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I. INTRODUCTION 

1. G PROTEIN COUPLED RECEPTORS 

G protein-coupled receptors (GPCRs), also known as seven transmembrane domain (7TM) 

receptors, comprise the largest superfamily of plasma membrane proteins in the body. In the 

human genome, more than 2% of the genome codes for more than 1000 GPCRs (Jacoby et al., 

2006; Kochman, 2014) being 90% of them expressed in the central nervous system (CNS) 

(Vassilatis et al., 2003). 

GPCRs have an enormous biomedical importance because they are involved in 80% or more of 

the signal transduction processes that occur across cell membranes. For this reason, they are a 

main focus of research efforts in academia, government and pharma to develop new therapeutic 

drugs. Nowadays, it is estimated that about 700 approved drugs target GPCRs, implying that 

approximately 35% of approved drugs target GPCRs (Sriram and Insel, 2018). In addition, to date, 

over 600 inactivating and almost 100 activating mutations in GPCR have been identified 

responsible for more than 30 different human diseases (Schöneberg et al., 2004).  

This superfamily of receptors exerts their effects primarily through their association with 

heterotrimeric G- proteins in response to a wide range of extracellular ligands, including single 

photons, neurotransmitters, hormones and peptides (Wells, 2014).  

Agonist binding to a GPCR and the subsequent G protein activation is rapidly followed by several 

coordinated events common to most GPCRs. These include recruitment of GPCR kinases (GRKs), 

which phosphorylate the receptor at multiple intracellular residues, followed by the recruitment 

of β-arrestins, which trigger receptor endocytosis. However, in addition to canonical G protein-

mediated signaling, GPCRs can also bind to other cytosolic adaptors, including β-arrestins, which 

elicit G-protein independent signaling through activation of mitogen-activated-protein kinase 

(MAPK) and Akt. Most known endogenous and synthetic ligands can signal trough both signaling 

mechanisms. However, there are some examples of biased ligands that preferentially signal 

through β-arrestins over G-proteins or vice versa. This mechanism can be due a ligand-

dependent phosphorylation pattern that make the receptor more suitable for signaling through 

β-arrestins or the differential ligand-induced conformational change of the receptor that make 

it more specific for certain G proteins.  

GPCRs represent a potentially fruitful area for further study in order to find more druggable 

GPCRs and drugs to target them. Moreover, efforts to design new types of GPCR-targeted drugs 

with signaling bias (via G proteins or β-arrestins), allosteric modulators, new types of therapeutic 

agents (antibodies/nanobodies, aptamers, anti-sense oligonucleotides, and gene therapies), or 

ligands delivered in novel ways, makes us to predict that GPCRs will continue to play a prominent 

role as therapeutic targets (Sriram and Insel, 2018).  

 1.1. STRUCTURE 

The hydrophobic 7TMs of the GPCRs define their common structural feature. The α-helices have 

approximately 25 to 35 residues of length and are connected by intra- and extracellular loops 

(ICL and ECL). Helices are placed in a lipidic environment, while loop regions are surrounded by 

an aqueous medium (Martinelli and Ortore, 2013). Another common feature are the two 

cysteine residues which are conserved in most GPCRs, one is in the ECL1 and another one in the 

ECL2, which form a disulfide bond that is supposed to have an important role in the packaging 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Kochman%20K%5BAuthor%5D&cauthor=true&cauthor_uid=25380205
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and stabilization of a restricted number of conformations of the 7TMs (see Fig. 1) (Probst et al., 

1992; Baldwin, 1994).  

All GPCRs have also in common the existence of an amino-terminal extracellular domain for 

stimulus recognition, and a carboxyl-terminal intracellular domain for signal propagation to 

transducers such as G proteins (Schmitz et al., 2014). Over the past decade, more than 130 

structures of 24 different class A GPCRs and 5 GPCRs from other classes have been determined 

in complex with ligands of diverse pharmacology, peptides, antibodies and G proteins 

(Venkatakrishnan et al., 2013; Cohen et al., 2014; Shonberg et al., 2015; Zhang et al., 2015). 

 

Figure 1. Snake-like diagram of the human Rhodopsin receptor. This plot was generated with the RbDe software. 

Extracted from Horn et al. (2003). 

The correct integration and orientation of the protein occurs in the endoplasmic reticulum and 

the α-helixes are stabilized inside the phospholipid bilayer due to the GPCR hydrophobicity, 

facing the polar amino acids to the center of the α-helixes, minimizing the contact with the 

hydrophobic bilayer. Finally, the functional tertiary structure is formed by the specific 

interactions between α-helixes generating the ring-shape compact structure of the GPCRs 

(Bulenger et al., 2005).  

 1.2. CLASSIFICATION 

Horn et al. (2003) developed a system for classifying GPCR for the GPCRDB database, which is 

currently the only regularly updated GPCR information system available on the World Wide 

Web. This system divides GPCRs into six classes: three major and three minor families. The three 

major families are family A, that include those related to the rhodopsin and the β2-adrenergic 

receptor, family B, composed of those associated with the glucagon receptor, and family C, that 

comprise those related to the metabotropic neurotransmitter receptors. The three minor 

families include class D (pheromone receptors), class E (cAMP receptors) and class F 

(Frizzled/smoothened family).  

- Family A comprises the largest and most studied class of GPCRs. The also called rhodopsin-like 

receptor family, binds a variety of ligands, including biogenic amines (catecholamines, histamine 
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and serotonin), adenosine, cannabinoids and peptides. The only residue that is conserved 

among all family A members is the Arg in the Asp-Arg-Tyr motif in the cytosolic site of the third 

transmembrane domain, important for G-protein activation. Despite that the overall homology 

among type A receptors is low, they exhibit identical structural organization (Probst et al., 1992). 

The N-terminal domain is involved in ligand binding and possibly receptor activation; the 

extracellular loops are important elements for peptide binding and have a key role in receptor 

selectivity towards ligands, and the transmembrane core is formed by seven alpha-helices that 

provide a hydrophobic environment for nonpeptide and small-peptide ligand binding. The 

intracellular site has the elements responsible to the direct or indirect interaction with 

intracellular effectors such as G proteins. Moreover, the C-terminal can have posttranslational 

modifications, important for the modulation of receptor activation state, G protein coupling, 

internalization and desensitization. Furthermore, many of family A receptors, have a 

palmitoylated cysteine on the C-terminal that anchores the receptor to the plasma membrane 

(Papac et al., 1992; Kennedy and Limbird, 1993). 

There are about 60 “orphan” GPCRs that have in common the sequence pattern with family A 

but that does not have defined ligands or functions (Gloriam et al., 2005). 

- Family B receptors, also known as the secretin-like receptor family, are regulated by several 

hormones and neuropeptides and comprise about 15 different receptors. They have in common 

with the family A receptors the disulfide bridge between ECL1 and ECL2 but do not have the Asp-

Arg-Tyr motif. They have an extracellular N-terminal domain with conserved cysteine residues 

and disulfide bridges (Ulrich et al., 1998) important for the ligand recognition (Jacoby et al., 

2006). 

- Family C receptors have also the conserved cysteines forming the disulfide bridge between 

ECL1 and ECL2 but, in contrast, have a large N-terminal extracellular domain that contains the 

ligand binding site (Conn and Pinn, 1997). They also have a short ICL3 domain highly conserved. 

This family, among others, includes the metabotropic glutamate, the calcium receptors and the 

gamma-aminobutyric acid (GABA) receptors. 

 1.3. SIGNALING PATHWAYS 

GPCRs owe their name to their ability to interact with heterotrimeric G-proteins (Gαβγ), from 

which most of the receptor signaling is directed. The heterotrimeric G-proteins, that have a 

crucial role in defining the specificity and temporal characteristics of the cellular response, are 

constituted of α (39-46 kDa), β (37 kDa) and γ (8 kDa) subunits. Upon ligand activation, there is 

a conformational change that is transmitted to the G-protein α-subunit (Gα), which exchanges 

guanosine diphosphate (GDP) nucleotide (inactive conformation) for guanosine triphosphate 

(GTP) (active conformation). This provokes that the Gα subunit bound to GTP dissociates from 

the receptor and from the βγ dimer (Gβγ) (Marinissen and Gutkind, 2001). The two resulting 

subunits, Gα bound to GTP and Gβγ are capable of interact and modulate the activity downstream 

cellular signaling pathways such as adenylyl cyclase (AC) activation or inhibition, phospholipases 

activation or potassium and calcium ion channel activity regulation (Hamm, 1998). Apart from 

these typical second-messenger pathways, Gβγ subunits can control the activity of intracellular 

signal-transducing molecules, including small GTP-binding proteins of the Ras and Rho family 

members of the mitogen-activated protein kinase (MAPK) family of serine-threonine kinases. 
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These include extracellular signal-regulated kinase (ERK), p38, ERK5 and c-jun N-terminal kinase 

(JNK) through a complex network of signaling procedures.  

The signal terminates when the GTP is hydrolyzed by the GTPase activity of the Gα subunit, to 

GDP and phosphate and the Gβγ complex binds to the Gα forming the inactive G-protein (Hamm, 

1998).  

The agonist binding to GPCRs often results in a rapid attenuation of receptor responsiveness. 

This receptor desensitization process is the consequence of a combination of different 

mechanisms that include the receptor uncoupling from the heterotrimeric G-protein complex in 

response to receptor phosphorylation (Hausdorff et al., 1989; Lohse et al., 1990; Ferguson, 

2001), the internalization of cell surface receptors to various intracellular compartments 

(Hermans et al., 1997; Trejo et al., 1998), and the down-regulation of the total number of 

receptors in the cell. This down-regulation is achieved through mechanisms to reduce receptor 

mRNA and protein synthesis and through lysosomal degradation of pre-existing receptors 

(Jockers et al., 1999; Pak et al., 1999). These processes can occur within seconds 

(phosphorylation), minutes (endocytosis) or hours (down-regulation of surface receptors) and 

the amount of receptor desensitization varies from the complete termination of receptor 

signaling to the attenuation of agonist potency and maximal responsiveness (Sakmar, 1998).  

Some years ago was proved that GPCR can produce signals independently of G-protein (Daaka 

et al., 1998; Lefkowitz, 1998). It was suggested that agonist-induced receptor phosphorylation 

through GRK and the subsequent arrestin and surface receptor recruiting are not only important 

mechanisms for decreasing the signaling capacity of the receptor but also play a key role in 

switching the receptor from G-protein-coupled-dependent signaling pathways to G-protein-

independent signaling cascades (see Fig. 2) (Ferguson, 2001; Krupnick and Benovic, 1998; Luttrell 

and Lefkowitz, 2002; Woehler and Ponimaskin, 2009).  

 

Figure 2. Signaling of GPCRs 

There are some studies with rhodopsin receptor, M3-muscarinic receptor, thyrotropin-releasing 

hormone receptor and β2 adrenergic receptor that seems to indicate that, at least for the 

rhodopsin family, there is a common activation-dependent reorientation of the cytoplasmic end 
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of helix VI. Additional work is required to extend these observations to the other families of 

GPCRs (Farrens et al., 1996; Sheikh et al., 1996; Jensen et al., 2001; Huang et al., 2005; Ward et 

al., 2006). 

 1.4. INTERACTING PROTEINS 

Many GPCRs contain sequence motifs that are known to direct protein-protein interactions and, 

therefore, have the theoretical capacity to interact with a wide range of other proteins. Such 

interactions might determine receptor properties, like cellular compartmentalization or 

signaling, and can promote complexes that integrate their functions through protein scaffolding 

(Milligan and White, 2001).  

On the intracellular site of GPCR, both the C-terminus tail and the third intracellular loop can be 

of a considerable size. Thus, these regions are more likely to interact with signaling and other 

intracellular proteins like cytoskeletal proteins or trafficking-related proteins. The length of 

these interactions varies from transitory such as signaling purposes to more stable interactions. 

Either way, these complexes are considered dynamic (Canals et al., 2003). In contrast, GPCR 

extracellular loops are relatively short causing extracellular interactions to take place in the N-

terminus tail. However, some extracellular proteins can also interact with extracellular loops, 

such as the enzyme adenosine deaminase in the case of adenosine receptors (ARs). A third group 

of interactions are extended along GPCR 7TM with other GPCRs or with other membrane 

receptors. 

  1.4.1. G proteins 

In contrast with the number and diversity of the GPCR superfamily, there are a relatively small 

number of different G-proteins to initiate the intracellular signaling cascades. In humans, there 

are 21 Gα subunits encoded by 16 genes, 6 Gβ subunits (5 plus a splice variant) encoded by 5 

genes, and 12 Gγ subunits (Downes and Gautam, 1999). G proteins have a crucial role in defining 

the specificity and temporal characteristics of the cellular response and their switching function 

depends on the ability of the Gα to cycle between an inactive GDP-bound conformation that is 

primed for interaction with an activated receptor, and an active GTP-bound conformation that 

can modulate the activity of downstream effector proteins (Fig. 3) (Oldham and Hamm 2008). 

G protein heterotrimers are typically divided into four main classes based on the primary 

sequence similarity of the Gα subunit: Gαs, Gαi/o, Gαq/11 and Gα12/13 (Simon et al., 1991). Gαs family 

stimulates AC and has two members: Gαs which is expressed in most cell types and Gαolf which is 

mainly expressed in the olfactory sensory neurons.  

Gαi/o family inhibits AC and is the biggest and most varied family, including Gαi1, Gαi2, Gαi3, Gαo, 

Gαt, Gαg and Gαz. While Gαi subunits have been found in most cell types, Gαo is highly expressed 

in neurons and has two splice variants: Gαo1 and Gαo2 (or GαoA and GαoB). Gαt has also two isoforms: 

Gαt1 is expressed in the rod cells in the eye and Gαt2 in the cone cells of the eye. In addition, Gαg 

is found in taste receptor cells and Gαz in neuronal tissues and in platelets.  
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Figure 3. The G protein cycle. In the resting state, G proteins are heterotrimers of GDP-bound α- (blue), β- (green) 
and γ- (yellow) subunits. On binding of an extracellular stimulus (light purple), receptors (pink) undergo a 
conformational change that permits G protein binding and catalyses GDP release from Gα. Once GDP is released, a 
stable, high-affinity complex is formed between the activated receptor (R*) and G protein. Binding of GTP (green) to 
Gα destabilizes this complex, allowing both subunits, Gα and Gβγ, to interact with downstream effector proteins 
(purple). The signal is terminated on hydrolysis of GTP to GDP by Gα, which may be catalysed by regulator of G protein 
signalling proteins (dark red). Extracted from Oldham and Hamm 2008 

In humans, Gαq activates phospholipase Cβ (PLCβ) and promotes cleavage of 

phosphatidylinositol biphosphate into inositol triphosphate (IP3) and diacyl glycerol (DAG). IP3 

mobilizes calcium of endoplasmatic reticulum via IP3 receptors (calcium channel) while DAG can 

activate protein kinase C (PKC). Gαq family consists of Gαq, Gα11, Gα14 and Gα15/16. Gαq and Gα11 are 

expressed ubiquitously; in contrast, Gα14 and Gα15/16 have a more restricted expression.  

The Gα12 family regulates Rho proteins and has two subfamilies: Gα12 and Gα13 which are 

expressed in most types of cells. 

Gβ1, Gβ2, Gβ3 and Gβ4 share 80-90% of similarities, while Gβ5 is more dissimilar, only shares 50% 

of the sequence with the other Gβ subunits. Gβ5 is mostly found in the brain but, in contrast, the 

other Gβ subunits are widely distributed. Gγ subunits are more diverse and share sequence 

similarities ranging from 20 to 80% (Syrovatkina et al., 2016). 

At the brain level, especially Gαo but also Gαi1, Gαi2 and Gαi3 are expressed. Gαs and Gαq are also 

widely expressed. Concerning the Gαs family, there are evidences for a different distribution of 

Gαolf and Gαs mRNAs in rat forebrain. Gαolf mRNA is highly expressed in striatal areas, including 

caudate putamen, nucleus accumbens, and olfactory tubercle. These areas show almost no 

expression of Gαs, except for some sparse neurons. On the contrary, Gαs mRNA is highly 

expressed in many brain areas including all cortical areas, septum, most of the hypothalamic 

and thalamic nuclei, hippocampus, and amygdala, in which Gαolf mRNA expression is very low. In 

few brain regions, substantial expression of both Gαolf and Gαs mRNAs is observed: piriform 

cortex, medial habenula, and dentate gyrus (Hervé, 2011). However, to our knowledge, no clear 

region-specific pattern of mRNA expression for Gαi/o protein subtypes has been reported.  
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Many crystal structures of these proteins have been resolved in various conformations, and 

provide the framework for understanding the biomechanics of G protein signaling (Oldham et 

al., 2006). Concretely, the structures of the Gα subunit reveal a conserved protein fold that is 

composed of a GTPase domain and a helical domain. The GTPase domain is conserved in all 

members of the G protein superfamily and its function is to hydrolyze GTP and provide the 

binding surfaces for the Gβγ dimer, GPCRs and effector proteins. The helical domain is unique to 

Gα proteins and is composed of a six α-helix bundle that forms a lid over the nucleotide-binding 

pocket, burying bound nucleotides in the core of the protein. All Gα subunits, except Gαt, are 

post-translationally modified with the fatty acid palmitate at the N terminus. Members of the 

Gαi family are also myristoylated at the N terminus. These modifications regulate membrane 

localization and protein-protein interactions (Chen and Manning, 2001; Smotrys and Linder, 

2004).  

The Gβ subunit has a seven-bladed β-propeller structure that is composed of seven WD40 

sequence repeats. The N terminus of Gβ adopts an α-helical conformation that forms a coiled-

coil with the N terminus of Gγ, and the C terminus of Gγ binds to blades five and six (Wall et al., 

1995; Sondek et al., 1996). The G protein β- and γ-subunits form a functional unit that can only 

be dissociated under denaturing conditions (Schmidt et al., 1992). Although most Gβ subunits 

can interact with most Gγ subunits, not all of the 60 possible dimer combinations occur (Clapham 

and Neer, 1997). Additionally, several Gβγ dimers can interact with the same Gα isoform (Milligan 

and Kostenis, 2006), which suggests that differential expression or subcellular localization are 

determinant in the regulation of downstream signaling (Graf et al., 1992). 

Due to the fact that relatively few types of G proteins are able to transduce signals from a large 

number of GPCRs, so each member of the G protein family is able to interact with many different 

receptors. Moreover, each receptor can activate multiple G proteins, generating different 

signaling cascades, some of which with opposite effects. Thus, the receptor–G-protein interface 

must encode vital information that determines which G proteins can interact with a specific 

receptor. However, despite identifying many of the contact sites that contain this interface, the 

patterns that define the coupling between the receptor and the specific G protein are still 

unclear. This is because the poor sequence homology of the intracellular loops that comprise 

the G protein binding site. Moreover, it has also been seen that the global conformation of the 

receptor or changes in its dynamics may be just as important as specific side-chain interactions 

in determining receptor–G-protein selectivity (Gilchrist et al., 1996; Pérez et al., 1996), so 

different agonists can imprint on the receptor a particular but subtle conformation that affect 

that G protein is activated (Kenakin, 2003; Perez and Karnik, 2005).  

 Preassembled receptor–G protein complexes 

The generally accepted model, deduced largely from in vitro studies, proposes that receptor-

mediated G protein activation involves an initial recruitment of Gαβγ to the activated receptor 

followed by a rapid dissociation of Gα and Gβγ into free active subunits (Gilman, 1987; Bourne, 

1997; Cabrera-Vera et al., 2003). However, this classical collision-based model has been 

challenged by several studies (Rebois et al., 1997; Klein et al., 2000; Bunemann et al., 2003; Frank 

et al., 2005; Galés et al., 2005) suggesting that stable receptor–G protein complexes, 

heterotrimeric G protein complexes or both may persist during the activation process. 
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Galés et al. (2005) found several consistent evidences that indicate that there is a preassembled 

complex between the receptor and the G protein before activation. First, they observed a basal 

BRET signal between several receptors and either Gαi1, Gβ1 or Gγ2 in the absence of agonist 

stimulation. Second, BRET50 values did not reveal any change in the apparent affinity of 

receptors for G protein subunits after agonist stimulation. Moreover, both increases and 

decreases in BRET signals between receptor and Gαi1 were observed after agonist stimulation, 

depending on the positions of the probes at Gαi1 subunit, indicating that the change in BRET 

reflected not Gαi1 recruitment but rather a structural change in a preformed complex. They also 

found that preassembly did not result from altered stoichiometry between heterologously 

expressed partners, as specific BRET signals were observed for all expression ratios.  

Despite there is some controversy (Bondar and Lazar, 2006), these results are according to a 

large body of evidence indicating that receptor-promoted activation of G proteins does not 

result only from random collision but involves organized modules that include precoupled 

receptor–G protein complexes (Neubig, 1994; Rebois and Hebert, 2003; Ferré, 2015). Moreover, 

their work also suggest that Gβγ do not fully dissociate from Gα upon activation and it is still 

compatible with the existence of overlapping binding sites of Gα for AC and Gβγ that suggested 

that Gβγ must leave G. It is possible because Gβγ is displaced away from its original site of 

association with Gα, but it is not dissociated from the protein complex. 

  1.4.2. β-arrestin 

After ligand binding and G protein activation, GPCRs are desensitized to attenuate continued 

signaling. First, GRKs family members selectively phosphorylate agonist-activated receptors in 

their cytoplasmic loops and C-terminus, thereby promoting the binding of cytosolic cofactor 

proteins called β-arrestins, which uncouple the receptor from heterotrimeric G-proteins (Lohse 

et al., 1990; Kendall and Luttrell, 2009; Luttrell and Gesty-Palmer, 2010; Kang et al., 2013). β-

arrestins were first discovered for their role in mediating receptor desensitization (Lohse et al., 

1990), a process by which repeated stimulation decreases the signalling response over seconds 

to minutes, through steric hindrance of GPCR interaction with G proteins. In addition, β-arrestins 

scaffold second messenger degrading enzymes that degrade cyclic adenosine monophosphate 

(cAMP) and DAG. 

β-Arrestins also mediate receptor internalization with components of the clathrin-coated vesicle 

pathway (Goodman et al., 1996; Oakley et al., 1999; Laporte et al., 2000). β-arrestins have 

specific binding domains for clathrin, AP2 and other endocytic proteins required for efficient 

receptor internalization. Furthermore, the interaction between β-arrestins and E3 ubiquitin 

ligase Mdm2 promotes ubiquitinization of β-arrestins, facilitating the robust binding of β-

arrestins with both the GPCR and the endocytic machinery (clathrin and AP2). Following the 

internalization, receptors can be recycled or lysosomal degraded. Internalized receptors that are 

not degraded can also be dephosphorylated in endosomes and recycled to the plasma 

membrane (Fig. 4) (Hanyaloglu and Zastrow, 2008).  
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Figure 4. Rapid desensitization and endocytosis of GPCRs mediated by GRKs, arrestins, and clathrin-coated pits. 

Ligand-activated receptors activate heterotrimeric G proteins, which signal to downstream effects via α and/or βγ 

subcomplexes (arrows a and b). Receptor phosphorylation promotes recruitment of arrestins from the cytoplasm, 

preventing subsequent activation of G proteins by receptors and promoting receptor endocytosis via clathrin-coated 

pits. There is emerging evidence that some GPCR-mediated- signaling events may occur from the endosome 

membrane (arrow c). Extracted from Hanyaloglu and Zastrow (2008). 

It is now established that, surprisingly, in addition to acting as negative regulators of G protein 

signaling, β-arrestins also couple to numerous signaling mediators (Smith et al., 2018). In fact, 

β-arrestins have the ability to interact with MAPKs (which control many cellular functions 

including cell cycle, regulation of transcription and apoptosis) the serine/threonine kinase AKT, 

the tyrosine kinase SRC, nuclear factor-κB (NF-κB) and phosphatidylinositol 3-kinase (PI3K), by 

acting as adaptors and scaffolds. These pathways are separated from classical G protein signaling 

but can involve similar signaling cascades that are often temporally distinct. More recently, it 

has also been appreciated that some receptors that tightly interact with β-arrestins maintain 

catalytic GEF activity on endosomes, continuing to promote G protein signaling after 

internalization (Ferrandon et al., 2009; Calebiro et al., 2009; Irannejad et al., 2013). Thus, β-

arrestins regulate nearly all aspects of receptor activity, including desensitization, 

downregulation, trafficking and signaling (Fig. 5) (Shenoy and Lefkowitz, 2011; Smith et al., 

2018). 

 

Figure 5. Multifaceted functions of β-arrestins. Extracted from Shenoy and Lefkowitz, 2011. 
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 Other internalization processes 

Not all GPCRs necessarily internalize in a β-arrestin-/clathrin-dependent manner but may also 

be internalized through alternative endocytic pathways. Some GPCRs have been found in 

cholesterol rich plasma membrane structures termed caveolae (Chun et al., 1994; Huang et al., 

1997; Burgueño et al., 2003; Parton and Simons, 2007). These domains are also known as 

signaling domains, but appear to contain proteins involved in the formation of vesicles such as 

dynamin (Cho et al., 2006). Finally, some receptors seem to use a third alternative endocytic 

pathway. No coat or adaptor proteins have been identified for the generation of these vesicles 

(Claing et al., 2000). 

  1.4.3. Cytoskeletal-anchoring polypeptides 

One classical example of GPCR interacting proteins is cytoskeletal-anchoring polypeptides. This 

is the case of α-actinin and adenosine A2A receptors (A2AR) (Fig. 6) (Burgueño et al., 2003), α-

filamin and dopamine D2 receptors (D2R) (Lin et al., 2001) or the Shank family of proteins and 

several other GPCR including type I metabotropic glutamate receptor (mGluR1) (Sheng and Kim, 

2000). 

 

 

 

 

 

 

 

Figure 6. Schematic illustration of α-actinin1-A2AR 

interaction that anchors the receptor to the actin 

cytoskeleton. Extracted from Piirainen et al. (2017). 

  1.4.4. Adenosine deaminase 

Adenosine deaminase (ADA) plays a central role in purine catabolism (Camici et al., 

2010; Grunebaum et al., 2013) and catalyzes the deamination of both adenosine and 2’-

deoxyadenosine by converting them to inosine and 2’-deoxyinosine, and ammonia (Conway and 

Cooke, 1939; Brady, 1942). ADA can be present intracellularly in all cells, but also on the cell 

surface of neurons (Ruiz et al., 2000; Hawryluk et al., 2012) working as an ecto-enzyme. Cell 

surface ADA can form heteromeric complexes with adenosine A1 (A1R), A2AR and A2B (A2BR) 

receptors through their extracellular loops which are relatively short. Several ADA amino acids 

have been identified as crucial for its interaction with ARs (Gracia et al., 2013a). In this scenario, 

ADA acts as an allosteric regulator, enhancing agonist and antagonist binding and increasing 

receptor signaling (Ciruela et al, 1996; Saura et al., 1996, 1998; Sarrió et al., 2000; Herrera et al., 

2001; Sun et al., 2005; Gracia et al., 2008, 2011, 2013b; Cortés et al., 2015). 

  1.4.5. Oligomerization with other receptors 

Protein-protein interactions can also take place at the plasma membrane level. Since the 

nineties, a great number of studies have shown GPCR oligomerization that is further detailed 

along the next chapter.  
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2. GPCR OLIGOMERIZATION  

The long perceived notion that GPCRs only function in monomeric form (Whorton et al., 2007, 

2008; Chabre et al., 2009; Kuszak et al., 2009) has recently been changed by the description of 

a number of GPCRs of classes A, B and C found as homodimers, heterodimers and higher order 

oligomers that are often essential for modulation of GPCR function (Casadó et al., 2007; Ciruela, 

2008; Ferré et al., 2009a, 2010a,b, 2014; Milligan, 2009; Rivero-Muller et al., 2010; Albizu et al., 

2010; Gonzalez-Maeso, 2011; Ciruela et al., 2012; Lane and Canals, 2012; Miller et al., 2012; 

Steel et al., 2014). In many cases, oligomeric structures of GPCRs are essential for receptor 

activation, maturation, regulation and signal transduction once they are brought to the cell 

surface (Milligan et al., 2006; López-Giménez et al., 2007; Milligan, 2008, 2013; Ciruela et al., 

2011; Rivero-Muller et al., 2013; Mondal et al., 2014; Ulloa-Aguirre et al., 2014). So, targeting 

GPCRs dimers or higher order oligomers with oligomeric-specific ligands may result in more 

selective and potent compounds with fewer side effects.  

Several reports in the literature suggested that GPCR dimers were not constitutive but ligand 

promoted (Rodriguez-Frade, et al., 1999; Horvat et al., 2001). These studies challenge the most 

accepted concept that early GPCR dimerization in the biosynthetic pathway is a general feature 

that is necessary for the plasma membrane targeting of all members of this receptor family 

(Bulenger et al., 2005). Concretely, accumulating evidence pointed out that the 

homodimerization of many GPCRs is constitutive (i.e. does not require receptor activation) 

(McVey et al., 2001; Ayoub et al., 2002; Issafras et al., 2002; Jensen et al., 2002; Terrillon et al., 

2003) and that both ‘obligatory heterodimerization’ and homodimerization of GPCRs occurs 

most probably in the endoplasmic reticulum (ER) (Ayoub et al., 2002; Jensen et al., 2002; 

Terrillon et al., 2003), an organelle that has a central role in the quality control of protein 

synthesis. Thus, dimerization might be a common requirement for GPCRs to pass quality-control 

checkpoints along the biosynthetic pathway, with homodimerization being the general rule and 

heterodimerization being a special case of this general rule (Fig. 7) (Bulenger et al., 2005).  

Figure 7. A model proposing that GPCR 

dimerization is a necessary step to pass 

quality-control checkpoints along the 

biosynthetic pathway. Nascent GPCR 

folding in the endoplasmic reticulum (ER) 

dimerize and interact with dimer-probing 

cytosolic chaperone proteins. Unfolded 

and monomeric GPCRs are degraded 

rapidly by the ER-associated degradation 

(ERAD) pathway. After maturation through 

the Golgi apparatus, GPCR homodimers are 

exported to the plasma membrane where 

they interact with a single heterotrimeric G 

protein. It is noteworthy that previous 

studies have suggested that Gαβγ subunits 

also form a heterotrimer at an 

endomembrane location before reaching 

the plasma membrane. Extracted from 

Bulenger et al. (2005). 
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It is important to notice that, when ligands were apparently found to regulate dimer formation, 

a basal level of constitutive dimerization was observed (Kroeger et al., 2003). Moreover, the fact 

that ligands were found to modulate or even induce GPCR dimerization in some studies but not 

in others probably reflects differences in result interpretation rather than true differences 

between receptor behaviors. In addition, there are studies where it has been seen that 

conformational changes resulting from ligand binding (Vilardaga et al., 2003) might stabilize the 

dimers, which become partially resistant to the solubilization conditions, hence leading to the 

erroneous conclusion that ligand binding could induce dimerization.  

To sum up, it is more widely accepted that oligomerization can be implicated in GPCR 

ontogenesis, which means in the protein folding control and membrane targeting of the newly 

synthesized receptors as well as in their endocytic pattern (Breit et al., 2004; Terrillon and 

Bouvier, 2004; Bulenger et al., 2005; Law et al., 2005) which can be as dimers or oligomers 

(Yesilaltay and Jenness, 2000). Moreover, it has also consequences in pharmacology, signaling 

and desensitization (for further information read Prinster et al., 2005) 

 2.1. TYPES OF GPCR OLIGOMERIZATION 

  2.1.1. Heteromerization 

GPCR heteromers are macromolecular complexes composed of at least two receptor units 

(protomers), with biochemical properties that are demonstrably different from those of its 

individual components (Ferré et al., 2009b, 2014; Gomes et al., 2016). The γ-aminobutiric acid 

(GABAB) receptor is the first known GPCR that requires heteromerization for function. In fact, it 

is an obligatory heterodimer composed by two subunits, GBR1 and GBR2, which bear functions 

complimentary to each other in signal transmission. While the extracellular domain of GRB1 is 

responsible for ligand recognition, the transmembrane domain of GRB2 is required for G-protein 

activation. In addition, GRB2 facilitates the cell surface expression of GRB1 through coiled-coil 

interactions in the cytoplasmic region (Fan et al., 2017). More recent work demonstrated that 

the adrenergic receptor 2 (2AR), a class A GPCR, despite of being functional without making 

heteromers (Whorton et al., 2007), was able to heterodimerize with different consequences 

depending on the GPCR involved; this type of heteromerization is called receptor heteromer 

(Ferré et al., 2009b). For example, it was able to associate with the adrenergic 1A receptor (1AR) 

and the 3A receptor (3AR) causing a reduction in the rate of agonist-induced internalization and 

a reduction in the ability of the receptor to stimulate extracellular signal-regulated kinase 

phosphorylation (Lavoie et al., 2002; Breit et al., 2004). Moreover, the same receptor was also 

able to heterodimerize with 2A adrenergic receptors (2AR), resulting in cross-internalization of 

the receptors following agonist stimulation of one of the subtypes (Xu et al., 2003) and with AT1 

angiotensin receptors, resulting in a cross-inhibition of receptor signaling by their antagonists 

(cross-antagonism) (Barki-Harrington et al., 2003).  

A number of specific interactions between purinergic receptors, key actors in the CNS, 

cardiovascular and immune system, and in other tissues, have been detected. For example, 

dopamine D1 receptor (D1R) heterodimerizes with A1R (Gines et al., 2000) and none of them with 

D2R (Gines et al., 2000; Kamiya et al., 2003, Frederick et al., 2015). In contrast, D2Rs specifically 

heteromerize with A2AR (Hillion et al., 2002; Ciruela et al., 2004), which do not heteromerize 

with D1Rs (Hillion et al., 2002). In the case of the A1R-D1R heteromer, coactivation of both 

receptors led to the canonical negative interaction at the level of AC signaling. D1R also 
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heteromerizes with dopamine D3 receptor (D3R). Within this heteromer, there is a positive 

crosstalk of D1R and D3R agonists at the level of mitogen-activated protein kinase (MAPK) 

signaling. In the context of the A2AR-D2R heteromer, A2AR agonists are able to decrease the 

affinity and efficacy of D2R for its agonists (Ferré et al., 1991; Hillion et al., 2002; Canals et al., 

2003) and D2R agonists, through the activation of Gi/o proteins, are able to counteract A2AR 

agonist-mediated Gs/olf-dependent activation of AC (Trincavelli et al., 2012; Fernández-Dueñas 

et al., 2013). Moreover, A1R specifically heteromerizes with A2AR which is able, when activated, 

to allosterically shut down A1R signaling (Ciruela et al., 2006; Casadó et al., 2010; Navarro et al., 

2016, 2018). Both A1R and A2R also interact with non-dopamine receptors (DR) such as with 

some mGluR subtypes acquiring a synergistic signaling between adenosine and glutamate 

receptor agonists (Ciruela et al., 2001; Ferré et al., 2002).  

  2.1.2. Homodimerization 

Moreover, there is also a growing list of receptors that have been found to form homomers, 

such as adenosine A1 (Gracia et al., 2013b; Navarro et al., 2016), A2A (Łukasiewicz et al., 2007; 

Gracia et al., 2011; Navarro et al., 2016) and A3 (May et al., 2011), dopamine D1 (Guitart et al., 

2014), D2 (Guo et al., 2003; Pou et al., 2012) and D3 (Pou et al., 2012; Guitart et al., 2014), 

serotonin 5-HT1A (Łukasiewicz et al., 2007), 5-HT2A (Herrick-Davis et al., 2013), 5-HT2C (Herrick-

Davis et al., 2004, 2012; Mancia et al., 2008) and 5-HT7 (Teitler et al., 2010), adrenergic α1B 

(Herrick-Davis et al., 2013), β1 (Mercier et al., 2002; Gherbi et al., 2015) and β2 (Angers et al., 

2000; Mercier et al., 2002; Herrick-Davis et al., 2013; Parmar et al., 2017), cannabinoid CB1 

(Bagher et al., 2017), angiotensin AT1 (Szalai et al., 2012), metabotropic glutamate mGlu2 (Levitz 

et al., 2016), muscarinic M1 (Goin and Nathanson, 2006; Herrick-Davis et al., 2013), M2 (Park and 

Wells, 2003; Goin and Nathanson, 2006; Herrick-Davis et al., 2013) and M3 (Goin and Nathanson, 

2006; McMillin et al., 2011), δ (Cvejic and Devi, 1997; McVey et al., 2001; Johnston et al., 2011), 

κ (Jordan and Devi, 1999) and µ (He et al., 2002) opioid, neurotensin 1 (White et al., 2007), 

melatonin MT2 (Ayoub et al., 2004), niacin (Mandrika et al., 2010), and chemokine CXCR4 

(Babcock et al., 2003). There are evidences suggesting that homodimers are the predominant 

species with potential dynamic formation of higher-order oligomers, and that the pentameric 

structure consisting of one GPCR homodimer and one heterotrimeric G protein is the minimal 

functional unit (Banères and Parello, 2003; Han et al., 2009; Pellissier et al., 2011, Ferré et al., 

2014). 

  2.1.3. Higher order oligomerization 

To add more complexity, during the last few years, it has been suggested that functional GPCRs 

are complexes of heteromers mostly constituted by different homodimers (Guitart et al., 2014). 

In the case of the dopamine D1R and D3R heteromers, it was found a minimal tetrameric 

stoichiometry comprised of homodimers of both receptors that were able to couple to Gαs and 

Gαi proteins respectively (Guitart et al., 2014). Moreover, the heterotetramer of A1R and A2AR 

has also been suggested (Cristóvao-Ferreira et al., 2013; Navarro et al., 2016, 2018). Recently, 

the heterotetramer formed by homodimers of A2AR and D2R was confirmed in transfected 

mammalian cells and striatal tissue. This tetrameric model explains why the occupancy of the 

A2AR homodimer with either an agonist or an antagonist produces a conformational change that 

conduces the same allosteric modulation to the D2R, a decrease of the affinity and efficacy of 

any D2R ligand; whereas the simultaneous occupancy of the A2AR homodimer by an agonist and 
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an antagonist not allow this conformational change. In the brain, there is a tone of adenosine 

under physiological conditions that can explain why caffeine and A2AR antagonists produce 

locomotor activation and not locomotor depression (results derived from this Thesis). 

 2.2. GPCR LIGANDS 

  2.2.1. Orthosteric  

Orthosteric ligands are ligands that bind to the binding site for the endogenous ligand on a 

receptor, the orthosteric site. The mechanism of action for many drugs is often based on 

mimicking (as in the case of agonists) or blocking (as in the case of antagonists and inverse 

agonists) the action of an endogenous signaling molecule by competing for the orthosteric site 

on a specific receptor 

Early models of GPCR signaling considered that receptors had two states: "off" and "on" 

depending on their ability to trigger downstream responses. Orthosteric ligands were classified 

as agonists if they elicited a maximal response, partial agonists if they generated a submaximal 

response at saturating ligand concentration, antagonists if they lacked efficacy but competitively 

inhibited agonist responses, and inverse agonists if they preferentially stabilized the "off" state, 

leading to a suppression of basal receptor activity (Black and Leff, 1983; Samama et al., 1993). 

First with the β2-adrenergic receptor and then with δ-opioid receptor, the constitutive activity 

of these receptors was probed: they had an intrinsic activity without the presence of an agonist 

that diminished when adding an inverse agonist (Cerione et al., 1984).  

This early conceptualization began to evolve in the mid-1990s, driven by the recognition that 

many GPCRs were able to couple to several effectors’ pathways simultaneously (Offermanns et 

al., 1994; Laugwitz et al., 1996) or differentially depending on the tissue (Jin et al., 2001; Mahon 

et al., 2002). Furthermore, structurally distinct ligands could activate the same GPCR in different 

ways contradicting the classical idea that agonist had the capacity to activate equally all signaling 

pathways. All of the above indicate that most, if not all, GPCRs possess more than one "active" 

receptor state and that the structure of the ligand can "bias" downstream signaling (Kenakin, 

1995; Christopoulos and Kenakin, 2002). Now, we have evolved from the "off" and "on" model 

to a non binary model where receptors, when bound to the ligand, can have a finite number of 

discrete active and inactive states within the sterically permissible conformational (Kenakin and 

Miller, 2010) that links them to a particular downstream effector and efficacy. In this scenario, 

"functional selectivity or ligand-biased signaling" may arise from differences in the ligand 

efficiency to stabilize different active states (Luttrell et al., 2015).  

In this context, Galés et al. (2005) linked conformational changes to signaling efficacy. In that 

study, the use of BRET probes at different positions in the receptor-G protein complex, revealed 

distinct conformations stabilized by ligands with different efficacies. The general profile of the 

changes distinguishes the full and partial agonists from the antagonists. In particular, agonists 

promoted BRET changes at several positions that were silent with antagonists. Concretely, the 

probes that sensed the opening of the protein Gαi nucleotide binding pocket (Gαi1-91RLuc and 

GFP10-Gγ2) promoted by agonist stimulation did not respond to antagonist treatment. 

Moreover, partial agonists lead to a fraction of the BRET signal promoted by the full agonist in 

Gαi1-91RLuc and GFP10-Gγ2. A similar correspondence between ligand efficacy and amplitude of 

BRET changes was observed when monitoring relative movements between the receptor and 

either Gβ, Gγ or position 91 in Gαi1 (Fig. 8).  
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Figure 8. Schematic representation of structural rearrangement within the Gαi1β1γ2 heterotrimer detected by BRET 

after receptor activation. RLuc probes appear in blue and GFP probe in green. Scheme depicts opening of the Gαi1 

GTPase and helical domain through linker 1 which increases distances between RLuc91 or RLuc122 and Gγ2-GFP and 

shortens that of RLuc60-Gγ2-GFP. These structural rearrangements create an exit route for the GDP. Extracted from 

Galés et al. (2005). 

Nowadays, a variety of GPCR agonists have been described, which differ in their ability to 

promote receptor coupling to different G protein families or even subunits, recruit signal 

transducers such as arrestins, activate a variety of downstream molecular pathways and induce 

certain phosphorylation signatures or gene expression patterns (Fig. 9). As an example, α2-

adrenergic receptor subtypes are able to couple to multiple G proteins even from Gαs and Gαi 

(Eason et al., 1992, 1995) and activate multiple signaling pathways. So, depending on the cell 

population, they may couple to different G protein subtype activating different signaling 

pathways. Moreover, signaling through these parallel pathways may differ depending on the 

ligand used to stimulate the receptor, resulting in a biased response (Roth et al., 2015). 

Biased ligands could provide an opportunity to modulate GPCR function in a finer way and to 

separate therapeutic from side effects improving safety profiles (Kenakin, 2011; Kenakin and 

Christopoulos, 2013; Rankovic et al., 2016).  

  2.2.2. Allosteric  

Allostery is a widespread biological phenomenon that describes the ability of interactions 

occurring at a site of a macromolecule to modulate interactions at a spatially distinct binding 

site on the same macromolecule (Gentry et al., 2015).  
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Figure 9. Biased agonism or functional 

selectivity. In a balanced signal, a specific agonist 

had the capacity to activate equally all signaling 

pathways. In a biased agonism, agonist A 

produces a biased stimulus for β-arrestin signaling 

pathway whereas agonist B stabilizes another 

receptor conformation that selectively induces 

bias for G protein signaling pathway. Adapted 

from Rajagopal et al. (2010). 

 

 

It is increasingly recognized that one important mechanism for the regulation of the biological 

functions of the most, if not all, GPCR is through allosteric modulation (Christopoulos and 

Kenakin, 2002; Gao and Jacobson, 2006, 2013; May et al., 2007; Conn et al., 2009; De Amici et 

al., 2010; Smith and Milligan, 2010; Canals et al., 2011; Göblyös and Ijzerman, 2011; Changeux, 

2012; Kenakin, 2012; Melancon et al., 2012; Dror et al., 2013; Lane et al., 2013; Wang and Lewis, 

2013; Wootten et al., 2013; Christopoulos, 2014; Christopoulos et al., 2014; Nickols and Conn, 

2014; Wu et al., 2014; Ferré et al., 2014; Feng et al., 2015; Harpsoe et al., 2015; van der 

Westhuizen et al., 2015; Changeux and Christopoulos, 2016; Dawaliby et al., 2016; Shivnaraine 

et al., 2016; Rossi et al., 2017). In fact, GPCR signal transduction is intrinsically allosteric as it 

involves the binding of an extracellular stimulus and subsequent propagation of the signal 

through the protein to a topographically distinct intracellular site recognized by G proteins, β-

arrestins, and others (Gentry et al., 2015). In classical allosterism, the allosteric ligand, by binding 

to a non-orthosteric site, can modify either affinity or efficacy of the orthosteric agonists (Fig. 

10) (Conn et al., 2009; Ferré et al., 2016).  

 

 

 

Figure 10. Modes of action of allosteric 
modulators. Allosteric ligands bind to a 
topographically distinct site on a 
receptor to modulate orthosteric 
ligand affinity (red) and/or efficacy 
(blue). Some allosteric ligands can 
directly perturb signaling in their own 
right (green). Extracted from Conn et 
al. (2009).  
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Allosteric modulators of GPCRs can either potentiate (positive allosteric modulators, PAMs) or 

inhibit (negative allosteric modulators, NAMs) the receptor response by inducing 

conformational changes in the GPCR protein that are transmitted from the allosteric binding site 

to the orthosteric site and/or directly to the effectors protein coupling sites (Gao and Jacobson, 

2006; Conn et al., 2009; Kenakin and Miller, 2010). There are also neutral allosteric ligands 

(NALs), also termed silent allosteric modulators (SAMs), which bind to the allosteric site but have 

no effects on the responses to the orthosteric ligand but, by simple competition, inhibit the 

actions of other allosteric modulators that bind to that same site (Conn et al., 2009). 

Experimental evidence has also identified PAMs with intrinsic activity (PAM-ago) (Christopoulos 

et al., 2014).  

The classification of an allosteric ligand as a modulator is conditional on the nature of the 

reference ligand that is being used to probe receptor function (Kenakin, 2005); the use of terms 

as positive, negative and neutral must be placed within the context of the interacting ligand 

against which the allosteric ligand is been tested and the experimental conditions (Christopoulos 

et al., 2014).  

Most of allosteric modulators are exogenous drugs, but there are a variety of endogenous 

substances that can act as allosteric modulators of GPCRs, including the G protein, but also a 

variety of ions (e.g. Na+, Zn2+, Mg2+), lipids (e.g. cholesterol, anandamide), amino acids (e.g. L-

Phe, homoCys), peptides (e.g. glutathione), and accessory proteins or other GPCRs that display 

different degrees of receptor-specific modulatory effects (van der Westhuizen et al., 2015; 

Manna et al., 2016; Guixà-González et al., 2017). 

The previously solved GPCR structures reveal various allosteric binding sites, especially within 

the 7TM helical bundle, but also in the extracellular region of the receptor or on the external 

lipidic interface of the transmembrane domain (Zhang et al., 2015; Changeux and Christopoulos, 

2016). As an example, the A2AR structure suggests that sodium ion may act as an allosteric 

modulator to alter the dynamics and activation profiles of GPCRs (Gutierrez-de-Teran et al., 

2013).  

Allosteric ligands are emerging as promising alternatives for therapeutic intervention because 

they may obviate several of the inherent challenges of orthosteric target-centered approaches. 

Moreover, a property of allosteric modulators is the saturability which means that a negative 

allosteric modulator that modifies the affinity of an orthosteric agonist will displace the 

functional dose-response curve to higher concentrations but only up to a certain extent. In 

contrast, a competitive orthosteric antagonist would displace the curve ad infinitum. This is 

useful and has medical implications by reducing overdose effects, compared with orthosteric 

ligands. (Kenakin and Miller, 2010; Smith and Milligan, 2010). 

  2.2.3. Bitopic  

A third type of new GPCR ligands (besides orthosteric and allosteric) are bitopic ligands, which 

are bifunctional ligands comprised of two pharmacophores that simultaneously interact with an 

orthosteric and an allosteric site (Mohr et al., 2013; Christopoulos et al., 2014; Shonberg et al., 

2015; Fronik et al., 2017).  

Bitopic ligands have emerged as a new approach to develop selective GPCR ligands with 

improved binding affinity (via orthosteric sites) and high selectivity (via allosteric sites) owing to 
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a greater number of ligand-GPCRs contacts (Lane et al., 2013; Mohr et al., 2013), stabilizing 

receptors (Feng et al., 2015). Moreover, well designed dualistic bitopic ligands, can combine the 

high receptor subtype selectivity of the allosteric sites with the capacity to fine-tune the natural 

signaling pattern of the receptor engendering signaling bias (Langmead and Christopoulos, 2014; 

Grundmann et al., 2016).  

In addition, bitopic ligands give the opportunity for the development of more selective drugs 

with reduced adverse side effects because allosteric binding sites are usually less structurally 

conserved than their corresponding orthosteric sites due to the fact that they did not sustain 

direct evolutionary pressure to preserve key functional residues (Capra et al., 2009; Gao and 

Jacobson, 2013, Wang and Lewis, 2013; Nussinov and Tsai, 2015).  

As an example of a bitopic ligand, the compound SB269652, originally discovered as an 

antagonist of D2R and D3R, was proposed by Silvano et al. (2010) as a bitopic ligand. Lane et al. 

(2014) also provided evidence to confirm that SB269652 acted as a bitopic ligand at D2R dimer 

(Fig. 11). 

 

Figure 11. Docking results of bitopic ligand SB269652 at D2R. a) the binding mode of the orthosteric fragment at the 

orthosteric site. b) the binding mode of the allosteric fragment at the allosteric binding site. c) the binding mode of 

the whole structure of SB269652. Extracted from Feng et al. (2015). 

  2.3.4. Photoswitchable 

It is known that, when studying neural circuits and synapses, standard diffusion and partitioning 

of the ligand mean poor spatial and temporal control of ligand activity. Light-based techniques 

have been developed to overcome these challenges. Photoswitchable ligands contain a 

synthetic photoswitch which is a small molecule that absorbs light to reversibly change its shape. 

The most commonly used photoswitch in biological applications is azobenzene due to its 

synthetic tractability, tunable photochemical properties, and biological compatibility (Figure 

12a). The lowest energy isomer, the straight trans-azobenzene, isomerizes to the bent cis-

azobenzene configuration upon irradiation with near-UV light. Subsequent irradiation with 

longer wavelength visible light, or thermal relaxation, leads the metastable cis-azobenzene to 

revert to the trans-azobenzene isomer (Kienzler and Isacoff, 2017). 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Kienzler%20MA%5BAuthor%5D&cauthor=true&cauthor_uid=28690101
https://www.ncbi.nlm.nih.gov/pubmed/?term=Isacoff%20EY%5BAuthor%5D&cauthor=true&cauthor_uid=28690101
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Figure 12. Strategies for incorporating synthetic photoswitches into neuroscience tools. a) The trans and cis isomers 
of azobenzene can be interconverted with different wavelengths of light. Cartoons show how the core azobenzene 
structure can be elaborated into photoswitchable tools. b) Photochromic ligands (PCLs) switch between active and 
inactive compounds that freely diffuse and link to endogenous channels and receptors. Extracted from Kienzler and 
Isacoff (2017). 

To make a light-sensitive probe, the photoswitch is chemically attached to a biologically active 

ligand. Freely diffusible photoswitch-ligand constructs, called photochromic ligands (PCLs) 

(Figure 12b), interact with the native target protein such that one photoisomer is active and the 

other is not. PCLs have the capability to operate as blockers (e.g. of a pore or active site), 

agonists, antagonists, or allosteric modulators. In addition, this system is an improvement upon 

conventional pharmacology because PCLs can be rapidly photoswitched to provide exceptional 

spatial and temporal control. Several PLCs of GPCRs have been reported for metabotropic 

glutamate receptors (Font et al., 2017; Levitz et al., 2017) or A2AR (Bahamonde et al., 2014). 

  2.3.5. Multivalent 

The privileged structure based approach has been widely used to design libraries that possess 

both a high probability of producing compounds against a variety of targets and good “drug-

like” properties (Guo and Hobbs, 2003). The term “privileged structure” was introduced by Evans 

and co-workers at Merck in 1988 and was defined as “a single molecular framework able to 

provide ligands for diverse receptors”.  

Privileged structures are an ideal source of scaffolds for the design and synthesis of 

combinatorial libraries for multiple receptors (Guo and Hobbs, 2003; Messer, 2004; Costantino 

and Barlocco, 2006). Vendrell et al. (2007), used ergot alkaloid structure to create several 

multivalent compounds that behaved as A1R antagonists, A2AR inverse agonists or antagonists, 

D1R agonists and D2R agonists or antagonists that would be useful for the treatment of Parkinson 

disease. In this pathology, the combined therapy using DA agonists and adenosine antagonists 

is currently being evaluated (Kanda et al., 2000; Jenner, 2005; Kase et al., 2003). 

The application of a multitarget ligand approach is particularly useful for disorders in which the 

alteration of a single receptor is therapeutically insufficient and a balanced modulation of a small 

number of targets has been shown to have more efficacy and fewer side effects than single-

target treatments (Morphy et al., 2004; Vendrell et al., 2007). 

  2.3.6. Heteromer-selective  

Based on experiments in transfected cells and on their potencies for blocking striatal glutamate 

release and inducing psychomotor activation in rats, Orrú et al. (2011) demonstrated that the 

A2AR antagonist SCH-442416 bound with higher affinity A2ARs when forming heteromers with 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Kienzler%20MA%5BAuthor%5D&cauthor=true&cauthor_uid=28690101
https://www.ncbi.nlm.nih.gov/pubmed/?term=Isacoff%20EY%5BAuthor%5D&cauthor=true&cauthor_uid=28690101
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A1Rs. In contrast, the A2AR antagonist KW-6002 showed the best relative affinity for A2ARs when 

forming heteromers with D2Rs. Another heteromer-specific ligand described is the opioid 

agonist 6′-guanidinonaltrindole, which selectively activates delta opioid receptors only when 

forming heteromers with kappa opioid receptors (Waldhoer et al., 2005). A specific case of 

heteromer-selective ligands are hetero-bivalent ligands (see 2.3.7) (Hübner et al., 2016). At 

present, the number of clearly described heteromer-specific ligands remains small, but it is likely 

that many heteromer-selective ligands will be discovered in the near future. It therefore seems 

reasonable to assume that customized drugs targeting a specific receptor heteromer in the CNS 

might improve safety and efficacy for their therapeutic targets (Cortés et al., 2016). 

  2.3.7. Bivalent  

Bivalent ligands are composed of two covalently tethered chemical groups (pharmacophores) 

that can tolerate the addition of a linker onto their structure (Arnatt and Zhang, 2014) and that 

are potentially capable of binding into the two protomers of a receptor dimer target 

simultaneously (Shonberg et al., 2011). Potentially, these two pharmacophores can be agonist 

or antagonist orthosteric ligands.  

Berque-Bestel et al. (2008) reported that due to constitutive nature of GPCR dimers (see above), 

bivalent ligands are expected in most cases to bind and stabilize preexisting dimers rather than 

to promote ligand-induced-dimerization.  

Generally, bivalent ligands can either be classified as homobivalent or heterobivalent, that is, 

they either have two of the same pharmacophores or two different ones. These two 

pharmacophores are attached to each other with a linker that should not interfere with receptor 

binding and that must be of the appropriate length and composition to allow the two 

pharmacophores to interact with both receptors at the same time (Arnatt and Zhang, 2014). The 

average distance between GPCR dimers is thought to be between 27-32 Å (Portoghese, 2001). 

Several different linker types have been reported and range from aliphatic chains to polyethers 

(Shonberg et al., 2011). Bivalent ligands have been developed for a variety of GPCR targets, 

including adenosine, dopamine, opioid, melanocortin, oxytocin, chemokine and cannabinoid 

receptors (Soriano et al., 2009; Kuhhorn et al., 2011; Shen et al., 2013; Arnatt and Zhang, 2014; 

Nimczick and Decker, 2015; Arnatt et al., 2016; Busnelli et al., 2016; Lensing et al., 2016; Bonifazi 

et al., 2017).  

The binding of the first pharmacophore would increase the local concentration of the second 

tethered pharmacophore and, therefore, increase its binding to the dimer partner, resulting in 

either substantially steeper binding curves than for monovalent ligands or higher affinity; 

examples of such behavior are observed in the bivalent ligand literature (Glass et al., 2016).  

If the bivalent ligand is too short, only one or the other pharmacophore would be bound at any 

one time. In this scenario, higher affinity or cooperative binding behavior may be due to the 

effect of ‘statistical binding’: the binding of one pharmacophore of a bivalent ligand to its 

receptor increases the local concentration of the other pharmacophore, potentially driving the 

binding equilibrium of the second receptor towards greater receptor binding (Fig. 13). However, 

differentiating between dual activation of the receptors and simultaneously binding is near 

impossible (Glass et al., 2016).  
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Both dual-acting and bivalent ligands would have the potential to result in simultaneous 

activation of both receptors, but dual-acting ligands would lack the theoretical ability of bivalent 

ligands to only target those receptors within the specific dimer pair and cannot be considered 

heteromer-specific ligands (see 2.3.6). Thus, because of their selective recognition properties, 

bivalent ligands can be used for tissue specific targeting cells expressing an individual GPCR 

dimer (Hübner et al., 2016). 

 

Figure 13. Schematic diagram illustrating 

the difference between dual-acting and 

bivalent ligands. Both comprise two 

pharmacophores linked together by a spacer; 

however, only the bivalent ligand is able to 

bind simultaneously to both receptors. Image 

extracted from Glass et al. (2016). 

 

 2.4. METHODS TO STUDY GPCR OLIGOMERIZATION 

In order to define the physiological relevance of GPCR dimers, the International Union of Basic 

and Clinical Pharmacology (IUPHAR) released three criteria of which at least two have to be 

fulfilled. First, the physical interaction of GPCRs has to be verified in native tissues or primary 

cells. Second, evidence of dimer-specific properties, like specific signaling or binding properties 

or the existence of dimer-selective ligands, must be given. The third criterion recommends the 

in vivo validation of GPCR dimerization by knock-out animals or RNAi technology (Pin et al., 2007; 

Gomes et al., 2016). 

