., 2006). 

 Five different genes code for CaBP subfamily proteins, being Caldendrin the first 

identified (Seidenbecher et al., 1998). All the proteins of the subfamily exhibit some differences in 

amino acid substitutions, or deletions in some cases, respect CaM; but present a higher 

similarity with CaM than the NCS family or Calneurons (McCue et al., 2010a; Seidenbecher et al., 

1998). The structure of CaBP proteins is maintained among the subfamily members, with a C-

terminus domain containing the four EF-hand domains but a N-terminal domain that varies 

in length and structure (Mikhaylova et al., 2006). This N-terminal domain variability is suggested 

to play an important role in the subcellular distribution and function of the subfamily proteins 

(Mikhaylova et al., 2011). Caldendrin is the member of the subfamily most prominently 

distributed in the brain, whereas the rest of the proteins are only highly expressed in retina or 

ear (Mikhaylova et al., 2006).  The existing differences in the structure (Figure 19A), give to 

these proteins different affinities for calcium ions. In the case of the caldendrin, the affinity 

for calcium is 2.5 µM (Mikhaylova et al., 2006). 

 

Figure I19. Predicted structures of nCaBP family proteins. A) Structure predicted with 
Swiss Modeler Service for Caldendrin. B) Predicted structure of Calneuron-1 using the same 
technology (Mikhaylova et al., 2006)  
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 CaBP and CaM could interact with the same proteins, although implying different 

regulation of the target. For instance, calmodulin and caldendrin interact with the post-

synaptic voltage-gated CaV1.2 (L-type) calcium channels, but the regulation will differ 

according to which is the sensor interacting with the protein. While calmodulin prevents the 

activation of the channel and the Ca2+ influx, caldendrin facilitates the calcium currents to the 

post-synaptic neuron (Zhou et al., 2004) 

 On the other hand, the second subfamily is formed by two proteins, calneuron-1 and 

calneuron-2. These proteins are very similar to each other, with an overall identity of 63% and 

a sequence of, respectively, 219 and 215 amino acids (Mikhaylova et al., 2006). Differing from 

the other calcium sensor proteins, calneurons have a C-terminal 38-amino acid 

transmembrane extension that enables them to be anchored to the membrane (McCue et al., 

2010b). Both proteins harbour four EF-hand domains, however only two are functional. 

Nonetheless, calneurons can bind calcium with high affinity (440 nM) (Mikhaylova et al., 2011). 

The two non-functional EF-hand domains, placed at the C-terminus, seem to be important 

for the interaction specificity and the dynamics of the calneurons (Figure 19B).	 
 Despite some studies attribute to calneuron-1 and calneuron-2 a regulatory role in the 

phospholipid synthesis and in membrane trafficking in the Golgi (Hradsky et al., 2015; 

Mikhaylova et al., 2009) or an allosteric modulatory effect in the A2A-D2 receptor heteromer 

signalling (Navarro et al., 2014b), little is known about their function at the CNS. 

 

I.4.4. Neuronal Calcium Sensor 

 In 1995 Nef and collaborators 

named Neuronal Calcium Sensors (NCS) 

the family of calcium binding and 

structurally similar proteins that embraced 

the visinin, the S-modulin, the recoverin, 

the visinin-like-1 protein (VLP-1) and the 

frequinin/NCS-1 (Nef et al., 1995). Since 

then, the family has expanded, being 

frequinin the family’s common ancestor 

(McCue et al., 2010a). Frequinin was firstly 

found in Drosophila Melanogaster (Pongs et 

al., 1993), but after it was discovered in 

human neuronal cells and other species, the 

Figure I20. Crystal structure of NCS-1 calcium 
sensor. A) Schematic representation of NCS-1 protein 
showing the EF-hand domains involved in calcium 
binding. B) Crystal structure of NCS-1 with calcium 
ions bound (green spheres) (Adapted from McCue et al., 
2010). 
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name of Neuronal Calcium Sensor 1 (NCS-1) was coined. Finally, some studies demonstrated 

the localization of NCS-1 in other cells than neurons, even though the expression was lower 

than in neurons (Blasiole et al., 2005; Kapp-Barnea et al., 2003; McFerran et al., 1998). 

 NCS proteins share low homology with CaM (Burgoyne, 2007). Structurally, NCS 

proteins contain four EF-hand domains, however just two or three of them are functional 

(Mikhaylova et al., 2011). In NCS-1, the four EF-hand form a single globular domain, with 

three of them able to bind calcium ions. Interestingly, NCS-1 is myristoylated at the N-

terminal domain, modification that helps the protein to be anchored to membrane structures. 

This modification seems to happen constitutively, however there are researchers that 

advocates that the myristoylation is added after that the specific N-terminal domain residues 

are exposed upon the conformational changes occurring after calcium binding (Ames et al., 

1997). This protein can also interact with Mg2+ ions, which may vary the overall affinity for 

Ca2+. In absence of Mg2+, NCS-1 displays an affinity of 90 nM for Ca2+, while in presence of 

Mg2+ it is of 440 nM (Mikhaylova et al., 2011) (Figure 20). 

 Upon interaction with calcium, NCS proteins can modulate multiple cellular processes. 

It has been suggested that NCS sensors are involved in neurotransmission (Pongs et al., 1993), 

exocytosis (Haynes et al., 2005; McFerran et al., 1998), learning processes (Gomez et al., 2001), 

regulation of ion channels (Weiss et al., 2000), synaptic plasticity (Sippy et al., 2003), neuronal 

surviving (Nakamura et al., 2006) or receptor endocytosis (Kabbani et al., 2012). Moreover, 

several mental and neurological diseases like epilepsy, schizophrenia, Alzheimer disease or 

even cancer have been linked with these proteins (Braunewell, 2005). Increased levels of NCS-1 

have been found in brain of schizophrenic or bipolar patients (Koh et al., 2003), being 

suggestive of involvement of NCS-1 in increased neuronal excitability. 

 

 

I.4.5. Calcium sensor proteins as regulators of GPCR activity 

 One of the interacting targets of calcium-binding EF-hand domain-containing sensors 

are GPCR. The first evidence of the GPCR-calcium sensor protein interaction came in 2001 

when El Far and collaborators identified a C-terminal domain motif of the metabotropic 

glutamate receptor 7 able to interact with CaM. Interestingly, the domain was coincident to 

the motif involved in βγ subunit interaction (El Far et al., 2001). In the same line, CaM has 

been linked to other GPCR, implicating a regulation of the receptors. CaM can also interact 

with the third intracellular loop of the µ-opioid receptor or the serotonin 5-HT1A receptors 

(Turner et al., 2004; Wang et al., 1999). Upon interaction with the calcium-binding protein, the 
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ability of the receptor to couple the cognate G-protein is diminished, suggesting a competition 

between the sensor and G-protein for the receptor interaction (Wang et al., 1999). On the 

other hand, calmodulin interacts with the N-terminal domain of the third intracellular loop of 

the D2R, compromising the interaction of the receptor with the G-protein (Bofill-Cardona et al., 

2000). Further studies heve demonstrated that the activation of the receptor increased the 

colocalization of CaM and D2R in heterologous model system and primary cultures of 

neurons (Liu et al., 2007). CaM can interacts with the C-terminus of GPCR, as it has been 

shown in the CaM-A2AR interaction (Woods et al., 2008). After the discovery of the CaM-A2AR 

interaction, it was suggested a role of CaM in the A2AR-D2R heteromer. In this regard, 

Navarro and collaborators demonstrated the interaction and a calcium-dependent CaM 

modulatory role in the A2A-D2 receptor heteromer (Navarro et al., 2009).  

 Regarding the D2R but involving the other families of calcium sensors, the interaction 

with NCS-1 has been widely described. In 2005, a compelling ultrastructural work of Negyessy 

and Goldman-Rakic showed the colocalization of the NCS-1 and D2R at pre-synaptic and 

post-synaptic level of primate prefrontal cortex (Negyessy and Goldman-Rakic, 2005). Moreover, 

NCS-1 protein mediates the D2R desensitization (Kabbani et al., 2002), making this interaction 

a good target for anti-psychotic drugs (Kabbani et al., 2012). Recent studies employing 

fluorescence spectroscopy and nuclear magnetic resonance described the stoichiometry of the 

D2R-NCS-1 interaction as 2:1, implying that a dimer of the GPCR would be interacting with a 

NCS-1 monomer (Lian et al., 2011). In the same line, Pandalaneni suggested that NCS-1 could 

be interacting at the same time with the D2R and G-protein Receptor Kinase 1 (GRK1), 

acting as an scaffolding protein for the kinase recruitment to the receptor (Pandalaneni et al., 

2015). However, results from another study have suggested that a D2R dimer was able to 

interact with two NCS-1 molecules (Woll et al., 2011).  

 Leaving the interaction with the D2R aside, in 2012 Navarro and collaborators 

described the interaction of NCS-1 with A2AR. In addition, the calcium sensor could be 

modulating the A2AR function in a calcium dependent manner, and differently than the 

previous reported CaM-A2AR interaction regulation (Navarro et al., 2012). Finally, further 

investigations showed the interaction, not only of NCS-1, but also of calneuron-1, with the 

A2A-D2 receptor heteromer (Navarro et al., 2014b). Interestingly, in this study, an allosteric 

modulation of the heteromer signalling was proposed according to the intracellular calcium 

levels and the differential interaction of the sensors to the receptor oligomer.  

 In summary, regulation of GPCR activity could be carried out by calcium sensor 

proteins. Therefore it is necessary to further investigate the relationships between G-protein 
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coupled receptors and calcium sensor proteins, specially in the CNS where calcium ion is a 

key player.  

 

 

  I.5 COCAINE ADDICTION 

 

I.5.1 The reward system 

 The reward system or mesocorticolimbic pathway is a set of neuronal pathways of vital 

importance. Upon obtaining pleasure and wellness, the system reinforces the subjects to 

repeat the beneficial actions that have activated the pathway. Food ingestion, drinking water in 

thirsty moments, establishing social connections with other people or having sex, will 

promote, then, through activation of the system, the motivation of the subject to further 

repeat the actions, and in last resort ensure the individual’s survival. 

  Anatomically, the pathway is formed by the ventral tegmental area (VTA), the nucleus 

Accumbens (NAcc), and the prefrontal cortex. Altogether creating an ensemble that connects 

motivation processes and motor activity (Soares-Cunha et al., 2016). Although the mesolimbic 

pathway has dopamine as the principal neurotransmitter of the pathway, glutamate and 

GABA participate in the mesolimbic system (Steketee and Kalivas, 2011).  

 The VTA consists in an heterogeneous neuron pools (Phillipson, 1979) placed next to 

the substantia nigra (Oades and Halliday, 1987). Approximately, 60% of the neurons of the 

VTA are dopaminergic (German and Manaye, 1993), and project to different areas of the brain 

like NAcc and prefrontal cortex (Bariselli et al., 2016; Morales and Margolis, 2017). Upon a 

rewarding action, the ventral tegmental area is activated and dopamine and glutamate are 

released at the NAcc and the prefrontal cortex (McClure et al., 2003; Tecuapetla et al., 2010), 

promoting the behavioural adaptations and neuroplasticity to establish an association between 

the reward and the action (Jay, 2003). The ventral tegmental area could be regulated by the 

different projection neurons that innervate this structure.  Moreover, the expression of 

different GPCR like the corticotropin-releasing factor receptor (CRF-R) involved in stress 

responses, the orexin receptor (Ox-R) involved in food intake or the sleep-wake cycles, the 

ghrelin receptor (GHS-R) or the sigma-1 and sigma-2 receptors make this structure highly 

adjustable to different signals besides to the dopaminergic, glutamatergic and GABAergic 

signals that intrinsically regulate the reward pathway. 

 The NAcc projects GABAergic neurons to the VTA, generating a negative feedback in 

order to modulate the system (Steketee and Kalivas, 2011). In turn, besides VTA afferences, 
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NAcc also receives neural connections from structures like amygdala, hypothalamus or 

hippocampus, which are related with emotions and memory, and also from the cortex (Di 

Ciano et al., 2001; Steketee and Kalivas, 2011). Altogether will promote refined responses and the 

preservation of the behaviours that have brought the positive feeling.  

 The last region of the reward pathway is the prefrontal cortex. This area receives 

dopaminergic neurons from the VTA and NAcc projection neurons, and in turn, this 

structure is innervating the motor cortex, the VTA and the NAcc (Joffe et al., 2014) (Figure 21).	
The prefrontal cortex is in charge of the decision-making processes and in shaping social 

behaviours (Yang and Raine, 2009). Moreover the coordination of thoughts and actions 

according to the inner goals (Miller et al., 2002), as well as the modulation of the intensity of 

the subject responses are carried out in this brain region (Bush et al., 2002).  

 Substances of abuse alter the reward system functionality. For instance, there are 

multiple evidence linking cocaine consumption with increases of dopamine and an unbalance 

of the mesolimbic pathways and prefrontal cortex function (Belin and Everitt, 2008; Pettit and 

Justice, 1991; Roberts et al., 1977; Will et al., 2016). In fact, the involvement of these brain areas 

and their deregulation is what makes cocaine, and other drugs of abuse, substances of a high 

addictive potential.  

 

I.5.2 Drug addiction development  

 Drug addiction is a chronic disease defined by the compulsive seek and consumption 

of psychostimulant substances, leading to an uncontrolled ingestion of the drug of abuse and 

the appearance of negative emotional states in the patients. Not only consumers of the drug 

suffer the negative effects of the consumption, but also affect the family, anyone akin to the 

Figure I21. Schematic representation of the dopaminergic, glutamate and GABAergic connections 
of the reward system in a rodent brain (Russo and Nestler, 2013). 
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patient and the whole society. The National Institute on Drug Abuse (NIDA) estimates in 700 

dollar billions regarding health care, low productivity and crimes, the cost of tobacco, alcohol 

and illegal drugs consumption in the American society. 

 Often, addiction correlates the psychoactive compound consumption with the 

unbalance of chemical equilibrium of the brain and the subsequently alteration of neuronal 

function (Joffe et al., 2014). More precisely, these compounds affect the brain reward system, 

altering the motivation, behaviour, mood, memory and other related pathways (Joffe et al., 

2014). The substances that produce those effects are, among others, alcohol, tobacco, 

cannabinoids, opioids, psychostimulants, hallucinogens or synthetic drugs (Joffe et al., 2014). 

Nonetheless, some behaviours that not imply substance consumption could be catalogued as 

addictive, like sex or gambling, to name but a few (DiLeone et al., 2012). Moreover, addiction 

implies the incapacity of the consumer to abstain himself from the ingestion of the addictive 

compound or the repetition of the behaviours even the detrimental effects of that 

consumption or action. 

 Establishment of chronicity is characterised by the cyclic progression through 

consumption, withdrawal and relapse phases (Koob and Volkow, 2016). At the beginning of the 

condition, the drug ingestion is motivated by the positive reinforcements of the substance 

(euphoria, pleasure…) but upon addiction progression, the drug consumption is driven by the 

urge of relieve the negative reinforcements produced by the abstinence syndrome during the 

withdrawal phase. Once this point is achieved, compulsive behaviours in order to obtain new 

doses and multiple changes in the patient’s brain happen, and affected individuals are more 

prone to future relapses. Uncontrolled addiction will lead the subject to shorter consumptions 

time-spans, with more time, to forget the basic needs of water and food ingestion and, in the 

last term, to the death.  

 

I.5.3 Cocaine mechanism of action 

 Cocaine is a purified compound of the originally South-American Erytroxylum coca 

plant. Chew or make infusions of coca plant leaves was common in ancient Andean cultures, 

to produce euphoria or reduce hunger, thirst, fatigue and pain or even used to treat altitude 

sickness. In 1860 Albert Neiman isolated cocaine form the plant, and since then utilisation 

and consumption of the drug has dramatically increased. Initially, the substance was included 

in wines, in Coca-Cola or even in mouthwashes, being widely used. Years later appeared the 

first evidence of cocaine detrimental effects, provoking a reduction, little by little, of its 

employment in legal products. The efforts of the governments to forbid the seeding, 
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distribution and use of the drug have not prevented cocaine being consumed worldwide. 

Moreover, some reports reflect a tendency for cocaine consumption to be increasing, raising 

awareness not only to de detrimental effects provoked to health but also to the social and 

criminal problems associated to the distribution and consumption of this drug of abuse. 

 Cocaine is classified as a psychostimulant substance. Like caffeine, nicotine or any 

other psychostimulant, its consumption leads to increased motor and cognitive activity, 

reinforcing the waking state, attention and awareness. However, contrarily to caffeine and 

nicotine, cocaine is considered a drug of abuse. Together with other psychostimulant drugs 

like methamphetamine or ecstasy, it is a regulated substance. Nevertheless, in 2014 was 

estimated that 250 million people consume cocaine (2016 WHO report on drugs). 

 Evidence shows that cocaine inhibits the uptake of monoamine neurotransmitters like 

norepinephrine (Ross and Renyi, 1967), dopamine (Heikkila et al., 1979; Moore and Gudelsky, 

1977; Ritz et al., 1987) or serotonin (Moore and Gudelsky, 1977). Posterior studies attributed the 

behavioural (Colpaert et al., 1978; De Wit and Wise, 1977; Miczek et al., 1982) and motor (Giros et 

al., 1996) effects of cocaine to its action on the dopamine transporter more than into the 

serotonin or norepinephrine transporters. The proposed mechanism of action was the 

blockade of the transporter, preventing the dopamine recapture from the synaptic cleft to the 

neuron cytosol. In this line, Di Chiara and Imperato presented, in 1988, microdialysis-based 

evidence of increased dopamine levels in Nucleus Accumbens after cocaine administration (Di 

Chiara and Imperato, 1988). Thanks to the molecular modelling of Beuming and collaborators, 

in 2008, the dopamine transporter (DAT) domains involved in the interaction with cocaine 

were elucidated. According to this study, the TM α-helix 1, 3, 6 and 8 of the transporter are in 

charge of the interaction with the psychotropic substance (Beuming et al., 2008). These domains 

are also responsible of the interaction with dopamine, and in case cocaine is already interacting 

with them, dopamine reuptake will be inhibited (Figure 22).   

 The above described is one of the cocaine’s mechanisms of action, however, not all 

the dopamine increases promoted by the drug are explained by its action on DAT. Several 

studies have suggested that the phasic activity of the dopaminergic neurons of ventral 

tegmental area (VTA) could generate learning signals upon unexpected rewards (Schultz et al., 

1997). The purpose of the signal is to promote the learning of the actions that have implied a 

reward and motivate the subject to repeatedly seek them. However, when the reward is 

predictable, the dopaminergic neurons are not activated and the learning signals cease (Lüscher, 

2016). In this context, the pharmacological potency of the drug of abuse create an 

inappropriate learning process that promotes the seek and consumption of the drug at 
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expense of forgetting the rest of the physiological behaviours (Lüscher, 2016). Based on this 

model, cocaine addiction should be considered a disease of the dopaminergic system, whose 

function has been altered and increased. The confirmation of the model came with the 

Adamantidis and collaborators work of 2011, where animals optogenetically stimulated in 

VTA dopaminergic neurons showed a place preference, without involving the DAT 

(Adamantidis et al., 2011). Self-stimulation of these neurons promotes a positive reward that 

lead the animals to continuously repeat the actions needed to obtain the reward (Pascoli et al., 

2015). Interestingly, the injection of a drug of abuse produces the same effect as the self-

stimulation, the cease of the continued actions needed to obtain the reward (Pascoli et al., 

2015). Similarly, some studies with knockout animals deficient in monoamine transporters or 

dopamine transporters, have failed in prevent the self-administration of the drug of the 

animals or the place preference observed in behavioural studies (Hnasko et al., 2007; Rocha, 

2003), thus demonstrating the existence of other mechanisms of action of cocaine besides the 

blockade of the DAT. 

 Another relevant aspect still in study is the cocaine’s mechanism of action promoting 

behavioural changes. After exposition to the drug, excitability and hyperactivity appear, often 

in form of aggressiveness and irritability in first instance, and in erratic and compulsive 

behaviour later. The hypothetic mechanism driving those chronic cocaine consumption 

effects is the synaptic plasticity alteration. This changes leave the addict more vulnerable, 

being prone to relapses (Wolf, 2016). Different changes in dendrites after cocaine consumption 

have been associated with behavioural changes (Christian et al., 2017; Robinson and Kolb, 1999; 

Robinson et al., 2001; Zhu et al., 2016). These changes implied neurofilament, cytoskeletal or gap 

junction proteins, being these proteins involved in stabilisation and integration of the 

Figure I22. Cocaine effects on dopamine transporter. A) Representation of the dopamine transporter 
DAT. In red are represented the interacting residues between cocaine and the transporter (Beuming et al., 
2008). B) Cocaine classic mechanism of action. Through the interaction with DAT, dopamine levels in the 
synaptic cleft are increased (Obtained from the National Institute of Drug Abuse, NIDA) 



 
INTRODUCTION 

	
63 

receptors in synapses or in the deregulation of neuronal excitability mechanisms (Creed et al., 

2016). 

 Noteworthy, studies in non-neuronal cell models without expressing DAT showed 

some effects of cocaine. This fact arose the question of what mechanisms could be behind 

this response to cocaine. Further studies described the interaction of the drug with different 

elements, and nowadays is accepted that cocaine could interact at physiological concentrations 

with, for instance, sigma receptors (Mésangeau et al., 2008). There are two sigma receptors, 

sigma-1 and sigma-2, which are now considered as potential targets to combat cocaine 

addiction.  

 

I.5.4 Sigma receptors and their relationship with cocaine 

  Sigma-1 receptors were originally described as opioid receptors, due to their ability to 

bind an opioid-like mimetic, the SKF-10,047. This ligand cannot interact with κ or µ-opioid 

receptors, but its interaction with sigma-1 receptors was enough to classify these receptors as 

members of the opioid receptor subfamily (Martin et al., 1976). Nonetheless, the action of the 

receptor was not blocked by naloxone or naltrexone, two opioid antagonists, with the 

consequent classification of sigma-1 as non-opioid orphan receptor (Vaupel, 1983). It was not 

until 1996 that the sigma-1 receptor was cloned, confirming it was neither a opioid-receptor 

nor a GPCR (Hanner et al., 1996). Sigma-1 receptor does not present similarities with any other 

human protein. More recently, Schmidt and collaborators were able to obtain its three-

dimensional structure(Schmidt et al., 2016). The crystal presents a trimeric structure with 

protomers containing one transmembrane domain and a C-terminal hydrophobic domain in 

contact with the lipid membrane (Figure 23).  Sigma-1 receptor is widely distributed in 

peripheral tissues (Stone et al., 2006) as well as in different CNS areas, mainly in brain regions 

devoted to memory, emotions, sensory and motor functions (Guitart et al., 2004). Looking into 

the subcellular localization of the receptor, it can be found in endoplasmic reticulum 

performing chaperone functions (Hayashi and Su, 2007) although it also may be located in the 

plasmatic, mitochondrial and nuclear membranes (Alonso et al., 2000). Sigma-1 is able to bind 

different compounds, among which stands out the, haloperidol, steroids like progesterone or 

cocaine (Hayashi and Su, 2005). However, its endogenous ligand has not been discovered yet. 

Define this compounds as agonists or antagonists of the receptor is difficult due to the 

inability to signal and the structure of the receptor, with no resemblance to the GPCR or 

channel receptors. In spite this fact, the sigma-1 ligand PRE-084 has been classified as agonist, 

and haloperidol as antagonist. PRE-084 dissociates in a dose-dependent manner sigma-1 
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receptor from the binding immunoglobulin protein/78 kDa glucose-regulated protein 

(BiP/GRP-78) (Hayashi and Su, 2007), while haloperidol inhibits this disassociation. 

 Despite not having signalling downstream machinery, in presence of agonists, sigma-1 

receptor interacts with several proteins (Su et al., 2010). These interactions enable sigma-1 

receptor to modulate the activity of GPCR and ion channels (Aguinaga et al., 2018; Kim, 2017; 

Navarro et al., 2013; Wu and Bowen, 2008). It is hypothesised that, through these wide range of 

interactions, sigma-1 receptor might have a role in disorders like depression, neuropathic pain 

or cardiovascular diseases (Schmidt et al., 2016; Su et al., 2010). Likewise, it has been described a 

mutation in this receptor responsible of the juvenile amyotrophic lateral sclerosis development 

and/or progression (Al-Saif et al., 2011; Mavlyutov et al., 2013). 

  Focusing on the role of sigma-1 receptor in cocaine addiction, Matsumoto and 

collaborators demonstrated the capability of this receptor to bind cocaine at assumable 
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Figure I23. Crystal structure of sigma-1 receptor. A) Perpendicular to the plasmatic membrane image. In 
a lateral view, the receptor presents a plain surface associated with the membrane. B) Coloured model 
according to the electrostatic potential, revealing a cytosolic polar surface (left) and a non-polar surface that 
interacts with the membrane and it is surrounded by positive charges. C) Structure of sigma-1 receptor shows 
a hydrophilic surface (in blue) in the cytosolic face (left), while the transmembrane domains and the surface in 
contact with the membrane are hydrophobic (in orange and at right). The plasmatic membrane is shown in 
grey (Schmidt et al., 2016). 
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concentrations in vivo (Matsumoto et al., 2001). Indeed, cocaine showed a moderate affinity for 

sigma-1 receptors in radioligand binding assays (Matsumoto et al., 2003).  However, previous 

results, even though without address the interaction between the drug and the receptor, had 

already suggested a role of sigma-1 receptor in different aspects of cocaine consumption like 

hyperlocomotion (Barr et al., 2015; Menkel et al., 1991), sensitization (Ujike et al., 1996), reward 

mechanisms (Romieu et al., 2000, 2002) or even in convulsions and lethality (Matsumoto et al., 

2001). In fact, the reduction of sigma-1 receptor levels in the brain with antisense 

oligonucleotides diminished the convulsive and locomotive effects of cocaine consumption 

(Matsumoto et al., 2001, 2002) and antagonists contribute to reduce cocaine lethality in animal 

models (Matsumoto et al., 2004), while agonists of sigma-1 receptor enhanced the toxicity of the 

drug of abuse (Matsumoto et al., 2002, 2003).  

  In the same line, sigma-1 receptor interacts and modulates different GPCR somehow 

involved in cocaine or drug addiction. It has been demonstrated that upon cocaine binding, 

sigma-1 receptor is able to disrupt the interaction of CRF1 and OX1 receptor (Navarro et al., 

2015) expressed in the VTA and characterised by a negative crosstalk in cAMP and MAPK 

signalling levels. With the disruption of the interaction, the negative crosstalk disappears and 

stress conditions could lead to cocaine seek and to relapses (Navarro et al., 2015). Similarly, 

interactions of sigma-1 receptor with the dopamine receptors have also been described. On 

one hand, upon the binding of cocaine, sigma-1 receptor is able to interact and enhance the 

D1R cAMP and ERK functionality (Navarro et al., 2010b), while, on the other hand sigma-1 

receptor can potentiate MAPK phosphorylation and inhibit cAMP production of the D2R 

(Navarro et al., 2013). These results, altogether, show that the opposite signalling pathways 

activated by D1R and D2R are differently and fine regulated by cocaine-bound sigma-1 

receptor. Overall, these results also suggest a molecular mechanism through which cocaine 

could generate addiction and molecularly predispose the brain to relapses and future cocaine 

consumption, while it also could explain the locomotive effects of the drug (Figure 24). 

Moreover, recent studies of Aguinaga and collaborators have demonstrated that cocaine 

regulates D1R activity upon time, involving an interaction of sigma-1 receptor and D1R in 

acute cocaine intakes and an interaction of the sigma-2 receptor and D1R in chronic drug 

consumption (Aguinaga et al., 2018). Therefore, suggesting that D1R is going to be differently 

regulated by sigma-receptor depending on the stage of the cocaine addiction.  
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 On its behalf, the first evidences of the sigma-2 receptor existence came from 

radioligand studies which the sigma-1 receptor was blocked (Hellewell et al., 1994), but it was 

not until 2011 when Xu and collaborators identified the progesterone receptor membrane 

component-1 (PGRMC-1) as the potential sigma-2 receptor (Xu et al., 2011). Mass 

spectrophotometry and radioligand assays confirmed the results, however, the determined 

molecular weights of PGRMC-1 were 22 and 28 kDa, while the value obtained for sigma-2 

receptor was 21.5 kDa (Hellewell et al., 1994). Despite that post-transcriptional modifications or 

alternative splicing could explain these weight differences, some researchers put in doubt the 

identification done by Xu’s laboratory due to the divergence in the molecular weights. In any 

case, PGRMC-1 belongs to the membrane-associated progesterone receptors family (Cahill, 

2007; Mifsud and Bateman, 2002), although it cannot bind progesterone by itself (Min et al., 

2005) and does not have any homology with any nuclear steroid receptor (Mifsud and Bateman, 

2002). The sigma-2 receptor is distributed in the lungs, liver, brain, liver, heart, muscles and 

pancreas (Gerdes et al., 1998; Krebs et al., 2000), while it is, at subcellular level, expressed in 

endoplasmic reticulum, mitochondria, cell membrane and lysosomes, with the notable 

 Figure I24. Representative scheme of cocaine and sigma-1 receptor regulation of D1R and D2R in 
striatal pathways. Direct and indirect pathways promote a balanced regulation of movement by the 
opposite effects of dopamine through D1R and D2R (Above). In presence of cocaine, and the increase of 
dopamine due to DAT blocking, cocaine-bound sigma-1 receptor enhances D1R  activity in GABAergic 
neurons of the direct pathway, while inhibits the D2R function in the indirect pathway, unbalancing the 
movement control (Navarro et al., 2013). 
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exception of the nucleus (Zeng et al., 2007). 