There are many experimental techniques used to study the GPCR oligomerization. From those 

based on traditional biochemistry such as co-immunoprecipitation (Co-IP) and western blot, to 

biophysical methods including fluorescence and bioluminescence resonance energy transfer 

(FRET and BRET), bimolecular luminescence complementation (BiFC), a combination of them, 

time resolution fluorescence resonance energy transfer (TR-FRET) and complemented 

donor−acceptor resonance energy transfer (CODA-RET). There are also immunochemical 

techniques such as proximity ligation assays (PLA), co-localization and 

immunoelectromicroscopy and the detection of allosteric effects by binding assays or by 

analyzing signaling pathways.  

  2.4.1. Early and classical methods 

 Co-IP and Western blotting. Early and classical but one of the most used techniques that 

probed GPCR dimerization (Hillion et al, 2002). Several publications reported that GPCRs 

sometimes migrated on SDS−PAGE (sodium dodecyl sulfate−polyacrylamide gel electrophoresis) 

in a way that seemed to indicate about twice the expected molecular mass. To investigate if it 

was actually a direct physicochemical interaction between two GPCRs it was established the Co-

IP. With this technique, the potentially formed dimers are immunoprecipitated by using a 

specific antibody against one epitope, followed by immunoblotting using a specific antibody 

against the other protomer. Co-IP studies have revealed, for example, that the A2AR, D2R and 

glutamate mGluR5R were able to form higher order oligomers (Díaz-Cabiale et al., 2002). 

However, this technique has a significant restriction to be used in native tissues due to the lack 

of specific and high-affinity antibodies to detect GPCRs. Moreover, it is necessary to lysate and 
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solubilize the tissue for releasing the protein of interest from the insoluble membrane 

environment and this step by itself can create nonspecific protein-protein interactions and 

disrupt native associations. However, to avoid the disruption of existing receptor-receptor 

interactions, cross-linking agents have been applied prior to the solubilization process to 

stabilize the preformed dimers during the subsequent steps (Shenton et al, 2005). 

  2.4.2. Biophysical methods 

 Resonance energy transfer (RET) based techniques have facilitated the visualization of 

GPCR dimers in intact living cells. The most widely used approaches involve either fluorescence 

resonance energy transfer (FRET) or bioluminescence resonance energy transfer (BRET), which 

are based on the nonradiative transfer of energy from a donor to an acceptor molecule. In FRET 

assays, energy transfer-competent pairs of fluorescent proteins have been attached to the C-

terminus of the GPCR (i. e. GFP2, green fluorescent protein2, as donor and YFP, yellow 

fluorescent protein, as acceptor). In BRET, the donor molecule is an enzyme (commonly 

luciferase from Renilla reniformis (Rluc) which becomes bioluminescent upon reaction of its 

substrate and the acceptor is a fluorescent protein (YFP, GFP2, or mOrange).  

BRET has the advantage over FRET that does not require an external illumination to initiate the 

energy transfer, which leads to higher background noise resulting from excitation of the 

acceptor or photobleaching. Nevertheless, FRET and BRET signals cannot distinguish between 

cell surface receptors and receptors retained inside the cells.  

There exists a variant of BRET assay, named BRET2. In this case, the donor uses Deep Blue C as 

the substrate emitting light at 400 nm and the acceptor is GFP2 that emits at 510 nm. The 

advantage of BRET2 is that there is a bigger separation between the donor and acceptor peaks 

but the disadvantage is that it has 100 to 300 times lower intensity of emitted light as compared 

with the luminescence emitted by RLuc. In addition, Deep Blue C experiences a faster signal 

decay and lower quantum yield than that emitted by coelenterazine H (Fig. 14). 

In this Thesis, almost all of the BRET experiments performed are BRET1 and the two pairs used 

are RLuc8 and mVenus. RLuc8 is a variant of RLuc with enhanced enzymatic activity since it is ~4 

times brighter than RLuc and more stable in different environments (Loening et al., 2006). 

mVenus is a variant of the YFP, a genetic mutant of the GFP and it has the advantage of improved 

maturation and brightness as well as reduced environmental dependence (Nagai et al., 2002; 

Rekas et al., 2002). 
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Figure 14. Schematic representation of BRET1, BRET2 and FRET techniques. 

 Bimolecular fluorescence complementation (BiFC) and bimolecular luminescence 

complementation (BiLC) assays are based on the reconstitution of a fluorescent or luminescent 

protein by interaction of two GPCRs fused to its inactive and complementary half. For BiFC the 

protein could be mVenus, Cerulean or mCherry and for BiLC Renilla reniformis and Gaussia 

princeps (Vidi and Watts, 2009). Dimerization of the GPCRs brings the fragments in close 

proximity, leading to the reconstitution of the protein and the fluorescence/luminescence can 

be detected (Kerppola, 2008; Vidi et al., 2011). When combined with approaches such as FRET 

and BRET, BiFC and BiLC allowed the detection of multiple protein interactions. As an example, 

BiFC-BiLC assays were used to demonstrate the ability of D1R and D3R to form heterotetramers 

(Guitart et al., 2014). In this experiment, complemented RLuc and YFP from D1R-D3R heteromers 

were used as donor and acceptor molecules in BRET assays demonstrating the formation of the 

heterotetramer. To demonstrate that the reconstitution is not driven by the hemiproteins, it is 

necessary to transfect the cells with one receptor fused to the hemiprotein and another receptor 

that it is known that does not interact, fused to the complementary hemiprotein. In this Thesis, 

this method has also been applied to the study of the A2AR-D2R heterotetramer and the negative 

controls were A1R-D2R and A2AR-D1R pairs, in agreement with the suggested ability of A2AR to 

heteromerize with D2R and not with D1R and with the ability of D2R to heteromerize with A2AR 

and not with A1R (Hillion et al., 2002; Ferré et al., 2014) (Fig. 15).  
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Figure 15. Schematic representation of the tetrameric structure of A2AR–D2R heteromer detected by BRET using 

BiFC/BiLC BRET was measured in human embryonic kidney (HEK) cells expressing A2AR–nRluc, D2R–cRluc, A2AR–

nVenus and D2R–cVenus. Coelenterazine H is the substrate of Rluc. Extracted from Results of this Thesis.  

BiFC combined with the application of TM peptides with the aminoacid sequences of receptors 

have been used in several studies to determine the interfaces of different receptor oligomers. 

To perform these experiments, TMs peptides of the receptors are fused to the HIV transactivator 

of transcription (TAT) peptide, allowing their effective insertion and orientation in the plasma 

membrane due to their capacity to penetrate it (He et al., 2011; Guitart et al., 2014; Navarro et 

al., 2015). Only the transmembrane peptide that is able to bind to the receptor and disturb the 

quaternary structure of the oligomer will cause a significant fluorescence decrease indicating 

that is involved in the interface of the oligomer. 

Recently, our group successfully used this method to demonstrate the involvement of specific 

TM domains in the heteromerization of D1R and D3R (Guitart et al., 2014), corticotropin-releasing 

factor CRF1 (CRF1R) and orexin OX1 receptors (OX1R) (Navarro et al., 2015), serotonin 5-HT2A 

(5-HT2AR) and cannabinoid CB1 receptors (CB1R) (Viñals et al., 2015) and A2AR and A1R (Navarro 

et al., 2018). Specifically, in these studies we showed that TM5 and TM6 of D1R are implicated 

in the D1R- D3R heteromerization; TM5 and TM6 of CB1Rs in the 5-HT2AR–CB1R heteromer 

interface; TM5 and TM1 of OX1R in the CRF1R–OX1R heteromer.  

In addition, BRET experiments can be conducted under conditions that more closely reflect the 

biochemical environment occurring in living organisms than FRET assays. So, BRET is not only 

widely used to investigate receptor interactions but also has played a major role in the 

characterization of GPCR activation and signaling (Kaczor et al., 2014). Recently, several studies 

have applied BRET for the study of dynamic cellular processes, such as the modulation of the 

interaction of two proteins following pharmacological treatment or the development of 

biosensors for various signaling pathways. These biosensors are important tools to understand 

GPCR signal transduction by providing optical tools to study real time interactions between 

receptors, the recruitment of binding partners to receptors, and variations in concentrations of 

second messengers generated downstream of receptors such as cAMP and calcium. Most 

importantly, BRET studies are conducted in living cells and enable the study of a wide variety of 

signaling systems to be probed under biologically relevant conditions, with minimal perturbation 

and in a quantitative manner.  
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In this Thesis, several BRET biosensors have been used to investigate the biology, pharmacology, 

and signaling of GPCRs in a dynamic fashion: 

 - Complemented donor−acceptor resonance energy transfer (CODA-RET) technology. 

Urizar et al. (2011) developed this technique that merges properties of BiLC and BRET to study 

conformational changes in response to activation of a defined GPCR dimer (Fig. 16). The BRET 

assay requires a donor molecule (nRLuc8 and cRLuc8 hemiproteins) fused to the C terminus of 

the receptors of interest, and an acceptor molecule (mVenus) fused to the Gα subunit at the 

same position. This technique requires not only the expression of the Gα biosensor but also the 

untagged Gβγ proteins. When the luminescent protein is reconstituted, indicating the presence 

of the dimer, and the receptor activated, conformational changes occur at the level of the GPCR–

G protein interaction that are seen as an increase of the BRET values depending on the 

concentration of the ligand. In this scenario, the luminescence signal will only result from 

complementation of the receptors; thus, any homomeric species will be silent at the level of the 

BRET readout.  

An alternative to CODA-RET are the called G protein engagement and the G-protein BRET. 

Interestingly, the first it is named “engagement” and not “recruitment” because it suggests a 

precoupled state between receptor and G protein (Galés et al., 2005). In G protein engagement, 

the RLuc8 reconstitution is not necessary. RLuc8 is fused to the receptor and mVenus to the Gα 

subunit. In contrast, the G-protein BRET measures the interaction between two G protein 

subunits after receptor activation. It requires the use of tagged-fused G-protein subunits and 

untagged receptors (Fig. 16). The first group that used BRET in living cells to monitor the 

activation of G proteins after the receptor activation was Bouvier’s laboratory (Galés et al., 

2006).  

In this Thesis, in collaboration with Dr. Ferre’s laboratory, we use both CODA-RET and G-protein 

BRET to study DA and NE receptor interaction and signaling.  

 

Figure 16. CODA-RET and G-protein BRET schemes. (Left) CODA-RET: nRLuc8 and cRLuc8 hemiproteins are fused to 

the C terminus of the receptors and mVenus is fused to the Gα subunit. When the luminescent protein is reconstituted, 

and the receptor activated, GPCR–G protein closely interact and this is seen as an increase of the BRET values. (Right) 

G-protein BRET: RLuc8 is fused to the Gα subunit and mVenus is fused to the Gγ subunit. BRET decrease between Gα 

and Gγ is recorded after activation of the receptor by a ligand. 

 - β-arrestin. In this assay, β‐arrestin is fused to mVenus and receptor is fused to RLuc or 

vice versa and drug-induced BRET is measured. GRK is usually cotransfected since it facilitates 

β‐arrestin recruitment (Evron et al., 2012). 
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 - cAMP dynamics. In order to measure changes in cAMP concentration in living cells, the 

AC inhibition assay uses the CAMYEL biosensor construct. It was developed by Jiang et al. (2007), 

and consists on a catalytically inactive Epac1 sandwiched between the RLuc and YFP (or 

mVenus). When Epac1 binds to cAMP, a conformational change occurs that alters the relative 

orientation between the donor and acceptor molecules. This conformational change following 

the binding to cAMP, results in a decrease in BRET values. Therefore, a decrease in BRET is 

related to an increase of cAMP, typical of Gs coupled receptors or treatment with forskolin. In 

contrast, an increase in BRET is interpreted as a decrease in cAMP such as the one mediated by 

Gi coupled receptors. 

 Sequential resonance energy transfer (SRET) allows the identification of heterotrimers 

in living cells. In SRET, the oxidation of an RLuc substrate by an RLuc-fusion protein leads to 

acceptor excitation by BRET and subsequent FRET with the third fusion protein. Applying BRET1 

or BRET2 gives rise to SRET1 or SRET2. SRET will only occur between these fusion proteins if the 

two coupling pairs, RLuc/GFP2 and GFP2/YFP or RLuc/YFP and YFP/DsRed, are at a distance less 

than 10 nm (Fig. 17) (Carriba et al., 2008). 

 

Figure 17. Scheme of SRET2 and SRET1. Extracted from Carriba et al. (2008). 

Lately, more variants of FRET have been developed, like time-resolved FRET, photobleaching 

FRET and FRET spectrometry (Pfleger and Eidne, 2005). 

 Time-resolved FRET (TR-FRET), the inability to define the cellular location of the signal 

was overcome by fluorescence markers that are not able to penetrate the cell membrane. TR-

FRET is based on the energy transfer between a lanthanide (terbium, dysprosium, samarium, or 

europium) that exhibits a long-lasting fluorescent light emission, and a compatible fluorophore 

(Alexa Fluor 647, DY-647, or d2). In this technique, receptor can be labeled non-covalently for 

instance with donor and acceptor- labeled antibodies or covalently using tag proteins. 

Alternatively, fluorescence-labeled ligands can be used with the advantage of a smaller size 

compared to antibodies and fluorescent proteins. Using ligands covalently linked to TR-FRET-

compatible fluorophores, Albizu et al. (2010), observed GPCR dimerization in native tissue for 

the first time (Fig. 18). With this approach, using compatible specific fluorescent ligands 

(NAPSLumio4Tb and SCH442416dy647), Dr. Ciruela’s group observed endogenous receptor 

oligomers between D2R and A2AR in native tissue (Fig. 18) (Fernández-Dueñas et al., 2015). 

Similarly, with TR-FRET compatible ligands, Hounsou et al. (2015) detected D1R-D3R 

heterodimers. 
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Figure 18. Detection of endogenous receptor oligomers of 

D2R and A2ARs in native tissue by TR-FRET compatible 

specific fluorescent ligands (NAPSLumio4Tb and 

SCH442416dy647). Adapted from Fernández-Dueñas et al. 

(2015). 

 FRAP (fluorescence recovery after photobleaching) is used to study the diffusion within 

membranes of fluorescently labeled proteins and real time interactions. In this technique, non-

bleached fluorescent receptors diffuse into a defined region of interest, whose molecules have 

been photobleached by the application of an intense pulse of laser light. The diffusion coefficient 

and the mobile fraction depends on the mobility properties of the molecules studied (Kraft and 

Kenworthy, 2012; Guo et al., 2017). 

 FRET spectrometry. Experimental approach used to determine the stoichiometry and 

quaternary structure of proteins. It is based on FRET and uses optical microspectroscopy 

technology in order to probe the structure of dynamic protein complexes in living cells (Raicu 

and Singh, 2013). It depends on measuring and analyzing the distributions of apparent FRET 

efficiency (Eapp), across FRET-image pixels of individual cells expressing proteins of interest 

(Raicu and Singh, 2013). From the obtained data can be deduced the most probable quaternary 

structure of protein complexes and their size and shape (Guo et al., 2017). 

  2.4.3. Immunochemical methods 

 Proximity ligation assays (PLAs). This technique allows the direct detection of molecular 

interactions between two endogenous or transfected proteins without the need of fusion 

proteins and with the advantage, compared to immunoprecipitation, which do not require 

membrane solubilization. Labeling heterodimers by PLA 

requires both receptors to be sufficiently close to allow the 

two antibody-DNA probes to form double stranded segments 

(<17 nm), a signal that is further amplified in the presence of 

fluorescent oligonucleotides (Söderberg et al., 2008) (Fig. 19). 

Heteromers are observed as red dots when observed in a 

confocal microscope equipped with an apochromatic 63X oil-

immersion objective, and a 561nm laser line (Taura et al., 

2015). This technique has been recently used to demonstrate 

GPCR heteromerization in mammalian tissues (Farré et al., 

2015; Viñals et al., 2015; Fernández-Dueñas et al., 2015; 

Moreno et al., 2017, 2018) but also to demonstrate A1R 

homodimerization (Gracia et al., 2013b).  

  

A2AR D2R
Figure 19. Schematic representation 

of PLA technique. 
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 Co-localization. Using properly labeled antibodies against the receptors of interest and 

using confocal microscopy, it is possible to localize the receptors in native tissues. It is also 

possible to hypothesize that they are interacting if the emission of both receptors superposes. 

As an example, this technique has been used as a tool to demonstrate D1R-Galanin receptor 1 

and D5R-Galanin receptor 1 heteromers in transfected living cells (Moreno et al., 2011). 

  2.4.4. Physiological methods 

 Single fluorescent-molecule video imaging appears to be a highly suitable method for 

determining both whether GPCRs form dimers or oligomers and how long these forms last. By 

using these techniques, all fluorescent GPCR molecules at the cell surface could be tracked. The 

first step is the labeling of the protein of interest with a ligand conjugated with a fluorescent 

dye. Using TIRF illumination, the process by which ligands bind to the receptor molecules was 

observed at the single-molecule level. Based on the single-molecule images, a 2D–3D Scatchard 

plot was constructed and used to determine the number of receptor molecules bound by the 

fluorescent ligand, the dynamic equilibrium of the monomer and dimers, the 2D equilibrium 

constant and the dissociation and association rate constants (Guo et al., 2017). 

 Spatial intensity distribution analysis can measure protein oligomeric size (in subunit 

counts) and density distributions from the intensity information recorded in individual 

conventional laser scanning fluorescence microscopy images. SpIDA was previously used to 

quantify the density of spatially mixed monomeric and dimeric populations of receptors 

localized on the plasma membrane of intact cells. The method is based on fitting fluorescence 

intensity histograms obtained from regions of interest (selected within single images) to obtain 

density maps of fluorescent molecules and molecular aggregates along with their quantal 

brightness, which indicates their oligomeric state. Because distributions are measured from 

single images, this analysis can be applied to both live and chemically fixed cells and tissues 

(Godin et al., 2015). 

  2.4.5. X-ray crystallography of GPCRs 

The determination of GPCR structure at high resolution using X-ray crystallography began with 

the structure of rhodopsin (Palczewski et al., 2000), whose first crystal structure was solved from 

diffraction data extending to 2.8-Å resolution. Now, an increasing number of X-ray 

crystallographic GPCR structures have appeared (Fig. 20) (Wu et al., 2010; Choe et al., 2011; Wu 

et al., 2012; Shonberg et al., 2015; Zhang et al., 2015). The relevance of crystal structures to 

GPCR oligomerization is the suggestion that the proteins will crystallize utilizing the same 

intermolecular contacts and faces as can be found when diffusing through the cell membrane 

and indeed several distinct potential dimer interfaces are starting to emerge from 

crystallographic studies. However, some of these interfaces might be artificial and potentially 

may not represent a functional biological assembly but still suggest possible scenarios related to 

the manner in which GPCRs interact with each other (Guo et al., 2017). 
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Figure 20. D2R, D3R, D4R and A2AR 
structures. Overview of D2R-
risperidone, D3R-eticlopride, D4R-
nemonapride and A2AR-ZM 242385 
complex structures deduced from 
crystal structures in their inactive 
states. Dopamine receptor 
structures extracted from Wang et 
al. (2018) and Adenosine receptor 
structure from Doré et al. (2011). 

 

  2.4.6. Computational methods 

Because of the limited high-resolution structural information on GPCRs, computational 

techniques such as protein–protein docking, molecular dynamics (MD) simulation and coarse-

grained MD (CGMD) simulation are useful to predict their structure from the amino acid 

sequence (Pieper et al., 2013). Despite not having structure data of a particular protein, the 

computational model can be built using homologous proteins of known structure and similar 

sequence as a template. This is feasible because structure is more conserved than sequence. 

Moreover, a significant set of membrane proteins maintains a strong conservation of the TM 

structure even at low sequence identity because membrane proteins contain only two types of 

folds in their TM domains: α-helix bundles and β-barrels (Gonzalez et al., 2014).  

In the context of GPCR oligomerization, the recent release of the high-resolution crystal 

structures of μOR (Manglik et al., 2012) and β1-AR (Huang et al., 2013) in the form of homo-

oligomers have facilitated the task of modeling GPCR dimers and higher order oligomers 

(Gonzalez et al., 2014). 

In conclusion, computational models have been useful to study ligand binding, receptor 

specificity, receptor activation, G protein coupling, allosteric communication between 

protomers, among others but it is clear that the inclusion of experimental results are essential 

to improve the reliability of the models, and their predictive character (Gonzalez et al., 2014). 

A2AR-ZM242385

https://link-springer-com.sire.ub.edu/chapter/10.1007%2F978-94-007-7423-0_2#CR66
https://link-springer-com.sire.ub.edu/chapter/10.1007%2F978-94-007-7423-0_2#CR54
https://link-springer-com.sire.ub.edu/chapter/10.1007%2F978-94-007-7423-0_2#CR37
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  2.4.7. Ligand binding in oligomeric receptors  

Saturation, competition and kinetic assays are the three types of ligand binding assays more 

commonly used to characterize GPCRs. In saturation experiments, tissue sections, cultured cells, 

or homogenates are incubated with an increasing concentration of a radioligand, which is 

usually a radiolabeled synthetic drug. The subsequent analysis using nonlinear regression 

programs measures the affinity of the labeled ligand for the receptor (equilibrium dissociation 

constant KD), and the receptor density (Bmax). In kinetic experiments, samples are incubated with 

a constant radioligand concentration and it is measured the rate of association (k+) or 

dissociation (k-) from a receptor, measuring its binding along the time. However, in 

pharmacological studies, competition binding assays are the most widely used to determine the 

affinity and selectivity of an unlabeled ligand to compete for the binding of a fixed concentration 

of a radiolabeled ligand to a receptor (Fig. 21). Quantitative autoradiography and positron 

emission tomography (PET) image analysis are other sensitive techniques used to detect low 

levels of radiolabeled ligands and to determine the anatomical distribution of receptors in tissue 

slices or in whole organs (Maguire et al., 2012).  

 

Figure 21. From left to right: saturation, competition and kinetic binding assays. 

Recent literature has confirmed altered pharmacological properties of GPCR oligomers resulting 

from allosteric communication between protomers. Concretely, three major allosteric 

modulations emerge within GPCR oligomers (homo- and heteromers). First, the binding of a 

ligand to an allosteric site can modify the efficacy (which determines the power of a ligand to 

induce a functional response) and/or affinity of any ligand binding to the orthosteric site in any 

protomer of the oligomer. Second, conformational changes induced by the binding of an 

orthosteric ligand can be transmitted from the binding site of one protomer to the other, 

resulting in an increased or decreased propensity of the second molecule to bind, which results 

in a modification of the affinity and/or efficacy of the partner receptor. This phenomenon is 

known as positive or negative cooperativity when talking about the same agonist that bind to a 

homodimer, positive or negative crosstalk when talking about agonists that bind to a heteromer 

or crossantagonism when talking about how an antagonist can alter the binding/signaling 

properties of the partner receptor within the heteromer. Third, there exists a ligand-

independent allosteric modulation that occurs when one receptor of the oligomer acts as a 

modulator of the pharmacological properties of the other molecularly different receptor; in this 

case, the modulator is not a ligand, but a protein (Kenakin and Miller, 2010; Ferré et al., 2014, 

2016). 

In conclusion, GPCR dimerization can result in altered binding properties that are not compatible 

with the model that one single independent GPCR binds one ligand. Upward concave nonlinear 

Scatchard plots in saturation experiments and biphasic curves in agonist-antagonist 
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competitive-inhibition experiments are examples of radioligand binding experiments with 

complex binding only explainable by the existence of oligomers.  

Dissociation kinetic experiments of a tracer ligand in the absence or presence of a second ligand 

is a key and sensitive method to detect interactions between two topographically distinct 

binding sites. This is because ligands that compete for the same site on a monomeric receptor 

do not influence one another's dissociation kinetics. In contrast, allosteric modulations between 

two simultaneously bound and interacting sites (within a receptor monomer or across a receptor 

dimer or oligomer) alter ligand dissociation parameters (May et al., 2007). This analysis has been 

used to demonstrate homomerization of several GPCRs (Urizar et al., 2005; Albizu et al., 2006, 

2010; Springael et al., 2006; May et al., 2011).  

  2.4.8. Signaling fingerprint 

Once proved the possibility of oligomer formation among specific GPCRs, more techniques such 

as the analysis of the signaling, are needed in order to prove its existence in native tissues or at 

least to be able to detect some of specific characteristics that could be used as oligomerization 

fingerprints in vivo. Some of the most frequently studied signaling pathways are those that 

modulate ERK and AKT phosphorylation and cAMP and Ca2+ intracellular levels.  

Conformational changes caused by GPCR dimerization can modify signaling properties of a 

receptor such as leading to signaling empowerment or attenuation (crosstalk if both ligands are 

agonists and crossantagonism if we test the ability of an antagonist to decrease the effect of the 

agonist of the partner receptor) or even can lead to the generation of novel pharmacological 

effects through a switch in signaling due to induction of coupling to another G-protein subtype. 

As an example, within the A2AR-D2R heteromer, the binding of an A2AR agonist is able to reduce 

the binding efficacy of D2R ligands by the mechanism of negative crosstalk (Ferré et al., 2001), 

similarly as in the A2AR-A1R heteromer, where the binding of A2AR agonists to the receptor, leds 

to a reduction of the efficacy of A1R (Ciruela et al., 2006). As an example of a signaling 

enhancement, D3R agonists increase the affinity of D1Rs for their agonists within the D1R-D3R 

heteromer (Marcellino et al., 2008). This causes a positive crosstalk at the level of MAPK 

signaling (Guitart et al., 2014). Moreover, as an example of a signaling switch, D1R normally 

signals through Gs but, when heteromerizes with histamine H3 receptor, signals through Gi 

(Ferrada et al., 2009). In addition, the formation of the CB1R-5-HT2AR heteromer may lead to a 

switch in G protein coupling for 5-HT2AR from Gq to Gi (Viñals et al, 2015). Moreover, A2AR 

normally signals through Gs and CB1R through Gi but, surprisingly, the A2AR- CB1R heteromer 

signals through Gq (Moreno et al., 2018). 

The ligand-induced allosteric interactions (crosstalk and crossantagonism) within the oligomer 

can be reverted by using selective peptides with the sequence of specific TMs of the studied 

receptors. These peptides can destabilize the homodimer or heteromer interface and are an 

innovative approach to confirm not only that the allosteric modulations observed are due to the 

homo- or hetero-dimerization but also which transmembrane domains of the receptors are 

involved in the oligomerization (Guitart et al., 2014, Viñals et al., 2015; Moreno et al., 2017, 

2018).  

  

http://pharmrev.aspetjournals.org.sire.ub.edu/content/66/2/413.long#ref-103
http://pharmrev.aspetjournals.org.sire.ub.edu/content/66/2/413.long#ref-149
http://pharmrev.aspetjournals.org.sire.ub.edu/content/66/2/413.long#ref-3
http://pharmrev.aspetjournals.org.sire.ub.edu/content/66/2/413.long#ref-4
http://pharmrev.aspetjournals.org.sire.ub.edu/content/66/2/413.long#ref-143
http://pharmrev.aspetjournals.org.sire.ub.edu/content/66/2/413.long#ref-104
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3. ANALYZING RADIOLIGAND BINDING DATA: MONOMERIC vs DIMERIC MODELS 

Colquhoun (1973) and Thron (1973) pioneered some studies that led to the subsequent 

development of models for neurotransmitter and/or hormone receptors that wanted to explain 

the behavior of GPCRs. Most of the developed models consider that there are at least 2 or 3 

conformational forms that can be in equilibrium or not. One of the conformational forms is 

capable of signaling, and it is considered the “active” molecule, another one is considered to be 

the inactive state of the receptor and the last one is weakly active. These models can imply or 

not the coupling and decoupling of G proteins to GPCRs that act as allosteric modulators of the 

ligand binding. Most of these models generate an overparameterization except the “two-

independent-site model” that is the approach most simple and most often used to deal with 

radioligand binding data. This model can explain both monophasic and biphasic binding curves 

and is based on two assumptions: one is that receptors are monomeric and another is that there 

are two populations of receptors, one is coupled to a G-protein and displays high-affinity (KDH), 

whereas another is uncoupled from any G-protein and displays low-affinity (KDL) binding for 

agonists. High affinity receptors can be converted to low affinity receptors by adding GTP, which 

uncouple the G protein from the receptor (De Lean et al., 1980). These two different forms of 

the receptor have to be independent and cannot be in equilibrium (see Fig. 22).  

When there is only one population of receptors or when the ligand recognizes with the same 

affinity both populations (RH and RL), such as the case of an antagonist, a simplification of the 

“two-independent-site model” is used: the classical one-site receptor model. In this scenario, 

monophasic competition curves are observed.  

𝐴𝑏𝑜𝑢𝑛𝑑 =  
𝑅 𝐼𝐶50

𝐼𝐶50 +  𝐵
 

When there are two populations, a biphasic curve is observed in competition assays, and the 

equation used is: 

𝐴𝑏𝑜𝑢𝑛𝑑 =  
𝑅𝐻  𝐼𝐶50𝐻

𝐼𝐶50𝐻 +  𝐵
+

𝑅𝐿  𝐼𝐶50𝐿

𝐼𝐶50𝐿 +  𝐵
 

where R, RH and RL are the specific binding in the absence of competing ligand. IC50, IC50H and 

IC50L of the compound B are apparent constants and are related with the respective equilibrium 

dissociation constants KD, KDH and KDL according to Cheng and Prusoff (1973) equation: 

𝐼𝐶50𝐻 = 𝐾𝐷𝐻  (1 +
𝐴

𝐾𝐷𝐴
)              𝐼𝐶50𝐿 = 𝐾𝐷𝐿  (1 +

𝐴

𝐾𝐷𝐴
) 

However, this approach is meaningful only if the two states of the receptor with high- and low-

affinity for ligands are totally independent, i.e. they are not in equilibrium and they cannot be 

converted into each other. This is possible in artificial systems such as that described by Whorton 

et al. (2007) but there is evidence that it is not likely to happen in cells. Moreover, in order to 

explain complex radioligand binding curves, the monomer-G protein model assumes a 

preexisting proportion of both populations of receptors and, consequently, a limited pool of G 

proteins. This assumption is difficult to reconcile with the fact that the expression levels of G 

proteins in native cell systems clearly exceeds those of GPCRs (Neubig, 1994).  
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Figure 22. Different models of receptor operation assuming that receptors are monomeric. For each model, the 

binding isotherm equation is provided. R denotes receptor, R* denotes activated receptor (able to couple to the 

signaling machinery), A denotes the agonist/antagonist, G denotes a G protein, and M denotes the allosteric 

modulator which can be a G protein. Each equation can be further studied in: A) del Castillo and Katz (1957); B) Leff, 

(1995); C) De Lean et al. (1980) and Tuček and Proška, (1995); D) Samama et al. (1993); E) Weiss et al. (1996a, 1996b, 

1996c) and Hall (2000); F) Casadó et al. (1990). Extracted from Casadó et al. (2007). 

In contrast, the dimer-cooperativity models, considers oligomerization (Wreggett and Wells, 

1995; Chidiac et al., 1997), or at least GPCR dimers (Durroux, 2005; Franco et al., 2005; Casadó 

et al., 2007; Rovira et al., 2008, 2009). In this scenario, communication through the two 

protomers allows negative cooperativity, meaning that the binding of a ligand to the first 

protomer decreases the affinity of the ligand for the second protomer.  

Cooperativity (positive or negative) is a particular type of allosteric modulation in receptor 

oligomers, where the protomers of a homodimer are the conduit of the allosteric modulation 

and the same ligand, when bound to the first protomer, is the allosteric modulator to the binding 

to the second protomer. This mechanism does not assume a limited pool of G proteins, which 

are always present and act as additional allosteric modulators that increase the affinity of the 
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agonist and provide the conformation of the dimer that allows the negative cooperativity of a 

ligand through the protomers (Cui and Karplus, 2008; Ferré et al., 2014). 

 

Figure 23. Different models of receptor cooperativity (panels A–D) assuming receptor monomers or receptors 

dimers. For each model, the binding isotherm equation is provided. Schemes taken (with modifications) from the 

work of A) Franco et al. (1996); B) Franco et al. (2005, 2006); C) and D) Durroux (2005). Extracted from Casadó et al. 

(2007). 

When handling with complex radioligand-binding curves, the use of the traditional two-

independent-site model generates values for the equilibrium dissociation constants and for the 

number of receptors that vary significantly depending on the concentration of the radioligand 

employed. This indicates a lack of robustness of the two-independent-site model that can be 

overcomed by using a dimer receptor model (Casadó et al., 2009a; Ferré et al, 2014). In other 

cases, when working with receptor dimers and using monomeric models, dissociation constants 

determined in saturation and competition experiments are not the same (Strange, 2005; Maggio 

et al., 2013). In addition, concave-downward Scatchard plots, i.e. positive cooperativity (Albizu 

et al., 2006), only can be explained by dimeric models. Moreover, discrepancies in dissociation 

rate constants obtained with different radioligand concentrations (Casadó et al., 1991; Franco 

et al., 1996) and mismatches in constant values obtained when dissociation is performed by 

dilution vs. by an excess of unlabeled ligand (De Meyts et al., 1973; Urizar et al., 2005; Kara et 

al., 2010; Gracia et al., 2013b) cannot be explained by monomeric receptor models either. In 

contrast, with the two-state dimer model, the equilibrium dissociation constants are obtained 

irrespective of the concentration of the radioligand (Casadó et al., 2009b).  

The dimer receptor model (Casadó et al., 2009a) is essential because it is the first that, by 

assuming the formation of receptor homodimers, can explain several experimental results 

previously considered erroneous due to their impossibility to be fitted. Furthermore, is easy-to-

use, in contrast with other dimer receptor models (Durroux, 2005; Rovira et al., 2008, 2009) 
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Durroux (2005) presented two complex mathematical models: one considers that receptors 

oscillate between 2 dimeric states: The R~R in which the protomers are independent from one 

another and the R-R in which the protomers are able to establish a crosstalk. The other model 

considers that receptors oscillate between a monomeric state and a dimeric state in which 

protomers are able to crosstalk. It is not known if this switch is possible and if so, which is the 

proportion. Moreover, this model generates an overparameterization that makes them unlikely 

to be used.  

Despite the evidence of GPCR homodimerization, the fact that biphasic competition curves can 

be also fitted with the two-independent-site model has caused that, for simplicity, most 

research groups still use classic equations instead of using dimer receptor models. 

In our model, the equation describing a saturation experiment with the radioligand A is: 

Abound = 
(KDA2 A + 2 A

2
) 𝑅𝑇

(KDA1 KDA2+KDA2 A+A
2

)
      (Eq. 1) 

where A represents the free radioligand concentration, RT is the total amount of receptor 

dimers, and KDA1 and KDA2 are the macroscopic equilibrium dissociation constants describing the 

binding of the first and the second ligand molecule to the receptor homodimer (Fig. 24).  

 

Figure 24. Schematic representation of the parameters obtained from a saturation radioligand binding assay fitting 

the data according to the dimer receptor model.  

In addition, to calculate the macroscopic equilibrium dissociation constants involved in the 

binding of the agonist, the following equation for a competition binding experiment deduced by 

Casadó et al. (2007) is considered: 

Abound =  
(KDA2 A + 2 A2+ 

KDA2 A B

KDAB
) 𝑅𝑇

KDA1 KDA2 + KDA2 A + A2+ 
KDA2 A B

KDAB 
+ 

KDA1 KDA2 B

 KDB1 
+ 

KDA1 KDA2 B2 

KDB1 KDB2

   (Eq. 2) 

where A represents the radioligand, RT is the total amount of receptor dimers (Bmax = 2RT) and 

KDA1 and KDA2 are the macroscopic dissociation constants describing the binding of the first and 

the second radioligand molecule (A) to the receptor dimer; B represents the assayed competing 

compound concentration and KDB1 and KDB2 are, respectively, the equilibrium dissociation 

constants of the first and second binding of B; KDAB can be described as a hybrid equilibrium 

radioligand/competitor dissociation constant, which is the dissociation constant of B binding to 

a receptor dimer semi-occupied by A (Fig. 25). 

Gα
β
γ Gα

β
γ

KDA1 KDA2
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Figure 25. Schematic representation of the parameters obtained from a competition radioligand binding assay 

fitting the data according to the dimer receptor model.  

 

Depending on the characteristics of the ligands (the radioligand A and the competitor B) the 

following simplifications of the equation (2) can be developed: 

 For A non-cooperative, the equation is simplified due to the fact that KDA2 = 4KDA1:  

Abound =  
(4 KDA1 A + 2 A2+ 

4 KDA1 A B

KDAB
) 𝑅𝑇

4 KDA1
2+4 KDA1 A + A2+ 

4 KDA1 A B

KDAB 
+ 

4 KDA1
2 B

KDB1
+ 

4 KDA1
2 B2

KDB1 KDB2

   (Eq. 3) 

 For A and B non-cooperative, the equation is simplified due to the fact that KDA2 = 4KDA1 

and KDB2 = 4KDB1:  

Abound =  
(4 KDA1 A + 2 A2+ 

4 KDA1 A B

KDAB
) 𝑅𝑇

4 KDA1
2  + 4 KDA1 A + A2+ 

4 KDA1 A B

KDAB 
+ 

4 KDA1
2 B

 KDB1 
+ 

KDA1
2 B2 

KDB1
2

  (Eq. 4) 

There is another important parameter, the dimer cooperativity index, important for 

pharmacological purposes. This dimer is calculated as follows: 

𝐷𝐶𝐴 = log(4 
𝐾𝐷𝐴1

𝐾𝐷𝐴2
)     (Eq. 5) 

where 0 means noncooperative value, positive values indicate positive cooperativity, whereas 

negative values imply negative cooperativity.  

The radioligand-competitor allosteric index can be calculated according to the equation: 

𝐷𝐴𝐵 = log (2 
𝐾𝐷𝐵1

𝐾𝐷𝐴𝐵
)     (Eq. 6) 

  

Gα
β
γ Gα

β
γ

KDB1 KDB2

Gα
β
γ

KDBA

Gα
β
γ

KDAB



INTRODUCTION 

37 
 

4. CATECHOLAMINES 

Conventional neurotransmitters are endogenous chemical messengers that transmit signals 

across a chemical synapse, such as from a neuron to another target neuron, muscle, cell organ 

or other tissue. They are stored in synaptic vesicles, get released into the synaptic cleft when 

Ca2+enters the axon terminal in response to an action potential, and act by binding to receptors 

on the membrane of the postsynaptic cell (Deutch, 2013).  

The biogenic amines dopamine (3-hydroxytyramine, DA), norepinephrine (NE) and epinephrine 

(E), constitute a class of conventional neurotransmitters and hormones that occupy key 

positions in the regulation of physiological processes and in the development of neurological, 

psychiatric, endocrine and cardiovascular diseases (Eisenhofer et al. 2004). DA has been shown 

to have a key role in regulating affect, attention, behavior and cognition, motivation and reward, 

sleep and voluntary movement (Jauhar et al., 2017). NE is involved in alertness, mood, arousal, 

learning and memory, blood flow, and metabolism (Costa et al., 2012). E is the body’s activator 

and is released in response to anxiety, exercise or fear and is a potent enhancer of learning and 

memory processing (Gold, 2015).  

 4.1. STRUCTURE, BIOSYNTHESIS AND RELEASE 

These catecholamines are biosynthesized in both neuronal and non-neuronal cells, including the 

CNS, sympathetic nerves, adrenal medulla, gastrointestinal tract, pancreas, kidneys… They are 

now believed to be largely metabolized in the cells in which they are biosynthesized. In the CNS, 

DA and NE are widely distributed, whereas E is found in the mammalian brain in relatively low 

concentrations. 

DA is incapable of crossing the blood-brain barrier so it must be synthesized inside the brain to 

perform its functions. Midbrain dopaminergic neurons are located in three major nuclei, 

including the substantia nigra pars compacta (SNc), that accounts for approximately of 70% DA 

in the brain, the ventral tegmental area (VTA) and the retrorubral field (Nair-Roberts et al., 

2008).  

NE is synthesized and released by the CNS in a part of the brain called the locus coeruleus (LC), 

that is the largest noradrenergic site in the brain of mammals and is the main source of NE to 

the neocortex (Chandler, 2016). It is a small pontine nucleus containing the entire population of 

noradrenergic neurons projecting to every major part of the brain and also to the spinal cord, 

that modulates sensory processing, motor behavior, attention, arousal and cognitive processes, 

and is implicated in a wide array of disease states (Berridge and Waterhouse, 2003; Sara and 

Bouret, 2012; Chandler, 2016; Llorca-Torralba et al., 2016).  

NE is also synthesized by a division of autonomic nervous system called the sympathetic nervous 

system and is the main neurotransmitter used by this system. These sympathetic ganglia are 

connected to numerous organs, including the eyes, salivary glands, heart, lungs, liver, intestine, 

kidneys, urinary bladder, reproductive organs, muscles, skin, adrenal glands… and the effect of 

NE on each target organ is to modify its state in a way that makes it more conductive to activate 

body movement (Hamill et al., 2012). 
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Finally, E is normally produced by both the adrenal medulla (outside the CNS) and certain 

neurons (Kvetnansky et al., 2009).  

Catecholamines are derived from the 

aminoacid tyrosine, which is obtained mostly 

from dietary sources and some in the liver 

from the essential amino acid phenyalanine by 

the enzyme phenylalanine hydroxylase. The 

biosynthesis of DA and NE takes place within 

dopaminergic or noradrenergic neurons near 

the terminus of the axon and junction with the 

effector cell and begins with the active 

transport neurons by an ATP-dependent 

amino acid transporter of the amino acid L- 

tyrosine (Tyr) into these neurons. 

In the first step within the cytoplasm, tyrosine 

is converted to DOPA by tyrosine hydroxylase 

followed by conversion of DOPA to DA by 

DOPA decarboxylase (Fig. 26). This enzyme is 

not considered to be rate-limiting in 

physiological catecholamines synthesis, but it 

becomes rate-limiting in several pathological 

states, such as Parkinson’s disease (PD) or the 

bipolar syndrome (Bertoldi, 2014).  

In neurons that use DA as neurotransmitter, no 

further biosynthetic enzymatic modification 

occurs and DA is transported from the cytoplasm into synaptic vesicles by vesicular monoamine 

transporter (VMAT). Two closely related VMATs with distinct pharmacological properties and 

tissue distribution have been characterized: VMAT1 and VMAT2. DA, NE and E have 3-fold higher 

affinity for VMAT2 in comparison to VMAT1 (Erickson et al., 1996; Wimalasena, 2011).  

DA is stored in these vesicles until it is ejected into the synaptic cleft by voltage-dependent 

calcium channels that trigger the fusion of the DA filled vesicles with the presynaptic membrane. 

These transporters permit vesicular uptake, storage, and regulated release of different 

catecholamines and other biogenic amines. Vesicular uptake prevents rapid degradation of 

monoamines in the cytoplasm, reduces cytoplasmic production of toxic metabolites of DA and 

other monoamines and sequesters neural toxins such as MPTP (1-methyl-4-phenyl-1,2,3,6-

tetrahydro pyridine) (Guillot and Miller, 2009). The internal environment of these storage 

vesicles is more acidic (2.0–2.4 pH units lower) than the pH in the cytoplasm (Guillot and Miller, 

2009). This low pH is essential to store high concentrations of protonated DA hydroxyl groups, 

protecting DA from auto-oxidation. DA sequestration also protects DA from enzymatic 

metabolism and keeps cytoplasmic DA levels down.  

In the adrenal medullary chromaffin cells and in noradrenergic neurons, a proportion of the DA 

that is formed in the cytoplasm of the nerve terminal is actively transported into the storage 

vesicle by the VMAT and converted into NE by dopamine β-hydroxylase (Fig. 26). NE is in turn 

Figure 26. Pathway for catecholamine biosynthesis and 
its enzymatic steps. The steps of conversion L-tyrosine to 
L-NE are typical for sympathetic and some brain neurons, 
and the conversion of L-NE to L-E is typical for the adrenal 
medullary cells and some peripheral and brain neurons. 
Extracted from Kvetnansky et al. (2009). 
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stored in these vesicles until is ejected into the synaptic cleft. NE synthesis also requires a proton 

pump that drives down intravesicular pH and the synthesized neurotransmitter is stored in the 

vesicles, which concentrate it and protect it from metabolism until NE is released following 

nerve stimulation.  

Cells and neurons using epinephrine as a neurotransmitter contain one additional enzyme, 

phenylethanolamine N-methyl transferase (PNMT), which catalyzes the S-adenosyl methionine 

(SAM)-dependent conversion of NE to E and S-adenosyl-L-homocysteine. Expression of PNMT in 

humans occurs largely in the adrenal gland where E functions as a hormone but with detectable 

levels in several other organs including the brain (Stratton et al., 2017).  

 4.2. DOPAMINE SYSTEM 

Once in the synapse, DA binds to and activates DRs. These can be postsynaptic or presynaptic. 

Upon binding, the activation of the receptor triggers a complex chain of intracellular events that 

ultimately will lead to the activation or inhibition of the postsynaptic neuron. Finally, the 

dopaminergic signaling is terminated through the reuptake of DA from de synaptic cleft to the 

presynaptic terminal by the DA transporter. Once back in the cytosol, DA can either be broken 

down by the monoamine oxidase enzyme (MAO) or repackaged into vesicles by VMAT2 making 

it available for future release (Amara and Kuhar, 1993; Eiden et al., 2004) 

Since the discovery of the physiological functions DA almost 60 years ago (Carlsson et al., 1957), 

this catecholaminergic neurotransmitter has attracted enormous attention. Although 

dopaminergic neurons are rare (<1/105 brain neurons), they regulate several key aspects of basic 

brain function including locomotor activity, motivation, memory and endocrine regulation. DA 

also plays an important role in the brain reward system that controls and stimulates the learning 

of many behaviors (Girault and Greengard, 2004). In the periphery, this catecholamine also plays 

multiple roles as a modulator of cardiovascular function, catecholamine release, hormone 

secretion, vascular tone, renal function, and gastrointestinal motility (reviewed in Missale et al., 

1998 and Iversen and Iversen, 2007).  

  4.2.1. Dopamine system in the brain 

Brain areas that synthesize DA have projections that give rise to four axonal pathways, named 

nigrostriatal, mesolimbic, mesocortical and tuberoinfundibular systems (Fig. 27) (reviewed in 

Iversen and Iversen, 2007).  

The nigrostriatal pathway is formed by projections that arise from DA-synthesizing neurons of 

the midbrain nucleus, the SNc, which innervates the dorsal striatum (caudate and putamen) and 

is involved in motor control. Degeneration of nigrostriatal neurons causes Parkinson’s disease. 

The mesolimbic pathway originates from the midbrain VTA and innervates the olfactory 

tubercle, the ventral striatum (nucleus accumbens, NAc) and parts of the limbic system 

(amygdala and hippocampus). This pathway is implicated in the control of memory, motivation 

and emotional response, behavior and learning. It is also involved in the psychomotor effects 

generated by drugs of abuse including cocaine and methamphetamine (Koob, 1992; Wise, 

2009).  
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The mesocortical pathway arises from the 

VTA and innervates different regions of the 

frontal cortex and it is involved in the 

control of cognitive functions. Finally, the 

tuberoinfundibular pathway arises from 

cells of the periventricular and arcuate 

nuclei of the hypothalamus and goes to the 

pituitary gland and is involved in hormone 

regulation, maternal behavior, pregnancy 

and sensory processes. 

The dopaminergic system has been the 

focus of much research over the past decades mainly because several high impact pathological 

conditions such as PD, attention-deficit hyperactivity disorder (ADHD), schizophrenia, Tourette’s 

syndrome, Huntington’s disease, restless leg syndrome (RLS) and substance use disorders (SUD) 

among others, have been linked to a deregulation of dopaminergic transmission. 

As an example, PD originates from a loss of striatal dopaminergic innervations in the brain 

(Ehringer and Hornykiewicz, 1960) and ADHD from a deregulation of adrenergic and 

dopaminergic systems (Mink, 2006; Swanson et al., 2007; Gizer et al., 2009). A role for abnormal 

dopaminergic signaling has also been suggested for other brain disorders, such as bipolar 

disorder, major depression, dyskinesias, and various somatic disorders, including hypertension 

and kidney dysfunction (Missale et al., 1998; Aperia, 2000; Carlsson, 2001; Iversen and Iversen, 

2007). Hundreds of pharmacologically active compounds that interfere with DA receptor 

functions at the level of ligand binding have been developed, and many of these compounds 

have been used for clinical applications in the treatment of these and other disorders. 

  4.2.2. Structure of dopamine receptors  

The physiological actions of DA are mediated by five distinct but closely related GPCRs that are 

divided into two major groups: the D1-like, which comprises D1 and D5 receptors, and D2-like, 

including D2, D3 and D4 (D4R) receptors. D1-like receptors produce an increase of cAMP levels via 

Gs/olf which stimulates AC and also produce activation of protein kinase A (PKA); moreover, their 

localization is mostly postsynaptic on DA-receptive cells, such as GABA-ergic medium spiny 

neurons (MSNs) in the striatum (Civelli et al., 1993). In contrast, D2-like receptors inhibit AC via 

Gi/o coupling and decrease cAMP, they also negatively modulate the activity of PKA and its 

effectors (Rangel-Barajas et al., 2015). In addition, D2-like receptors activate K+ channels and 

reduce Ca+2 entry trough voltage-gated channels (Nicola et al., 2000). D2-like receptors are 

expressed postsynaptically on DA target cells and presynaptically on dopaminergic neurons 

(Sokoloff et al., 2006; Rondou et al., 2010). 

The individual members of the subfamilies of the D1- and D2-like receptors share a high level of 

homology of their transmembrane domains and have distinct pharmacological properties. D1R 

and D5R are 80% homologous in their transmembrane domains, whereas D3R and D4R are 75% 

and 53% homologous, respectively, with the D2R. Despite that the N-terminal domain has a 

similar number of amino acids in all DRs, the C-terminal of D1-like receptors is seven-fold longer 

than the C-terminal of D2-like receptors (Missale et al., 1998). They also differ on the IC3 domain 

MESOCORTICAL PATHWAY

NIGROSTRIATAL PATHWAY 

MESOLIMBIC 
PATHWAY

TUBEROINFUNDIBULAR 
PATHWAY

Figure 27. Schematic representation of the DA projections 

in the brain: nigrostriatal, mesolimbic, mesocortical and 

tuberoinfundibular pathways. 
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that is much longer for the D2-like family than for the D1-like. This is a common feature for Gi 

and Gs coupled receptors (Fig. 28) (reviewed in Civelli et al., 1993; Gingrich and Caron, 1993).  

Sánchez-Soto et al. (2016) performed radioligand competition experiments in HEK-293 cells 

stably transfected with D2SR, D2LR, D3R. These experiments revealed a high affinity (low Ki values) 

of DA for all the D2-like receptors, with a rank order of D3R > D4R ≥ D2SR = D2LR. Moreover, NE 

showed high and similar affinity (around 50 nM) for the four D2-like receptor subtypes. In the 

same study, by determining the cAMP inhibition, they saw that both DA and NE showed 

significantly low EC50 values with D3R and D4R variants compared with D2LR. Finally, by using G-

protein BRET assays, they found that DA and NE had higher potencies for the D4Rs than for the 

D2R variants when coupled to Gαi1 and Gαi2 proteins but similar potencies when coupled to Gαo1 

or Gαo2. DA and NE showed higher potency for D3R than for the other D2-like receptors with all 

Gαi/o protein subunits with the exception of Gαi2, which seemed to be completely insensitive to 

DA or NE-induced D3R activation. 

D1- and D2-like receptors are also different at the level of genetic structure, primarily in the 

presence of introns in their coding sequences. The D1R and D5R genes do not contain introns in 

their coding regions; in contrast, the genes that encode D2-like receptors have several introns. 

Therefore, the genetic organization of the D2-like receptors provides the basis for the generation 

of receptor splice variants. For example, the alternative splicing of an 87-base-pair exon 

between introns 4 and 5 of the D2R leads to the generation of two major D2R variants that have 

been named D2S (D2-short) and D2L (D2-long) (Giros et al., 1989; Monsma et al., 1989). These two 

alternatively spliced isoforms differ in the presence of an additional 29 amino acids in the third 

intracellular loop. D2S has been shown to be mostly expressed presynaptically and to be mostly 

involved in autoreceptor functions, whereas D2L seems to be predominantly a postsynaptic 

isoform (Usiello et al., 2000; De Mei et al., 2009). Splice variants of the D3R have also been 

described, and some of the encoding proteins have been shown to be essentially nonfunctional 

(Giros et al., 1991).  

The D4R gene contains quite a large number of polymorphisms in its coding sequence (La Hoste 

et al., 1996). The most extended polymorphism is found in exon 3, in a region that codifies for 

third cytoplasmic loop. It consists of a variable number of tandem repeats (TR), in which 48-

base-pair sequence exists as a 2- to 11-fold repeat (Wang et al., 2004). The three most common 

variants in humans contain 2, 4 and 7 TR and code for a D4R receptor with 2, 4 and 7 repeats of 

a proline rich sequence of 16 amino acids (D4.2, D4.4 and D4.7 receptors). These repeats cause this 

protein to have a very high disorder index which increments with the number of repetitions (Fig. 

29) (Woods, 2010). The DRD4 gene with four TRs constitutes the most frequent variant, with a 

global allelic frequency of 64%, followed by the variants with seven TRs (21%) and two TRs (8%) 

(Chang et al., 1996). It is interesting to notice that the seven-repeat allele is, at least, five to ten 

times younger than the common four-repeat allele but, nevertheless, have increased in 

frequency in human populations by positive selection (Ding et al., 2002).  

http://pharmrev.aspetjournals.org/content/63/1/182#ref-142
http://pharmrev.aspetjournals.org/content/63/1/182#ref-251
http://pharmrev.aspetjournals.org/content/63/1/182#ref-352
http://pharmrev.aspetjournals.org/content/63/1/182#ref-89
http://pharmrev.aspetjournals.org/content/63/1/182#ref-141
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Figure 28. Scheme of D1Rs and D2Rs. Addapted from Vallone et al. (2000). 

DRD4 polymorphic variants have been suggested to be associated with numerous behavioral 

individual differences and neuropsychiatric disorders. The most reported association is the link 

between the variant with seven repeats and ADHD (Faraone et al., 2005; Li et al., 2006; Gizer et 

al., 2009) and SUDs (McGeary, 2009; Belcher et al., 2014). Yet, very little is known about the role 

of the D4R in the brain and even less about the functional differences between the products of 

the different polymorphic variants, which should explain their noticeable influence at the 

behavioral level. 

 

 

 

 

 

Figure 29. Model of the D4.4R and D4.7R. The 

third intracellular loop of D4.4R has more α-

helices than the D4.7R. Extracted from Woods 

(2010). 

In an effort to understand the functional and pharmacological role of the D4R, it was generated 

a knock-in mouse with a humanized mouse DRD4 gene containing seven TRs of the human DRD4 

in the homologous region of the mouse gene, which codes for the 3IL (D4.7R mouse) (Gonzalez 

et al., 2012a). Curiously, the rodent gene does not have polymorphisms in the region coding for 

the 3IL of the D4R, and wild-type control littermates (WT mouse) express a D4R with a short 3IL 

comparable to the human D4.2 receptor (Gonzalez et al., 2012a). An in vitro study using D4.7R 

mice showed a blunted MAPK signaling in striatal slices from these mice compared to WT D4R, 
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as well as low ability of D4.7R to interact with D2R in transfected cells (Gonzalez et al., 2012a). 

Other groups also suggested that the D4.7R variant could be less efficient at inhibiting AC but 

contradictory results have been reported (Asghari et al., 1995; Jovanovic et al., 1999). In Table 

1 there is a summary of several studies performed in order to find dissimilarities between D4R 

variants. 

D4Rs are able to form homodimers in HEK-293T transfected cells (Borroto-Escuela et al., 2011; 

Van Craenenbroeck et al., 2011). D4.4Rs but not D4.7Rs is also able to form heteromers with D2SR 

in HEK-293T transfected cells and in striatal mice and rat slices (Gonzalez et al., 2012a). However, 

both variants are able to heteromerize with D2LR in HEK-293T transfected cells but with less 

potency in the case of D4.7R -D2LR (Borroto-Escuela 2011). In addition, it has been reported that 

D4Rs are also able to form heteromers with the adrenergic receptors α1B and β1 in rat pineal 

gland and in CHO transfected cells (Gonzalez et al., 2012b). 

  4.2.3. Dopamine receptor expression in the brain 

DRs have broad expression patterns in the brain and in the periphery. In the brain, D1Rs are the 

most widespread DA receptor and they are expressed at higher levels than any other DA 

receptor (Dearry et al., 1990; Fremeau et al., 1991; Weiner et al., 1991). D1R has been found at 

a high density in the nigrostriatal, mesolimbic, and mesocortical areas, such as the caudate-

putamen (dorsal striatum), nucleus accumbens, substantia nigra (SN), olfactory bulb, amygdala 

and frontal cortex, as well as at lower levels in the hippocampus, cerebellum and in thalamic 

and hypothalamic areas (Beaulieu and Gainetdinov , 2011). 

D5Rs are poorly expressed compared to D1Rs. They are located at low levels in multiple brain 

regions, including pyramidal neurons of the prefrontal cortex (PFC), the premotor cortex, the 

cingulated cortex, the entorhinal cortex, the SN, the hypothalamus, the hippocampus, and the 

dentate gyrus. A very low level of expression has also been observed in the MSNs of the caudate 

nucleus and nucleus accumbens (Choi et al., 1995; Khan et al., 2000; Berlanga et al., 2005). A 

recent study in macaque frontal eye field, an area within the PFC involved in the control of visual 

spatial attention, indicated that D5Rs are more prevalent on pyramidal neurons than on 

inhibitory interneurons and that are disproportionately expressed on putative long-range 

projecting pyramidal neurons, compared to interneurons, particularly in layers II–III (Mueller et 

al., 2018). 

Post-synaptic D2Rs are present in dopaminergic projection areas such as the striatum (50%), 

limbic areas (nucleus accumbens, olfactory tubercle), hypothalamus and pituitary gland. D2R are 

also located pre-synaptically in the SNc, VTA and striatum, where they modulate the release of 

DA (De Mei et al., 2009). They are also expressed at significant levels in the cortical areas, 

septum, amygdala, and hippocampus (Missale et al., 1998; Gerfen, 2000a; Vallone et al., 2000; 

Seeman et al., 2006). 
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Table 1. Comparative characteristics of D4R variants.  

 D4.2 D4.4 D4.7 References 

DA release induced by METH - - Significantly lower DA increase in 
D4.7 mice as compared to WT 

Bonaventura 
et al., 2017 

Psychomotor activation 
induced by METH 

- - Significantly lower locomotor 
activation in D4.7 mice as 
compared to WT  

Bonaventura 
et al., 2017 

Glu Release in the NAc shell 
induced by METH  

- - Significantly lower corticostriatal 
GLU release in D4.7 mice as 
compared to WT 

Bonaventura 
et al., 2017 

Optogenetic stimulation 
induced GLU release in the 
striatum 

- - Significantly lower increase in 
extracellular GLU levels in D4.7 
mice striatum as compared with 
WT  

Bonaventura 
et al., 2017 

Inhibition of forskolin 
stimulated cAMP levels by 
DA (EC50 nM) 

Not significant differences found Sánchez-Soto 
et al., 2016 1.8 ± 0.2 1.4 ± 0.2 1.6 ± 0.3 

Inhibition of forskolin 
stimulated cAMP levels by 
NE (EC50 nM) 

Not significant differences found Sánchez-Soto 
et al., 2016 54 ± 8 53 ± 8 53 ± 13 

Differences in the inhibition 
of β-arrestin-2 recruitment 

Not significant differences found Sánchez-Soto 
et al., 2016 

Differences in the activation 
by DA and NE involving 
different Gαi/o subtypes 

Not significant differences found Sánchez-Soto 
et al., 2016 

Interaction with β-arrestin-1 
and 2 

+ + + Skieterska et 
al., 2016 

Activation of the 
synchronous network 
activity in the PFC by 
PD168077 

ND Normal 
effects on 
excitatory 
and 
inhibitory 
network 
bursts 

Over-supression of Glu excitatory 
network bursts and under 
suppression of GABAergic 
inhibitory network bursts 

Zong et al., 
2016 

Non-lysine ubiquitination 
promoted by KLHL12 

+ + Hardly observed Skieterska et 
al., 2016 

Formation of functional 
heteromers with D2SR 

+ + - González et 
al., 2012 

Allosteric interactions within 
D4R- D2SR by MAPK 

+ + - González et 
al., 2012 

Formation of functional 
heteromers with D2LR 

+ + + but lower BRETmax and higher 
BRET50 values 

Borroto-
Escuela et al., 
2011 

Allosteric interactions within 
D4R- D2LR by MAPK 

+ + - Borroto-
Escuela et al., 
2011 

Functional activation by DA 
(EC50 in nM) 

1.02 ± 0.06 4.89 ± 0.28* 1.07 ± 0.04 Wedemeyer 
et al., 2007 

Functional activation by NE 
(EC50 in nM) 

40.80 ± 0.97 43.50 ± 1.76 58.80 ±2.31* Wedemeyer 
et al., 2007 

Potency of [35S]GTPγs 
binding (EC50 nM) following 
stimulation by DA or NE (100 
mM NaCl) 

Not significant differences found Czermak et 
al., 2006 

92 ± 34 (DA) 
756 ± 151 (NE) 

129 ± 76 (DA) 
1220 ± 209 (NE) 

102 ± 58 (DA) 
1190 ± 259 (NE) 

Inhibition of forskolin 
stimulated cAMP levels by 
DA (EC50 nM) 

18.8 ± 2.7* 13.8 ± 2.7* 36.9 ±4.6 Asghari et al., 
1995 

ND: not determined. *: statically significant (for more information, see references). 
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The D3R and D4R subtypes are much less abundant than the D2R subtype and have different and 

more restricted tissue localization. The D3R has a more limited pattern of distribution, the 

highest level of expression being observed in the limbic areas, such as in the shell of the nucleus 

accumbens, the olfactory tubercle, and the islands of Calleja (Sokoloff et al., 1992, 2006; Missale 

et al., 1998). At significantly lower levels, the D3R is also detectable in the striatum, SNc, VTA, 

hippocampus, septal area, and in various cortical areas (Cortés et al., 2016). Notably, D3Rs 

possess a high affinity for DA (420-fold higher than that of D2R) and, unlike D2Rs, small changes 

in their number or function may lead to dramatic effects on synaptic transmission, suggesting 

that D3R could be critical modulators of normal dopaminergic function and, despite their 

localization, also of cognition (Maramai et al., 2016). 

Low levels of D4R have been found in the basal ganglia. In contrast, this receptor appears 

predominantly localized in the PFC, in GABAergic interneurons and in glutamatergic pyramidal 

neurons, including their striatal projections (Tarazi et al., 1998; Svingos et al., 2000; Lauzon and 

Laviolette, 2010), amygdala, hippocampus, hypothalamus, globus pallidus, substantia nigra pars 

reticulate (SNr), and thalamus (Missale et al., 1998; Rondou et al., 2010). In Rivera et al. (2008), 

authors performed an image analysis of the D4R in the rat cerebral cortex. They saw a bilaminar 

organization of the D4R in the rodent cortical layers that were in agreement with other studies 

(Ariano et al., 1997a; Defagot et al., 1997; Mauger et al., 1998; Wedzony et al., 2000) with the 

receptor being mainly concentrated in layers II/III, and IV. An interesting finding was that the 

laminar organization of the D4Rs is complementary to the ones of other DAergic receptors. Thus, 

D1Rs (Savasta et al., 1986; Al-Tikriti et al., 1992; Vincent et al., 1993), D2Rs (Al-Tikriti et al., 1992; 

Vincent et al., 1993) and D5Rs (Ariano et al., 1997b; Khan et al., 2000) are reported to be mainly 

localized in the deeper layers of the rat cerebral cortex. The differential localization of DRs in 

cortical layers could reflect the particular function that each one have in processing DAergic 

inputs (Gonzalez-Islas and Hablitz, 2003; Young and Yang, 2005; Wu and Hablitz, 2005). D4Rs 

were mainly localized in cell bodies and dendrites of glutamatergic pyramidal neurons as well as 

in GABAergic interneurons. It has been reported that the D4R could be an inhibitory modulator 

of cortical glutamate activity in the PFC (Rubinstein et al., 2001). Rivera et al. (2008) also 

concluded that the relationship between D4R structures and DA and NE nerve terminal plexuses 

indicates, in view of the relative mismatches observed, that the D4R may be activated by both 

DA and NE signals, results in agreement with the recently published Sánchez-Soto et al. (2016).  

Khan et al. (1998), studied the distribution of D4Rs in human brain tissues. They saw 

immunopositive neurons to D4R antibodies in motor, visual and prefrontal cortices. In all three 

areas D4R labeled neurons were located in all cortical layers, but particularly in layers IV–V. 

Labeling was predominantly associated with neural cell bodies and initial dendritic segments. 

Pyramidal and nonpyramidal D4R positive neurons were visualized. Moreover, in the striatal 

compartments of human brain caudate and putamen, a diffuse neuropil immunostaining and 

numerous small size immunostained neurons could be detected with D4R antibodies. This study 

is in agreement with Almeida and Mengod (2010), who studied the mRNA distribution of D4R in 

monkey PFC. They detected D4R mRNA in gluamatergic and GABAergic neurons in all cortical 

layers but layer I (predominantly in layer V) (Fig. 30). 
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Figure 30. Autoradiographic localization of D2R (A) and D4R (B) mRNA in monkey prefrontal cortex. Both mRNA 

transcripts were visualized by in situ hybridization with oligonucleotides labeled with 33P. Extracted from Almeida and 

Mengod (2010). 

Interestingly, D4R and D2R seem to be colocalizing in the pyramidal glutamatergic neurons of the 

PFC and in their striatal terminals (Gaspar et al., 1995; Tarazi et al., 1998; Svingos et al., 2000; 

Lauzon and Laviolette, 2010; González et al., 2012b, Bonaventura et al., 2017). 

  4.2.4. Neuronal functions of dopamine receptors 

The striatum is the main input structure of the basal ganglia (Kase, 2001), which is located in the 

telencephalon. The basal ganglia consist of several interconnected nuclei: the striatum, external 

globus pallidus (GPe), internal globus pallidus (GPi), SN, and the subthalamic nucleus (STN). 

Although in humans and non-human primates it has been classically subdivided into NAc, 

caudate and putamen, it can be functionally subdivided in three different compartments 

according to the cortical inputs: ventral, rostral-dorsal and caudal-dorsal striata (Fig. 31).  

The ventral striatum, mostly the NAc with its two compartments, core and shell, and the 

olfactory tubercle, is innervated by the dopaminergic cells of the VTA. Moreover, the ventral 

striatum receives glutamatergic inputs from the ventromedial PFC, orbitofrontal cortex and 

anterior cingulate cortex (Haber and Behrens, 2014) (Fig. 31). In fact, the orbitofrontal cortex 

and the anterior cingulate cortex respectively receive partial and predominant dopaminergic 

innervation from the SNc (Haber and Behrens, 2014). Furthermore, the ventral striatum receives 

afferent glutamatergic projections from the insular cortex, amygdala and hippocampus (Haber 

and Behrens, 2014). The ventral striatum participates in motivation, reward and reinforcement 

learning and plays an important role in addiction (Koob, 1992; Hyman et al., 2006; Iversen and 

Iversen, 2007; Everitt and Robbins, 2016). 

The rostral-dorsal striatum receives glutamatergic input from frontal and parietal association 

areas, such as the dorsolateral PFC, premotor cortex and parietal cortex and the caudal-dorsal 

striatum from the primary motor and somatosensory cortices (Fig. 31). Both rostral-dorsal and 

caudal-dorsal striata receive their dopaminergic input from the SNc (Haber, 2014; Haber and 

Behrens, 2014). The dorsal striatum is implicated in execution of learning and complex motor 

behavior (Koob, 1992; Hyman et al., 2006; Iversen and Iversen, 2007; Everitt and Robbins, 2016). 
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Figure 31. Inputs and outputs of the striatum. Lateral view of the striatum and amygdala (of human and non-human 
primates). vmPFC: ventromedial prefrontal cortex; OFC: orbitofrontal cortex; aCC: anterior cingulate cortex; dlPFC: 
dorsolateral prefrontal cortex; PMC: premotor cortex; PC: parietal cortex; MC: primary motor cortex; SSC: 
somatosensory cortex. 

Striatum has high levels of DA and this catecholamine controls and regulates movement. 

Multiple lines of evidence indicate that locomotor activity is primarily controlled by D1R, D2R, 

D3R and D4R (Missale et al., 1998; Sibley, 1999; Bonaventura et al., 2017). An anatomical scheme 

for understanding the control of movement by the striatum was defined in the late 1980s 

(Penney and Young, 1986; Albin et al., 1989; DeLong, 1990). This scheme recognized that the 

majority of dorsal-striatal neurons are MSNs, of which there are two distinct classes, termed 

direct and indirect pathways (Alexander and Crutcher, 1990; DeLong, 1990; Gerfen et al., 1990; 

Graybiel and Kimura, 1995; Le Moine and Bloch, 1995). These populations exhibit distinct 

neurochemical expression patterns and anatomical projection targets (Fig. 32).  

Direct pathway MSNs express D1Rs and project to the internal globus pallidus and SNr, whereas 

indirect pathway MSNs express D2Rs and project indirectly to the SNr by way of the GPe and 

STN. Based on this anatomy, DA produced by neurons from substantia nigra pars compacta 

induces motor activation via both activation of D1Rs in striatopallidal neurons of direct pathway 

and inhibition of striatonigral neurons of indirect pathway when acting on D2Rs. It has been 

demonstrated in many studies that activation of direct pathway striatal neurons promotes 

movement whereas activation of the indirect pathway inhibits movement (Sano et al., 2003; 

Durieux et al., 2009; Kravitz et al., 2010) so, due to the differential expression of D1Rs and D2Rs 

in the direct and indirect pathway, respectively, DA affects the neurons of each pathway 

differently allowing controlled movement (Gerfen et al., 1990). Thus, it is clear that the 

activation of both the postsynaptic D1R and D2R is necessary for the full manifestation of 

locomotor activity (White et al., 1988). 

The activation of D1R that are exclusively expressed on the postsynaptic neurons has a moderate 

stimulatory effect on locomotor activity. D1R is coupled to Gαs, which activates AC and increases 

intracellular cAMP (Kebabian and Calne, 1979; Stoof and Kebabian, 1981; Gerfen, 2000b). This 
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increase in cAMP results in multiple intracellular effects that increase the excitability of direct 

pathway neurons.  

 

 

 

 

Figure 32. Direct- and indirect-pathway basal 

ganglia circuits. Sagittal view of a mouse brain, 

depicting cortex-basal ganglia-thalamuscortex 

circuits. Extracted from Kreitzer and Malenka, 

(2008). 

In contrast, the role of D2Rs is much more complex than of D1Rs because they result from both 

presynaptic and postsynaptic expression of these subtypes of receptors (Missale et al., 1998; 

Sibley, 1999). Presynaptically localized autoreceptors generally provide an important negative 

feedback mechanism that adjusts neuronal firing rate, synthesis, and release of the 

neurotransmitter in response to changes in extracellular neurotransmitter levels (Wolf and 

Roth, 1990; Missale et al., 1998; Sibley, 1999). Activation of postsynaptic D2Rs, coupled to Gαi, 

inhibits AC and decreases intracellular cAMP which in turn decreases the excitability of indirect 

pathway neurons. In addition, regulation of cAMP/PKA signaling by DRs may directly or indirectly 

regulate the induction of striatal synaptic plasticity (Kreitzer and Malenka, 2008; Surmeier et al., 

2009).  

It should be noted that the splice variants of the D2Rs, D2LRs and D2SRs, seem to have different 

neuronal distributions, D2SRs being predominantly presynaptic and D2LRs being postsynaptic. 

D3Rs seem to exert a moderate inhibitory action on locomotion either by acting as autoreceptors 

or through the involvement of postsynaptic receptor populations (Sibley, 1999; Joseph et al., 

2002). The roles of D4Rs and D5Rs in locomotor activity is unclear.  

When striatal DA levels decrease in Parkinson’s disease, activity in the direct pathway decreases 

and activity in the indirect pathway increases (Albin et al., 1989; Graybiel et al., 2000; Obeso et 

al., 2008; Smith and Villalba, 2008). On the other hand, excess of dopaminergic stimulation 

would lead to hyperkinesias. In Huntington’s disease, hyperkinetic choreic movements are due 

to a gradual disappearance of the contribution of the indirect inhibitory pathway followed by 

the degeneration of the direct pathway and the nigrostriatal neurons (Glass et al., 2000). 

Therapies aimed at rebalancing the activity in these pathways are the basis for most therapeutic 

interventions (Filion et al., 1991; Kanda et al., 1998; Dostrovsky et al., 2000; Levy et al., 2001; 

Baron et al., 2002; Matsubara et al., 2002; Jenner, 2003). 

Many other vital functions depend on the activation of brain DRs. D1Rs, D2Rs, and, to a lesser 

degree, D3Rs, are critically involved in reward and reinforcement mechanisms. Multiple studies 

have shown that pharmacological and genetic approaches that alter DA receptor function result 

in a significant modulation of the responses to natural rewards and addictive drugs. Thus, DRs 

remain an important topic of interest in drug addiction research (Missale et al., 1998; Hyman et 

al., 2006; Sokoloff et al., 2006; Di Chiara and Bassareo, 2007; De Mei et al., 2009; Koob and 

Volkow, 2010).  

https://www.ncbi.nlm.nih.gov/pubmed/?term=Kreitzer%20AC%5BAuthor%5D&cauthor=true&cauthor_uid=19038213
https://www.ncbi.nlm.nih.gov/pubmed/?term=Malenka%20RC%5BAuthor%5D&cauthor=true&cauthor_uid=19038213
https://www.ncbi.nlm.nih.gov/pubmed/?term=Malenka%20RC%5BAuthor%5D&cauthor=true&cauthor_uid=19038213
http://pharmrev.aspetjournals.org/content/63/1/182#ref-246
http://pharmrev.aspetjournals.org/content/63/1/182#ref-323
http://pharmrev.aspetjournals.org/content/63/1/182#ref-373
http://pharmrev.aspetjournals.org/content/63/1/182#ref-373
http://pharmrev.aspetjournals.org/content/63/1/182#ref-246
http://pharmrev.aspetjournals.org/content/63/1/182#ref-323
http://pharmrev.aspetjournals.org/content/63/1/182#ref-246
http://pharmrev.aspetjournals.org/content/63/1/182#ref-167
http://pharmrev.aspetjournals.org/content/63/1/182#ref-167
http://pharmrev.aspetjournals.org/content/63/1/182#ref-328
http://pharmrev.aspetjournals.org/content/63/1/182#ref-95
http://pharmrev.aspetjournals.org/content/63/1/182#ref-89
http://pharmrev.aspetjournals.org/content/63/1/182#ref-197
http://pharmrev.aspetjournals.org/content/63/1/182#ref-197


INTRODUCTION 

49 
 

Both D1Rs and D2Rs seem to be critical for learning and memory mechanisms, such as working 

memory, that are mediated primarily by the PFC (Goldman-Rakic et al., 2004). At the same time, 

D3Rs, D4Rs and, potentially, D5Rs, seem to have a minor modulatory influence on some specific 

aspects of cognitive functions (Missale et al., 1998; Sibley, 1999; Sokoloff et al., 2006; Rondou 

et al., 2010). In addition, the fact that essentially all clinically effective antipsychotics have the 

ability to block D2Rs indicates that these receptors are likely to play a critical role in the psychotic 

reactions observed in schizophrenia and bipolar disorder (Snyder et al., 1970; Roth et al., 2004). 

Other functions are mediated, in part, by various dopamine receptor subtypes in the brain, such 

as affect, attention, impulse control, decision making, motor learning, sleep, reproductive 

behaviors, and the regulation of food intake (Missale et al., 1998; Di Chiara and Bassareo, 2007; 

Iversen and Iversen, 2007; Koob and Volkow, 2010; Rondou et al., 2010; Yoon and Baik, 2015).  

In general, the specific physiological roles played by D3R, D4R, and D5R in the brain are not well 

known. However, a recent study published by Bonaventura et al. (2017), led to the 

demonstration of a significant role of D4R in the modulation of corticostriatal glutamatergic 

transmission. In the same article, Bonaventura et al. (2017) revealed that the D4.7R subtype could 

have important implications for the understanding of neuropsychiatric disorders such as ADHD 

and SUD. 

Moreover, it has been established a main role of the D4R-D2SR heteromer in the brain: the 

inhibitory dopaminergic control of corticostriatal neurotransmission (Maura et al., 1988, 

Gonzalez et al., 2012a; Bonaventura et al., 2017), both at the dendritic level (PFC) and at the 

terminal level (NAc shell). Concretely, they are involved in the decrease of glutamate release in 

the striatum. This can explain the previously documented increases of striatal extracellular Glu 

levels in DRD4 knock-out mice (Thomas et al., 2009).  

It was demonstrated, with D4Rs expressed in cultured cells, a specific decreased ability of the 

D4.7R to molecularly interact (oligomerize) with the D2R than the more common D4.4R receptor 

(Gonzalez et al., 2012a). If we add this to the fact that DA is significantly more potent at 

activating any D4R variant (D4.2R, D4.4R and D4.7R) than D2Rs (D2SR or D2LR) according to Sánchez-

Soto et al. (2016), and that DA is also more potent at activating D4Rs (including the D4.7R variant) 

than D2R-D4R heteromers (results from this Thesis), the inability of D4.7R to heteromerize should 

lead to a gain of function. These experiments performed in transfected cells, are in according 

with those published by Bonaventura et al. (2017). In this study, the analysis of cortical ERK1/2 

phosphorylation and the measurement of striatal glutamate release with the optogenetic-

microdialysis technique allowed the demonstration that D4Rs mediate a significant inhibitory 

role of DA that was higher in the case of D4.7R knock-in mice. These results are also in agreement 

with Zhong et al. (2016) who, with an in vitro electrophysiological study in cortical slices from 

DRD4 knock-out mice, reported an increased ability of a putative selective D4R agonist to 

suppress glutamatergic excitatory network bursts upon viral infection with human D4.7R, as 

compared with D4.4R cDNA or as compared with the suppression observed in slices from WT 

mice.  

In the cerebral cortex, a predominant localization of the D4R has been extensively described in 

the prefrontal and entorhinal cortices, in both pyramidal and non-pyramidal neurons (Ariano et 

al., 1997a; Defagot et al., 1997; Primus et al., 1997; Tarazi et al., 1997; Wedzony et al., 2000). 

This evidence supports the notion of a crucial role of the D4Rs in dopaminergic (DAergic) 
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mechanisms that regulate cortical function, through pyramidal neurons or via modulation of 

GABA interneurons that innervate pyramidal neurons (Mrzljak et al., 1996; Goldman-Rakic, 

1998). 

Other functions mediated by DRs that are localized outside the CNS include olfaction, vision, and 

hormonal regulation, such as the pituitary D2R-mediated regulation of prolactin secretion; 

kidney D1R-mediated renin secretion; adrenal gland D2R-mediated regulation of aldosterone 

secretion; the regulation of sympathetic tone; D1R, D2R, and D4R-mediated regulation of renal 

function; blood pressure regulation; vasodilatation; and gastrointestinal motility (Missale et al., 

1998; Aperia, 2000; Carlsson, 2001; Witkovsky, 2004; Li et al., 2006; Iversen and Iversen, 2007; 

Villar et al., 2009). 

 4.3. NOREPINEPHRINE SYSTEM 

NE is synthesized and released by the CNS and also by the sympathetic nervous system. In the 

brain, NE is mainly produced in the locus coeruleus (LC). In the sympathetic nervous system, NE 

is used as a neurotransmitter by sympathetic ganglia located near the spinal cord or in the 

abdomen, and it is also released directly into the blood stream by the adrenal glands as 

sympathetic effector organs.  

The main function of NE is to mobilize the brain and body for the so-called fight-or-flight 

response, i.e., the ability to react to acute stress. NE release is lowest during sleep, rises during 

wakefulness, and reaches much higher levels during situations of stress or danger. In the brain, 

NE increases arousal and alertness, promotes vigilance, enhances formation and retrieval of 

memory, and focuses attention; it also increases restlessness and anxiety. NE also increases 

heart rate and blood pressure, triggers the release of glucose from energy stores, increases 

blood flow to skeletal muscle, reduces blood flow to the gastrointestinal system, and inhibits 

voiding of the bladder and gastrointestinal motility. 

  4.3.1. Adrenergic system in the brain 

The LC was the first modulatory system to be delineated anatomically and specified 

neurochemically (Dahlström and Fuxe, 1964). LC is comprised of only 1,500 neurons in the rat 

(around 15000 in humans/hemisphere) and is situated deep in the pons. It receives afferents 

from the midbrain and brainstem conveying information about visceral and sympathetic 

nervous system function as well as pain and threat. It also receives inputs from the forebrain 

such as the hypothalamus, the amygdala and the PFC that provide complex emotional 

homeostatic and cognitive information. The LC also receives projections from various 

neuromodulatory brain regions, including the VTA (dopamine) and dorsal raphe (serotonin). 

Together, these afferents connections allow for modulation of the LC neural processing by basic 

sensory and visceral experiences, as well as regulation by top-down influences from forebrain 

structures conveying highly processed cognitive/emotional information (Berridge and 

Waterhouse, 2003; Aston-Jones and Cohen, 2005; Sara and Bouret, 2012).  

Despite the small number of neurons in the LC, it projects broadly to most forebrain regions as 

well as some midbrain and brainstem nuclei and the cerebellum and spinal cord (Berridge and 

Waterhouse, 2003; Aston‐Jones and Cohen, 2005; Valentino and Van Bockstaele, 2008; Sara and 

Bouret, 2012). Related to learning and memory, the LC sends also strong efferent projections to 

the amygdala and PFC (Fig. 33) (Fallon et al., 1978; Arnsten and Goldman-Rakic, 1984). 
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Figure 33. Noradrenergic pathways that arise from the 
nucleus locus coeruleus and other regions of the brainstem 
reticular formation. Both of these monoaminergic systems 
project to all parts of the CNS, but in particular, to the 
forebrain. Source: http://what-when-
how.com/neuroscience/behavioral-and-psychiatric-disorders 
-integrative-systems-part-2 

 

  4.3.2. Structure of adrenergic receptors  

Both NE and E transmit their biological signals via three subfamilies of adrenoceptors: α1-

adrenoceptors (ADRA1, subdivided into ADRA1A, ADRA1B, and ADRA1D), α2-adrenoceptors 

(ADRA2, subdivided into ADRA2A, ADRA2B, and ADRA2C), and β-adrenoceptors (ADRB, 

subdivided into ADRB1, ADRB2, and ADRB3) (Bylund et al., 1994). These receptors are mostly 

localized in the plasma membrane of noradrenergic neurons and neuronal and non-neuronal 

target cells. 

All adrenoceptor subtypes belong to the GPCR family so, upon binding of the endogenous 

activators (E and NE), adrenoceptors undergo a conformational change that leads to the 

activation of a heterotrimeric G protein. The three groups of adrenoceptors couple to and 

activate certain G protein subtypes leading to different intracellular changes. α1‐adrenoceptors 

(α1R) are coupled to Gq/11, which activates PLC and increases intracellular IP3 and Ca2+ 

concentrations. α2-adrenoceptors (α2R) mostly mediate their intracellular effects via Gi/o, which 

inhibits AC producing a decrease in cAMP. In addition, Gβγ subunits released from activated Gi/o 

proteins are important regulators of neuronal function by inhibiting neuronal Ca2+ channels and 

activating G protein‐coupled inwardly-rectifying potassium channels (GIRK) and ERK1/2 

phosphorylation (Cussac et al., 2001). Finally, β‐adrenoceptors couple to Gs/olf which leads to 

activation of adenylyl cyclase and increase of cAMP in the cell. Adrenoceptors, like other GPCRs, 

recruit arrestins which prevents further G protein activation as well as generates a protein 

scaffold for further signaling processes including MAPK, AKT and PI3K (Fig. 34). 

Within the 7 transmembrane domains, the adrenergic receptors contain considerable amino 

acids sequence identity. The highest identity (~70%) is usually found among members of the 

same subfamily. Within members of the adrenergic receptor family, the identity within the 

transmembrane segments falls to about 45%. The regions of greatest diversity even among 

related receptor subtypes are the extracellular amino terminus, the third cytoplasmic loop, as 

well as the carboxyl terminal (Roth et al., 1991). Interestingly, adrenoceptors are highly dynamic 

proteins that may adopt multiple distinct conformations depending on the type of ligand bound, 

the associated signaling proteins, and the membrane environment (Deupi and Kobilka, 2010).   
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Figure 34. Signal transduction of adrenoceptors. Ga-dependent signaling pathways activated by the three families of 
adrenoceptor subtypes. Extracted from Ahles and Engelhardt (2014). 

The primary structures of the nine adrenergic receptor subtypes display similar characteristic 

features: a single polypeptide chain from 400 to over 500 residues long comprising amino and 

carboxy-terminal regions variable both in length and sequence, and three intracellular, three 

extracelular and seven well conserved hydrophobic transmembrane domains. The α2R subtype 

C-terminal regions are shorten than those of the β and much shorter than those of the α1R 

subtypes. This goes in line with the observation that Gs/Gi/o-coupled receptors generally have 

short intracellular loop 3 and C-terminal segment than receptors involved in other effector 

systems such as phospholipase C which have longer sequences in these regions (Fig. 35).  

 

Figure 35. Schematic representation of adrenergic receptors. 
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One important distinguishing feature among α2R subtypes is their pattern of subcellular 

distribution and agonist-induced trafficking (Saunders and Limbird, 1999). The α2AR subtype is 

efficiently targeted to the cell surface membrane and only a small proportion of receptor 

internalizes in response to agonist activation (von Zastrow et al., 1993), α2BRs are rapidly and 

reversibly internalized after agonist binding, whereas α2CRs reside in an intracellular 

compartment in many cell types and are not effectively targeted to the plasma membrane 

(Daunt et al., 1997; Hurt et al., 2000). 

Within the adrenergic receptor family, the β2R was the first member for which homo-

oligomerization was described, using co-immunoprecipitation of epitope-tagged receptors 

(Hebert et al., 1996). BRET technology was then used to test the existence of receptor oligomers 

in vitro in transfected cells (Hebert et al., 1996; Angers et al., 2000). Homo-oligomerization has 

been demonstrated for the β2R (Hebert et al., 1996; Angers et al., 2000), β1R (Mercier et al., 

2002), α1AR and α1BR (Stanasila et al., 2003; Uberti et al., 2003), α1DR (Uberti et al., 2003), α2AR 

and α2CR (Small et al., 2006), and for the α2BR (Zhou et al., 2006). Within the ADR family, the 

following main heteromers have been found: β1R/β2R (Lavoie et al., 2002), β2R/β3R (Breit et al., 

2004), α1BR/α1AR and α1B/α1D (Stanasila et al., 2003; Uberti et al., 2003), α1D/β2 (Uberti et al., 

2003), α1BR/β2R (Stanasila et al., 2003), α2AR/α2CR (Small et al., 2006), α2AR/β1R (Xu et al., 2003) 

and α2CR/β1R (Prinster et al., 2006). All these interactions have specific consequences, as an 

example, within the α2AR/α2CR heterodimer, the GRK-dependent phosphorylation and β-arrestin 

recruitment at the α2AR, is inhibited (Small et al., 2006). Moreover, in the α2AR/β1R heterodimers, 

stimulation of the α2AAR triggered the internalization of the β1R (Xu et al., 2003) which, in 

addition, displayed altered pharmacology. Heteromers of ADR with other GPCRs have also been 

reported. As described before, α1BR and β1R heteromerize with D4R. Likewise, α2AR forms 

heteromers with μ opioid receptor (Glass and Pickel, 2002), β2R with κ (Jordan et al., 2001) and 

δ (Ramsay et al., 2002) opioid receptor. 

  4.3.3. Adrenergic receptor expression in the brain 

The majority of cells in the human body express one or several of the nine adrenoceptor 

subtypes at their surface (Brunton et al., 2011). One particular receptor often dominates in 

certain cells in effector organs of the sympathetic nervous system or in the CNS. Likewise, the 

equipment of different cell types with G proteins and downstream signaling molecules is 

different. This heterogeneity allows for diverse responses of tissues and organs to 

catecholamines released from the sympathetic nervous system or within the CNS. 

In the brain, α1R is found throughout the mesocorticolimbic system with high levels in the rat 

striatum, the VTA and the substantia nigra (Rommelfanger et al., 2009). α1R was also found in 

cortex, hippocampus, hypothalamus, midbrain, cerebellum and spinal cord (Papay et al., 2006).  

When looking α2R, the lack of selective ligands for α2‐subtypes prevents their proper study by 

autoradiography or binding. Nevertheless, the use of [3H]rauwolscine, which preferable binds to 

the α2C subtype, has helped to study the distribution of this receptor subtype in some detail, 

especially in rodent tissues where this radioligand offers better discrimination of α2CR versus 

α2AR compared to the situation in humans (MacDonald et al., 1992). Holmberg et al. (2003) 

compared the binding of [3H]RX821002 (non-selective α2R ligand) and [3H]rauwolscine (α2CR 

preferred ligand) to account for the expression of α2CR versus α2AR in mice brain. They found 

high [3H]RX821002 binding density (α2AR and α2CR expression) in cortex and within the basal 
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ganglia, especially in the nucleus accumbens but also in caudate-putamen nucleus, islands of 

Calleja, olfactory tubercle and ventral pallidum. Moderate levels of [3H]rauwolscine binding 

were observed in the caudate-putamen nucleus and the olfactory tubercle. Sparse binding was 

seen over the nucleus accumbens, the islands of Calleja, the ventral pallidum and the cortex. So, 

the main subtype in the brain is clearly α2AR. α2CRs are thus present in brain regions involved in 

the processing of sensory information and in the control of motor and emotion-related activities 

such as the accumbens and caudate putamen nuclei, the olfactory tubercle, the lateral septum, 

the hippocampus, the amygdala, and the frontal and somatosensory cortices (Fig. 36 and 37). 

Another technique used to map the distribution of α2-adrenoceptor subtypes is in situ 

hybridization. With this technique, it has been described that the α2AR is the predominant α2R 

whereas α2CR has a more restricted expression pattern and is highly enriched in the striatum 

(Fagerholm et al., 2008; Lehto et al., 2015), although with a lower density than α2AR (Ordway et 

al., 1993; Uhlen et al., 1997), confirming the results obtained by autoradiographic experiments. 

Finally, in total brain membrane fractions, the abundance of α2BR was too low for detection by 

radioligand binding (Bucheler et al., 2002). However, mRNA of the α2B subtype was detectable 

in thalamic nuclei of the rat brain, suggesting that this subtype is mostly restricted to the 

thalamus (Nicholas et al., 1993, 1996; Scheinin et al., 1994; MacDonald and Scheinin, 1995).  

 

Figure 36. [3H]RX821002 and [3H]rauwolscine binding in forebrain structures at different levels. Increased binding 

of both radioligands is evident over the accumbens and caudate putamen nuclei, the islands of Calleja (ICj), the 

olfactory tubercle (Tu), and the cortical regions of mice overexpressing (OE) the α2R compared with control mice. 

Extracted from Holmberg et al. (2003).  
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Figure 37. Expression of α2R subtypes in the brain of α2R -KO mice. (left) Autoradiograms of [3H]RX821002 specific 
binding in the brain of wild-type (WT) and α2R -KO mice. In wild-type mouse brain, highest levels of α2Rs were 
expressed in brain cortex and hippocampus. (right) Quantification of the autoradiograms of mouse brain slices. 
Extracted from Bucheler et al. (2002). 

β-adrenergic receptor subtypes have differential expression patterns. β1-adrenoceptors are 

found at their highest levels in the heart and brain (Frielle et al., 1987), especially in the cortex, 

and more concretely in the intermediate layers of the PFC, where thalamic inputs are 

concentrated (Rainbow et al. 1984; Goldman-Rakic et al., 1990; Nicholas et al., 1993), but also 

in the thalamus, pineal gland and sympathetic ganglia (Nicholas et al., 1996). β2 adrenoceptors 

are more widely expressed. They are present in the olfactory bulb, cerebral cortex, 

hippocampus, thalamus, hypothalamus, pineal gland and spinal cord (Nicholas et al., 1996). 

Moreover, they are found on dendritic spines of the PFC pyramidal neurons and on GABAergic 

interneurons (Aoki et al., 1998). Finally, β3 adrenoceptors are found mainly in adipose tissue 

(Emorine et al., 1989; Summers et al., 1995). All β-adrenoceptors are found on glia (Hansson and 

Ronnback, 1991; Fillenz and Lowry, 1998; Fillenz et al., 1999). 

  4.3.4. Neuronal functions of adrenergic receptors 

Neurons in the LC play a critical role in many functions including physiological responses to stress 

and panic, learning and memory. A large body of literature implicates NE also in cellular 

excitability, synaptic plasticity and long-term potentiation (Harley, 1987, 2007). An equally large 

number of studies have demonstrated the role of NE in gating and tuning sensory signals in the 

thalamus and the cortex (Berridge and Waterhouse, 2003). Pharmacological studies have 

provided evidence that NE, interacting with other neuromodulators and hormones, modulates 

memory formation, mainly through actions in the amygdala and the hippocampus (Cahill and 

McGaugh, 1996). 

Other pharmacological approaches have revealed a noradrenergic influence in frontal cortical 

regions that are engaged in attention and working memory functions (Arnsten and Li, 2005; 

Robbins and Roberts, 2007). In addition, electrophysiological studies in behaving primates and 
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rodents have shown a clear relationship between activity in the locus coeruleus neurons and 

cognitive behaviors (Aston-Jones and Cohen, 2005; Bouret and Sara, 2005; Yu and Dayan, 2005). 

Because of the lack of sufficiently subtype-selective ligands, the physiological properties of each 

adrenoceptor subtype have not been fully elucidated until recently. However, new approaches 

using mice carrying deletions in the genes encoding individual adrenoceptor subtypes have 

greatly advanced the knowledge regarding the specific functions of these receptors (MacDonald 

et al., 1997; Rohrer, 1998; Rohrer and Kobilka, 1998; Bücheler et al., 2002; Brette et al., 2004; 

Philipp and Hein, 2004). 

Whereas NE exerts a wide spectrum of effects in the CNS, the contribution of the α1R to these 

neuronal functions is largely unknown. Some studies suggest that the noradrenergic pathway is 

important for the modulation of behaviors such as reaction to novelty and exploration and 

propose that this behavior is mediated, at least partly, through α1BR (Spreng et al., 2001). Other 

studies indicate the critical role of α1BR and NE transmission in the vulnerability of addiction 

(Drouin et al., 2002). Moreover, according with Arnsten et al. (2000), high levels of NE released 

during stress, bind to α1R and impair PFC function altering working memory. In contrast, α1R-

antagonists protect PFC cognitive function from stress-induced impairment. 

In mammalian species, both α2AR and α2CR seem to be localized mostly postsynaptically, 

preferentially in GABAergic striatal efferent neurons (Holmberg et al., 1999; Hara et al., 2010). 

However, α2R can also be expressed presynaptically as autoreceptors, where they work as 

presynaptic feedback inhibitors of neurotransmitter release (Langer, 1997; Starke, 2001). The 

α2A subtype is found to be the main inhibitory presynaptic feedback receptor in the sparse 

striatal noradrenergic terminals (Fig. 38) (Altman et al., 1999; Hein et al., 1999; Trendelenburg 

et al., 2003; Ihalainen and Tanila, 2004). Additionally to the α2AR subtype, α2CR participates in 

presynaptic regulation in the CNS (Trendelenburg et al., 2003). In addition to their function as 

inhibitory autoreceptors, α2Rs can also regulate a number of other neurotransmitters in the 

central and peripheral nervous system and thus operate as “heteroreceptors” (presynaptic 

receptors activated by transmitters from neighboring neurons). Also, α2AR and α2CR 

presynaptically inhibit DA release in basal ganglia (DA terminals from SN) (Bucheler et al., 2002), 

being α2AR the principal subtype involved (Trendelenburg et al., 1994). This inhibition can be 

mediated by NE and, probably, by DA binding to α2R (Zhang et al., 1999). Both adrenoceptors 

also control serotonin secretion in mouse hippocampus and brain cortex (Scheibner et al., 2001). 

The inhibition of neurotransmitter release has also been linked with the neuroprotective effects 

of α2-agonists, which are mostly mediated via the α2A-subtype (Ma et al., 2003, 2005; Paris et 

al., 2006). Other functions of α2R in the brain are analgesia, sedation/hypnosis, processing of 

sensory information and centrally-mediated cardiovascular control (MacMillan et al., 1996; 

Altman et al., 1999; Philipp et al., 2002). In the PFC α2ARs are instrumental for spatial working 

memory (Arnsten et al., 1988; Wang et al., 2007) as well as emotional behavior (Zang et al., 

2009). The activation of α2ARs improves regulation of attention, behavioral inhibition and task 

planning in humans, whereas NE depletion has been shown to increase distractibility during 

neuropsychological testing. 
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Figure 38. The basic elements of neurochemical transmission. In anterograde neurotransmission (A), NE is released 
from nerve terminals and crosses the synaptic cleft to activate α or βADR postsynaptically, generating a cellular 
response. In retrograde neurotransmission (B), released NE acts on presynaptic inhibitory αADR located on the 
membrane of the nerve terminal to inhibit further transmitter release through a negative feedback mechanism 
mediated by the transmitter of the neuron (i.e., NE). Presynaptic inhibitory autoreceptors correspond to the α2R 
subtype. Extracted from Langer (2015). 

In contrast to α2Rs, which are important for the control of neurotransmitter release, the β1Rs 

are mostly known for their role in the regulation of cardiovascular, uterine, and peripheral 

metabolic functions. In the CNS, an important aspect of β1R is their expression in medium spiny 

neurons (Nahorski et al., 1979; Waeber et al., 1991), where the loss of β1R in the striatum was 

reported in the late stages of Huntington’s disease (Waeber et al., 1991). In the pineal gland, NE 

released from sympathetic nerves controls the circadian rhythm of melatonin synthesis via β-

adrenoceptors (Simonneaux and Ribelayga, 2003) and/or D4R heteromers (González et al., 

2012a). Several studies using knock-out mice of each β-adrenoceptor indicate that these 

receptors play a central role in regulating numerous functions of the CNS, including the 

regulation of sympathetic tone, learning and memory, mood and food intake. NE acting at β1R 

has been found to be essential for the retrieval of contextual and spatial memory but is not 

essential for the retrieval of emotional memories (Winder et al., 1999; Murchison et al., 2004). 

Presynaptic β-adrenoceptors may also play an important role in the regulation of 

neurotransmitter release (Trendelenburg et al., 2000). In humans, many drugs are currently 

being used that may interact with β-adrenoceptors. β‐blockers are used to treat chronic 

migraine, glaucoma, or essential tremor (Hoffman and Lefkowitz, 1996). However, the exact 

mechanism of action of these drugs in these conditions has not been clearly identified. 
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5. ADENOSINE SYSTEM 

Adenosine is an endogenous nucleoside formed by a purinic base adenine bound to a ribose by 

a β-N-glycosilic bond. Adenosine and its derivatives are an essential constituent for all living 

cells. Adenosine plays a structural role as a building block of nucleic acids, in cellular metabolism 

(energy storage: ATP), as intracellular regulator (cofactors: NAD+, NADP+, FAD; second 

messenger in cellular neuromodulator: cAMP) (Arch and Newsholme, 1978; Pull and McIlwain, 

1972) and as neuromodulator in the control of synaptic transmission acting on ARs (Cobbin et 

al., 1974).  

Its physiological concentration rapidly increases in conditions of injury or stress such as ischemia, 

hypoxia, trauma and inflammation (Hasko et al., 2008; Wei et al., 2013). Extracellular adenosine 

levels are also increased in cancer tissues as the result of genetic alterations that occur during 

tumor progression and have a crucial role in the alteration of immune cell activity (Gessi et al., 

2011; Antonioli et al., 2013, 2014). Likewise, adenosine is an important neuromodulator 

involved in many physiological and pathological processes in the mammalian CNS (Sebastiao and 

Ribeiro, 2000; Fredholm et al., 2005; Abbracchio et al., 2009; Paul et al., 2011; Acton and Miles, 

2015). Consequently, adenosine signaling has a relevant role in pathological states as epilepsy, 

pain, ischemic organ injury, inflammation and cancer (Borea et al., 2016). 

Adenosine is produced both intracellularly and extracellularly and it is transported via 

concentrative and equilibrative nucleoside transporter proteins across the plasma membrane 

(Gray et al., 2004; Molina-Arcas et al., 2009; Huang et al., 2017). Inside the cell, adenosine is 

formed from ATP, cAMP or SAH, while outside the cell it arises from equilibrating nucleotide 

transporter-mediated release or metabolism by ecto-nucleotidases from ATP or cAMP (Sawynok 

and Liu, 2003) (see Fig. 39). Several enzymes are responsible of intracellular or extracellular 

adenosine degradation, such as adenosylhomocysteine hydrolase (SAHase), adenosine kinase 

(AK), and adenosine deaminase (ADA). 

Apart from these enzymes, the levels of intra- and extracellular adenosine are under the control 

of equilibrative nucleoside transporters (ENT) in the plasma membrane, which can either release 

or capture adenosine according to its concentration across the membrane. As the synaptic 

concentration of adenosine is usually higher than the intracellular one, its transport across ENT 

is usually in the inward direction (Sebastiao and Ribeiro, 2015). ENTs are the most abundant 

nucleoside transporters in the brain, and they are expressed both in neurons and glia (Parkinson 

et al., 2011). During seizures, there is a high energy demand, and therefore an intense 

catabolism of ATP; in these circumstances neurons provide the source of adenosine into the 

synapse whereas astrocytes, with ENT and AK, act as removers of extracellular nucleoside 

(Sebastiao and Ribeiro, 2015). 
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Figure 39. Intracellular and extracellular pathways for the formation and metabolism of adenosine. 
Inside the cell, adenosine is formed from ATP, cAMP or SAH, while outside the cell it arises from 
equilibrative nucleoside transporter-mediated release or metabolism from extracellular ATP or cAMP. 
Sawynok and Liu (2003). 

 

 5.1. Adenosine system in the brain 

In the brain, which expresses high levels of ARs, adenosine is secreted by the majority of cells, 

including neurons and glia, and neuromodulates the activity of the CNS in both normal and 

pathophysiological processes, acting on pre-, post- and/or extra-synaptic sites.  

Accordingly, adenosine was seen to play a role in the inhibition of excitatory neurotransmitters 

release (Phillis et al., 1979; Ciruela et al., 2006), inhibition of spontaneous motor activity, 

neuronal differentiation and migration (Rivkees, 1995; Canals et al., 2005), memory and learning 

(Wei et al., 2011), regulation of sleep (Antle et al., 2001; Carús-Cadavieco and de Andrés, 2012), 

anxiety (Johansson et al., 2001) and excitation, and neuroprotection during hypoxia/ischemia 

(Pedata et al., 2005). It was related to Alzheimer’s disease (Maia and de Mendonça, 2002), 

Parkinson’s disease (Schwarzschild et al., 2002), schizophrenia (Ferré et al., 1997; Shen et al., 

2012), epilepsy (Rebola et al., 2005a), drug addiction (Brown and Short, 2008) and finally 

Huntington’s disease (Reggio et al., 1999; Huang et al., 2011).  

ADENOSINE 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Sawynok%20J%5BAuthor%5D&cauthor=true&cauthor_uid=12787573
https://www.ncbi.nlm.nih.gov/pubmed/?term=Liu%20XJ%5BAuthor%5D&cauthor=true&cauthor_uid=12787573
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 5.2. Structure of adenosine receptors  

Extracellular adenosine exerts numerous physiological functions throughout the entire human 

body by interacting with specific ARs expressed on the surface of the target cells. There are four 

known adenosine receptor subtypes, A1R, A2AR, A2BR and A3R (Fig. 40), each of which has a 

unique pharmacological profile, tissue distribution and effector coupling. These AR subtypes can 

either inhibit (A1R and A3R) or activate (A2AR and A2BR) AC. A2BR also signals via Gq proteins (Fig. 

40) (Vecchio et al., 2016).  

All of the ARs have glycosylation sites and all except A2AR a palmitoylation site near the carboxyl 

terminus, that would allow another insertion in the membrane generating a fourth intracellular 

loop that has been suggested to participate in the coupling of the receptor to the G-protein 

(Bouvier et al., 1995). Moreover, ARs contain several features common to all G-protein coupled 

receptors: cysteine residues on the extracellular loop that may be involved on disulfide bond 

formation and confer a conformational stability to receptors after insertion to the plasma 

membrane (Dohlman et al., 1990). All the cloned ARs present a “DRY” motif that has been 

suggested to mediate G-protein activation. Each of the ARs possesses consensus sites for N-

linked glycosylation on their second extracellular loops that is involved in membrane targeting 

(Fig. 41) (Klotz and Lohse, 1986). Intracellular domain phosphorylation sequence consensus is 

present and phosphorylation is implicated in receptors desensitization (Palmer et al., 1994; 

Saura et al., 1998). 

A1R, A2AR and A3R have a molecular weight of 36.7, 36.4 and 36.6 kDa respectively, whereas, due 

to its long C-terminal tail, A2AR has a molecular weight of 45 kDa (Palmer and Stiles, 1995). 

Human ARs exhibit high sequence homology and are usually clustered into A1R and A3R (49% 

similarity) and A2AR and A2BR (59%) (Moro et al., 2006; Jacobson and Gao, 2006). Although the 

affinity of adenosine for these receptors may vary, depending on the type of test used to 

evaluate it (Fredholm, 2014), adenosine presents higher affinity for A1R (100 nM), A2AR (310 nM) 

and A3R (290 nM) than for A2BR (15 µM) (Yan et al., 2003). Among these four ARs, A1R and A2AR 

are mostly responsible for the effects of adenosine in the brain (Fredholm et al., 2005) because 

present more affinity for adenosine and are expressed in higher levels than A3R. 

A2AR complexes have been crystallized, facilitating the discovery of more effective and selective 

A2AR ligands and the knowledge of the molecular determinants of subtype specificity and ligand 

efficacy (Bertheleme et al., 2014; Carpenter et al., 2016). The first crystal structure of the A2AR 

was solved in complex with ZM241385 and demonstrated that the ligand binding pocket was 

located in a different position and orientation, relative to other structures available at that time, 

and that ligand selectivity could be achieved through targeting hydrophobic residues extending 

from the aromatic core of ZM241385 (Jaakola et al., 2008). There is a quite large number of A2AR 

crystals in complex with agonists and antagonists 

Very recently, Glukhova et al. (2017) have determined the crystal structure of the A1R in complex 

with a covalent antagonist, DU172. Compared to the A2AR, the A1R structure contains a more 

open binding site cavity that can accommodate orthosteric and allosteric ligands.  
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Figure 40. Adenosine receptor signalling pathways. Activation of the A1R and A3R inhibits AC activity through 
activation of pertussis toxin-sensitive Gi proteins and results in increased activity PLC via Gβγ subunits. Activation of 
the A2AR and A2BRs increases AC activity through activation of Gs proteins. Activation of the A2AR to induce formation 
of IP3 can occur under certain circumstances, possibly via the pertussis toxin-insensitive Gα15 and Gα16 proteins. A2BR-
induced activation of PLC is through Gq proteins. All four subtypes of ARs can couple to MAPK, giving them a role in 
cell growth, survival, death and differentiation. CREB: cAMP response element binding protein; PIP2: 
phosphatidylinositol-4,5-bisphosphate; PLD: phospholipase D; NF-κB: nuclear factor-κB. Extracted from Jacobson and 
Gao (2006). 

 

 

 
Figure 41. Adenosine receptor scheme. Very long C-terminal tail of the A2AR lacking palmitoylation site. Glycosylation 
sites in the second extracellular loop of all ARs. Taken from Dr. F. Ciruela’s PhD thesis. 
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 5.3. Adenosine receptor expression in the brain 

A1Rs are very ubiquitous and are expressed in the highest density in kidney, heart atria, adipose 

tissue and brain areas as the hippocampus, cerebral cortex, thalamus, basal ganglia, cerebellar 

cortex and dorsal horn of spinal cord in human and experimental animals (Fukumitsu et al., 

2005; Vallon and Osswald, 2009; Gharibi et al., 2012; Li et al., 2016; Stockwell et al., 2017). In 

conclusion, A1Rs are the most abundant and widespread distributed in the brain; concretely they 

are the second most abundant cerebral metabotropic receptor. A1Rs can be at pre- and post-

synaptic sites, as well as in astrocytes, to influence synaptic function; they are mostly located in 

excitatory glutamatergic synapses, but they are also present in GABAergic, cholinergic, 

dopaminergic, serotoninergic and noradrenergic synapses (Sebastiao and Ribeiro, 2015; Cunha, 

2016). 

A2ARs are more abundant in the basal ganglia, almost exclusively in the striatopallidal GABAergic 

neurons of the indirect pathway cells that co-express dopamine D2R and is not present (or at 

best only to a limited extend) in medium spiny neurons of the direct pathway (Fredholm et al., 

2005). By means of more sensible techniques, like immunohistochemistry or radioligand binding 

assays, lower levels of A2AR were also detected in other brain regions, such as the cortex, 

amygdala, hippocampus, hypothalamus, thalamus and cerebellum (Rebola et al., 2005b; Hasko 

and Pacher, 2008; Chen et al., 2013; Stockwell et al., 2017). A2ARs are found predominantly at 

post-synaptic neurons in striatum, in the indirect motor pathway (Hettinger et al., 2001), but 

they are also detected as important presynaptic neuromodulators, controlling glutamate release 

in the direct motor pathway (Schiffmann et al., 2007) or GABA release (Cunha and Ribeiro, 2000). 

A2AR could also be found presynaptically in the hippocampus (Rebola et al, 2005b). 

Upon agonist stimulation, the A2AR response “quickly” desensitizes within a time frame of less 

than an hour. Desensitization involves A2AR phosphorylation mostly by GRK in the proximal 

portion of the C-terminus (Thr298) of A2AR (Palmer et al., 1994). A longer agonist exposure 

induces receptor internalization, a necessary step for either resensitization or down-regulation 

of A2AR through clathrin-coated vesicles (Palmer et al., 1994; Mundell and Kelly, 2011). 

A2BRs are highly expressed in peripheral tissues but they have a very low expression levels 

throughout the brain and a very low affinity by the endogen ligand adenosine; for this reason, 

A2BRs are only activated when adenosine is released at high levels as one of the consequences 

of tissue damage (Trincavelli et al., 2014).  

The A3R is less widely distributed than other AR subtypes with low expression brain (Rivkees et 

al., 2000; Borea et al., 2015). Using autoradiographic and immunohistochemical experiments, 

Haeusler et al. (2015) showed the existence of low levels of A3R in human post-mortem brain 

tissues (thalamus, putamen, cerebellum, hippocampus, caudate nucleus and cortex). These 

receptors are present in both presynaptic and postsynaptic terminals, but its role in synaptic 

transmission remains to be elucidated (Dixon et al., 1996; Gundlfinger et al., 2007; Huang and 

Thathiah, 2015). Recent studies have shown that A3R is critical in regulating pain induced by 

chronic constriction injury or chemotherapy and in the progression of diabetic neuropathy and 

it can be targeted to provide effective pain relief from chronic pain (Janes et al., 2016; Yan et al., 

2016).  
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 5.4. Neuronal functions of adenosine receptors  

In the brain, adenosine acts as an important upstream neuromodulator of a broad spectrum of 

neurotransmitters, receptors and signaling pathways that converge to contribute to the 

expression of an array of important brain functions (Fig. 42) (Gomes et al., 2011). Adenosine is 

the main molecule involved in the coordination of brain activity (Sebastiao and Ribeiro, 2009) 

and it has a key endogenous neuroprotective role in this tissue, predominantly mediated by 

adenosine A1Rs. This nucleoside maintains brain homeostasis and regulates complex behavior 

via activation of inhibitory and excitatory ARs in a brain region-specific manner (Cortés et al., 

2016).  

 

Figure 42. Novel disease targets for selective adenosine receptor ligands. Most promising prospects exist for 
treatment of arrhythmias, ischemia of the heart and brain, pain, neurodegenerative diseases, sleep disorders, 
inflammation, diabetes, renal failure, cancer and glaucoma, and in cardiovascular imaging. Adapted from Jacobson 
and Gao (2006). 

Adenosine modulates the function of two principal neurotransmitter systems: one that is 

involved in motor activation and reward (dopaminergic systems) and another that is involved in 

arousal processes (cholinergic, noradrenergic, histaminergic, and orexinergic systems) (Ferré, 

2010). It was reported that A1R and A2ARs contribute to the sleep homeostasis (Elmenhorst et 

al., 2007; Huang et al., 2011). Serchov et al. (2015) showed that upregulating A1R in forebrain 

neurons evokes both resilience against depressive-like behavior and antidepressant effects in a 

chronic depression model.  

A2ARs seem to operate as metamodulators, regulating other receptors and neuromodulators 

fine-tuning neuronal activity, with implications for the control of synaptic plasticity and, 

therefore, of learning and memory (Sebastiao and Ribeiro, 2015). Simoes et al. (2016) have 

identified the presence of A2AR in glutamatergic terminals in the amygdala, where they 

selectively control synaptic plasticity processes that are considered the neurophysiological basis 

of conditional fear memory. At the synaptic level, activation of stimulatory A2AR by adenosine 

also contributes to synaptotoxicity and is a rational explanation for the neuroprotective effects 

of caffeine and other A2AR antagonists (Cunha, 2005, 2008). Therefore, A2AR agonists provide 

protection by controlling massive infiltration and neuroinflammation in the hours and days after 

brain ischemia (Pedata et al., 2016). A2ARs also play an important role in the control of 

neuropathic pain because of modulation of glial cytokines (Gao and Jacobson, 2007), in the 

regulation of inflammatory and immune responses, and in neurodegenerative disorders 

(Sitkovsky et al., 2004; Lappas et al., 2005; Naganuma et al., 2006; Popoli et al., 2008; Bura et 

al., 2008; Palmer and Trevethick, 2008; Morello et al., 2009; Huang et al., 2011; Impellizzeri et 

al., 2011; Chan et al., 2013; Ouyang et al., 2013; Rissanen et al., 2013; Ahmad et al., 2013; Kanda 

and Uchida, 2014; Chiu et al., 2015; Arosio et al., 2016; Hatfield and Sitkovsky, 2016; Stockwell 

et al., 2017). A2ARs also control glial function and brain metabolic adaptation and are important 

in controlling the demise of neurodegeneration (Cunha et al., 2008; Santiago et al., 2014). 
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Moreover, it has been indicated that A2ARs can be attractive targets to manage psychiatric 

disorders (Cunha et al., 2008; Krugel, 2016) and drug addiction (Filip et al., 2012). 

  5.4.1 Caffeine interactions with adenosine receptors  

The psychostimulant caffeine (1,3,7-trimethylxanthine) (Fig. 43) is a non-selective adenosine 

receptor antagonist and one of the most important naturally occurring methylated xanthine 

alkaloids and is the most widely used psychoactive drug in the world (Fredholm et al., 1999; 

Fisone et al., 2004). Once consumed, it is rapidly distributed throughout the body and readily 

crosses the blood–brain barrier (Dager and Friedman, 2000); once in the brain, it produces a 

variety of behavioral effects including an increase in performance, subjective alertness and 

attention (an important prerequisite for many cognitive processes, such as memory and 

reasoning), and it also reduces fatigue and enhances motor activity (Fisone et al., 2004). 