  The role of sigma-2 receptor has not been well established yet. However, some 

studies suggest that this receptor is involved in cell proliferation and cholesterol biosynthesis 

(Ahmed et al., 2010; Rohe et al., 2009). Moreover, it has been defined as a proliferation 

biomarker for some tumours (van Waarde et al., 2015).  In fact, both sigma-1 and sigma-2 

receptors have been linked to quick proliferation and are expressed in cancer cells. Particularly 

interesting is the case of sigma-2 receptor, which is 10-folds more expressed in proliferative 

than quiescent cancer cells (van Waarde et al., 2010), and its activation could lead to cancer cell 

death (Berardi et al., 2009; Crawford and Bowen, 2002) by apoptotic or non-apoptotic cell death 

mechanisms (Mach et al., 2013; Zeng et al., 2014). Paradoxically, PGRMC-1 agonists (Colabufo et 

al., 2004) and sigma-2 receptor antagonists (Ahmed et al., 2010; Jonhede et al., 2010) could inhibit 

tumour progression. These apparently contradictory results could be explained by the 

difficulty to determine any sigma receptor ligand as agonist or antagonist. In this line, some 

previous agonist-classified sigma-2 receptor ligands turned out to be antagonists and vice 

versa (Zeng et al., 2014). 

 Nowadays, the relevance of sigma-2 receptor in apoptosis and programmed cell death 

is drawing the attention of many researchers, however, the role of this receptor in cocaine and 

drug of abuse studies is also gaining ground (Garcés-Ramírez et al., 2011). In 2007, it was 

observed that cocaine-induced behavioural effects were attenuated after a sigma-2 receptor 

antagonist treatment (Matsumoto et al., 2007), and posterior studies revealed that sigma-2 

receptor antagonists reduced the hyperlocomotive effects provoked by cocaine in mice (Lever 

et al., 2014).  

 Regarding the molecular level and similarly to sigma-1 receptors, sigma-2 receptors 

interact with components of the dopaminergic system. In this line, cocaine could modulate the 

dopaminergic neurotransimission in the VTA by interacting with either sigma-1 or sigma-2 

receptors. Moreover, a recent study indicates that D1R-sigma-1 receptors interaction is more 

relevant in acute cocaine consumption, while the D1R-sigma-2 receptor interaction plays a 

predominant role in chronic consumption of the substance (Aguinaga et al., 2018).  

 In summary, the results suggest a role for both sigma-1 receptor and sigma-2 receptor 

in cocaine addiction, and part of the reason lies in the potential of these receptors to interact 

with GPCR. Nonetheless, further studies are required to confirm the potential of sigma 

receptors as targets to fight cocaine addition and to define the best therapeutic approach, i.e. 

whether to use agonist or antagonists of these receptors. 
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I.5.5 Ghrelin, ghrelin receptors and the control of food intake 

 Ghrelin is an orexigenic peptide hormone. This peptide acts as a signal to predispose 

the subject to ingest, giving reasons to those who consider ghrelin as the ‘hunger hormone’. 

The gene codifying for ghrelin is placed in the third chromosome (3p25-26), and generates a 

peptide of 117 amino acids named preprogrhelin. Posterior enzymatic cleavages enable the 

obtain of the proghrelin and the anorexigenic peptide obestatin (Schellekens et al., 2010) (Figure 

25A). A final step for ghrelin synthesis is the acylation of a serine residue of the peptide (Yang 

et al., 2008). This final process confers ghrelin its ability to activate its receptors and to be 

functional. In plasma, ghrelin is found in either acylated (just 10% of the circulating ghrelin) or 

deacylated forms (the 90% of the ghrelin found in plasma). The differential forms of the 

peptide found in blood are explained by the fact that the acylated form of the peptide has a 

life span in blood of only 8 minutes (Kojima et al., 1999). Ghrelin is mainly synthetized at the 

oxyntic cells of the stomach and then liberated to the plasma, while small production occurs in 

the brain at the arcuate nucleus of the hypothalamus. Ghrelin is the only peptide hormone 

with a post-transcriptional modification involving acetylation, and its expression in plasma 

fluctuates during the day, following a circadian rhythm (Silver and Balsam, 2010). Therefore, the 

levels of ghrelin are increased before ingest, while they diminish after eating (Cabral et al., 

2017). This peptide is characterised indeed, for its ability to cross the blood-brain barrier, even 

though the mechanism through which this is achieved is still unknown. Once in the brain, 

ghrelin can act in the ghrelin receptors localized in hypothalamus, amygdala, hippocampus, in 

Figure I25. Human ghrelin 
and GHS-R1 receptor gene 
structure. A) The human ghrelin 
gene codes for 117 amino acid 
preproghrelin which is 
enzymatically cleaved to 
proghrelin and a C-terminal 
peptide obestatin. A posterior 
acylation of serine-3 is necessary 
for the mature conformation of 
the peptide. B) The two exons of 
GHS-R gene codify for the full-
length GHS-R1a or the splicing 
alternative GHS-R1b lacking the 
second intron (Schellekens et al., 
2009). 
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dopaminergic regions of the mesencephalon and striatum, and in the VTA (Mason et al., 2014) 

(Figure 26).  

 Ghrelin can act either in peripheral tissues or the CNS. In the periphery, its action 

promotes the motility and the gastric secretion of HCl, as well as modulates the endocrine 

function of the pancreas and it is related to the glucose metabolism. Moreover, ghrelin seems 

to be involved in different cardiovascular diseases (Lilleness and Frishman, 2016), and promotes 

the proliferation of adipocytes of the white adipose tissue (Lanfranco et al., 2010; Wells, 2009). 

Regarding the ghrelin actions in the CNS, it can stimulate appetite through its action on the 

hypothalamus, as well as promoting the release of Growth hormone in the hypophysis.    

 Growth hormone can be released from hypophysis or pituitary gland upon action of 

peptides known as growth hormone secretagogues. Ghrelin is one of them, and in fact, the 

ghrelin receptor was first identified as the Growth Hormone Secretagogue Receptor (GHS-R). 

This receptor was cloned in 1996 by Howard and collaborators (Howard et al., 1996), and 

encodes a 366 amino acid and 41 kDa protein (Howard et al., 1996) that belongs to the GPCR 

family A, and is known as GHS-R1a. However, an alternative splicing of the gene enables the 

transcription of the receptor known as GHS-R1b (Schellekens et al., 2010) (Figure 25B). Despite 

that it has been described that the receptor GHS-R1a, a full containing 7-TM domain 

receptor, upon binding of ghrelin activates Gαq subunit, promoting the increase of IP3 and the 

release of intracellular calcium storages, activation of Gαi or even Gαs has been described in 

certain situations (Damian et al., 2015; Holst et al., 2005). On its behalf, GHS-R1b lacks the 

sixth and seventh transmembrane domains of GHS-R1a. The absence of this two domains, 

prevents the receptor from neither binding the ghrelin peptide nor to couple G-protein, 

therefore not being capable of activate or promote a downstream signalling (Mary et al., 2013). 

Recent studies have started to shed some light into the role of GHS-R1b. It has been 

described, that GHS-R1a and GHS-R1b might be co-expressed in the same cells, and that the 

two proteins are able to form homodimers and also to heterodimerizate between them, 

existing a negative regulation of GHS-R1b towards GHS-R1a (Mary et al., 2013). Two 

different modulation mechanisms have been proposed. In the first, the inability of GHS-R1a 

to reach the plasma membrane is overcome upon the interaction with GHS-R1b, thus just 

upon heterodimerization with GHS-R1b, is GHS-R1a able to reach the plasma membrane 

(Chow et al., 2012). The second mechanism proposes a negative allosteric modulation from 

GHS-R1b towards the GHS-R1a, preventing the functional ghrelin receptor to signal upon 

interaction with the truncated ghrelin receptor (Mary et al., 2013). These two mechanisms 

would not be, necessarily, excluding each other, enabling the possibility of happen at the same 
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time (Mary et al., 2013).	 

 

I.5.6 Ghrelin in the reward pathway and its involvement in addiction processes 

 Despite that ghrelin is mainly synthesised at the stomach, the majority of its actions 

take place at the brain. It has been demonstrated that intracerebroventricular administrations 

of the peptide can stimulate, independently, food ingest and growth hormone segregation 

(Howick et al., 2017; Shintani et al., 2001), therefore being a regulator of both systems. However, 

the expression of ghrelin receptors in VTA, amygdala or different dopaminergic brain areas 

suggests that the hormone could be influent, somehow, to reward system (Zigman et al., 2006).  

 Activation of GHS-R1a present at the VTA could have a role in motivating the seek of 

palatable food and the subsequent obtain of reward (Wise, 2002). Reward pathway is activated 

with the experience, reward expectations and/or exposure to delightful stimulus (Richardson 

and Gratton, 1998). In this regard, many authors have proposed a role of ghrelin in modulating 

the reward system, regulating the appetite, anticipating the food ingestion feelings, triggering 

expectations and creating a positive reinforcement. In this line, administration of ghrelin 

antagonists in the VTA or NAcc, or the use of animals deficient in the receptor could i) block 

the orexigenic effects of peripheral administration of ghrelin (Abizaid and Horvath, 2008; 

Figure I26.  Ghrelin signalling in the mesolimbic reward circuitry in human brain. Schematic 
representation of ghrelin-mediated regulation of homeostatic food intake and reward in human brain. 
GHS-R1a expression is found at amygdala, arcuate nucleus, laterodorsal tegmental area, lateral 
hypothalamic area, the hippocampus and the medial prefrontal cortex (indicated in red). Peripheral 
ghrelin can directly activate VTA dopaminergic neurons that project to NAcc. Moreover, ghrelin 
modulation of VTA projections to other brain regions like amygdala or hippocampus has been suggested 
(Schekellens et al., 2013).    
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Abizaid et al., 2006; Jerlhag et al., 2006; Skibicka et al., 2011), and ii) modify the time spent in 

conditioned place preference zones where animals receive a food reward (Egecioglu et al., 2010; 

Perello et al., 2010). Moreover, looking into the molecular details, it has been demonstrated a 

crosstalk between ghrelin and dopamine, with the peptide hormone amplifying the dopamine 

produced signalling thanks to the formation of a GHS-R1a-D1R heteromer (Jiang et al., 2006). 

These results evidence the role of ghrelin in the reward system, suggesting that this peptide 

hormone could influence subjects to seek and to consume food in order to obtain the reward 

that palatable ingestions bring along. 

 According to the evidence and the relationship between ghrelin and the reward 

system, it is not difficult to hypothesise that the ghrelinergic system might be involved in drug 

addiction. In this line, Jerlhag and collaborators demonstrated the requirement of ghrelin 

signalling to generate alcohol addiction, suggesting ghrelin and its receptors as good targets to 

tackle alcohol addiction (Jerlhag et al., 2009). Similarly, it is worth considering a role of ghrelin 

in cocaine addiction. In fact, one of the effects derived from cocaine consumption is the 

reduction of the hunger feeling. Moreover, ghrelin receptors are co-expressed with dopamine 

receptors or sigma receptors in multiple brain regions, and even can heteromerize with them 

(Jiang et al., 2006). Cocaine addiction dramatically alters the dopaminergic pathways in the 

brain. To date, it has been seen the relationship of ghrelin and the motivation to seek palatable 

food, as well as the link between cocaine and reward pathways or the reduction of hunger 

after cocaine consumption. According to this background, it is tempting to speculate about a 

molecular mechanism linking cocaine addiction and the ghrelinergic system. However, further 

research has to be done in order to reveal such interaction and its possible physiological 

consequences or its involvement in addiction processes. 
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II. AIMS 
 
  

 G protein coupled receptors are responsible of several functions within the Central 

Nervous System in both physiological and pathological conditions. Thus, the modulation of 

GPCRs, through homo- or heteromerization processes, through interaction with non-GPCR 

proteins, or regulation of the intrinsic characteristics of the GPCR through allosterism, can 

have implications in either addiction or neuroinflammation. GPCR actively participate and 

regulate both phenomena, making of great importance to disclose the biochemical and 

molecular characteristics of the receptors implicated. In this frame, the General  Aim of  this  

thes is  i s  to  invest igate  the re l evant molecular and funct ional  G-prote in coupled receptor 

interact ions in neuroinf lammation and addic t ion . To reach this overall goal, four particular 

aims were formulated. 

 

 

 First, the Thesis is focused on the endocannabinoid system and its two receptors. 

CB1R and CB2R are GPCR with a fundamental role in homeostatic control of body 

temperature, neurotransmission or immune response. Regarding the latter, accumulation of β-

amyloid in Alzheimer’s Disease or α-synuclein in Parkinson’s Disease, bring about 

neuroinflammatory processes in which microglial cells participate. Microglial cells express 

both CB1 and CB2 receptors, and endogenous or exogenous cannabinoids acting through its 

receptors, may influence the establishment of pro-inflammatory or neuroprotective microglial 

phenotypes. In order to shed some light into the role of cannabinoid receptors when 

microglial cells are activated in conditions mimicking neuroinflammation, the first specific aim 

was: 

 

 Aim I – To investigate the role of CB1 and CB2 receptors and the CB1-CB2  

  receptor heteromer in different activation microglial phenotypes. 

 

 

 Interaction with non-GPCR proteins could modulate the activity of a given GPCR. 

Despite the potential of calcium sensor proteins as GPCR regulator, very few interactions 

between members of these two protein families have been described. Upon binding calcium 

ions at their EF-hand domains, calcium sensors suffer conformational changes that enable 

them to interact and modulate the function of different proteins of the signal transmission 
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machinery. The role of calcium is very relevant in enkephalinergic GABAergic neurons of the 

motor pathway in which the CB1R is expressed. In this context, the second aim of the Thesis 

was: 

 

 Aim 2 – To identify interactions between CB1R and EF-hand domain-  

  containing calcium proteins and their functional consequences. 

 

 

 GPCRs play a key role in the control of the reward pathway thus impacting on 

plasticity events related to drug addiction. The role of the reward pathway is ensuring survival 

thus leading to consumption of food or water, and to promote behaviours like sex that are 

both necessary for survival and pleasant. Among the different neurotransmitters and 

compounds acting on the system, the orexigenic peptide hormone ghrelin contributes to 

trigger the food seeking behaviour. The molecular actions of ghrelin rely on the growth 

hormone secretagogue receptor 1 (GHS-R1a) which is a GPCR. However, due to alternative 

splicing, there is a truncated isoform of the receptor named GHS-R1b. This truncated 

receptor, lacking the transmembrane domains 6th and 7th cannot bind the hormone and does 

not interact with any G protein. It has been demonstrated that both ghrelin receptors can 

heteromerise, however, the role and function of the truncated GHS-R1b receptor is not fully 

understood. Accordingly, the third aim of the Thesis was: 

 

 

 Aim 3 – To give insight into the functional role of the alternatively-spliced  

  truncated form of the ghrelin receptor gene product. 

 

 

 Due to its involvement on the mechanisms underlying motivation to consume food, 

alterations in ghrelin receptors signalling have been proposed as relevant in food intake 

disorders like obesity. Interestingly, the consumption of cocaine, a drug of abuse, leads to a 

loss of appetite and a reduction of food seeking. The actions of cocaine are mainly mediated 

by the blockade of dopamine transporters and the subsequently increase in the dopamine 

available to pre- and post-synaptic dopamine receptors. However, cocaine also binds, at 

physiologically relevant levels, to the non-opioid sigma-1 and sigma-2 receptors. Although the 

physiological role of sigma receptors is not known yet, they can interact with GPCRs. Taking 
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together all this information we hypothesised that sigma and ghrelin receptors could be closely 

involved in the anorexigenic effect of cocaine. To test this hypothesis, the fourth aim of the 

Thesis was: 

 

 Aim 4 – To investigate direct and indirect interactions between sigma-1  

  receptor and ghrelin receptor and to determinate the modulatory role  

  of cocaine on the function of sigma-1-ghrelin receptor complexes.  
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III. MATERIALS AND METHODS 

 

 

III.1 Expression vectors and fusion proteins 

 Several fusion proteins were constructed in order to perform the different assays 

reported in the different chapters of the thesis. 

 The cDNAs for the human version of the cannabinoid CB1 receptor without 

containing the stop codons was obtained by PCR and subcloned into a RLuc-containing 

vector using sense and antisense primers harbouring unique restriction sites for HindIII and 

BamHI. Also, with the use of sense and antisense primers containing the unique restriction 

sites for BamHI and KpnI, the receptor was cloned into the pEYFP-contaning vector. 

Overall, vectors containing the sequence for CB1R-RLuc and CB1R-YFP were generated.  

 To obtain the CB2R-containing fusion proteins, the cDNA of the human CB2R was 

amplified by PCR without containing the stop codon. Using sense and antisense primers 

harbouring the HindIII and BamHI restriction enzymes, and BamHI and KpnI, the receptor 

was subcloned into, respectively, a pRLuc-N1 vector or the pGFP2-N1-containing vector. 

Overall, vectors containing the sequence for CB2RRluc and CB2RGFP2 fusion proteins were 

generated.  

 For preparing the D1R fusion protein, the dopamine D1 receptor was amplified by 

PCR without its stop codon to then, subclone the receptor into a p-GFP2-containing vector 

with the use of sense and antisense primers containing KpnI and BamHI restriction enzymes. 

The result of this procedure was a vector containing the sequence of D1-GFP2 fusion protein.  

 As described in Navarro and collaborators study (Navarro et al., 2014),  pcDNA3.1 

vector encoding for the Calneuron-1 calcium sensor was amplified without its stop codons 

using sense and antisense primers harbouring BamHI and HindII or BamHI and KpnI 

restriction sites to subclone Calneuron1 into pRluc-N1 or pEYFP-N1 vectors. The resulting 

vectors contained the sequences for Calneuron1-RLuc and Calneuron1-YFP fusion proteins. 

 Similarly, the cDNA encoding for Caldendrin in pcDNA3.1 vector was subcloned into 

a pEYFP-N1 vector using sense and antisense primers harbouring EcoRI and BamHI 

restriction sites in order to obtain Caldendrin-YFP fusion protein, as it is indicated in Navarro 

et al., 2014. 

 The NCS1 calcium sensor the protocol used was similar, thus amplifying pcDNA3.1 

encoding for NCS1 without its stop codons, and subcloning it into the pRLuc-N1 and 
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pEYFP-N1 vectors using the XhoI and BamHI restriction sites, NCS1-Rluc and NCS1-YFP 

fusion proteins were obtained (Navarro et al., 2014). 

 Human cDNA for GHS-R1a was amplified by PCR without its stop codon using 

sense and antisense primers with EcoRI and KpnI restriction sites to be subcloned into 

pRluc-N1 and pGFP2-N1 vectors to obtain GHS-R1a-Rluc and GHS-R1a-GFP2 fusion 

proteins.  

 For GHS-R1b, the receptor was amplified without stop codon and harbouring the 

EcoRI and KpnI restriction sites to subclone the receptor in pRluc-N1 and pEYFP-N1 

vectors, consequently obtaining the vectors encoding for GHS-R1b-Rluc and GHS-R1b-YFP 

fusion proteins. 

 Sigma-1 receptor (σ1-R) fusion proteins σ1-R-Rluc and σ1-R-YFP were obtained after 

amplifying the cDNA for the receptor without stop codons and harbouring the EcoRI and 

KpnI restriction sites, to then subclone the receptor into the pcDNA3.1-RLuc and pEYFP-

N1 vectors. 

 The same approach and restriction sites were employed in order to subclone the 

sequence of the CRF1 receptor in the pRluc-N1 and pEYFP-N1 vectors. The resulting 

vectors contained the sequence for CRF1R-Rluc and CRF1R-YFP fusion proteins. In turn, to 

subclone the A2AR into pGFP2-N1 vector, the amplification by PCR of the receptor without 

stop codon and required the incorporation of HindIII and BamHI restriction sites. 

 Sequences encoding amino acid residues 1-155 and 155-238 of the Venus variant of 

yellow fluorescent protein (Venus) were subcloned in the pcDNA3.1 vector to obtain 

complementary N- and C- hemiproteins (pcDNA3.1-nVenus and pcDNA3.1-cVenus). Then 

cDNAs for GHS-R1b and GHS-R1a and σ1-R were subcloned (using the above described 

restriction sites) to pcDNA3.1-nVenus or pcDNA3.1-cVenus, to provide plasmids expressing 

the receptors fused to each part of the n-and-cYFP Venus hemiprotein on the C-terminal 

domain (GHS-R1b-nYFP, GHS-R1a-nYFP, GHS-R1a-cYFP and σ1-R-cYFP). The same 

protocol was used with cDNA for GHS-R1b, which was subcloned into the pcDNA3.1-

nRluc8 to obtain the GHS-R1b-nRluc8 fusion protein, while sequences for GHS-R1a and 

adenosine A1 receptors (using HindIII and BamHI restriction sites in the case of A1R) were 

subcloned into pcDNA3.1cRluc8 vector to obtain GHS-R1a-cRluc8 and A1-cRluc8. 

  

III.2 Directed mutagenesis 

 Two different sequences of the CB1R were mutated by site-directed mutagenesis 

approach. To obtain a C-terminal truncation of the CB1R sequence, PCR was used to remove 
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the last 40 amino acids from the CB1R sequence. To produce a mutation in the 3rd intracellular 

loop of the receptor, the sequence 321TSEDGKVQVT330 placed in the third intracellular loop 

of the CB1R was mutated to 321AAEDGKVQVT330 in order to obtain the CB1
A321-A322 receptor. 

Then, sequences encoding for those mutants were subcloned as above described into pEYFP-

containing vector to create vectors encoding CB1
ΔCT-YFP or the CB1

A321-A322-YFP receptors 

(named CB1R
ΔICL3-YFP in the following sections of the thesis). 

 Constructs of Calneuron-1 with the C-terminal domain truncated (Calneuron1ΔCT) and 

the N-terminal myristoylation-deficient NCS-1 mutant (NCS1Δmyristoylated) obtained as described 

elsewhere (Hradsky et al., 2011) were kindly provided by M. Kreutz laboratory. Then, the 

sequences encoding for these mutations were subcloned into pEYFP-N1 vector pEYFP-N1 

using HindIII and BamHI restriction sites to obtain NCS1Δmyristoylated-YFP and calneuron1ΔCT-

YFP fusion proteins (Navarro et al., 2014). 

 

III.3 Cell lines and culture conditions 

 Human Embryonic Kidney -293 T (HEK-293T) and the immortalised microglial- 

murine N9 cell lines were used.  

 HEK-293T cells were grown in Dulbecco’s Modified Eagle’s Medium (DMEM) 

(Gibco; Paisley, Scotland, UK) supplemented with 2 mM of L-glutamine (Invitrogen; Paisley, 

Scotland, UK), 5% of 56ºC inactivated Foetal Bovine Serum (FBS) (Gibco; Paisley, Scotland, 

UK), MEM non-essential amino acids solution (1/100) (Invitrogen; Paisley, Scotland, UK) 

and 100 units/ml penicillin/streptomycin (P/S) antibiotic (Invitrogen; Paisley, Scotland, UK). 

When the cells were 90-100% confluent, trypsin was used to detach cells from plates. The 

enzyme was inactivated with the use of DMEM supplemented with 5% FBS, P/S, L-

glutamine and MEM non-essential amino acids. Then, cells were diluted (1/10) and seeded in 

new plates. Cells were discarded after 20 passages.  

 N9 cell line was harvested in Roswell Park Memorial Institute (RPMI) 1640 (Gibco; 

Paisley, Scotland, UK) medium supplemented with 2 mM of L-glutamine, 10% of 56ºC 

inactivated Foetal Bovine Serum (FBS), MEM non-essential amino acids solution (1/100) and 

100 units/ml penicillin/streptomycin (P/S) antibiotic. When the confluence arrived to 100%, 

the cells were splitted as above described. Cells were discarded after 8 passages. 
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 All cell lines were maintained in a 5% CO2 humid atmosphere and at a temperature of 

37ºC. 

 

III.4 Primary cell cultures  

 Mice striatal primary microglial cultures were obtained after removing the brain form 

C57BL/6 mice of 2 to 4 days of age. The brains were mechanically dissected and the 

meninges removed, digesting the striatal tissue with 0,25% trypsin for 20 minutes. 

Trypsinization was stopped by the addition of an equal volume of DMEM-F12 culture 

medium supplemented with 10% foetal bovine serum, 100U/ml P/S and 0.5 µg/ml 

amphotericin B and 160 mg/ml of deoxyribonuclease I. Then, cells were brought to a single 

cell suspension by repeated pipetting followed by passage through a 100 µm-pore mesh and 

pelleted for 7 min at 200 g. The glial cells pellet was resuspended in medium and seeded at 3.5 

x 105 cells/ml in poly-D-lysine coated 6-well plates. The cultures were maintained at 37ºC in 

humidified 5% CO2 atmosphere, being the medium replaced once a week. Microglial cell 

cultures were then obtained from 19-21 day glial cultures by mild trypsinization (0.05-0.12% 

trypsin) process and seeded as it follows: 500,000 cells/well in poly-D-lysine coated 6-well 

plates, 50,000 cell/well in 96-well plates or 75,000 cells/18mm coverslip. Cells were used 24 

hours after platting. 

 The striatal primary neurons were obtained either from foetal Sprague Dawley rats or 

C57BL/6 mice of 19-20 days. After mechanically removing meninges from brain, striatal 

tissue was digested in 0.25% trypsin for 20 minutes. Trypsinization process was stopped by 

the addition of equal volume of DMEM-F12 culture medium (Gibco; Paisley, Scotland, UK) 

supplemented with 10% foetal bovine serum, 100U/ml P/S and 0.5 µg/ml amphotericin B 

and 160 mg/ml of deoxyribonuclease I. After passage through a 100 µm-pore mesh and 

pelleting (7 min at 200 g), neurons were resuspended in DMEM-F12 supplemented medium 

and seeded in poly-D-lysine coated 6-well plates at 500,000 cells/well, 50,000 cell/well in 96-

well plates or 75,000 cells/18mm coverslip. 24 hours later, the medium was replaced and cells 

were maintained in Neurobasal medium (Gibco; Paisley, Scotland, UK) supplemented with 

5% FBS, 2 mM L-glutamine, 100 U/ml P/S and 2% (v/v) B27 supplement. The cells were 

maintained at 37ºC in humidified 5% CO2 atmosphere for 12 days before utilisation of the 

cultures, being the medium replaced once a week. 
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III.5 Cell viability 

 Cell survival rate was calculated by counting alive and dead cells in a Countless II FL 

automated cell counter (Thermo Fisher Scientific-Life Technologies) after diluting (1:1 v/v) of 

the samples with Trypan blue (Thermo Scientific; Whaltam, MA, USA). 

 

III.6 Cell transfection 

 For HEK-293T and N9 cell lines, the PolyEthylenImine (PEI) (Sigma-Aldrich, St 

Louis, MO, United States) transfection protocol was employed. To carry out this 

methodology, each cDNA were diluted in a 150 mM NaCl solution, whereas 40 mM PEI was 

diluted 1/20 with 150 mM NaCl in a total volume equal than the DNA-NaCl solution. The 

two equal volume solutions were gently mixed. After 10 minutes, the mix was added to the 

cells in serum-starved DMEM or RPMI medium. Previous to proceed to replace the medium 

by supplemented DMEM or RPMI, cells were incubated for 4 hours at 37ºC, 5% CO2 and 

humid conditions. Experiments were performed 48h after the transfection (unless otherwise 

indicated). 

 The other transfection methodology, which was Lipofectamine 2000 transfection 

method, was used for primary cell cultures. Lipofectamine 2000 reagent (Invitrogen; Paisley, 

Scotland, UK) was diluted in Opti-MEM medium according to manufacturer’s 

recommendations, and each cDNA diluted in the same volume of Opti-MEM than the 

Lipofectamine 2000-Opti-MEM preparation. Then, the two solutions were mixed by gentle 

pipetting. After 30 minutes, the complexes formed between Lipofectamine 2000 and the 

cDNA were added to the cells growing in serum-starved medium, and after 4 hours medium 

was removed and replaced for DMEM or Neurobasal supplemented medium. 48 hours after 

this procedure, the experiments were carried out.  

 

III.7 Generation of Parkinson’s disease (PD) Model  

 For the development of the disease, male Wistar rats were used. The experiments were 

carried out in accordance with European Union directives (2010/63/EU and 86/609/CEE) 

and were approved by the Ethical committee of the University of Santiago de Compostela.  

 The animals were divided into three different groups: non-lesioned, 6-

hydroxydopamine (6-hydroxy-DA) lesioned animals receiving vehicle, and 6-hydoxy-DA-

lesioned rats receiving a chronic treatment with levodopa. After anaesthesia with 

ketamine/xylazine (1%ketamine, 75 mg/kg; 2% xylazine, 10 mg/kg), and placement in a 

David Kopf stereotaxic apparatus, the animals received a unilateral injection in the right 



 
MATERIALS AND METHODS 

	
86 

medial forebrain bundle of 12 µg of 6-hydroxy-DA prepared in 4 µl of sterile saline medium 

containing 0.2 % of ascorbic acid. The stereotaxic coordinates were 3.7 mm posterior to 

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

skull position. The solution was injected at 1 µl/min with a 5-µl Hamilton syringe coupled 

with a motorized injector; the cannula was left in situ for 2 minutes after the injection. Three 

weeks after the procedure, post-surgery efficacy of the lesion was evaluated by the 

amphetamine rotation test and the cylinder test. The extent of the lesion was verified by 

tyrosine hydroxylase (TH) western blot analysis, and the correct nigrostriatal lesion was 

confirmed by the loss of TH immunohistochemistry staining. Amphetamine-induced rotation 

was tested in a bank of eight automated rotamer bowls by monitoring full (360º) 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 intraperitoneal) dissolved in saline medium. Rats that 

displayed more than six full body turns/min ipsilateral to the lesion were included in the study 

(this rate would correspond to an over 90% depletion of the dopamine striatal fibers in the 

striatum). The cylinder test was employed to evaluate the spontaneous forelimb movements. 