New research indicates that coffee consumption may be useful 

to restore memory dysfunction associated with aging and 

neurodegenerative diseases (González de Mejia and Ramirez-

Mares, 2014). In fact, healthy people can tolerate low and 

moderate (<400 mg/day for a 70-kg person) ingestions of 

caffeine, but heavy caffeine consumption has been associated 

with serious adverse health effects, including tachycardia, 

hypertension, anxiety, restlessness, and tremors (Seifert et al., 

2011). 

Caffeine acts as antagonist when bind to ARs with a low 

micromolar range of affinities. Concretely, caffeine has similar in vitro affinities for A1R, A2AR and 

A2BR and much lower for A3R. It is known that caffeine exerts its psychostimulant effects by 

counteracting the tonic effects of endogenous adenosine on ARs. Karcz-Kubicha et al. (2003) 

suggested that the tolerance to the motor-activating effects of caffeine may be due to the 

tolerance to the effects of A1R blockade and that the residual motor-activating effects of caffeine 

in tolerant individuals might be mostly because of A2AR blockade. Both striatal A1Rs and A2ARs 

are involved in the motor-activating and probably reinforcing effects of caffeine, although they 

play a different role under conditions of acute or chronic caffeine administration (Ferré, 2008).  

Caffeine also affects the brain by a localized combination of neuronal and vascular responses.  

Increased neuronal activity is thought to be exerted mainly through action on A1Rs (Dunwiddie 

and Masino, 2001), whereas vasoconstriction is mediated mainly through action on A2ARs and 

also, in a lesser degree, by A2BRs (Pelligrino et al., 2010; Cortés et al., 2016). Both caffeine-

mediated blockade of ARs and vasoconstriction have direct repercussions on brain connectivity 

at resting states and during cognitive activation. Whereas the effects of acute caffeine 

consumption seem mostly to be due to the antagonism of A1Rs, the effects resulting from the 

chronic consumption of caffeine seem to be mainly due to the antagonism of A2ARs (Chen et al., 

2007; Ferré, 2008; Pelligrino et al., 2010).  

Caffeine also has molecular effects on cognitive functions, enhancing cognition through the 

blockade of A1R in hippocampal CA1 and CA2 neurons. In animals, caffeine has been found to 

counteract certain kinds of memory impairments, such as those associated with sleep 

deprivation or attention deficit disorder. It has been indicated that caffeine administration 

enhances consolidation of long-term memories in humans (Borota et al., 2014). In this context, 

Figure 43. Structure of caffeine. 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Pelligrino%20DA%5BAuthor%5D&cauthor=true&cauthor_uid=20182032
https://www.ncbi.nlm.nih.gov/pubmed/?term=Pelligrino%20DA%5BAuthor%5D&cauthor=true&cauthor_uid=20182032
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it has been reported that the regular human consumption of caffeine has neuroprotective 

effects in aging and in neurodegenerative diseases such as Alzheimer’s and Parkinson’s diseases 

(Ribeiro and Sebastião, 2010; Kolahdouzan and Hamadeh, 2017).  

A1Rs localized in the basal forebrain and A2ARs localized in the hypothalamus are believed to be 

mostly responsible for the arousing properties of caffeine. These properties depend on the 

blockade of multiple inhibitory mechanisms that adenosine, as an endogenous sleep-promoting 

substance, exerts on the multiply interconnected ascending arousal systems (Ferré, 2008, 2010). 

These mechanisms include a direct A1R-mediated modulation of the corticopetal basal forebrain 

system and an indirect A2AR mediated modulation of the hypothalamic, histaminergic, and 

orexinergic systems (Ferré, 2010). The blockage of these receptors by caffeine leads to an 

increase in adenosine within the noradrenergic, cholinergic, dopaminergic, and serotoninergic 

systems, which are regulated by adenosine (Lopez-Garcia et al, 2014). The stimulation of these 

neurotransmitter systems increases alertness, attention, arousal, and motor activation (Ferré, 

2010; Lopez-Garcia et al., 2014). Despite that the relative contribution of A1R and A2AR to sleep 

induction remains controversial (Porkka-Heiskanen et al., 2013; Huang et al., 2014) it has been 

suggested by Huang et al. (2014) that A2AR plays a predominant role in sleep induction, whereas 

A1R regulates the sleep–wake cycle in a site-dependent manner.  

The presence of A1R-A1R homodimers demonstrated in cell cultures and in vivo (Gracia et al., 

2013b) allows modulations within the homomer in which caffeine binding to one protomer 

increases the agonist affinity for the other protomer, a pharmacological characteristic that 

correlates with the low caffeine concentration-induced activation of agonist-promoted A1R 

signaling. This pharmacological property can explain the biphasic effects obtained at low and 

high concentrations of caffeine on locomotor activity: at low caffeine concentrations, caffeine 

increase, instead of decrease, the agonist-induced signaling, eliciting locomotor depression, and 

at high concentrations, caffeine inhibits agonist-induced signaling, inducing locomotor 

activation (Gracia et al., 2013b). If an interligand allosteric interaction is detected on a GPCR 

target, the usage of antagonist for blocking the effect of agonist drugs has to be taken with 

caution. These results open new perspectives on the actions of antagonists that must be taken 

into account in drug handling.  

 

 

  

https://www.ncbi.nlm.nih.gov/pubmed/?term=Kolahdouzan%20M%5BAuthor%5D&cauthor=true&cauthor_uid=28317317
https://www.ncbi.nlm.nih.gov/pubmed/?term=Hamadeh%20MJ%5BAuthor%5D&cauthor=true&cauthor_uid=28317317
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6. CATECHOLAMINE AND ADENOSINE SYSTEM INTERACTIONS 

 6.1 Dopamine and adenosine system interaction 

  6.1.1 Direct and indirect pathway  

Dorsal striatum (caudate nucleus and putamen) is implicated in learning or complex motor 

behavior. MSNs are the most numerous in the dorsal striatum, with at least 75% of neurons 

belonging to this type in primates (Graveland and DiFiglia, 1985; Tepper et al., 2010), and up to 

95% in rodents and cats (Kemp and Powell, 1971; Graveland and DiFiglia, 1985). The second 

class of neurons present in the dorsal striatum are interneurons (GABAergic or cholinergic), that 

are typically spiny, and unlike the medium spiny neurons, do not send projections outside the 

striatum (Phelps et al., 1985; Cowan et al., 1990; Kawaguchi, 1993; Kawaguchi et al., 1995; Wu 

et al., 2000; Tepper et al., 2010). Finally, the striatum also contains a small number of 

dopaminergic neurons. Although the amount of these neurons is almost vestigial in normal 

rodent striatum, it is more prevalent in primates (Dubach et al., 1987; Ikemoto et al., 1996). 

Mesencephalic DA and cortical glutamate inputs converge in the GABA medium spiny projection 

neurons. MSNs can be divided into two types according to expression of different peptides and 

neurotransmitter receptors. Direct pathway MSN express dynorphin and substance P and D1R 

coupling stimulatory Gs. They are also called striatonigral MSN. They project directly to the 

internal globus pallidus (GPi) and SNr. Stimulation of the direct pathway results in motor 

activation. Indirect pathway MSN express enkephalin and D2R coupling inhibitory Gi. They are 

also called striatopallidal MSN and project indirectly to the SNr by way of the GPe and STN. 

Stimulation of indirect pathway MSN results in motor inhibition. 

Direct and indirect pathways converge in GPi/SNr, the main output of basal ganglia motor 

circuitry. GPi/SNr neurons are inhibitory and project to the thalamus. The thalamus projects 

back to cortex, constituting the well-known parallel cortical-striatal-thalamic-cortical circuits. 

But, apart from this well-known, largely segregated, parallel processing, a non-appreciated 

substantial convergence of cortical inputs takes place in the striatum, in the striatonigral and 

striatopallidal neurons. This convergence includes: inputs from the two types of cortical 

pyramidal neurons: the intratelencephalic and pyramidal tract neurons (simplified in Fig. 44) 

(Shepherd, 2003), coming from the same cortical area or from different and separated cortical 

areas. These convergent corticostriatal glutamate inputs provide the convergent input 

necessary for establishing the DA-mediated stamping-in of stimulus-reward and reward 

response associations that follows the receipt of the reward (Ferré et al., 2017).  

According to both inputs from direct and indirect pathway the final outcome is transmitted back 

to cortex. Direct pathway is considered to promote voluntary movements and indirect pathway 

to suppress unwanted movements. An adequate equilibrium between both pathways produces 

normal movements (Mink, 2003; Nambu, 2008; Cohen and Frank, 2009). 

DA produced by neurons from substantia nigra pars compacta, is the key regulator for the 

correct functioning of basal ganglia. It induces motor activation via activation of D1Rs in 

striatopallidal neurons of direct pathway and inhibition of D2Rs in striatonigral neurons of 

indirect pathway, which means potentiating the stimulatory direct pathway and depressing the 

inhibitory indirect pathway. Thus, DA stimulates movement acting upon both pathways.  

https://www.ncbi.nlm.nih.gov/pubmed/?term=Cohen%20MX%5BAuthor%5D&cauthor=true&cauthor_uid=18950662
https://www.ncbi.nlm.nih.gov/pubmed/?term=Frank%20MJ%5BAuthor%5D&cauthor=true&cauthor_uid=18950662
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Figure 44. Schematic representation of the direct and indirect pathway of basal ganglia motor circuitry. 

However, the differential affinities of DA for D1R and D2R (higher affinity for D2R than for D1R), 

provide a fine-tuning device by which bursts and pauses of DA neurons can differentially 

influence their activity. D2R are more sensitive to DA pauses and D1R are more sensitive to DA 

bursts. DA bursts activate and stimulate D1Rs and cause the direct pathway to promote high 

value reward associate movements, the “GO” response. And DA pauses remove activation of 

inhibitory D2Rs and cause the indirect pathway to suppress low-value reward-associate or high-

value punishment associate movements, the “NO GO” response (Ferré et al., 2017).  

  6.1.2. Adenosine-dopamine receptor heteromers: control of motor function 

In the striatum, both D2R and A2AR are expressed in striatopallidal neurons (indirect pathway) 

forming functional heteromers. It was largely known that A2AR agonists selectively counteract 

and antagonists selectively potentiate the psychomotor-activating effects of D2R agonists 

(Popoli et al., 1998; Rimondini et al., 1998; Strömberg et al., 2000; Ferré et al., 2001) (see also 

5.4.1. section). The allosteric mechanisms within the A2AR-D2R heteromer plus the 
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heterotetrameric structure of the complex provided the rationale for the use of A2AR antagonists 

in PD (results from this Thesis: Bonaventura et al., 2015). The most salient interaction between 

the complex are the ability of adenosine or exogenous A2AR ligands to decrease the affinity and 

efficacy of DA or exogenous D2R ligands (allosteric A2AR-D2R interaction) and the ability of D2R 

agonist-mediated and Gi/o protein-dependent counteraction of A2AR agonist-mediated and Gs/olf-

dependent activation of AC (canonical Gs-Gi interaction). One more recently discovered 

interaction is a negative allosteric modulation between an orthosteric A2AR agonist and an 

orthosteric A2AR antagonist binding simultaneously to the A2AR homodimer within the A2AR-D2R 

heterotetramer. This interaction provides the frame for the apparent psychostimulant effects of 

the non-selective A1R and A2AR antagonist caffeine (this work will be further explained in the 

Results section of this Thesis). 

Thus, the A2AR-D2R heteromer acts as an integrative device that allows complex interactions 

between adenosine and DA controlling the function of the indirect pathway of the “NoGo” 

pathway. Preferential A2AR versus D2R activation leads to an increased activity of the “NoGo” 

pathway with a signal of not responding to reward-associated stimuli. Preferential D2R versus 

A2AR activation leads to a decreased activity of the “NoGo” pathway (Ferré et al., 2017). 

Moreover, adenosine also modulates the “Go” pathway (direct pathway) through A1R-D1R 

postsynaptic complex that has been demonstrated in transfected cells, striatal neurons in 

culture (Ferré et al., 1998; Ginés et al., 2000) and in striatal tissue. A1R activation leads to a 

selective significant counteraction of D1R-mediated activation of striatal neurons both at the 

allosteric and AC interaction level (Ferré et al., 1996). At the behavioral level A1R agonists 

selectively depress psychomotor activation induced by D1R agonists.  

Finally, the A1R-A2AR heteromer also plays a role in the fine-tune control of the glutamate release 

at the striatal glutamate terminal. Adenosine has more affinity for A1R, thus, at low 

concentrations, adenosine will activate A1R, which activates Gi/o proteins and inhibits glutamate 

release. Higher concentrations also activate A2AR, which allosterically shuts down A1R signaling, 

promotes Gs signaling, activation of cAMP and glutamate release (Ciruela et al., 2006; Cristóvao-

Ferreira et al., 2013). Some studies have linked this heteromer with the direct pathway (Quiroz 

et al., 2009).  

  6.1.3 Dopamine-adenosine system in Parkinson’s disease  

Dysfunctions of the central DA system are involved in a variety of disorders, including PD. The 

main motor symptoms of PD are bradykinesia, rigidity, tremors, akinesia and postural instability 

and are attributed to dysfunctions of the brain circuits involved in the execution and 

coordination of body movements, the “motor circuit”. In PD, neurodegeneration of 

dopaminergic neurons tends to occur initially and predominantly in the lateral part of the SNc, 

which projects mainly to the caudal dorsal striatum. In consequence, there is a predominant 

deficit of the more automatic versus intentional action skills and most sequential psychomotor 

responses need to be performed with full attention.  

The reduced concentration of DA in the striatum induces hyperactivation of the globus pallidus 

internus via inhibition of the direct pathway and excitation of the indirect pathway and 

consequently, a hypoactivation of the thalamus. The net effect of the DA depletion and the 

decrease of the cortical output via pyramidal neurons correlate with hypokinetic movements 

that are typical for PD. Excess of dopaminergic stimulation would lead to hyperkinesia.  
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Patients with PD are usually treated with DA-related drugs including levodopa, monoamine 

oxidase B inhibitors and dopamine agonists, which in turn increase the risk of motor and non-

motor complications (Stocchi et al., 2010; Chondrogiorgi et al., 2014; Moore et al., 2014). Non-

dopaminergic agents are thus needed for improving PD therapy and limiting side effects. The 

antagonistic relationship between A2ARs and D2Rs in the striatum has provided a rationale for 

evaluating A2AR antagonists in PD that could reduce the risk of the onset of PD and subsequent 

dyskinesia caused by long-term dopaminergic drug therapy (Hernan et al., 2002; Kachroo et al., 

2012; Wills et al., 2013; Preti et al., 2015). Moreover, A2AR antagonists not only provide 

symptomatic relief but also decelerate the neurodegeneration of dopaminergic cells in patients 

with Parkinson’s disease (Xu et al., 2005).  

As an example, epidemiological evidence shows an inverse relationship between caffeine 

consumption and risk of developing PD (Ross, et al., 2000; Ascherio et al., 2001). In the same 

context, the A2AR antagonist KW-6002 (istradefylline), was approved in Japan in 2013 (under the 

brand name Nouriast™) as adjunctive therapy to levodopa/carbidopa for the treatment of 

idiopathic PD reducing dyskinesia in patients who experience motor response complications 

(Jenner et al., 2009; Kondo et al., 2015) resulting from long-term treatment with classical 

antiparkinson drugs such as levodopa (Uchida et al., 2015; Ko et al., 2016). Istradefylline also 

exerts antidepressant-like effects via modulation A2AR activity (Dungo and Deeks, 2013; Pinna, 

2014; Yamada et al., 2014). 

Besides KW-6002, other A2AR antagonists are or have been in clinical trials such as SCH- 420814 

(Merck-Schering), SYN-115 (Roche), vipadenant (Juno Therapeutics) or ST-1535 (Weiss et al., 

2003; Peng et al., 2004; Cutler et al., 2012; Factor et al., 2013; Wang et al., 2013; Jenner, 2014; 

Pinna, 2014; Hauser et al., 2015; Sakata et al., 2017), but none of them has yet got the approval 

by the U.S. FDA mainly because of the difficulties in translating very promising preclinical assays 

into medications due to the tight requirements for being approval. It is well known that quite a 

number of current drugs would not pass today the tight requirements asked by the regulatory 

bodies. 

 6.2. Dopamine and adrenaline system interaction 

The PFC is the most recently evolved region of the brain, subserving our highest order cognitive 

abilities. The cellular networks of the PFC are able to maintain representations of goals and rules 

and use remembered information to guide attention, behavior, and emotion (Goldman-Rakic, 

1995). Current evidence supports the role of the PFC in the regulation of top-down attention, 

i.e. attention based on relevance (Buschman and Miller, 2007). Extensive projections to the 

sensory association cortices allow the PFC to suppress processing of irrelevant distractions and 

enhance processing of meaningful stimuli that may not be inherently captivating (e.g. 

homework) (Barbas et al., 2005; Yamaguchi and Knight, 1990). Depending on task demands, the 

PFC facilitates sustained attention on a single task (Wilkins et al., 1987) or manages rapid shifts 

in attention to accomplish multiple sequential tasks (Robbins and Roberts, 2007).  

The right inferior PFC is especially important for reducing impulsive behavior and inhibiting 

inappropriate actions (Aron et al., 2004), while the orbital and ventromedial PFC is essential for 

the regulation of emotion, such as the inhibition of aggressive impulses (Best et al., 2002; 

Izquierdo et al., 2005; Price et al., 1996). These PFC regions act in concert to carry out the 

executive functions of planning and organizing appropriate actions, thoughts, and emotions. The 
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PFC regulates attention, behavior, and emotion through networks of pyramidal neurons that 

interconnect on dendritic spines. A unique feature of PFC networks is that neurons are able to 

excite each other in the absence of external environmental stimulation, thus representing 

information such as goals for behavior, even in the presence of distracting stimuli (Miller et al., 

1993; Goldman-Rakic, 1995). 

Lesions to the PFC produce symptoms such as forgetfulness, distractibility, impulsivity and/or 

perseveration, and disorganization. Patients with PFC lesions are easily distracted (Godefroy and 

Rousseaux, 1996; Woods and Knight, 1986), are impaired at gating sensory stimuli (Knight et al., 

1989; Yamaguchi and Knight, 1990), have poor concentration and organization, and are more 

vulnerable to disruption from proactive interference (Thompson-Schill et al., 2002). There is also 

an old but consistent literature demonstrating that PFC lesions cause locomotor hyperactivity in 

monkeys (French, 1959; Gross, 1963; Kennard, 1941). Moreover, the PFC network activity is 

fragile, and extremely sensitive to the neurochemical environment. Thus, small changes in the 

arousal systems can markedly alter the connectivity of PFC networks (Arnsten et al., 2010). In 

particular, these PFC connections require that catecholamine concentrations be maintained at 

optimal levels (Arnsten, 2007)  

Concretely, NE transmission in PFC through modulation of dopamine in NAc, is a necessary 

condition for motivational salience attribution to both reward- and aversion-related stimuli. In 

addition, NAc is involved in processing the information underlying the motivational control of 

goal-directed behavior, processing both rewarding and aversive stimuli (Wise, 2004). NE in PFC 

might activate mesoaccumbens DA release through excitatory prefrontal cortical projection to 

VTA DA cells (Sesack and Pickel, 1992; Shi et al, 2000) and/or through corticoaccumbal 

glutamatergic projections (Darracq et al., 1998). Moreover, a role for PFC projections to the LC 

in exerting an excitatory influence can be envisaged because this nucleus has been shown to 

activate VTA DA neurons (Grenhoff et al., 1993; Liprando et al., 2004), which could lead to 

increased DA release in NAc.  

  6.2.1. Catecholamine systems and ADHD  

In summary, the PFC controls many of the executive functions that are altered in the pathology 

of ADHD. Moreover, it is important to note that, in the “Information Age,” when we are 

bombarded with stimuli and valued based on our abilities to organize and use large amounts of 

information efficiently. The more frequent diagnosis and treatment of ADHD may be related to 

this increased need for PFC abilities to succeed in modern society (Arnsten and Li, 2005). 

Several imaging studies have shown that the dorsolateral PFC has a smaller volume and reduced 

blood flow or metabolism in patients with ADHD compared with controls (Castellanos et al., 

2002, 2008; Mostofsky et al., 2002; Rubia et al., 1999; Seidman et al., 2005). Decreased PFC 

activity is particularly evident in the performance of tasks that require sustained attention or 

inhibition of inappropriate movement (Rubia et al., 2005). In patients with ADHD, the white 

matter tracts that link the PFC to other brain regions also appear less well organized (Casey et 

al., 2007; Makris et al., 2008), and functional connectivity is reduced (Castellanos et al., 2008). 

In addition, the volumes of other brain regions, such as the caudate and cerebellum, which have 

reciprocal connections with the PFC, have been reported to be smaller in children with ADHD 

than in control subjects in some studies (Castellanos et al., 2002). There is also evidence of 

delayed maturation of the PFC in children with ADHD (Shaw et al., 2007) that may vary in degree, 
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which may explain why ADHD continues into adulthood for some individuals, yet may resolve in 

others.  

There is also suggestive evidence of reduced catecholamine, especially DA and NE, inputs to the 

PFC in adults with ADHD based on fluorodopa positron-emission tomography (PET) imaging 

(Ernst et al., 1998). These data are especially compelling, given that most medications used to 

treat ADHD enhance DA and NE transmission (Table 2). Genetic studies have also indicated 

linkage of vulnerability for developing ADHD and a variety of genes related to DA (the DA 

transporter, the DA degrading enzyme COMT, D1R and D4R) and NE (the synthetic enzyme 

dopamine beta hydroxylase and α2AR) (Cook et al., 1995; Gill et al., 1997; Roman et al., 2003; 

Park et al., 2005; Arnsten and Li, 2005; Belcher et al., 2014). 

Low to moderate levels of NE have important beneficial effects on PFC function, whereas high 

concentrations of NE released during stress contribute to impaired PFC function. Moderate 

levels of NE, when the subject is alert and interested, improve PFC function via α2R (Li and Mei, 

1994), whereas high levels of NE released under stressful conditions engage lower affinity α1- 

and β-receptors and impair PFC function (Arnsten et al., 2000; Birnbaum et al., 2004; Ramos et 

al., 2005). α2AR have been associated with ADHD and action impulsivity (Ma et al., 2003, 2005; 

Arnsten and Li, 2005; Cummins et al. 2014). Concretely, α2AR agonists improve PFC function in 

mice (Franowicz et al., 2002), rats (Tanila et al., 1996), monkeys (Arnsten et al., 1988; Rama et 

al., 1996), and humans (Jakala et al., 1999a, 1999b) thus improving working memory and 

behavioral inhibition and protecting against distractibility. Moreover, the blocking of α2AR with 

local yohimbine infusions in monkey PFC can recreate many of the symptoms of ADHD, including 

impulsivity and locomotor hyperactivity (Li and Mei, 1994; Ma et al., 2003, 2005). In contrast, 

α1R agonists impair working memory, while α1R antagonists protect PFC cognitive function from 

stress-induced impairment.  

Among the α2Rs, the α2AR subtype is the most prevalent in the PFC and is found both 

presynaptically on noradrenergic terminals and postsynaptically on the dendritic spines of PFC 

pyramidal cells that receive network inputs (Aoki et al., 1998; Wang et al., 2007). The 

effectiveness of PFC network connections relies on noradrenergic stimulation of α2ARs on the 

spines of PFC pyramidal cells (Wang et al., 2007). These α2AR are localized on the dendritic spines 

near ion channels that control the impact of synaptic inputs on the spine (Wang et al., 2007). 

When these ion channels are open, nearby synaptic inputs are diverted and the incoming 

information escapes, weakening the synaptic connection (Fig. 45). Alternatively, stimulation of 

α2AR, activates Gαi/o proteins, decreasing cAMP levels via inhibition of adenilate cyclase and 

causing the closure of the ion channel, strengthening the synaptic connection.  

  



INTRODUCTION 

72 
 

Table 2. Recompilation of prescribed medications for ADHD. 

Compound Commercial name Action mechanism 

Metilphenidate 
 
 
 

 
 

Ritalin®, Metadate CD®, 
Methylin ER®, Ritalin SR®, 
Contempla XR-ODT®, 
Focalin®, Focalin XR® 

block reuptake of NE 
and DA into presynaptic 
neurons 

Dextroamphetamine 
and amphetamine 
mixtures  

Adderall®, Mydayis 
Dexedrine®, Vyvanse®, 
Dyanavel XR®, Evekeo® 

block NE and DA 
reuptake in presynaptic 
neurons and increases 
release of these 
monoamines in 
extraneuronal spaces 

Atomoxetine 
 
 

 

Strattera® 
inhibit neuronal NE 
reuptake 

Reboxetine 
 
 
 
 
 

 

Irenor® 
inhibit neuronal NE 
reuptake 

Venlafaxine 
 
 
 

Effexor® 
inhibit neuronal 
serotonin and NE 
reuptake 

Imipramine  
 
 
 
 

Tofranil® 
inhibits the reuptake of 
NE or serotonin at 
presynaptic neurons 

Selegiline 
 
 

Plurimen® 
MAO B inhibitor, causes 
an increase of DA 

Guanfacine 
 
 

Intuniv® central alpha2 agonist 

Clonidine 
 
 Kapvay® central alpha2 agonist 

Risperidona 
 

Risperidal® 
5-HT2n and D2 receptor 
agonist 

Bupropion 
 
 
 

Wellbutrin® NE and DA agonist 

http://reference.medscape.com/drug/ritalin-sr-methylphenidate-342999
http://reference.medscape.com/drug/ritalin-sr-methylphenidate-342999
http://reference.medscape.com/drug/ritalin-sr-methylphenidate-342999
http://reference.medscape.com/drug/focalin-xr-dexmethylphenidate-342996
http://reference.medscape.com/drug/adderall-mydayis-amphetamine-dextroamphetamine-342997
http://reference.medscape.com/drug/adderall-mydayis-amphetamine-dextroamphetamine-342997
http://reference.medscape.com/drug/adderall-mydayis-amphetamine-dextroamphetamine-342997
http://reference.medscape.com/drug/dexedrine-procentra-dextroamphetamine-342998
http://reference.medscape.com/drug/vyvanse-lisdexamfetamine-342993
http://reference.medscape.com/drug/adzenys-er-evekeo-dyanavel-xr-amphetamine-1000014
http://reference.medscape.com/drug/effexor-venlafaxine-342963
http://reference.medscape.com/drug/tofranil-pm-imipramine-342941
http://reference.medscape.com/drug/intuniv-tenex-guanfacine-342384
http://reference.medscape.com/drug/catapres-tts-clonidine-342382
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Figure 45. Stimulation of postsynaptic, α2ARs on PFC neurons by NE or guanfacine strengthens the functional 
connections between PFC neurons. Many α2ARs are found on the dendritic spines where PFC neurons form network 
connections. Top row: When there is no α2AR stimulation, cAMP levels are high, potassium channels open, weakening 
nearby synaptic inputs. As a result, PFC network firing decreases, and there is weakened capability to regulate 
attention, behavior, or emotion. Bottom row: When α2ARs are stimulated by NE or by guanfacine, they close nearby 
potassium channels, increasing the efficacy of network inputs, and facilitating PFC function. Source: Wang et al. 
(2007). 

Furthermore, according to Arnsten et al. (2000) and Arnsten and Li (2005), guanfacine and 

clonidine, two drugs approved by the FDA for the treatment of ADHD, produce their memory-

enhancing effects by acting as agonists on a postsynaptic α2AR without different sedative and 

hypotensive effects. A third possibility involves the report by Miller et al. (2014) of aberrant 

glutamate signaling in the PFC. These authors reported that the spontaneously hypertensive rat 

(SHR) model of ADHD involves a hyperfunctional glutamate system. The glutamatergic nerve 

terminals have α2AR acting as heteroreceptors reducing glutamate release presynaptically in the 

PFC (Miller et al., 2014).  

The most prominent dopaminergic actions in the PFC arise from actions at D1R, which are found 

in both superficial and deep layers of the primate PFC (Lidow et al., 1991). In the PFC, DA 

stimulation of D1R plays a role complementary to that of NE, decreasing PFC neuronal activity in 

response to irrelevant stimuli (Vijayraghavan et al., 2007). Activated D1Rs open ion channels on 

a set of dendritic spines that receive inputs irrelevant to focused working memory and attention. 

Opening channels on these spines weakens irrelevant network connections, reducing noisy input 

to the neuron and enhancing the efficiency of PFC function. However, diminishing these 

connections excessively may be harmful in situations that require broad attention or creative 

solutions; concretely, ADHD appears to be associated with depressed DA activity in the brain 

(Volkow et al., 2007). In addition, DA D1R overstimulation (e.g., under a stressful condition) may 

lead to disconnection of all network inputs and the cell may stop firing.  

DA also binds at D2R in the PFC which are concentrated in layer V neurons where they also 

increase response-related firing (Wang et al., 2004). DA also acts at D4R in the PFC, where 

regulate cortical function, through pyramidal neurons or via modulation of GABA interneurons 
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that innervate pyramidal neurons (Mrzljak et al., 1996; Goldman-Rakic, 1998) or interneurons 

(Mrzljak et al., 1996; Wang et al., 2002). 

Moreover, both D2R and D4R are involved in the modulation of corticostriatal glutamatergic 

transmission in the striatum (Maura et al., 1988, Gonzalez et al., 2012a; Bonaventura et al., 

2017), both at the dendritic level (PFC) and at the terminal level (NAc shell) that is higher in the 

case of D4.7R knock-in mice. A blunted corticostriatal transmission should affect the activity of 

both the “Go” and “NoGo” GABAergic striatal efferent pathways, decreasing their respective 

ability to increase the reactivity to reward-related stimuli and to suppress the reactivity to non-

rewarded- or aversive-related stimuli (Bromberg-Martin et al., 2010). The outcome should be 

an increased “interest” for irrelevant stimuli and a reduced inhibition of irrelevant responses, 

which could be important in explaining the attention deficit and impulsivity of ADHD.  
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II. AIM AND OBJECTIVES 

The catecholamines dopamine (DA) and norepinephrine (NE) constitute a class of conventional 

neurotransmitters and hormones that occupy key positions in the regulation of physiological 

processes and in the development of neurological, psychiatric, endocrine and cardiovascular 

diseases. DA has been shown to have a key role in regulating affect, attention, behavior and 

cognition, motivation and reward, sleep and voluntary movement. NE is involved in alertness, 

mood, arousal, learning and memory, motor control, blood flow, and metabolism. DA system 

has been a main focus of interest during the last decades mainly due to its role in pathologies 

such as Parkinson’s disease, attention deficit hyperactivity disorder (ADHD), schizophrenia, 

Tourette syndrome, Huntington disease, Restless Leg syndrome and substance abuse disorder 

(SUD), among others, all related to a deregulation in the dopaminergic transmission. NE system 

has also been related with several diseases within the CNS such as psychiatric disorders including 

major depression and ADHD, among others. DA activates two families of receptors: D1-like (D1R 

and D5R) and D2-like receptors (D2R, D3R, and D4R) and NE binds and activates three subfamilies 

of adrenoceptors: 1R, 2R and βR. These receptors are involved in the complex regulation 

system of the prefrontal cortex (PFC) and in the motor control. Both NE and DA receptors belong 

to the GPCR family, also known as seven transmembrane domain receptors. GPCRs comprise 

the largest superfamily of plasma membrane proteins in the body and are involved in 80% or 

more of the signal transduction processes that occur across cell membranes, acquiring an 

enormous biomedical importance. It is estimated that about 35% of approved drugs target 

GPCRs. 

 During the last two decades, a large number of GPCRs have been described to form 

homodimers, heterodimers and higher order oligomers that are often essential for the fine 

modulation of GPCR function. For these reasons, we hypothesized that allosteric interactions 

between catecholamine receptors and other GPCR could be involved in neurologic and motor 

dysfunctions, and their study will help to rationally design new more effective drugs targeting 

these receptor heteromers with less secondary effects. To test our hypothesis, we formulated 

the following aim of this Thesis: to study and characterize the molecular interactions at 

pharmacological and functional level of heterodimers between catecholamine receptors and 

between catecholamine and adenosine receptors involved in several neurological pathologies 

related to imbalances in attention, impulsivity and motor control. 

To accomplish this main aim, we designed several specific objectives: 

Most of the developed models that wanted to explain the behavior of drug-GPCR interactions, 

consider GPCRs as monomers. However, since oligomers have biochemical properties that are 

demonstrably different from those of their individual components, when working with receptor 

dimers but using monomeric models, some parameters obtained may be erroneous. This can be 

solved by using a dimer receptor model that considers oligomerization. Nevertheless, there are 

still several aspects to further investigate, such as the obtaining of different curve patterns in 

competitive radioligand binding experiments depending on the radioligand and its 

concentration. For this reason, we formulated the following objective: 

- Objective 1. To characterize the consequences of radioligand-competitor allosteric 

interactions within G protein-coupled receptor homodimers on the curve pattern and 

parameter values obtained in competitive experiments using the dimer receptor model. 
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The biochemical, pharmacological and biological characterization of receptor oligomers is 

essential for understanding the normal function of the body as well as their alterations and roles 

in pathologies and has important implications in the field of GPCR pharmacology. It is well known 

that DA D2Rs have an important role in the regulation of motor activity in the indirect pathway 

of the basal ganglia. In this pathway D2Rs heteromerize with adenosine A2AR, which negatively 

regulate their function through a complex system of allosteric modulations. For this reason, we 

formulated the following objective: 

- Objective 2. To further biochemically, pharmacologically and biologically characterize the 

repercussions derived from the quaternary structure of the dopamine D2 receptor and 

adenosine A2A receptor heteromer, with an emphasis on both the ligand-protein and protein-

protein allosteric interactions. 

 

Customized drugs targeting a specific receptor oligomer in the CNS might improve safety and 

efficacy for their therapeutic targets. In this context, bivalent ligands are the best example of 

oligomers-selective ligands that can interact simultaneously with a (homo/hetero) GPCR dimer 

with high affinity and subtype selectivity. The main problem with bivalent ligands is that, if the 

orientation or the spacer length is not the appropriate may lead to dual-acting ligands. Thus, it 

is crucial to know the dimer interface and the quaternary structure of the receptor and also to 

choose the best pharmacophores for properly design these compounds. Due to knowledge 

acquired with the Objective 2 about the structure and function of homodimers, heterodimers 

and higher-order oligomers of D2R, we formulated the following objective as a first step to design 

a true bivalent ligand between D2-like receptors or with other catecholamine or adenosine 

receptors for the treatment of motor dysfunctions: 

- Objective 3. To rationally design and evaluate bivalent ligands for dopamine D2 receptor 

homodimers, using a combination of computational, chemical and biochemical tools. 

 

In the brain, catecholamine innervations generally coincide with the distribution of its receptors 

but it is not always the case. There is compelling evidence indicating that DA and NE 

promiscuously interact with each other’s receptors in some situations. As an example, striatum 

receives low striatal NE innervations and, in contrast, has high density of α2-adrenoceptors. It 

has been previously postulated that dopamine could provide the endogenous neurotransmitter 

for striatal α2Rs, although with discrepancies in the efficacy of this interaction, leaving the 

question unanswered. For this reason, we formulated the following objective: 

- Objective 4. To characterize by radioligand binding assays the affinity of DA and synthetic DA 

receptor ligands for α2Rs and to determine the effectiveness of this binding in activating 

several signaling pathways. 

 

The two most common polymorphisms of the human DRD4 gene encode a D4R with four or 

seven repeats of a proline-rich sequence of 16 amino acids (D4.4R or D4.7R). Although D4.7R has 

been associated with ADHD, the differential functional properties between both variants 

remained enigmatic until recent electrophysiological and optogenetic-microdialysis 
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experiments that indicated a gain of function of D4.7R. Since no clear differences in the 

biochemical properties of individual D4.4R and D4.7R have been reported, it has been suggested 

that those differences may emerge upon heteromerization with dopamine D2R. Both D2-like 

receptors co-localize in the corticostriatal pyramidal neurons of the layer V both pre- and post-

synaptically, controlling glutamate release in the striatum and, consequently, the activation of 

the indirect pathway of the movement. Thus, we formulated the following objective: 

- Objective 5. To functionally characterize heteromers between dopamine D2SR and dopamine 

D4.4R, as well as with D4.7R, prevalent in ADHD patients in order to find differences between 

variants that may explain the pathophysiology of this disorder. 

 

Similar to D4R, α2AR has been associated with ADHD and action impulsivity and is present both 

in the PFC and basal ganglia. In view of the common epidemiological and pharmacological 

involvement of D4R and α2AR in impulse control and the apparent promiscuity of DA and NE in 

their ability to activate both receptors, we formulated the last objective of this Thesis: 

- Objective 6. To characterize biochemically and pharmacologically new heteromers between 

human α2AR and D4.4R, as well as with the D4.7R variant, prevalent in ADHD patients, in cell 

cultures and in striatum and PFC slices of control and human D4.7 knock-in mice to know if 

dopamine modulates adrenergic signaling and vice versa. 

 

 

 

  

https://www.google.es/search?rlz=1C1MOWC_esES465ES465&q=pathophysiology&spell=1&sa=X&ved=0ahUKEwiYo-CR4rXaAhVHShQKHYH9CfwQBQgkKAA
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Enric I Canela Campos and Antoni Cortés Tejedor of the Molecular Neurobiology Group from the 

Department of Biochemistry and Molecular Biomedicine, Faculty of Biology, University of 

Barcelona (Diagonal, 643, Edifici Prevosti, planta -2; 08028-Barcelona), directors of the Doctoral 

Thesis " Allosteric interactions between catecholamine receptors and other G protein-coupled 

receptors: pharmacological and functional characterization” presented by Verònica Casadó 

Anguera in the compendium of articles format expose that: 

 

The manuscript “Reinterpreting anomalous competitive binding experiments assuming 

radioligand-competitor allosteric interactions within G protein-coupled receptor 

homodimers” has been submitted to Drug Discovery Today journal (IF: 6,369). The manuscript 

“Allosteric interactions between agonists and antagonists within the adenosine A2A receptor-

dopamine D2 receptor heterotetramer” has been published in Proceedings of the National 

Academy of Sciences of the United States of America (PNAS) journal (IF: 9,423). The manuscript 

“Evidence for the heterotetrameric structure of the adenosine A2A-dopamine D2 receptor 

complex” has been published in Biochemical Society Transactions journal (IF: 2,765). The 

manuscript “Functional pre-coupled complexes of receptor heteromers and adenylyl cyclase” 

has been published in Nature Communications journal (IF: 12.124). The manuscript “Design of 

a true bivalent ligand with picomolar binding affinity for a G protein-coupled receptor 

homodimer” has been submitted to Journal of Medicinal Chemistry (IF: 6.259). The manuscript 

“2A- and 2C-Adrenoceptors as Targets for Dopamine and Dopamine Receptor Ligands” has 

been published in Molecular Neurobiology journal (IF: 6,190).The manuscript “Revisiting the 

functional role of dopamine D4 receptor gene polymorphisms: Heteromerization-dependent 

gain of function of the D4.7 receptor variant” has been submitted to ACS Chem. Biol (IF: 4,995). 

The manuscript “Functional differences between dopamine D4.4 and D4.7 receptor variants 

into the dopamine D4-adrenergic alpha2A receptor heteromer in the brain” is ready to be 

submitted to Neuropsychopharmacology journal (IP: 6.403).  

In the article “Reinterpreting anomalous competitive binding experiments assuming 

radioligand-competitor allosteric interactions within G protein-coupled receptor 

homodimers” the PhD student Verònica Casadó is the first author and performed all the 

experimental part and the simulations assays and also participated in the design of the 

experiments and in the writing process of the manuscript. 

In the article “Allosteric interactions between agonists and antagonists within the adenosine 

A2A receptor-dopamine D2 receptor heterotetramer” the PhD student Verònica Casadó 

performed radioligand experiments and proximity ligation assays and participated in the 

discussions of the manuscript. 

In the article “Evidence for the heterotetrameric structure of the adenosine A2A-dopamine D2 

receptor complex” the PhD student Verònica Casadó is the first author. She wrote most of the 



     
 
 

 
 

manuscript and performed the novel experiments of radioligand dissociation of [3H]YM-09151-

2 in the absence or presence of selective D2R ligands. 

In the article “Functional pre-coupled complexes of receptor heteromers and adenylyl cyclase” 

the PhD student Verònica Casadó performed experiments to determinate the canonical 

interaction between dopamine D2 receptors and adenosine A2A receptors at the adenylyl cyclase 

level in different cell models and participated in the discussion of the manuscript. 

In the manuscript “Design of a true bivalent ligand with picomolar binding affinity for a G 

protein-coupled receptor homodimer” the PhD student Verònica Casadó is a first co-author 

with Dr. Daniel Pulido and Dr. Laura Pérez-Benito. Verònica Casadó participated in the design of 

the experiments and performed the bimolecular fluorescence complementation assay of D2R 

homodimers in the presence of interference peptides. She also performed the pharmacological 

characterization of the bivalent ligands by binding assays (in the presence or absence of 

interference peptides) and tested the real-time signaling signature by a label-free method. She 

also participated in the writing process of the manuscript. 

In the article “2A- and 2C-Adrenoceptors as Targets for Dopamine and Dopamine Receptor 

Ligands” the PhD student Verònica Casadó is a first co-author with Dr. Marta Sánchez-Soto. Both 

researchers performed all the experiments except the modeling of the binding mode of 

dopamine at each receptor type that appears in Fig. 9 that was performed by Dr. Bryan Bender 

and Dr. Jens Meiler at Vanderbilt University, Nashville, USA. 

In the manuscript “Revisiting the functional role of dopamine D4 receptor gene 

polymorphisms: Heteromerization-dependent gain of function of the D4.7 receptor variant” the 

PhD student Verònica Casadó performed CODA-RET assays with Dr. Marta Sánchez Soto during 

her stay at Dr. Sergi Ferré lab at the NIH, Baltimore, USA, from September-December, 2016 and 

participated in the discussion and in the writing process of the manuscript. 

In the manuscript “Functional differences between dopamine D4.4 and D4.7 receptor variants 

within the dopamine D4-adrenergic 2A receptor heteromer in the brain” the PhD student 

Verònica Casadó is the first author and participated in the design of the experiments and 

performed the totality of the experimental part. She also participated in the discussions and in 

writing the manuscript.  

Dr. Marta Sánchez-Soto, for the elaboration of her Doctoral Thesis, used the results obtained in 

the article “2A- and 2C-Adrenoceptors as Targets for Dopamine and Dopamine Receptor 

Ligands”, in a preliminary version of the manuscript prior to its publication. The results that 

appear in the manuscript “Revisiting the functional role of dopamine D4 receptor gene 

polymorphisms: Heteromerization-dependent gain of function of the D4.7 receptor variant” 

pendent to be accepted for publication. 

Dr. Laura López, for the elaboration of her Doctoral Thesis, used the results that appear in the 

manuscript “Design of a true bivalent ligand with picomolar affinity for a G protein-coupled 

receptor homodimer” pendent to be accepted for publication. 

Dr. Jordi Bonaventura and Dr. Marc Brugarolas for the elaboration of their Doctoral Thesis used 

results that appear in the article “Allosteric interactions between agonists and antagonists 



     
 
 

 
 

within the adenosine A2A receptor-dopamine D2 receptor heterotetramer” when it was in a 

preliminary phase. 

 

 

Barcelona, April 23rd, 2018  

 

 

 

 

 

 

 

Dr. Enric I. Canela Campos      Dr. Antoni Cortés Tejedor 
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III. RESULTS 

 

The results derived from this Thesis appear in the following articles and manuscripts: 

 

Chapter 1. Reinterpreting anomalous competitive binding experiments assuming 

radioligand-competitor allosteric interactions within G protein-coupled receptor 

homodimers 

Casadó-Anguera V, Moreno E, Mallol J, Ferré S, Canela EI, Cortés A, Casadó V.  

Drug Discovery Today, submitted.  
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Reinterpreting anomalous competitive binding experiments assuming radioligand-competitor 

allosteric interactions within G protein-coupled receptor homodimers  

Verònica Casadó-Anguera1,2, Estefanía Moreno1,2, Josefa Mallol1,2, Sergi Ferré3, Enric I. Canela1,2, 

Antoni Cortés1,2 and Vicent Casadó1,2 

1 Centro de Investigación Biomédica en Red sobre Enfermedades Neurodegenerativas (CIBERNED), Spain 
2Institute of Biomedicine of the University of Barcelona (IBUB), and Department of Biochemistry and 

Molecular Biomedicine, Faculty of Biology, University of Barcelona, Av. Diagonal 643, 08028 Barcelona, 

Spain 
3National Institute on Drug Abuse, I.R.P., N.I.H., D.H.H.S., Baltimore, MD 21224, USA. 

 

* Corresponding author: Vicent Casadó. Laboratory of Molecular Neurobiology, Department of 
Biochemistry and Molecular Biomedicine, Faculty of Biology, University of Barcelona, Av. 
Diagonal 643, 08028 Barcelona, Spain. Tel.: (34) 934039279; fax: (34) 934021559; 
vcasado@ub.edu 

Author’s e-mail addresses: vcasadoanguera@gmail.com (V. Casadó-Anguera), 

fifa877@hotmail.com (E. Moreno), jmallol@ub.edu (J. Mallol), sferre@intra.nida.nih.gov (S. 

Ferré), ecanela@ub.edu (E.I. Canela), antonicortes@ub.edu (A. Cortés), vcasado@ub.edu (V. 

Casadó) 

 

Short title: Radioligand-competitor allosteric interactions 

Key words: G-protein coupled receptor, pharmacological parameter, allosteric modulation, 

protein-protein interaction, receptor homodimer, dimer receptor model, molecular cross-talk  

ABSTRACT 

An increasing number of G protein-coupled receptors (GPCRs) have been reported to be 

expressed in the plasma membrane as dimers. Since most ligand binding data are currently fitted 

by classical equations developed only for monomeric receptors, the interpretation of data could 

be misleading in the presence of GPCR dimers. On the other hand, the equations developed 

from dimer receptor models assuming the existence of two orthosteric binding sites within the 

dimeric molecule offer the possibility to directly calculate macroscopic equilibrium dissociation 

constants for the two sites, an index of cooperativity (DC) that reflects the molecular 

communication within the dimer and, importantly, a constant of radioligand-competitor 

allosteric interaction (KAB). Here, we provide a practical new way to fit competitive binding data 

that allows to interpret apparently anomalous results, such as competition curves that could be 

either biphasic, monophasic or bell-shaped depending on the assay conditions. Considering a 

radioligand-competitor allosteric interaction allows fitting these data both under simulation 

conditions and in real radioligand binding experiments. Our approach is novel because it is the 

first that, assuming the formation of receptor homodimers, is able to explain several 

experimental results previously considered erroneous due to their impossibility to be fitted. We 

also deduce the radioligand concentration responsible for the conversion of biphasic to 

monophasic or to bell-shaped curves in competitive radioligand binding assays. In addition, we 

demonstrate that bell-shaped curves in competitive binding experiments constitute evidence 

for GPCR homodimerization.   
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INTRODUCTION 

G protein-coupled receptors (GPCRs) comprise the largest protein superfamily in mammalian 

genomes, covering around 3% of the human proteome (Cvicek et al., 2016). They are involved 

in 80% or more of the signal transduction processes that occur across cell membranes, exerting 

their intracellular effects in response to a wide array of extracellular ligands, including single 

photons, neurotransmitters, hormones and peptides (Wells, 2014).Their critical role in the 

mediation of transmembrane signal transduction makes GPCRs therapeutic targets in a large 

number of diseases, either due to their direct role in the pathophysiology of specific disease or 

due to their ability to modulate a set of signaling cascades implicated in a specific disease 

(Lefkowitz, 2004; Cvicek et al., 2016). Therefore, GPCRs are the most important class of 

membrane proteins in clinical medicine, accounting for about 40% of all current marketed drugs. 

Moreover, 20% of recently Food and Drug Administration (FDA) approved drugs act through 

modulating GPCR functions (Garland, 2013; Katrich et al., 2013; Wang and Lewis, 2013), 

providing treatments for CNS disorders, cardiac dysfunction, cancer, diabetes, obesity, 

inflammation, and pain (Hauser et al., 2017).  

The long perceived notion that GPCRs only function in monomeric form (Chabre and Le 

Maire, 2005; Ernst et al., 2007; Whorton et al., 2007, 2008; Chabre et al., 2009; Kuszak et al., 

2009) has been changed in the last decades by the description of a number of GPCRs of classes 

A, B and C that are found as homodimers, heterodimers and higher order oligomers (for review, 

see Bouvier, 2001; Devi, 2001; George et al., 2002; Milligan, 2004, 2007, 2008; Ferré et al., 2009, 

2014; Casadó et al., 2009a; Fuxe et al., 2010; Hiller et al., 2013; Ferré, 2015; Gomes et al., 2016 

for review). In many cases, oligomeric structures of GPCRs are essential for receptor maturation, 

ligand pharmacology, signal transduction, and cellular trafficking (Milligan et al., 2006; López-

Gimenez et al., 2007; Milligan 2008, 2013; Ciruela et al., 2011; Ulloa-Aguirre et al., 2014).  

Radioligand binding is widely used to characterize receptors and determine their 

anatomical distribution. Saturation, competition and kinetic assays are the three types of 

experiments more commonly used. In saturation experiments, tissue sections, cultured cells, or 

homogenates are incubated with an increasing concentration of a radioligand, which is usually 

a radiolabeled synthetic drug. The subsequent analysis using nonlinear regression programs 

measures the affinity of the labeled ligand for the receptor (equilibrium dissociation constant 

KD), and the receptor density (Bmax). In kinetic experiments, samples are incubated with a 

constant radioligand concentration and, measuring its binding along the time, the rate of 

association (k+) to or dissociation (k-) from a receptor is calculated. However, in pharmacological 

studies, competition binding assays are the most widely used to determine the affinity and 

selectivity of an unlabeled ligand to compete for the binding of a fixed concentration of 

radiolabeled ligand to a receptor. Quantitative autoradiography and positron emission 

tomography (PET) image analysis are other sensitive techniques to detect low levels of 

radiolabeled ligands and to determine the anatomical distribution of receptors in tissue slices or 

in whole organs (Maguire et al., 2012).  

Monomeric GPCRs have a single binding site and drug–receptor interactions are driven 

by the law of mass action, where a drug bounds to a particular receptor at a rate that depends 

on the concentration of both the drug and the receptor (Maggio et al., 2013). Therefore, at 

equilibrium, in saturation-binding studies, the Bmax expressed by the sample must be the same 
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for all radioligands and should be independent of assay conditions. In competitive binding 

assays, all ligands should fully compete with each other, and dissociation constants determined 

in saturation and competition studies must be the same (Maggio et al., 2013). In this context of 

monomeric receptors, complex saturation or competition curves are interpreted considering 

two independent receptor populations that are not in equilibrium: one bound to G protein and 

the other not. In this scenario, the receptors coupled to G proteins have higher affinity (KDH) for 

the agonist. These receptors could then be converted into low affinity (KDL) receptors with the 

addition of GTP, which uncouple the G protein from the receptor (De Lean et al., 1980).  

However, if oligomerization is taking place, it would be expected that this could alter the 

properties of the receptor, with equilibrium and kinetic binding assays exhibiting cooperativity 

(Strange, 2005). In fact, there is a growing list of receptors that have been found to form 

homomers, such as adenosine A1 (Gracia et al., 2013; Navarro et al., 2016), A2A (Łukasiewicz et 

al., 2007; Gracia et al., 2011; Bonaventura et al., 2015; Navarro et al., 2016, 2018) and A3 (May 

et al., 2011), dopamine D1 (Herrick-Davis et al., 2013; Guitart et al., 2014), D2 (Guo et al., 2003; 

Pou et al., 2012; Bonaventura et al., 2015; Casadó-Anguera et al., 2016; Navarro et al., 2018) 

and D3 (Pou et al., 2012; Guitart et al., 2014), serotonin 5HT1A (Łukasiewicz et al., 2007), 5HT2A 

(Herrick-Davis et al., 2013), 5HT2C (Herrick-Davis et al., 2004, 2012; Mancia et al., 2008) and 5HT7 

(Teitler et al., 2010), adrenergic α1B (Herrick-Davis et al., 2013), β1 (Mercier et al., 2002; Gherbi 

et al., 2015) and β2 (Angers et al., 2000; Mercier et al., 2002; Herrick-Davis et al., 2013; Parmar 

et al., 2017), cannabinoid CB1 (Bagher et al., 2017), angiotensin AT1 (Szalai et al., 2012), 

metabotropic glutamate mGlu2 (Levitz et al., 2016), muscarinic M1 (Goin and Nathanson, 2006; 

Herrick-Davis et al., 2013), M2 (Park and Wells, 2003; Goin and Nathanson, 2006; Herrick-Davis 

et al., 2013) and M3 (Goin and Nathanson, 2006; McMillin et al., 2011), δ (Cvejic and Devi, 1997; 

McVey et al., 2001; Johnston et al., 2011), κ (Jordan and Devi, 1999) and µ (He et al., 2002) 

opioid, neurotensin 1 (White et al., 2007), melatonin MT2 (Ayoub et al., 2004), niacin (Mandrika 

et al., 2010), and chemokine CXCR4 (Babcock et al., 2003) receptors. Analysis of complex 

radioligand binding curves, such as upward concave nonlinear Scatchard plots in saturation 

experiments and as biphasic curves in agonist-antagonist competitive experiments, have 

contributed to this notion. To deal with receptor homodimers, dimeric models have been 

developed (Chidiac et al., 1997; Durroux, 2005; Franco et al., 2005; Casadó et al., 2007; Rovira 

et al., 2008, 2009). These models consider an allosteric communication through the two 

protomers that allows negative cooperativity, meaning that the binding of a ligand to the first 

protomer decreases the affinity of the same ligand for the second protomer. In these cases, 

when handling with complex radioligand-binding curves, the use of the traditional two-

independent-site model generates values for the equilibrium dissociation constants and for the 

number of receptors that vary significantly depending on the concentration of the radioligand 

employed (Casadó et al., 1991; Franco et al., 1996). This indicates a lack of robustness of the 

two-independent-site model that can be solved by using a dimer receptor model (Casadó et al., 

2009a; Ferré et al, 2014). In other cases, when working with dimeric receptors and using 

monomeric models, dissociation constants determined in saturation and competition 

experiments do not match (Strange, 2005; Albizu et al., 2006). Moreover, concave-downward 

Scatchard plots, i.e. positive cooperativity (Albizu et al., 2006), only can be explained by dimeric 

models. In addition, mismatches in constant values obtained when dissociation is performed by 

dilution vs. by an excess of unlabeled ligand (De Meyts et al., 1973; Urizar et al., 2005; Kara et 

al., 2010; Gracia et al., 2013) cannot be explained by monomeric receptor models either.  
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Here, we focus on anomalous competitive binding experiments, when curves appear as 

biphasic, monophasic or bell-shaped depending on the assay conditions. Previously, Wreggett 

and Wells (1995), working with cardiac muscarinic receptors, reported that non-hydrolysable 

guanyl nucleotides induced bell-shaped curves in competitive radioligand binding assays which 

would only be interpretable assuming tetrameric receptors and a modulation between agonist 

and radioligand. Albizu et al. (2006) also showed some competition curves exhibiting an increase 

of the radioligand binding to vasopressin receptors for low concentrations of competitors, 

suggesting a cooperative binding process. Later, we provided experimental evidence showing 

the effect of radioligand concentration on the conversion of biphasic to monophasic curves 

(Casadó et al., 2009b). Now, we demonstrate that the existence of a radioligand-competitor 

allosteric interaction deduced from our dimer receptor model allows the fitting of bell-shaped 

curves, typically considered as anomalous or erroneous results. We also deduce the radioligand 

concentration responsible for the conversion of biphasic to monophasic or to bell-shaped curves 

in competitive radioligand binding assays. These curves are only interpretable assuming the 

formation of receptor homodimers. 

MATERIALS AND METHODS 

Membrane preparation and protein determination 

Membrane suspensions from sheep brain striatum were processed as described previously 

(Casadó et al., 1990; Sarrió et al., 2000). Tissue was disrupted with a Polytron homogenizer (PTA 

20 TS rotor, setting 3; Kinematica, Basel, Switzerland) for three 5 s-periods in 10 volumes of 50 

mM Tris–HCl buffer, pH 7.4 containing a protease inhibitor cocktail (1:1000, Sigma, St. Louis, 

MO, USA). Cell debris were eliminated and membranes were obtained by centrifugation at 

105,000 x g (60 min, 4ºC), and the pellet was resuspended and recentrifuged under the same 

conditions. The resulting pellet was stored at -80ºC and washed once more as described above 

and resuspended in 50 mM Tris–HCl buffer for immediate use. Protein was quantified by the 

bicinchoninic acid method (Pierce Chemical Co., Rockford, IL, USA) using bovine serum albumin 

dilutions as standard. 

Radioligand binding experiments 

Membrane suspensions (0.2 mg protein/ml) were incubated 2 h in 50 mM Tris–HCl buffer, pH 

7.4, containing 10 mM MgCl2 and 0.2 U/ml (1 µg/ml) desalted bovine adenosine deaminase (EC 

3.5.4.4; Roche, Basel, Switzerland; only in adenosine A2A receptor binding experiments) with the 

indicated free concentration of the adenosine A1 receptor (A1R) antagonist [3H]DPCPX 

(PerkinElmer, Wellesley, MA, USA), the adenosine A2A receptor (A2AR) agonist [3H]CGS21680 

(PerkinElmer, Wellesley, MA, USA) or the dopamine D1 receptor (D1R) antagonist [3H]SCH23390 

(PerkinElmer) and increasing concentrations of the A1R agonist R-PIA, the A2AR antagonist 

SCH442416, or the D1R agonist SKF81297 (triplicates of 10-13 different concentrations from 0.1 

nM to 50 μM; Tocris, Ellisville, MO, USA), respectively. Incubations were carried out at 25ºC, 

except for A2AR binding assays that were at 12 ºC.  

Nonspecific binding was determined in the presence of an excess of the corresponding 

unlabeled antagonist and confirmed that the value was the same as calculated by extrapolation 

of the competition curves. Free and membrane bound radioligands were separated by rapid 

filtration of 500 ml aliquots in a cell harvester (Brandel, Gaithersburg, MD, USA) through 

Whatman GF/C filters embedded in 0.3% polyethylenimine that were subsequently washed for 
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5 s with 5 ml of ice-cold Tris–HCl buffer. The filters were incubated with 10 ml of Ultima Gold 

MV scintillation cocktail (PerkinElmer, Boston, MA, USA) overnight at room temperature and 

radioactivity counts were determined using a Tri-Carb 2800 scintillation counter (PerkinElmer, 

Boston, MA, USA) with an efficiency of 62% (Sarrió et al., 2000). 

Binding data analysis 

Radioligand saturation curves were analyzed by nonlinear regression using the commercial 

Grafit curve-fitting software (Erithacus Software, Surrey, UK), by fitting the specific binding data 

to our dimer receptor model (Casadó et al., 2007, 2009a,b). To calculate the macroscopic 

equilibrium dissociation constants involved in the binding of the radioligand, the following 

equation deduced by Casadó et al. (2007) was considered: 

Abound =  
(KDA2 A +  2 A2) 𝑅𝑇

(KDA1 KDA2 + KDA2 A + A2)
 

          (Eq. 1) 

where A represents the free radioligand (the A1R antagonist [3H]DPCPX, the A2AR agonist 

[3H]CGS21680, or the D1R antagonist [3H]SCH23390) concentration, RT is the total amount of 

receptor dimers and KDA1 and KDA2 are the macroscopic dissociation constants describing the 

binding of the first and the second radioligand molecule (A) to the receptor homodimer.  

Radioligand competition curves were also analyzed by nonlinear regression fitting 

experimental data to the following equation deduced from our dimer receptor model (Casadó 

et al., 2007): 

Abound =  
(KDA2 A +  2 A2 + 

KDA2 A B

KDAB
)  𝑅𝑇

KDA1 KDA2 +  KDA2 A + A2 + 
KDA2 A B

KDAB 
+  

KDA1 KDA2 B

 KDB1 
+ 

KDA1 KDA2 B2  

KDB1 KDB2

 

           (Eq. 2) 

where A represents the radioligand (the A1R antagonist [3H]DPCPX, the A2AR agonist 

[3H]CGS21680, or the D1R antagonist [3H]SCH23390) concentration, RT is the total amount of 

receptor dimers and KDA1 and KDA2 are the macroscopic dissociation constants describing the 

binding of the first and the second radioligand molecule (A) to the dimeric receptor; B represents 

the assayed competing compound (the A1R agonist R-PIA, the A2AR antagonist SCH442416, or 

the D1R agonist SKF81297) concentration and KDB1 and KDB2 are, respectively, the equilibrium 

dissociation constants of the first and second binding of B; KDAB can be described as a hybrid 

equilibrium radioligand-competitor dissociation constant, which is the dissociation constant of 

B binding to a receptor dimer semi-occupied by A. 

Since the radioligand A (the antagonist [3H]DPCPX, the agonist [3H]CGS21680, or the 

antagonist [3H]SCH23390) showed non-cooperative behavior (Casadó et al., 2007, 2009b, and 

results not shown), Eq. (2) was simplified to Eq. (3) due to the fact that KDA2 = 4KDA1 (see Casadó 

et al., 2007): 
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Abound =  
(4 KDA1 A +  2 A2 +  

4 KDA1  A B

KDAB
)  𝑅𝑇

4 KDA1
2 + 4 KDA1 A +  A2 +  

4 KDA1 A B

KDAB 
+  

4 KDA1
2  B

KDB1
+  

4 KDA1
2  B2

KDB1 KDB2

 

           (Eq. 3) 

The dimer cooperativity index for the radioligand A or the competing ligand B was calculated as 

(see Casadó et al., 2007):  

𝐷𝐶𝐴 = log  (4 
𝐾𝐷𝐴1

𝐾𝐷𝐴2
)                    𝐷𝐶𝐵 = log  (4 

𝐾𝐷𝐵1

𝐾𝐷𝐵2
)   (Eq. 4) 

where 0 means non-cooperative value, positive values indicate positive cooperativity, whereas 

negative values imply negative cooperativity.  

In the experimental conditions when both the radioligand A and the competitor B show 

non-cooperativity, it results that KDA2 = 4KDA1 and KDB2 = 4KDB1, and Eq. (2) and (3) were simplified 

to: 

Abound =  
(4 KDA1 A +  2 A2 + 

4 KDA1  A B

KDAB
)  𝑅𝑇

4 KDA1
2 + 4 KDA1 A + A2 + 

4 KDA1 A B

KDAB 
+ 

4 KDA1
2  B

KDB1
+ 

KDA1
2  B2

KDB1
2

 

           (Eq. 5) 

The radioligand-competitor allosteric index can be calculated according to the equation: 

𝐷𝐴𝐵 = log (2 
𝐾𝐷𝐵1

𝐾𝐷𝐴𝐵
)       (Eq. 6) 

For comparison, data were also fitted to the classical one-site receptor model when 

monophasic competition curves were observed and to the classical two-independent-site 

receptor model when biphasic competition curves were obtained, using respectively the 

equations: 

𝐴𝑏𝑜𝑢𝑛𝑑 =
𝑅 𝐼𝐶50

𝐼𝐶50+𝐵
       (Eq. 7) 

𝐴𝑏𝑜𝑢𝑛𝑑 =
𝑅𝐻  𝐼𝐶50𝐻

𝐼𝐶50𝐻+𝐵
+  

𝑅𝐿  𝐼𝐶50𝐿

𝐼𝐶50𝐿+𝐵
      (Eq. 8) 

where R, RH and RL are the specific binding in the absence of competing ligand. IC50, IC50H and 

IC50L of the B compound are related with the respective equilibrium dissociation constants KD, 

KDH and KDL according with Cheng and Prusoff (1973) equation: 

𝐾𝐷𝐻 =
𝐼𝐶50𝐻

1+
𝐴

𝐾𝐷𝐴

                             𝐾𝐷𝐿 =
𝐼𝐶50𝐿

1+
𝐴

𝐾𝐷𝐴

    (Eq. 9) 

Goodness of fit was tested according to reduced χ2 value given by the nonlinear 

regression program. The test of significance for two different model population variances was 

based upon the F distribution (see Casadó et al. 1990, for details). Using this F test, a probability 

greater than 95% (p < 0.05) was considered the criterion to select a more complex model 

(cooperativity in Eq. (3) or two-sites in Eq. (8)) over the simplest one (non-cooperativity in Eq. 

(5) or one site in Eq. (7)). In all cases, a probability of less than 70% (p > 0.30) resulted when one 

model was not significantly better than the other. Results are given as parameter values ± SEM 

of three independent experiments. 
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RESULTS 

Adenosine A1 receptors show slightly bell-shaped competitive curves 

Working with A1R, competition experiments are usually performed with an antagonist 

radioligand, such as [3H]DPCPX, displaced by a non-labeled agonist, such as R-PIA. Sometimes 

the curves obtained show a slight increase in the radioligand binding at low concentrations of 

the displacer R-PIA. This small bell-shaped pattern cannot be fitted by classical mathematical 

models based on monomeric receptors, such as the commonly used two-independent site 

model of radioligand binding to receptors. Data showed in Figure 1A are an example of a 

competition experiment of 0.009 nM [3H]DPCPX vs. R-PIA. Parameter values obtained by fitting 

these data to the classical two-independent-site model (Eq. (8)) appear in Table 1 and the fitting 

curve is represented in Figure 1A. The affinity values of R-PIA deduced from Cheng and Prusoff 

equation (Eq. 9) are much higher than those obtained from saturation assays that were in the 

low nM range (Gracia et al., 2013). As we can see, the points showing enhanced radioligand 

binding are left out. However, if we use our dimer receptor model (see Methods), and the points 

showing enhanced radioligand binding have low experimental dispersion, the bell-shaped curve 

can be accurately fitted by Eq. (3) using KDA1 = 0.038 nM (Gracia et al., 2013) (see Figure 1B). The 

parameter values obtained also appear in Table 1 and they are more according to the reported 

saturation data. Our dimer receptor model is able to explain the enhanced radioligand binding 

at low displacer concentrations due to the existence of an allosteric interaction between the 

two orthosteric ligands, radioligand ([3H]DPCPX) and competitive displacer (R-PIA), which is 

measured by the KDAB parameter (see Methods and Table 1). By including this parameter in the 

fit, the two affinity values obtained for cooperative R-PIA are closer to the expected values from 

saturation assays.  

 However, if the points showing enhanced radioligand binding have high experimental 

dispersion, the inclusion of a new parameter (KAB) does not significantly improve data fit to the 

dimer receptor model and the best fit is a slight biphasic curve defined only by the KDB1 and the 

KDB2 parameters, in addition to the total amount of dimers (RT) and the KDA1 of the radioligand 

(Figure 1C). In this case, the points showing enhanced radioligand binding are underestimated. 

This curve overlaps with that obtained using the two-independent-site model.  

Adenosine A2A receptors show moderate bell-shaped competitive curves 

Next, we moved to competitive radioligand binding assays with the A2AR due to our expertise 

with the displacement of the A2AR agonist [3H]CGS21680 by unlabeled competitive antagonists 

of this receptor. With these ligands, the curves obtained frequently show a more evident bell-

shaped pattern despite that the experimental dispersion with this radioligand is high. In this 

particular experiment, we used 24 nM [3H]CGS21680 as free radioligand and increasing 

concentrations of SCH442416 as competitor. In the conditions pointed out in Figure 2, we 

obtained a bell-shaped curve when the concentrations of competitor (from 0.1 nM to 30 nM) 

clearly increased the binding of [3H]CGS21680, significantly more than in Figure 1. When these 

data are fitted by the classical one site or two-independent site models (Eq. (7) or (8)), the first 

points are not correctly fitted, and the points showing enhanced radioligand binding are left out 

(Figure 2A, dashed line). When fitting binding data to our dimer receptor model, we can consider 

the competitor SCH442416 as non-cooperative and only use the KDB1 parameter (Eq. (5) with 

KDAB=2KDB1). The values obtained, using KDA1=41 nM (Gracia et al., 2011), appear in Table 2 and 
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the regression curve (solid line) roughly overlaps with the dashed line in Figure 2A. In contrast, 

if we consider that the antagonist shows cooperativity, we must include a second parameter, 

KDB2 (Eq. (3) with KDAB=2KDB1). In this case the fit is not better and overlaps with the solid line. 

Only when we consider the presence of an allosteric modulation between radioligand and 

competitor (KDAB parameter), we obtain a bell-shaped curve and all points are correctly fitted 

(Eq. (5)) (see Figure 2B). All parameter values obtained also appear in Table 2. Again, only the 

high affinity value obtained for SCH442416 by fitting the bell-shaped curve with KDAB is according 

with the high affinity value reported for this antagonist (Shinkre et al., 2010; Orrú et al., 2011). 

These results again show that the radioligand-competitor allosteric interaction measured by KDAB 

is responsible for obtaining bell-shaped curves in competitive binding assays. 

Dopamine D1 receptors clearly show bell-shaped competitive curves 

Then, we wanted to test our model with competitive curves working with D1R because we 

previously reported the existence of a great radioligand-competitor allosteric interaction 

between [3H]SCH23390 and the agonist SKF81297 and because of the low experimental 

dispersion when working with this radioligand. The KDAB value was 2±1 nM, two times lower than 

the KDB1 value (7±1nM), pointing out a positive effect of [3H]SCH23390 on the SKF81297 affinity 

(DAB=+0.7±0.1, according to Eq. (6)) (see Methods section and Casadó et al., 2009b). This inter-

ligand allosteric interaction was higher than between [3H]SCH23390 and SKF38393, where DAB 

value was +0.3±0.1. Here, first of all, we developed saturation curves of [3H]SCH23390 being 

aware of the light sensitivity of this radioligand. In Figure 3A we show saturation experiments of 

[3H]SCH23390 non-exposed to light, fitted to Eq. (1). This radioligand did not show cooperativity 

(DCA=0), as expected for an antagonist (Eq. (4)), and the affinity value (KDA1) was 0.27 nM. 

Surprisingly, when we developed competition curves of [3H]SCH23390 vs. SKF81297 at high (1.4 

nM, Figure 3B, red line) or at low (0.15 nM, Figure 3B, blue line) radioligand concentration, we 

obtained two different curve patterns: biphasic (red line) and bell-shaped (blue line) curves 

when fitting to Eq. (5) of the dimer receptor model. Considering cooperativity in B binding (Eq. 

(3)), the fit was not better (see Methods). In Figure 3C we show a magnification of the bell-

shaped results, also fitted to monomeric models (dotted line) according to Eq. (7). The 

parameter values obtained with Eq. (5) appear in Table 3. The affinity values of SKF81297 are 

highly robust (3 to 9 nM) at the three concentrations of radioligand used, and are in the range 

of reported values (Casadó et al., 2009b). Conversely, the affinity value obtained by the 

monomeric one-site model is much higher (KD=28 nM), as observed in the other competition 

assays when fitting with monomeric models (Tables 1 and 2).  

Simulating biphasic, monophasic and bell-shaped competitive binding curves with the dimer 

receptor model 

Previously, we reported that competition experiments between [3H]SCH23390 and SKF81297 

showed biphasic curves even in the absence of any cooperativity of the radioligand or the 

competitor (Casadó et al. 2009b). Assuming a marked positive radioligand-competitor 

modulation (DAB>>0), our dimer receptor model predicted the evolution from biphasic to 

monophasic patterns when decreasing the radioligand concentration in the assay (Casadó et al. 

2009b). Now, we simulate a set of competition curves considering the general competitive Eq. 

(5) and a set of parameters in the range of the [3H]SCH23390/SKF81297 system: , KDA1=1 nM 

(KDA2=4 nM, DCA=0), KDB1=10 nM (KDB2=40 nM, DCB=0) and KDAB=2 nM (DAB=1), and RT=0.5 pmol/mg 
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protein. Importantly, decreasing the radioligand concentration (A) from 10 nM to 0.2 nM, curves 

evolve not only from biphasic to monophasic but also to bell-shaped patterns (Figure 4A). Next, 

we investigate the effect of KDAB values at high (A=5 nM, Figure 4B) and low radioligand 

concentrations (A=1 nM, Figure 4C). As showed in Figure 4B, at high radioligand concentrations, 

when KDAB values are low (with DAB>>0, i.e. positive allosteric modulation between ligands), 

curves are clearly biphasic, and when KDAB̴ values are higher (DAB<<0, i.e. negative allosteric 

modulation) curves abruptly decay; when KDAB~2KDB1 (DAB~0) curves are monophasic. On the 

other hand, at low radioligand concentration (see Figure 4C), low KDAB values (DAB>>0) generate 

bell-shaped curves. Again, high KDAB values (DAB<<0) generate abruptly decreasing curves and 

with KDAB~2KDB1 (DAB~0) curves show a normal monophasic pattern. The main conclusion of our 

simulation with the dimer receptor model is that there is a difference between the experiments 

performed at high or at low radioligand concentration when there is positive radioligand-

competitor allosteric modulation (DAB>>0). In this case, curve pattern is biphasic (for high 

radioligand concentration) or bell-shaped (for low radioligand concentration).  

At this point, the question is: what concentration of radioligand causes competition 

curves to have a biphasic pattern? To answer this question, we analyzed Figure 4B, which shows 

a set of curves for high radioligand concentrations. These curves clearly show a pinched point, 

i.e. a common point for all curves. At this competitor concentration (B), all the curves (and all 

potential KDAB) have the same radioligand binding (Abound). The next question to answer was: 

what is this concentration of competitor? The mathematical expression of competitive binding 

used to generate the simulated curves when A and B are non-cooperative (Figure 4B) is Eq. (5) 

(see Methods). Then, for any two curves n and m of this figure, the radioligand bound is: 

Abound n =  
(4 KDA1 A +  2 A2 +  

4 KDA1  A B

KDAB n
)  𝑅𝑇

4 KDA1
2 + 4 KDA1 A + A2 +  

4 KDA1 A B

KDAB n 
+  

4 KDA1
2  B

KDB1
+  

KDA1
2  B2

KDB1
2

 
 

Abound m =  
(4 KDA1 A +  2 A2 +  

4 KDA1  A B

KDAB m
)  𝑅𝑇

4 KDA1
2 + 4 KDA1 A + A2 +  

4 KDA1 A B

KDAB m 
+ 

4 KDA1
2  B

KDB1
+ 

KDA1
2  B2

KDB1
2

 
 

where all parameters are the same except for KDABn and KDABm (in red in the equations). At the B 

concentration of the competitor corresponding to the singular pinched point, all curves have the 

same radioligand bound and, then, Abound n = Abound m. Therefore, equaling the two expressions 

and solving the system, we obtain the quadratic equation: 

𝐾𝐷𝐴1
       2

𝐾𝐷𝐵1
       2  𝐵2 +

4𝐾𝐷𝐴1
       2

𝐾𝐷𝐵1
  𝐵 + 4𝐾𝐷𝐴1

       2 −  𝐴2 = 0 

Only one solution is possible (positive): 

𝐵 =  
(𝐴 − 2𝐾𝐷𝐴1)𝐾𝐷𝐵1

𝐾𝐷𝐴1
 

but just if A>2KDA1. In any other case, the concentration of B would be negative at the pinched 

point. The B concentration for this point with the simulated parameter values is 30 nM with 

Abound=RT, i.e. with the dimers semi-occupied, exactly as deduced from Figure 4B.  
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Which graph pattern is obtained when A=2KDA1? To answer this question, we simulated 

this scenario in Figure 4D, obtaining only monophasic curves. Thus, for the parameters 

employed in the simulations of the Figure 4, the critical concentration of the radioligand is A=2 

nM.  

The last question is: what radioligand concentration (A) is responsible for obtaining bell-

shaped curves? The answer to this question can be found determining the slope of the curve 

corresponding to Eq. (5). The derivative of Abound with respect to competitor concentration (B), 

when B tends to zero, must be positive to observe a bell-shaped curve, and its value must be 

negative for obtaining decreasing monophasic curves. When the derivative is zero, we obtain 

the quadratic expression:  

1

𝐾𝐷𝐴𝐵
 𝐴2 +  

2𝐾𝐷𝐴1

𝐾𝐷𝐵1
 𝐴 + 

4 𝐾𝐷𝐴1
2

𝐾𝐷𝐵1𝐾𝐷𝐴𝐵
 (𝐾𝐷𝐴𝐵 − 𝐾𝐷𝐵1) =  0 

Solving the equation, we find the maximum critical A concentration that allows the obtaining of 

a bell-shaped curve: 

𝐴 =  
2𝐾𝐷𝐴1

𝐾𝐷𝐵1
 (𝐾𝐷𝐵1−𝐾𝐷𝐴𝐵) 

It is easily deduced that A must be lower than 2KDA1, tending to 2KDA1 value when KDAB is much 

lower than KDA1 (high positive radioligand-competitor allosteric interaction). In addition, KDB1 

must be higher than KDAB. We can also deduce the competitor B corresponding to the maximum 

of the bell-shaped curve, being always B ≤ 2KDB1–2KDAB and tending to 2KDB1–2KDAB for low 

radioligand concentrations (A tending to 0). 

In conclusion, if A and B are non-cooperative and there is a positive radioligand-

competitor interaction (positive DAB), when using radioligand concentrations higher than 2KDA1, 

the curves will be biphasic in competition experiments (Figure 4B); in contrast, when A=2KDA1, 

monophasic curves are always obtained (Figure 4D) and, when A<2KDA1, we can obtain bell-

shaped curves if KDAB<KDB1 and A specifically lower than 2KDA1 (KDB1-KDAB)/KDB1 (Figure 4C) or, in 

any other cases, curves will be always monophasic. 

Bell-shaped competitive curves with dopamine D1 receptors can be modulated according with 

the radioligand concentration used 

Finally, we prove the hypothesis deduced above from our dimer receptor model. Effectively, the 

bell-shaped curve (Figure 3B, blue line) was obtained at a free radioligand concentration of 0.15 

nM, lower than 2KDA1=0.54 nM. Under these conditions the above simulation predicts that the 

existence of a radioligand-competitor interaction (KDAB=2.5 nM) can generate bell-shaped 

competition curves. The same experiment showed a biphasic pattern (Figure 3B, red line) at a 

high free radioligand concentration of 1.4 nM, higher than 0.54 nM. However, the same 

experiment performed at an intermediate free radioligand concentration, near to 0.54 nM, 

should generate monophasic curves.  

Finally, we developed [3H]SCH23390 vs. SKF81297 competition curves at 0.4 nM of free 

radioligand and, as showed in Figure 3B (black line), curves fitted to Eq. (3) are now monophasic. 

These results experimentally demonstrate that the pattern of the competitive curves can vary 

according to the radioligand concentration employed, due to the existence of a positive 

radioligand-competitor interaction (DAB>0) in a receptor homodimer. 
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DISCUSSION 

When analyzing competitive binding experiments, we sometimes obtain the surprising findings 

of a biphasic curve using an antagonist ligand or a monophasic curve using an agonist ligand, as 

competitors. Even more anomalous are those curves showing a bell-shaped pattern, where 

increasing concentrations of a competitor produce an increase of the radioligand binding before 

causing the expected displacement. This increase is usually from low to moderate; for example, 

when working with vasopressin receptors, increases in radioligand binding were frequently 

observed which did not exceed 20% of the binding in the absence of competitor (Berde et al., 

1964; Albizu et al., 2006). Now, we demonstrate that the existence of a radioligand-competitor 

allosteric interaction, deduced from our dimer receptor model (Casadó et al., 2009b), allows the 

fitting of bell-shaped curves, typically considered as anomalous or erroneous results. We also 

deduce the radioligand concentration responsible for the conversion from biphasic to 

monophasic or to bell-shaped curves in competitive radioligand binding assays. Moreover, we 

demonstrate that bell-shaped curves are only interpretable assuming the formation of receptor 

homodimers and, therefore, obtaining bell-shaped curves in competition experiments is a clear 

evidence for receptor dimerization in vitro (working with membrane preparations from 

transfected cells) and ex-vivo (working with membrane preparations from tissues).  

According to our results, we can decrease the radioligand concentration under its 

affinity value (2KDA1 or lower) to obtain bell-shaped competition curves. This is a demonstration 

of the existence of positive radioligand-competitor interaction (DAB>0), denoted by a low KDAB 

value. In this scenario, if KDAB<KDB1, we will obtain bell-shaped curves but, if KDAB is between KDB1 

and 2KDB1, we will obtain monophasic curves. Working with high affinity radioligands, radioligand 

concentration much higher than their KDA1 values are usually used, which precludes the 

observation of bell-shaped curves. In addition, if the value of DAB is low, in order to observe the 

bell-shaped curves, the radioligand concentration should be significantly reduced. Otherwise, 

the bound ligand would be low and the experimental dispersion could mask the bell-shaped 

pattern of the competitive curves, as showed in Figure 1. The use of radioligand concentrations 

under their 2KDA1 values is more common when working with low affinity radioligands. In these 

cases, competition experiments similar to those shown in Figure 2 exhibit evident bell-shaped 

patterns, if DAB is clearly positive (especially higher than +0.5).  

It is interesting to note that, although there is clear evidence of the dimerization of 

GPCRs, currently, radioligand binding data are still fitted to equations deduced for one site or 

for two-independent site models. This is because experimental data usually fit equally to these 

simpler models or to the dimer receptor model. The experiments showed here, i.e. bell-shaped 

curves in competition assays, only can be explained considering homodimeric/oligomeric 

receptors and fitting data to a dimer receptor model. Chidiac et al. (1997) also suggested that a 

bell-shaped pattern cannot be obtained from a system of independent sites. Likewise, the 

conversion of the curve pattern from biphasic to monophasic (Casadó et al., 2009b) and to bell-

shaped curves, decreasing the radioligand concentration in the competition assay, only can be 

interpreted by dimeric or oligomeric models. Our model explains all these cases due to the 

existence of a radioligand-competitor allosteric interaction, only explainable if receptors form 

homodimers. Our dimer receptor model can overcome scenarios where different affinity values 

for a competitive drug are obtained, when different radioligands are used and monomeric 

models are applied (Maggio et al., 2013). This is because our model takes in account that each 
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pair of radioligand-competitor has a particular KDAB value according to the magnitude of its 

allosteric interaction. If this KDAB value is not included in the mathematical fitting model, the 

affinity values of the competitor obtained with the monomeric one-site and two-independent-

site models will not be robust, but inconsistent and erroneous. Furthermore, when bell-shaped 

curves are obtained in competitive radioligand binding assays, the affinity values of the 

competitor obtained from equations including KDAB are closer to the actual values. On the 

contrary, the KD values obtained from classical monomeric models are usually much higher. 

In summary, by assuming the formation of receptor homodimers, our study is the first 

that can explain several experimental results previously considered erroneous due to their 

impossibility to be well fitted. Furthermore, our model is easy to use, in contrast to the over-

parameterization of other dimer receptor models, and it can successfully predict the pattern of 

competition curves according to the experimental conditions. 
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TABLES 

Table 1. Parameter values obtained by fitting data from competition experiments of the 

antagonist [3H]DPCPX binding to adenosine A1 receptors vs. the agonist R-PIA to different 

models. 

Model Parameter 0.009 nM [3H]DPCPX 

Two-independent-site model BmaxH (pmol/mg protein) 0.7±0.1 

KDH (nM) 5±2 

BmaxL (pmol/mg protein) 0.18±0.09 

KDL (nM) 120±60 

Dimer receptor model RT (pmol(mg protein) 0.38±0.01 

KDB1 (nM) 0.02±0.01 

KDB2 (nM) 5.3±0.5 

KDAB (nM) 0.018±0.007 

DCB -1.8 

DAB  +0.35 

Data are mean±SEM values from three experiments. The radioligand affinity was KDA1=0.038 nM. 

BmaxH and BmaxL are, respectively, the maximum specific binding corresponding to, respectively, 

high- and low-affinity sites, and KDH and KDL are the equilibrium dissociation constants of the 

competing ligand B (R-PIA) for, respectively, high- and low-affinity sites. RT is the total amount 

of receptor dimers, KDB1 and KDB2 are, respectively, the equilibrium dissociation constants of the 

first and second binding of B to the dimer. KDAB is the hybrid equilibrium dissociation constant of 

B binding to a receptor dimer semioccupied by the A ([3H]DPCPX). DCB is the dimer cooperativity 

index for the binding of ligand B and DAB is the dimer radioligand-competitor modulation index 

(see Methods).  
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Table 2. Parameter values obtained by fitting data from competition experiments of the agonist 

[3H]CGS21680 binding to adenosine A2A receptors vs. the antagonist SCH442416 to different 

models. 

Model Parameter 24 nM [3H]CGS21680 

One-site model Bmax (pmol/mg protein) 1.7±0.2 

KD (nM) 180±90 

Dimer receptor model 

(without radioligand 

/competitor modulation) 

RT (pmol(mg protein) 0.8±0.1 

KDB1 (nM) 90±50 

KDB2 (nM) - 

KDAB (nM) - 

DCB 0 

DAB  0 

Dimer receptor model RT (pmol(mg protein) 0.56±0.07 

KDB1 (nM) 1.2±0.5 

KDB2 (nM) - 

KDAB (nM) 0.03±0.02 

DCB 0 

DAB  +1.9 

Data are mean±SEM values from three experiments. The radioligand affinity was KDA1=41 nM. 

Bmax is the maximum specific binding and KD is the equilibrium dissociation constant for the 

competing ligand B (SCH442416). RT is the total amount of receptor dimers, KDB1 and KDB2 are, 

respectively, the equilibrium dissociation constants of the first and second binding of B to the 

dimer. KDAB is the hybrid equilibrium dissociation constant of B binding to a receptor dimer 

semioccupied by A ([3H]CGS21680). DCB is the dimer cooperativity index for the binding of ligand 

B and DAB is the dimer radioligand-competitor modulation index (see Methods).  
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Table 3. Parameter values obtained by fitting data from competition experiments of the 

antagonist [3H]SCH23390 binding to dopamine D1 receptors vs. the agonist SKF81297 to different 

models. 

Data are mean±SEM values from three experiments. The radioligand affinity was KDA1=0.27 nM. 

Bmax is the maximum specific binding and KD is the equilibrium dissociation constant for the 

competing ligand B (SKF81297). RT is the total amount of receptor dimers, KDB1 and KDB2 are, 

respectively, the equilibrium dissociation constants of the first and second binding of B to the 

dimer. KDAB is the hybrid equilibrium dissociation constant of B binding to a receptor dimer 

semioccupied by the A ([3H]SCH23390). DCB is the dimer cooperativity index for the binding of 

ligand B and DAB is the dimer radioligand-competitor modulation index (see Methods). nd: not 

determined. 

 

 

 

 

 

 

 

 

 

  

Model Parameter 0.15 nM 

[3H]SCH 

0.40 nM 

[3H]SCH 

1.4 nM 

[3H]SCH 

One-site model Bmax (pmol/mg protein) 0.9±0.1 nd nd 

 KD (nM) 28±5 nd nd 

Dimer receptor 

model 

RT (pmol/mg protein) 

KDB1 (nM) 

0.41±0.02 

3±1 

0.39±0.01 

7±3 

0.44±0.01 

9±1 

 KDB2 (nM) - - - 

 KDAB (nM) 0.9±0.5 5±4 4±1 

 DCB 0 0 0 

 DAB +0.7 +0.4 +0.7 

 



RESULTS 

101 
 

FIGURE LEGENDS 

 

Figure 1. Competition experiments using 0.009 nM of the A1R antagonist [3H]DPCPX vs. 
increasing concentrations of the A1R R-PIA using sheep brain striatum membranes (0.2 mg 
protein/ml) were performed as indicated in Methods. Binding data of the same experiment were 
fitted to the two-independent-site model (Eq. (8)) (A) or to the dimer receptor model (Eq. (3) 
using KDA1=0.038 nM) (B). Another experiment was fit with both equations and the curves 
overlapped (C). Mean ± SEM values from a representative experiment performed in triplicates 
are shown. 

Figure 2. Competition experiments using 24 nM of the A2AR agonist [3H]CGS21680 vs. increasing 
concentrations of the A2AR antagonist SCH442416 using sheep brain striatum membranes (0.2 
mg protein/ml) were performed as indicated in Methods. In (A) Binding data were fitted to the 
one-site model (Eq. (7), dashed line) or to the dimer receptor model with B non-cooperative (Eq. 
(5)) and non-considering KAB, using KDA1=41 nM (solid line). In (B) The same binding data were 
fitted to the dimer receptor model with B non-cooperative (Eq. (5)) and considering KAB. Mean 
± SEM values from a representative experiment performed in triplicates are shown.  
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Figure 3. Binding assays of D1R in sheep brain striatum membranes (0.2 mg protein/ ml) were 
performed as indicated in Methods. In (A) saturation experiment performed with increasing 
concentrations of the D1R antagonist [3H]SCH23390. Binding data were fitted to the Eq. (1), and 
KDA1 was 0.27 nM. In (B) competition experiments using several D1R antagonist [3H]SCH23390 
concentrations (0.15 nM in blue; 0.4 nM in black and 1.4 nM in red) vs. increasing concentrations 
of the D1R agonist SKF81297. Binding data were fitted to the dimer receptor model with non-
cooperative competitor (Eq. (5)). In (C), magnification of competition assay of 0.15 nM 
[3H]SCH23390 vs. increasing concentrations of SKF81297 fitted to the dimer receptor model (Eq. 
(5)) (solid line) or to the one-site model (Eq. (7)) (dotted line). Mean ± SEM values from a 
representative experiment performed in triplicates are shown.  
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Figure 4. Competition curve simulations considering the Eq. (5). In (A) simulation was performed 
following the parameter values: RT=0.5 pmol/mg protein, KDA1=1 nM (DCA=0, KDA2=4 nM), KDB1=10 
nM (DCB=0, KDB2=40 nM) and KDAB=2 nM (DAB=1), varying the radioligand concentration (A in Eq. 
(5); 0.1, 0.2, 0.5, 1.0, 2.0, 5.0 and 10 nM, bottom to top) and with increasing concentrations of 
the competitor (B in Eq. (5)). In (B), (C) and (D) simulation was performed following the 
parameter values: RT=0.5 pmol/mg protein, [A] = 5 nM (B), 1 nM (C) or 2 nM (D), KDA1=1 nM, 
KDA2=4 nM (DCA=0), KDB1=10 nM, KDB2=40 nM (DCB=0), varying the KDAB value (1, 2, 5, 10, 20, 50, 
100, 200, 500) and with increasing concentrations of the competitor (B in Eq. (5)).  

 

 

  

-4-6-8-10

1

0.8

0.6

0.4

0.2

0

log C (M)

S
p

e
c

if
ic

 b
in

d
in

g
A 0.1 nM

A 0.2 nM

A 0.5 nM

A 1 nM

A 2 nM

A 5 nM

A 10 nM

-4-6-8-10

0.8

0.6

0.4

0.2

0

log C  (M)

S
p

e
c

if
ic

 b
in

d
in

g

KAB 1 nM

KAB 2 nM

KAB 5 nM

KAB 10 nM

KAB 20 nM

KAB 50 nM

KAB 100 nM

KAB 200 nM

KAB 500 nM

-4-6-8-10

0.5

0.4

0.3

0.2

0.1

0

log C  (M)

S
p

e
c

if
ic

 b
in

d
in

g

-4-6-8-10

0.6

0.4

0.2

0

log C  (M)

S
p

e
c

if
ic

 b
in

d
in

g

C

B

D

A



RESULTS 

104 
 

  



RESULTS 

105 
 

 

 

Chapter 2.1. Allosteric interactions between agonists and antagonists within the 

adenosine A2A receptor-dopamine D2 receptor heterotetramer  

Bonaventura J, Navarro G, Casadó-Anguera V, Azdad K, Rea W, Moreno E, Brugarolas 

M, Mallol J, Canela EI, Lluís C, Cortés A, Volkow ND, Schiffmann SN, Ferré S, Casadó V.  

Proceedings of the National Academy of Sciences of the United States of America 

(PNAS), 2015, 112:E3609-18. 



RESULTS 

106 
 

  



Allosteric interactions between agonists and
antagonists within the adenosine A2A receptor-
dopamine D2 receptor heterotetramer
Jordi Bonaventuraa,b, Gemma Navarroa, Verònica Casadó-Angueraa, Karima Azdadc, William Reab, Estefanía Morenoa,
Marc Brugarolasa, Josefa Mallola, Enric I. Canelaa, Carme Lluísa, Antoni Cortésa, Nora D. Volkowd, Serge N. Schiffmannc,
Sergi Ferréb,1, and Vicent Casadóa,1

aDepartment of Biochemistry and Molecular Biology, Faculty of Biology, University of Barcelona, and Centro de Investigación Biomédica en Red Sobre
Enfermedades Neurodegenerativas and Institute of Biomedicine of the University of Barcelona, 08028 Barcelona, Spain; bIntegrative Neurobiology Section,
National Institute on Drug Abuse, Intramural Research Program, National Institutes of Health, Baltimore, MD 21224; cLaboratory of Neurophysiology,
Universite Libre de Bruxelles-Neuroscience Institute, 1070 Brussels, Belgium; and dNational Institute on Alcohol Abuse and Alcoholism, National Institutes of
Health, Bethesda, MD 20892

Edited by Susan G. Amara, National Institute of Mental Health, Bethesda, MD, and approved May 27, 2015 (received for review April 21, 2015)

Adenosine A2A receptor (A2AR)-dopamine D2 receptor (D2R) het-
eromers are key modulators of striatal neuronal function. It has
been suggested that the psychostimulant effects of caffeine de-
pend on its ability to block an allosteric modulation within the
A2AR-D2R heteromer, by which adenosine decreases the affinity
and intrinsic efficacy of dopamine at the D2R. We describe novel
unsuspected allosteric mechanisms within the heteromer by which
not only A2AR agonists, but also A2AR antagonists, decrease the
affinity and intrinsic efficacy of D2R agonists and the affinity of
D2R antagonists. Strikingly, these allosteric modulations disappear
on agonist and antagonist coadministration. This can be explained
by a model that considers A2AR-D2R heteromers as heterote-
tramers, constituted by A2AR and D2R homodimers, as demon-
strated by experiments with bioluminescence resonance energy
transfer and bimolecular fluorescence and bioluminescence com-
plementation. As predicted by the model, high concentrations of
A2AR antagonists behaved as A2AR agonists and decreased D2R
function in the brain.

adenosine A2A receptor | dopamine D2 receptor | caffeine |
GPCR heteromers

Most evidence indicates that G protein-coupled receptors
(GPCRs) form homodimers and heteromers. Homodimers

seem to be a predominant species, and oligomeric entities can be
viewed as multiples of dimers (1). It has been proposed that
GPCR heteromers are constituted mainly by heteromers of
homodimers (1, 2). Allosteric mechanisms determine a multi-
plicity of unique pharmacologic properties of GPCR homo-
dimers and heteromers (1, 3). First, binding of a ligand to one of
the receptors in the heteromer can modify the affinity of ligands
for the other receptor (1, 3, 4). The most widely reproduced
allosteric modulation of ligand-binding properties in a GPCR
heteromer is the ability of adenosine A2A receptor (A2AR) ag-
onists to decrease the affinity of dopamine D2 receptor (D2R)
agonists in the A2AR-D2R heteromer (5). A2AR-D2R hetero-
mers have been revealed both in transfected cells (6, 7), striatal
neurons in culture (6, 8) and in situ, in mammalian striatum (9,
10), where they play an important role in the modulation of
GABAergic striatopallidal neuronal function (9, 11).
In addition to ligand-binding properties, unique properties for

each GPCR oligomer emerge in relation to the varying intrinsic
efficacy of ligands for different signaling pathways (1–3). In-
trinsic efficacy refers to the power of the agonist to induce a
functional response, independent of its affinity for the receptor.
Thus, allosteric modulation of an agonist can potentially in-
volve changes in affinity and/or intrinsic efficacy (1, 3). This
principle can be observed in the A2AR-D2R heteromer, where a
decrease in D2R agonist affinity cannot alone explain the ability

of an A2AR agonist to abolish the decreased excitability of
GABAergic striatopallidal neurons induced by high concen-
tration of a D2R agonist (9), which should overcome the de-
crease in affinity. Furthermore, a differential effect of allosteric
modulations of different agonist-mediated signaling responses
(i.e., functional selectivity) can occur within GPCR heteromers
(1, 2, 8). Again, the A2AR-D2R heteromer provides a valuable
example. A recent study has shown that different levels of in-
tracellular Ca2+ exert different modulations of A2AR-D2R
heteromer signaling (8). This depends on the ability of low and
high Ca2+ to promote a selective interaction of the heteromer
with different Ca2+-binding proteins, which differentially modulate
allosteric interactions in the heteromer (8).
It has been hypothesized that the allosteric interactions be-

tween A2AR and D2R agonists within the A2AR-D2R heteromer
provide a mechanism responsible not only for the depressant
effects of A2AR agonists, but also for the psychostimulant effects
of adenosine A2AR antagonists and the nonselective adenosine
receptor antagonist caffeine (9, 11, 12), with implications for
several neuropsychiatric disorders (13). In fact, the same mech-
anism has provided the rationale for the use of A2AR antagonists
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in patients with Parkinson’s disease (13, 14). The initial aim of
the present study was to study in detail the ability of caffeine to
counteract allosteric modulations between A2AR and D2R ago-
nists (affinity and intrinsic efficacy) within the A2AR-D2R het-
eromer. Unexpectedly, when performing control radioligand-
binding experiments, not only an A2AR agonist, but also caffeine,
significantly decreased D2R agonist binding. However, when coad-
ministered, the A2AR agonist and caffeine co-counteracted their
ability to modulate D2R agonist binding. By exploring the molecular
mechanisms behind these apparent inconsistencies, the present
study provides new insight into the quaternary structure and func-
tion of A2AR-D2R heteromers.

Results
Caffeine Modulates D2R Agonist Binding: A New Biochemical Property
of the A2AR-D2R Heteromer. As expected, the A2AR agonist CGS
21680 significantly decreased D2R agonist [3H]quinpirole bind-
ing in membrane preparations from both sheep striatum (Fig. 1A,
black bars) and Chinese hamster ovary (CHO) cells transiently
transfected with A2AR and D2R (Fig. 1A, red bars). Unexpectedly,
caffeine also produced the same effect (Fig. 1B), and the effective
concentrations of CGS 21680 and caffeine were in the same range
as those able to displace the binding of the selective A2AR an-
tagonist [3H]ZM 241385 in the respective preparations (Fig. S1 A
and B). In transfected cells, the average Bmax value for [3H]ZM
241385 binding was 1.6 pmol/mg of protein, and that for
[3H]raclopride binding was 0.7 pmol/mg of protein. In sheep
striatum, the respective average values were 1.8 and 0.4 pmol/mg

protein. The decrease in [3H]quinpirole binding by CGS 21680
and caffeine was related to a noncompetitive inhibition, with de-
creasing affinity (i.e., increase in KD1 values), as shown in compe-
tition experiments of [3H]quinpirole vs. quinpirole (Table 1).
Previous studies have shown that in the A2AR-D2R heteromer,

a strong electrostatic interaction occurs between an arginine-rich
epitope localized in the N-terminal part of the third intracellular
loop of the D2R and a phosphorylated residue, serine-374, lo-
calized in the distal part of the C terminus of the A2AR (15, 16).
Bioluminescence energy transfer experiments demonstrated that
transfection with mutant A2AR (A2A

A374R) or D2R lacking these
key interacting residues leads to pronounced modification of the
quaternary structure of the heteromer (15, 17, 18). In transfected
cells, A2A

A374R showed a very similar expression (Bmax for
[3H]ZM 241385 binding of 2.0 pmol/mg protein) and the same
affinity for caffeine or CGS 21680 compared with the wild-type
A2AR. Identical competition curves of [3H]ZM 241385 vs. CGS
21680 or caffeine were obtained from cells transfected with
D2R and either A2A

A374R or wild-type A2AR (Fig. S1B). The
ability of CGS 21680 and caffeine at modulating [3H]quinpirole
binding was significantly reduced in the CHO cells transfected
with D2R and the mutant A2A

A374R, however (Fig. 1 A and B,
blue bars). This indicates that the allosteric modulations be-
tween an A2AR agonist or antagonist and a D2R agonist depend
on the quaternary structure of the A2AR-D2R, determined by
the electrostatic interaction between intracellular domains of
both receptors, and thus constitute a biochemical property of the
A2AR-D2R heteromer.

A2AR Agonists and Antagonists Cocounteract Their Ability to
Modulate D2R Agonist Binding and Function: Two A2AR Protomers in
the A2AR-D2R Heteromer. Because both A2AR agonists and an-
tagonists produce a conformational change in the A2AR-D2R
heteromer that leads to the same effect, a reduced affinity of
agonists for D2R (Table 1), this questions the validity of the
allosteric interactions between A2AR and D2R agonists as a
main mechanism involved in the opposite and counteracting
behavioral effects of A2AR agonists and antagonists. We eval-
uated the combined effect of A2AR agonists and caffeine or
selective A2AR antagonists on D2R agonist binding. [3H]
Quinpirole binding in membrane preparations from sheep
striatum was measured in the presence of CGS 21680 (100 nM)
and increasing concentrations of caffeine (Fig. 2A) or the se-
lective A2AR antagonists SCH 58261 (Fig. 2C) and KW 6002
(Fig. 2E). Caffeine and the selective A2AR antagonists pro-
duced a biphasic effect on the ability of CGS 21680 to decrease
[3H]quinpirole binding. Low concentrations counteracted the
effect of CGS 21680, whereas high concentrations were asso-
ciated with a significant decrease in [3H]quinpirole binding.
These results show that A2AR agonists and antagonists that
bind competitively to the orthosteric site (19–21) produce the
same allosteric modulation of D2R agonist binding when in-
dividually administered, and yet they can cancel each other’s effect
when coadministered. This strongly suggests the presence of the

Fig. 1. Effect of an A2AR agonist and caffeine on [3H]quinpirole binding to
D2R. [

3H]Quinpirole binding (6 nM) was determined in membrane prepara-
tions from sheep striatum (black bars) or CHO cells transfected with D2R
cDNA (2 μg) and A2AR cDNA (3 μg) (red bars) or D2R cDNA (2 μg) and cDNA
(3 μg) from mutated A2AR (A2A

A374R; blue bars) in the presence or the ab-
sence of increasing concentrations of the A2AR agonist CGS21680 (A) or
caffeine (B). Values are mean ± SEM from between three and five different
experiments of relative [3H]quinpirole-specific binding (% of nontreated
membranes). Statistical significance was calculated by one-way ANOVA fol-
lowed by Dunnett’s post hoc test. *P < 0.05; **P < 0.01, compared with
nontreated membrane preparations.

Table 1. Effect of A2AR ligands on [3H]quinpirole and
[3H]raclopride affinity for D2R

Treatment
[3H]Quinpirole-binding

KDA1, nM
[3H]Raclopride-binding

KDA1, nM

Control 5 ± 2 1.8 ± 0.7
CGS 21680 (3 μM) 10 ± 2* 4.2 ± 0.7*
Caffeine (3 mM) 14 ± 3* 3.7 ± 0.7*

KDA1 is the equilibrium dissociation constant. Values are mean ± SEM
from three to five different experiments. Statistical significance was calcu-
lated using the Student t test. *P < 0.05 compared with controls.
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A2AR homodimer with two orthosteric binding sites. A corollary
of this assumption would be that simultaneous occupancy of the
A2AR homodimer in the A2AR-D2R heteromer by an agonist
and an antagonist should not induce an allosteric modulation
of D2R agonist binding.
The dimeric nature of the A2AR was confirmed with disso-

ciation experiments of [3H]ZM 241385 in sheep striatal prep-
arations. The A2AR agonist CGS 21680, but not caffeine or
SCH 58261, significantly modified the dissociation rate of the
labeled antagonist (Fig. 3), indicating formation of a hybrid
species with both agonist and antagonist simultaneously bind-
ing to the dimer. Therefore, only the agonist can exert an al-
losteric modulation of the labeled antagonist when both are

occupying orthosteric sites in an A2AR oligomer, because the
four ligands—caffeine, ZM 241385, SCH 58261, and CGS
21680—all bind and compete for the same orthosteric site (19–
21). This implies a different conformation of the A2AR homo-
dimer when occupied simultaneously with an agonist and an an-
tagonist compared with when occupied with two antagonists. This
different conformation could then explain the differential ability
of the A2AR homodimer, when occupied only by an agonist or an
antagonist or simultaneously by an agonist and antagonist, to al-
losterically modulate D2R agonist binding and intrinsic efficacy
within the A2AR-D2R heteromer.
The same allosteric modulation exerted by A2AR agonists

and antagonists on D2R agonist affinity was also evident on

Fig. 2. Biphasic effect of caffeine and selective A2AR antagonists on [3H]quinpirole binding and D2R-mediated ERK1/2 phosphorylation. (A, C, and E )
[3H]Quinpirole binding (6 nM) was determined in membrane preparations from sheep striatum not preincubated (control, blue bars) or preincubated (black
bars) for 30 min with the A2AR agonist CGS 21680 (100 nM) and increasing concentrations of caffeine (A) or the selective A2AR antagonists SCH 58216 (C) or
KW 6002 (E). Values are mean ± SEM from four to eight different experiments of relative [3H]quinpirole binding (% of nontreated control membranes, c).
Statistical significance was calculated by one-way ANOVA followed by the Newman–Keuls post hoc test. *P < 0.05; **P < 0.01; ***P < 0.001, compared with c.
#P < 0.05; ##P < 0.01; ###P < 0.001 compared with only CGS 21680. (B, D, and F) ERK1/2 phosphorylation was determined in HEK-293 cells transfected with D2R
cDNA (0.8 μg) and A2AR cDNA (1.2 μg), stimulated for 5 min with CGS 21680 (CGS; 100 nM) or quinpirole (QP; 1 μM) alone (orange and blue bars, respectively)
or in combination (black bars) after incubation for 10 min with vehicle or with caffeine (B), SCH 58126 (D), or KW 6002 (F). ERK1/2 phosphorylation was
quantified; values represent mean ± SEM from three to six different experiments of the percentage of phosphorylation relative to basal levels in nontreated
cells (100%). Statistical significance was calculated by one-way ANOVA followed by Dunnett’s post hoc test. *P < 0.05; **P < 0.01; ***P < 0.001, compared
with QP. #P < 0.05; ##P < 0.01; ###P < 0.001, compared with cells treated with QP plus CGS.
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D2R agonist intrinsic efficacy. In HEK-293 cells transfected
with A2AR and D2R, quinpirole (1 μM) and CGS 21680 (100 nM)
produced increases in ERK1/2 phosphorylation over basal
levels of approximately 300% and 200%, respectively (Fig. 2B).
The effect of quinpirole was partially but significantly coun-
teracted by CGS 21680 to the levels of ERK1/2 phosphoryla-
tion induced by CGS 21680 alone. Given that the high
concentration of quinpirole used (1 μM) should overcome the
decrease in affinity induced by CGS 21680 (100 nM) (Table 1),
this indicates the ability of the A2AR agonist to decrease not
only D2R agonist affinity, but also its intrinsic efficacy, as pre-
viously shown in electrophysiological experiments on striatal
neurons (9). Increasing concentrations of caffeine (Fig. 2B), SCH
58261 (Fig. 2D), or KW 6002 (Fig. 2F) produced the same bi-
phasic effect as seen in the radioligand-binding experiments (Fig.
2): low concentrations counteracted the effect of CGS 21680,
and this effect disappeared with larger concentrations, when
caffeine, SCH 58261, and KW 6002 by themselves completely
antagonized the effect of both CGS 21680 and quinpirole.
Therefore, simultaneous occupancy of the A2AR homodimer
in the A2AR-D2R heteromer by an agonist and an antagonist
blocks the allosteric modulation of both D2R agonist binding
and intrinsic efficacy. Considering that there is a tone of
adenosine under physiological conditions, this in fact could be
the main mechanism by which caffeine and A2AR antagonists
counteract the functional and behavioral effects that depend
on D2R signaling by the A2AR-D2R heteromer.

A2AR-D2R Heteromers Assemble Into Tetrameric Complexes. A bi-
molecular luminescence and fluorescence complementation ap-
proach was used to demonstrate the ability of A2AR and D2R to
form heterotetramers. First, in HEK-293 cells, Renilla luciferase
(Rluc) reconstitution after transfection of A2AR fused to the
Rluc N-terminal hemiprotein (A2AR-nRluc) and D2R fused to the
Rluc C-terminal hemiprotein (D2R-cRluc) was demonstrated by
strong bioluminescence after addition of the Rluc substrate

coelenterazine H, indicating A2AR(nRluc)-D2R(cRluc) hetero-
merization (Fig. S2). A1R-D2R and A2AR-D1R pairs (fused to
corresponding hemiproteins) served as negative controls, in agree-
ment with the suggested ability of A2AR to heteromerize with D2R
and not with D1R and with the ability of D2R to heteromerize with
A2AR and not with A1R (6, 22) (Fig. S2).
Second, significant fluorescence could be observed when HEK-

293 cells were transfected with A2AR fused to the YFP Venus
N-terminal hemiprotein (A2AR-nYFP) and with D2R fused to the
YFP Venus C-terminal hemiprotein (D2R-cYFP), indicating YFP
reconstitution and therefore A2AR(nYFP)-D2R(cYFP) hetero-
merization (Fig. 4A). A1R-D2R and A2AR-D1R pairs (fused to
corresponding hemiproteins) served as negative controls here as
well (Fig. 4A).
Finally, complemented Rluc from A2AR(nRluc)-D2R(cRluc)

heteromers and complemented YFP from A2AR(nYFP)-D2R
(cYFP) heteromers were used as donor and acceptor molecules
in bioluminescence resonance energy transfer (BRET) experiments
(Fig. 4B). Significant BRET values were obtained with cotrans-
fection of A2AR-nRluc, D2R-cRluc, A2AR-nYFP, and D2R-cYFP
(Fig. 4B). A1R-D2R and A2AR-D1R pairs (fused to correspond-
ing hemiproteins) again served as negative controls (Fig. 4B).
Further controls included independent experiments replacing
each receptor fused to its hemiprotein with the same nonfused
(soluble) hemiprotein (Table S1).
Bimolecular fluorescence complementation was also used to

evaluate the ability of peptides with the amino acid sequence of
transmembrane domains (TMs) to destabilize A2AR-D2R het-
eromers, as recently described for dopamine D1R-D3R hetero-
mers (2). Previous BRET experiments with disrupting peptides
had suggested the involvement of TM5 from D2R in A2AR-D2R
heteromerization (18). We investigated whether synthetic pep-
tides with the sequence of TM5 and TM7 of A2AR or D2R fused
to HIV TAT were able to destabilize receptor heteromerization.
Both TM5 peptides, but none of the TM7 peptides, reduced
fluorescence complementation in cells expressing A2AR-nYFP
and D2R-cYFP (Fig. 4A), suggesting that, in addition to in-
tracellular domains, TM5 forms part of the heteromerization
interface. In contrast, neither TM5 or TM7 from A2AR or D2R
was able to decrease fluorescence complementation in cells
expressing A2AR-nYFP and A2AR-cYFP or D2R-nYFP and
D2R-cYFP (Fig. 4A), supporting the selective involvement of
TM5 on the heteromer interface.

Pharmacologic Evidence for A2AR Agonist/Antagonist-Mediated
Allosteric Modulation of D2R Function in Striatal Cells and in the
Experimental Animal. Previous patch-clamp experiments in rat
striatal slices showed that CGS 21680 completely antagonizes the
decrease of neuronal excitability (i.e., NMDA-induced neuronal
firing) induced by D2R agonists, which was demonstrated to
depend on an allosteric modulation of D2R agonist efficacy and
on A2AR-D2R heteromerization (9). It was also shown that SCH
58261 counteracts the allosteric effect of CGS 21680 on D2R
function (9), but the effect of the A2AR antagonist alone was not
analyzed. Under these experimental conditions, the slice bathing
solution is free of endogenous neurotransmitters, thereby allowing
testing in situ of the A2AR agonist/antagonist-mediated allosteric
modulation of D2R function without the interference of endoge-
nous adenosine. We first reproduced the effect of NMDA (5 μM;
increase in neuronal firing) and the counteraction of this effect by
the D2R agonist agonist R(−)-propylnorapomorphine hydrochlo-
ride (NPA; 10 μM) (Fig. 5A). Remarkably, the A2AR antagonist
SCH 58261 (1 μM) completely counteracted the effect of the D2R
agonist (Fig. 5 A and B), as reported for CGS 21680. These results
mirror those obtained with transfected cells and demonstrate that
both A2AR agonists and antagonists are able to modulate D2R
function in the striatum.

Fig. 3. Dissociation kinetics of [3H]ZM 241385 in the presence of caffeine or
selective A2AR ligands. Dissociation curves of the A2AR antagonist [3H]ZM
241385 (1.5 nM) in the absence (black curve) or presence of either the A2AR
antagonists SCH 58260 (10 nM, blue curve) or caffeine (30 μM, green curve),
or the A2AR agonist CGS 21680 (10 nM, red curve). Data points are means ±
SD of triplicates. Fitted Koff values of [3H]ZM 241385 dissociation were
0.025 ± 0.002 min−1 (i.e., a residence time of 40 min) for control, 0.025 ±
0.003 min−1 (residence time of 40 min) in the presence of SCH 58260, and
0.028 ± 0.004 min−1 (residence time of 36 min) in the presence of caffeine. A
biphasic curve was obtained in the presence of CGS 21680 (red curve) with a
Koff1 value of 0.19 ± 0.03 min−1 and a Koff2 value of 0.004 ± 0.003 min−1

(residence time of 5 and 250 min, respectively).
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It is well known that locomotor activation by A2AR antago-
nists or caffeine shows an inverted U-shaped dose–response
curve, with a depressant effect at high doses (23–25). This de-

pressant effect could be related to the ability of the antagonists
to largely displace endogenous adenosine and occupy both
protomers in the A2AR homodimer of the A2AR-D2R hetero-

Fig. 4. Tetrameric structure of the A2AR-D2R heteromer. (A) Fluorescence due to complementation [in arbitrary units (AU)] of YFP Venus was determined in
HEK-293 cells coexpressing A2AR-nYFP and A2AR-cYFP, D2R-nYFP and D2R-cYFP, or A2AR-nYFP and D2R-cYFP either not treated or treated with the indicated
HIV TAT peptides (4 μM) for 4 h. Values represent means ± SEM from seven or eight different experiments. Statistical significance was calculated by one-way
ANOVA followed by Dunnett’s post hoc test. **P < 0.01, compared with the nontreated cells. (B) BRET was determined in cells expressing A2AR-nRluc, D2R-
cRluc, A2AR-nYFP and D2R-cYFP, or A2AR-nYFP and D2R-cYFP and the respective controls replacing A2AR for A1R or D2R for D1R. Values are mean ± SEM of
three different experiments. (Upper) Schematic representation of BRET with bimolecular luminescence and fluorescence complementation.