Rats individually placed in a glass cylinder (20 cm of diameter) were evaluated by a blinded 

observer to the animals’ identity, who scored the number of left or right forepaw contacts and 

presenting left (impaired) touches in percentage of the 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 the total wall contacts.  

 

III.8 Treatment with levodopa and dyskinesia assessment of PD model animals 

 PD animal models were chronically treated with levodopa; receiving a subcutaneous 

injection of levodopa methyl ester (6 mg/kg) plus benserazide (10 mg/kg) performed daily for 

3 weeks. This treatment may lead to reliably dyskinetic movements. In order to discriminate 

between non-dyskinetic and diskynetic animals, the manifestation of levodopa-induced 

abnormal involuntary movements (AIMs) was evaluated according to the rat dyskinesia scale 

described in detail elsewhere (Benito et al., 2003; Farré et al., 2015). In brief, the severity of each 

AIM subtype (limb, orolingual and axial) was assessed using scores from 0 to 4: 1 being 

occasional, 2 present 50% of the time, 3 being continuous but interrupted by strong sensory 

stimuli and 4 showing continuous movement that was not interrupted by strong stimuli. 

Hence, rats were classified as ‘dyskinetic’ if they displayed a 2 score per monitoring period on 

at least two AIM subtypes. Animals classified as ‘non-dyskinetic’ exhibited either no AIMs or 
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very mild and occasional ones. Animals with low scores, for example, without performing 

neither non-dyskinetic nor dyskinetic treats, were discarded.  

 

III.9 APP transgenic mouse model of Alzheimer’s disease (AD) 

 APPSw,Ind transgenic mice (line 9; C57BL/6 background) expressing human APP695 

harbouring the FAD-linked Swedish (K670 N/M671 L) and Indiana (V717 F) mutations 

under the PDGFb promoter were obtained by crossing APPSw,Ind  to non-transgenic (WT) 

mice as described by Mucke and collaborators (Mucke et al., 2000). 

 

III.10 Aβ-oligomer production 

 Aβ-oligomer preparation was carried out by placing a lyophilizated Aβ1-42 in 

1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) to a concentration of 0.5 mg/ml. After evaporation 

of the HFIP, the peptide film was stored at -80ºC. 24 hours prior to its use, the peptide film 

was dissolved in dimethylsulfoxide (DMSO), sonicated, brought to a 50 µM concentration 

with F12 medium, and kept for oligomerization at 4ºC for 24 hours. Fresh Aβ1-42 oligomer 

preparations were used in each experiment, and the quality of the preparations was validated 

by SDS-PAGE (10% tricine gels) and subsequent immunoblotting using antibodies detecting 

the N-terminus of Aβ peptide.  

 

III.11 Cocaine treatment  

 Male Sprague-Dawley rats weighing 200-220 grams were selected for the experiments. 

Rats were kept in controlled environment with 12 hour light-dark cycle at 21ºC room 

temperature, with food and water provided ad libitum. The Ethics Committee of the Faculty of 

Biological Science of the Pontifical Catholic University of Chile approved all the experimental 

procedures, which fulfilled all the international guidelines and rules (NIH Guide for the Care 

and Use of Laboratory Animals).  

 The animals taking place in the study were divided in two groups of experimental 

series with their respective controls (cocaine versus saline): of chronic-treated rats and acute-

treated cocaine rats. The chronic administration protocol consisted of 15 mg/kg 

intraperitoneal cocaine injections twice a day for 14 days, whereas the acute cocaine treatment 

protocol consisted of two intraperitoneal injections of 15 mg/kg cocaine, being one in the 

morning and the second in the afternoon.  
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III.12 Fixation procedure 

 The male Sprague-Dawley rats employed in the cocaine treatment were deeply 

anesthetized the day after the last cocaine injection. Ketamine-xylazine (50 mg/kg and 5 

mg/kg respectively) was used as anaesthesia. Rats were intracardially perfused with 50 ml of 

saline followed by 500 ml of 4% paraformaldehyde  (PFA) in phosphate buffer. Then the 

animals were sacrificed and the brains post-fixed with 4% PFA for 2 hours and left in 20% 

sucrose during 2 days.  

 

III.13 RealTime (RT)-PCR assay 

 To assay the levels of receptors RNA transcripts, cells were lysed with 1 ml of Trizol 

Reagent. After addition of 200 µl of chloroform and gentle mixing, cells were centrifuged for 

15 minutes at 12000 g and 4ºC. The aqueous phase containing RNA was recovered and mixed 

with an equal volume of icecold 2-propanol and left O/N at -80ºC. After discarding the 

supernatants and a washing step with 70% ethanol, the pellets were resuspended in H2O. All 

DNA of the samples was eliminated by the use of a RQ1 RNAse free DNAse (Promega). The 

RNA was quantified with the use of a Nano Drop ND-1000 spectophotometer (Thermo 

Scientific; Whaltam, MA, USA) and the quality assessed with the Bioanalyzed 2100 system. 

Total RNA (1 µg) was reversely transcribed by random priming using Moloney Murine 

Leukemia Virus (M-MLV) reverse transcriptase, RNase H minus, point mutant, following the 

protocol of ‘Two-Step RT-PCR’ provided by Promega. The resulting single-stranded cDNA 

was used to perform the PCR amplification of the receptors of interest and an internal 

control.  

 The primers employed for RT-PCR assays are summarised in Table 1: 

Gene of 

interest 

Forward Reverse 

GADPH 5’CATCCTGCACCACCAACTGCTTAG-3’ 5’-GCCTGCTTCACCACCTTCTTGATG-3’ 

GHS-R1a 5’-GCTCTTCGTGGTGGGCATCT-3’ 5’-GAGAAGGATTCAAATCCTAGCA-3’ 

GHS-R1b 5’-GCTCTTCGTGGTGGGCATCT-3’ 5’-TCAGCGGGTGCCAGGACTC-3’ 

CB1R 5’-CATCCAGTGTGGGGAGAAT-3’ 5’-TATGGTCCACATCAGGAAA-3’ 

CB2R 5’-CATCACTGCCTGGCTCACT-3’ 5’-AGCATAGTCCTCGGTCCTCA-3’ 

Table 1. Sequences of Forward and Reverse primers used in RT-PCR assays 
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 III.14 Immunocytochemistry 

 To proceed with immunocytochemical assays, cells were fixed in 4% PFA for 15 min, 

followed by several washings with PBS buffer containing 20 mM glycine to quench the 

aldehyde groups. After permeabilization of the membranes with PBS-20 mM glycine- 0,05% 

Triton X-100 buffer for 5 minutes, cells were treated with PBS- 20 mM glycine- 1% bovine 

serum albumin for 1 hour. Then, cells were incubated with the respective primary antibodies 

for 1 hour at room temperature or over-night at 4ºC. After removing the primary antibody 

and several washing procedures with PBS- 20 mM glycine buffer, cells were incubated for 1 

hour with specific secondary antibodies. The nuclei of the cells were stained with Hoechst and 

the samples were mounted with Mowiol at 30% for the posterior observation in a Leica SP2 

confocal microscope (Leica Microsystems; Manheim, Germany).  

 The primary antibodies employed are summarised in the Table 2 and the secondary 

antibodies are listed in the Table 3. 

 

Table 2. Primary antibodies used in the different assays.  

Epitope Specie Manufacturer Dilution 

Anti-Rluc Mouse Millipore  1/200 

Anti-Iba1 Rabbit Sigma Aldrich 1/100 

Anti-CB2R Goat Santa Cruz Biotechnology 1/50 

Anti-CB1R Rabbit Cayman Chemical  1/100 

Anti- MHC ClassII Rabbit or Mouse Abcam 1/100 

Anti-Tubulin Mouse Sigma-Aldrich 1/2000 

Anti-YFP Rabbit Santa Cruz Biotechnology 1/1000 

Anti- ERK1/2 Rabbit Sigma-Aldrich 1/40000 

Anti-PhosphoERK Mouse Sigma-Aldrich 1/2500 

Anti-Calneuron-1 Rabbit Abcam 1/100  

Anti-NCS1 Rabbit Abcam 1/100 

Anti-sigma1-R Goat Santa Cruz Biotechnology 1/100 

Anti-GHS-R1a Mouse Abcam 1/100 
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Table 3. List of secondary antibodies employed 

Epitope Specie reactivity Manufacturer Dilution 

Alexa Fluor 488  Anti-Goat Invitrogen 1/200 

Cy-3 Anti-Rabbit Jackson ImmunoResearch 1/200 

Cy-3  Anti-Mouse Jackson ImmunoResearch 1/200 

IRDye 800 Anti-Mouse Sigma-Aldrich 1/10000 

IRDye 680 Anti-Rabbit Sigma-Aldrich 1/10000 

 

 

 III.15 Western Blotting 

 The determination of protein expression levels by immunoblotting was usually carried 

out in transfected HEK-293T cells. After treatment of cells to isolate the appropriate protein 

preparation, equivalent amounts of cell protein (10 µg) were separated by polyacrylamide gel 

electrophoresis on denaturating conditions (10% SDS). Proteins in gels were transferred into 

PVDF membranes, which were then treated with a blocking solution and PBS (1:1 v/v) for 1 

hour. Primary antibodies diluted in PBS buffer were added and kept over-night at 4ºC. After 

removal of the primary antibody and several washes, membranes were incubated for 1 hour 

with the secondary antibodies. Membranes were dried after several washes and quantification 

was performed using an Odyssey infrared scanner. Band densities were quantified using the 

scanner software.  

 

III.16 Biotinylation of cell surface proteins 

  Living cells washed three times with a borate buffer containing 10 mM H3BO3, 150 

mM NaCl and pH 8.8 were incubated with 50 µg/ml sulfo-NHS-LC-Biotin in borate buffer 

for 5 minutes. Three washing steps with the borate buffer were followed by the addition of 13 

mM NH4Cl for 5 minutes to quench the remaining biotin. Then, cells were washed with PBS 

and disrupted with three 10-s strokes in a Polytron. After that, cells were centrifuged at 16,000 

x g for 30 minutes. The pellet was solubilised in ice-cold lysis buffer (50 mM Tris-HCl, 1% 

Triton X-100, 0.2% SDS, 100 mM NaCl, 1 mM EDTA and 0.5% sodium deoxycholate) for 

30 minutes and centrifuged at 16000 g for 20 minutes. The supernatant was incubated at 4ºC 

with 80 µl of streptavidin-agarose beads for 1 hour with constant rotation. Beads were washed 

three times with ice-cold lysis buffer and liquid was aspirated to dryness with a 28-gauge 

needle. Subsequently, 50 µl of SDS-PAGE sample buffer (8 M urea, 2% SDS, 100 mM 
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dithiothreitol and 375 mM Tris; pH 6.8) were added to each sample. After heating at 37ºC for 

2 hours, proteins were dissociated and resolved by SDS-polyacrylamide gel electrophoresis in 

10% gels and immunoblotted as described above. 

  

III.17 In situ Proximity Ligation Assays 

 Cells or tissue preparations placed on glass coverslips were fixed in 4% PFA for 15 

minutes and washed three times with PBS containing 20 mM glycine to quench aldehyde 

groups. Then cells were permeabilised with PBS- 20 mM Glycine and 0.05% Triton X-100 for 

5 minutes. After this process, cells were incubated for 1 hour at 37ºC with the blocking 

solution provided by the Duolink InSitu Probemaker Kit (Sigma-Aldrich, St Louis, MO, 

United States). Cells were treated O/N at 4ºC with specific primary antibodies (conjugated or 

not with the complementary +/- PLA probes). When necessary, PLA probes against the 

primary antibodies were used. The ligation of the complementary probes and the amplification 

steps were performed following the manufacturer’s indications. In brief, ligase enzyme was 

diluted in ligation buffer and cells were incubated with the mix at 37ºC for 1 hour. 

Subsequently, cells were treated, for 100 minutes at 37ºC, with a mixture of a polymerase and 

an amplification buffer and with Hoechst to stain the cell nuclei. All steps were performed 

avoiding the exposure of samples to light. Coverslips were mounted in 30% Mowiol and 

samples were observed in a Leica SP2 confocal microscope with an apochromatic 63x oil-

immersion objective (N.A. 1.4). 405 and 594 nm laser lines were used to detect nuclei and the 

red spots of interacting complementary PLA probes. For each field of view a stacks of the two 

channels and several stacks of 0.5 µm width step size were acquired. The number of cells 

containing one or more red spots versus total cells (blue nucleus) and, in cells containing 

spots, the ratio r (number of red spots/ cell) were determined by means of the Duolink image 

tool software (Sigma-Aldrich, St Louis, MO, United States).  

 

III.18 ERK1/2 phosphorylation 

 Two different approaches to determine ERK1/2 phosphorylation have been used. In 

the first method, the culture medium of the cells was substituted by serum-starved medium 4 

hours before treating the cells with the ligands of interest for 7 minutes and at 37ºC and in a 

humid atmosphere. Then, cells were placed in ice to abruptly stop the metabolism and cells 

were washed once with ice-cold PBS. Subsequently, ice-cold lysis buffer (50 mM Tris-HCl pH 

7.4, 50 mM NaF, 150 mM NaCl, 45 mM-glycerophosphate, 1% Triton X-100, 20 µM phenyl-

arsine oxide, 0.4 mM NaVO4 and protease inhibitor) was added. Cellular debris was removed 
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by centrifugation at 13000 g for 10 minutes at 4ºC and the protein levels were quantified by 

the bicinchonic acid method, using bovine serum albumin dilutions as standard. Equivalent 

amounts of the protein (10 µg) were separated, immunolabelled using specific antibodies (see 

antibodies table) and processed for immunoblotting as described in III.15 (Western-blotting). 

 For the second methodology used for ERK1/2 Phosphorylation determination, 

40000-50000 cells were seeded in 96 well transparent plates, kept 48h in an incubator at 37ºC, 

and 5% CO2 humid atmosphere. Then, medium was changed to serum-free medium 4 hours 

previous to add the desired ligands diluted in non-supplemented medium (10 minutes for the 

antagonists and 7 minutes for the agonists). After ligand activation, cells were washed twice 

with cold PBS before treatment with 30 µl of lysis buffer  for 20 minutes. 10 µl of the 

supernatants were placed in a white ProxiPlate 384-well microplates and ERK1/2 

phosphorylation was determined using AlphaScreen® SureFire® kit (Perkin Elmer; Wellesley, 

MA, United States) and the EnSpire ® Multimode Plate Reader.  

 

III.19 Resonance energy transfer assays 

 Different variations of RET techniques have been employed. For bioluminescence 

resonance energy transfer BRET1 and BRET2 assays, cells were co-transfected as previously 

described with constant amounts of the cDNA encoding for the Rluc-containing fusion 

protein, and increasing amounts of cDNA encoding the acceptor protein. 48 hours after 

transfection, cell medium was removed and replaced for 0.1% glucose supplemented Hank’s 

Balanced Salt Solution (HBSS) buffer ( 140 mM NaCl, 5 mM KCl, 1.2 mM CaCl2, 0.4 mM 

MgSO4-7H2O, 0.5 mM MgCl2-6H2O, 0.3 mM Na2HPO4, 0.4 mM KH2PO4 and 4 mM 

NaHCO3). After collecting the cells, protein concentration was determined using the Bradford 

assay kit (Bio-rad; Munich, Germany), using bovine serum albumin dilutions as standards. To 

quantify fluorescence, cells were plated in 96-well black and transparent bottom microplates 

Figure M1. Schematic representation of AlphaScreen ERK phosphorylation assay 
principle (Obtained form perkinelmer.com). 
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and fluorescence measured in a Fluostar Optima Fluorimeter (BMG Lab technologies; 

Offenburg, Germany). For BRET1 measurements, 20 µg of cell suspensions were distributed 

in 96-well white microplates and 5 µM of Coelenterazine H was added before BRET signal 

acquisition using a Mithras LB 940 reader (Berthold Technologies; Germany). Rluc expression 

was also quantified by reading luminescence 10 minutes after the coelenterazine H addition, 

using once again, the Mithras LB 940. In the case of BRET2, the transference of energy 

between the proteins was measured 30 seconds after the addition of 5 µM of DeepBlue C, 

while, similarly to BRET1, the quantification of Rluc expression was performed 10 minutes 

after the 5 µM coelenterazine H addition. Net BRET was defined as  

(( long-wavelength emission)/(short-wavelength emission))- Cf, where Cf corresponds to (( 

long-wavelength emission)/(short-wavelength emission)) of the Rluc protein expressed 

individually.  

 For SRET assays, cells were co-transfected with constant amounts of Rluc and GFP2- 

containing fusion proteins and increasing amounts of YFP-containing fusion proteins. After 

replacing the medium for 0.1% glucose supplemented HBSS and collecting the cells, different 

determinations were performed. 20 µg of protein were placed in appropriate 96-well plates. 

To quantify fluorescence, cells were plated in 96-well black and transparent bottom 

microplates and fluorescence measured in a Fluostar Optima Fluorimeter, and to quantify 

Rluc expression luminescence was read 10 minutes after the coelenterazine H addition, using 

once again, the Mithras LB 940. The SRET signal, however, was obtained measuring the long 

wavelength (530 nm) and short wavelength (410nm) using a Mithras LB 940 reader, after the 

addition 5 µM of Deep Blue C. By analogy with BRET, SRET is defined as ((long-wavelength 

emission / short-wavelength emission))- Cf, being Cf the (long-wavelength emission / short-

wavelength emission) of cells expressing Rluc and GFP2 proteins. For SRET quantification, 

linear unmixing was done, taking into account the spectral signature to separate the two 

fluorescence emission spectra, and values were expressed as milliSRET units (mSU; net SRET 

1000).  

 

III.20 Bimolecular Complementation Assays 

 Bimolecular fluorescence complementation (BiFC) assays and bimolecular 

luminescence complementation assays (BiLC) techniques have been employed. When 

performed individually, cDNA of the fluorescent or bioluminescent hemiproteins were co-

transfected in constant amounts. Cells were placed into the appropriate plates, thus, to read 

fluorescence by the BiFC black 96-well plates with transparent bottom were used and for 
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BiLC assays, white 96-well plates were employed.  Fluorescence or bioluminescence values 

were read with Fluostar Optima Fluorimeter or the Mithras LB 940 reader. 

 Using a combination of the two Bimolecular Complementation Assays, a tetramer 

structure could be detected. In this case, cells were co-transfected with constant amounts of 

cDNA for Rluc hemiprotein-containing fusion proteins and increasing amounts of cDNA of 

fluorescent hemiprotein-containing fusion proteins. The values due to RET complemented 

YFP Venus or Rluc8 expression and BRET values were determined as described before. 

 

III.21 Determination of intracellular calcium levels using a calmodulin-based assay 

 For determining the intracellular calcium release cells were co-transfected with cDNA 

of the proteins of interest and 3 µg of the GCaMP6 calcium sensor, which upon Ca2+ binding, 

emits fluorescence. 48 hours after transfection, cell culture medium was replaced by Mg2+-free 

Locke’s buffer (154 mM NaCl, 5.6 mM KCl, 3.6 NaHCO3, 2.3 CaCl2, 5.6 mM glucose, 5 mM 

HEPES, pH 7.4) supplemented with 10 µM glycine.  150000 cells were plated in 96-well 

black, clear-bottom microtiter plates and incubated with the desired ligands. Fluorescence 

emission intensity of the GCaMP6 was recorded for 150 seconds (30 flashes/ well) at 515 nm 

upon excitation at 488 nm on the EnSpire® Multimode Plate Reader (Perkin Elmer; Wellesley, 

MA, United States). 

 

 

III.22 Nitric Oxide (NO) production 

 50,000 cells plated in transparent 96-well microplates (100 µl/well) were cultured for 

48 hours at 37ºC and 5% CO2 in a humid atmosphere and treated with different 

concentrations of pro-inflammatory condition triggering reagents like Lipopolysaccharides 

(LPS) or interferon-γ (INF-γ) or vehicle. A fraction of 50 µl of the supernatants were 

collected and distributed in 96-well black microplates with transparent bottom. Then NO 

production was analysed by the use of Griess reagent System (Promega; Madison, WI, United 

States). Briefly, supernatants were incubated with 50 µl sulphanilamide solution for 15 

minutes, previous to adding 50 µl N-1-napthylenthylenediamine dihydrochloride (NED) 

solution under acidic conditions. After 15 minutes and within the next 30 minutes, the NO 

production was measured at 540 nm using Multiskan Ascent spectrophotometer (Thermo Lab 

Systems). 
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III.23 cAMP determination 

 Two hours before initiating the assay, cell culture medium was substituted by serum-

starved medium. Then, cells were detached and resuspended in serum-starved medium 

containing 50 µM zardaverine (a phosphodiesterase inhibitor), 0.1% BSA and 5 mM HEPES. 

Cells were plated in 384-well microplates (1,000 to 3,000 cells/well) and treated with the 

corresponding ligands. In case antagonists were required, a pre-treatment of 15 minutes with 

antagonists was applied before agonist activation for 15 minutes. Finally, if the Gi-mediated 

signalling was addressed, cells were stimulated for 15 minutes with forskolin. Samples were 

subsequently treated with donor and acceptor probes of the Lance Ultra cAMP kit (Perkin 

Elmer; Wellesley, MA, United States) that used homogeneous time-resolved fluorescence 

(HTRF) energy transfer methodology to measure intracellular cAMP production. The 

fluorescence readings (at 665 nm) were performed using a PHERAstar Flagship microplate 

reader (BMG Lab technologies; Offenburg, Germany) equipped with a HTRF optical module.  

 

III.24 Dynamic Mass Redistribution (DMR) label-free assays 

 The cell dynamic redistribution induced upon receptor activation was detected by 

illuminating with a polychromatic light the underside of a biosensor and measuring the 

changes in the wavelength of the reflected monochromatic light, which is a sensitive function 

of the index of refraction. The magnitude of this wavelength shift, expressed in picometers, is 

directly proportional to the amount of DMR.  

 The assays starts with the cells being seeded into 384-well sensor microplates (10000 

cells/well), generating a 80% confluent monolayer in the well bottom. Previous to the assay, 

cells were washed twice with the assay buffer (HBSS with 20 mM HEPES, pH 7.15) and 

incubated for 2 hours at room temperature with assay buffer containing 0.1% DMSO (40 

µl/well). Then the sensor plate was scanned and a baseline optical signature recorded for 10 

minutes before adding 10 µl of the ligand/reagent dissolved in the experimental buffer. In 

case antagonists were required, 10 µl antagonist treatment and 30 minutes lecture of DMR 

Figure M2. Schematic representation of the cAMP determination principle (Obtained from 
perkinelmer.com). 
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response, followed by the 10 µl agonist activation, was performed. The DMR responses were 

monitored for, at least, 5,000 seconds in an EnSpire Multimode Plate Reader (Perkin Elmer; 

Wellesley, MA, United States), and the results were analysed using the EnSpire Workstation 

Software v4.10.  

 

   

 

III.25 Computational modelling 

 Structure of sigma-1 receptor was modelled based on the recently crystal structure 

(PDB id 5HK1). The inactive conformation of human GHS-R1a (UniProt: Q92847) was built 

using crystal structures of the neurotensin 1 receptor (PDB id 4XES for all parts of the 

receptor, and PDB id 3ZEV for the C-terminal part of the TM7 and helix 8). Human 

neurotensin 1 receptor and GHS-R1a share 33% of sequence identity and 51% of sequence 

similarity. The ‘active-like’ form of GHS-R1a was modelled by incorporating the active 

features present in the crystal structure of the β2-adrenergic receptor in complex with Gαs 

(PDB id 3SN6). The ‘active-like’ model of GHS-R1a contains Gαi (PDB id 1AGR). The 

GHS-R1a homodimer was constructed based on the symmetric TM5/6 protein-protein 

interface observed in the crystal structure of the µOR (PDB id 4DKL). The GHS-R1a – 

sigma-1 receptor complex was constructed using protein-protein docking with HADDOCK, 

under the imposed experimental restrains that TM 1 and 2 of GHS-R1a contract the single 

TM of sigma-1 receptor.  

 

 

Figure M3. Schematic representation of the DMR principle. (Obtained from perkinelmer.com) 
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III.26 Ligands, Expression Vectors and Reagents 

Ligands and reagents 

Lipopolysaccharides (LPS) (Sigma-Aldrich; St Louis, MO, United States) 

2-arachidoloylglycerol (Tocris Bioscience; Bristol, UK) 

Anandamide  (Tocris Bioscience; Bristol, UK) 

Rimonaban (Tocris Bioscience; Bristol, UK) 

JWH133 (Tocris Bioscience; Bristol, UK) 

AM630 (Tocris Bioscience; Bristol, UK) 

Arachidonyl-2’-chloroethylamide (ACEA) (Tocris Bioscience; Bristol, UK) 

Interferon-γ (Sigma-Aldrich; St Louis, MO, United States) 
3H-WIN 55,212-2 (PerkinElmer; Wellesley, MA, United States) 

Cannabidiol (CBD) (Tocris Bioscience; Bristol, UK) 

WIN 55,212-2 mesylate (Tocris Bioscience; Bristol, UK) 

SR144528 (Tocris Bioscience; Bristol, UK) 

PRE-084 (Tocris Bioscience; Bristol, UK) 

Ghrelin (Tocris Bioscience; Bristol, UK) 

YIL-781 (Tocris Bioscience; Bristol, UK) 

Cocaine-chlorhydrate (Spanish Agencia del Medicamento; Ref nº: 2003C00220)  

Zardaverine (Tocris Bioscience; Bristol, UK) 

Trizol Reagent (Sigma-Aldrich, St Louis, MO, United States) 

1-bromo-3-chloropropane (Sigma-Aldrich, St Louis, MO, United States) 

Mowiol (Calbiochem; Darmstad, Germany) 

Ionomycin Calcium Salt from Streptomyces conglubatus (Sigma-Aldrich, St Louis, MO, USA) 

DeepBlue C (Molecular Probes; Eugene, OR, USA) 

Coelenterazine H (PJK GmbH;	Kleinblittersdorf, Germany) 

Paraformaldehyde 10% (Electron Microscopy Sciences, Hatfield, PA, USA) 

DMSO (Sigma-Aldrich, St Louis, MO, USA) 

 

Expression Vectors and Genetic Engineering Reagents:  

pRLuc-N1 plasmid vector (Perkin Elmer; Wellesley, MA, United States) 

pEYFP-N1 (Clonetech; Heidelberg, Germany) 

p-GFP2 (Clonetech; Heidelberg, Germany) 

SNAP-tagged human CB2R plasmid vector (Cisbio Assays, Codolet, France) 

pcDNA3.1-cRluc8 vector (Perkin Elmer; Wellesley, MA, United States) 
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pcDNA3.1-nRluc8 vector (Perkin Elmer; Wellesley, MA, United States) 

pcDNA3.1-nVenus vector (Perkin Elmer; Wellesley, MA, United States) 

pcDNA3.1-cVenus vector (Perkin Elmer; Wellesley, MA, United States) 

Restriction Enzymes (Promega; Madison, WI, United States) 

TaqDNA polymerase (Promega; Madison, WI, United States) 

Moloney Murine Leukemia Virus Reverse Transcriptase (Promega; Madison, WI, USA) 

Site-Directed mutagenesis kit (Clonetech; Heidelberg, Germany) 
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IV. RESULTS AND DISCUSSION 
 

 

Chapter 1 

 

IV.1 Modulation of the expression and signalling of cannabinoid CB1, CB2 and CB1-CB2 

receptor heteromers in activated microglia. 

 

 The endocannabinoid system is an important system for the homeostatic control of 

body temperature, neurotransmission or immune response. Regarding the latter, many 

researchers have determined the neuroprotective role of exogenous and endogenous 

cannabinoids (van der Stelt and Di Marzo, 2005). This fact is based on the implication of 

microglial cells in sensing the neuronal environment together with the pathological changes 

produced by the onset of neurodegerenrative diseases. The characteristic accumulation of β-

amyloid in Alzheimer’s Disease (AD) and α-synuclein in Parkinson’s disease (PD) bring about 

inflammation processes within the CNS, that are mediated by activated microglia, whose can 

evolve into two different phenotypes. The M1 pro-inflammatory phenotype, commonly 

present in acute responses against pathogenic insults, promotes the release of pro-

inflammatory cytokines and the clearance of the threat. In physiological states, after the 

clearance of the insult, microglia may adopt a M2 reparative phenotype, having a tissue-

repairing and homeostatic role (Mecha et al., 2015). However, persistence of the inflammatory 

threat in neurodegenerative diseases, provokes a chronic M1 phenotype, enhancing the pro-

inflammatory environment that ends up increasing the detrimental effects on the 

neurodegenerative disease progression (Malek et al., 2015). In this regard, it has been shown 

that endocannabinoids, through action on cannabinoid receptors, could be regulating the 

microglial phenotype. Therefore cannabinoid receptors are potential targets for therapies 

attempting to direct microglial activation towards a reparative M2 phenotype (Mecha et al., 

2016; Navarro et al., 2016). 

 

 As it has been previously described, CB1R and CB2R are GPCR (Lu and Mackie, 2016)  

co-expressed coincides in microglia (Bilkei-Gorzo, 2012; Mecha et al., 2015). Moreover, a direct 

interaction between both receptors has been described in HEK293T and SHSY5Y cells, with 

implications regarding the receptors signalling (Callén et al., 2012). However, the possible 

interaction of CB1R and CB2R in microglial cells and the consequences of such receptor-
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receptor interaction have never been studied. 

 

 Thus, in this chapter 1, the role of the CB1R, CB2R and the CB1-CB2 receptor 

heteromer in different activation microglial phenotypes was investigated to meet the AIM I of 

the Thesis. 

  

 In this chapter, the author of this Thesis, Edgar Angelats, provided part of the results 

obtained in N9 microglial cell line and performed the quantitative PCR assays in primary 

cultures of microglia. These and other results by members of the laboratory and in 

collaboration with other laboratories, led to the paper entitled ‘Receptor-heteromer 

mediated regulation of endocannabinoid signalling in activated microglia. Role of CB1 

and CB2 receptors and relevance for Alzheimer’s disease and levodopa-induced 

dyskinesia’ G. Navarro, D. Borroto-Escuela, E. Angelats, I. Etayo, I. Reyes-Resina, M. 