Fig. 5. Allosteric modulation of A2AR antagonists on D2R-mediated modulation of neuronal function. (A and B) Effect of the A2R antagonist SCH 58261 on
NMDA-mediated depolarized plateau potential on D2R-responsive neurons in rat ventral striatal slices. (A) Consecutive traces showing typical transitions
where the action of NMDA (5 μM) was recorded before and in the presence of D2R NPA (10 μM) and the A2AR antagonist SCH 58261 (1 μM). On a D2R-
responsive neuron, subsequent application of SCH 58261 totally counteracts the effect of NPA, i.e., inhibition of the depolarized plateau potential and firing
frequency. (B) Summary histogram obtained from D2R-responsive neurons illustrating the antagonistic effect of SCH 58261 on the action potential firing
frequency. Data represent mean ± SEM (n = 7). Statistical significance was calculated by one-way ANOVA followed by Dunnett’s post hoc test. ***P < 0.001,
compared with the untreated slice preparation (c). (C) Locomotor activity in nonhabituated rats during the first 20 min after the administration of vehicle or
the A2AR antagonist KW 6002 (1–30 mg/kg, i.p.). The A2AR agonist CGS 21680 (0.1 mg/kg i.p.), or vehicle, was administered 30 min before the administration
of KW 6002. A high dose of KW 6002 produced significant locomotor depression, which was counteracted by a previous administration of the additional
depressant dose of CGS 21680. Statistical significance was calculated by one-way ANOVA followed by Dunnett’s post hoc test. **P < 0.01 compared with
controls (animals only treated with vehicle).
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mer. In that case, we would predict that coadministration of a
depressant dose of an A2AR agonist should not produce more
depression, but rather should counteract the depressant effect
of the antagonists. We tested locomotor activity in rats during
the first 20 min of activity of nonhabituated animals with doses
of the A2AR antagonist KW 6002 above 1 mg/kg, reportedly the
maximal effective dose (23). KW 6002 also produced a biphasic
effect on D2R binding and MAPK signaling (Fig. 2F), and it
was selected because of its pronounced locomotor effects
compared with SCH 58261 (23). At 10 mg/kg, KW 6002 did not
produce any activation, and at 30 mg/kg it had a depressant
effect (Fig. 5C). As predicted, coadministration of a depressant
dose of CGS 21680 (0.1 mg/kg) (24) counteracted the de-
pressant effect of KW 6002 (30 mg/kg) (Fig. 5C). The same
dose of CGS 21680 did not significantly counteract (although it
did not potentiate) the motor depressant effects of high doses
of caffeine (56 and 100 mg/kg) (Fig. S3). Thus, these results

agree with previous studies indicating that mechanisms other
than adenosine receptor antagonism are involved in the de-
pressant effects of high doses of caffeine (25).

A2AR Agonists and Antagonists Also Modulate D2R Antagonist Binding
in the A2AR-D2R Heteromer. Because both A2AR agonists and
antagonists can allosterically modulate the affinity and intrinsic
efficacy of D2R agonists, we questioned whether A2AR ligands
also could modulate the binding of D2R antagonists in the
A2AR-D2R heteromer. We found that both CGS 21680 and
caffeine significantly reduced [3H]raclopride binding in mem-
brane preparations from sheep and human striatum and from
CHO cells transfected with A2AR and D2R (Fig. 6 A and B).
The decrease in [3H]raclopride binding by CGS 21680 and
caffeine was related to a decrease in the affinity of D2R antagonist
(increase in KD1 values), as shown in competition experiments
(sheep striatum) of [3H]raclopride vs. raclopride (Table 1). As

Fig. 6. Effect of an A2AR agonist and caffeine on [3H]raclopride binding. (A and B) [3H]Raclopride (4 nM) binding was determined in membrane preparations
from sheep striatum (black bars), human caudate nucleus (white bars), or CHO cells transfected with D2R cDNA (2 μg) and A2AR cDNA (3 μg; red bars), D2R
cDNA (2 μg) and cDNA (3 μg) from mutated A2AR (A2A

A374R; blue bars), or CHO cells transfected only with D2R cDNA (2 μg; green bars) in the presence or the
absence of increasing concentrations of the A2AR agonist CGS21680 (A) or caffeine (B). (C) [3H]raclopride (4 nM) binding determined in membrane prepa-
rations from sheep striatum either untreated (white bar, c) or treated with CGS 21680 (10 μM) in the absence or presence of increasing concentrations of
caffeine (black bars). Values are mean ± SEM from three to five different experiments) of the relative [3H]raclopride-specific binding (% of nontreated
membranes). Statistical significance was calculated by one-way ANOVA followed by Dunnett’s post hoc test or the Newman–Keuls post hoc test. *P < 0.05;
**P < 0.01; ***P < 0.001, compared with the untreated membrane preparations. #P < 0.05; ##P < 0.01, compared with the membranes treated only with
CGS 21680.
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controls of adenosine receptor selectivity, neither the A1R ag-
onist CCPA nor the A1R antagonist DPCPX modulated [3H]
raclopride binding at concentrations that do not bind to A2AR
(Fig. S4). Again, the potency of both CGS 21680 and caffeine in
modulating [3H]raclopride binding was significantly reduced in
cells expressing the mutant A2A

A374R, indicating dependence on
A2AR-D2R heteromerization (Fig. 6 A and B). In fact, the same
reduction in the potency of CGS 21680 and caffeine observed in
cells expressing the mutant A2A

A374R was observed in cells
transfected only with D2R (Fig. 6 A and B), which were found to
constitutively express relatively low levels of A2AR (Bmax for
[3H]ZM 241385 binding of 0.25 pmol/mg protein). Furthermore,
the same biphasic effect observed with increasing concentra-
tions of caffeine on the ability of the A2AR agonist CGS 21680

to decrease [3H]quinpirole binding was also observed with
[3H]raclopride binding in membrane preparations from sheep
striatum (Fig. 6C) Thus, low concentrations of caffeine antago-
nized the effect of CGS 21680, whereas high concentrations were
also associated with a significant decrease in [3H]raclopride binding
(Fig. 6C).
We then used disrupting TM peptides to demonstrate that

heteromerization is involved in the A2AR ligand-mediated
modulation of D2R binding in striatal tissue. We first checked
endogenous A2AR-D2R heteromer expression in sheep striatal
slices by a proximity ligation assay (PLA). This technique per-
mits the detection of molecular interactions between two en-
dogenous proteins and it is similar to immunoprecipitation,
but with the additional advantage of not requiring membrane

Fig. 7. Detection of A2AR-D2R heteromers in sheep striatum and effect of HIV TAT-TM peptides. The PLA was performed in coronal slices from sheep striatum
treated with vehicle or with HIV TAT-fused TM peptides (4 μM) corresponding to TM5 or TM7 of A2AR or D2R. (A) Number of cells containing one or more red
spots expressed as the percentage of the total number of cells (blue nucleus). Data (% of positive cells) are the mean ± SEM of counts from a total of 800–
1,000 cells, considering between five and 12 different fields. Statistical significance was calculated by one-way ANOVA followed by Dunnett’s post hoc test.
**P < 0.01, compared with the slices treated with vehicle (c). (B–F) Representative confocal microscopy images from each experimental condition, in which
heteromers appear as red spots. In all cases, cell nuclei were stained with DAPI (blue). (Scale bars: 20 μm.)
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solubilization. Labeling heterodimers by PLA requires that both
receptors be sufficiently close to allow the two antibody-DNA
probes to form double-stranded segments (<16 nm) (10), a
signal that is further amplified in the presence of fluorescent
nucleotides (Fig. 7). On the PLA, A2AR-D2R heteromers were
observed as red punctate staining in slices treated with vehicle
or with TM7 peptides, but not in slices treated with TM5
peptides from A2AR or D2R (Fig. 7 C and E). Because TM5
peptides disrupted both fluorescence complementation (Fig.
3A) and the PLA signal (Fig. 7), we expected that this alter-
ation of the quaternary structure should result in the loss of
the allosteric interactions within the heteromer. Indeed, TM5
peptides from both A2AR (Fig. 8A) and D2R (Fig. 8B), but not
TM7 peptides, counteracted caffeine-mediated decrease in
[3H]raclopride binding in sheep striatal membrane preparations
(Fig. 8).

Discussion
Several conclusions can be drawn from this study. First, any
orthosteric A2AR ligand, agonist or antagonist, can decrease the
affinity and intrinsic efficacy of any D2R ligand. These features
constitute biochemical properties of the A2AR-D2R heteromer,
because they depend on the integrity of the right quaternary
structure of the heteromer, as demonstrated in transfected
mammalian cells and striatal tissue, by using heteromer-dis-
rupting mutations and peptides, respectively. Second, the results
from radioligand dissociation and double complementation of
BRET donor and acceptor units provide strong evidence for a
tetrameric structure of the A2AR-D2R heteromer constituted by
A2AR and D2R homodimers. Third, the A2AR-D2R hetero-
tetramer offers a model that explains the apparent contradiction
of orthosteric A2AR agonists and antagonists being able to pro-
duce the same modulatory effects on D2R function and yet coun-
teract each other’s effects. The model assumes that occupancy of

the A2AR homodimer with either an agonist or an antagonist
produces a conformational change that conduces the same al-
losteric modulation to the D2R, whereas simultaneous occupancy
of the A2AR homodimer by an agonist and an antagonist would
not allow this conformational change (as indicated by dissocia-
tion experiments with the radiolabeled A2AR antagonist).
The model has important heuristic value. As the model predicted,

in the brain, under specific pharmacologic conditions, orthosteric
A2AR antagonists behave as A2AR agonists and decrease D2R
function, effects that can be counteracted by coadministration of
both A2AR agonists and antagonists (electrophysiological and lo-
comotor activity experiments). Given the tone of adenosine under
physiological conditions, this in fact could be the main mechanism
by which caffeine and A2AR antagonists produce locomotor acti-
vation, by counteracting the functional effects that depend on D2R
signaling by the A2AR-D2R heteromer. Nevertheless, motor de-
pression by caffeine or A2AR antagonists implies a significant dis-
placement of endogenous adenosine and occupancy of the A2AR
homodimer in the A2AR-D2R heteromer, which can be attained
only by high concentrations of caffeine that cannot be obtained
through habitual consumption of coffee. Thus, a 12-oz cup of
coffee may contain between 107 and 420 mg of caffeine (26), and
oral doses of 250 and 500 mg (human adults) produce peak
plasma levels of approximately 0.03 and 0.06 mM (27), which is
in the range of concentrations at which caffeine counteracts the
allosteric effects of CGS 21680 in the present radioligand-bind-
ing experiments (Figs. 2A and 6C). However, therapeutic doses
of more potent and selective A2AR antagonists may have dif-
ferential effects depending on their A2AR affinity and on the levels
of endogenous adenosine. Therefore, our model still provides sup-
port for the use of A2AR antagonists in treating patients with Par-
kinson’s disease. In addition, the complementing results obtained
from functional experiments in mammalian cells in culture, in
striatal slices, and in the intact experimental animal provide a
basis for understanding the previously claimed significant depen-
dence of D2R signaling and A2AR-D2R heteromerization on the
pharmacologic effects of caffeine and other A2AR ligands (9, 11–13).
Finally, the present results indicate that a large proportion of

D2R forms heteromers with A2AR in transfected cells and
striatal tissue. A similar degree of allosteric modulation of D2R
by A2AR ligands was observed in both artificial and native sys-
tems. Particularly notorious was the ability of caffeine to allo-
sterically (noncompetitively) decrease D2R antagonist binding by
approximately 60% and 40% in membrane preparations of
transfected cells and striatal tissue, respectively. Furthermore,
the experiments with MAPK signaling in transfected cells and
the electrophysiological experiments in striatal neurons demon-
strate an additional strong allosteric modulation of A2AR ligands
on the intrinsic efficacy of D2R ligands, which can explain, for
instance, the complete counteraction by A2AR antagonists on
MAPK activation and the decrease in neuronal excitability in-
duced by high concentrations of D2R agonists, which should
surmount the reduction in affinity.
More generally, our study calls for an awareness of homodimers

as predominant GPCR species, providing a significant role of al-
losteric interactions between orthosteric ligands within GPCRs
and building blocks for heterotetramers (28), which should have
important implications in the field of GPCR pharmacology.

Methods
Animals. Male Sprague–Dawley rats (Charles River Laboratories) weighting
300–350 g were used for all experiments. All animals were handled in ac-
cordance with the National Institutes of Health’s animal care guidelines. The
animal research protocol followed for this study (09-BNRB-73) was approved
by the National Institute on Drug Abuse Intramural Research Program’s
Animal Care and Use Committee.

Fig. 8. Effect of HIV TAT-TM peptides on caffeine-induced allosteric mod-
ulation of [3H]raclopride binding. Membrane preparations from sheep
striatum were pretreated for 2 h with the indicated A2AR (A) or D2R (B) HIV
TAT peptides (4 μM) and [3H]raclopride (4 nM) binding was performed in the
absence or the presence of increasing concentrations of caffeine. Values
are means ± SEM from three to five different experiments of the relative
[3H]raclopride-specific binding (% of the caffeine untreated membranes). Statis-
tical significance was calculated by one-way ANOVA followed by Dunnett’s post
hoc test. *P < 0.05; **P < 0.01, compared with the caffeine-untreatedmembranes.
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Human Samples. Human brain samples from the nucleus caudate (head area)
were obtained by family consent at autopsy in the Basque Institute of Legal
Medicine (University of the Basque Country, Bilbao, Spain) from four male
subjects without history of neurological or psychiatric disorders and who died
suddenly of a car accident. Toxicological screening was negative for all subjects
and brain samples were histologically determined as normal. Samples were
dissected at the time of autopsy, stored at −70 °C until assay and encoded in
order to protect the identity of the subject. The time interval between death
and autopsy (postmortem delay at 4 °C) was 26 ± 4 h.

Fusion Proteins and Expression Vectors. Sequences encoding amino acid res-
idues 1–155 and 156–238 of the YFP Venus protein and amino acid residues
1–229 and 230–311 of the RLuc8 protein were subcloned in the pcDNA3.1
vector to obtain YFP Venus (nYFP, cYFP) and RLuc8 (nRLuc, cRLuc) hemitruncated
proteins expressed in the pcDNA3.1 vector. Human cDNA for dopamine D2R
(long isoform) and D1R, adenosine A2AR and A1R cloned in pcDNA3.1 were
amplified without their stop codons using sense and antisense primers har-
boring either unique EcoRI or BamHI sites. The fragments were then subcloned
to be in-frame with the hemitruncated Rluc or YFP into the EcoRI and BamHI
restriction sites of the hemitruncated proteins expressing vector, to render the
plasmids that express receptors fused to the hemitruncated proteins (D2R-
cYFP, D2R-cRLuc, A2AR-nYFP, A2AR-nRluc, D1R-cYFP, D1R-cRLuc, A1R-nYFP, A1R-
nRluc). A peptide derived from the HIV transactivator of transcription, HIV TAT
(YGRKKRRQRRRPQ), was fused to a peptide with the amino acid sequence of
human A2AR or D2R TM domains 5 and 7 (TM5 and TM7; Genemed Synthesis
124), to promote integration of the TM domains in the plasma membrane.
Because HIV TAT binds to the phosphatidylinositol-(4, 5)-bisphosphate found
on the inner surface of the membrane, HIV TAT peptide was fused to the C ter-
minus of TM5 and TM7 to obtain the right orientation of the inserted peptide (2).

Cell Culture and Transient Transfection. CHO and human embryonic kidney
(HEK-293) cells were grown in Minimum Essential Medium (MEMα; Gibco)
and DMEM (Gibco), respectively, supplemented with 2 mM L-glutamine, 100
μg/mL sodium pyruvate, MEM nonessential amino acid solution (1/100), 100
U/mL penicillin/streptomycin, and 5% (vol/vol) of heat-inactivated FBS (all
supplements from Invitrogen). CHO and HEK-293 cells growing in 25-cm2

flasks or 150-cm2 dishes were transiently transfected by the polyethilenimine
(PEI) method. In brief, cells were incubated for 4 h with the indicated
amount of cDNA together with ramified PEI (Sigma-Aldrich; 5 mL of 10 mM
PEI for each μg of cDNA) and 150 mM NaCl in a serum-starved medium. After
4 h, the medium was changed to a fresh complete culture medium. Cells
were used at 48 h after transfection.

ERK1/2 Phosphorylation Assays. The effect of different ligand combinations on
ERK1/2 phosphorylation was studied in HEK-293 cells transfected with A2AR
and D2R. The methodology is described in detail elsewhere (2).

BRET and Bimolecular Bioluminescence and Fluorescence Complementation.
HEK-293 cells growing in six-well plates were transiently cotransfected
with 1 μg of cDNA encoding for the receptors fused to nRLuc8 and cRLuc8
proteins and with 1 μg of cDNA corresponding to the receptors fused to
nVenus and cVenus proteins. To quantify receptor-reconstituted YFP Venus
expression, cells (20 μg of total protein per well) were distributed in 96-well
microplates (black plates with a transparent bottom), and fluorescence was
read in a FLUOstar Optima fluorimeter (BMG Labtech). Receptor fluores-
cence expression was determined as fluorescence of the sample minus the
fluorescence of cells expressing the BRET donor alone. For BRET with bi-
molecular bioluminescence and fluorescence complementation measurements,
cells (10 μg of total protein per well) were distributed in 96-well microplates
(Corning 3600 white plates), and 5 μM coelenterazine H (Molecular Probes) was
added. At 5 min after the addition of coelenterazine H, the readings were
collected using a Mithras LB 940 microplate reader (Berthold Technologies),
which allows integration of the signals detected in the short-wavelength filter at
485 nm (440–500 nm) and the long-wavelength filter at 530 nm (510–590 nm).
To quantify receptor-reconstituted RLuc8 expression, luminescence readings
were also performed at 10 min after the addition of 5 mM coelenterazine H.
Both the fluorescence and luminescence of each sample were measured before
each experiment to confirm similar donor expression (∼150,000 luminescent
units). Net BRET was defined as [(long-wavelength emission)/(short-wavelength
emission)] − Cf, where Cf corresponds to [(long-wavelength emission)/(short-
wavelength emission)] for the donor construct expressed alone in the same ex-
periment. BRET is expressed as mili BRET units (mBU; net BRET × 1,000).

Radioligand-Binding Experiments. Crude membranes from sheep or human
striatum (caudate) or cultured CHO cells were prepared as described else-

where (23). Protein was quantified by the bicinchoninic acid method (Pierce
Chemicals). Binding experiments were performed with membrane suspen-
sions at room temperature in 50 mM Tris·HCl buffer, pH 7.4, containing
10 mM MgCl2 and 0.2 IU/mL adenosine deaminase (EC 3.5.4.4; Roche). For
D2R agonist-binding assays, membrane suspensions (0.2 mg of protein/mL)
were incubated with a free concentration (6 nM) of the radiolabeled D2R
agonist [3H]quinpirole (37.2 Ci/mmol; Perkin-Elmer), the indicated concen-
trations of caffeine (Sigma-Aldrich), the A2AR agonist CGS 21680 (Sigma-
Aldrich), and the A2AR antagonist SCH 58261 (Tocris). For D2R antagonist-
binding assays, the medium was supplemented with 120 mM NaCl and 5 mM
KCl, and the membrane suspensions (0.2 mg of protein/mL) were incubated
with a free concentration (4 nM) of the radiolabeled D2R antagonist
[3H]raclopride (81.9 Ci/mmol; Perkin-Elmer) and the indicated concentrations
of caffeine, CGS 21680, or SCH 58261. For experiments with the HIV TAT TM
peptides, membranes were preincubated for 2 h with 4 μM of the indicated
peptide before the addition of other ligands. For competition experiments,
the membrane suspensions were incubated with a constant free concentration
of [3H]quinpirole (6 nM) or [3H]raclopride (4 nM) and increasing concentrations
of quinpirole (0.01 nM–3 μM) or raclopride (0.01 nM–3 μM), respectively, in the
presence or absence of caffeine (3 mM) or CGS 21680 (3 μM). In all cases, free
and membrane-bound ligands were separated by rapid filtration, and radio-
activity counts were determined as described elsewhere (23).

Two-state dimer model equations were used to determine radioligand-
binding parameters, as described in detail elsewhere (29). In dissociation
kinetic assays, sheep striatal membranes (0.2 mg of protein/mL) were in-
cubated at 12 °C in Tris·HCl buffer (50 mM, pH 7.4) containing 10 mM MgCl2
and 0.2 IU/mL adenosine deaminase in the absence or presence of CGS 21680
(10 nM), SCH 58261 (10 nM), or caffeine (30 μM). After 30 min, 1.5 nM of the
A2AR antagonist [3H]ZM 241385 (50 Ci/mmol; American Radiolabeled Chem-
icals) was added for an additional 2-h period of radioligand association. Dis-
sociation was initiated by the addition of 10 μM of ZM 241385. At the
indicated time intervals, total binding was measured as described above.

Patch-Clamp Recording. Whole-cell patch-clamp recordings were performed
on individual neurons from the rat ventral striatum. The method is described
in detail elsewhere (9).

Locomotor Activity. Rats received an i.p. injection of 0.1 mg/kg CGS 21680 or
vehicle (saline plus 5% DMSO and 5% Tween-80). After 30 min, they received
a second i.p. injection of KW 6002 (1, 10, or 30 mg/kg) or vehicle, and lo-
comotor activity was measured by placing the animals individually in motility
chambers (50 × 50 cm; Coulbourn Instruments). Locomotion was measured
by counting the number of breaks in the infrared beams of the chambers for
the first 20 min after the last i.p. injection.

Proximity Ligation Assay. Sheep striatum placed in ice-cold oxygenated (95%
O2/5% CO2) Krebs-HCO3

− buffer (124 mM NaCl, 4 mM KCl, 1.25 mM KH2PO4,
1.5 mM MgCl2, 1.5 mM CaCl2, 10 mM glucose, and 26 mM NaHCO3; pH 7.4)
were dissected and sliced at 4 °C using a brain matrix to obtain 0.5-mm
coronal slices. Each slice was transferred to a plate and incubated for 4 h at
30 °C under constant oxygenation in an Eppendorf Thermomixer (5 Primer
Inc.) with Krebs-HCO3

− buffer containing or not containing 4 μM of the in-
dicated HIV TAT TM peptides. Slices were fixed with 4% paraformaldehyde
solution for 1 h at room temperature, washed in Tris-buffered saline, and stored
at −20 °C in a 30% sucrose solution until sectioning. The 20-μm-thick coronal
sections were cut on a freezing cryostat (Leica Jung CM-3000), mounted on glass
slides, and permeabilized for 10 min at 4 °C with 0.1% Triton X-100. A2AR-D2R
complexes were detected using the Duolink II PLA detection kit (OLink Bio-
science) following the manufacturer’s instructions using a mixture containing
equal amounts of rabbit polyclonal anti-D2R antibody (1:200, AB5084P; Milli-
pore) and monoclonal mouse anti-A2AR antibody (1:200, 05–717; Millipore). The
samples were mounted and observed under a Leica SP2 confocal microscope
and processed with ImageJ software. Cells containing one or more spots vs. total
cells were determined considering 800–1,000 cells from between five and 12
different fields from three different animals per group using the Fiji package
(pacific.mpi-cbg.de) as described previously (30).
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Fig. S1. Competition curves of [3H]ZM 241385 vs. CGS 21680 or caffeine. Membrane preparations from sheep striatum (A) or CHO cells (B) transfected with
D2R cDNA (2 μg) and A2AR cDNA (3 μg) (B, black curves) or with D2R cDNA (2 μg) and A2A

A374R cDNA (or 3 μg) (B, red curves) were incubated with [3H]ZM 241385
(2 nM) and increasing concentrations of CGS 21680 (10 nM–10 μM) or caffeine (1 μM–10 mM). Values are mean ± SEM from a representative experiment
performed in triplicate of the relative [3H]ZM 241385-specific binding, where 100% corresponds to 0.96 ± 0.04 pmol/mg protein for sheep striatum and to
0.74 ± 0.03 pmol/mg protein for CHO cells transfected with A2AR or 0.90 ± 0.03 for CHO cells transfected with A2A

A374R.

Fig. S2. Bioluminescence complementation within the A2AR-D2R heteromer. Luminescence due to Rluc in HEK-293 cells cotransfected with A2AR-nRluc and
D2R-cRluc, A1R-nRluc and D2R-cRluc, or A2AR-nRluc and D1R-cRluc. On addition of coelenterazine H, strong luminescence could be observed only in cells co-
expressing A2AR-nRluc and D2R-cRluc.
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Fig. S3. Locomotor depressant effects of high doses of caffeine. Locomotor activity in nonhabituated rats during the first 20 min after the administration of
vehicle or caffeine (30–100 mg/kg, i.p.). The A2AR agonist CGS 21680 (0.1 mg/kg i.p.) or vehicle was administered 30 min before the administration of caffeine.
High doses of caffeine produced significant locomotor depression, which was neither counteracted nor potentiated by a previous administration of the ad-
ditional depressant dose of CGS 21680. Statistical significance was calculated by one-way ANOVA followed by Dunnett’s post hoc test. *P < 0.05; **P < 0.01,
compared with controls (animals treated only with vehicle).

Fig. S4. Effect of A1R agonist or antagonist on [3H]raclopride binding. (A and B) [3H]Raclopride binding (4 nM) was determined in membrane preparations
from sheep striatum (black bars) or human caudate nucleus (red bars) in the presence or the absence of increasing concentrations of the A1R agonist CCPA
(A) or the antagonist DPCPX (B), with higher selectivity for A1R over A2AR. Values are means ± SEM (three to five different experiments) of the relative
[3H]raclopride-specific binding (% respect to samples without A1R ligands). Statistical significance was calculated by one-way ANOVA, followed by Dunnett’s
post hoc test. *P < 0.05; **P < 0.01, compared with the untreated membrane preparations. (C) Competition curve of the A2AR antagonist [3H]ZM 241385 (2 nM)
vs. the A1R-selective antagonist DPCPX. Membrane preparations from sheep striatum were incubated with [3H]ZM 241385 (2 nM) and increasing concentrations
of DPCPX (1 nM–300 μM). Values are mean ± SEM from a representative experiment performed in triplicate of the relative [3H]ZM 241385-specific binding,
where 100% corresponds to 0.96 ± 0.05 pmol/mg protein.

Table S1. BRET with bimolecular bioluminescence and
fluorescence complementation

Constructs transfected mBU

A2AR-nRluc/D2R-cRluc/A2AR-nYFP/D2R-cYFP 19 ± 2 (8)
nRluc/D2R-cRluc/A2AR-nYFP/D2R-cYFP 3 ± 2 (7)
A2AR-nRluc/cRluc/A2AR-nYFP/D2R-cYFP 2 ± 1 (7)
A2AR-nRluc/D2R-cRluc/nYFP/D2R-cYFP 1.4 ± 0.9 (7)
A2AR-nRluc/D2R-cRluc/A2AR-nYFP/cYFP 2 ± 1 (7)

BRET is represented as mBU (Materials and Methods). Values are mean ±
SEM (no. of different experiments in parentheses).
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Abstract
Heteromers of G-protein-coupled receptors (GPCRs) have emerged as potential novel targets for drug
development. Accumulating evidence indicates that GPCRs can form homodimers and heteromers, with
homodimers being the predominant species and oligomeric receptors being formed as multiples of dimers.
Recently, heterotetrameric structures have been proposed for dopamine D1 receptor (D1R)–dopamine D3

receptor (D3R) and adenosine A2A receptor (A2AR)–dopamine D2 receptor (D2R) heteromers. The structural
model proposed for these complexes is a heteromer constituted by two receptor homodimers. The existence
of GPCR homodimers and heteromers provides a structural basis for inter-protomer allosteric mechanisms
that might account for a multiplicity of unique pharmacological properties. In this review, we focus on the
A2AR–D2R heterotetramer as an example of an oligomeric structure that is key in the modulation of striatal
neuronal function. We also review the interfaces involved in this and other recently reported heteromers
of GPCRs. Furthermore, we discuss several published studies showing the ex vivo expression of A2AR–D2R
heteromers. The ability of A2AR agonists to decrease the affinity of D2R agonists has been reported and, on
the basis of this interaction, A2AR antagonists have been proposed as potential drugs for the treatment of
Parkinson’s disease. The heterotetrameric structure of the A2AR–D2R complex offers a novel model that can
provide new clues about how to adjust the drug dosage to the expected levels of endogenous adenosine.

Introduction
The long-perceived notion that G-protein-coupled receptors
(GPCRs) only function in monomeric form [1,2] has recently
been changed by the description of a number of GPCRs
of classes A, B and C found as homodimers, heterodimers
and higher order oligomers [3–9]. Receptor oligomers are
defined as macromolecular complexes composed of at least
two functional receptor units (protomers) with biochemical
properties that are demonstrably different from those of
their individual components [10]. It has been suggested that
GPCR heteromers are mostly constituted by heteromers of
homodimers [11]. This is supported by evidence for a minimal
tetrameric stoichiometry of D1R and dopamine D3 receptor
(D3R) heteromers, comprised of D1R and D3R homodimers
able to couple to Gs and Gi proteins respectively [11].

Key words: adenosine receptors, allosteric modulation, dopamine receptors, G-protein-coupled

receptor (GPCR), heteromerization, homodimerization.

Abbreviations: A1R, adenosine A1 receptor; A2AR, adenosine A2A receptor; BiFC/BiLC, bimolecular

fluorescence or luminescence complementation; BRET, bioluminescence resonance energy

transfer; CB1R, cannabinoid CB1 receptor; CODA-RET, complemented donor-acceptor resonance

energy transfer; CRF1R, corticotropin-releasing factor CRF1 receptor; D1R, dopamine D1 receptor;

D2R, dopamine D2 receptor; D3R, dopamine D3 receptor; GPCR, G-protein-coupled receptor;

5-HT2AR, serotonin 5-HT2A receptor; MAPK, mitogen-activated protein kinase; OX1R, orexin

OX1 receptor; PLA, proximity ligation assay; Rluc, Renilla luciferase; RT, residence time; TM,

transmembrane domain.
1Correspondence may be addressed to either of these authors (email vcasadoanguera@

gmail.com or vcasado@ub.edu).

By using selective peptides with the sequence of specific
transmembrane domains (TM) of the D1R, this previous
study demonstrated ligand-induced allosteric interactions
within the D1R–D3R heteromer (positive cross-talk and
cross-antagonism) that constitute specific biochemical char-
acteristics of the D1R–D3R heteromer [11]. The expression of
adenosine A1 receptor (A1R)–adenosine A2A receptor (A2AR)
complex as a receptor heterotetramer in transfected cells has
also been suggested [12].

In the context of homo- and heteromers of GPCRs,
allosteric mechanisms are responsible for a multiplicity of
unique pharmacological properties [6,13]. These mechanisms
account for the process by which the interaction of a
particular chemical or protein with an allosteric site on
a protein or on a macromolecular complex influences the
binding or the function of the same or another chemical or
protein at a topographically distinct site, i.e. the orthosteric
site [13]. Three major allosteric modulations may occur in
GPCR oligomers (homo- and heteromers). First, the binding
of a ligand to an allosteric site can modify the intrinsic efficacy
and/or affinity of any ligand binding to the orthosteric site
in any protomer of the oligomer. Second, the binding of a
ligand to the orthosteric site of one protomer in the receptor
oligomer can modify the affinity and/or intrinsic efficacy of
ligands for the orthosteric site of the partner receptor, intrinsic
efficacy being the power of an agonist to induce a functional
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response, independently of its affinity for the receptor
[6,13–15]. Third, a ligand-independent allosteric modulation
may occur when one of the receptors in the oligomer acts as
a modulator of the pharmacological properties of the other
molecularly different receptor; in this case, the modulator is
not a ligand, but a protein [6,16].

An example of the second type of major allosteric
modulation in a GPCR heteromer, i.e. modulation of ligand-
binding properties, is the ability of A2AR agonists to decrease
the affinity of dopamine D2 receptor (D2R) for its agonists
in the A2AR–D2R heteromer [17–21]. A2AR–D2R heteromers
have been found in transfected cells [22,23], primary cultures
of striatal neurons [22] and, in situ, in mammalian striatum
[21,24–26], where they play an important role in the
modulation of GABAergic striato-pallidal neuronal function
[24,27]. It has previously been hypothesized that allosteric
interactions between A2AR and D2R agonists within the
A2AR–D2R heteromer provide a mechanism responsible for
both the behavioural depressant effects of adenosine
analogues and for the psychostimulant effects of selective
adenosine A2AR antagonists and the non-selective adenosine
receptor antagonist caffeine; this mechanism is of particular
relevance in several neuropsychiatric disorders such as
Parkinson’s disease [15,21,28–31].

The A2AR–D2R heteromer also provides an interesting
example of the third type of major allosteric modulation in re-
ceptor heteromers. Screening with diverse in vitro and in vivo
techniques led to the discovery of very different qualitative
properties of several selective A2AR antagonists. The most
striking finding was a change in the binding properties of the
antagonist SCH 442416 for A2AR when forming heteromers
with D2R compared with when not forming heteromers
or forming heteromers with A1R [32]. Application of the
dimer receptor model indicated that SCH 442416 binds with
a strong negative co-operativity that appears when D2R
interacts with A2AR in the heteromer [3,6,14,15,32]. This
suggested for the first time that the A2AR–D2R comprises
at least two A2AR protomers, supporting the existence of the
A2AR–D2R heterotetramer. SCH 442416 acts preferentially
on presynaptic striatal A2AR–A1R heteromers, potently
blocking the cortico-striatal glutamatergic neurotransmission
at doses that do not produce locomotor activation because
it does not bind to postsynaptic A2AR–D2R heteromers
[15,32]. The opposite pharmacological profile was obtained
with KW 6002, which produced strong locomotor activation
at doses that were ineffective at blocking glutamate release
from cortical afferents in the striatum [32]. KW 6002 is thus
a promising anti-parkinsonian agent and is already being
successfully used for the treatment of Parkinson’s disease [33–
35].

Homodimeric nature of both A2AR and D2R
The allosteric modulator effect of orthosteric ligands on the
rates of dissociation is commonly used to detect and quantify
allosteric interactions [36]. Affinity modulators induce a
conformational change that might alter only one or both

association and dissociation rates of binding to the orthosteric
site. The most common method of quantification involves
assaying the dissociation kinetics, because the dissociation
of a prebound GPCR orthosteric ligand complex can only
be modified by the concomitant binding of a modulator
to a topographically distinct site [36], which can be on the
same protomer (allosteric site) or on another protomer in a
homodimer (orthosteric or allosteric site). For this purpose,
dissociation experiments of radiolabelled orthosteric ligands
were performed in the presence of modulators demonstrating,
for instance, that IP28 is a negative allosteric modulator that
increases the dissociation rate of the radiolabelled neutral
antagonist [3H]SCH 23390 bound to D1R [37].

We have recently determined the presence of A2A and D2

receptors as homodimers ex vivo by radioligand dissociation
kinetic assays in sheep striatum membranes. In these experi-
ments we found that the presence of the A2AR agonist CGS
21680 changed the dissociation constant of the radiolabelled
A2AR antagonist [3H]ZM 241385 [21]. This constant did not
change in the presence of several A2AR antagonists, such as
caffeine or SCH 58261 (Table 1). Due to the fact that both
agonists and antagonists of A2AR bind and compete for the
same orthosteric site according to crystallographic studies
[38–41], agonist-induced changes seen in the dissociation
constant of the antagonist occur because both are bound
simultaneously to different protomers in an A2AR–A2AR
homodimer [15,21]. Likewise, dissociation experiments of
[3H]YM-09151-2 in the same striatal preparations showed
that the D2R agonist quinpirole, but not the antagonist
raclopride, significantly modified the dissociation rate of
the radiolabelled antagonist [3H]YM-09151-2 (Table 1),
indicating the formation of a hybrid species with both agonist
and antagonist simultaneously binding to the D2R–D2R
homodimer. Table 1 also shows the residence time (RT)
in each experimental condition. This parameter may be of
greater importance than the affinity when determining the
drug’s effect and efficacy in patients; this is because the
body, unlike an in vitro scenario, is an open system where
the concentration of free drugs fluctuates over time [42]
and the longer the drug occupies the receptor, the more
profoundly the drug may exert its effect [43]. Nevertheless,
there are some cases, such as when talking about antipsychotic
D2R antagonists, where the toxicity associated with strong
extrapyramidal motor effects is more important than the
therapeutic advantages of long receptor occupancy. In this
particular situation, a fast dissociating compound displaying
low RT is desired [44]. As shown in Table 1, agonists, but not
antagonists, significantly modified the RT of A2AR or D2R
radiolabelled antagonists.

Allosteric modulation by A2AR ligands of
ligand binding to D2R
Using radioligand binding and mitogen-activated protein
kinase (MAPK) signalling assays, we showed that any
orthosteric A2AR ligand (either agonists or antagonists) can

C©2016 Authors; published by Portland Press Limited
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Table 1 Effect of modulators/ligands on dissociation kinetic parameters of A2AR and D2R radiolabelled antagonists

Dissociation kinetic assays were performed at 12 ◦C on sheep striatum membranes with the corresponding radioligand (1.5 nM [3H]ZM 241385

or 0.4 nM [3H]YM-09151-2) in the absence or presence of either ligand receptor (10 nM SCH 58260, 30 μM caffeine, 10 nM CGS 21680, 10 nM

raclopride or 100 nM quinpirole). Dissociation was initiated by the addition of an excess of the corresponding unlabelled radioligand. Koff values are

means ± S.E.M. from three experiments. [3H]ZM 241385 dissociation data are adapted from [21]: Bonaventura, J., Navarro, G., Casadó-Anguera, V.,

Azdad, K., Rea, W., Moreno, E., Brugarolas, M., Mallol, J., Canela, E.I., Lluis, C. et al. (2015) Allosteric interactions between agonists and antagonists

within the mechanism adenosine A2A-dopamine D2 receptor heterotetramer. Proc. Natl. Acad. Sci. U.S.A. 11, E3609–E3618 and [3H]YM-09151-2

results are unpublished data.

Receptor Radioligand Modulator Koff1 (min− 1) Koff2 (min− 1) RT1 (min) RT2 (min)

A2A [3H]ZM 241385 – 0.025 ± 0.002 – 40 –

SCH 58261 0.025 ± 0.003 – 40 –

Caffeine 0.028 ± 0.004 – 36 –

CGS 21680 0.19 ± 0.03 0.004 ± 0.004 5 250

D2 [3H]YM-09151-2 – 0.031 ± 0.008 0.0029 ± 0.0004 32 354

Raclopride 0.035 ± 0.008 0.0027 ± 0.0004 29 370

Quinpirole 0.014 ± 0.003 0.0002 ± 0.0001 71 5000

produce a negative cross-talk on D2R, decreasing its affinity
for both agonists and antagonists and the intrinsic efficacy of
agonists [21]. However, when administering A2AR agonists
and antagonists together they can counteract each other’s
negative cross-talk on D2R, an effect only explainable by
the presence of an A2AR homodimer with two orthosteric-
binding sites, in accordance with the above discussed
dissociation experiments. These conclusions were deduced
by measuring the [3H]quinpirole binding in membrane
preparations from sheep striatum in the presence of the
A2AR agonist CGS 21680 and increasing concentrations of
several A2AR antagonists. The antagonists induced a biphasic
effect on the ability of CGS 21680 to decrease [3H]quinpirole
binding to D2R. Moderate concentrations of the antagonists
counteracted the effect of CGS 21680, whereas high
concentrations were associated with a significant decrease
in [3H]quinpirole binding, like that caused by the agonist
CGS 21680 [21]. The conclusions derived from binding
experiments correlate with MAPK signalling assays. In
HEK293 cells transfected with A2AR and D2R, both
quinpirole acting through D2R and CGS 21680 binding to
A2AR produced an increase in ERK1/2 phosphorylation.
The effect of quinpirole was partially counteracted by CGS
21680 to the phosphorylation levels induced by CGS 21680
alone, indicating the ability of CGS 21680 to decrease
not only the affinity of quinpirole for D2R, but also its
intrinsic efficacy. Moderate concentrations of different A2AR
antagonists counteracted the effects of CGS 21680. However,
this effect disappeared with larger concentrations, where the
antagonists by themselves antagonized the effect of both
CGS 21680 and quinpirole [21], in the latter case by a
phenomenon of cross-antagonism also reported for other
receptor heteromers [11].

Since under physiological conditions there is a tone of
adenosine, this could in fact be the main mechanism by
which caffeine and other A2AR antagonists can promote D2R-
induced locomotor activity. It is the double occupancy of the
homodimer by an agonist and an antagonist that disrupts

the negative allosteric modulation. These results imply a
different conformation of the receptor homodimers when
occupied simultaneously by an agonist and an antagonist
compared with when occupied by two antagonists [15,21].
This different conformation could explain the differential
ability of the A2AR homodimer to allosterically modulate
D2R agonist binding and intrinsic efficacy within the A2AR–
D2R heteromer [21].

Confirmation of A2AR–D2R heterotetramer
expression in vitro
We have recently demonstrated the heterotetrameric
structure of the D1R–D3R heteromer [11] by combin-
ing bimolecular fluorescence/luminescence complementa-
tion (BiFC/BiLC) with bioluminescence resonance energy
transfer (BRET) [45,46], and complemented donor-acceptor
resonance energy transfer (CODA-RET) assays [47]. These
studies demonstrated, for the first time, that GPCR
heteromers can be arranged as heterotetramers. To assess
whether the A2AR–D2R complex could also be assembled as
a heterotetramer constituted by two receptor homodimers,
we also used BiFC and BiLC assays in HEK293 cells (see
Figure 1) [21]. For this purpose, A2AR was fused to the N-
terminal portion of the hemitruncated protein Renilla luci-
ferase (Rluc) (A2AR–nRluc) and D2R to the C-terminal (D2R–
cRluc), which only upon co-expression and complementation
can act as a BRET donor. The BRET acceptor protein was
obtained upon complementation of the A2AR fused to the
N-terminal portion of the YFP Venus (A2AR–nYFP) and the
D2R fused to the C-terminal (D2R–cYFP). When all four
receptor constructs were transfected into the cell, we obtained
a positive and saturable BRET signal [21].

Clues to the interfaces involved in the
A2AR–D2R heterotetramer
It has been suggested that, in addition to intracellular domains
[24,48], interactions between specific TMs are also involved

C©2016 Authors; published by Portland Press Limited
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Figure 1 Schematic representation of the tetrameric structure of

A2AR–D2R heteromer detected by BRET using BiFC/BiLC

BRET was measured in HEK cells expressing A2AR–nRluc, D2R–cRluc,

A2AR–nVenus and D2R–cVenus. Coelenterazine H is the substrate of Rluc.

in GPCR oligomerization [11,49–51]. BiFC assays can be
used to evaluate the ability of peptides with the amino
acid sequence of TMs to destabilize receptor heteromers.
This technique is useful for determining which TMs are
involved in the heterotetrameric interfaces. Recently, we
successfully used this method to demonstrate the involvement
of specific TM domains in the heteromerization of A2AR
and D2R [21], D1R and D3R [11], corticotropin-releasing
factor CRF1 (CRF1R) and orexin OX1 receptors (OX1R)
[51] and serotonin 5-HT2A (5-HT2AR) and cannabinoid CB1

receptors (CB1R) [52]. In these studies, TMs of the receptors
were fused to the HIV transactivator of transcription (TAT)
peptide, allowing their effective insertion and orientation
in the plasma membrane due to its capacity to penetrate it
[11,21,51,53]. Specifically, we showed that TM5 and TM6
of D1R are implicated in the heteromerization of D1R and
D3R [11]. Likewise, TM5 and TM6 of CB1Rs were found
to be involved in the 5-HT2AR–CB1R heteromer interface
[52]. However, TM5 and TM1 of OX1R were involved in
the CRF1R–OX1R heteromer interface [51]. In all cases, the

TM7 peptide of the corresponding receptors did not affect
the BiFC of the heteromers. In the particular case of the
A2AR–D2R heteromer, disrupting peptides with the sequence
of TM5 of both A2AR and D2R, but none of the TM7 peptides,
reduced BiFC in cells expressing A2AR–nYFP and D2R–
cYFP, suggesting that TM5 but not TM7 of both receptors is
present at the heteromer interface [21]. Neither TM5 nor TM7
were able to decrease BiFC in cells expressing reconstituted
YFP fused to A2AR–A2AR or to D2R–D2R [21]. These data
support the selective involvement of TM5 at the heteromer
interface and show that TM5 and TM7 are not involved at the
homodimer interface.

Confirmation of A2AR–D2R heterotetramer
expression ex vivo
The proximity ligation assay (PLA) allows the detection of
molecular interactions between two endogenous proteins ex
vivo, and is similar to immunoprecipitation, but with the
additional advantage of not requiring membrane solubiliza-
tion. PLA requires that both receptors be sufficiently close
to allow the two antibody–DNA probes to form double-
stranded segments (<16 nm) [25], a signal that is further
amplified in the presence of fluorescent nucleotides. By PLA,
the heteromerization of 5-HT2AR and CB1R was detected
in HEK cells and, in situ, in mouse brain slices untreated or
treated with the TM7 peptide of CB1R, but not in samples
treated with the TM5 or TM6 peptides of this receptor [52].
We also used this technique to test the endogenous A2AR–
D2R heteromer expression in sheep striatal slices [21]. A2AR–
D2R heteromers were seen as red dots in slices treated with
vehicle or with TM7 peptides but not in slices treated with
TM5 peptides from both A2AR and D2R (Figure 2). From
these experiments we concluded that these heteromers exist
in sheep striatum and that the interfaces of the heteromer
detected in transfected cells are the same that occur ex
vivo in the striatum. Moreover, TM5 peptides from both
A2AR and D2R but not TM7 peptides also counteracted the

Figure 2 Detection of A2AR–D2R heteromers in sheep striatum slices and effect of 4 μM TM5 and TM7 A2AR peptides

Representative confocal microscopy images from each experimental condition are shown. Heteromers appear as red dots

and cell nuclei stained with DAPI in blue. See [21] for details. Scale bars: 20 μm.
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caffeine-mediated decrease in [3H]raclopride binding to D2R
in sheep striatal membrane preparations [21].

By PLA experiments, Trifilieff et al. [25] confirmed the
existence of A2AR–D2R complexes in striatal brain slices of
wild-type mice ex vivo, showing a positive PLA signal that
was significantly reduced in both D2R and A2AR KO mice
slices. Furthermore, using the same technique we detected
the presence of A2AR–D2R oligomers in monkey striatum
[54] and in rat striatum via radioligand-binding experiments
[55]. Significantly, these studies indicated that A2AR–D2R
heteromer formation might be disrupted in L-DOPA-
induced dyskinetic animals [54,55]. Recently, Fernández-
Dueñas et al. [26] identified by PLA native A2AR–D2R
heteromers in the striatum of healthy rats which also
decreased in the striatum of parkinsonian rats.

Conclusions
The above-mentioned evidence demonstrates that A2AR–
D2R heteromer is constituted by A2AR and D2R homodimers
assembled in a heterotetramer. From the reported data, we
can hypothesize that any orthosteric A2AR ligand (agonist or
antagonist) can decrease (negative cross-talk) the affinity and
intrinsic efficacy of any D2R ligand (agonist or antagonist).
Furthermore, when administering both A2AR agonists and
antagonists they counteract each other’s effects, a fact only
explainable by the heterotetrameric model.

Since under physiological conditions there is a tone of
adenosine, this could explain why A2AR antagonists can pro-
duce locomotor activation (a simultaneous occupation of the
A2AR dimer by an antagonist and the endogenous adenosine).
When adding larger concentrations of potent and selective
A2AR antagonists, they might generate the same effects as
agonists, causing problems in the treatment of Parkinson’s
patients. However, the A2AR–D2R heterotetramer model still
provides support for the therapeutic use of A2AR antagonists
in Parkinson’s disease, providing new clues as to how to adjust
the dosage according to the expected levels of endogenous
adenosine.
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37 Soriano, A., Vendrell, M., González, S., Mallol, J., Albericio, F., Royo, M.,
Lluı́s, C., Canela, E.I., Franco, R., Cortés, A. and Casadó, V. (2010) A hybrid
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52 Viñals, X., Moreno, E., Lanfumey, L., Cordomı́, A., Pastor, A., de La Torre,
R., Gasperini, P., Navarro, G., Howell, L.A., Pardo, L. et al. (2015)
Cognitive impairment induced by delta9-tetrahydrocannabinol occurs
through heteromers between cannabinoid CB1 and serotonin 5-HT2A
receptors. PLoS Biol. 13, e1002194 CrossRef PubMed

53 He, S.Q., Zhang, Z.N., Guan, J.S., Liu, H.R., Zhao, B., Wang, H.B., Li, Q.,
Yang, H., Luo, J., Li, Z.Y. et al. (2011) Facilitation of m-opioid receptor
activity by preventing d-opioid receptor-mediated codegradation.
Neuron 69, 120–131 CrossRef PubMed

54 Bonaventura, J., Rico, A.J., Moreno, E., Sierra, S., Sanchez, M., Luquin, N.,
Farre, D., Muller, C.E., Martinez-Pinilla, E., Cortés, A. et al. (2014)
L-DOPA-treatment in primates disrupt the expression of A2A
adenosine-CB1 cannabinoid-D2 dopamine receptor heteromers in the
caudate nucleus. Neuropharmacology 79, 90–100
CrossRef PubMed
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G protein-coupled receptors (GPCRs), G proteins and adenylyl cyclase (AC) comprise one of

the most studied transmembrane cell signaling pathways. However, it is unknown whether

the ligand-dependent interactions between these signaling molecules are based on random

collisions or the rearrangement of pre-coupled elements in a macromolecular complex.

Furthermore, it remains controversial whether a GPCR homodimer coupled to a single

heterotrimeric G protein constitutes a common functional unit. Using a peptide-based

approach, we here report evidence for the existence of functional pre-coupled complexes of

heteromers of adenosine A2A receptor and dopamine D2 receptor homodimers coupled to

their cognate Gs and Gi proteins and to subtype 5 AC. We also demonstrate that this

macromolecular complex provides the necessary frame for the canonical Gs-Gi interactions

at the AC level, sustaining the ability of a Gi-coupled GPCR to counteract AC activation

mediated by a Gs-coupled GPCR.
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Interactions between G protein-coupled receptors (GPCRs), Gα
and Gβγ protein subunits and adenylyl cyclase (AC) have been
classically analyzed in the frame of ‘collision-coupling’

mechanisms, which implies they are freely mobile molecules in
the plasma membrane able to couple by random collision.
Binding of an agonist to its GPCR induces the binding and
subsequent activation of the heterotrimeric G protein, which
leads to the dissociation of Gα and Gβγ subunits and binding of
free Gα subunit to AC, leading to its regulation1. However,
accumulating experimental evidence suggests that GPCR activa-
tion commonly occurs without dissociation of the receptor from
its G protein, without G-protein subunit dissociation and even
with pre-coupling of the heterotrimeric G protein to AC
(reviewed in ref.2). Moreover, growing evidence suggests that the
pentameric complex formed by one GPCR homodimer (two
identical protomers) and one heterotrimeric G protein constitutes
a common GPCR functional unit3–6. Therefore, classical GPCR
physiology needs to be revisited in the frame of pre-coupling
mechanisms and GPCR oligomerization.

The topology of mammalian transmembrane AC consists of a
variable cytoplasmic N terminus (NT) and two large cytoplasmic
domains, C1 and C2, separated by two membrane-spanning
domains, M1 and M2, each comprising six putative transmem-
brane domains (TMs)7. C1 and C2 interact to form the enzyme
catalytic core at their interface and their arrangement allows, at
least in theory, the simultaneous binding of their external sides to
Gsα and Giα8, providing the structural framework for the cano-
nical antagonistic interaction between Gs-coupled and Gi-
coupled receptors at the AC level of specific AC isoforms,
including AC1, AC5, and AC62,7. Gsα subunit binds to C2 and
increases the affinity of C1 and C2, promoting catalysis, while
Giα, by binding to C1, works in the opposite direction and
counteracts AC activation7.

It is becoming accepted that GPCRs can form heteromers6,9,
defined as macromolecular complexes composed of at least two
different protomers with biochemical properties that are
demonstrably different from those of its individual compoments6.
Considering homodimers as main functional GPCR units, het-
eromers could be viewed as constituted by different interacting
homodimers6. Of special functional significance could be those
heteromers constituted by one homodimer coupled to a Gs/olf
(Gs for short) protein and another different homodimer coupled
to a Gi/o (Gi for short) protein. Our hypothesis is that such a
“GPCR heterotetramer” would be part of a pre-coupled macro-
molecular complex that also includes AC, a necessary frame for
the canonical antagonistic interaction at the AC level. Recent
studies have provided experimental evidence for the existence of
GPCR heterotetramers that fulfill this scheme, like the adenosine
A2A-dopamine D2 receptor (A2AR–D2R) heterotetramer10. In the
present study, using interfering peptides with amino acid
sequences of TMs of adenosine A2AR and D2R and putative TMs
of AC5, we provide evidence for the existence of functional pre-
coupled complexes of A2AR and D2R homodimers, their cognate
Gs and Gi proteins and AC5, and demonstrate that this macro-
molecular complex provides the sufficient but necessary condi-
tion for the canonical Gs–Gi interactions at the AC level.

Results
Symmetrical TM interfaces in the A2AR-D2R heterotetramer.
To identify the arrangement of A2AR and D2R protomers in the
heterotetramer (TMs involved in the homo and heterodimeriza-
tion interfaces), we used synthetic peptides with the amino acid
sequence of TMs 1–7 of A2AR and D2R (TMs and TM peptides
are abbreviated TM 1, TM 2, … and TM1, TM2, … respectively)
fused to the HIV transactivator of transcription (TAT) peptide,

which determines the orientation of the peptide when inserted in
the plasma membrane (see ref.11 and Methods section). Peptides
were first tested in bimolecular fluorescence complementation
(BiFC) experiments, in HEK-293T cells expressing receptors
fused to two complementary halves of YFP (Venus variant; cYFP
and nYFP). Functionality of all fused receptors was shown with
cAMP accumulation experiments (Supplementary Fig. 1).
Fluorescence was detected when cells were transfected with
A2AR-nYFP and A2AR-cYFP cDNA (broken lines in Fig. 1a) or
with D2R-nYFP and D2R-cYFP cDNA (broken lines in Fig. 1b),
indicating the formation of both A2AR-A2AR and D2R-D2R
homodimers. Notably, when BiFC assay was performed in
the presence of TM peptides (Fig. 1a, b), fluorescence
complementation of A2AR-nYFP and A2AR-cYFP was only
significantly reduced in the presence of TM6 of A2AR (Fig. 1a; see
Methods and Supplementary Fig. 2 for justification of the optimal
concentration and time of incubation of the TM peptides).
Similarly, only TM6 of D2R reduced fluorescence complementa-
tion of D2R-nYFP and D2R-cYFP (Fig. 1b). These results indicate
that TM 6 forms part of a symmetric interface for both A2AR and
D2R homodimers when expressed alone. The same results were
obtained in cells expressing A2AR-nYFP and A2AR-cYFP co-
transfected with non-fused D2R cDNA (Fig. 1a) or in cells
expressing D2R-nYFP and D2R-cYFP co-transfected with non-
fused A2AR cDNA (Fig. 1b). These results therefore indicate that
TM 6 also forms part of a symmetric interface for both A2AR and
D2R homodimers in the heterotetramer. Fluorescence was also
detected in cells expressing A2AR-nYFP and D2R-cYFP (broken
lines in Fig. 1c), indicating the formation of A2AR–D2R hetero-
mers. This fluorescence was only significantly reduced in the
presence of TM4 and TM5 of both A2AR and D2R (Fig. 1c),
suggesting a TMs 4/5 interface for A2AR and D2R heterodimer in
the heterotetramer. Additional evidence of heteromer formation
via TMs 4/5 was obtained from proximity ligation assay (PLA).
This technique permits the direct detection of molecular inter-
actions between two proteins without the need of fusion proteins.
A2AR–D2R heteromers were observed as red punctate staining in
HEK-293T cells expressing both A2AR and D2R (Supplementary
Fig. 3a–c). Pretreatment of cells with TM4 and TM5 of A2AR and
D2R but not with TM6 or TM7 (negative control), significantly
decreased PLA staining (Supplementary Fig. 3d), decreasing the
number of stained cells and red spots per stained cell (Fig. 2a),
supporting TMs 4/5 as the interface of the A2AR–D2R heteromer.

In HEK-293T cells expressing both receptors, the A2AR agonist
CGS21680 (100 nM; minimal concentration with maximal effect)
significantly increased basal cAMP and the D2R agonist quinpirole
(1 μM; minimal concentration with maximal effect) decreased
forskolin-induced cAMP (Fig. 2b). Pertussis toxin, by catalyzing
ADP-ribosylation of the alpha-subunit of Gi, impeded D2R-
mediated Gi activation and thus the ability of quinpirole to inhibit
forskolin-induced cAMP accumulation (Fig. 2b). Cholera toxin, by
selectively catalyzing ADP-ribosylation of the alpha-subunit of Gs
and leading to persistent AC stimulation, impeded an additional
effect of CGS21680 but left unaltered the Gi-mediated quinpirole-
induced inhibition of forskolin-induced cAMP accumulation
(Fig. 2b). These results support the coupling of A2AR and D2R to
their respective cognate Gs and Gi proteins in the A2AR–D2R
heterotetramer. We could then demonstrate that neither A2AR or
D2R activation leads to rearrangements of the TM interfaces in the
A2AR–D2R heterotetramer, since, in the presence of CGS21680
(100 nM) or quinpirole (1 μM), fluorescence in cells expressing
A2AR-nYFP and D2R-cYFP was still selectively reduced by TM4
and TM5 of A2AR and D2R (Fig. 1c). Similarly, A2AR activation by
CGS21680 (Fig. 1a) or D2R activation by quinpirole (Fig. 1b) did
not modify the corresponding specific homomer TM 6 interface
determined in ligand-free experiments.
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We then constructed a molecular model of the A2AR–D2R
heterotetramer (Fig. 1d), considering: (i) the crystal structures of
GPCRs and G proteins, as well as homology models (see Methods
section); (ii) the structural details of TM interfaces of GPCR
oligomers, observed in crystal structures12 as well as predicted by
molecular dynamics simulations (see Methods section); (iii) the
results from BiFC experiments with interfering TM peptides; (iv)
the general assumption of a common minimal functional unit of
GPCRs constituted by a homodimer coupled to its cognate G
protein (see Introduction section); (v) the suggested tetrameric
structure of the A2AR–D2R heteromer constituted by two
interacting homodimers, from previous results obtained with
bioluminescence resonance energy transfer (BRET) experiments
with complementation of both the donor and the acceptor
biosensors10; and (vi) the previously enunciated assumption
about the necessity of a simultaneous activation of Gs and Gi
coupled to the interacting catalytic domains of the same molecule
of AC for a canonical antagonistic interaction8. This resulted in
one minimal computational solution that accommodates the TMs
4/5 interface for A2AR–D2R heterodimerization and the TM 6

interface for both A2AR–A2AR and D2R–D2R homodimerization
(see Methods and Supplementary Fig. 4). The existence of these
interfaces implies two internal interacting A2AR and D2R
protomers and two external A2AR and D2R protomers in which
the α-subunits of Gi and Gs bind to the corresponding external
protomers of the D2R or A2AR homodimers. This would be the
only feasible configuration to avoid any steric clash between the
two G proteins simultaneously bound to the complex. Finally, the
model also predicts a large distance between both βγ-subunits
(Fig. 1d).

Asymmetrical TM interfaces of the heterotetramer with AC5.
Although several studies have provided direct evidence for pre-
coupling between G protein subunits and AC7,13–15, specifically
with the AC NT7,14, to our knowledge, the existence of pre-
coupling between TMs of a GPCR and TMs of AC had not been
previously addressed. We first analyzed the ability of AC5 to
establish direct intermolecular interactions with A2AR or D2R or
with A2AR–D2R heteromers via saturation BRET experiments in
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the absence of ligands (results are always shown as means ±
SEM). Clear-cut saturation BRET curves were obtained with
HEK-293T cells transfected with a constant amount of A2AR
fused to Renilla Luciferase (A2AR-RLuc) cDNA and increasing
quantities of AC5 fused to YFP (AC5-YFP) cDNA (Fig. 3a;
BRETmax= 54 ± 6 mBU and BRET50= 42 ± 13) or with cells
transfected with a constant amount of D2R-RLuc cDNA and
increasing amounts of AC5-YFP cDNA (Fig. 3b; BRETmax= 38 ±
5 mBU and BRET50= 28 ± 14), indicating that AC5 interacts
with A2AR or D2R in the absence of ligands. Also, saturation
BRET curves were obtained when HEK-293T cells transfected
with A2AR-RLuc and increasing amounts of AC5-YFP cDNAs
were co-transfected with D2R cDNA (Fig. 3c; BRETmax= 39 ± 3
mBU and BRET50= 24 ± 8) or when cells transfected with D2R-
RLuc and increasing amount of AC5-YFP cDNAs were co-
transfected with A2AR cDNA (Fig. 3d; BRETmax= 30 ± 2 mBU
and BRET50= 20 ± 7). All saturation BRET curves were best-
fitted to a monophasic model. We also verified that over-
expression of AC5 did not alter A2AR–D2R heteromerization with
BRET experiments in HEK-293T cells transfected with A2AR-
Rluc (0.4 μg) and D2R-YFP (0.6 μg) and increasing amounts of
AC5 cDNA. No BRET differences were observed between the
results obtained with 0, 0.3, 1.0 and 3.0 μg of AC5 cDNA (56 ± 7,
53 ± 6, 53 ± 3, and 52 ± 4 mBU, respectively). Altogether, these
results suggest that AC5 oligomerize with A2AR-D2R heteromers
in the absence of ligands.

Next, we performed BiFC assays in HEK-293T cells expressing
AC5-nYFP, A2AR-cYFP, and D2R (Fig. 3e) as well as AC5-nYFP,
D2R-cYFP and A2AR (Fig. 3f). Normal functionality of AC5-YFP
has been previously reported16. Significant fluorescence was
detected in all cases, providing additional support to direct
interactions between AC5 and A2AR–D2R heteromers (broken
lines in Fig. 3e, f). To determine the possible involvement of
receptor TMs in the A2AR–D2R heterotetramer-AC5 interface, we
performed BiFC experiments with all different A2AR (Fig. 3e) or
D2R (Fig. 3f) TM peptides. In the absence of ligands,
pretreatment of cells with TM1, TM5, or TM6 of A2AR
significantly decreased complementation between AC5 and
A2AR (Fig. 3e, top panel). Similarly, pretreatment with TM1,

TM4, TM5, or TM6 of D2R significantly decreased complemen-
tation between AC5 and D2R (Fig. 3f, top panel). This suggests a
discrete interaction between TM1 of both receptors with AC5.
Since TMs 4–5 of the inner receptor protomers and TMs 6 of
inner and outer receptor protomers participate in homo- and
heterodimerization (see above), respectively, their apparent
involvement in the interactions with AC5 must be indirect,
implying that the optimal interaction of the A2AR–D2R hetero-
tetramer and AC5 requires the optimal quaternary structure of
the heterotetramer. When BiFC experiments were performed in
the presence of CGS21680 (100 nM, Fig. 3e, bottom panel) or
quinpirole (1 μM, Fig. 3f, bottom panel), the pattern of interfering
synthetic peptides changed: In addition to TM5 and TM6 of
A2AR and D2R, TM7 of A2AR and TM2 of D2R decreased
fluorescence complementation in the presence of CGS21680 and
quinpirole, respectively, while TM1 of A2AR and D2R were no
longer effective (Fig. 3e, f).

We then investigated the involvement of TMs of AC5 TMs in
the oligomerization with A2AR–D2R heteromers. Since the
structure of M1 and M2 domains of any AC isoform is unknown,
we used five commonly used algorithms to predict their most
probable TMs (Supplementary Table 1). All algorithms predicted
the same six TMs for the M2 domain (TM 7 to TM 12), but there
was discrepancy on the predicted TMs of the M1 domain. Taking
into account the orientation of the predicted TM helices, only
Uniprot and TOPCONS solutions were compatible with the well-
established intracellular N-terminal and C-terminal domains of
AC57. First, TM peptides mimicking right-oriented TMs derived
from Uniprot predictions (abbreviated TM1 to TM12) were
tested for their ability to destabilize complementation in HEK-
293T cells expressing AC5-nYFP, A2AR-cYFP, and D2R (Fig. 4a),
as well as AC5-nYFP, D2R-cYFP and A2AR (Fig. 4b). In the
absence of agonists, pretreatment of cells with TM1 or
TM12 significantly decreased complementation between AC5
and A2AR, while TM5 showed a small but not significant decrease
(Fig. 4a, top panel). Similarly, pretreatment with TM6 or
TM12 significantly decreased complementation between AC5
and D2R while TM5 again showed a small but not significant
decrease (Fig. 4b, top panel). Remarkably, when BiFC
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experiments were performed in the presence of CGS21680 (100
nM, Fig. 4a, bottom panel) or quinpirole (1 μM, Fig. 4b, bottom
panel), the pattern of interfering synthetic peptides dramatically
changed. When receptors were activated, TM1, TM2, TM3, TM5
and TM6 significantly decreased fluorescence complementation
between AC5-nYFP and A2AR-cYFP and between AC5-nYFP and
D2R-cYFP. The results imply a major rearrangement of the
membrane-spanning domains of the activated pre-coupled
complex with an increase in the number of TMs of AC5 directly
or indirectly involved in the oligomerization with the A2AR–D2R
heterotetramer.

Opposite-oriented TM peptides, abbreviated as TM2n, TM3n,
TM4n, TM5n and TM6n, were tested to examine the specificity of
their destabilizing effect (see Supplementary Table 2), which
should insert in the membrane in the opposite direction and act

as scrambled control peptides. The peptides were tested in HEK-
293T cells expressing AC5-nYFP, A2AR-cYFP, and D2R (Fig. 4c)
as well as AC5-nYFP, D2R-cYFP, and A2AR (Fig. 4d) in the
absence or in the presence of agonists. The same as TM4, TM4n
did not have a significant effect, and TM2n, TM3n and TM6n did
behave as negative controls to their opposite-oriented peptides,
since they did not decrease AC5-nYFP-A2AR-cYFP or AC5-
nYFP-D2R-cYFP complementation in the absence (Fig. 4c, d, top
panels) or in the presence (Fig. 4c, d, bottom panels) of agonists.
Intriguingly, both TM5 and the opposite-oriented TM5n were
able to decrease AC5-nYFP-A2AR-cYFP and AC5-nYFP-D2R-
cYFP complementation (Fig. 4c, d). Importantly, TM5 and TM5n
had the lowest hydrophobicity as compared to all the other
putative TM sequences (Supplementary Table 1), decreasing the
probability of being embedded in the membrane bilayer17. This
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with 0.5 μg of A2AR-Rluc cDNA and increasing amounts of AC5-YFP cDNA (0.3–2.5 μg) not co-transfected (a) or co-transfected (c) with D2R cDNA (0.5
μg), or with 0.75 μg of D2R-Rluc cDNA and increasing amounts of AC5-YFP cDNA (0.3–2.5 μg) not co-transfected (b) or co-transfected (d) with A2AR
cDNA (0.4 μg); the relative amount of BRET is given as a function of 1000× the ratio between the fluorescence of the acceptor (YFP) and the luciferase
activity of the donor (Rluc) and expressed as milli BRET units (mBU) (6–8 experiments, with duplicates, grouped as a function of the amount of BRET
acceptor). e, f BiFC experiments in HEK-293T cells transfected with AC5-nYFP (0.75 μg), A2AR-cYFP (0.5 μg) and D2R (0.75 μg) cDNA (e) or AC5-nYFP
(0.75 μg), D2R-cYFP (0.75 μg) and A2AR (0.4 μg) cDNA (f); cells were treated for 4 h with medium (dotted lines) or 4 μM of indicated TM peptides
(numbered 1–7) of A2AR (e) or D2R (f) before addition of medium, CGS21680 (CGS; 100 nM; e) or quinpirole (Q; 1 μM; f); fluorescence was detected at
530 nm and values are expressed as arbitrary fluorescent units (n= 8, with triplicates); *, ** and *** represent significantly lower values as compared to
control values (p < 0.05, p < 0.01 and p < 0.001, respectively; one-way ANOVA followed by Dunnett’s multiple comparison tests). Results are always
represented as means ± SEM
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could indicate that the AC5 325–345 amino acid sequence forms
part of the second intracellular loop (IL2), which could establish
direct or indirect intermolecular interactions with the A2AR-D2R
heteromer. Then, the 348–368 aa sequence predicted by the
TOPCONS algorithm (TM 5b in Supplementary Table 1), which
has the right orientation, becomes a very plausible TM that could
interact with the A2AR–D2R heterotetramer. In fact, TM5b
peptide significantly decreased AC5-nYFP-A2AR-cYFP or AC5-
nYFP-D2R-cYFP complementation in the absence or in the
presence of agonists (Fig. 4c,d). In agreement with this
interpretation, a scrambled TM5-TM5n peptide (AC5-TM5s in
Supplementary Table 2) did not decrease AC5-nYFP-A2AR-cYFP
or AC5-nYFP-D2R-cYFP complementation in the absence of
ligands (93 ± 7, and 95 ± 6%, respectively, in means ± SEM and
expressed as percentage of change of fluorescent values without
peptide; n= 9, with triplicates). As additional controls, we also
tested AC5 TM1 to TM12 peptides on A2AR-nYFP-D2R-cYFP
complementation and all the D2R TM and A2AR TM peptides
on AC5-nYFP-A2AR-cYFP and AC5-nYFP-D2R-cYFP com-
plementation, respectively, in the absence of ligands; no
changes in BiFC were observed under any condition

(Supplementary Fig. 5). Considering TM 1, TM 2, TM 3, TM
4, TM 5b, and TM 6 as the six putative TMs of the M1 domain
of AC5, altogether these results indicate that TM 1 and TM 6, as
well as IL2 and TM 5b, are involved in pre-coupling of A2AR-
D2R heterotetramer and AC5 in the absence of agonists. Upon
A2AR or D2R activation there is a rearrangement with an
apparent participation of almost all TMs of the M1 domain.

Two A2AR–D2R heterotetramers and two AC5 molecules. It
seems reasonable to hypothesize that the membrane-spanning
domains of AC5 are formed by two interacting antiparallel six-
helix-bundle domains (M1–M2) with an elliptical ring shape7. In
the absence of ligands, since it is not feasible that TM 1 from both
A2AR and D2R interact simultaneously with the same TM 5 or
TM 12 or the same IL2 of a single AC5 molecule, this suggests the
presence of two AC5 molecules simultaneously binding to the
A2AR–D2R heterotetramer in complex with Gi and Gs, possibly
with TM1 of D2R and TM 1 of A2AR interacting specifically with
TM 1 and TM 6 of AC5, respectively (Fig. 4e). The ability of
peptides that mimic TM 5, TM 12, and IL2 of AC to destabilize
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Fig. 4 Involvement of AC5 TMs in A2AR-D2R heterotetramer-AC5 oligomerization. a–d BiFC experiments in HEK-293T cells transfected with AC5-nYFP
(0.75 μg), A2AR-cYFP (0.5 μg) and D2R (0.75 μg) cDNA (a, c) or AC5-nYFP (0.75 μg), D2R-cYFP (0.75 μg) and A2AR (0.4 μg) cDNA (b, d); cells were
treated for 4 h with medium (dotted lines) or 4 μM of indicated TM peptides predicted from Uniprot algorithm (numbered 1–12) (a, b) or control peptides
(numbered 2n−6n and 5b; see text) (c, d), before addition of medium, CGS21680 (CGS; 100 nM) or quinpirole (Q; 1 μM); fluorescence was detected at
530 nm and values (in means ± SEM) are expressed as arbitrary fluorescent units (n= 8, with triplicates); *, ** and *** represent significantly lower values
as compared to control values (p < 0.05, p < 0.01, and p < 0.001, respectively; one-way ANOVA followed by Dunnett’s multiple comparison tests). e–g
Schematic slice-representations of A2AR–D2R heterotetramer-AC5 models: heterotetramer coupled with two AC5 molecules in the absence (e) and in the
presence (f) of agonists; extension of the agonist-bound complex with a second A2AR–D2R heterotetramer, with simultaneous binding of both Gαs and Gαi
to the central C1 and C2 domains of AC5 (g). Schematic slice-representation viewed from the extracellular side of the A2AR–D2R heterotetramer in
complex with Gs, Gi, and AC5 in the absence and presence of agonists are shown in Supplementary Fig. 6
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oligomerization between AC5 and the A2AR–D2R heterotetramer
might depend on an indirect modification of their discrete
asymmetrical interfaces.

It is well established that the Gα binding site for Gβγ overlaps
with the Gα binding sites for the effector, the cytoplasmic domains
C1 and C2 of AC. During G protein activation, Gβγ relative
movement promotes Gα binding to AC18,19. These swapping
interactions can take place within the frame of the A2AR–D2R
heterotetramer with two AC5 molecules binding simultaneously to
Gs and Gi in the complex (Fig. 4e, f). The rearrangement of TM
interfaces between the A2AR–D2R heterotetramer and AC5 upon
receptor activation occurs simultaneously with the rearrangement
of the Gβγ subunit, by its established stable coupling with the NT of
AC516, which facilitates the interaction between the Gα subunit and
its corresponding catalytic AC5 domain. This rearrangement in the
frame of the heteromer gives a computational molecular model of
activated complex schematized in Fig. 4f. Details about the
model are shown in Supplementary Fig. 6. However, within the
frame of the constraints imposed by a pre-coupled A2AR–D2R
heterotetramer-Gs-Gi-AC5 complex, a single A2AR–D2R hetero-
tetramer cannot accomplish the model proposed by Dessauer et al.8,
in which one Gs and one Gi bind simultaneously to one single AC5
(see below). Therefore, we propose that AC5 should oligomerize

with an additional A2AR–D2R heterotetramer (Fig. 4g). The results
with interfering peptides, together with the proposed simultaneous
binding of Gs and Gi to AC5, suggest a minimal functional complex
composed of two A2AR–D2R heterotetramers and two AC5
molecules (Fig. 4g).

The canonical Gs–Gi antagonistic interaction. To corroborate
the proposed model we studied the functional characteristics of
the A2AR–D2R heterotetramer-AC5 complex in rat striatal neu-
ronal primary cultures, which express endogenous A2AR–D2R
heteromer complexes20. Furthermore, AC5 is the predominant
AC subtype in striatal neurons21. First, we analyzed by PLA the
expression of A2AR–D2R heteromers, as well as the ability of the
synthetic peptides mimicking the TMs of A2AR and D2R to
modify the quaternary structure of the endogenous A2AR–D2R
heterotetramer. A2AR–D2R heteromers were observed as red
punctate staining in neuronal cells (Fig. 5a, b). As expected,
pretreatment of cells with TM4 and TM5 of A2AR and D2R, but
not with TM6 or with TM7, produced a significant decrease in
the number of red spots per cell (Fig. 5b, c). These results
mirrored those obtained in HEK-293T cells (see Fig. 2a and
Supplementary Fig. 3), confirming the same TMs 4/5 interface of
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Fig. 5 A2AR-D2R heterotetramer expression in striatal neurons in culture. Proximity ligation assay (PLA) in rat striatal primary cultures. a, c Confocal
microscopy images (superimposed sections) are shown in which A2AR-D2R heteromers appear as red spots. Primary cultures were treated for 4 h with
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< 0.001, as compared to control (one-way ANOVA followed by Dunnett’s multiple comparison tests)
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A2AR–D2R heteromers in striatal cells and that TM6 does not
destabilize heterodimerization. PLA experiments were also per-
formed with a recently characterized AC5 antibody22. A2AR-AC5
and D2R-AC5 complexes could be revealed as red punctate
staining in neuronal cells (Supplementary Fig. 7). Next, we
measured cAMP production to analyze the functional char-
acteristics of the A2AR–D2R heteromer and the effect of the
interfering peptides. As expected, CGS21680 (100 nM) increased
the synthesis of cAMP (Fig. 6a) and quinpirole (1 μM) decreased
forskolin-induced cAMP accumulation (Fig. 6a). Pertussis toxin,
selectively counteracted the ability of quinpirole to inhibit
forskolin-induced cAMP (Fig. 6b), while cholera toxin impeded
the activating effect of CGS21680 while leaving unaltered
quinpirole-induced inhibition of forskolin-induced AC5

activation (Fig. 6b). Simultaneous exposure to both agonists
demonstrated the ability of quinpirole to inhibit the effect of
CGS21680, revealing the canonical Gs–Gi interaction at AC5
(Fig. 6a).

Accumulation of cAMP was also determined in striatal cultures
upon exposure to ligands and interfering TM peptides. Pretreat-
ment with TM7 (as negative control) or with TM6 of A2AR or
D2R did not modify receptor signaling or the canonical
interaction (Fig. 6c, d). In contrast, although pretreatment with
TM4 and TM5 of A2AR (Fig. 6c) or D2R (Fig. 6d) did not modify
receptor signaling, it blocked the canonical interaction (Fig. 6c,
d). These results indicate that TMs that destabilize receptor
heteromerization do not disrupt the individual functional
interactions between the receptors and AC5, most probably
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Fig. 6 Canonical Gs–Gi antagonistic interaction in striatal neurons in culture. a, b cAMP production determined in rat striatal primary cultures incubated
overnight with vehicle (a) or with pertussis toxin (PTX; 10 ng/ml), or for 2 h with cholera toxin (CTX; 100 ng/ml) (b), and exposed to CGS21680 (CGS;
100 nM), quinpirole (Q; 1 μM) or both in the absence or in the presence of forskolin (Fk; 0.5 μM), respectively. c–e cAMP production determined in rat
striatal primary cultures incubated 4 h with 4 μM of indicated TM peptides of A2AR (c), D2R (d), or AC5 (e) and exposed to agonists as in a, b. Values (in
means ± SEM) are expressed as percentage of cAMP accumulation in non-treated cells (basal) (n= 5–7, with triplicates); ###p < 0.001, as compared to
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ANOVA followed by Tukey’s multiple comparison tests

ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/s41467-018-03522-3

8 NATURE COMMUNICATIONS |  (2018) 9:1242 | DOI: 10.1038/s41467-018-03522-3 | www.nature.com/naturecommunications

www.nature.com/naturecommunications


because of stable pre-coupling between the G proteins and AC5,
as recently demonstrated for the specific Gαolfβ2γ7-AC5 complex
in the rodent striatum22. Nevertheless, the peptides that
destabilize receptor heteromerization alter the correct coupling
of AC5 to the complex that allows the simultaneous binding of
Gαs and Gαi subunit to AC, impeding the canonical interaction.
In conclusion, A2AR–D2R heteromerization is a necessary
condition for the canonical antagonistic interaction between
Gs-coupled A2AR and Gi-coupled D2R at AC in striatal neurons
in culture. In agreement with this conclusion, cAMP accumula-
tion induced by CGS21680 was not counteracted by an agonist of
dopamine D4R, which does not heteromerize with A2AR23

(Supplementary Fig. 8). Finally, pretreatment of striatal cultures
with interfering peptides TM1, TM6 or TM12 of AC5 did not
change receptor signaling but also blocked the canonical
interaction, while TM10 was ineffective (Fig. 6e). These results
confirm the involvement of the AC5 subtype in striatal cultures
and indicate that these AC5 TM peptides are not able to
destabilize the interactions between AC5 and the receptors but
induce an alteration of the quaternary structure of the complex
that impedes the simultaneous binding of Gαs and Gαi subunit to
AC5, the canonical interaction. Thus, the correct intermolecular
interaction between AC5 and the A2AR–D2R heterotetramer is
also a necessary condition for the presence of the canonical Gs–Gi
interaction at AC5.

The ability of quinpirole to reduce cAMP accumulation
induced by CGS21680 implies that Gi acts on a Gs-activated
AC5. Thus, simultaneous binding of Gsα to the C2 domain and
Giα to the C1 domain of a single AC5 must occur8. This, in fact,
agrees with the suggested complex of two A2AR–D2R hetero-
tetramers that simultaneously bind to the same AC5 molecule
(see Fig. 4g). In this model AC5 acts as a link between two
heterotetramers, which makes compatible the antagonistic
canonical interaction between Gsα and Giα activated proteins
at the same AC5 molecule. Moreover, the membrane-spanning
M1 and M2 domains of AC5 can accommodate between the two
A2AR–D2R heterotetramers (Supplementary Fig. 6), providing the
frame for the series of experimentally determined TM contacts
between A2AR, D2R, and AC5 (see above). However, with the
model that includes two A2AR–D2R heterotetramers and two AC5
molecules (Fig. 4g), only one AC5 simultaneously interacts with
Gsα and Giα. This would imply that quinpirole could only
produce a partial inhibition of CGS21680-induced cAMP
accumulation, while the results showed in Fig. 5a–e demonstrate
that quinpirole produces an almost complete blockade. We
therefore propose that the minimal functional quaternary
structure (see Fig. 4g) forms a linearly arranged high-order
oligomeric structures (Supplementary Fig. 6e).

Discussion
Striatal A2AR and D2R are known to form functionally and
pharmacologically significant heteromers that modulate basal
ganglia function10. Here, we demonstrate the existence of inter-
molecular interactions between A2AR, D2R, and AC5 with the
emergence of functional A2AR–D2R heterotetramer-AC5 com-
plexes. These complexes sustain the canonical Gs–Gi interaction
at the AC level, the ability of a Gi-coupled GPCR to counteract
AC activation mediated by a Gs-coupled GPCR.

We first identified the symmetrical TM 6 homodimer and TMs
4/5 heterodimer interfaces in the A2AR–D2R heterotetramer from
results of BiFC experiments obtained with specific TM peptides
mimicking TM receptor domains. While BiFC complex forma-
tion under in vitro conditions has been considered to be essen-
tially irreversible24, several studies indicate that under in vivo
conditions BiFC complex formation can be reversible25–27. The

present results provide additional support to that reversibility,
which lies on the specificity of the peptide approach, demonstrated
by the qualitative identical results from BiFC, PLA, and cAMP
accumulation experiments. From these results, we could develop a
computational model, where only the two internal protomers
participate in the heteromeric interface and the two external pro-
tomers participate in the homomeric interface of the A2AR–D2R
heterotetramer. A pattern of similar symmetrical interfaces of
GPCR homomers and heteromers involving specific TMs has
emerged from several studies also using TM interfering peptides,
cross-linking techniques or crystallographic analysis (see ref.6, for
review). The consistent results we obtained with interfering pep-
tides in experiments with biosensor-fused receptors in transfected
cells and with native receptors in striatal neurons in culture, pro-
vide strong support for the involvement of TM 6 in the homomeric
interfaces and TM 4 and TM 5 in the heteromeric interface of the
A2AR–D2R heterotetramer in its natural environment. The differ-
ences in the apparent interfaces of A2AR and D2R homomers here
reported as compared to previous studies (TM 6 versus TMs 4 or/
and 5)28,29, could be due to the different experimental approaches
and, most likely, due to the presence of heteromeric partner
receptors that influence the TM interfaces. The fact that rearran-
gement of TM 6 constitutes main ligand-induced conformational
changes that determine G protein activation and modulation of
ligand affinity30, provides a frame for the understanding of allos-
teric communications through the protomers in GPCR oligomers4–
6. Thus, in our constructed models, TM 6 in the inactive closed
conformation of the unliganded protomer interacts with TM 6 in
the active open conformation of the G protein-bound protomer
(Supplementary Fig. 4).

An important conclusion from this study is that the non-
activated or agonist-activated A2AR–D2R heterotetramer is able to
stablish different molecular interactions with AC5. By using
specific interfering peptides, we demonstrate that these interac-
tions involve TMs from the receptors and the AC5. The specifi-
city of the peptide approach was unambiguously demonstrated
with their orientation-dependent selectivity on their ability to
destabilize the asymmetrical interfaces between AC5 and the
receptors. The differential effect of interfering TM peptides in the
absence and presence of agonists implies a major rearrangement
of the membrane-spanning domains of the activated pre-coupled
complex with an increase in the number of TMs of AC5 directly
or indirectly involved in the oligomerization with the A2AR–D2R
heterotetramer during agonist exposure. This rearrangement
could be driven by the agonist-induced relative movement of the
Gβγ subunit away from the helical-domain of the Gα subunit,
simultaneously pulling the NT domain of AC516 and facilitating
the interaction of its catalytic domains with the corresponding Gα
subunit18,19. This key role of the G protein in determining
changes in the quaternary structure of the A2AR–D2R
heterotetramer-AC5 complex upon receptor activation would
agree with the recently described stable pre-coupling of striatal
Golf and AC522 and the here described less stable interactions
between TMs of AC5 and A2AR and D2R.

Probably the most significant conclusion of the study is that the
A2AR–D2R heterotetramer-AC5 complex sustains the canonical
antagonistic Gs–Gi interaction at the AC level. This was also
demonstrated with specific interfering TM peptides, by the very
selective ability of the TM peptides that mimic the heteromeric
interface in the A2AR–D2R heterotetramer to block the canonical
antagonistic interaction in striatal neurons in culture. The sig-
nificant control of A2AR signaling by D2R implied that most A2AR
that signal through AC5 are forming heteromers with D2R in this
neuronal preparation. Previous studies indicate that the same
situation occurs in vivo in the striatum, where the pharmacolo-
gical or genetic blockade of D2R disinhibits adenosine-mediated
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activation of AC in the striato-pallidal neuron31. In fact, A2AR
blockade counteracts most biochemical and behavioral effects
induced by interruption of D2R signaling31. In complete agree-
ment are also the results obtained by Lee et al. with AC5
knockout mice21, which show that AC5 is the principal AC
integrating signals from A2AR and D2R in the striatum and that
the signaling cascade involving AC5 is essential for the behavioral
effects of D2R antagonists, and therefore antipsychotic drugs. The
efficient D2R-mediated antagonism of A2AR-mediated AC acti-
vation, however, cannot be explained by a minimal functional
structure of an A2AR–D2R heterotetramer-AC5 complex that can
sustain a canonical Gs–Gi interaction at AC, which is composed
of two A2AR–D2R heterotetramers and two AC5 molecules. Such
a complex would not allow the D2R agonist to exert the almost
complete inhibition of A2AR agonist-mediated cAMP revealed in
the experiments on striatal neurons in culture. In fact, this qua-
ternary structure suggests the possible formation of zig-zagged
arranged high-order oligomeric structures (Supplementary
Fig. 6), as proposed for other GPCRs, including D2R and rho-
dopsin homomers20,32. To our knowledge, these are the first data
suggesting higher-order linear arrangements of GPCR heteromers
and effectors.

The present study represents a proof of concept of the significant
functional role of GPCR heteromers within a signalosome, since it
demonstrates that GPCR heteromers provide the frame for bio-
chemical interactions previously thought to be independent of
intermolecular receptor–receptor interactions, on classical receptor
cross-talk at the second-messenger level33. Therefore, we postulate
that pre-coupling should not only apply to other Gs–Gi–AC-cou-
pled heteromers, but also to heteromers coupled to other G pro-
teins and effectors, such as the well-established Gi–Gq-coupled
metabotropic glutamate receptor mGlu2 receptor-serotonin 5-
HT2A receptor heteromer34, which could be pre-coupled to
potassium channels35. At a more general level, the present results
represent a very significant support to the still controversial con-
cepts of GPCR pre-coupling and oligomerization.

Methods
Vectors and fusion proteins. Sequences encoding amino acid residues 1–155 and
156–238 of YFP Venus protein were subcloned into the pcDNA3.1 vector to obtain
the YFP Venus hemi-truncated proteins (pcDNA3.1-cVenus or pcDNA3.1-nVenus
vectors). The cDNA constructs encoding human A2AR or D2R in pcDNA3 vectors
were subcloned in pRluc-N1 (PerkinElmer, Wellesley, MA) to generate A2AR-Rluc or
D2R-Rluc fusion proteins on the C-terminal end or were subcloned to be in-frame
with restriction sites of pcDNA3.1-cVenus or pcDNA3.1-nVenus vectors to give the
plasmids that express proteins fused to hemi-YFP Venus on the C-terminal end
(A2AR-cYFP, D2R-cYFP, A2AR-nYFP or A2AR-nYFP). Human AC5 cDNA was
amplified without its stop codon using sense and antisense primers harboring unique
KpnI and EcoRV. The amplified fragment was subcloned to be in-frame with
restriction sites of pEYFP-N1 (enhanced yellow variant of GFP; Clontech, Heidel-
berg, Germany) or pcDNA3.1-nVenus vectors to give the plasmids that express AC5
fused to YFP or hemi-YFP Venus on the C-terminal end (AC5-YFP or AC5-nYFP).

Cell cultures and transfection. Primary cultures of striatal neurons were obtained
from fetal Sprague Dawley rats of 19 days. All experiments were carried out in
accordance with EU directives (2010/63/EU and 86/609/CEE) and were approved
by the Ethical Committee of the University of Barcelona. Striatal cells were isolated
as described elsewhere20 and plated at a confluence of 40,000 cells/0.32 cm2. Cells
were grown in Neurobasal medium supplemented with 2 mM L-glutamine, 100 U/
ml penicillin/ streptomycin, and 2% (v/v) B27 supplement (GIBCO) in a 96-well
plate for 12 days. HEK-293T cells were grown in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 2 mM L-glutamine, 100 U/ml penicillin/
streptomycin, and 5% (v/v) heat inactivated fetal bovine serum (Invitrogen). HEK-
293T cells (ATCC, Manassas, VA) were transfected with the plasmids encoding
receptors by the PEI (PolyEthylenImine) method as previously described20.

TAT-TM peptides. Peptides with the sequence of transmembrane domains (TM) of
A2AR and D2R and putative TM peptides of AC5 fused to the HIV transactivator of
transcription (TAT) peptide (YGRKKRRQRRR) were used as oligomer-destabilizing
molecules. The cell-penetrating TAT peptide allows intracellular delivery of fused
peptides36. The TAT-fused TM peptide can then be inserted effectively into the

plasma membrane because of the penetration capacity of the TAT peptide and the
hydrophobic property of the TM moiety11. To obtain the right orientation of the
inserted peptide, the HIV-TAT peptide was fused to the C-terminus or to the N-
terminus as indicated. The amino acid sequences of the fusion peptides are shown in
Supplementary Table 2. Several algorithms were used to identify putative TMs in the
primary amino acid sequence of AC5 (Supplementary Table 1).

Bimolecular fluorescence complementation. HEK-293T cells were transiently
co-transfected with the cDNA encoding a protein fused to nYFP and a protein
fused to cYFP. After 48 h, cells were treated or not with the indicated TM peptides
(4 μM) for 4 h at 37 °C. The time of incubation and concentration of TM peptides
were chosen from results of concentration-dependent and time-dependent
response experiments of the possible BiFC destabilization by all seven TM peptides
of the A2AR in HEK-293T cells transfected with A2AR-nYFP and A2AR-cYFP
(Supplementary Fig. 3). The same parameters were applied with D2R and AC5 TM
peptides and in PLA and cAMP experiments. To quantify protein reconstituted
YFP Venus expression, cells (20 μg protein; 50,000 cells/well) were distributed in
96-well microplates (black plates with a transparent bottom, Porvair, King’s Lynn,
UK), and emission fluorescence at 530 nm was monitored in a FLUOstar Optima
Fluorimeter (BMG Labtechnologies, Offenburg, Germany) equipped with a high-
energy xenon flash lamp, using a 10-nm bandwidth excitation filter at 400 nm
reading. Protein fluorescence expression was determined as the fluorescence of the
sample minus the fluorescence of cells not expressing the fusion proteins (basal).
Cells expressing protein-cVenus and nVenus or protein-nVenus and cVenus
showed similar fluorescence levels than non-transfected cells.

Bioluminescence resonance energy transfer assay. HEK-293T cells were tran-
siently cotransfected with a constant amount of expression vectors encoding for
proteins fused to RLuc and with increasing amounts of the expression vectors
corresponding to proteins fused to YFP. To quantify protein-YFP expression, cells
(20 μg protein, around 50,000 cells/well) were distributed in 96-well microplates
(black plates with a transparent bottom), and fluorescence was read in a Fluo Star
Optima Fluorimeter (BMG Labtechnologies, Offenburg, Germany) equipped with a
high-energy xenon flash lamp, using a 10-nm bandwidth excitation filter at 400 nm
reading. Fluorescence expression was determined as fluorescence of the sample
minus the fluorescence of cells only expressing the BRET donor. For BRET mea-
surements, the equivalent of 20 μg of cell suspension was distributed into 96-well
microplates (Corning 3600, white plates; Sigma) and 5 μM coelenterazine H
(Molecular Probes, Eugene, OR) was added. The readings were taken 1 min later
using a Mithras LB 940. The integration of the signals detected in the short-
wavelength filter at 485 nm and the long-wavelength filter at 530 nm was recorded.
To quantify protein-RLuc expression luminescence, readings were performed 10
min after adding 5 μM of coelenterazine H. Fluorescence and luminescence of each
sample were measured before every experiment to confirm similar donor expres-
sions (approximately 100,000 bioluminescence units) while monitoring the
increase in acceptor expression (1000 to 30,000 fluorescence units). The net BRET
is defined as [(long-wavelength emission)/(short-wavelength emission)]− Cf,
where Cf corresponds to [(long-wavelength emission)/(short-wavelength emis-
sion)] for the donor construct expressed alone in the same experiment. BRET is
expressed as milliBRET units (mBU; net BRET x 1000). Data were fitted to a
nonlinear regression equation, assuming a single-phase saturation curve with
GraphPad Prism software (San Diego, California, US). BRETmax and BRET50

values were obtained from the analysis of the BRET saturation curves. BRET50 is a
magnitude related to the affinity of the protein-protein interaction, with low values
representing high affinity (as in the present results; Fig. 2a–d).

Proximity ligation assay. HEK293T cells or neuronal primary cultures were
grown on glass coverslips and fixed in 4% paraformaldehyde for 15 min, washed
with phosphate-buffered saline (PBS) containing 20 mM glycine, permeabilized
with the same buffer containing 0.05% Triton X-100, and successively washed with
TBS. Heteromers and AC5-receptor complexes were detected using the Duolink II
in situ PLA detection Kit (OLink; Bioscience, Uppsala, Sweden) following sup-
plier’s instructions. A mixture of the primary antibodies [mouse or rabbit anti-
A2AR antibodies (1:100; 05-717 and AB1559P, Millipore, Darmstadt, Germany),
rabbit anti-D2R antibody (1:100; AB5084P, Millipore) and the recently character-
ized mouse anti-AC5 antibody22 (1:50)] was used to detect A2AR–D2R heteromers
together with PLA probes detecting mouse or rabbit antibodies. The specificity of
the same A2AR and D2R antibodies for PLA assays has been previously demon-
strated37. Then, samples were processed for ligation and amplification with a
Detection Reagent Red and were mounted using a DAPI-containing mounting
medium. Samples were analyzed in a Leica SP2 confocal microscope (Leica
Microsystems, Mannheim, Germany) equipped with an apochromatic 63X oil-
immersion objective (1.4 numerical aperture), and 405-nm and 561-nm laser lines.
For each field of view a stack of two channels (one per staining) and 4 to 6 Z-stacks
with a step size of 1 μm were acquired. Images were opened and processed with
Image J software (National Institutes of Health, Bethesda, MD). Quantification of
the total number of red dots versus total cells (blue nuclei) was counted on the
maximum projections of each image stack. After getting the projection, each
channel was processed individually.
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Determination of cAMP. Homogeneous time-resolved fluorescence energy
transfer (HTRF) assays were performed using the Lance Ultra cAMP kit (Perki-
nElmer), based on competitive displacement of a europium chelate-labeled cAMP
tracer bound to a specific antibody conjugated to acceptor beads. We first estab-
lished the optimal cell density for an appropriate fluorescent signal. This was done
by measuring the TR-FRET signal as a function of forskolin concentration using
different cell densities. The forskolin dose-response curves were related to the
cAMP standard curve, to establish which cell density provides a response that
covers most of the dynamic range of the cAMP standard curve. Cells (1000–2000
HEK-293T or 4000 to 5000 primary cultures per well) growing in medium con-
taining 50 μM zardeverine were pre-treated with toxins or the corresponding
vehicle in white ProxiPlate 384-well microplates (PerkinElmer) at 25 °C for the
indicated time and stimulated with agonists for 15 min before adding 0.5 μM
forskolin or vehicle and incubating for an additional 15 min period. Fluorescence at
665 nm was analyzed on a PHERAstar Flagship microplate reader equipped with
an HTRF optical module (BMGLab technologies, Offenburg, Germany).

Computational models. Inactive models of the human A2AR and D2R were
constructed based on the crystal structures of inactive A2AR (PDB id 5IU4)38 and
D3R (PDB id 3PBL)39, respectively. The “active” conformations of A2AR bound to
Gs and D2R bound to Gi were modeled by incorporating the active features of the
crystal structure of β2-adrenoceptor in complex with Gs (PDB code 3SN6)30. The
globular α-helical domain of the α-subunit was modeled in the “closed” con-
formation, using the crystal structure of either Gsα (PDB id 1AZT)40 or Giα (PDB
id 3UMR)41. The absence of crystal structures of the M1 and M2 domains of AC or
close protein templates impede their inclusion on the models. Nevertheless, the
results with interfering peptides provide significant information about the putative
location of the TM segments, which have been considered to form an antiparallel
six-helix bundle with an elliptical ring shape as most of the membrane proteins.
The structure of the intracellular C1 and C2 domains of AC in complex with Gsα
and Giα was modeled as in the crystal structure of C1 and C2 in complex with Gsα
(PDB id 1CUL)42. All homology models were built using Modeller 9.1643. The
structure of A2AR and D2R heterodimer, using the TMs 4/5 interface, was modeled
as in the oligomeric structure of the β1-adrenoceptor (PDB code 4GPO)44, whereas
the structures for A2AR (inactive and Gs-bound “active” A2AR) and D2R (inactive
and Gi-bound “active” D2R) homodimers were modeled using molecular dynamics
simulations (see Supplementary Fig. 2) due to the absence of crystal structures of
oligomers using exclusively the TM6 interface11.

Statistical information. One-way ANOVA followed by Dunnett’s or Tukey’s
multiple comparison tests were used for statistical comparisons between different
groups of results. Number of experiments and replications as well as the statistical
results are shown in the corresponding figure legends.

Data availability. All data that support the findings of this study are available from
the corresponding author upon reasonable request.
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Supplementary Fig. 1 Functionality of fusion proteins. a. cAMP production in HEK-293T cells transfected 
with A2AR, A2AR-YFP, A2AR-nYFP or A2AR-cYFP cDNA (0.5 μg), stimulated with CGS 21680 (100 nM). b. 
cAMP production in HEK-293T cells transfected with D2R, D2R-YFP, D2R-nYFP or D2R-cYFP cDNA (0.75 μg), 
stimulated with forskolin (Fk; 0.5 μM) in the presence of quinpirole (1 μM). Values (in means ± SEM) are 
expressed as percentage of cAMP accumulation in non-treated cells (a) or as percentage of Fk-treated 
cells (n = 8, with triplicates) (b). ***: p < 0.001 as compared as compared to basal values or to Fk; no 
significant differences were observed with the effects of the different fusion proteins versus the 
respective non-fused receptor (one-way ANOVA followed by Tukey’s multiple comparison tests). 
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Supplementary Fig. 2 Concentration- and time-dependent destabilizing effect of A2AR TM peptides. BiFC 
experiments in HEK-293T cells transfected with A2AR-nYFP and A2AR-cYFP cDNA (0.5 μg) and treated: 
(a) 4 h with diffferent concentrations (0.4, 1, 4 and 40 μM) of TM peptides of A2AR (numbered 1-7) or (b) 
with medium with A2AR TM6 peptide (4 μM) during different incubation times (0, 1, 4 and 12 h). In a, 
magnification of values corresponding to A2AR TM6 peptide is shown. Fluorescence (in means ± S.E.M.) 
was detected at 530 nm and values are expressed as fluorescence arbitrary units (n = 9, with 
triplicates); *, ** and *** represent significantly lower values as compared to cells treated with the 0.4 
μM concentration (a) or with the 0-hour incubation time (b) (p < 0.05, p < 0.01 and p < 0.001, 
respectively; one-way ANOVA followed by Dunnett’s multiple comparison tests). 
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Supplementary Fig. 3 Destabilizing effect of TM peptides on A2AR-D2R heteromerization in transfected 
cells. Proximity Ligation assay (PLA) in HEK-293T cells transfected with 0.4 μg of A2AR cDNA (a), 0.5 μg of 
D2R cDNA (b) or both (c and d), treated for 4 h with medium (a-c) or with 4 μM of indicated TM peptides 
of A2AR or D2R (d); confocal microscopy images (superimposed sections) shows A2AR-D2R heteromers as 
red spots; cell nuclei were stained with DAPI (blue); scale bars: 20 μm.  
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Supplementary Fig. 4 Construction of computational models of the A2AR homodimer in complex with Gs 
and the D2R homodimer in complex with Gi. a and b. Agonist binding opens an intracellular cavity, 
required for the binding of the C-terminal α5 helix of the G-protein, mainly through the outward 
movement of TM 6. Thus, the structures for A2AR and D2R homodimers were modeled with TM 6 in the 
inactive closed conformation for the unliganded protomer and with TM 6 in the active open 
conformation for the G protein-bound protomer. TM 6 of the unliganded protomer interacts with TM 6 
of the G protein-bound protomer (see cartoon models). It is important to note that, in these models, 
simultaneous outward movements of TM 6 in the homodimer is not feasible due to a steric clash 
between active open conformation of both TM 6. Likewise, simultaneous binding of two G proteins to 
the homodimer would not be possible due to a steric clash between both bulky G proteins. The 
structures of the A2AR (inactive and Gs-bound “active”) and D2R (inactive and Gi-bound “active”) 
homodimers were constructed using molecular dynamics (MD) simulations due to the absence of crystal 
structures of oligomers using exclusively the TM 6 interface. In (a), representation of 6 evenly spaced 
snapshots extracted from 500 ns explicit membrane MD trajectories of the A2AR homodimer in complex 
with Gαs; A2AR homodimers are shown as cylinders in white-to-green color gradient in relation to 
simulation time; Gαs is shown as a surface, and lipid and solvent molecules are not shown for clarity; 
similar results were obtained for the D2R homodimer (data not shown). These results indicate that the 
possible rotation of “active” protomers relative to inactive protomers through the TM 6 interface is 
highly limited, since the accessible area of TM 6 is small. In (c), time-evolution of the root-mean-square 
deviations (rmsd) on protein a-carbons in the MD simulations of the A2AR homodimer in complex with 
Gαs (green) and the D2R homodimer in complex with Gαi (orange) computed for the whole system 
(squares), for the homodimers (triangles), and for the residues forming TM 6 (circles). Simulations were 
performed with the GROMACS 5.0.6 simulation package1, using the AMBER99SB force field and Berger 
parameters for POPC lipids. This procedure has been previously validated2. The systems consisted on 
rectangular boxes containing a lipid bilayer (~380 molecules of POPC), explicit solvent (~44,000 water 
molecules) and a 0.15 M concentration of Na+ and Cl-. 
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Supplementary Fig. 5 Negative controls for the disrupting effect of TMs peptides. BiFC experiments in 
HEK-293T cells transfected with AC5-nYFP (0.75 μg) and D2R-cYFP (0.75 μg) and cDNA (AC5-nYFP/D2R-
cYFP), AC5-nYFP (0.75 μg) and A2AR-cYFP (0.5 μg) cDNA (AC5-nYFP/A2AR-cYFP) or A2AR-nYFP (0.6 μg) and 
D2R-cYFP (0.6 μg) cDNA (A2AR-nYFP/D2R-cYFP). Cells were treated for 4 h with medium (control, broken 
lines), TM peptides of A2AR (4 μM; numbered 1-7, green squares), TM peptides of D2R (4 μM; numbered 
1-7, orange squares) or TM peptides of AC5 (4 μM; numbered 1-12, blue squares). Fluorescence was 
detected at 530 nm and values (in means ± S.E.M) are expressed as fluorescence arbitrary units (n = 8, 
with triplicates); no significant differences were observed between any of the peptide-treated groups 
versus the respective control (one-way ANOVA followed by Dunnett’s multiple comparison tests). 
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Supplementary Fig. 6 Construction of a computational model of the A2AR-D2R heterotetramer in 
complex with Gs, Gi and AC5 in the absence and presence of agonists. a. Computational molecular 
model of the A2AR-D2R heterotetramer in complex with Gs, Gi, and the C1 and C2 domains of AC5 in the 
absence of agonists viewed from the membrane (left image) and from the extracellular side (right 
image). The A2AR-D2R heterotetramer was built by superimposing the modeled A2AR homodimer in 
complex with Gs and the D2R homodimer in complex with Gi (Supplementary Fig. 2) into the oligomeric 
structure of the β1-adrenoceptor (PDB code 4GPO) that contains the proposed TMs 4/5 interface 
between protomers3. The relative orientation of pre-coupled G proteins (Gs and Gi) relative to their 
bound receptors was modeled based on the crystal structure of β2-adrenoceptor in complex with Gs 
(PDB code 3SN6)4. The topology of AC consists of a variable cytoplasmic N-terminus and two large 
cytoplasmic C1 and C2 domains, separated by two membrane-spanning M1 and M2 domains, each 
comprised by six TM helices. The TMs of the M1 and M2 domains of AC are not included in the model 
due to the absence of crystal structures of these domains or close protein templates suitable for 
accurate homology modeling. Nevertheless, the results with interfering peptides indicate a direct 
interaction between TM domains of AC5 and the A2AR-D2R heterotetramer. Moreover, despite there is 
not structural information regarding the relative localization of the C1 and C2 domains of AC5 relative to 
the G proteins in the inactive state, the existence of intermolecular interactions of Gsa and Gβγ subunits 
with the cytoplasmic N-terminus of AC5 have been reported5,6. Thus, the C1 and C2 domains (PDB id 
1CUL)7 were positioned between the A2AR-D2R heterotetramer and the G protein to facilitate these 
transmembrane and intracellular interactions. b. Scheme of the molecular model shown in A (viewed 
from the extracellular side); the scheme at the right side shows the effect of TM5 of A2AR interfering 
with A2AR-D2R heteromerization and with TM-dependent oligomerization of AC5 with A2AR and D2R; NT-
dependent pre-coupling of AC5 with Gβγ subunits keeps each homodimer separately functional. c. 
Computational molecular model of the A2AR-D2R heterotetramer in complex with Gs, Gi, and the C1 and 



 7 

C2 domains of AC5 in the presence of agonists viewed from the membrane (left image) and from the 
extracellular side (right image). d. Scheme of the molecular model shown in C (viewed from the 
extracellular side). The crystal structure of the C1 and C2 domains of AC5 in complex with Gsα (PDB id 
1CUL)7 was used to model the simultaneous binding of Gsα and Giα to a single AC5. The structure of the 
A2AR-D2R heterotetramer is as in panels A and B. Gβγ subunits were arbitrarily positioned to facilitate 
the interaction with the cytoplasmic N-terminus of AC55. The same color code applies to schematical 
and tridimentional models. e. The experimental data suggests the possible formation of zig-zagged 
arranged high-order oligomeric structures, constituted by alternative links of A2AR-D2R heterotetramers 
and AC5 molecules. The black arrow indicates the direction of possible further expansion. 
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Supplementary Fig. 7 Receptor-AC5 complexes in striatal neurons in culture. Proximity Ligation assay 
(PLA) in striatal neurons in culture using antibodies against A2AR and AC5 (a), D2R and AC5 (b) or only 
AC5, as negative control (c); confocal microscopy images (superimposed sections) shows A2AR-AC5 or 
D2R-AC5 complexes as red spots; cell nuclei were stained with DAPI (blue); scale bars: 5 μm. 
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Supplementary Fig. 8 Lack of canonical Gs-Gi antagonistic interaction between A2AR and D4R in striatal 
neurons in culture. cAMP production determined in rat striatal primary cultures exposed to CGS21680 
(CGS; 100 nM), the D4R agonist PD168,077 (PD; 100 nM) or both in the absence or in the presence of 
forskolin (Fk; 0.5 μM), respectively. Values (in means ± SEM) are expressed as percentage of cAMP 
accumulation in non-treated cells (basal) (n = 4-6, with triplicates); ###: p < 0.001, as compared to basal 
values; ***: p < 0.001 as compared to Fk); no significant differences were detected between cells 
treated with CGS plus PD treated compared to CGS alone (one-way ANOVA followed by Tukey’s multiple 
comparison tests). 
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Supplementary Table 1 Prediction of the topology of the TMs of AC5 with current algorithms 
 
  

Uniprot 
 

TOPCONS 
 

TMHMM 
 

TMMOD 
 

Phobius 
 

Hydropathy 
TM 1 196-216   194-216  196-216  197-216  1.676 
TM 2 242-262 ¯ 241 – 261  237-259 ¯ 241-261 ¯ 237-262 ¯ 2.567 
TM 3 268-288  268 – 288 ¯ 269-287  268-288  268-288  2.614 
TM 4 299-319 ¯ 299 – 319  299-318 ¯ 299-319 ¯ 300-319 ¯ 2.495 
TM 5 325-345  326 – 346 ¯ 328-345  328-345  325-343  1.148 

TM 5b  348 – 368    350-367 ¯ 2.194 
TM 6 374-394 ¯ 379 – 399 ¯   379-400  1.524 
TM 7 770- 90  763 – 783  761-783 ¯ 761-783 ¯ 762-783 ¯ 2.276 
TM 8 792-812 ¯ 789 – 809 ¯ 787-809  790-810  788-813  2.119 
TM 9 836-856  833 – 853  834-856 ¯ 835-855 ¯ 834-855 ¯ 2.186 

TM 10 910-930 ¯ 909 – 929 ¯ 909-931  910-930  909-927  1.910 
TM 11 935-955  933 – 953  933-955 ¯ 935-955 ¯ 934-955 ¯ 2.050 
TM 12 984-1004 ¯ 985 – 1005 ¯ 984-1003  984-1004  984-1003  2.124 

 
All algorithms predict the same 6 TMs for the M2 domain, but there is discrepancy on the predicted TMs 
of the M1 domain. According to TOPCONS (http://topcons.cbr.su.se), the first transmembrane helix 
corresponds to the same sequence predicted by the other algorithms for TM 2. Thus, another 
transmembrane helix (TM 1) is predicted more proximal to the AC5 N-terminus according to Uniprot 
(http://www.uniprot.org), TMHMM (http://www.cbs.dtu.dk/services/TMHMM), TMMOD 
(http://liao.cis.udel.edu/website/servers/TMMOD/scripts/frame.php?p=submit) and Phobius 
(http://phobius.sbc.su.se) algorithms. All algorithms predict the same TM 2 to TM 5, which correspond 
to the first four TMs according to TOPCONS. Two more TMs (TM 5b and TM 6) are then predicted 
according to TOPCONS and Phobius before the M2 domain and the TM 6 is also predicted by Uniprot. 
On the other hand, TM 5b and TM 6 are missing from TMHMM and TMMOD predictions, which leave 
M1 with only 5 TMs, while Phobius predicts a total of 7 TMs for the M1 domain. Outward and inward 
orientations are represented by upward and downward arrows, respectively. The last column indicates 
the average of Kyte-Doolittle hydropathy values of the putative TMs. 
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Supplementary Table 2 Amino acid sequence of TAT-TM peptides 
 
A2AR-TM1  V8YITVELAIAVLAILGNVLVCWAVW32YGRKKRRQRRR 
A2AR-TM2   YGRKKRRQRRRY43FVVSLAAADIAVGVLAIPFAITI66 
A2AR-TM3   L78FIACFVLVLTQSSIFSLLAIAI100YGRKKRRQRRR 
A2AR-TM4   YGRKKRRQRRRA121KGIIAICWVLSFAIGLTPMLGW143 
A2AR-TM5   M174NYMVYFNFFACVLVPLLLMLGVYL198YGRKKRRQRRR 
A2AR-TM6   YGRKKRRQRRRL235AIIVGLFALCWLPLHIINCFTFF258 
A2AR-TM7   L267WLMYLAIVLSHTNSVVNPFIYAY290YGRKKRRQRRR 
D2R-TM1   A38TLLTLLIAVIVFGNVLVCMAVS60YGRKKRRQRRR 
D2R-TM2   YGRKKRRQRRRY71LIVSLAVADLLVATLVMPWVVY93 
D2R-TM3   I109FVTLDVMMCTASILNLCAISI130YGRKKRRQRRR 
D2R-TM4   YGRKKRRQRRRV152TVMISIVWVLSFTISCPLLF172 
D2R-TM5   F189VVYSSIVSFYVPFIVTLLVYIKIY213YGRKKRRQRRR 
D2R-TM6   YGRKKRRQRRRM374LAIVLGVFIICWLPFFITHIL395 
D2R-TM7   A410FTWLGYVNSAVNPIIYTTFNI431YGRKKRRQRRR 
AC5-TM1   YGRKKRRQRRRG196AGPGAVLSLGACCLALLQIF216 
AC5-TM2  L242TMLMAVLVLVCLVMLAFHAA262YGRKKRRQRRR  
AC5-TM2n  YGRKKRRQRRRL242TMLMAVLVLVCLVMLAFHAA262 

AC5-TM3  YGRKKRRQRRRL268PYLAVLAAAVGVILIMAVLC288 

AC5-TM3n  L268PYLAVLAAAVGVILIMAVLC288YGRKKRRQRRR 
AC5-TM4  G299LACYALIAVVLAVQVVGLLL319YGRKKRRQRRR  
AC5-TM4n  YGRKKRRQRRRG299LACYALIAVVLAVQVVGLLL319 

AC5-TM5  YGRKKRRQRRRA325SEGIWWTVFFIYTIYTLLPV345 

AC5-TM5n  A325SEGIWWTVFFIYTIYTLLPV345YGRKKRRQRRR 
AC5-TM5s  YGRKKRRQRRRLFATVITEVGSIPLFYWWIYT 
AC5-TM5b  YGRKKRRQRRRA349AVLSGVLLSALHLAIAL366 

AC5-TM6   F374LLKQLVSNVLIFSCTNIVGV394YGRKKRRQRRR 
AC5-TM6n  YGRKKRRQRRRF374LLKQLVSNVLIFSCTNIVGV394 

AC5-TM7   YGRKKRRQRRRL770VFLFICFVQITIVPHSIFML790 

AC5-TM8  F792YLTCSLLLTLVVFVSVIYSC812YGRKKRRQRRR  
AC5-TM9  YGRKKRRQRRRL836VGVFTITLVFLAAFVNMFTC456 

AC5-TM10   F910TYSVLLSLLACSVFLQISCI930YGRKKRRQRRR 
AC5-TM11   YGRKKRRQRRRL935MLAIELIYVLIVEVPGVTLF955 

AC5-TM12   V984ALKVVTPIIISVFVLALYLH1004YGRKKRRQRRR 
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ABSTRACT  

Bivalent ligands have emerged as chemical tools to study G protein-coupled receptor 

dimers. Using a combination of computational, chemical, and biochemical tools, here we 

describe the design of bivalent ligand 13 with high affinity (KDB1=21 pM) for the 

dopamine D2 receptor (D2R) homodimer. Bivalent ligand 13 enhances the binding affinity 

relative to monovalent compound 15 by 37-fold, indicating simultaneous binding at both 

protomers. Using synthetic peptides with amino acid sequences of transmembrane (TM) 

domains of D2R, we provide evidence that TM6 forms the interface of the homodimer. 

Notably, the disturber peptide TAT-TM6 decreased the binding of bivalent ligand 13 by 

52-fold and had no effect on monovalent compound 15, confirming the D2R homodimer 

through TM6 ex-vivo. In conclusion, using a versatile multivalent chemical platform, we 

have developed a precise strategy to generate a true bivalent ligand that simultaneously 

targets both orthosteric sites of the D2R homodimer. 

INTRODUCTION 

It is now well accepted that many G protein-coupled receptors (GPCRs) form, in 

addition to functional monomers,1 dimers and higher-order oligomeric complexes 

constituted by a number of equal (homo) or different (hetero) monomers.2 

Oligomerization plays an important role in terms of receptor function and structure, 

introducing changes in signaling pathways which are due to the allosteric mechanisms of 

these complexes. Thus, these oligomers present functional properties different from those 

of the constituent monomers (protomers), making oligomerization a biological resource 

to generate pharmacological diversity.3 Considering the involvement of GPCRs in the 

regulation of many physiological processes, these novel functional units have recently 

received special attention as new targets for drug development.4 Besides the set of 

existing biochemical and biophysical tools,5 to gain insight into the mechanisms by which 

oligomers signal, specific chemical tools can also contribute to evaluate their 

pharmacology and to assess their potentiality as drug targets. 