Pulido-Salgado, A.I. Rodríguez-Pérez, E.I. Canela, J. Saura, J.L. Lanciego, J.L. Labandeira-

García, C.A. Saura, K. Fuxe, R. Franco. The paper is published in Brain, Behaviour and Immunity 

67 (2018) 139-161, and I. Reyes-Resina and I. Etayo, who are co-authors of the publication 

have included this work on their thesis.   
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IV.1.1 N9 microglial cell activation 

 In order to study whether the CB1-CB2 receptor heteromer formation may occur in 

resting and activated microglia, we firstly focused our research on inducing an activated 

phenotype to microglial-derived N9 cells using LPS and INF-γ. Initially, a dose response 

assay, with a range of 0.1-5 µM of LPS plus a constant amount of 200 U/mL of INF-γ was 

carried out. The NO production was measured as surrogate marker of the cell activation. 

Results shown in Figure R1A led to select the 1 µM dose of LPS as a sufficient concentration 

to produce cell activation. In parallel, a time response assay was performed, challenging N9 

cells with 1 µM LPS and 200 U/mL of INF-γ within a range of 2 to 96 hours. Once again, cell 

NO production was measured, with the 48 h treatment being selected for further studies 

(Figure R1B).  

 

IV.1.2 Identification of CB1-CB2 receptor heteromers in N9 microglial cell type 

 To address whether CB1 and CB2 receptors are forming heteromers in microglial cells, 

BRET assays were performed. On one hand, N9 cell line was transfected with a constant 

amount of cDNA for CB1R-Rluc (0.7 µg) and increasing amounts of cDNA for CB2R-GFP2 

(0.2-1 µg) providing readouts in a 1000-12000 fluorescence unit range. In co-transfected cells 

a saturated BRET curve was obtained (BRETmax of 46 ± 2 mBU and BRET50 of 4 ± 1), 

indicating the existence of CB1R-CB2R heteromeric complex in N9 cells (Figure R2). As 

negative control, cells were transfected with the same amount of cDNA for CB1R-Rluc (0.7 

A 
 

B 

Figure R1. NO production in N9 cell line. A) N9 cell line was treated for 48 h with different 
concentrations of LPS in presence of 200 U/ml INF-γ. B) N9 cells were treated for different times (2, 24, 36, 
48 and 96 h) with 1 µM LPS and  200 U/ml INF-γ. In both A and B, NO production was measured in cell-
free growth culture medium. Values are the mean ± S.E.M. of 6 different expreriments in triplicates. One-way 
ANOVA followed by a Bonferroni’s multiple comparison post hoc test were used for statistical analysis 
(*p<0.05; ***p<0.001 versus basal conditions). 
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µg) and increasing amounts of cDNA for D1R-GFP2 (0.3-1.5 µg) providing readouts in a 

1000-12000 fluorescence unit range. Lack of interaction was confirmed by a linear signal, 

which reflects inspecificity. On the other hand, N9 cells co-expressing similar amounts of the 

CB1R-Rluc and CB2R-GFP2 than control cells, were treated for 48 h with 1 µM LPS and 200 

U/mL of INF-γ previous to perform BRET assays. Once again, a saturation curve was 

obtained, being higher in this condition than in resting cells (Figure R2). These results indicate 

that neuroinflammation-like conditions potentiate CB1-CB2 receptor heteromer formation by 

increasing the number of heteromers and/or rearranging the quaternary structure of the 

heteromer. 

	
Figure R2. Heteromerization of CB1 and CB2 receptors in resting and activated microglial N9 cells. 
BRET assays were performed in N9 cells transfected with a constant amount of cDNA for CB1R-Rluc (0.7 µg) 
and increasing amounts of cDNA for CB2R-GFP2 (0.2-1 µg) and treated (red line) or not (black line) with 1 µM 
LPS and  200 U/ml INF-γ (48 h treatment). As negative control, N9 cells were transfected with constant 
amounts of CB1R-Rluc (0.7 µg) and increasing amounts of cDNA for D1R-GFP2 (0.3-1.5 µg). Values are the 
mean the mean ± S.E.M. of 8 different expreriments in quadruplicates.  

 To evaluate the endogenous expression of cannabinoid receptors in N9 cells, we 

performed immunocytochemistry assays using specific antibodies against CB1 and CB2 

receptors and fluorescence was detected in a confocal microscopy. CB1R expression was 

relatively high, while CB2R expression was low (520 ± 30 and 150 ± 20% increase over basal, 

respectively) (Figure R3A). However, when cells were treated for 48 h with 1 µM LPS and 200 

U/mL of INF-γ, CB1R expression was similar than in resting state, whereas CB2R expression 

markedly increased (580 ± 40 and 290 ± 30% increase over basal, respectively) (Figure R3A). 

Proximity Ligation Assays (PLAs) are used as complementary technique to observe protein-

protein interactions in heterologous or native tissue.  When this technique was used to detect 

changes in the number of CB1-CB2 receptor heteromers, the results showed that the treatment 
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of N9 cells with LPS and INF-γ markedly increased the number of red clusters/spots (Figure 

R3B), which were due to proximity of the receptors. Absence of the anti-CB1R primary 

antibody, showed a negligible number of red clusters in all imaging fields, was used as negative 

control. Differences in percentage of spot-containing cells and in the number of red spots per 

cell were statistically significant when compared to those in resting N9 cells (Figure R3C). 

Taken together BRET, immunocytochemistry and PLA assays, it may be concluded that 

activation of microglial-derived N9 cells led to a significant increase in the expression of the 

CB2R and in the amount of CB1-CB2 heteromers.  

 

IV.1.3 LPS and INF-γ  action on primary microglial cultures 

 Then, we moved to a more physiological model, which consisted of primary cultures 

of microglia from mouse striatum. In these cells we first addressed the production of NO 

after a treatment with LPS and INF-γ to confirm the potential of these cells to become 

activated. The primary cultures were treated for 48 h with 1 µM LPS and 200 U/mL of INF-γ 

and the NO production in treated cells was significantly higher than in non-activated ones 

Figure R3. Evaluation of expression and heteromerization levels of cannabinoid receptor in N9 cells. A) 
Immunocytochemistry assay was performed in N9 cells. Specific antibodies against CB1R (green) and CB2R (red) 
were used. Co-localisation is shown in yellow. Controls without the use of the primary antibody were performed 
to ensure antibody specificity. Scale bar: 5 µm. Fluorescence was quantified by Fiji-Image J software. B) 
Proximity Ligation Assays (PLA) in N9 cells were performed by the use of the specific antibodies against CB1R 
and CB2R. Cell nuclei were stained with Hoechst (blue) and heteromers appear as red clusters/dots. 
Representative images corresponding to stacks of 4 sequential planes are shown. Scale bar: 15 µm. C) 
Quantification of visualised clusters. In the y-axis the number of clusters/spots in spot-containing cells is 
displayed. Values are the mean ± S.E.M of 5 different experiments. One-way ANOVA and Bonferroni’s multiple 
comparison post hoc test were used for statistical analysis (***p<0.001 versus control). 
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(Figure R4A). The microglial nature of the culture was assayed using an antibody against a 

specific marker, namely Ionized calcium binding adaptor molecule 1 (Iba1). In 

immunostaining experiments using anti-Iba1 antibody it was observed that microglial cells 

grouped when subjected to LPS and INF-γ treatment, while untreated cells were spread over 

the fields of observation (Figure R4B). Cell death measured in cell cultures for 48 h was 

moderate: 9% in cells treated with LPS and INF-γ versus 4% in non-stimulated cells (Figure 

R4C).  

 Then, we wanted to analyse the presence of CB1R and CB2R in microglial primary 

cultures, and quantify, by RT-PCR, the relative expression of transcripts for both receptors in 

presence of vehicle, LPS or LPS and INF-γ. The results obtained shown a two-fold increase in 

the expression of CB1R mRNA under LPS or LPS and INF-γ treatments, while for CB2R 

mRNA, the expression increased 12-fold in LPS treated cells and 21-fold in LPS and INF-γ 

treated cells (versus medium-treated cells) (Figure R5A and B). Furthermore, we performed 

inmmunocytochemistry assays using specific antibodies against CB1R and CB2R that showed 

similar results to those found in N9 cells, i.e. a marked increase in fluorescent CB2R staining 

(from 280 ± 20 to 520 ± 30% over basal), and a moderate increase in CB1R staining (from 200 

± 10 to 270 ± 30 over basal) (Figure R5C) after activation of the microglial cells. Apart from a 

marked CB1 and CB2 receptor co-localisation, PLA assay images in Figure R5D showed a 

pronounced increase in the amount of heteromers per cell when cells were treated with LPS 

and INF-γ (26 spots/spot-containing cell in LPS/INF-γ-treated cells versus 2.3 in non-

Figure R4. Evaluation of combined LPS and INF-γ  treatment in microglial primary cultures. A) 
Primary cultures of striatal microglia were stimulated with 1 µM LPS and 200 U/mL INF-γ for 48 h and nitrate 
production was determined. Values are the mean ± S.E.M. of 6 different experiments in triplicates. One-way 
ANOVA and Bonferroni’s multiple comparision post hoc test were used for statistical analysis (**p<0.01 versus 
control). B) Immunocytochemical assays were performed in primary cultures of striatal microglia incubated for 
48h with 1 µM LPS and 200 U/mL INF-γ. Staining against the microglial marker Iba-1 was performed with a 
primary antibody against the protein and a Cy3 secondary antibody. Scale bar: 30 µm. C) Analysis of cell 
survival of microglial striatal primary cultures after 48 h stimulation with 1 µM LPS and 200 U/mL INF-γ. 
After diluting the cells 1:1 v/v in Trypan Blue, cells were counted and expressed as percentage of cell survival. 
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activated cells). These results complement those obtained using N9 cells and show a marked 

increase of CB1-CB2 heteromeric complexes when microglia was activated.	 

 

IV.1.4 Cannabinoid receptor signalling in activated microglia  

 Nowadays, it is widely accepted that signalling pathways assigned to a specific GPCR 

may change in heteromeric contexts. To elucidate the properties of CB1-CB2 heteromers we 

measured forskolin-induced intracellular cAMP levels, ERK1/2 phosphorylation and 

Dynamic Mass Redistribution (DMR) signal (upon receptor activation). DMR is a label-free 

technique used in GPCR research as it measures the rearrangement of cell components, 

leading to a mass redistribution, that is mostly mediated by G protein activation (Simon et al., 

C	

Figure R5. Effects of LPS and INF-γ treatment on cannabinoid receptors of primary microglial 
cultures. Microglial primary cultures underwent a 48 h treatment of 1 µM LPS, 1 µM LPS and 200 U/mL INF-
γ or vehicle previous to extract the mRNA of CB1R (A) and CB2R (B). Transcripts were retrotranscribed to 
DNA and a RT-PCR was performed. Values are the mean ± S.E.M. of 3 different experiments in triplicates. 
One-way ANOVA and Bonferroni’s multiple comparision post hoc test were used for statistical analysis (*p<0.05; 
**p<0.01 versus control). C) Immunocytochemical assays were performed in primary cultures of striatal 
microglia treated or not with1 µM LPS and 200 U/mL INF-γ for 48 h. Using anti-CB1R (green) and anti-CB2R 
(red) antibodies, expression of both receptors was detected. Colocalisation is shown in yellow. Scale bar: 5 µm. 
D) PLA assays were performed as described in Methods in microglial primary cultures incubated in presence or 
absence of 1 µM LPS and 200 U/mL INF-γ for 48 h. Representative images corresponding to stacks of 4 
sequential planes are shown. Cell nuclei were stained with Hoechst (Blue) and receptor complexes appear as red 
spots. Scale bar: 30 µm. Values are the mean ± S.E.M. of 5 different experiments. One-way ANOVA followed 
of a Bonferroni’s multiple comparison post hoc test were used for statistical analysis (***p<0.001 versus control). 
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2016). When N9 cells were treated with ACEA (200 nM), the CB1R selective agonist, a 

significant decrease in the 0.5 µM forskolin-induced cAMP levels confirmed the Gi coupling 

of this cannabinoid receptor. Treatment of N9 cells with the selective CB2R agonist JWH133 

(100 nM), had no significant effect on the forskolin-induced cAMP levels. However, when N9 

cells were treated with both ACEA and JWH133, no effect was observed, thus indication that 

even at low expression levels, CB2R activation blocks CB1R function. Also, anandamide and 2-

AG treatment induced weak effects showing capability of CB2R to inhibit CB1R function 

(Figure R6A). Moreover, when N9 cells were pre-treated with a selective antagonist of CB1R, 

rimonabant (1 µM), not only the CB1R but also the CB2R selective agonist effect was blocked. 

Also, AM630  (1µM), the selective antagonist of CB2 receptors, reduced the CB1 receptor-

mediated decrease of forskolin-induced cAMP levels (Figure R6A). Similar results were 

observed in ERK1/2 phosphorylation assays, showing little ERK activation upon treatment 

with JWH133 or ACEA and JWH133 co-treatment (Figure R6B). Moreover, the cross-

antagonism phenomenon was, once again, evident since CB2R antagonist AM630 was able to 

reduce ACEA-induced ERK1/2 phosphorylation and rimonabant the activation of the cell 

signalling produced by JWH133 (Figure R6B).  In DMR assays, the results obtained were in 

agreement with cAMP and ERK1/2 phosphorylation assay results, thus showing a marked cell 

mass redistribution upon ACEA treatment, while cell response to JWH133 addition was 

lower. Once again, negative cross-talk and cross-antagonism phenomenon were observed 

(Figure R6C).  

A B 

	

C 

Figure R6. Endocannabinoid signalling in resting N9 cells. Cells pre-treated with selective receptor 
antagonists (1 µM rimonabant for CB1R or 1 µM AM630 for CB2R) were subsequently treated with selective 
agonists (200 nM ACEA for CB1R and 100 nM JWH133 for CB2R) alone or in combination, or with the 
endocannabinoids (200 nM anandamide or 200 nM 2-AG). In A, Forskolin-induced cAMP levels were 
determined 15 min after 0.5 µM forskolin addition (8 nM cAMP, which corresponds to a 280% increase over 
basal levels). In B, ERK1/2 phosphorylation was analysed using an AlphaScreen SureFire Kit (Perkin Elmer). 
In C, DMR tracings represent the picometer shifts of reflected light wavelength (in pm) over time. In A and 
B, values are the mean ± S.E.M. of 8 different experiments in triplicates. In all cAMP accumulation and 
MAPK signalling, 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 untreated cells in ERK phosphorylation.  
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 When the experiments were repeated in cells previously treated with 1 µM LPS and 

200 U/mL of INF-γ for 48 h, cAMP N9 signalling after the addition of CB1R agonist ACEA 

reflected similar results than in untreated cells, whereas the selective CB2 receptor agonist 

JHW133 produced an important decrease (55% approximately) of the forskolin-induced 

cAMP levels (Figure R7A).  Taking into account the above-described results from 

immunocytochemistry assays, it appears that CB2R by themselves become functionally 

relevant under conditions mimicking neuroinflammation. Remarkably, the effect on cAMP 

levels when N9 cells were simultaneously treated with the two agonists (ACEA plus JWH133) 

was additive. Moreover, treatment with endocannabinoids (anandamide or 2-AG) disclosed 

the seemingly paradoxical effect, i.e. the negative cross-talk in resting cells turned into being 

positive in cells treated with LPS and INF-γ (Figure R7A). Cross-antagonism was more robust 

in activated cells as pre-treatment with any of the two selective receptor antagonists abolished 

CB1 and/or CB2 receptor activation (Figure R7A). ERK1/2 phosphorylation and DMR were 

measured in cells activated with 1 µM LPS and 200 U/mL of INF-γ for 48 h. The results 

showed a very high potency of JHW133. The CB2 receptor-selective compound increased by 

5-fold the basal level of ERK1/2 phosphorylation (Figure R7B) and by 2-fold the label-free 

signal (Figure R7C). Also noteworthy was the additive effect when cells were simultaneously 

treated with ACEA and JHW133. These differential agonistic effects in resting (negative 

cross-talk) and activated (positive cross-talk) microglial cells contrasted with the cross-

antagonism found in all conditions.  

A B C 

Figure R7. Combined LPS and INF-γ  treatment affects cannabinoid receptor signalling in N9 cells. 
N9 cells were incubated for 48 h in presence of 1 µM LPS and 200 U/ml INF-γ. Then, N9 cells were pre-
treated with selective receptor antagonists (1 µM rimonabant for CB1R or 1 µM AM630 for CB2R) and 
subsequently treated with selective agonists (200 nM ACEA for CB1R and 100 nM JWH133 for CB2R) alone 
or in combination, or with the endocannabinoids (200 nM anandamide or 200 nM 2-AG). In A, Forskolin-
induced cAMP levels were determined 15 min after 0.5 µM forskolin treatment (8 nM cAMP, which 
corresponds to a 280% increase over basal levels). In B, ERK1/2 phosphorylation was analysed using an 
AlphaScreen SureFire Kit (Perkin Elmer). In C, DMR tracings represent the picometer shifts of reflected light 
wavelength (in pm) over time. In A and B, values are the mean ± S.E.M. of 8 different experiments in 
triplicates. In all cAMP accumulation and MAPK signalling, 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 untreated cells in ERK phosphorylation.  
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IV.1.5 Agonistic and antagonistic modulation of intracellular pathways in microglial 

 primary cultures 

 Signalling experiments similar to those above described for cell lines were performed 

in primary cultures of striatal microglia. As expected, CB1R specific agonist ACEA (200 nM) 

induced a characteristic decrease in cAMP accumulation, while the CB2R agonist JWH133 was 

not able to decrease the cAMP levels. Similarly to what happened in N9 microglial cell line, 

co-treatment with both agonists leaded to a negative cross-talk phenomenon. Upon activation 

of microglia with LPS and INF-γ, CB2R activation was robust and simultaneous treatment 

with the selective agonists showed an additive effect. Finally, when cells were treated with 

amyloid β aggregates, which is on of the hallmarks of Alzheimer’s disease, the results were 

similar to those in activated microglial cells (Figure R8A).  Likewise, when ERK1/2 

phosphorylation was analysed, CB2R showed more response in LPS and INF-γ treated cells, 

and the negative cross-talk after co-activation with ACEA and JWH133 in basal conditions 

switched to an additive effect of both ligands upon the activation of the cells with LPS and 

INF-γ or in presence of amyloid β aggregates (Figure R8B).  

 Finally, DMR recordings in resting and activated cells provided results that were 

similar to those obtained in cAMP and MAP kinase activation pathways (Figure R9). 

However, a difference was found in activated cells in which the positive cross-talk was not 

A B 

Figure R8. Combined LPS and INF-γ  treatment modifies cannabinoid receptor function in 
primary microglial cultures from mouse striatum. Primary cultures of mouse microglia were incubated 
for 48 h in presence (white bars) or absence (black bars) of 1 µM LPS and 200 U/ml of INF-γ, or in 
presence of 500 nM Aβ1-42 (striped bars), and subsequently treated with ACEA (200 nM), JWH133 (100 
nM) or both. Forskolin-induced cAMP levels (5 nM cAMP, corresponding to a 320% increase over 
basal levels) (A) and ERK1/2 phosphorylation (B) were determined as described in Methods. Values 
are the mean ± S.E.M. of 7 different experiments in triplicates. In both cases, one-way ANOVA 
followed by a 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 untreated 
cells in pERK assays). 
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found (Figure R9B). The label-free signal induced either by agonist was already marked and 

very high for primary cultures. Mass redistribution was therefore maximal using ACEA or 

JWH133, and this may be the reason that DMR technology was not able to detect the positive 

cross-talk detected in cAMP and pERK1/2 assays. Results in N9 and in primary cultures 

indicate that microglial activation leads to a very marked qualitative and quantitative change in 

cannabinoid receptor-mediated effects that at least in part, seem to be mediated by CB1-CB2 

receptor heteromers.  

 

 

 

 

 

 

 

 

 

  

  

 

IV.1.6 CB1-CB2 receptor heteromer expression in dyskinetic animals 

 The 6-hydorxy-DA rat model of Parkinson disease, prepared by unilateral neurotoxin 

injection on the right hemisphere, courses with microglial activation and neuroinflammation 

(Aron Badin et al., 2013). Specific primary antibodies against CB1 and CB2 receptors and DNA 

probes linked to rabbit and goat secondary antibodies were used to perform PLA assays. 

Using selective probes, proximity between the two receptors was detected by confocal 

microscopy as punctuate red fluorescence signals. In naïve rats we detected that 8% of the 

cells were PLA positive and displayed around 2 red clusters/cell (Figure R10A). The non-

lesioned (left) hemisphere in lesioned animals showed a 9.2% of labelled cells with a bit less 

than 2 red spots/cell, while the level of receptor complexes in the lesioned (right) hemisphere 

was significantly higher (18.7%) with 2.4 red spots/cell. The result indicates that lesioned 

animals displayed a significant increase in the level of striatal CB1-CB2 receptor complexes 

(Figure R10B). 

A B 

Figure R9.  Dynamic Mass Redistribution (DMR) assays in primary microglial cultures. Primary 
cultures of striatal microglia were incubated in presence (B) or absence (A) of 1 µM LPS and 200 U/ml of 
INF-γ for 48 h and subsequently treated with ACEA (200 nM, red line), JWH133 (100 nM, blue line) or both 
(green line). Values are the mean ± S.E.M. of 6 different experiments. 
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 In equivalent sections we assayed the occurrence of activated microglia (using an 

antibody against a rat MHC class II activation marker). Unlike in control animals, a high 

number of activated cells was found in lesioned and in levodopa-treated rats (both dyskinetic 

and non-dyskinetic) (Figure R11). However, inter-group differences in the number of 

activated microglial cells in the 6-hydroxy-DA-lesioned animals were not statistically 

significant. Interestingly, in rats rendered dyskinetic by the chronic levodopa treatment, the 

percentage of cells (in the lesioned hemisphere) showing red clusters increased to 33.7% with 

an average of 4 red spots/cell. In contrast, the levodopa treatment in rats not displaying 

A 

B 

Figure R10. CB1-CB2 receptor complex expression in the rat model of Parkinson’s disease. PLA 
assays were performed in striatal sections from non-lesioned (naïve) (A) or hemistriatal sections from 
lesioned rats as well as in levodopa-treated rats displaying (DK) or not (no DK) dyskinesia (B). In B, control 
corresponds to sections of the non-lesioned (left) side, whereas lesioned ‘DK’ and ‘no DK’ corresponds to 
sections from the lesioned (right) side. Confocal microscopy images (4 superimposed sections) are shown; 
heteromeric complexes appear as red clusters surrounding Hoechst-stained nuclei in blue. Panels showing the 
r ration (number of red spots/spot-containing cell) and percentage of cells containing one or more red spots 
are shown in the graphs. Data (ratio or percentage of positive cells) are the mean ± S.E.M. of counts in 6-8 
different fields from every brain sample of non-lesioned (naïve), lesioned (control), and levodopa treated rats 
displaying (DK) or not (no DK) dyskinesia (n=3 in each group). Two-way ANOVA analysis showed 
significant inter-group differences on ratio and percentage of positive cells. *p<0.05, ***p<0.001 (respect to 
naïve) after Bonferroni’s post hoc test. Scale bars: 30 µm. 
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dyskinesia showed similar results as in the naïve animals or as in the left hemisphere in 

lesioned animals (8.7% and 1.3 red spots/cell) (Figure R10B). These results indicate that the 

dyskinetic animals have an important increase of cannabinoid CB1-CB2 receptor complexes. 

 

	

 

IV.1.7 CB1-CB2 heteromer expression and function in the APPSw,Ind transgenic mouse 

 model of Alzheimer’s disease  

 Alzheimer’s disease is a pathology that courses with neuroinflammation. It is also 

known that receptors that are important in neuroinflammatory processes are downregulated in 

human resting microglia but are markedly expressed in samples from AD patients. Examples 

are adenosine A2A receptors, which appear in glial cells in the hippocampus and the cerebral 

cortex of AD patients (Angulo et al., 2003) and cannabinoid CB2R, whose levels are 

upregulated together with those of glial markers in the frontal cortex of AD patients (Solas et 

al., 2013). Although no transgenic model appropriately reflects the many sides of the human 

AD condition (Medina and Avila, 2014), neuroinflammation has been described in the APPSw,Ind 

mouse, including the occurrence of reactive astrocytes and microglia displaying an activated 

phenotype (Mucke et al., 2000; Saura et al., 2005). Hippocampus from two-day-old pups 

obtained from APPSw,Ind x WT mouse crossings were individually genotyped and classified as 

A B 

Figure R11. Evaluation of microglial activation in a rat model of Parkinson’s disease. A) MHC class II 
labelling (green) in striatal sections of lesioned rats as well as levodopa-treated rats displaying (DK) or no (no 
DK) dyskinesia. Confocal images (4 superimposed images) are shown with the Hoechst-stained nuclei in 
blue. Scale Bar 30 µm. B) Mean values of the fluorescence intensity (of MHC class II labelling) ± S.E.M. of  
different fields from every brain sample of non-lesioned (naïve), lesioned (control), and levodopa treated rats 
displaying (DK) or not (no DK) dyskinesia (n=3 in each group). One-way ANOVA analysis showed 
significant inter-group differences on ratio and percentage of positive cells. **p<0.01, ***p<0.001 (respect to 
the control) after Bonferroni’s post hoc test. 
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non-transgenic (control) and heterozygous APP transgenic mice, which in adulthood display 

amyloid plaques, neuroinflammatory responses, including reactive microglia and cognitive 

deficits (Mucke et al., 2000). Primary hippocampal cultures of microglia were prepared and 

PLA assays were developed to detect expression changes in CB1-CB2 receptor complexes. 

While only 5% of the cultured cells of non-transgenic control samples were stained, the 

number of cells displaying red clusters in cells from APPSw,Ind transgenic mice increased to 

83%. Moreover the number of red dots/cell significantly increased from 1.5 to 6 (Figure 

R12A). These notable results made us wonder whether the microglial cells from 

phenotypically ‘normal’ pups could already display an activated phenotype. Indeed, using an 

antibody against a mouse MHC class II activation marker, an activated microglial phenotype 

was found in cultures from heterozygous animals but not in those from control ones (Figure 

R12B). 

 Then, endocannabinoid signalling was addressed in microglial primary cultures of non-

transgenic and APPSw,Ind. Cultures of hippocampal microglia were pretreated with forskolin 

Figure R12. CB1-CB2 heteromer expression in the APPSw,Ind mouse model of Alzheimer’s disease. 
A) Primary microglia cultures from hippocampus of two-day-old non-transgenic (control) and APPSw,Ind 
mice were analysed by PLA, which was performed using primary antibodies against CB1 or CB2 receptors. 
Confocal microscopy images (stacks of 4 consecutive planes) show heteroreceptor complexes as red 
clusters in Hoechst-stained nuclei (blue). Scale bar: 30 µm. At right, the graph shows the number of red 
dots/dot-containing cell; the number above each bar indicates the percentage of cells presenting red 
clusters. Values are the mean ± S.E.M. of 6 different experiments. In all cases, one-way ANOVA analysis 
followed by Bonferroni’s multiple comparison post hoc test were used for statics analysis (***p<0.001 versus 
the control). B) Immunocytochemical assays performed in primary microglia cultures from hippocampus 
of two-day-old non-transgenic (control) and APPSw,Ind mice using an antibody against MHC class II (green) 
and showing the activation of the cells. Scale bar: 30 µm. 
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and subsequently treated with selective agonists of the cannabinoid receptors, ACEA or 

JWH133, or with the endocannabinoids, 2-AG or anandamide, and cAMP levels were 

determined. CB1R activation in control mice mildly decreased cAMP levels (approximately 

20%) while the CB2R selective agonist had no significant effect. In contrast, in samples from 

APPSw,Ind mice, the decrease of cAMP levels was higher (approximately 40%), and similar after 

CB1 or CB2 receptor activation (Figure R13A). Simultaneous activation of the two receptors 

lead to a negative cross-talk in the control animals that turned into positive in cells from 

APPSw,Ind mice (Figure R13A). Interestingly, endocannabinoids also produced a higher signal in 

the cells obtained from APPSw,Ind mice. When label-free assays were performed, in control 

cells, CB2R stimulation showed a small effect while co-administration of ACEA and JWH133 

resulted in a negative cross-talk. However, once again, in microglia from APPSw,Ind pups, CB2 

agonist-stimulation had a significant effect and potentiated CB1R signalling (Figure R13A and 

B). Common trends in activated microglial cells are an increase in the expression of the CB1-

CB2 receptor heteromer and a qualitative and quantitative change in the cannabinoid receptor 

signalling. 

 	

 
Figure R13. CB1-CB2 heteromer function in the APPSw,Ind mouse model of Alzheimer’s disease. A) 
Hippocampal primary cultures of microglia of two-old-day non-transgenic mice (black bars in A) and APPSw,Ind 
(white bars) were stimulated with 200 nM ACEA, 100 nM JWH133 or both, or with anandamide (200 nM) or 2-
AG (200 nM) followed by a 15 min treatment of forskolin (500 nM). cAMP levels were determined and the 
values are the mean ± S.E.M. of 4-6 different experiments in triplicates. In all cases, one-way ANOVA followed 
by Bonferroni’s multiple comparison post hoc test was used for statistics analysis (*p< 0.05, **p<0.01, ***p<0,001 
versus forskolin treatment). B) and C) DMR curves obtained using the primary microglia cultures from the 
hippocampus of control (B) and APPSw,Ind (C) pups stimulated with ACEA (200 nM, red line), JWH133 (100 nM, 
blue line) or both (green line).  
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IV.1.8 Discussion 

 The effect of anandamide on NO release in activated microglia is mainly mediated via 

CB2R although a functional cross-talk with GPR55 or GPR18 has been suggested (Malek et al., 

2015). The results described in this chapter, including BRET, PLA and signalling studies, 

indicate that CB2R mediated effects in activated microglia are modulated, at least in part, by a 

direct interaction between the two cannabinoid receptor types. As deduced from the partial 

cross-antagonism, resting microglia expresses CB1R that seem to be partly forming heteromers 

with CB2R, whose expression is small and whose coupling to G proteins was not evident. The 

scenario is different when N9 cells or primary cultures are activated using LPS and INF-γ. 

Apart from a marked increase in its expression, CB2R were robustly coupled to the signalling 

machinery. Taken together, the results in activated cells fit with cannabinoid receptors 

occurring mainly as heteromeric complexes whose quaternary structure composition is 

different from that of heteromeric complexes occurring in resting cells. In fact, BRET results 

indicated that the distance between BRET donor and acceptor is significantly different in 

CB1R-CB2R heteromers in resting versus activated microglial cells. The full cross-antagonism 

in activated microglia is also consistent with preponderance of CB1-CB2 receptor heteromer 

expression. In summary, CB1-CB2 heteromers are expressed in activated microglia and, 

accordingly, they may be considered as potential targets of endocannabinoids, 

phytocannabinoids or synthetic molecules acting on cannabinoid receptors.  

 The differential receptor expression and signalling, which was identified in all assayed 

models, and occurrence of CB1-CB2 heteromers, may explain the myriad of results reported 

for CB1 and CB2 receptor role in immune modulation, microglial activation and potential to 

combat neuroinflammation (Kaplan, 2013; Stella, 2010). Cannabinoid action on CB1-CB2 

heteromer-containing activated microglia may explain, in full or in part, the anti-inflammatory 

and psychotropic-free effects elicited by ultra-low concentrations of tetrahydrocannabinol in 

LPS-treated mice (Fishbein-Kaminietsky et al., 2014), the higher susceptibility of CB1R knockout 

mice to neurodegeneration (Fowler et al., 2010) and the neuroinflammation regulatory role of 

CB1R (Zoppi et al., 2011) underscored using genetic (knockout mice) and pharmacological 

approaches. They could also explain results that were attributed to be cannabinoid-receptor-

independent (Ribeiro et al., 2013). 

  There is consensus on the relevant role of the endocannabinoid system in regulating 

neurodegeneration. Microglia and microglial endocannabinoid system have attracted attention 

to afford neuroprotection in diseases coursing with neuroinflammation e.g. PD, AD and 

Huntington’s chorea (Fernández-Ruiz et al., 2015; Leonelli et al., 2009; Mecha et al., 2016; Navarro 
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et al., 2016). Indeed, targeting CB1R with agonists at non-psychoactive doses or targeting CB2R 

are considered beneficial in experimental models of AD because this treatment induce repair 

mechanisms and afford protection against tau phosphorylation and Aβ action (Aso and Ferrer, 

2014). Selective CB2R ligands have potential in diseases having neuroinfammatory factors, 

from brain ischemia (Bu et al., 2016) to AD (Campbell and Gowran, 2007). Microglial enzymes 

that degrade endocannabinoids and/or microglial CB2R are now considered a better target 

option than CB1R, which have a marked expression in neurons and whose activation provokes 

psychotropic effects (Cabral and Griffin-Thomas, 2009; De Filippis et al., 2009; Fagan and Campbell, 

2014; Galve-Roperh et al., 2008; de Lago and Fernández-Ruiz, 2007; Navarro et al., 2016). Both CB2R 

and fatty acid amide hydrolase (FAAH), the enzyme that degrades anandamide, are up-

regulated in glia surrounding plaques in the brain of AD patients (Benito et al., 2003). 

Interestingly, animals resulting from crossing a transgenic AD line, 5xFAD, and FAAH null 

mice have less amyloid burden, reduced neurite plaque number and decreased gliosis (Vázquez 

et al., 2015). Finally, anti-inflammatory effects of nicotine in microglia exposed to Aβ are 

mediated by CB2R (Jia et al., 2016). 

 CB1R is the most abundant GPCR in the central nervous system. Its expression is 

more abundant in neurons than in glia but results in this chapter show that it is upregulated in 

activated microglia in which it reportedly exerts a neuroprotective role. Although CB2R 

expression in neurons is restricted to some specific brain areas, we found low expression in 

resting microglia and an upregulation in activated microglia and, overall, the results indicate 

that cannabinoid receptor expression in activated microglia correlates with an increase of CB1-

CB2 receptor heteromers and fit with emission tomography-based evidence (Janssen et al., 2016) 

showing that CB2R expression in microglia may be negligible unless neuroinflammation 

occurs and microglia is activated. Expression of CB2R in the brain from patients suffering AD 

is higher than in the brain from similar-age controls and correlates with two relevant AD 

molecular markers such as senile plaque scores and Aβ42 levels (Solas et al., 2013). Similar 

results have been described in animal models of the disease. For instance, PET radiotracer 

studies in amyloid-bearing mice show that CB2R selective ligands may be used as 

neuroinflammation biomarkers (Savonenko et al., 2015). The results in primary cultures showed 

activated microglia and a marked CB2R expression in APPSw,Ind mice. This finding correlates 

with the observation that, in primary cultures of microglia from control mice, treatment with 

Aβ1-42 led to a cannabinoid receptor signalling similar to the one exerted in cells treated with 

LPS and INF-γ (Figure R8). The expression of CB1-CB2 receptor heteromers was also higher 
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in microglia from APPSw,Ind mice. Overall, it is tempting to speculate that the higher expression 

of CB2R receptors in activated microglial phenotypes underlies the neuroprotective effect of 

cannabinoids. According to this hypothesis, the notable expression increase of CB1-CB2 

heteromers in activated microglia, make these complexes a possible target to further explore 

their potential to regulate microglial polarisation. For instance, it would be necessary to 

determine how cannabinoids in activated microglia regulate the levels of cytokine/chemokines 

and other factors that are key in converting the pro-inflammatory M1 to the neuroprotective 

M2 phenotype (Franco and Fernández-Suárez, 2015). 

 PD is another disease coursing with a neuroinflammatory component. Overexpression 

of CB2R is detected in either 6-hydroxy-DA-lesioned rats or LPS-treated mice, and correlates 

with microglial activation (Aron Badin et al., 2013; Barnum et al., 2008; Concannon et al., 2015; 

Muñoz et al., 2014). In contrast, endocannabinoid levels are more elevated in the inflammation-

driven than in the neurotoxic model (Concannon et al., 2015). Of note, the non-selective 

cannabinoid receptor agonist, WIN-55,212-2, or the CB2R selective agonist JWH015, afford 

neuroprotection in the MPTP neurotoxic PD model, which courses with a significant 

microglial activation plus overexpression of CB2R in midbrain (Price et al., 2009). The results in 

this chapter showing the expression of CB1-CB2 heteromers in microglia would explain why 

non-selective cannabinoid receptor agonists were neuroprotective in a MPTP model and why 

selective CB1R antagonists prevented nigral neuroprotection and reduced NADPH oxidase 

activity, reactive oxygen species production and DNA damage of microglial cells (Chung et al., 

2011). The CB1R-mediated effects were not due to neuronal receptors, as neuroprotection 

against the MPTP insult was not evident in neuron-enriched cultures but in mesencephalic co-

cultures of neurons and microglia (Chung et al., 2011). We found that the percentage of cells 

expressing the CB1-CB2 receptor complexes significantly increased (from 9.2 to 18.7) in the 

lesioned hemisphere of the 6-hydroxy-DA-treated rats. This result is consistent with activation 

of microglia in this PD model (He et al., 2001). Remarkably, heteromer complex expression 

returned to normal in rats receiving chronic levodopa treatment that did not exhibit 

dyskinesia, whereas both, number of cells containing the heteromer (up to 33.7% of the cells) 

and heteromer expression level, increased in dyskinetic rats (Figure R10). Such findings may 

be due to a compensatory mechanism in which cannabinoid receptor activation could be 

neuroprotective or, alternatively, the overexpression of receptors could trigger the 

manifestation of dyskinetic movements. These results not correlating with increased 

microgliosis, constitute a base to propose CB1-CB2 receptor heteromer as targets to either 

combat or prevent involuntary movements in patients undertaking a dopamine replacement 
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therapy and to reduce inflammation by suppressing activated-microglia production of pro-

inflammatory molecules.   

 As pointed out by Rom and Persidsky (Rom and Persidsky, 2013), the discovery of 

therapeutic agents targeting CB2R  is hampered by their complex signalling pathways. The 

hydrophobic nature of cannabinoids and functional selectivity are further sources of 

complexity. Biased agonism and GPCR heteromerization may cause functional selectivity, 

being, the first, more useful for drug discovery, and the latter, useful for discovering the 

physiological relevance of cannabinoid signalling in health and disease. Even using the same 

selective agonists, JHW133 and ACEA, functional selectivity was evident when comparing 

within-heteromer allosteric interactions. In fact, in all cell models, and also when comparing 

data in homozygous versus heterozygous transgenic AD animals, the negative allosteric 

receptor-receptor interactions became positive in activated conditions. Our BRET data in 

naïve and LPS plus INF-γ treated cells show that the differential allosteric mechanisms 

correlated with structural change within the CB1-CB2 heteromer. Taken together, the results in 

this chapter suggest an active conformation in the CB1-CB2 heteromer that would be the real 

target of endogenous or synthetic cannabinoids in reactive microglia. Drug discovery should 

take into account the occurrence of this heteromer as well as the dynamics of the allosteric 

receptor-receptor interactions within these complexes in activated microglia due to the fact 

that the enhanced CB1-CB2 receptor-receptor interactions may be regulating the 

endocannabinoid function.  
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Chapter 2. 

 

IV. 2 Identification of a neuronal calcium- cAMP signalling cross-talk at cannabinoid CB1R 

mediated by interactions with EF-hand calcium sensors 

 

 

 Heteromerization of GPCR could modulate the receptors’ activity in many aspects. 

Nonetheless, other interactions modulating the GPCR action have been described. Among 

them, neuronal calcium-binding proteins may interact with cell surface receptors. Calcium 

sensors, upon binding calcium ions at their EF-hand domains, suffer a conformational change 

that enables them to interact and modulate different proteins of the signal transmission 

machinery. In fact, the regulation of D2R, A2AR or the D2R-A2AR heteromer by calmodulin, 

calneuron1 and NCS1 has been reported (Navarro et al., 2009, 2014). In enkephalinergic 

GABAergic neurons of the motor pathway, A2AR and D2R form heteromers, and are co-

expressed with CB1R. It is not known, however, whether cannabinoid receptors may interact 

with calcium sensors and are regulated by calcium ions. 

 

 In this second chapter the potential interaction of CB1R with different EF-hand-

containing calcium sensor proteins was studied and the functional consequences derived of 

such interactions were investigated to fulfil the AIM II of the Thesis.  

 

 In this chapter, the author of the Thesis, Edgar Angelats performed the experiments 

with participation of the undergraduate student M. Requesens in BRET assays, and of D. 

Aguinaga in the isolation of primary cultures. These results obtained using reagents from Prof. 

Kreutz, led to the paper entitled ‘Cross-talk of calcium-and-cAMP signalling at 

cannabinoid CB1 receptor mediated by interactions with the EF-hand calcium sensors’ 

whose authors are: E. Angelats, M. Requesens, D. Aguinaga, R. Franco, M.R. Kreutz, G. 

Navarro. The paper has been accepted (in June 2018) for publication in Frontiers in Cell and 

Developmental Biology. 
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IV.2.1 Identification of calcium sensors able to interact with CB1R 

 To determine whether CB1R, which belongs to the superfamily of G protein-coupled 

receptors, could form heteromeric complexes with calcium-binding proteins, an 

immunocytochemistry assay was first developed to assess whether CB1R and three calcium 

sensors of relevance in neurons, may co-localise in co-transfected cells. To do so, the 

heterologous HEK-293T cell-expression system was used. Cells were transfected with cDNAs 

for CB1R-Rluc, and either calenuron1-YFP, NCS1-YFP or caldendrin-YFP. Calcium-binding 

protein expression was detected by YFP’s own fluorescence while CB1R fused to Rluc was 

detected by the use of an anti-Rluc antibody and a Cy3-conjugated secondary antibody. As 

observed in Figure R14, in cells transfected with CB1R-Rluc and calcium-sensor fused to YFP, 

all calcium-sensors were found in different cell locations while CB1R was expressed mainly in 

the cell membrane level. These localisations were similar to those observed when cells were 

transfected with only one fusion protein (Figure R14).  Moreover, signs of co-localisation were 

observed for the CB1R-Rluc and calneuron1-YFP or NCS1-YFP (Figure R15). Indeed, co-

localisation does not prove a direct interaction; hence, to demonstrate potential physical 

interaction between receptor pairs, a bioluminescence resonance energy transfer (BRET) 

approach was used.  

Figure R14. CB1R and calcium-binding proteins expression.  For immunocytochemical assays 
HEK-293T cells were transfected with CB1R (1.5 µg; A, E and F) and calneuron1-YFP (2 µg; B), 
NCS1-YFP (2 µg; C) and caldendrin-YFP (3 µg; D). The YFP was detected by its own fluorescence 
while CB1R was detected with a primary antibody against Rluc and a Cy3-antiMouse secondary 
antibody. In E and F CB1R cDNA was transfected in HEK-293T cells but in absence of primary (E) or 
secondary (F) antibodies. Scale bar: 30 µm 
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  BRET was undertaken in HEK-293T cells expressing a constant amount of cDNA 

for CB1R-Rluc (0.75 µg) and increasing amounts of cDNAs for calneuron1-YFP (0.25 to 1.75 

µg), NCS1-YFP (0.25-2 µg) or caldendrin-YFP  (0.5-2.5 µg). For calneruon1-YFP and NCS1-

YFP, a saturation BRET curve was obtained, thus indicating a specific interaction between 

CB1R-Rluc and those two proteins. BRET parameter values were: BRETmax 30 ± 3 mBU and 

BRET50 10 ± 3 for the interaction with calneuron1, and BRETmax 170 ± 20 mBU and BRET50 

70 ± 10 for the interaction with NCS1 (Figure R16A and B). Interestingly, the increase of 

intracellular Ca2+ concentration by pre-incubation for 30 min with ionomycin did not modify 

the degree of interaction (Figure R16A and B). In contrast, an unspecific linear signal was 

obtained between CB1R and caldendrin-YFP, indicating the lack of interaction between these 

proteins (Figure R16C). Actually, these results constitute a proper negative control of the 

assay. In summary, the results indicate that at basal or increased Ca2+ intracellular levels, CB1R 

may interact with calneuron1 or NCS1 but not with caldendrin.  

 Figure R15. Co-localisation of CB1R and calcium-binding proteins in HEK-293T 
transfected cells. For immunocytochemical assays HEK-293T cells were co-transfected with CB1R 
(1.5 µg) and calneuron1-YFP (2 µg), CB1R (1.5 µg) and NCS1-YFP (2 µg) and with CB1R (1.5 µg) 
and caldendrin-YFP (3 µg). Left images show the localisation of CB1R-Rluc of each co-transfection. 
Fluorescence of each sensor-YFP is shown in central images and the merge of both proteins is 
shown in right images, with an amplification of boxed cells. Scale bar: 10 µm 
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IV.2.2 Mapping the interaction motives 

 Taking into account previous data on motives in the structure of calcium sensors and 

the general organization of heptaspanning GPCR. BRET assays were undertaken using 

different mutated versions of CB1R and calneuron1 or NCS1. As indicated in Material and 

Methods, plasmids containing the sequence of mutant forms in the third intracellular loop and 

the C-terminal domain of CB1R were used (see details in Methods). For calcium sensors, 

NCS1 was mutated deleting the myristoylation site in the N-terminal domain of NCS1 and a 

part of the C-terminal end of the calneuron1 was deleted to prevent membrane anchoring. 

BRET assays using Rluc or YFP fusion proteins containing these mutated forms led to the 

results displayed in Figure R17. On the one hand, the BRET results show that mutated 

calneuron1 and mutated NCS1 cannot interact with the CB1R (Figure R17A and D). On the 

other hand, the mutated form in the third intracellular loop of the CB1R abolished the 

interaction with both calcium sensor proteins (Figure R17C and F). Finally, mutations in the 

C-terminal domain led to unspecific signal when NCS1-YFP was used (Figure R17E) but did 

not significantly altered the direct interaction established between calneuron1-YFP and the 

cannabinoid receptor (Figure R17B). These results suggest that NCS1 directly interact with the 

C-terminal tail and the third intracellular loop of the CB1R, while caneuron1 only interact with 

the C-terminal tail of the receptor.  

 

	
	 	

	

	
A C B 

Figure R16. Study of the interaction of CB1R with calcium-binding proteins. BRET asays were 
performed transfecting HEK-293T cells with a constant amount of CB1R-Rluc (1.5 µg) and increasing 
amounts of calneuron1-YFP (0.25 to 2 µg) (A), NCS1-YFP (0.5 to 2.5 µg) (B) and caldendrinYFP (1 to 3 µg) 
(C) in the presence (red lines) or in the absence (black lines) of 1 µM ionomycin and 1.24 mM of CaCl2. 
Values are the mean ± S.E.M. of 10 different experiments in duplicates.  
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IV.2.3 Calneuron1 and NCS1 compete for interacting with CB1R 

 The above-described results concerning the CB1R-calcium sensors interaction 

indicated that NCS1 and calneuron1 could form heteromers with the CB1R, and possibly, be 

competing between each other for the interaction with the receptor. To confirm such 

hypothesis we performed BRET competition assays by expressing the CB1R-Rluc and one 

sensor fused to the YFP in the presence of increasing amounts of the second calcium sensor. 

The BRET assays were performed in cell treated or not with ionomycin and the results are 

presented in the Figure R18. Results using constant amounts of the cDNA for CB1R-Rluc and 

calneuron1-YFP increasing amounts of NCS1 indicated that the latter protein was able to 

dose-dependently reduce the BRET signal between CB1R-Rluc and calneuron1-YFP, therefore 

competing for the binding of calneuron1 to the CB1R; such competence disappeared in the 

presence of elevated intracellular concentrations, indicating that in higher calcium 

concentrations, NCS1 was not able to decrease the CB1R-Rluc – calneuron1-YFP BRET 

signal (Figure R18A). Just the opposite was found when using increasing amounts of cDNA 

Figure R17. Determination of interacting domains of CB1R-calneuron1 and CB1R-NCS1 interactions. 
HEK-293T cells transfected with  a constant amount of cDNA for CB1R-Rluc (1.5 µg) and increasing 

amounts of calneuron1ΔCT-YFP (1 to 3 µg) (A), calneuron1-Rluc  (3 µg) and CB1RΔCT-YFP (0.25 to 1.5 µg) 
(B), calneuron1-Rluc  (3 µg) and CB1RICL3-YFP (0.5 to 2 µg) (C), CB1R-Rluc (1.5 µg) and 

NCS1
Δmiristoilated

YFP (1 to 3 µg) (D), NCS1-RLuc (2.5 µg) and CB1RΔCT -YFP (0.25 to 1.5 µg) (E), and 
NCS1-Rluc (2.5 µg) and CB1RAICL3-YFP (0.5 to 2 µg) (F). Values are the mean ± of 8 different experiments 
in duplicates.  
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for calneuron1. In these case, increasing amounts of calneuron1 did compete with NCS1-YFP 

for the binding to the receptor when concentrations of intracellular Ca2+ were elevated, while 

in basal conditions, calneuron1 did not significantly affect the CB 1R-Rluc – NCS1-YFP 

BRET signal (Figure R18B).  

IV.2.4 Occurrence of receptor-calcium sensor complexes in natural sources 

 Mouse striatal samples were chosen to prepare cultures of neurons, which 

endogenously express all the proteins under study, and look for interactions between the 

cannabinoid receptor 1 and calneuron1 or NCS1. In order to detect receptor-sensor 

complexes in primary cultures of neurons, PLA assays were carried out in cells treated or not 

with ionomycin. Red dot/clusters indicating the occurrence of the receptor-calneuron1 and 

receptor-NCS1 complexes were found in all conditions (Figure R19A). The absence of the 

primary anti-CB1R or anti-sensor antibodies led to a marked reduction of the PLA signal 

(Figure R19A). The number of cells containing one or more red spots versus total cells (blue 

nucleus) and, in cells containing spots, the ratio r (number of red spots/cell), were determined 

by means of the Duolink Image tool software. Significant differences were found in both basal 

conditions and in treated with ionomycin.  In absence of ionomycin, the number of cells 

Figure R18. Calneuron and NCS1 competition for CB1R interaction. BRET assays were performed in 
HEK-293T cells transfected with constant amounts of CB1R-Rluc (1.5 µg) and calneuron1-YFP (2 µg) and 
increasing amounts of NCS1 (0 to 1 µg) (A) or constant amounts CB1R-Rluc (1.5 µg) and NCS1-YFP (1.5 
µg) and increasing amounts of calneuron1 (0 to 1 µg) in presence (blue bars) or absence (black lines) of 1 µM 
ionomycin and 1.24 mM of CaCl2. Representative western blots of the NCS1 and Calneuron1 increasing 
expression are shown. Values are the mean ± S.E.M. of 10 different experiments in duplicates and a one-way 
ANOVA followed by a Dunnett’s post-hoc test was used for statistical comparison of the influence of 
Ionomycin and calcium concentration levels on each DNA concentration (*p<0.05; **p<0.01).  
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expressing CB1R-calneuron1 complexes and the relative amount of clusters was lower than the 

number of cells expressing CB1R-NCS1 and of spots/cell. The results were totally opposite 

when neurons were treated with ionomycin, which led to a marked reduction in the 

percentage of cells expressing CB1R/NCS1 complexes (and in the spot/cell ratio) and a 

marked increase in the percentage of cells expressing CB1R/calneuron1 complexes (and in the 

spot/cell ratio) (Figure R19B). As the calcium-binding proteins assayed seemingly compete for 

the binding to CB1R, the results indicate that low calcium concentrations favour the 

interaction with NCS1, whereas CB1R is mainly bound to calneuron1 when intracellular Ca2+ 

levels increase.  

 Taking into account the differential interaction of calneuron1 or NCS1 with CB1R, we 

wanted to analyse if there were any changes under the canonical signalling pathway of CB1R. 

Thus, we addressed the intracellular cAMP levels of striatal neuron cultures of mice in 

presence or absence of ionomycin. In those cells in basal conditions, the CB1R-agonist ACEA 

produced a decrease in the forskolin-induced cAMP levels, fact that was blocked upon a 

previous treatment with the CB1R antagonist rimonabant (Figure R20). However, in cells 

incubated with ionomycin, ACEA did not decrease the cAMP signalling of the CB1R. 

Moreover, the results obtained for the CB1R agonist ACEA under basal or ionomycin 

Figure R19. Determination of CB1R interaction with calcium-binding proteins in mice primary cell 
cultures. In situ PLA assay was performed to detect CB1R-calneuon1 and CB1R-NCS1 interaction was 
performed as described in Materials and Methods using primary antibodies against CB1R and calneuron1 or 
CB1R and NCS1 in presence or absence of 1 µM Ionomycin and 2.4 mM of CaCl2. Interactions were 
detected as red spots in Hoechst-stained nuclei in the confocal microscopy images (superimposed sections of 
0.5 µm width). Scale bar: 20 µm (A). Dots (number of red spots) per cell and percentage of red-spots 
containing cells are shown in the bar graphs. Data are the means ± S.E.M. of counts of 8 different fields for 
every condition. A one-way ANOVA followed by a Tukey’s multiple comparison test was performed for the 
statistical analysis (*p<0.05; **p<0.01) (B). 
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treatment differed significantly (Figure R20), disclosing and suggesting a different modulation 

of the CB1R upon interaction with NCS1 or calneuron1. 

 

 
 
IV.2.5 Discussion 
 
 At the molecular level, GPCR-mediated signalling not only depends on the coupled G 

protein but on other molecules able to interact with the receptor and/or components of the 

signalling machinery. Calmodulin was the first calcium-binding protein that was identified as 

modulator of GPCR with relevance for neurotransmission (Ferré, 2010; Navarro et al., 2009; 

Woods et al., 2008). However, little is known about the action of other calcium sensors 

expressed in neurons and their effects on GPCR function (Mikhaylova et al., 2011). 

 Recently, it has been demonstrated that NCS1 can interact with dopamine D2R (Woll et 

al., 2011) and adenosine A2AR (Navarro et al., 2012). In turn, calneuron-1 can also establish 

interactions with the A2A-D2 heteroreceptor complexes (Navarro et al., 2014). Taking into 

account the close relationship between A2A, D2 and CB1 receptors in GABAergic 

striatopallidal neurons, we wanted to investigate if these calcium sensors could be regulating 

the cannabinoid CB1 receptor. Hence, in this chapter, we selected three abundantly expressed 

calcium sensors (NCS1, calneuron1 and caldendrin) with known function and targets in the 

brain. Caldendrin is highly enriched at synaptic sites (Seidenbecher et al., 1998) and binds various 

synaptic proteins (Dieterich et al., 2008; Gorny et al., 2012; Seidenbecher et al., 2004). NCS1, that 

Figure R20. CB1R signalling in striatal cell cultures of mice.  cAMP levels induced by CB1R 
stimulation were assessed in striatal mice neurons activated with the CB1R agonist ACEA (100 nM) 
with or without a previous treatment of CB1R antagonist Rimonabant (1 µM) upon stimulation with 
Forskolin (0.5 µM) in presence (blue bars) or absence (black bars) of 1 µM of Ionomycin and 2.4 
mM CaCl2. A one-way ANOVA followed by a Dunnett’s post-hoc test was used for statistical 
comparison of the influence of Ionomycin and calcium concentration in each treatment (*p<0.05). 
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seems to be involved in several neuronal functions like neurotransmission (Pongs et al., 1993), 

exocytosis (Haynes et al., 2005) or regulating ion channels (Weiss et al., 2000) and the synaptic 

plasticity (Sippy et al., 2003), and calneuron1, whit a described role in phospholipid synthesis 

and in membrane trafficking in the Golgi (Hradsky et al., 2015; Mikhaylova et al., 2009). To date, 

no interaction of calcium sensors had been described for CB1R, however, the results presented 

in this chapter show that, the three calcium sensors employed displayed some co-localisation 

when co-transfected with the CB1R in HEK-293T cells. However, when BRET assays were 

carried out, just NCS1 and calneuron1 were able to form specific interactions with the 

receptor. 

 The interfaces motives through which CB1R might interact with different proteins are 

partially characterised. Intracellular loops (particularly the 2nd and the 3rd) are involved in 

coupling to heteromeric G proteins and also to other scaffolding and/or signalling proteins 

(Khan and Lee, 2014). Also the C-terminal domain of GPCR arise as important for directing 

signalling to different pathways (Navarro et al., 2018; Stadel et al., 2011). It has been also 

suggested that structural features in the 2nd intracellular loop may be responsible for a change 

of coupling from the cognate Gi to a Gs protein (Chen et al., 2010) and that the third 

intracellular loop is important for the constitutive activation (Abadji et al., 1999). Based on 

preliminary and our previous experiments, we tested CB1R that were mutated in amino acids 

that are responsible for interactions with other proteins (Navarro et al., 2010a). Plasmids were 

prepared containing the CB1R in which two conserved residues of the third intracellular loop 

that are susceptible of phosphorylation (thus acquiring negative charges) were mutated to Ala 

(CB1R
ΔICL3). A truncation of the C-terminal domain, responsible of some CB1R interactions, 

was done (CB1R
ΔCT). One of the remarkable findings was the asymmetric interaction mode 

with calcium sensors; whereas mutations in the third intracellular loop abolished binding to 

both calneuron1 and NCS1 calcium-binding proteins, mutations in the C-terminal domain 

abolished interaction with NCS1 but not with calneuron1. In summary, our results disclosed 

structural differences in the interaction between the CB1R and calneuron-1 or NCS1. 

 The capacity of calcium sensor proteins to interact and modulate GPCR activity had 

been previously demonstrated. Implications on the A2AR-mediated signalling upon 

heteromerization with NCS1 were demonstrated by Navarro and collaborators (Navarro et al., 

2012), and furthermore, capacity of calneuron1 and NCS1 to differently interact and regulate 

GPCR signalling depending on the calcium concentration levels was demonstrated for the 

A2AR-D2R heteromer (Navarro et al., 2014). In this chapter, we provide data indicating that the 

CB1R is also alternatively interacting with calneuron1 or NCS1 in a calcium-dependent 
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fashion. Moreover, the signalling studies suggest that this differential intracellular calcium 

concentration-related NCS1/calneuron1-CB1R interaction implies a modulation and a fine 

regulation of the receptor signalling. In this line, it had been previously shown that a calcium-

binding sensor protein like calmodulin could not only regulate, but also compete with G-

proteins, for the interaction motifs of the 3rd intracellular loop of the µ-opioid receptor, hence 

preventing the interaction of Gi proteins with the receptor and diminishing the receptor 

signalling (Wang et al., 1999). Accordingly to the structural interaction and signalling data 

obtained, it cannot be discarded that calneuron1 interacting domains with the CB1R could be 

overlapped with the G protein-CB1R interacting motifs, hence preventing Gi proteins, the 

canonical signalling pathway of CB1R, to interact with the receptor. Taken together, the 

evidence points to Ca2+, acting through calneuron-1 and NCS1 calcium-binding sensors, to be 

a relevant regulator of the CB1R function, adding complexity to the cumbersome signalling of 

this GPCR. 
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Chapter 3. 

IV.3 Determination of the functional role for the truncated Ghrelin receptor GHS-R1b 

 

 GHS-R1a is the receptor that mediates the action of ghrelin. This GPCR has a 

truncated version, GHS-R1b, which lacks transmembrane domains 6 and 7. GHS-R1b is 

unable to interact with ghrelin or to couple any G-protein. Thus, the exact role of GHS-R1b 

remains unknown.  

  

 In 2012, Chow and collaborators (Chow et al., 2012) started to shed some light into the 

matter, suggesting that the role of GHS-R1b was to negatively regulate the GHS-R1a upon 

heteromerization. Once the interaction was established, trafficking to the plasma membrane 

of GHS-R1a was reduced, retaining the functional receptor in inner compartments of the cell. 

However, a year later, Mary and collaborators (Mary et al., 2013) demonstrated that GHS-R1b 

allosterically modulated GHS-R1a. Upon interaction with the truncated form, GHS-R1a 

acquired a conformation that prevented the functional receptor neither to couple a G-protein 

nor to signal.  

 

 Thus, the objective in chapter 3, was to determine the role of the truncated isoform of 

the ghrelin receptor and better understand the functional changes of ghrelin receptors upon 

heteromerization, fulfilling the aim III of the Thesis. 

 

 In this chapter, the author of the Thesis, Edgar Angelats, provided results related to 

the modulatory role of GHS-R1b on the GHS-R1a function and on the dopamine D1-GHS-

R1a heteroreceptor function. The experimental approach and results were designed and 

performed in the laboratory of the University of Barcelona, and led to the paper ‘A 

significant role of the truncated Ghrelin receptor GHS-R1b in Ghrelin-induced 

signalling in neurons’ Navarro G., Aguinaga D., Angelats E., Medrano M., Moreno E., 

Mallol J., Cortés A., Canela E.I., Casadó V., McCormick P.J. Lluís C., Ferré S. The paper is 

published in J.Biol. Chem 2016 June 17 291(25): 13048-13062, and D. Aguinaga, co-author of 

this manuscript, has included this work in his thesis. 
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IV.3.1  GHS-R1b-mediated modulation of GHS-R1a expression at the plasma   
 membrane 
 The role of GHS-R1b on GHS-R1a expression in the plasma membrane was first 

evaluated by immunocytochemistry in HEK-293T cells transfected with cDNA of GHS-R1a 

fused to YFP (GHS-R1a-YFP, 1 µg), GHS-R1b fused to Rluc (GHS-R1b-Rluc, 0.5 µg) or 

both. Both GHS-R1a-YFP (Figure R21, identified by its own fluorescence) and GHS-R1b-

Rluc (Figure R21, identified by anti-Rluc and secondary Cy3 antibodies), when expressed 

alone, could be detected in intracellular structures and at the plasma membrane level. Some 

degree of co-localisation could be observed upon GHS-R1a-YFP and GHS-R1b-Rluc co-

transfection (Figure R21).	  As shown in figure R22, the fused receptors retained the same 

degree of functionality than non-fused receptors.  

 To provide a more accurate determination of receptor expression at the plasma 

membrane, biotinylation experiments using a non-membrane permeable biotin were 

performed. Thus, HEK-293T cells were co-transfected with GHS-R1a-YFP cDNA (1 µg) 

and increasing amounts of GHS-R1b-Rluc (0, 0.1, 0.2, 0.3, or 0.6 µg) or only with GHS-

R1b-Rluc cDNA (0.3 µg). Total expression of GHS-R1a-YFP (YFP fluorescence, 20000 ± 

2000 units) did not significantly change by the expression of GHS-R1b-Rluc (Rluc 

Figure R21. Evaluation of 
ghrelin receptors expression. 
Confocal microscopy images of 
HEK-293T cells transfected with 
GHS-R1a-YFP (1.5 µg), GHR-
R1b-Rluc (0.5 µg) or both 
receptors. YFP was detected by its 
own fluorescence (green), while 
Rluc was detected with a 
monoclonal anti-Rluc primary 
antibody and a Cy-3 secondary 
antibody (red). Co-localisation of 
both receptors is shown in yellow. 
Cell nuclei were stained with 
Hoechst (blue). Scale bars= 10 µm. 

Figure R22. Functionality of Ghrelin-receptor fusion 
proteins. cAMP values determined in HEK-293T cells 
transfected with cDNA (1.5 µg) from the indicated receptors 
or fusion proteins. Cells were treated with ghrelin (100 nM) 
or vehicle for 15 min prior to 15 min incubation with 
forskolin (0.5 µM). Values are the mean ± S.E.M. of three or 
four experiments and expressed as decreases (percent) versus 
forskolin alone (100%, dotted line). No statistical differences 
between differently transfected cells were found iby ANOVA 
followed by Bonferroni’s corrections (p>0.05). 
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luminescence, 10000 to 300000 units). To determine the relative expression of GHS-R1b with 

respect to GHS-R1a (GHS-R1b/GHS-R1a) in transfected cells, we performed parallel 

experiments in which HEK-293T cells were transfected with increasing amounts of the 

cDNA for GHS-R1a-YFP (up to 1.5 µg) or GHS-R1b-YFP cDNA (up to 0.6 µg), and the 

relative total expression of receptors was calculated by Western blotting using an anti-YFP 

antibody. Linearity of transfected cDNA versus the Western blotting signal or versus 

fluorescence was obtained in both cases (transfected cDNA in micrograms versus 

fluorescence values in arbitrary units gave linear plots with slopes of 0.885 and 0.099, 

respectively), which allowed the accurate determination of the relative GHS-R1b/GHS-R1a 

expression ratio. Co-transfection with 1 µg of GHS-R1a-YFP and 0, 0.1, 0.2, 0.3, or 0.6 µg of 

GHS-R1b-YFP gave GHS-R1b/GHS-R1a ratios of 0, 0.25, 0.5, 1.4 and 5, respectively.	
Biotinylation experiments demonstrated that transfected GHS-R1a was always present in the 

plasma membrane, with or without co-transfection with GHS-R1b, and that co-transfection 

with GHS-R1b resulting in GHS-R1b/GHS-R1a ratio from 0.25 to 5 led to an inverted U 

shape in the relative expression of GHS-R1a in the plasma membrane (Figure R23A). As 

negative control, no changes in GHS-R1a expression at the plasma membrane were detected 

upon co-transfection with increasing amounts of CB1R-Rluc cDNA (Figure R23B, the 

corresponding CB1R/GHS-R1a expression ratio was calculated as above using the slope value 

of 0.139 corresponding to linear plots of transfected CB1R-YFP cDNA in micrograms versus 

A B C 

Figure R23. Biotinylation experiments in HEK-293T transfected cells. HEK-293T cells co-
transfected with GHS-R1a-YFP (1 µg) and increasing amounts of GHS-R1b-Rluc cDNA (0-0.6 µg) or  
GHS-R1b-Rluc alone (0.5 µg) (A), with GHS-R1a-YFP (1 µg) and increasing amounts of CB1R-RLuc (0-1 
µg) (B) or transfected with increasing amounts of GHS-R1b-Rluc (0.05-0.6 µg) (C) were treated as 
described in Materials and Methods. Quantification of immunoreactive bands from four to six independent 
experiments is shown. Values represent the  mean ± S.E.M. of the percentage of GHS-R1a-YFP membrane 
expression versus control cells (cells not expressing GHS-R1b-Rluc or CB1R-Rluc) (A and B) or the 
percentage of GHS-R1b-Rluc membrane expression versus control cells (non-transfected cells) (C). 
Statistical differences of differently transfected cells were analysed by ANOVA followed by Bonferroni’s 
corrections (*, p<0.05; ***, p<0.001 compared with control cells). Representative Western blotting analyses 
are shown in the bottom panels. 
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fluorescence in arbitrary units). Furthermore, biotinylation also demonstrated a linear increase 

in the plasma membrane expression of GHS-R1b upon increasing amounts of GHS-R1b-YFP 

(Figure R23C). These data indicate that GHS-R1b differentially modulates GHS-R1a 

expression at the plasma membrane level as function of GHS-R1b/GHS-R1a expression 

ratio.  

 

IV.3.2 GHS-R1b-mediated modulation of GHS-R1a signalling in transfected HEK-

 293T cells  

 The role of GHS-R1b on GHS-R1a signalling was evaluated in HEK-293T cells 

expressing the same amount of GHS-R1a-YFP (fluorescence, 20000 ± 2000) and increasing 

amounts of GHS-R1b-Rluc (0 to 5 GHS-R1b/GHS-R1a ratio). First, the effect of GHS-R1b 

on GHS-R1a signalling was determined with a DMR label-free assay. Ghrelin (10, 30 and 100 

nM) induced dose- and time-dependent signalling in cells only transfected with GHS-R1a-

YFP, which was inhibited by the GHS-R1a antagonist YIL781 (Figure R24A). Ghrelin-

induced DMR was completely blocked by pertussis toxin (PTX) but not by cholera toxin 

(CTX) or the Gq inhibitor YM254890 (Figure R24B), indicating a predominant ghrelin-

mediated Gi/o protein coupling to GHS-R1a in HEK-293T cells. As expected, ghrelin did not 

produce any significant effect in cells only expressing GHS-R1b-Rluc (Figure R24C). The 

ghrelin-mediated DMR signal was then analysed upon three different GHS-R1b/GHS-R1a 

expression ratios: 0.5, 1.4 and 5. At GHS-R1b/GHS-R1a expression ratio of 0.5, ghrelin was 

significantly more efficient than when the cells were only transfected with GHS-R1a (Figure 

R25A). Taking also into account the results of biotinylation experiments, these results suggest 

that low relative GHS-R1b expression potentiates ghrelin-induced Gi/o protein-mediated 

signalling by facilitating GHS-R1a trafficking to the plasma membrane. However, progressive 

increases of the relative expression of GHS-R1b led to a progressive decrease in signalling that 

went down to an almost complete lack of effect of ghrelin on cells expressing the GHS-

R1b/GHS-R1a ratio of 5 (Figure R25C). This switch from facilitation to inhibition of ghrelin-

induced Gi/o protein-mediated signalling cannot be explained by GHS-R1b-mediated 

modulation of GHS-R1a trafficking because plasma membrane expression of GHS-R1a was 

the same at the highest GHS-R1b/GHS-R1a expression ratio than in cells not co-transfected 

with GHS-R1b (Figure R23A).  
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Figure R24. DMR analysis of GHS-R1a mediated signalling. HEK-293T cells transfected with GHS-R1a-
YFP (1 µg) (A and B) or GHS-R1b-Rluc (0.4 µg) (C) were treated with 10 nM (red lines), 30 nM (Purple lines) 
or 100 nM (green lines) of ghrelin with or without a previous treatment with GHS-R1a antagonist YIL-781 (30 
min) (blue lines), and the DMR signal analysed (A and C). In B, cells were pretreated overnight with PTX (10 
ng/ml), CTX (100 ng/ml) or the Gαq inhibitor YM254890 (YM, 1 µM). Maximum responses of ghrelin (30 
nM) at 500 s are derived from the corresponding picometer shifts of reflected light wavelength versus time 
curves. Statistical differences of the effect of ghrelin between cells treated with PTX compared with vehicle-
treated cells were analysed by ANOVA followed by Bonferroni’s corrections (***, p<0.001). 

	

	

A B C 

D 

Figure R25. GHS-R1b modulation of GHS-R1a signalling detected by DMR in HEK-293T cells. DMR 
signals were determined in HEK-293T cells co-transfected with GHS-R1a-YFP (1 µg) and increasing amounts of 
GHS-R1b-Rluc (0.05 to 0.6 µg) to obtain a 0.5 (A), 1.4 (B) or 5 (C) GHS-R1b/GHS-R1a ratio. Cells  were 
activated with increasing concentrations of ghrelin (10, 30 and 100 nM). Representative picometer (pm) shifts of 
reflected wavelength versus time curves are shown in A, B and C, each curve representing the mean of an optical 
trace experiment carried out in triplicate. In D, maximal responses at 500 s induced by different ghrelin 
concentrations are compared for GHS-R1b/GHS-R1a ratios from 0 to 5. CAlues are derived from the A, B and 
C curves. Statistical differences of the effect of ghrelin in cells transfected with different GHS-R1b/GHS-R1a 
ratios compared with cells only expressing GHS-R1a (Figure R31A) were analysed by ANOVA followed by 
Bonferroni’s corrections (*, p<0.05; **, p< 0.01; ***, p< 0.001).  
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 According to the predominant coupling to Gi/o protein, ghrelin dose-dependently 

decreased forskolin-induced cAMP accumulation in cells only expressing GHS-R1a (Figure 

R26A). This effect was inhibited by YIL781 or by the PTX (Figure R26A). Again, this effect 

was not observed in cells only transfected with GHS-R1b (Figure R26B), and was dependent 

on the GHS-R1b/GHS-R1a expression ratio, with ghrelin being more efficient, similarly 

efficient and inefficient at expression ratios of 0.5, 1.4 and 5, respectively, compared with cells 

only transfected with GHS-R1a (Figure R26C).  

 Ghrelin also induced a dose-dependent increase in cytosolic Ca2+ (Figure R27), β-

arrestin recruitment (Figure R28A and B) and ERK1/2 phosphorylation (Figure C and D) in 

HEK-293T cells only transfected with GHS-R1a. All measured ghrelin-activated signalling 

pathways were also inhibited by YIL781 (Figure R27A and Figure R28A and C), and they 

were not observed in cells only transfected with GHS-R1b (Figure R27A and Figure R28B 

and D). Importantly, these three signalling mechanisms were dependent on the GHS-

GHS-R1b B 

	C 

Figure R26. Evaluation of cAMP GHS-R1a signalling upon GHS-R1a and GHS-R1a co-
transfection. HEK-293T cells transfected with GHS-R1a-YFP cDNA (1 µg) (A), GHS-R1b-Rluc (0.5 
µg) (B) or GHS-R1a-YFP with increasing amounts of GHS-R1b-Rluc (0.05 to 0.6 µg) according to the 
0.5, 1.4 and 5 GHS-R1b/GHS-R1a ratio (C), were treated with ghrelin receptor antagonist YIL-781 (2 
µM) or vehicle (15 min) before activating the cells with ghrelin in the presence or absence of 0.5 µM of 
forskolin. Values are means ± S.E.M. of five to six experiments per treatment and expressed as decreases 
of forskolin-induced cAMP (100% dotted line). In A, cells were incubated overnight with vehicle, PTX 
or CTX prior to perform the experiment. Statistical differences of the effect of differently treated cells 
under different transfection conditions were analysed by ANOVA followed by Bonferroni’s corrections 
(*, p<0.05; ***, p<0.001 compared with the effect of forskolin alone). 
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R1b/GHS-R1a expression ratio (Figure R27A and Figure R28A and C). As observed with 

DMR and cAMP accumulation experiments, at GHS-R1b/GHS-R1a expression ratios of 0.5, 

1.4 and 5, ghrelin was more efficient, similarly efficient and significantly less efficient or 

inefficient, respectively, compared with cells only transfected with GHS-R1a (Figures R27A 

and R28A and C). 

 

 

 

	

GHS-R1b 

Figure R27. Evaluation of GHS-R1a-induced intracellular calcium mobilisation upon co-
transfection with GHS-R1b. HEK-293T cells transfected with GHS-R1a-YFP cDNA (1 µg), GHS-R1b-
Rluc (0.5 µg) or GHS-R1a-YFP with increasing amounts of GHS-R1b-Rluc (0.05 to 0.6 µg) according to the 
0.5, 1.4 and 5 GHS-R1b/GHS-R1a ratio, were treated with ghrelin receptor antagonist YIL-781 (2 µM) or 
vehicle before activating the cells with ghrelin at 10, 30 100 or 300 nM concentrations. In (A) representative 
intracellular calcium release curves over time, and in (B), values of maximal calcium release (means ± S.E.M. 
of four to six experiments) induced by 30 nM ghrelin were derived from the curves obtained at the different 
GHS-R1b/GHS-R1a ratios. Statistical differences of the effect of differently treated cells under different 
transfection conditions were analysed by ANOVA followed by Bonferroni’s corrections (*, p<0.05 
compared with cells expressing GHS-R1a alone). 
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 IV.3.3 Homodimers and heterotetramers of GHS-R1a and GHS-R1b in HEK-293T-

 transfected cells 

 Biotinylation and signalling experiments therefore did not support a preferential 

intracellular localisation of GHS-R1b and GHS-R1a retention upon intracellular 

heteromerization with GHS-R1b as the basis for a dominant negative effect of GHS-R1b on 

GHS-R1a function (Chow et al., 2012; Leung et al., 2007). Our results instead fit with a negative 

effect of GHS-R1b on GHS-R1a signalling upon heteromerization in the plasma membrane 

(Mary et al., 2013). Because GPCR homodimers seem to be a predominant species and 

oligomeric entities are viewed as multiples of dimers (Ferré et al., 2014), we also investigated 

the possibility of homodimerization of GHS-R1b and heteromerization of GHS-R1a and 

A B 

GHS-R1b	

GHS-R1b	

C D 

Figure R28. Evaluation of β-arrestin and ERK1/2 phosphorylation GHS-R1a-mediated signalling 
upon co-transfection of HEK-293T cells with GHS-R1b. β-arrestin-2 recruitment (means ± S.E.M, n=5-7 
experiments) was measured by BRET assay in cells transfected with 1 µg β-arrestin-2 –Rluc, and GHS-R1a-
YFP (1 µg), β-arrestin-2 –Rluc , GHS-R1a-YFP and increasing amounts of increasing amounts of GHS-R1b-
Rluc (0.05 to 0.6 µg) according to the 0.5, 1.4 and 5 GHS-R1b/GHS-R1a ratio (A) or β-arrestin-2 –Rluc and 
GHS-R1a-YFP (1 µg)(B). In all cases, cells were pre-treated (15 min) with vehicle or the GHS-R1a antagonist 
YIL-781 (2 µM) followed by activation with ghrelin (30, 100 or 300 nM). ERK1/2 phosphorylation from the 
same transfected cell groups and treatments as in A and B, expressed as a percentage over values found in 
non-transfected cells (means ± S.E.M, n=5-7 experiments). Representative Western blotting analyses are 
shown in the bottom of (C). Statistical differences of the effect of differently treated cells under different 
transfection conditions were analysed by ANOVA followed by Bonferroni’s corrections (*, p<0.05 compared 
with cells expressing GHS-R1a alone). 
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GHS-R1b homodimers. Saturable BRET curves were obtained in HEK-293T cells expressing 

a constant amount of GHS-R1a-Rluc and increasing amounts of GHS-R1a-GFP2 (Figure 

R29A, BRETmax of 82 ± 6 mBU and BRET50 of 55 ± 13 mBU) or a constant amount of GHS-

R1b-Rluc and increasing amounts of GHS-R1b-YFP (Figure R29B, BRETmax of 124 ± 12 

mBU and BRET50 of 52 ± 16 mBU), strongly suggestive of homodimerization. As negative 

controls, linear plots with low BRET values were obtained using either CB1R-Rluc (Figure 

R36A) or CRF1-Rluc (Figure R29B). 

   

 SRET assay was then used to evaluate the possibility of direct interactions between 

three receptor molecules, either two GHS-R1a and one GHS-R1b or two GHS-R1b and one 

GHS-R1a, as shown in Figures R30A and B. In this assay, Rluc was fused to one of the 

receptor units to act as BRET donor, GFP2 was fused to a second receptor unit to act as 

BRET acceptor and FRET donor, and YFP was fused to act as FRET acceptor. The cDNA 

constructs were transfected in HEK-293T cells, and YFP emission was determined after 

adding DeepBlueC as luciferase donor. Positive SRET saturation curves were obtained with 

transfection of a constant amount of GHS-R1b-Rluc and GHS-R1a-GFP2 and increasing 

amounts of GHS-R1a-YFP or GHS-R1b-YFP (Figure R30A and B), with SRETmax values of 

222 ± 18 mSU and 72 ± 20 mSU and SRET50 values of 48 ± 14 mSU and 40 ± 5 mSU, 

respectively. As negative controls, linear plots with low SRET values were obtained when 

CB1R-Rluc was transfected as the BRET donor of GHS-R1a or GHS-R1b FRET pairs (Figure 

R30A and B). These results show the ability of GHS-R1a and GHS-R1b to assemble as 

heterotrimers and possibly heterotetramers. Support for heterotetramerformation was 

Figure R29. Homomerization of GHS-R1a and GHS-R1b receptors. GHS-R1a and GHS-R1b 
homodimers were detected by BRET saturation curves in HEK-293T cells co-transfected with GHS-R1a-
Rluc cDNA (1.5 µg) and increasing amounts of GHS-R1a-GFP2 cDNA (0.5 to 3 µg)(A), or co-transfecting 
GHS-R1b-Rluc (0.3 µg) and increasing amounts of GHS-R1b-YFP (0.05 to 0.6 µg) (B). As negative controls, 
linear and low BRET values were obtained by transfecting the cDNA to either cannabinoid receptor CB1R-
RLuc (0.5 µg) (A), or the corticotropin-releasing factor receptor CRFR1-Rluc (0.3 µg) (B). 
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obtained by using BRET with double bimolecular luminescence complementation (BiLC) and 

bimolecular fluorescence complementation (BiFC) assays. In this assay, the two BRET 

sensors, the donor Rluc (a more efficient variant of Rluc) and the acceptor YFP Venus (a 

more efficient variant of YFP), are split into two hemiproteins, which each split sensor being 

fused to one of the four putative interacting receptors. BRET indicates reconstitution of both 

sensors and close proximity of the four receptors. A saturable BRET curve (BRETmax of 111 ± 

10 mBU and BRET50 of 7 ± 2 mBU) was detected in HEK-293T cells co-transfected with 

equal amounts of GHS-R1a-cRluc and GHS-R1b-nRluc and increasing amounts of GHS-R1a-

cYFP and GHS-R1b-nYFP cDNAs (Figure R30C). Negative controls were transfected with 

adenosine A1R-cRluc cDNA instead of GHS-R1a-cRluc cDNA (Figure R30C). Collectively, 

	
A 

		
B C 

Figure R30. Heterotereameric structure of GHS-R1a and GHS-R1b heteromers. SRET saturation 
curves were obtained in HEK-293T cells co-transfected with a constant amount of GHS-R1b-Rluc (0.4 µg) 
and GHS-R1a-GFP2 (1.5 µg) and increasing amounts of GHS-R1b-YFP (0.5 to 3 µg) (A) or increasing 
amounts of GHS-R1a-YFP (0.05 to 0.5 µg) (B). As SRET negative controls, linear SRET values were 
obtained when CB1R-Rluc (0.4 µg) was transfected as BRET donor of GHS-R1a or GHS-R1b FRET pairs. 
The BiLFC saturation curve was obtained in HEK-293T cells co-transfected with equal amounts of cDNA 
corresponding to GHS-R1a-cRluc and GHS-R1b-nRluc (1.5 µg) and increasing amounts of GHS-R1a-cYFP 
and GHS-R1b-nYFP (0.5 to 2.5 µg each). As negative control, linear BiLFC were obtained in cells transfected 
with adenosine A1R-cRluc (0.2 µg) instead of GHS-R1a-cRluc. BRET and SRET amounts are given as a 
function of 100x the ratio between the fluorescence of the acceptor and the luminescence of the donor. 
BRET and SRET are expressed as miliBRET or miliSRET units and given as the means ± S.D. of 4-5 
experiments grouped as a function of the amount of BRET or SRET acceptor. 
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these results indicate that GHS-R1a and GHS-R1b receptors can form oligomeric complexes 

that include heterodimers and homodimers. 

 

 IV.3.4 Differential GHS-R1b-mediated modulation of GHS-R1a signalling in rat 

 striatal and hippocampal neurons 

 The significance of GHS-R1a-mediated signalling and its modulation by 

heteromerization with GHS-R1b was then addressed in primary neuronal cultures from 

striatum and hippocampus, brain areas that express functional GHS-R1a receptors (Schellekens 

et al., 2010). The relative expression of both GHS-R1a and GHS-R1b, determined by RT-

PCR, was higher in striatal compared with hippocampal primary cultures (Figure R31).  

 DMR was first analysed to evaluate the ghrelin-mediated signalling, and a dose-

dependent response was obtained in primary cultures (Figure R32). Ghrelin, had a potent and 

efficient response in striatal than hippocampal neurons, and its effects were counteracted by 

YIL781 in both preparations (Figure R32). As shown in figure R31, the relative expression of 

GHS-R1b was higher than GHS-R1a expression in striatal neurons, while the opposite, a 

higher GHS-R1a than GHS-R1b expression, was observed in hippocampal neurons. 

Therefore, from the results obtained in HEK-293T cells, we anticipated that an increase in 

GHS-R1b expression could lead to opposite effects in hippocampal and striatal neurons. 

Indeed, in hippocampal primary cultures, transfection with increasing amounts of GHS-R1b 

cDNA (0.1 and 0.5 µg) led to a progressive significant increase in the efficacy of ghrelin-

induced DMR (Figure R33B), whereas in striatal primary cultures, GHS-R1b transfection led 

to the opposite effect (Figure R33A).    

Figure R31. Differential expression of GHS-R1a and GHS-R1b in primary neuron cultures. Relative 
expression of GHS-R1a and GHS-R1b was determined by RT-PCR using primary cultures of rat 
hippocampus (white columns) and striatum (black columns) neurons. Values are the means ± S.E.M. of five 
to seven experiments performed with independent primary cultures. Statistical differences of the expression 
of GHS-R1a and GHS-R1b in the different tissues were analysed by ANOVA followed by Bonferroni’s 
corrections (**, p< 0.01; ***, p< 0.001). 
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Figure R33. GHS-R1b-mediated modulation of GHS-R1a signalling in striatal and hippocampal 
neurons. DMR was determined in rat hippocampal (A and C) and striatal (B and C) primary cultures not 
transfected (black) or transfected with 0.1_g (blue) or 0.5_g (green) of GHS-R1b cDNA and activated with 
100 nM ghrelin. Representative picometer (pm) shifts of reflected light wavelength versus time curves are 
shown in A and B. Each curve represents the mean of an optical trace experiment carried out in triplicate. C, 
ghrelin-induced máximum responses at 2000 s are compared for striatal and hippocampal neuronal cultures 
not transfected or transfected with 0.1 or 0.5_gofGHS-R1bcDNA.Statistical differences between differently 
transfected cells for each type of culture were analysed by ANOVA followed by Bonferroni’s corrections. *, 
p< 0.05; ***, p< 0.001 compared with non-transfected cells.Dand E, cAMP accumulation was determined in 
rat hippocampal (D) and striatal (E) primary cultures not transfected (black) or transfected with 0.1_g (blue) 
or 0.5_g (green) of GHS-R1b cDNA. Cells were pretreated (15 min) with vehicle or the GHS-R1a antagonist 
YIL781 (2_M), followed by activation (15 min) with increasing ghrelin concentrations. Values are means_S.E. 
of four to six experiments and expressed as percentage of values from non-stimulated cells (100%, dotted 
line). Statistical differences between differently transfected cells were analyzed by ANOVA followed by 
Bonferroni’s corrections. *, p< 0.05; ***, p< 0.001 compared with non-transfected cells. 
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Figure R32. Differential DMR ghrelin response in striatal and hippocampal neurons. DMR was 
determined in striatal (A) or hippocampal (B) neuronal primary cultures pretreated (30 min) with vehicle or 
the GHS-R1a antagonist YIL-781 (2 µM) followed by activation with ghrelin (30 or 100 nM). Representative 
picometer (pm) shifts of reflected light wavelength versus time curves are shown. Each curve respresents 
the mean of an optical trace experiment carried out in triplicates. In (C) maximum responses of DMR at 
2000 s induced by ghrelin at 30 or 100 nM are compared for striatal and hippocampal neuronal cultures. 
Values are the mean ± S.E.M. of 5-7 experiments performed in independent primary cultures. Statistical 
differences of the ghrelin effect between tissue cultures were analysed by ANOVA followed by Bonferroni’s 
corrections (***, p< 0.001).  
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 By analysing another signalling readout, the cAMP accumulation, unexpected results 

were obtained compared with HEK-293T cells in both hippocampal and striatal primary 

cultures. Ghrelin produced an increase in cAMP production with an inverted U-shaped dose-

response (maximal effect at about 100 nM), indicating an agonist-induced desensitisation 

effect (Figure R33D and E). This effect was blocked by YIL781 in both preparations. The 

same as for DMR, in hippocampal and striatal primary cultures, transfection with increasing 

amounts of GHS-R1b cDNA (0.1 and 0.5 µg) led to a progressive significant increase and 

decrease, respectively, in the effect of ghrelin-induced cAMP accumulation (Figures R33 D 

and E). The results also showed that, in neurons, GHS-R1b can positively or negatively 

modulate GHS-R1a function depending on the endogenous relative GHS-R1b/GHS-R1a 

expression ratio. 

 

IV.3.5 Dopamine D1R interacts with GHS-R1a-GHS-R1b heteromers promoting a 

 Gs/olf-protein coupling 

 Previous studies have suggested that GHS-R1a-mediated signalling depends mostly on 

Gq coupling, although, in this chapter, evidence of Gi/o coupling in HEK-293Tcells has also 

been obtained. Similarly, ghrelin-induced cAMP-PKA signalling has also been reported but 

suggested to be independent of Gs/olf proteins. The G protein subtype involved in ghrelin-

induced cAMP accumulation in striatal and hippocampal neurons in culture was first 

investigated by using the Gs/olf toxin CTX, the Gi/o toxin PTX, and the Gq protein inhibitor 

YM254890. CTX, but not PTX or YM254890, prevented ghrelin-induced cAMP in both 

Figure R34. Gs/olf-coupling of ghrelin receptors in striatal and hippocampal neurons. cAMP 
accumulation was determined in rat striatal (A) and hippocampal (B) primary cultures incubated overnight with 
vehicle, PTX (10 ng/ml), the Gq inhibitor YM254890 (YM, 1 µM) or for 2 h with CTX (100 ng/ml). Cells were 
then treated with vehicle or ghrelin (100 nM). Values are the mean ± S.E.M. of three to four experiments and 
are expressed as percentage of the values of vehicle-treated cells (dotted line). Statistical differences between 
differently treated cells were analysed by ANOVA followed by Bonferroni’s corrections (***, p<0.001 
compared with vehicle treated cells; &&&, p< 0.001 compared with ghrelin-treated cells). 



 
RESULTS AND DISCUSSION  Chapter 3 

	
144 

preparations (Figure R34), identifying Gs/olf as predominant G proteins coupled to GHS-R1a 

in neurons.	  Although CTX increased the basal levels of cAMP by 2- to 3-fold, this cannot 

explain an apparent inhibition of the ghrelin due to the saturation of the adenylyl cyclase 

activation because, under the same experimental conditions, forskolin increased cAMP levels 

by 10-fold (data not shown). A possible explanation for the unexpected preferential coupling 

of GHS-R1a to Gs/olf in neurons versus the Gi/o observed in HEK-293T cells could be the 

presence of additional receptors, that could interact with GHS-R1a or GHS-R1b, in the 

neuronal primary cultures. Indeed, dopamine D1R is a canonical mediator of adenylyl cyclase 

activation that has been reported to heteromerise with GHS-R1a (Jiang et al., 2006; Kern et al., 

2015). We then investigated its possible involvement in ghrelin-mediated cAMP accumulation 

in neurons in culture. In fact, the D1R antagonist SCH23390 (1 µM), but not the dopamine 

D2R antagonist raclopride (1 µM), was able to block the ghrelin-induced cAMP accumulation 

in striatal but not hippocampal neurons in culture (Figure R35). That D1R co-expression can 

promote a switch in G protein coupling of GHS-R1a from Gi/o to Gs/olf was then 

demonstrated in HEK- 293T cells transfected with GHS-R1b-Rluc (0.4 µg), GHS-R1a-YFP (1 

µg, GHS-R1b/GHS-R1a ratio of 1.4) and with D1R (0.4 µg) (Figure R36A, C and D), or with 

D2R  (0.4 µg) (Figure R36B and C).  In the presence of D1R, both ghrelin (100 nM) and the 

D1R agonist SKF81297 (100 nM) increased cAMP production, an effect that was blocked by 

CTX but not by PTX or the Gq-inhibitor YM254890 (Figure R36A). In the presence of the 

D2R, both ghrelin and the D2R agonist quinpirole (1 µM), decreased cAMP production, effect 

that was blocked by PTX but not the CTX or YM254890 (Figure R36B).  Figure  

A B 

Figure R35. Dopamine receptor antagonists block GHS-R1a cAMP signalling. Striatal (A) and 
hippocampal (B) rat primary neurons were pretreated with vehicle, the D1R antagonists SCH23390 (SCH, 1 
µM) or the D2R antagonist Raclopride (2 µM) followed by a treatment with vehicle or ghrelin (100 nM) and 
the cAMP levels evaluated. Values are the mean ± S.E.M. of 5-6 experiments and are expressed as percentage 
of the values of vehicle-treated cells (100 % dotted line).  Statistical comparison between differently treated 
cells were analysed by ANOVA followed by Bonferroni’s corrections (*, p<0.05; **, p<0.01 compared with 
vehicle-treated cells; &&, p<0.01 compared with ghrelin-treated cells).   
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R36C demonstrates agonist selectivity at the concentrations used in cAMP experiments using 

cells only transfected with single receptors. In cells transfected with and SKF81294 (100 nM) 

did not produce an additive or synergic effect (Figure R36A), but blockade of either receptor 

with the D1 receptor antagonist SCH23390 (1 µM) or the ghrelin antagonist YIL781 (1 µM) 

completely counteracted cAMP accumulation induced by both ghrelin and SKF81297 (Figure 

R36D). Because the interactions between GHS-R1a and D1R ligands, particularly the cross-

antagonism, strongly suggested oligomerization, we investigated this possibility with BRET 

experiments. In HEK-293T cells transfected with a constant amount of D1R-Rluc (0.4 µg) 

and increasing amounts GHS-R1a-YFP (0.2 -1.5 µg) or GHS-R1b-YFP (0.1- 0.6 µg) showed 

low and linear plots, consistent with nonspecific interactions (Figure R37A and B). Similarly, 

low BRET values were obtained (at YFP/Rluc ratio of 100) when cells where exposed to 

Figure 36. D1R promotes GHS-R1a-GHS-R1b heteromers coupling to Gs/olf protein. cAMP 
accumulation was determined in HEK-293T cells transfected with GHS-R1b-Rluc cDNA (0.2 µg), GHS-
R1a-YFP cDNA (1 µg), and D1R cDNA (0.4 µg, A and D) or D2R cDNA (0.4µg , B) or single-transfected 
with the same amount of the indicated receptors (C). Cells were incubated overnight with vehicle, PTX (10 
ng/ml), or the Gq inhibitor YM254890 (YM, 1µM) or for 2 h with CTX (100 ng/ml) and pretreated (15 min) 
with vehicle, the GHS-R1a antagonist YIL781 (YIL, 2 µM), or the D1R antagonist SCH23390 (SCH, 1 µM), 
followed by activation (15 min) with ghrelin (100 nM), the D1R agonist SKF81297 (SKF, 100 nM), or the 
D2R agonist quinpirole (Quin, 1 µM) alone or in combination in the absence (A and D) or presence (B and 
C) of forskolin (FK, 0.5 µM). Values are means ± S.E.M. of six to eight experiments and expressed as 
percentage of values of cells not treated with ghrelin (100%, dotted line). Statistical differences between 
differently treated cells were analyzed by ANOVA followed by Bonferroni’s corrections (*, p< 0.05; **, p< 
0.01 compared with vehicle-treated cells). 
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ghrelin, SKF81297 or both (100 nM in each case, Figure R37C and D). Nevertheless, a 

saturable BRET curve was obtained when cells where transfected with D1R-Rluc (0.4 µg), 

increasing amounts of GHS-R1b-YFP (0.1 to 0.6 µg) and GHS-R1a (0.8 µg), with BRETmax 

and BRET50 values of 36 ± 6 mBU and 93 ± 10 mBU, respectively (Figure R37E), indicating 

that D1R specifically interacts with GHS-R1a-GHS-R1b heteromers. In agreement, significant  

 
 

Figure R37. Selective heteromerization of D1R with GHS-R1a-GH-R1b complexes. BRET 
experiments in HEK-293T cells transfected with a constant amount of D1R-Rluc cDNA (0.4 µg) and 
increasing amounts of GHS-R1a-YFP cDNA (0.2-1.5 µg, A) or GHS-R1b-YFP cDNA (0.1-0.6 µg, B). 
BRET at a YFP/Rluc ratio of 100 was also determined in cells not activated or activated with ghrelin (100 
nM), the D1R agonist SKF81297 (SKF, 100 nM), or both (C and D). E, BRET experiments were 
performed in HEK-293T cells transfected with D1R-Rluc cDNA (0.4 µg), GHS-R1a cDNA (0.8 µg), and 
increasing amounts of GHS-R1b-YFP cDNA (0.1– 0.6 µg), not stimulated (black curve), or stimulated with 
SKF81297 (SKF, 100 nM, red curve), ghrelin (100 nM, green curve), or both (blue curve). F, BRET 
experiments were performed in HEK-293T cells transfected with D1R-Rluc cDNA (0.4 µg), GHS-R1a-
GFP2 cDNA (1.0 µg), and increasing amounts of GHS-R1b cDNA (0.05– 0.3 µg). BRET values are given 
as a function of 100x the ratio between the fluorescence of the acceptor and the luciferase activity of the 
donor. BRET is expressed as milliBRET units and given as the means ±S.E.M. of 4-6 experiments grouped 
as a function of the amount of BRET acceptor. Statistical differences between differently transfected cells 
were analysed by ANOVA followed by Bonferroni’s corrections (*, p<0.05; **, p <0.01 compared with 
cells not transfected with GHS-R1b). 
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BRET values could be only obtained in cells transfected with D1R-Rluc (0.4 µg), GHS-R1a-

YFP (1 µg) when co-transfected with increasing amounts of GHS-R1b (0.05 to 0.3 µg) 

(Figure R37F). BRET saturation curves were also obtained in cells transfected with D1R-Rluc  

(0.4 µg), increasing amounts of GHS-R1b-YFP (01-0.6 µg) and GHS-R1a (0.8 µg), and 

treated with 100 nM SKF81297 (Figure R44 red line, BRETmax and BRET50 valures of 34 ± 3 

mBU and 25 ± 11 mBU, respectively), 100 nM ghrelin (Figure R44E green line, BRETma  and 

BRET50 valures of 46 ± 3 mBU and 99 ± 12 mBU, respectively). The significant increase in 

BRETmax upon treatment with ghrelin indicates a facilitation of energy transfer or an increase 

in the heteromer formation, whereas the significant decrease in BRET50 upon treatment with  

SKF81297 suggest an increase in the affinity of the interaction between receptors. Both 

effects, a significant increase in BRETmax and a significant decrease in BRET50, were observed 

upon co-treatment with ghrelin and SKF81297 (Figure R37E blue line, significant statistical 

differences in BRETmax and BRET50 compared with control non-treated cells were determined 

by ANOVA followed by Bonferroni’s corrections, *p< 0.05 in all cases). If D1R can only 

interact with GHS-R1a in the presence of GHS-R1b, the absence of GHS-R1b should 

disclose the properties that are dependent on GHS-R1a-GHS-R1b-D1R heteromerization. In 

fact, in cells transfected with D1R but only co-transfected with GHS-R1a, ghrelin (100 nM) 

did not produce cAMP accumulation, and YIL781 (1 µM) did not counteract cAMP 

accumulation induced by SKF81297 (100 nM) (Figure R38). Together, the results from 

Figure R38. Dependence on GHS-R1b for D1R-mediated modulation of GHS-R1a signalling. 
cAMP accumulation was determined in cells transfected with GHS-R1a-YFP cDNA (1.5 µg) and D1R 
cDNA (0.5 µg). Cells were treated with vehicle, ghrelin (100 nm), or SKF 81297 (SKF, 100 nM) with and 
without YIL781 (YIL, 2 µM) or SCH23390 (SCH, 1 µM). Values are means ± S.E.M. of four to six 
experiments and are expressed as percentage values from cells only treated with vehicle (100%, dotted 
line). Statistical differences between differently treated cells were analysed by ANOVA followed by 
Bonferroni's corrections. **, p < 0.01; ***, p < 0.001 compared with cells treated only with vehicle 
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transfected HEK-293T cells provide a very plausible mechanism for the results obtained in 

striatal cells in culture, demonstrating that GHS-R1b determines the ability of GHS-R1a to 

form oligomeric complexes with D1R, which allows ghrelin to activate Gs/olf protein-  

  

IV.3.6 Discussion  

 The spliced variant of the ghrelin receptor, GHS-R1b, negatively regulates the full and 

functional ghrelin receptor GHS-R1a. The proposed mechanisms through which this 

modulation could occur were, by GHS-R1b ability to retain the GHS-R1a in intracellular 

compartments (Chow et al., 2012; Leung et al., 2007) or by stabilising GHS-R1a in a non-

signalling conformation (Mary et al., 2013).  The results obtained in this chapter reveal a novel 

and more complex modulatory action of GHS-R1b on the trafficking and signalling of GHS-

R1a. First, GHS-R1b is facilitating the traffic of GHS-R1a to the plasma membrane with an 

efficiency that depends on a specific GHS-R1b/GHS-R1a expression ratio. With further 

increases in the GHS-R1b/GHS-R1a ratio, this facilitation declines and disappears. Thus, 

higher and probably non-physiological amounts of GHS-R1b seem to be necessary to 

promote intracellular retention of GHS-R1a (Chow et al., 2012; Leung et al., 2007). On the other 

hand, GHS-R1b impairs GHS-R1a signalling upon oligomerization at the plasma membrane. 

The correlation between the results obtained with biotinylation and signalling assays 

performed in HEK-293T cells demonstrate that the main factor determining the ghrelin-

induced signalling potency is the stoichiometry relationship of both proteins in the plasma 

membrane. Therefore, GHS-R1b may act as a dual modulator of GHS-R1a function: low 

relative GHS-R1b expression potentiates GHS-R1a function by facilitating the trafficking of 

the full-length ghrelin receptor and high relative expression of GHS-R1b inhibits GHS-R1a 

function exerting a negative allosteric effect on GHS-R1a signalling. One of the causes of the 

dual action might be the degree of GHS-R1a-GHS-R1b oligomerization. Because GHS-R1a 

seems to be the minimal functional unit (Damian et al., 2015), one possible scenario is that one 

GHS-R1b molecule per one GHS-R1a homodimer facilitates trafficking but not a negative 

allosteric modulation of ghrelin, whereas two (or more) GHS-R1b molecules would negatively 

affect GHS-R1a function and allosterically decrease ghrelin-mediated signalling.  

 To our knowledge, this study is the first addressing the modulatory role of GHS-R1b 

on GHS-R1a signalling in primary neurons in culture. First of all, the results in this chapter 

indicate that endogenous relative expression of GHS-R1a and GHS-R1b are in the same range 

in primary neuronal cultures that in our experiments in HEK-293T transfected cells. 

Significantly, from the experiments in HEK-293T cells, predictable changes in ghrelin-induced 
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signalling were demonstrated in striatal and hippocampal neurons in culture upon varying the 

GHS-R1b relative expression levels. Increasing the expression of GHS-R1b in a progressive 

manner, hippocampal and striatal cell cultures resulted in a, respectively, increase and decrease 

of the ghrelin-induced signalling, that depended on the initially low or high relative GHS-

R1b/GHS-R1a expression ratio. 

 GHS-R1a couples to Gq proteins, therefore, ghrelin binding leads to activation of 

phospholipase C, IP3 and Ca2+ mobilisation (Damian et al., 2015; Holst et al., 2005; Mary et al., 

2013). It has also been reported that GHS-R1a-mediated signalling is pertussis toxin-sensitive 

(Bennett et al., 2009; Dezaki et al., 2007). Thus, ghrelin may engage different signalling pathways 

depending on the cell context. In pituitary GH cells, GHS-R1a seems to couple preferentially 

to Gq, hence, stimulating GH release, whereas, in islet pancreatic β cells, it couples to Gi/o 

proteins and its activation leads to inhibition of insulin release (Dezaki, 2013). Ghrelin can 

even lead to cAMP-PKA signalling (Cuellar and Isokawa, 2011; Malagón et al., 2003; Sun et al., 

2014). The use of selective G protein toxins and inhibitors demonstrated a preferential Gi/o 

coupling of the GHS-R1a-GHS-R1b complex in HEK-293T cells and, unexpectedly, a 

preferential Gs/olf coupling in both striatal and hippocampal neurons in culture.  

 Interestingly, the results of this chapter demonstrate that oligomerization with GHS-

R1b confers GHS-R1a-GHS-R1a complex the ability to heteromerise with a Gs/olf-coupled 

receptor. In fact, in HEK-293T cells transfected with GHS-R1a and GHS-R1b, co-

transfection with D1R promoted a switch of the ghrelin-mediated signalling from Gi/o  to Gs/olf 

signalling. A previous study on transfected HEK-293T cells suggested that GHS-R1a can 

heteromerise and functionally interact with D1R, but apparently without concomitant 

interaction with GHS-R1b. The same study, also suggested that, within the GHS-R1a-D1R 

heteromer, ghrelin amplifies D1R signalling (Jiang et al., 2006). A more recent study by the 

same research group suggests that GHS-R1a-D1R heteromerization allows D1R to couple and 

signal through Gq proteins, once again, without involvement of the GHS-R1b receptor (Kern et 

al., 2015). The BRET experiments shown in this chapter suggest that GHS-R1a-D1R 

heteromerization depends on the presence of GHS-R1b in the complex. In cells co-

transfected with D1R, GHS-R1a and GHS-R1b, ghrelin in the maximal effective concentration 

(100 nM) does not potentiate and, if anything, decreases cAMP accumulation induced by 

SKF81297. Furthermore, a significant cross-antagonism, a common biochemical property of 

receptor heteromers, was also observed. Thus, in cells transfected with the three receptors: 

GHS-R1a, GHS-R1b and D1R, both GHS-R1a and D1R antagonists were able to block 

SKF81297- and ghrelin-induced cAMP increases. The cross-antagonism phenomenon of 
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SCH23390 on ghrelin-induced cAMP accumulation was also observed in striatal but not 

hippocampal cells in culture. This lack of cross-antagonism phenomenon in hippocampal 

primary cultures could be due to the relative expression of GHS-R1b in striatal and 

hippocampal neuorns. Moreover, molecular and functional interactions between GHS-R1a 

and D1R reported in hippocampus (Kern et al., 2015) may co-exist with complexes involving 

receptors other than D1R, suggesting that different complexes containing GHS-R1a-GHS-R1b 

heteromers can be differentially expressed in the brain. 

 In summary, GHS-R1b plays a much more active and complex role in ghrelin-induced 

signalling than previously assumed. The results of this chapter indicate that the relative 

expression of GHS-R1b not only determines the efficacy of ghrelin-induced and GHS-R1a-

mediated signalling, but also determines the ability of GHS-R1a to form oligomeric complexes 

with other receptors, promoting profound qualitative changes in the ghrelin-induced 

signalling.	
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IV.4 Investigation of the relationship between cocaine and the loss of appetite 

 

 

 It has been established that addiction and eating disorders like binge eating, anorexia 

or bulimia, share a central control that involves reward circuitry of the brain. This leads to 

bidirectional influences: on one hand, previous history of binge eating predisposes to the 

addictive behaviour, whereas the cessation of exposure to drugs of abuse leads to persistent 

proclivity towards reward-providing activities, including the intake of palatable food. Since 

ancient times, it has been known that the use of cocaine is associated with a decreased food 

intake, with the inversion after the drug use is stopped. This creates a vicious circle in which 

the weight gain that follows the discontinuance of cocaine use secondarily causes a significant 

distress, which can make a patient more prone to the relapse. Many uncertainties remain about 

the biological substrate of these changes, particularly at the level of signalling systems 

involved. Thus, establishing the molecular mechanisms of such complex interactions is of 

immense biological and medical importance, even with social impact, particularly in the 

younger population. 

  

 

 Towards explaining the intricacies of drug and food intake interactions, our objective, 

in this chapter 4, was to establish and unravel the molecular mechanisms of the interactions 

between cocaine consumption and appetite consumption behaviours. The results in chapter 4 

satisfy the aim IV of the thesis. 

 

 

 In this chapter, the author of this Thesis, Edgar Angelats, participated in the 

immunocytochemical and PLA assays using a variety of cell cultures treated or not with 

cocaine. These and other results developed by members of the laboratory and in collaboration 
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with other research groups, led to the paper entitled ‘Cocaine blocks effects of the hunger 

hormone, ghrelin, via neuronal interaction with sigma-1 receptors’, whose authors are 

D. Aguinaga, M. Medrano, A. Cordomí, M. Jimenez, E. Angelats, M. Casanovas, I. Vega-

Quiroga, M. Petrovic, K. Gysling, L. Pardo, R. Franco, G. Navarro. The paper has been 

accepted for publication in Molecular Neurobiology (May 2018), and the first author of the 

manuscript, D. Aguinaga, has included this work in his thesis. 
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IV.4.1 GHS-R1a forms heteromeric complexes with σ 1-R 

 Immunocytochemical assays were performed to detect whether co-localisation 

between GHS-R1a and σ1-R occurred in transfected HEK-293T cells. Cells were transfected 

with cDNA for σ1-R fused to YFP (0.75 µg cDNA) and for GHS-R1a fused to Rluc (1.66 µg 

cDNA). In cells expressing only σ1-R-YFP, the receptor was detected by the own YFP 

fluorescence, identifying σ1-R-YFP mainly in intracellular structures. In HEK-293T cells 

expressing GHS-R1a-Rluc, the GHS-R1a was detected by a specific primary anti-Rluc and 

secondary Cy3 antibodies, being detected in intracellular structures and at the plasma 

membrane level. Interestingly, in HEK-293T cells co-expressing σ1-R-YFP (0.75 µg) and 

GHS-R1a-RLuc (1.66 µg) co-localisation of both receptors was observed (Figure R39).	 

  

 To identify and demonstrate a potential direct interaction between σ1-R and GHS-

R1a, we developed BRET experiments, transfecting constant amounts of σ1-R-Rluc (0.075 µg) 

and increasing amounts of the cDNA for GHS-R1a-GFP2 (0.5 to 3 µg). A saturation BRET 

curve was obtained, thus indicating a specific interaction between the σ1-R and GHS-R1a 

(BRETmax 371± 38 mBU and BRET50 68 ± 23) (Figure R40A, black line). Contrarily, when 

adenosine A2AR-GFP2 (0.5 to 2.5 µg) was used as negative control, a linear plot with low 

BRET values was obtained (Figure R40A, red line). 

 

 

Figure R39. Co-localisation of GHS-R1a with σ 1-R. HEK-293T cells expressing σ1-R, GHS-R1a-Rluc or 
both receptors, were monitored by YFP fluorescence (green) or using a monoclonal anti-Rluc primary 
antibody and a Cy-3 secondary antibody (red). Co-localisation is shown in yellow. Nuclei were stained in blue 
with Hoechst.  
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IV.4.2 Quaternary structure of the heteromeric complex between σ 1-R and GHS-

 R1a 

 We next addressed the quaternary structure of σ1-R-GHS-R1a complexes, taking 

advantage of the recent publication of the crystal structure of σ1-R in a trimeric receptor 

arrangement (Schmidt et al., 2016). The macromolecular complex cannot be understood 

without taking into account that the GHS-R1a receptor can form homomeric interactions 

with GHS-R1a and/or heteromeric interactions with GHS-R1b (Chow et al., 2012; Mary et al., 

2013). Thus, to identify the TM interfaces involved in GHS-R1a-GHS-R1a homodimerization 

and GHS-R1a-GHS-R1b heterodimerization, as well as their TM interacting interfaces with 

σ1-R, we used synthetic peptides with the amino acid sequence of individual TM domains 1 to 

7 of GHS-R1a fused to the transactivator of transcription (TAT) peptide (Table R2). These 

cell-penetrating peptides interact with the TM domains of membrane proteins and can 

selectively disrupt interactions between proteins like GPCR protomers (Hebert et al., 1996; Ng 

et al., 1996). These peptides were first tested in HEK-293T cells expressing GHS-R1a-nYFP 

(0.75 µg of cDNA) and GHS-R1a-cYFP (0.5 µg) to explore whether BiFC occurs. 

Fluorescence complementation produced approximately read-outs of 4000 units, of indicative 

of the formation of GHS-R1a-homodimer complexes. Notably, in the presence of the 

interference peptides, we observed that the fluorescence decreased by two-fold only when 

TM5 or TM6 peptides were used (Figure R41A). These results pointed to the TM5/6 interface 

for GHS-R1a-GHS-R1a homodimerization. Similar results were obtained for GHS-R1a-GHS-

R1b heterodimerization (TM 5/6 interface, Figure R41B), despite the fact that GHS-R1b lacks 

transmembrane domains 6 and 7 relative to GHS-R1a. Interestingly, when cells were 

A B 

Figure R40. BRET determination of GHS-R1a and σ 1-R interaction. (A) BRET occurs in HEK-
293T transfected cells with a constant amount of cDNA (0.075 µg) for σ1-R-Rluc and increasing 
amounts of GHS-R1a-GFP2 (0.5 to 3 µg) or A2AR-GFP2 (0.5 to 2.5 µg) as negative control. Values are 
the mean (in milliBRET units: mBU) ± S.E.M. from 6 to 8 different experiments. (B) Scheme of the 
BRET2 assay using σ1-R-Rluc and GHS-R1a-GFP2. 
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transfected with cDNA for GHS-R1a-nYFP, GHS-R1b-cYFP, and non-fused GHS-R1a, 

fluorescence was reduced in the presence of TM4, TM5 and TM6 peptides (Figure R41C). 

These results suggest an arrangement of protomers in which homodimerization of GHS-R1a 

occurs via the TM5/6 interfase, whereas heterodimerization of GHS-R1a and GHS-R1b 

occurs through the TM interface 4/5 (Figure R42A). The fluorescence decrease induced by 

the TM6 peptide of GHS-R1a (in addition to TM4 and TM5, Figure R42C) could indicate that  

this peptide also restricts the interactions with TM4 of GHS-R1b (Figure R42D). 

 Table R2. Chemical structure of cell penetrating synthetic peptides. Amino acid sequences of interference 

peptides corresponding with the amino acids of transmembrane domains of GHS-R1a fused to the transactivator 

of transcription (TAT) peptide (GRKKRRQRRR sequence) of the human immunodeficiency virus.  

 Next, we investigated the GHS-R1a TM domains involved in the interaction with σ1-

R. Remarkably, in the HEK-293T cells co-expressing GHS-R1a-nYFP (0.75 µg) and σ1-R-

cYFP (0.5 µg), fluorescence complementation (4000 units, which confirms the formation of 

GHS-R1a-σ1-R heteromers) was significantly reduced in the presence of TM1, TM2 or TM5 

peptides; together with a marked tendency without statistical significance in the case of TM6 

peptide (Figure R41D). This clearly indicated the existence of two different interacting 

interfaces between GHS-R1a and σ1-R, involving either TM1/2 or TM5/6 interfaces of GHS-

R1a and the single TM helix of σ1-R. When similar experiments were performed with σ1-R-

cYFP (0.5 µg) and GHS-R1b-nYFP (0.5 µg), fluorescent signal (3500) units decreased in the 

presence of TM1 and TM2, but not with TM5 or TM6 (Figure R41E), due to the lack of TM 

6 and TM 7 of GHS-R1b relative to GHS-R1a. All members of the GPCR family retain 

analogous tertiary structures at the seven-helical-bundle domain, thus, we hypothesised that 

TM1/2 or TM5/6 interfaces could be involved in the interaction between the GPCRs and σ1-

R. In addition, GPCR homo/heterodimerization must be taken into account to accommodate 

the σ1-R in trimeric structure elucidated from structural studies. In order to achieve useful 

data in more physiological conditions, HEK-293T cells were transfected with cDNA for 

TM1 APLLAGVTATSVALFVVGIAGNLLTMLVV-GRKKRRQRRR 

TM2 RRRQRRKKRG-LYLSSMAFSDLLIFLSMPLDLV 

TM3 FQFVSESSTYATVLTITALSV-GRKKRRQRRR 

TM4 RRRQRRKKRG-VKLVIFVIWAVAFSSAGPIFVL 

TM5 LLTVMVWVSSIFFFCPVFSLTVLYSLI--GRKKRRQRRR 

TM6 RRRQRRKKRG-MLAVVVFAFILCWLPFHVGRYLF 

TM7 YCNVSFVLFYLSAAINPILYNIM-GRKKRRQRRR 
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GHS-R1a-nYFP and σ1-R-cYFP in presence of non-fused GHS-R1b. In this case, the 

fluorescence complementation (5000 fluorescence units) was reduced only by TM1 and TM2 

(Figure R41F), leading us to conclude that the formation of GHS-R1a-GHS-R1b 

heterotetramer via TM4/5 and TM5/6 (Figure R42A) only permits σ1-R to interact with 

GHS-R1a via the free TM1/2 interface.  

 Using structural detains of TM interfaces of GPCR oligomers (Cordomí et al., 2015) and 

the crystal structure of the human σ1-R (Schmidt et al., 2016), together with the results from 

BiFC experiments in absence and presence of disrupting peptides, we constructed a 

computational molecular model of the GHS-R1a homodimer in complex with Gi protein and 

σ1-R (Figure R42B). The model of the GHS-R1a homodimer contains two free TM4/5 

interfaces that would allow binding of two GHS-R1b protomers (Figure R41F). However, the 

	

	

	

	

D	

E	

F	

Figure R41. BiFC complementation experiments in HEK-293T cells. HEK-293T cells were transfected 
with GHS-R1a-nYFP (0.75 µg) and GHS-R1a-cYFP (0.75 µg) (A), GHS-R1a-nYFP (0.75 µg) and GHS-R1b-
cYFP (0.75 µg) (B), GHS-R1a-nYFP (0.75 µg) and GHS-R1b-cYFP (0.75 µg) in presence of 1.5 µg for GHS-
R1a (C), GHS-R1a-nYFP (0.75 µg) and σ1-R-cYFP (0.75 µg) (D), GHS-R1b-nYFP (0.5 µg) and σ1-R-cYFP 
(0.75 µg) (E) and GHS-R1a-nYFP (0.75 µg) and σ1-R-cYFP (0.75 µg) in the presence of GHS-R1b (1.5 µg) 
(F). Prior to fluorescence determination, cells were treated with each of the interacting peptides (TM1 to 
TM7, 4 µM) during 4 h. Values are the mean ± S.E.M. from 6 to 8 different experiments. One-way ANOVA 
followed by Dunnett’s post-hoc test showed a significant effect of treatments versus control conditions (*, 
p< 0.05; **, p< 0.01; ***, p< 0.001).  
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σ1-R structural model is in favour of a homotrimer (Schmidt et al., 2016). Thus, accordingly to 

this fact, we constructed a computational model consisting of the GHS-R1a dimer, the σ1-R 

trimer and a G protein that fits with the requirements of the biochemical data and takes into 

account all available structural constrains (Figure R41F). According to the experiments with 

GHS-R1a-derived peptides above described, σ1-R can bind GHS-R1b through the TM1/2 

interface and GHS-R1a through either TM1/2 or TM5/6 interfaces. Because GHS-R1a and 

GHS-R1b also employ TM5/6 interface for homo/heterodimerization, we assumed that at 

normal expression levels, TM1/2 is left as the only possible interface for the GHS-R1a-σ1-R  

A 
	

B 

C 

	

Figure R42. Structural models of GHS-R1a-GHS-R1b and σ 1-R interactions. (A) Structural model of the 
GHS-R1a-GHS-R1b heterotetramer (GHS-R1a protomers: blue, GHS-R1b protomers: purple) viewed from the 
extracellular side (scheme of the arrangement- top- and three-dimensional model (-bottom). (B)At left, structural 
model consisting of a GHS-R1a homodimer (GHS-R1a Gα-bound: light blue, GHS-R1a Gα-unbound: dark 
blue) in complex with a σ1-R homotrimer (in red, orange and yellow) coupled to Gi (Gα Ras-like domain: light 
grey, Gα alpha helical domain: green, Gβ: dark grey and Gγ: purple) viewed from the extracellular side. At right, 
the same structural model viewed across the plane of the membrane. Proteins are displayed with a transparent 
surface and a cartoon. TM helices are indicated by circles (1-7 in GHS-R1a and H in σ1-R. (C) Computational 
structural model viewed from the membrane illustrates that a GHS-R1a protomer bound to Gα subunit of Gi 
cannot simultaneously bind σ1-R via the TM 1/2 interface due to the steric clash between the intracellular 
voluminous C-terminal tail of σ1-R. Proteins are displayed with a transparent surface and a cartoon, except σ1-R 
which is displayed with a cartoon only. The colour code is: GHS-R1a (blue), Gi (Gα Ras-like domain: light grey, 
Gα alpha helical domain green, Gβ: dark grey and Gγ: purple), σ1-R heterotrimer (red, orange and yellow). The 
dashed ellipse outlines the regions that clash.  
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complex. This model indicates that a single GPCR protomer of GHS-R1a cannot 

simultaneously bind σ1-R via the TM1/2 interface and a G protein due to a steric clash 

between the βγ subunits of Gi and the intracellular voluminous C-terminal tail of σ1-R, 

containing a rigid cupin-like β-barrel fold that forms the buried ligand-binding site and the βγ 

subunits of Gi (Figure R42C). Thus, the minimal functional unit requires a GHS-R1a 

homodimer in which one protomer binds the G-protein and the second protomer is 

responsible for the binding of the σ1-R TM helix (Figure R42B). Interestingly, this model 

predicts that the cytoplasmic domain of one protomer of the σ1-R trimeric structure interacts 

with the α subunit of Gi. 

 

 

IV.4.3 Cocaine increased co-localisation of σ 1-R and GHS-R1a at the cell surface 

 As cocaine binds σ1-R (Maurice and Romieu, 2004), which establishes direct interactions 

with ghrelin receptors as shown above, we hypothesised if cocaine could affect ghrelin-

mediated signals. Immunocytochemical assays were performed in cells expressing σ1-R and 

GHS-R1a after the addition of cocaine (30 µM for 30 minutes). Figure R43A shows that 

plasma membrane expression of σ1-R increased when these cells were treated with a 

physiological relevant dose of cocaine. A similar increase was observed when cells were 

incubated with the σ1-R agonist PRE-084 (100 nM for 30 min). The expression of GHS-R1a 

was not modified upon treatments with cocaine or PRE-084 but, interestingly, co-localisation 

of σ1-R and GHS-R1a at the cell surface increased. Thus, cocaine and the σ1-R specific ligand 

PRE-084 are able to concomitantly affect the co-expression of both receptors at the cell 

surface. Then, we evaluated the effect of cocaine and PRE-084 on the heteromerization of σ1-

R and GHS-R1a. The results in Figure R43B show the tendency to increase the energy 

transfer  (without reaching statistical significance) between both receptors when 0.075 µg of 

cDNA for σ1-R-Rluc and 1.5 µg GHS-R1a-GFP2 transfected HEK-293T cells were in 

presence of cocaine (30 µM) or PRE-084 (100 nM).  
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IV.4.4 Cocaine inhibits GHS-R1a signalling 

 At first, we evaluated the effect of cocaine and PRE-084 on GHS-R1a-mediated 

signalling by measuring cAMP levels. HEK-293T cells endogenously express σ1-R, but do not 

express ghrelin receptors. Moreover, it is known that low concentrations of GHS-R1b 

expression significantly increase GHS-R1a signalling. Thus to analyse GHS-R1a signalling 

pathways in HEK-293T cells, we co-expressed GHS-R1a (1.66 µg of cDNA) with low 

amounts of GHS-R1b (0.25 µg). Stimulation of these cells with ghrelin (100 nM) in the 

presence of forskolin (500 nM) significantly decreased cAMP levels (Figure R44A). This 

agrees with the previously reported coupling of GHS-R1a to Gi-proteins 

(www.guidetophoarmacology.org). The effect of ghrelin on forskolin-induced cAMP levels 

was completely blocked by pre-treatment with the GHS-R1a selective antagonist YIL-781 (2 

µM) (Figure R44A). Interestingly, when cells were treated either with cocaine (30 µM, 15 min) 

or the σ1-R agoninst PRE-084 (100 nM, 15 min) prior to the ghrelin stimulation, the decrease 

in cAMP levels was prevented similarly to the GHS-R1a signalling blockade triggered by 

ghrelin receptor selective antagonist YIL-781 (Figure R44A). This suggests that cocaine 

	 A B 

Figure R43. Effects of cocaine and PRE-084 on GHS-R1a and σ 1-R interaction. (A) HEK-293T cells 
transfected with 0.75 µg cDNA for σ1-R-YFP, 1.66 µg cDNA for GHS-R1a or both were treated with 30 
µM cocaine or 100 nM PRE-084, then were monitored by the YFP fluorescence (green) or using a 
monoclonal anti-Rluc primary antibody and a Cy3 conjugated secondary antibody (red). Co-localisation is 
shown in yellow. Nuclei were stained with Hoechst (blue). Scale bar: 10 µm. (B) BRET assay performed in 
HEK-293T cells transfected with 0.075 µg of cDNA for σ1-R-RLuc and 1.5 µg of cDNA for GHS-R1a-
GFP2 treated with either 30 µM cocaine, 100 nM PRE-084 or vehicle for 30 min. Afterwards, the energy 
transfer signals were measured. Values are the mean ± S.E.M. of 7 different experiments. One-way 
ANOVA followed by Dunnett’s post-hoc test did not show significant effects of treatment versus control.  
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behaves as agonist of σ1-R and inhibits GHS-R1a signalling as efficiently as the GHS-R1a 

antagonists.  

 Stimulation with ghrelin of HEK-293T cells transfected with GHS-R1a and GHS-R1b 

shows an increase of 80% over basal conditions (Figure R44B). Similarly to the cAMP 

measurements, the GHS-R1a antagonist YIL-781 and the σ1-R agonists cocaine or PRE-084 

inhibited the ghrelin effect (Figure R44B). This indicates that cocaine and PRE-084 not only 

affect the αi-dependent pathway, but also the signalling depending on βγ subunits. Moreover, 

a characteristic trace of intracellular calcium transient levels was obtained in HEK-293T cells 

expressing GHS-R1a, GHS-R1b and σ1-R after activation with ghrelin (Figure R44C). Once 

again, the signalling was abrogated by the selective ghrelin antagonist and reduced by cocaine 

and PRE-084. Finally, to further test the inhibitory effect of agonist binding to σ1-R in GHS-

R1a, we performed Dynamic Mass Redistribution (DMR) recordings. Once again, the 

magnitude of the signalling by ghrelin significantly decreased in the presence of YIL-781, 

A B 

C D 

Figure R44. Effects of cocaine on ghrelin-mediated signalling. HEK-293T cells transfected with 1.66 
µg GHS-R1a cDNA and 0.25 µg GHS-R1b cDNA were treated with 30 µM cocaine (red), 2 µM of the 
GHS-R1a antagonist YIL-781 (blue), 100 nM of σ1-R agonist PRE-084 (green) or vehicle (black). Cells were 
then treated with 100 nM of ghrelin (in A, cells were also treated with 0.5 µM forskolin (FK)) and cAMP 
levels (A), ERK1/2 phosphorylation (with the use of AlphaScreen® SureFit® kit (Perkin Elmer)), 
intracellular calcium mobilisation (employing the fluorescence of GCaMP6 sensor) or DMR label-free 
tracings analysed. Values are the mean ± S.E.M. of 8 to 11 different experiments. One-way ANOVA 
followed by Dunnett’s post-hoc test showed a significant effect of treatments versus forskolin (A) or control 
(B) (**, p<0.01; ***, p<0.001) and a significant effect of treatments versus ghrelin (##, p<0.01; ###, 
p<0.001) 
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cocaine and PRE-084 (Figure R44D). We can, thus, conclude that the GHS-R1a selective 

antagonist YIL-781, cocaine and PRE084 inhibited ghrelin effects, as measured by cAMP 

levels, ERK1/2 phosphorylation and DMR signal. 

 

IV.4.5 Cocaine inhibition of GHS-R1a signalling in mediated by σ 1-R 

 To check whether cocaine inhibition of ghrelin-induced signalling was due to its 

interaction with σ1-R, HEK-293T cells expressing GHS-R1a (1.66 µg of cDNA) and GHS-

R1b (0.25 µg) were transfected with a siRNA designed to knock-down the expression of σ1-R 

(3 µg of siRNA). Cells incorporating siRNA responded to 100 nM of ghrelin in both 

forskolin-induced cAMP determination and ERK1/2 phosphorylation (Figure R52A and B). 

However, while pre-treatment with YIL-781 blocked ghrelin-induced activation, neither 

cocaine nor PRE-084 had effect on ghrelin-induced signals, (Figure R45A and B). Also, the 

characteristic calcium mobilization (Figure R45C) and label-free recordings (Figure R45D) 

were not affected by cocaine or PRE-084 pre-treatment, while they were completely blocked 

by the ghrelin antagonist YIL-781 (Figure R45C and D). These results show that cocaine 

effects on GHS-R1a receptor are mediated by σ1-R. 

  

IV.4.6 Disruption of the heteromeric complex between σ 1-R and GHS-R1a by the 

 TM1 interference peptide blocks the cocaine effect on GHS-R1a function 

  The experiments using TAT-fused synthetic peptide above described show that the 

single TM helix of σ1-R likely interacts with TM 1 and 2 of GHS-R1a. Accordingly, one may 

expect that addition of the TM1 interference peptide would abolish the effect of cocaine on 

GHS-R1a function. Thus, HEK-293T cells expressing GHS-R1a (1.66 µg cDNA) were 

treated during 4 h with 4 µM of TAT-TM1 (or TAT-TM7 as negative control). In agreement 

with our hypothesis, in the presence of TM1 peptide, only GHS-R1a selective antagonist YIL-

781 (1 µM) blocked the ghrelin (100 nM) stimulation, whereas cocaine (30 µM) or PRE-084 

(100 nM) did not display any effect on either cAMP levels (Figure R46) or DMR signals 

(Figure R47). Contrarily, cells treated with TM7 peptide displayed the σ1R-modulation of 

GHS-R1a upon binding of cocaine or PRE-084. These results demonstrate the involvement 

of TM1 in the GHS-R1a-σ1-R interaction, and the use of the TM1 peptides alter the cocaine 

effect on ghrelin receptors, thus reinforcing the idea that cocaine modulates GHS-R1a 

receptor via σ1-R. 
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A B 

C D 

Figure R45. Effects of cocaine on GHS-R1a signalling are dependent on σ 1-R. HEK-293T cells 
transfected with 1.66 µg GHS-R1a cDNA, 0.25 µg GHS-R1b cDNA and 3 µg of siRNA for σ1-R were 
treated with 30 µM cocaine (red), 2 µM of the GHS-R1a antagonist YIL-781 (blue), 100 nM of σ1-R agonist 
PRE-084 (green) or vehicle (black). Cells were then treated with 100 nM of ghrelin (in A, cells were also 
treated with 0.5 µM forskolin (FK)) and cAMP levels (A), ERK1/2 phosphorylation, intracellular calcium 
mobilisation or DMR signals recorded. Values are the mean ± S.E.M. of 8 to 11 different experiments. One-
way ANOVA followed by Dunnett’s post-hoc test showed a significant effect of treatments versus forskolin 
(A) or control (B) (*, p<0.05; **, p<0.01) and a significant effect of treatments versus ghrelin (#, p<0.05; ##, 
p<0.01). 

A B 

Figure R46. Effects of TM peptides on cAMP GHS-R1a signalling.  HEK-293T cells expressing GHS-
R1a (0.5 µg) were treated for 4 h with TM1 (A) or TM7 (B) TAT-peptides. Cells were subsequently treated 
with 30 µM cocaine (red), 100 nM PRE-084 (green), 1 µM YIL-781 (blue) or vehicle (black). Then, cells were 
treated with 100 nM ghrelin and 0.5 µM forskolin and cAMP levels measured. Values are the mean ± S.E.M. 
of 6 different experiments. One-way ANOVA followed by Dunnett’s post-hoc test showed significant effects 
of treatments versus forskolin (*, p<0.05; **, p< 0.01; ***, p<0.001) and significant effects of treatments versus 
ghrelin (#, p<0.05; ##, p<0.01; ###, p<0.001).  
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 Next, we attempted to provide deeper insight into the mechanism by which cocaine 

binds to σ1-R and blocks GHS-R1a function. Our structural model predicts that a single 

protomer of GHS-R1a cannot simultaneously bind σ1-R (via the TM1/2 interface) and Gi 

(Figure R42C). Accordingly, σ1-R may impede Gi binding and in consequence GHS-R1a 

function. However, this does not seem reasonable due to the possible formation of GHS-R1a 

homodimer in which one protomer would bind Gi and the second protomer would bind the 

σ1-R (Figure R42B). Notably, this model places the cytoplasmic domain of one protomer of 

the σ1-R trimeric structure near to the α-helical domain (αAH) of the G-protein α-subunit 

(Figure R49B). Due to the fact that the receptor-catalysed nucleotide exchange in G proteins 

involves a large-scale opening of αAH to allow dissociation of the GDP (Dror et al., 2015); the 

opening of αAH is not feasible in the presence of the σ1-R trimeric structure bound to TM1 

and TM2 of GHS-R1a. Modification of the GHS-R1a-σ1-R interaction, by inserting the TAT-

fused TM1 peptide, would increase the distance between cytoplasmic domain of σ1-R and 

αAH, facilitating Gi function as shown in our assays. 

 

IV.4.7 Effect of cocaine treatment on primary cultures of striatal neurons 

 Most of the cocaine effects in the central nervous system occur in the striatum (Borroto-

Escuela et al., 2017; Joffe and Grueter, 2016). Consequently, we moved to primary cultures of 

striatal neurons to analyse in a more physiological environment the cocaine effects over GHS-

R1a receptors. The in situ Proximity Ligation Assay (PLA) was used to identify GHS-R1a-σ1-R 

complexes (Figure R48A). In striatal primary cultures, the 43% of the cells presented red spots 

with 2 dots/cell-containing dots. However, when these cells were treated with 30 µM cocaine 

A B 

Figure R47. Effects of TM TAT-peptides on DMR GHS-R1a signalling. HEK-293T cells expressing 
GHS-R1a (0.5 µg) were treated for 4 h with TM1 (A) or TM7 (B) TAT-peptides. Cells were subsequently 
treated with 30 µM cocaine (red), 100 nM PRE-084 (green), 1 µM YIL-781 (blue) or vehicle (black). Then, 
cells were treated with 100 nM ghrelin and DMR signals recorded. Traces representing DMR signal variation 
over time are represented. 
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for 30 minutes, the number of cells containing red dots, and the number of dots per cell-

containing dots increased significantly (54% of the cells with 3.2 dots/cell-containing dots). 

These results indicate that cocaine pre-treatment increases GHS-R1a- σ1-R complexes in 

striatal primary cultures (Figure R48). Cocaine effects on GHS-R1a signalling were further 

analysed in primary cultures of striatal neurons in ERK1/2 phosphorylation assays. Cocaine 

and PRE-084 counteracted the ghrelin-induction of GHS-R1a signalling in a similar way as the 

 

 

	
A B 

Figure R49. Cocaine treatment inhibits GHS-R1a ERK1/2 signalling in primary cultures of striatal 
neurons. Striatal primary neuron transfected (B) or not (A) with 3 µg siRNA for σ1R were treated with 30 µM 
cocaine (red), 100 nM PRE-084 (green), 2 µM of the GHS-R1a antagonist YIL-781 (blue) or vehicle (black) 
previous to a 100 nM ghrelin addition. ERK 1/2 phosphorylation was analysed using the 
AlphaScreen®SureFit® kit. Values are mean ± S.E.M. from 6 to 8 different experiments. One-way ANOVA 
followed by Dunnett’s post-hoc test showed a significant effect of treatments versus control (*, p<0.05; **, p<0.01, 
***, p<0.001) and a significant effect of treatments versus ghrelin (#, p<0.05; ###, p< 0,001). 

A B 

Figure R48. Identification of GHS-R1a- σ 1-R heteromers in cocaine-treated primary neurons. GHS-
R1a-σ1R heteroreceptor complexes were identified in striatal primary cultures treated with 30 µM cocaine, 100 
nM PRE-084 or vehicle and detected by the use of a polyclonal anti-σ1R primary antibody and a polyclonal 
anti-GHS-R1a primary antibody in the presence of Hoechst. Then, cultures were treated with the PLA probes. 
(A) Representative PLA confocal images showing GHS-R1a- σ1R complexes as red dots surrounding Hoechst-
stained nuclei. Scale bar: 5 µm. (B) Percentage of positive cells (containing one or more red dots, form cells in 
5-6 different fields), and number (r) or red dots/cell-containing dots in primary cultures of striatal neurons. 
One-way ANOVA followed by Dunnett’s post-hoc test showed a significant effect of treatments versus 
negative control (*, p<0.05; **, p<0.01) and a significant effect of treatments versus the untreated cells (#, 
p<0.05). 
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GHS-R1a antagonist YIL-781 (Figure R49A). Such effect of cocaine was related to σ1-R 

modulation of GHS-R1a, as in striatal primary cultures treated with siRNA for σ1-R, neither 

cocaine nor PRE-084 exerted any significant effect (Figure R49B). 

 

IV.4.8 Effects of cocaine administration on GHS-R1a-σ 1-R heteromer expression in 

 striatal sections from naïve and cocaine-treated animals  

 Rats following an i.p. administration of 15 mg/kg cocaine treatment for 1 (acute) or 14 

(chronic) days, were sacrificed and 30 µm-thick striatal sections were obtained from each 

group of animals and from vehicle-treated animals. In situ PLA was used to identify GHS-R1a- 

σ1-R heteroreceptor complexes (Figure 50A). 

A 

B 

Figure R50. Acute and chronic cocaine treatment increase the GHS-R1a-σ 1-R heteromers expression 
in the rat striatum. Male Sprague Dawley rats were i.p. administered with vehicle (control) or 15mg/kg 
cocaine for 1 (acute) or 14 (chronic) days. To identify σ1-R-GHS-R1a complexes from each condition, rats were 
sacrificed and 30 µm-thick striatal sections were obtained and treated with a polyclonal anti-σ1-R primary 
antibody and a polyclonal anti-ghrelin antibody in the presence of Hoechst and treated with the PLA probes. 
Representative PLA confocal images showing GHS-R1a-σ1-R complexes as red dots surrounding Hoechst-
stained nuclei are shown for each condition (A). Scale bar: 5 µm. Percentage of positive cells (containing one or 
more red dots; from cells in 4-6 different fields), and number (r) or red dots/cell-containing dots in rat striatal 
sections. One-way ANOVA followed by Dunnett’s post-hoc test showed a significant effect of treatments 
versus negative control (*, p<0.05; **, p<0.01), a significant effect of treatments versus the untreated cells (#, 
p<0.05) and a significant effect of chronic treatment versus acute treated sections (&, p<0.05). 
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 When striatal sections of vehicle-treated animals were analysed, an 11% of cells 

displaying red dots with 1.6 dots/cell-containing dots were observed, indicating that around 

10% of striatal cells expressed GHS-R1-σ1-R complexes. Interestingly, in the case of the 

chronic treatment, the number of the cells containing dots increased to 61%, and the number 

of dots/cell-containing dots also increased to 2.7. Both results are significantly higher when 

compared to control cells. Remarkably, the cocaine acute treatment led to values that were 

even higher that in the chronic condition (76% of the cells containing dots and 3.2 dots/cell-

containing dots). These results indicate that cocaine treatment modulated GHS-R1a-σ1-R 

complex formation in striatal sections with a maximum increase in the heteromer formation 

found in acute conditions (Figure R50). 

	
	 IV.4.9 Discussion 

	 Due to its capability to interact with drugs of abuse, further knowledge about the 

structure and function of σ1R is needed. To date, σ1R has not been associated with a specific 

signalling machinery, although regulatory and modulatory actions of the receptor upon 

protein-protein interactions have been described (Su et al., 2016; Wu and Bowen, 2008). For 

instance, σ1R has been related to the negative control that N-methyl-D-aspartate acid 

glutamate receptors (NMDARs) exert on opioid antinociception (Rodríguez-Muñoz et al., 2015) 

Thus, σ1R antagonists would enhance antinociception and reduce the neuropathic pain 

induced by µ-opioid receptors. Additionaly, since the demonstration that cocaine binds to σ1R 

even at doses attained at recreational use, σ1R has been proposed to mediate locomotor 

activation (Barr et al., 2015; Menkel et al., 1991), seizures (Matsumoto et al., 2001), drug 

sensitisation (Ujike et al., 1996) or reward actions (Romieu et al., 2000, 2002) of the drug. 

Interestingly, reduction of σ1R levels by antisense nucleotide injections, results in attenuated 

convulsive effects of the drug (Matsumoto et al., 2002), whereas, cocaine binding on σ1R is 

capable disrupts the orexin-1receptor- corticotropin releasing factor receptor 1 heteromer 

promoting seeking behaviour and relapse (Navarro et al., 2015). Remarkably, the results 

presented in this chapter 4 disclose the underlying mechanisms through which σ1R could 

mediate the hunger-suppressive actions of cocaine.  

 The nucleus accumbens, one of the striatal structures, is a key region within the CNS 

reward system. Activation of this system in response to food intake produces a pleasant 

sensation that helps in mammalian survival (Kim and Hikosaka, 2015). It should be noted that 

in these mesolimbic areas, GHS-R1a is co-expressed in neurons with the cocaine-sensitive 
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σ1R. From both mechanistic and molecular points of views, the results of this chapter 

highlight an interaction between σ1R and GHS-R1a that is translated into a strong inhibition 

of the ghrelin-induced signalling pathways. It is shown that, in both transfected HEK-293T 

cells and in striatal primary cultures of neurons, a pre-treatment with σ1R agonists cocaine or 

PRE-084 inhibits the ghrelin-mediated signalling in a similar manner than the inhibition 

produced by the GHS-R1a antagonist YIL-781. The implication of σ1R in this inhibition is 

confirmatied by the results obtained in σ1R-siRNA treated cells, where cocaine or PRE-084 

had no effect on ghrelin-induced signals, while the ghrelin receptor antagonist YIL-781 

maintained its effect.  

 Kotagale and collaborators (Kotagale et al., 2014) have described the potent orexigenic 

effects of neuropeptide Y (NPY), which was described  as the possible endogenous ligand for 

a subpopulation of sigma receptors, thus linking the stimulation of sigma receptors with 

hunger (Roman et al., 1989). However, no high binding affinity of NPY to brain σ1R could be 

detected (Tam and Mitchell, 1991). Our results show that cocaine binding to σ1R could 

counteract the feeling of hunger by a mechanism that excludes a direct competition between 

cocaine and NPY to interact with σ1R. Moreover, it has been described that upon binding 

with cocaine, σ1R is able to up-regulate D1R signalling (Navarro et al., 2010b) while 

counteracting the effects of D2R activation (Navarro et al., 2013). Altogether, it seems that σ1R 

mediates the cocaine effects via several GPCR of the reward pathway, to overall, generate the 

seeking behaviour that favours and consumption of the drug, while reducing hunger upon 

interaction with GHS-R1a. Additionally, the results shown in this chapter 4 indicate that 

GHS-R1a-σ1R heteromer expression is increased in both acute and chronic cocaine 

administration. However, the effect was more marked in acute conditions. In fact, striatal 

sections of Sprague-Dawley rats injected for one day with 15 mg/kg cocaine displayed three-

fold higher expression of σ1R-GHS-R1a heteromers than control animals. Taking into 

account recent findings in the laboratory, it appears that D1R could interact with either σ1R or 

σ2R, with a D1R-σ1R heteromer predominance in acute cocaine consumption and increased 

D1R-σ2R interactions in the chronic administrations of the drug (Aguinaga et al., 2018). It may 

be speculated that GHS-R1a would be undergoing a similar differential interaction between 

σ1R- and σ2R-interactions depending on the regime of the cocaine consumption.  

 Finally, in silico approaches using the structure of the receptor suggested that σ1R 

consisted of two TM helical domains. However, the recently released crystal structure of σ1R 
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has shown a single TM domain and a C-terminal tail having a buried ligand-binding site and 

that the receptor arranges into homotrimers (Schmidt et al., 2016). Using TAT-fused synthetic 

peptides together with BiFC assays, we have been able to show that the single TM helix of 

σ1R can be recognised by two different interacting interfaces of the 7TM bundle of GPCRs, 

either by TMs 1/2 or TMs 5/6 interfaces. Oligomerization of GPCRs via particular interface 

likely guides the interacting interface in the σ1R. In the particular case of σ1R-GHS-R1a, due 

to the formation of the GHS-R1a-GHS-R1b heterotetramer via TM 4/5 interface of GHS-

R1b and TM 5/6 of GHS-R1a, σ1R can interact with GHS-R1a via the free TM 1/2 interface. 

Additionaly, it can be speculated that two additional TM helices in the σ1R homotrimer can 

stablish further interactions with GHS-R1a-GHS-R1b heteromers. Such macromolecular 

clusters may form specialised machineries for σ1R mediated regulation.  
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V. CONCLUSIONS  

 

 The conclusions derived from the results of the Chapter 1 of this thesis, 

corresponding with the aim 1; to investigate the role of CB1 and CB2 receptors and the 

CB1-CB2 receptor heteromer in different activation microglial phenotypes, are: 

 

• The CB2R expression levels are enhanced in primary microglia or in 

microglial cell lines activated using LPS and INF-γ. 

 

• The expression of the CB1-CB2 receptor heteromer is increased in the 

microglial-derived N9 cells when activated with LPS and INF-γ. The 

negative cross-talk between CB1 and CB2 observed in ‘resting’ 

conditions transforms into a potentiation of the receptors’ signalling in 

activated microglia.  

 

• The CB1-CB2 receptor heteromer is expressed in activated microglia in 

Parkinson’s disease and Alzheimer’s disease animal models. 

Remarkably, primary cultures of microglia obtained from the APPSw,Ind 

mice model of Alzheimer’s disease displayed the activated phenotype 

in what concerns both the effect of cannabinoids and in the expression 

of the CB1-CB2 receptor heteromers.  

 

 

 The conclusions derived from the results of the Chapter 2 of this thesis, which 

correspond with the aim 2 of this thesis, to identify interactions between CB1R and the 

EF-hand domain-containing calcium proteins and their functional consequences, are: 

 

• The CB1R interacts with calneuron1 and NCS1 but not with 

caldendrin. The 3rd intracellular loop of the CB1R is involved in the 

interaction with calneuron1 and NCS1, while mutations at the C-

terminal domain of the CB1R abolished the interaction with NCS1. The 

membrane-anchoring domain of calneuron1 and the N-terminal 

myristoilated domain of NCS1 are implicated in the interaction with 

the CB1R. 
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• The increase in intracellular calcium levels  leads to a predominant 

CB1R-calneuron1 interaction whereas at basal calcium levels the main 

interaction of the receptor is with NCS1. 

 

• Remarkably, the increase in intracellular calcium in cultures of striatal 

neurons abolishes the canonical CB1R- mediated reduction of 

intracellular cAMP levels.  

 

 The conclusions inferred from aim 3 of the thesis: to give insight into the 

functional role of the alternatively-spliced truncated form of the ghrelin receptor gene 

product are: 

 

• GHS-R1b modulates GHS-R1a trafficking and signalling depending on 

the specific GHS-R1b/GHS-R1a expression ratio. Low GHS-

R1b/GHS-R1a expression ratios favour the trafficking of GHS-R1a 

towards the membrane, while in high GHS-R1b/ GHS-R1a expression 

levels, the truncated ghrelin receptor isoform exerts a negative 

allosteric regulation of GHS-R1a. 

 

• The dimerization of GHS-R1b and GHS-R1a, with a consequential 

increase of the GHS-R1a at the plasma membrane determines the 

capacity of GHS-R1a to interact with other receptors like the 

dopamine receptor D1. 

 

• The heteromerization of GHS-R1a, GHS-R1b and D1R produce a 

switch in the GHS-R1a signalling to Gs protein, radically altering the 

ghrelin receptor-mediated signalling.  

 

 

 The conclusions derived form the results of the Chapter 4, which corresponds with 

the aim 4 of the thesis: to investigate direct and indirect interactions between sigma-1 

receptor and ghrelin receptor and to determinate the modulatory role of cocaine on the 

function of sigma-1-ghrelin receptor complexes, are: 
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• Resonance energy transfer assays and confocal microscopy approaches 

show that GHS-R1a and sigma-1-receptors form macromolecular 

complexes in both transfected cell lines and in neuronal primary 

cultures. 

 

• In the GHS-R1a-GHS-R1b-sigma-1 receptor macromolecular 

complex, GHS-R1a homodimers interact between each other through 

transmembrane domains 5 and 6, while GHS-R1a and GHS-R1b 

interfaces of interaction are transmembrane domains 4 and 5. Finally, 

GHS-R1a interacts through transmembrane domains 1 and 2 with the 

sigma-1 receptor trimeric complex.  

 

• Upon interaction with cocaine, sigma-1 receptor blocks, in both 

transfected cells and striatal neurons, ghrelin-activated GHS-R1a 

cAMP signalling, the ERK1/2 phosphorylation and the intracellular 

calcium mobilisation.  
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