One of these tools are bivalent ligands, defined as single chemical entities composed of 

two pharmacophore units covalently linked by an appropriate linker/spacer. These ligands 

are designed to interact simultaneously with a (homo/hetero) GPCR dimer to enhance 

affinity and subtype selectivity.6 Homobivalent ligands contain two copies of the same 

pharmacophore,7 whereas heterobivalent ligands link two different pharmacophores.8 A 

requirement for bivalent ligands is the simultaneous binding of the two pharmacophores 

at the orthosteric sites of the (homo/hetero) dimer. Thus, the linker/spacer length is a key 

factor in these ligands and depends on the dimer interface, the structure of the 

pharmacophores, and the geometry of the attachment points.9 If the spacer length is not 

suitable to cover the distance between the orthosteric sites of both GPCR dimer protomers 

these ligands act in a non-simultaneous interaction mode ,with a dual-acting profile.10 

Other types of ligands composed by two pharmacophores connected by a linker, but 

designed to interact simultaneously with orthosteric and allosteric sites, are referred as 

bitopic ligands.11  
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Considering the above-mentioned diversity of interaction modes of these types of 

compounds, the generation of a bivalent ligand requires not only a precise design, but 

also an accurate validation of its type of interaction. Using a combination of 

computational, chemical and biochemical tools, here we describe the design of a true 

bivalent ligand with high affinity for the dopamine D2 receptor (D2R) homodimer. We 

have selected the D2R as a test case for two reasons: a) because it forms 

homo/heterodimers12 and higher-order oligomers13 implicated in several neuropsychiatric 

disorders, such as Parkinson disease or schizophrenia;14 and b) due to the existing 

controversy regarding the interaction mode of some of the described D2R homodimer 

bivalent ligands.15 

RESULTS AND DISCUSSION 

Design. The design of bivalent ligands requires the selection of: i. a scaffold that contains 

at least two chemical functionalities that can be properly derivatized; ii. a ligand that binds 

the orthosteric binding site with high affinity (pharmacophore unit); iii. an appropriate 

length spacer to cover the distance between both protomers; and, finally, iv. if necessary, 

a linker between this pharmacophore and the bivalent system, adequate in terms of both 

the topological position of the attachment point and the chemistry used for the 

conjugation (Figure 1).9  

 

Figure 1. A) Components for the design of bivalent ligands. B) Bivalent ligands (12-13) 

and their corresponding monovalent counterparts (14-15). 

Herein, the selected scaffold (i) is the nitrilotriacetic acid (NTA), which contains three 

symmetric carboxylic acids and permits the controlled desymmetrization of each of these 
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functional groups.16 This multivalent platform allows not only the attachment of two 

pharmacophore units, but also the introduction of a reporter molecule for imaging studies 

or another pharmacophore unit to study higher-order oligomers, such as trimers.17  

As a proof of concept, a neutral antagonist has been selected as pharmacophore with 

the aim to design bivalent ligands whose potential simultaneous interaction with the D2R 

homodimer would result only in increased affinity values, avoiding cooperative 

mechanisms that could difficult the evaluation of the interaction mode. The selected 

pharmacophore unit (ii) is a derivative of the D2R antagonist spiperone, namely the N-(p-

aminophenethyl)spiperone 6 (NAPS),18 which was functionalized with an extra succinic 

acid linker (iv) to facilitate its incorporation to the bivalent system (Figure 1). The 

resulting pharmacophore-linker derivative 7 was docked into a D3-based homology model 

of D2R to determine the orientation of the linker and the attachment point at the 

extracellular domain (Figure S1). Results showed that the pharmacophore unit (red) 

remains highly stable at the binding site during the simulation, whereas the linker moiety 

(green) is very flexible and achieves diverse conformations between extracellular loops 

(ECL) 2 and 3, always at the extracellular aqueous environment, which makes the selected 

attachment point (purple) adequate to link the spacer moieties.  

The selected spacers (iii) were different length oligoethylene glycol (OEG) moieties 

with the aim to increase water solubility of the final bivalent ligands. A key factor in the 

design of bivalent ligands is the spacer length, which depends on the dimer interface. 

Crystal structures of GPCRs display several dimerization interfaces19 that can be grouped 

into three clusters, depending on the transmembrane helices (TMs) involved: TMs 1 and 

2 (TM1/2 interface), TMs 4 and 5 (TM4/5 interface), and TMs 5 and 6 (TM5/6 interface). 

Using a MOE-based tool we calculated, for each different interface, a protein surface for 

the D2R homodimer in complex with derivative 7 (Table S1). The shortest path across the 

surface between the attachment points of 7 was used to fit and optimize the different 

length spacers. The TM5/6 dimerization interface led to the ligand with the shortest spacer 

(25-atoms), because this interface has the shortest distance between orthosteric sites (33 

Å), and also the attachment point directs toward TMs 5 and 6 (Figure S1, Table S1). The 

TM4/5 interface gave the largest spacer (43-atoms, 43 Å), whereas the TM1/2 interface 

is in between (31 atoms, 36 Å) (Table S1). Based on these data, we designed two bivalent 

ligands: 13 (25-atoms spacer), representing the shortest possible bivalent interaction (via 

TM5/6), and a longer alternative, 12 (35-atoms), which could also interact at other dimer 

interaction interfaces, excluding TM4/5, which is on the opposite side to the direction of 

the linker elongation, and therefore implausible to reach it. 

Chemical synthesis. The NTA-based core 2 was prepared starting from glycine methyl 

ester hydrochloride, which was dialkylated with benzyl bromoacetate, and then 

hydrogenated to remove the benzyl protecting groups, affording desired compound in 

83% yield (Scheme S1).20 

The pharmacophore-linker derivative 7 was prepared following the described 

procedures with minor modifications.18a Briefly, the N-alkylation of spiperone with 4-(N-

tert- 
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butyloxycarbonyl)aminophenethyl bromide afforded 5 in 65% yield. Removal of Boc 

group using HCl (2 M in dioxane) provided NAPS (6, 66% yield) which was subsequently 

acylated with succinic anhydride to afford compound 7 (90% yield). 

OEG-based precursors 8, 10 and 9, 11 were prepared from commercially available 

OEGs in good yields (88% for 8, 87% for 9, and 57% for 10, 56% for 11) (Scheme S3). 

The final bivalent ligands 12 and 13 were synthesized by acylation of two carboxylic 

acids of the NTA scaffold (2) with compounds 10 or 11, respectively (Scheme 1). Finally, 

the synthesis of monovalent ligands 14 and 15 required differentiation between the free 

carboxylic acids of 2. This desymmetrization was accomplished by means of the favored 

formation of a six-membered ring cyclic anhydride between the pair of carboxylic acids, 

which reacted selectively with only one equivalent of 8 or 9 to form the amide. Then, the 

resulting free carboxylic acid could be acylated in a further step using the corresponding 

compounds 10 or 11 respectively (Scheme 1). 

Scheme 1. a Synthesis of the bivalent ligands 12 and 13 and the monovalent ligands 14 

and 15. 

 

a Reagents and conditions: (a) 10, EDC·HCl, HOBt·H2O, DIEA, DMF, rt, 16 h (49%); (b) 11, 

EDC·HCl, HOBt·H2O, DIEA, DMF, rt, 16 h (64%); (c) EDC·HCl, dry DMF, rt, 2 h, then 8, 

DIEA, dry DMF, rt, 90 min (79%); (d) 10, EDC·HCl, HOBt·H2O, DIEA, DMF, rt, 16 h (25%); 

(e) EDC·HCl, dry DMF, rt, 2 h, then 9, DIEA, dry DMF, rt, 90 min (80%); (f) 11, EDC·HCl, 

HOBt·H2O, DIEA, DMF, RT, 16 h (24%). 

Biological assays. In vitro binding affinities of the bivalent ligands (12 and 13) and the 

corresponding monovalent counterparts (14 and 15) were obtained from [3H]YM-09151-

2 radioligand competition-binding assays using membranes from sheep brain striatum 

that naturally express D2R. Data were analyzed according to a ‘two-state dimer model’ 

(Table 1).21 The model assumes GPCR dimers as a main functional unit and provides a 

more robust analysis of parameters obtained from saturation and competition experiments 

with orthosteric ligands, as compared with the commonly used ‘two-independent-site 
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model’.21,22 In competition experiments the model analyzes the interactions of the 

radioligand with a competing ligand and it provides the affinity of the competing ligand 

for the first protomer in the unoccupied dimer (KDB1) and the affinity of the competing 

ligand for the second protomer when the first protomer is already occupied by the 

competing ligand (KDB2). All studied compounds show monophasic non-cooperative 

curves, as expected for an antagonist with a non-cooperative binding to D2R dimer. In 

these conditions, KDB1 is enough to characterize the binding of these compounds.  

Table 1. Affinity constants (KDB1) of the D2R ligands 7, 12-15 with or without TM6 

peptides. 

Compound KDB1 (nM) + TM6 D2R + TM6 A2AR 

7 0.70±0.06   

12 0.07±0.03*###   

13 0.021±0.003**### 1.1±0.3^^ 0.05±0.01 

14 1.5±0.6*   

15 0.77±0.04 0.8±0.2 0.8±0.2 

Values are mean±SEM from 3-10 determinations. Statistical significance was 

calculated by one-way ANOVA followed by Bonferroni’s post hoc test. *p<0.05, 

**p<0.01 compared with 7. ###p<0.001 compared with the corresponding monovalent 

ligand. ^^p<0.01 compared with the respective control without TM peptides 

Compound 7 has high affinity for D2R (KDB1=0.70 nM). Monovalent compound 15 (25-

atoms, KDB1=0.77 nM) has similar affinity for D2R than compound 7, whereas 

monovalent compound 14 (35-atoms, KDB1=1.5 nM) shows a slightly less favorable 

binding affinity. These results are remarkable since attachment of the spacer should 

decrease binding affinity unless it has an enthalpic contribution to binding. This suggests 

that the OEG spacer favorably interacts with residues at the groove connecting both 

protomers. Notably, bivalent ligands 12 (35-atoms, KDB1=0.07 nM) and 13 (25-atoms, 

KDB1=0.021 nM) significantly enhance the binding affinity relative to monovalent 

counterparts 14 and 15 (21-fold and 37-fold, respectively). Clearly, addition of the second 

pharmacophore unit increases binding affinity due to its higher local concentration in a 

close radius above the second protomer. Thus, compounds 12 and 13 seem to act as 

bivalent ligands, that is, both pharmacophores simultaneously target both orthosteric sites 

of the homodimer. 

To further test that the antagonistic nature of these compounds on D2R signaling 

remains unaltered, we resolved the real-time signaling signature by using a label-free 

method (DMR).23 This approach detects changes in local optical density due to cellular 

mass movements induced upon receptor activation (see Experimental Section). The 

magnitude of the signaling by sumanirole, a highly selective D2R full agonist, 

significantly decreased in the presence of both bivalent ligands 12 and 13 as much as 

when adding spiperone (Figure S2). Because the affinity of compound 13 is 3.5-fold 

higher than 12, additional biochemical experiments were carried out with 13 and its 
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corresponding monovalent counterpart 15. Compound 13 at 100 nM was significantly 

more efficient (57±2%) antagonizing sumanirole signal (100%) than 200 nM of the 

corresponding monovalent ligand 15 (74±3%), given that 13 has higher affinity than 15 

(Figure 2). 

 

Figure 2. Antagonistic effect of compounds 13 and 15 on global cellular response 

induced by sumanirole determined by DMR assay in CHO cells stably co-expressing D2R 

and A2AR. This panel is a representative experiment of n = 3 different experiments. Each 

curve is the mean of a representative optical trace experiment carried out in triplicates. 

Data is presented as percentage of the effect of sumanirole 100 nM at 11 minutes after 

the addition of the agonist (maximal effect).  

Because of the higher affinity of 13, we predicted the TM5/6 interface for 

homodimerization of D2R. To validate this hypothesis with a bimolecular fluorescence 

complementation (BiFC) assay, we used synthetic peptides with the amino acid sequence 

of TMs 5 and 6 and TM7 (negative control) of D2R fused to the cell-penetrating HIV 

transactivator of transcription (TAT) peptide to alter inter-protomer interactions.13,24 In 

this assay, two complementary halves of YFP (Venus variant; cYFP and nYFP) are 

separately fused to the D2 receptor and the fluorescence is obtained after reconstitution of 

the functional YFP when the D2 receptors homodimerize. Only the transmembrane 

peptide TAT-TM6 bound to the receptor and disturbed the quaternary structure of the 

homodimer, causing a significant fluorescence decrease (Figure 3), indicating that only 

TM6 forms the interface of the D2R homodimer, according to the recently reported 

results.24 
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Figure 3. Effect of TM peptides on disturbance of the D2R homodimer. Values are 

mean±SEM from 6-9 determinations. Statistical significance was calculated by one-way 

ANOVA followed by Bonferroni’s post hoc test. ***p<0.001 compared to non TM treated 

complementation. 

Because we have identified the TM6 peptide as a disturber of the inter-protomer 

interaction, we tested the binding affinity of compounds 13 and 15 in the presence of TM6 

peptides of D2R and adenosine A2R (negative control) in native tissue (Figure 4). Neither 

TM6 peptide of D2R nor A2R influenced the binding of monovalent compound 15. In 

contrast, TM6 peptide of D2R, but not TM6 peptide of A2R, decreased the binding of the 

bivalent ligand 13 (KDB1 (13)=0.021nM vs. KDB1 (13+TM6)=1.1nM). Remarkably, in the 

presence of the TM6 peptide of D2R, bivalent compound 13 performed as the monovalent 

compound 15 (KDB1 (13+TM6)=1.1nM vs. KDB1 (15)=0.77nM). 

 

Figure 4. Effect of TM peptides on competition experiments of [3H]YM-09151-2 vs. D2R 

ligands. Competition curves with increasing concentrations of monovalent 15 (in A) or 

bivalent 13 (in B) D2R ligands in the absence (black) or in the presence of TM6 of A2AR 

(red) or TM6 of D2R (blue), using membranes from sheep brain striatum. Data are 

mean±SEM from a representative experiment (n=3) performed in triplicate.  

This suggests that the TM6 peptide alters the homodimer in such a way that compound 

13 binds the orthosteric binding site of the first protomer without reaching the second 

one. These results show the importance of the simultaneous binding of the two 
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pharmacophore units at both orthosteric sites of the homodimer for obtaining an 

improvement in affinity, and confirm the inter-protomer interaction of D2R homodimer 

through TM6. These results also ratify the bivalent interaction mode of compound 13, 

validating it as a true bivalent ligand. 

Molecular modelling of bivalent ligand 13 into D2R homodimer model. 

Accordingly, we constructed a computational model of the D2R homodimer, using 

exclusively TM6 as the molecular interface, and performed microsecond timescale 

molecular dynamics (MD) simulations to evaluate the stability of compound 13 in the 

model (Figure 5). This TM6 interface predicts similar distances between orthosteric 

binding sites than the TM5/6 interface, thus, leading to the same number of atoms for the 

spacer. The MD simulations showed that compound 13 comfortably fulfills and maintains 

simultaneous binding of the two pharmacophoric units at both orthosteric sites throughout 

the simulation, thus, providing further confidence in the bivalent interaction and the 

picomolar binding affinity. 

 

 

Figure 5. Evolution of bivalent ligand 13 (20 structures collected every 50 ns) in the D2R 

homodimer, constructed via the TM6 interface, as devised from MD simulations. The 

color code is as in Figure 1. A detailed analysis of the simulation (Figure S3) confirms 

that the designed bivalent ligand 13 remains stable at the orthosteric binding cavities 

through the unbiased 1 μs MD simulation. 
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CONCLUSIONS 

We have developed a precise strategy to create bivalent ligands of GPCR (homo/hetero) 

dimers based on a versatile multivalent chemical platform. The use of computational tools 

that consider the TM interfaces, distances between orthosteric binding sites and mode of 

interaction of the pharmacophore units, allows a reduction in the number of synthesized 

bivalent ligands, yet a high success in the affinity results. Bivalent ligand 13 showed 

picomolar binding affinity, and the use of different TAT-TM6 disturber peptides allowed 

the confirmation, in native tissue, of its simultaneous interaction with both orthosteric 

sites of the D2R homodimer, constituted through TM6.  Furthermore, our results confirm 

the recently described interface interaction of D2R homodimer through TM6.  

This strategy can be applied to other GPCR oligomers, thus allowing the generation 

and validation of novel ligands with a clear bivalent interaction mode. These ligands can 

be used as pharmacological tools in combination with disturber TM peptides to validate 

inter-protomer GPCR interactions, both in vitro and in native tissue, and this information 

could be potentially used for the design of new therapeutic compounds targeting GPCR 

oligomers. 

 

EXPERIMENTAL SECTION 

General Methods. Reagents and solvents were purchased from commercial sources 

and were used without further purification. TLC was performed on Merck 60F254 silica 

plates were visualized by UV light (254 nm), or by potassium permanganate stains. Flash 

chromatography on silica was carried out on a Teledyne Isco Combiflash Rf instrument 

using Redisep Rf silica columns. 1H-NMR (400 MHz) and 13C-NMR (101 MHz) 

spectroscopy was performed on a Varian Mercury 400 MHz instrument at the NMR unit 

of the Scientific and Technological Centers of the University of Barcelona (CCiTUB). 

Chemical shifts (δ) are expressed in ppm relative to tetramethylsilane (TMS). Coupling 

constants (J) are expressed in Hertz (Hz). The following abbreviations are used to indicate 

multiplicity: s: singlet; d: doublet, t: triplet, m: multiplet, and br: broad signal. Analytical 

RP-HPLC and mass spectra were performed on a Waters Alliance 2795 with an 

automated injector and a photodiode array detector Waters 2996 coupled to an 

electrospray ion source (ESI-MS) Micromass ZQ mass detector, using a XSelectTM C18 

reversed-phase analytical column (4.6 mm×50 mm, 3.5 μm), and the MassLynx 4.1 

software. The instrument was operated in the positive ESI (+) ion mode. Analyses were 

carried out with several elution systems. System A: a linear gradient 5–100% CH3CN 

(0.07% HCOOH) in H2O (0.1% HCOOH) over 4.5 min at a flow rate of 2 mL/min; and 

System B: a linear gradient 5–100% CH3CN (0.07% HCOOH) in H2O (0.1% HCOOH) 

over 3.5 min at a flow rate of 1.6 mL/min. High-Resolution Mass Spectroscopy (HRMS) 

was carried out using an LC/MSD-TOF spectrometer from Agilent Technologies, at the 

molecular characterization mass spectrometry unit of the Scientific and Technological 

Centers of the University of Barcelona (CCiTUB). Semi-preparative RP-HPLC 

purification was performed on a Waters system with a 2545 binary gradient module, a 

2767 manager collector and a 2489 UV detector, coupled to an electrospray ion source 
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(ESI-MS) Micromass ZQ mass detector, and the MassLynx 4.1 software. Gradients and 

columns used are detailed in each case. 

Synthesis. N,N-bis(benzyloxycarbonylmethyl)-glycine methyl ester (1). To a 

suspension of glycine methyl ester hydrochloride (1.00 g, 7.96 mmol, 1.0 eq) and K2CO3 

(4.85 g, 35.1 mmol, 4.4 eq) in acetonitrile (30 mL) was added a solution of benzyl 

bromoacetate (2.8 mL, 17.7 mmol, 2.2 eq) in acetonitrile (8 mL). The resulting mixture 

was stirred at room temperature overnight (20 h). After this time the solvents were 

evaporated to dryness. The crude was suspended in CH2Cl2 (50 mL) and washed with 

saturated NaHCO3 (2×50 mL) and brine (1×50 mL). The organic phase was dried over 

MgSO4 and evaporated. The resulting crude was purified by flash chromatography on 

silica using hexane and ethyl acetate as solvents (5 to 30% ethyl acetate in hexane), 

affording compound 1 (2.57 g, 6.67 mmol, 84%). 1H NMR (400 MHz, CDCl3, 298 K) δ 

7.38 – 7.28 (m, 10H), 5.13 (s, 4H), 3.72 (s, 4H), 3.68 (s, 2H), 3.67 (s, 3H); 13C NMR (101 

MHz, CDCl3, 298 K) δ 171.3, 170.7, 135.6, 128.7, 128.4, 128.4, 66.6, 55.3, 55.1, 51.8; 

HPLC: System A, tR: 3.48 min, >99% (214 nm); MS: calculated exact mass for 

C21H24NO6: 386.2 [M+H]+, found by HPLC-MS (ESI): 385.9. 

N,N-bis(carboxymethyl)-glycine methyl ester (2). Compound 1 (1.80 g, 4.67 mmol, 1.0 

eq) was dissolved in MeOH (25 mL) and 10% Pd/C (0.18 g, 10% w/w) was added to this 

solution. The resulting suspension was stirred at room temperature for 3 h under H2 

atmosphere. The catalyst was removed by filtration through Celite and the solvent was 

evaporated to dryness to afford compound 2 (950 mg, 4.63 mmol, 99%). 1H NMR (400 

MHz, D2O, 298 K) δ 4.29 (s, 2H), 4.09 (s, 4H), 3.83 (s, 3H); 13C NMR (101 MHz, D2O, 

298 K) δ 169.7, 168.0, 56.0, 54.6, 53.3; MS: calculated exact mass for C7H12NO6: 206.1 

[M+H]+, found by HPLC-MS (ESI): 205.8. 

4-(N-tert-butoxycarbonyl)aminophenethyl bromide (3). To a suspension of 4-

aminophenetyl alcohol (2.15 g, 15.7 mmol, 1.0 eq) in AcOEt (30 mL) was added a 

solution of di-tert-butyl dicarbonate (3.79 g, 17.4 mmol, 1.1 eq) in AcOEt (10 mL). The 

resulting mixture was stirred at room temperature for 16 h under Ar atmosphere. After 

this time, the crude was washed with H2O (3×50mL), dried over MgSO4 and evaporated. 

The crude obtained (white solid) was used for the next reaction without further 

purification. To a 0 oC cooled solution of the previous crude in CH2Cl2 (50 mL) were 

added triphenyl phosphine (6.17 g, 23.5 mmol, 1.5 eq) and N-bromosuccinimide (4.19 g, 

23.5 mmol, 1.5 eq). The resulting mixture was stirred at 0 oC for 2 h. Then, the solvent 

was removed by evaporation. The resulting crude was purified by flash chromatography 

on silica using hexane and methyl tert-butyl ether as solvents (5 to 30% methyl tert-butyl 

ether in hexane), affording compound 3 (2.92 g, 9.72 mmol, 62%). 1H NMR (400 MHz, 

CDCl3, 298 K) δ 7.35 – 7.27 (m, 2H), 7.16 – 7.09 (m, 2H), 6.46 (br s, NH), 3.52 (t, J = 

7.6 Hz, 2H), 3.10 (t, J = 7.6 Hz, 2H), 1.51 (s, 9H); 13C NMR (101 MHz, CDCl3, 298 K) 

δ 152.9, 137.3, 133.7, 129.3, 118.9, 80.7, 38.9, 33.2, 28.5; HPLC: System A, tR: 3.72 min, 

>99% (214 nm), >99% (240 nm); MS: calculated exact mass for C13H19BrNO2: 300.1 

[M+H]+, found by HPLC-MS (ESI): 300.0. 
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8-[4-(4-fluorophenyl)-4-oxobutyl]-1-phenyl-1,3,8-triazaspiro[4.5]decan-4-one (4). A 

stirred suspension of 1-phenyl-1,3,8-triazaspiro[4.5]decan-4-one (1.00 g, 4.32 mmol, 1.1 

eq), 4-chloro-4′-fluorobutyrophenone (0.65 mL, 3.95 mmol, 1.0 eq), potassium iodide 

(0.718 g, 4.32 mmol, 1.1 eq) and triethylamine (0.66 mL, 4.73 mmol, 1.2 eq) in anhydrous 

acetonitrile (8 mL) was refluxed under argon for 20 h. After this time the solvent was 

removed by evaporation. The resulting crude was dissolved in CH2Cl2 (50 mL) and 

washed with saturated NaHCO3 (3×50mL). The organic phase was dried over MgSO4 and 

evaporated. The residue was dissolved in CH2Cl2 (30 mL) and the solution was added 

dropwise to cold hexane (150 mL). The white precipitate is filtered and dried by vacuum 

to obtain the desired compound 4 (0.99 g, 2.50 mmol, 63%). 1H NMR (400 MHz, DMSO-

d6, 298 K) δ 8.59 (s, 1H), 8.10 – 8.00 (m, 2H), 7.40 – 7.29 (m, 2H), 7.21 – 7.11 (m, 2H), 

6.81 – 6.69 (m, 3H), 4.55 (s, 2H), 3.02 (t, J = 6.8 Hz, 2H), 2.78 – 2.59 (m, 4H), 2.48 – 

2.34 (m, 4H), 1.88 – 1.75 (m, 2H), 1.52 (d, J = 13.6 Hz, 2H); 13C NMR (101 MHz, 

DMSO-d6, 298 K) δ 198.6, 176.2, 164.8 (d, J = 251.0 Hz), 143.3, 133.8, 133.8, 130.8 (d, 

J = 9.3 Hz), 128.9, 117.6, 115.6 (d, J = 21.9 Hz), 114.2, 58.6, 58.3, 57.1, 49.2, 35.9, 28.4, 

21.6; HPLC: System A, tR: 1.83 min, 95% (214 nm), 96% (240 nm); MS: calculated exact 

mass for C23H27FN3O2: 393.2 [M+H]+, found by HPLC-MS (ESI): 396.1. 

8-[4-(4-fluorophenyl)-4-oxobutyl]-1-phenyl-3-[4-(N-tert-butoxycarbonyl) 

aminophenethyl]-1,3,8-triazaspiro[4.5]decan-4-one (5). A mixture of 4 (940 mg, 2.38 

mmol, 1.0 eq), potassium hydroxide (67.8 mg, 1.21 mmol, 0.5 eq), potassium carbonate 

(1.32 g, 9.55 mmol, 4.0 eq) and tetrabutylammonium bisulfate (243 mg, 0.72 mmol, 0.3 

eq) suspended in anhydrous toluene (50 mL) was stirred at 90 oC for 30 min under Ar 

atmosphere. Then, a solution of 4-(N-tert-butoxycarbonyl)aminophenethyl bromide (3) 

(1.43 g, 4.76 mmol, 2.0 eq) in anhydrous toluene (6 mL) was added over 5 min. The 

resulting mixture was stirred at 90 oC for 2 days under Ar atmosphere. After this time, the 

mixture was allowed to cool to room temperature, washed with brine (3×50 mL), dried 

with MgSO4 and evaporated. The resulting crude was purified by flash chromatography 

on silica using CH2Cl2 and MeOH as solvents (0 to 6% MeOH in CH2Cl2), affording 

compound 5 (950 mg, 1.54 mmol, 65%). 1H NMR (400 MHz, CDCl3, 298 K) δ 7.98 – 

7.90 (m, 2H), 7.25 – 7.12 (m, 4H), 7.10 – 7.01 (m, 4H), 6.81 – 6.72 (m, 3H), 6.42 (s, 1H), 

4.45 (s, 2H), 3.57 (t, J = 7.2 Hz, 2H), 2.96 (t, J = 7.1 Hz, 2H), 2.93 – 2.78 (m, 6H), 2.65 

– 2.46 (m, 4H), 1.98 – 1.89 (m, 2H), 1.52 – 1.43 (m, 2H), 1.43 (s, 9H); 13C NMR (101 

MHz, CDCl3, 298 K) δ 198.4, 177.0, 174.2, 165.8 (d, J = 254.5 Hz), 152.9, 142.9, 137.2, 

133.6, 132.7, 130.8 (d, J = 9.2 Hz), 129.4, 129.3, 119.1, 118.9, 115.8 (d, J = 21.8 Hz), 

115.5, 80.7, 63.9, 60.4, 57.3, 49.3, 42.3, 36.4, 33.2, 28.9, 28.5, 21.3; HPLC: System A, 

tR: 2.68 min, 99% (214 nm), 96% (240 nm); MS: calculated exact mass for C36H44FN4O4: 

615.3 [M+H]+, found by HPLC-MS (ESI): 615.3. 

8-[4-(4-fluorophenyl)-4-oxobutyl]-1-phenyl-3-(4-aminophenethyl)-1,3,8-

triazaspiro[4.5]decan-4-one (6). Compound 5 (887 mg, 1.44 mmol, 1.0 eq) was dissolved 

in dioxane (5 mL) and a 4 M solution of HCl in dioxane was added (5 mL, 20 mmol, 14 

eq). The resulting mixture was stirred at room temperature for 3 h. The reaction mixture 

was evaporated to dryness. The crude was partitioned between CH2Cl2 and H2O (30 mL 

1:1 v/v) and NaHCO3 was carefully added until the pH of the aqueous phase was basic 
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(ca. 8-9). The layers were separated, and then the aqueous phase was extracted with 

CH2Cl2 (3×20 mL). The combined organic extract was washed with brine (1×75 mL), 

dried with MgSO4 and evaporated. The resulting crude was purified by flash 

chromatography on silica using CH2Cl2 and MeOH as solvents (0 to 6% MeOH in 

CH2Cl2), affording compound 6 (488 mg, 0.95 mmol, 66%). 1H NMR (400 MHz, CDCl3, 

298 K) δ 8.07 – 7.98 (m, 2H), 7.25 – 7.19 (m, 2H), 7.16 – 7.09 (m, 2H), 7.04 – 6.98 (m, 

2H), 6.87 – 6.78 (m, 3H), 6.65 – 6.59 (m, 2H), 4.51 (s, 2H), 3.61 (t, J = 7.1 Hz, 2H), 3.01 

(t, J = 7.2 Hz, 2H), 2.87 – 2.72 (m, 6H), 2.64 – 2.42 (m, 4H), 2.03 – 1.90 (m, 2H), 1.59 – 

1.50 (m, 2H); 13C NMR (101 MHz, CDCl3, 298 K) δ 198.7, 174.4, 165.8 (d, J = 253.6 

Hz), 145.2, 143.2, 133.8, 130.8 (d, J = 9.2 Hz), 129.6, 129.3, 128.0, 119.0, 115.8 (d, J = 

21.8 Hz), 115.6, 115.5, 64.0, 60.7, 57.7, 49.7, 42.5, 36.6, 33.0, 29.4, 22.0; HPLC: System 

A, tR: 1.70 min, 98% (214 nm), 98% (240 nm); MS: calculated exact mass for 

C31H36FN4O2: 515.3 [M+H]+, found by HPLC-MS (ESI): 515.2. 

4-((4-(2-(8-(4-(4-fluorophenyl)-4-oxobutyl)-4-oxo-1-phenyl-1,3,8-

triazaspiro[4.5]decan-3-yl)ethyl)phenyl)amino)-4-oxobutanoic acid (7). To a solution of 

6 (86.5 mg, 168 mol, 1.0 eq) in CH3CN (5 mL) was added succinic anhydride (20.2 mg, 

202 mol, 1.2 eq) and the mixture was stirred at room temperature overnight (16 h). After 

completion of the reaction the mixture was evaporated to dryness. The resulting crude 

was dissolved in CH2Cl2 (20 mL) and immediately washed with brine (2×20 mL). The 

resulting organic phase was dried over MgSO4 and evaporated to afford compound 7 as 

a white solid (93.3 mg, 152 mol, 90%). 1H NMR (400 MHz, DMSO-d6, 298 K) δ 9.94 

(s, NH), 8.12 – 8.02 (m, 2H), 7.54 – 7.45 (m, 2H), 7.42 – 7.32 (m, 2H), 7.26 – 7.13 (m, 

4H), 7.06 – 6.97 (m, 2H), 6.84 – 6.75 (m, 1H), 4.64 (s, 2H), 3.59 (t, J = 7.2 Hz, 2H), 3.45 

– 3.24 (m, 4H), 3.18 (t, J = 7.0 Hz, 2H), 2.99 (t, J = 7.9 Hz, 2H), 2.93 – 2.76 (m, 4H), 

2.59 – 2.45 (m, 4H), 2.10 – 1.94 (m, 2H), 1.61 (d, J = 14.1 Hz, 2H); 13C NMR (101 MHz, 

DMSO-d6, 298 K) δ 197.5, 173.8, 173.6, 172.1, 169.9, 165.0 (d, J = 251.5 Hz), 142.5, 

137.6, 133.3, 133.3, 132.8, 130.9 (d, J = 9.4 Hz), 129.1, 128.9, 119.0, 118.2, 115.7 (d, J 

= 21.9 Hz), 114.5, 62.9, 58.2, 55.7, 48.3, 41.4, 39.5, 35.3, 32.0, 31.0, 28.9, 28.8, 26.4, 

18.6; HPLC: System A, tR: 2.02 min, 99% (214 nm), 99% (240 nm); MS: calculated exact 

mass for C35H40FN4O5: 615.3 [M+H]+, found by HPLC-MS (ESI): 615.2. 

2-oxo-7,10,13-trioxa-3-azahexadecan-16-aminium chloride (8). To a solution of 1-

(tert-butoxycarbonyl-amino)-4,7,10-trioxa-13-tridecanamine (401 mg, 1.25 mmol, 1.0 

eq) in CH2Cl2 (4 mL) was added acetic anhydride (130 L, 1.38 mmol, 1.1 eq) and DIEA 

(470 L, 2.76 mmol, 2.2 eq). The resulting mixture was stirred at room temperature for 3 

h. After this time, the crude was washed with saturated NaHCO3 (2×5 mL) and brine (1×5 

mL). The organic phase was dried over MgSO4 and evaporated. Subsequent treatment of 

the crude with a 2 M solution of HCl in dioxane (10 mL, 20 mmol, 16 eq) at room 

temperature for 1 h, followed by the evaporation of dioxane and HCl to dryness, afforded 

compound 8 as a pale yellow oil (352 mg, 1.10 mmol, 88%). 1H NMR (400 MHz, D2O, 

298 K) δ 3.73 – 3.64 (m, 10H), 3.58 (t, J = 6.4 Hz, 2H), 3.25 (t, J = 6.8 Hz, 2H), 3.12 (t, 

J = 7.2 Hz, 2H), 2.01 – 1.92 (m, 5H), 1.83 – 1.75 (m, 2H); 13C NMR (101 MHz, D2O, 

298 K) δ 173.9, 69.5, 69.4, 69.3, 69.2, 68.3, 68.2, 37.6, 36.4, 28.1, 26.4, 21.8; MS: 
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calculated exact mass for C12H27ClN2O4 (hydrochloride): 298.2, calculated exact mass for 

C12H27N2O4 (amine): 263.2 [M+H]+, found by HPLC-MS (ESI): 263.0. 

2-(2-(2-acetamidoethoxy)ethoxy)ethan-1-aminium chloride (9). To a solution of 1-

(tert-butoxycarbonyl-amino)-3,6-dioxa-8-octanamine (120 mg, 0.48 mmol, 1.0 eq) in 

CH2Cl2 (4 mL) was added acetic anhydride (50 L, 0.53 mmol, 1.1 eq) and DIEA (181 

L, 1.06 mmol, 2.2 eq). The resulting mixture was stirred at room temperature for 3 h. 

After this time, the crude was washed with saturated NaHCO3 (2×5 mL) and brine (1×5 

mL). The organic phase was dried over MgSO4 and evaporated. Subsequent treatment of 

the crude with a 2 M solution of HCl in dioxane (10 mL, 20 mmol, 16 eq) at room 

temperature for 1 h, followed by the evaporation of dioxane and HCl to dryness, afforded 

compound 9 as a pale yellow oil (95.3 mg, 0.42 mmol, 87%). 1H NMR (400 MHz, D2O, 

298 K) δ 3.76 (t, J = 5.0 Hz, 2H), 3.70 (s, 4H), 3.63 (t, J = 5.4 Hz, 2H), 3.38 (t, J = 5.4 

Hz, 2H), 3.21 (br t, J = 5.1 Hz, 2H), 1.99 (s, 3H); 13C NMR (101 MHz, D2O, 298 K) δ 

174.3, 69.5, 69.4, 68.7, 66.3, 39.0, 38.9, 21.8; MS: calculated exact mass for 

C8H19ClN2O3: 226.1 (hydrochloride), calculated exact mass for C8H19N2O3 (amine): 

191.1 [M+H]+, found by HPLC-MS (ESI): 190.9. 

18-((4-(2-(8-(4-(4-fluorophenyl)-4-oxobutyl)-4-oxo-1-phenyl-1,3,8-

triazaspiro[4.5]decan-3-yl)ethyl)phenyl)amino)-15,18-dioxo-4,7,10-trioxa-14-

azaoctadecan-1-aminium chloride (10). To a mixture of 7 (50.7 mg, 82.5 mol, 1.0 eq), 

EDC·HCl (23.8 mg, 0.12 mmol, 1.5 eq) and HOBt·H2O (19.0 mg, 0.12 mmol, 1.5 eq) 

was added a solution of 1-(tert-butoxycarbonyl-amino)-4,7,10-trioxa-13-tridecanamine 

(39.7 mg, 0.12 mmol, 1.5 eq) in DMF (5 mL). The resulting mixture was stirred at room 

temperature overnight (18 h). After this time the solvent was evaporated to dryness. The 

crude was dissolved in AcOEt (15 mL) and washed with saturated NaHCO3 (3×15 mL), 

0.5% w/v citric acid (3×15 mL) and brine (1×15 mL). The organic phase was dried over 

MgSO4 and evaporated to obtain the Boc-protected compound (44.3 mg, 48.3 mol). This 

compound was dissolved in dioxane (1 mL) and a 4 M solution of HCl in dioxane (0.5 

mL, 2.0 mmol, 41 eq) was added. The mixture was stirred at room temperature for 1 h. 

Then, the dioxane and HCl were evaporated to dryness. Finally, the crude was dissolved 

in H2O (1 mL) and lyophilized to afford compound 10 (40.1 mg, 47.0 mol, 57%). 1H 

NMR (400 MHz, D2O, 298 K) δ 8.05 – 7.97 (m, 2H), 7.43 – 7.32 (m, 4H), 7.32 – 7.19 

(m, 4H), 7.10 – 7.02 (m, 1H), 7.02 – 6.93 (m, 2H), 5.45 (s, NH), 4.64 (s, 2H), 3.76 – 3.67 

(m, 2H), 3.68 – 3.57 (m, 8H), 3.57 – 3.50 (m, 2H), 3.52 – 3.34 (m, 6H), 3.28 – 3.02 (m, 

8H), 2.93 (br t, J = 6.5 Hz, 2H), 2.70 – 2.55 (m, 2H), 2.57 – 2.38 (m, 4H), 2.13 – 1.96 (m, 

2H), 1.96 – 1.89 (m, 2H), 1.83 – 1.60 (m, 4H); 13C NMR (101 MHz, D2O, 298 K) δ 200.7, 

174.3, 173.2, 172.7, 165.9 (d, J = 253.6 Hz), 141.7, 135.8, 134.9, 132.4, 131.0 (d, J = 9.6 

Hz), 129.6, 129.6, 121.9, 121.2, 118.4, 115.8 (d, J = 22.0 Hz), 69.4, 69.3, 69.2, 68.2, 63.5, 

59.1, 56.0, 48.8, 41.5, 37.6, 36.2, 34.9, 32.0, 31.8, 31.0, 28.2, 27.0, 26.4, 18.0; HPLC: 

System B, tR: 1.67 min, 98% (214 nm), 97% (240 nm); MS: calculated exact mass for 

C45H62ClFN6O7: 852.4 (hydrochloride), calculated exact mass for C45H62FN6O7 (amine): 

817.5 [M+H]+, found by HPLC-MS (ESI): 817.3. 
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2-(2-(2-(4-((4-(2-(8-(4-(4-fluorophenyl)-4-oxobutyl)-4-oxo-1-phenyl-1,3,8-

triazaspiro[4.5]decan-3-yl)ethyl)phenyl)amino)-4-oxobutanamido)ethoxy)ethoxy)ethan-

1-aminium chloride (11). To a mixture of 7 (50.6 mg, 82.3 mol, 1.0 eq), EDC·HCl (23.6 

mg, 0.12 mmol, 1.5 eq) and HOBt·H2O (18.8 mg, 0.12 mmol, 1.5 eq) was added a solution 

of 1-(tert-butoxycarbonyl-amino)-3,6-dioxa-8-octanamine (30.5 mg, 0.12 mmol, 1.5 eq) 

in DMF (5 mL). The resulting mixture was stirred at room temperature overnight (18 h). 

After this time the solvent was evaporated to dryness. The crude was dissolved in AcOEt 

(15 mL) and washed with saturated NaHCO3 (3×15 mL), 0.5% w/v citric acid (3×15 mL) 

and brine (1×15 mL). The organic phase was dried over MgSO4 and evaporated to obtain 

the Boc-protected compound (50.9 mg, 60.2 mol). This compound was dissolved in 

dioxane (1 mL) and a 4 M solution of HCl in dioxane (0.5 mL, 2.0 mmol, 39 eq) was 

added. The mixture was stirred at room temperature for 1 h. Then, the dioxane and HCl 

were evaporated to dryness. Finally, the crude was dissolved in H2O (1 mL) and 

lyophilized to afford compound 11 (36.0 mg, 46.1 mol, 56%). 1H NMR (400 MHz, D2O, 

298 K) δ 8.04 – 7.94 (m, 2H), 7.42 – 7.29 (m, 4H), 7.31 – 7.17 (m, 4H), 7.09 – 7.02 (m, 

1H), 7.00 – 6.92 (m, 2H), 4.63 (s, 2H), 3.77 – 3.65 (m, 4H), 3.66 – 3.58 (m, 4H), 3.54 (t, 

J = 5.5 Hz, 2H), 3.47 – 3.33 (m, 4H), 3.32 (t, J = 5.5 Hz, 2H), 3.25 – 3.04 (m, 6H), 2.92 

(br t, J = 6.6 Hz, 2H), 2.69 – 2.57 (m, 2H), 2.57 – 2.50 (m, 2H), 2.52 – 2.38 (m, 2H), 2.11 

– 1.93 (m, 2H), 1.65 (d, J = 14.5 Hz, 2H); 13C NMR (101 MHz, D2O, 298 K) δ 200.7, 

174.6, 173.2, 172.8, 165.9 (d, J = 253.8 Hz), 141.6, 135.7, 134.9, 132.4, 131.0 (d, J = 9.9 

Hz), 129.6, 129.6, 121.8, 121.2, 118.4, 115.8 (d, J = 22.2 Hz), 69.5, 69.4, 68.8, 66.3, 63.4, 

59.1, 56.0, 48.7, 41.5, 39.0, 38.8, 34.9, 32.0, 31.6, 30.7, 27.0, 18.0; HPLC: System B, tR: 

1.60 min, 99% (214 nm), 97% (240 nm); MS: calculated exact mass for C41H54ClFN6O6: 

780.4 (hydrochloride), calculated exact mass for C41H54FN6O6 (amine): 745.4 [M+H]+, 

found by HPLC-MS (ESI): 745.2. 

Methyl 24-((4-(2-(8-(4-(4-fluorophenyl)-4-oxobutyl)-4-oxo-1-phenyl-1,3,8-

triazaspiro[4.5]decan-3-yl)ethyl)phenyl)amino)-3-(21-((4-(2-(8-(4-(4-fluorophenyl)-4-

oxobutyl)-4-oxo-1-phenyl-1,3,8-triazaspiro[4.5]decan-3-yl)ethyl)phenyl)amino)-

2,18,21-trioxo-7,10,13-trioxa-3,17-diazahenicosyl)-5,21,24-trioxo-10,13,16-trioxa-

3,6,20-triazatetracosanoate (12). Compound 2 (2.6 mg, 12.7 mol, 1.0 eq), compound 

10 (21.6 mg, 25.4 mol, 2.0 eq), EDC·HCl (7.3 mg, 38.0 mol, 3.0 eq) and HOBt·H2O 

(5.8 mg, 38.0 mol, 3.0 eq) were dissolved in DMF (2 mL) and DIEA (7.0 L, 41.1 mol, 

3.2 eq) was added. The resulting mixture was stirred at room temperature overnight (16 

h). After this time the solvent was evaporated to dryness, and the crude was purified by 

semi-preparative reversed-phase HPLC (45 to 72% acetonitrile in aqueous 10 mM 

NH4HCO3 in 8 min, XBridge C18 19×150 mm 5m) affording compound 12 (11.3 mg, 

6.27 mol, 49%). 1H NMR (400 MHz, CDCl3, 298 K) δ 9.21 (s, 2 NH), 8.05 – 7.94 (m, 

4H), 7.76 – 7.65 (m, 2 NH), 7.52 – 7.42 (m, 4H), 7.33 – 7.21 (m, 4H), 7.20 – 7.08 (m, 

8H), 7.05 – 6.97 (m, 2 NH), 6.91 – 6.78 (m, 6H), 4.58 (s, 4H), 3.77 – 3.65 (m, 7H), 3.65 

– 3.42 (m, 30H), 3.42 – 3.23 (m, 16H), 3.12 (t, J = 6.7 Hz, 4H), 3.09 – 2.95 (m, 8H), 2.91 

(t, J = 7.1 Hz, 4H), 2.71 – 2.50 (m, 8H), 2.17 (br s, 4H), 1.82 – 1.66 (m, 8H), 1.54 (d, J = 

14.4 Hz, 4H); 13C NMR (101 MHz, CDCl3, 298 K) δ 172.6, 172.2, 171.1, 170.8, 166.0 

(d, J = 255.4 Hz), 142.2, 137.5, 133.0, 132.9, 130.8 (d, J = 9.1 Hz), 129.7, 129.3, 120.2, 
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119.7, 115.9 (d, J = 21.9 Hz), 114.9, 77.2, 70.6, 70.2, 70.1, 69.9, 69.8, 69.4, 63.6, 58.7, 

56.6, 56.0, 52.0, 48.8, 41.8, 38.0, 37.2, 35.6, 33.1, 31.7, 29.4, 29.0, 27.4; HPLC: System 

A, tR: 2.18 min, >99% (214 nm), >99% (240 nm); MS: calculated exact mass for 

C97H130F2N13O18: 1803.0 [M+H]+, found by HPLC-MS (ESI): 1803.0, 902.3 [M+2H]2+, 

601.9 [M+3H]3+. HRMS (ESI): calculated exact mass for C97H130F2N13O18 [M+H]+: 

1802.9619, found 1802.9618. 

Methyl 19-((4-(2-(8-(4-(4-fluorophenyl)-4-oxobutyl)-4-oxo-1-phenyl-1,3,8-

triazaspiro[4.5]decan-3-yl)ethyl)phenyl)amino)-3-(16-((4-(2-(8-(4-(4-fluorophenyl)-4-

oxobutyl)-4-oxo-1-phenyl-1,3,8-triazaspiro[4.5]decan-3-yl)ethyl)phenyl)amino)-

2,13,16-trioxo-6,9-dioxa-3,12-diazahexadecyl)-5,16,19-trioxo-9,12-dioxa-3,6,15-

triazanonadecanoate (13). Compound 2 (2.7 mg, 13.1 mol, 1.0 eq), compound 11 (20.5 

mg, 26.2 mol, 2.0 eq), EDC·HCl (7.5 mg, 39.3 mol, 3.0 eq) and HOBt·H2O (6.0 mg, 

39.3 mol, 3.0 eq) were dissolved in DMF (2 mL) and DIEA (7.0 L, 41.1 mol, 3.1 eq) 

was added. The resulting mixture was stirred at room temperature overnight (16 h). After 

this time the solvent was evaporated to dryness, and the crude was purified by semi-

preparative reversed-phase HPLC (45 to 67% acetonitrile in aqueous 10 mM NH4HCO3 

in 8 min, XBridge C18 19×150 mm 5m) affording compound 13 (14.0 mg, 8.44 mol, 

64 %).  

1H NMR (400 MHz, CDCl3, 298 K) δ 9.11 (s, 2 NH), 8.04 – 7.93 (m, 4H), 7.81 (br t, J 

= 5.7 Hz, 2 NH), 7.51 – 7.41 (m, 4H), 7.30 – 7.23 (m, 4H), 7.22 – 7.16 (m, 2 NH), 7.16 

– 7.09 (m, 8H), 6.93 – 6.87 (m, 4H), 6.87 – 6.81 (m, 2H), 4.57 (s, 4H), 3.74 – 3.63 (m, 

7H), 3.58 – 3.31 (m, 38H), 3.12 (t, J = 6.7 Hz, 4H), 3.05 – 2.94 (m, 8H), 2.91 (t, J = 6.9 

Hz, 4H), 2.70 – 2.54 (m, 8H), 2.24 – 2.11 (m, 4H), 1.50 (d, J = 14.2 Hz, 4H); 13C NMR 

(101 MHz, CDCl3, 298 K) δ 197.1, 173.2, 172.9, 172.1, 171.1, 171.0, 166.0 (d, J = 255.0 

Hz), 142.3, 137.4, 133.1, 133.0, 130.8 (d, J = 9.3 Hz), 129.7, 129.3, 120.3, 119.6, 115.9 

(d, J = 21.9 Hz), 115.1, 70.4, 69.8, 63.6, 59.0, 58.5, 56.3, 55.9, 52.0, 48.4, 41.7, 39.5, 

39.2, 35.7, 33.0, 31.6, 27.2, 18.8; HPLC: System A, tR: 2.08 min, 98% (214 nm), >99% 

(240 nm); MS: calculated exact mass for C89H114F2N13O16: 1658.8 [M+H]+, found by 

HPLC-MS (ESI): 1658.9, 830.3 [M+2H]2+, 553.9 [M+3H]3+. HRMS (ESI): calculated 

exact mass for C89H114F2N13O16 [M+H]+: 1658.8469, found: 1658.8454. 

Methyl 3-(2,18-dioxo-7,10,13-trioxa-3,17-diazanonadecyl)-24-((4-(2-(8-(4-(4-

fluorophenyl)-4-oxobutyl)-4-oxo-1-phenyl-1,3,8-triazaspiro[4.5]decan-3-

yl)ethyl)phenyl)amino)-5,21,24-trioxo-10,13,16-trioxa-3,6,20-triazatetracosanoate (14). 

Compound 2 (45.0 mg, 219 mol, 1.0 eq) and EDC·HCl (42.0 mg, 219 mol, 1.0 eq) 

were dissolved in dry DMF (1 mL) and the mixture was stirred at room temperature for 

2 h under Ar atmosphere. Then, a solution of compound 8 (65.5 mg, 219 mol, 1.0 eq) 

and DIEA (75 L, 441 mol, 2.0 eq) in dry DMF (1 mL) was added and the resulting 

mixture was stirred at room temperature for 90 min. After this time the solvent was 

evaporated to dryness, and the crude was purified by Waters Porapak™ Rxn RP column 

(aqueous 10 mM NH4HCO3) to afford the intermediate 3-(2-methoxy-2-oxoethyl)-5,21-

dioxo-10,13,16-trioxa-3,6,20-triazadocosanoic acid (78.4 mg, 174 mol, 79%). 1H NMR 

(400 MHz, D2O, 298 K) δ 3.70 (s, 3H), 3.68 – 3.59 (m, 8H), 3.59 – 3.50 (m, 6H), 3.37 (s, 
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2H), 3.34 – 3.24 (m, 4H), 3.21 (t, J = 6.8 Hz, 2H), 1.95 (s, 3H), 1.85 – 1.70 (m, 4H); 13C 

NMR (101 MHz, D2O, 298 K) δ 178.7, 174.0, 173.9, 173.8, 69.5, 69.3, 69.2, 68.3, 68.2, 

58.2, 58.2, 55.4, 52.0, 36.4, 35.9, 28.2, 28.1, 21.8; MS: calculated exact mass for 

C19H36N3O9: 450.2 [M+H]+, found by HPLC-MS (ESI): 450.2. This intermediate (8.0 

mg, 17.8 mol, 1.0 eq), compound 10 (16.7 mg, 19.6 mol, 1.1 eq), EDC·HCl (5.1 mg, 

26.7 mol, 1.5 eq) and HOBt·H2O (4.1 mg, 26.7 mol, 1.5 eq) were dissolved in DMF 

(1.5 mL) and DIEA (7.0 L, 41.1 mol, 2.2 eq) was added. The resulting mixture was 

stirred at room temperature overnight (15 h). After this time the solvent was evaporated 

to dryness, and the crude was purified by semi-preparative reversed-phase HPLC (37 to 

45% acetonitrile in aqueous 10 mM NH4HCO3 in 8 min, XBridge C18 19×150 mm 5m) 

affording compound 14 (5.5 mg, 4.40 mol, 25%). 1H NMR (400 MHz, CDCl3, 298 K) 

δ 9.19 (br s, NH), 8.03 – 7.94 (m, 2H), 7.68 (br s, 2 NH), 7.51 – 7.43 (m, 2H), 7.31 – 7.22 

(m, 2H), 7.20 – 7.09 (m, 4H), 7.00 (br s, NH), 6.90 – 6.78 (m, 3H), 6.56 (br s, NH), 4.58 

(s, 2H), 3.76 – 3.66 (m, 5H), 3.66 – 3.42 (m, 28H), 3.42 – 3.26 (m, 14H), 3.22 – 2.97 (m, 

6H), 2.93 (t, J = 7.0 Hz, 2H), 2.70 – 2.54 (m, 4H), 2.27 – 2.11 (m, 2H), 1.95 (s, 3H), 1.82 

– 1.67 (m, 8H), 1.52 (d, J = 14.8 Hz, 2H); 13C NMR (101 MHz, CDCl3, 298 K) δ 172.7, 

172.1, 171.1, 170.8, 170.5, 137.5, 132.8, 130.8 (d, J = 9.4 Hz), 129.7, 129.3, 120.2, 119.7, 

116.0 (d, J = 21.8 Hz), 114.8, 70.6, 70.2, 70.1, 70.0, 69.8, 69.6, 69.5, 63.6, 58.8, 58.7, 

56.0, 52.0, 48.8, 41.7, 38.1, 38.0, 37.3, 37.3, 35.5, 33.2, 33.1, 32.1, 31.8, 29.9, 29.8, 29.4, 

29.1, 29.0, 27.1, 23.4, 22.8; HPLC: System A, tR: 1.98 min, 99% (214 nm), 98% (240 

nm); MS: calculated exact mass for C64H95FN9O15: 1248.7 [M+H]+, found by HPLC-MS 

(ESI): 1248.5, 624.9 [M+2H]2+. HRMS (ESI): calculated exact mass for C64H95FN9O15: 

1248.6926 [M+H]+, found: 1248.6936. 

Methyl 3-(2,13-dioxo-6,9-dioxa-3,12-diazatetradecyl)-19-((4-(2-(8-(4-(4-

fluorophenyl)-4-oxobutyl)-4-oxo-1-phenyl-1,3,8-triazaspiro[4.5]decan-3-

yl)ethyl)phenyl)amino)-5,16,19-trioxo-9,12-dioxa-3,6,15-triazanonadecanoate (15). 

Compound 2 (42.1 mg, 205 mol, 1.0 eq) and EDC·HCl (39.3 mg, 205 mol, 1.0 eq) 

were dissolved in dry DMF (1 mL) and the mixture was stirred at room temperature for 

2 h under Ar atmosphere. Then, a solution of compound 9 (46.5 mg, 205 mol, 1.0 eq) 

and DIEA (70 L, 412 mol, 2.0 eq) in dry DMF (1 mL) was added and the resulting 

mixture was stirred at room temperature for 90 min. After this time the solvent was 

evaporated to dryness, and the crude was purified by Waters Porapak™ Rxn RP column 

(aqueous 10 mM NH4HCO3) to afford the intermediate 3-(2-methoxy-2-oxoethyl)-5,16-

dioxo-9,12-dioxa-3,6,15-triazaheptadecanoic acid (62.1 mg, 164 mol, 80%). 1H NMR 

(400 MHz, D2O, 298 K) δ 3.71 (s, 3H), 3.68 – 3.56 (m, 10H), 3.44 (t, J = 5.5 Hz, 2H), 

3.41 (s, 2H), 3.36 (t, J = 5.3 Hz, 2H), 3.30 (s, 2H), 1.98 (s, 3H); 13C NMR (101 MHz, 

D2O, 298 K) δ 178.6, 174.3, 174.1, 174.0, 69.4, 68.7, 68.7, 58.1, 58.1, 55.2, 52.0, 38.9, 

38.5, 21.7; MS: calculated exact mass for C15H28N3O8: 378.2 [M+H]+, found by HPLC-

MS (ESI): 378.1. This intermediate (7.25 mg, 19.2 mol, 1.0 eq), compound 11 (16.5 mg, 

21.1 mol, 1.1 eq), EDC·HCl (5.5 mg, 28.8 mol, 1.5 eq) and HOBt·H2O (4.4 mg, 28.8 

mol, 1.5 eq) were dissolved in DMF (1.5 mL) and DIEA (7.5 L, 44.1 mol, 2.3 eq) 

was added. The resulting mixture was stirred at room temperature overnight (15 h). After 

this time the solvent was evaporated to dryness, and the crude was purified by semi-
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preparative reversed-phase HPLC (35 to 43% acetonitrile in aqueous 10 mM NH4HCO3 

in 8 min, XBridge C18 19×150 mm 5m) affording compound 15 (5.0 mg, 4.53 mol, 

24%). 1H NMR (400 MHz, CDCl3, 298 K) δ 8.87 (br s, NH), 8.04 – 7.95 (m, 2H), 7.69 – 

7.57 (m, 2 NH), 7.50 – 7.41 (m, 2H), 7.31 – 7.20 (m, 2H), 7.19 – 7.10 (m, 4H), 6.97 (br 

s, NH), 6.90 – 6.79 (m, 3H), 6.55 (br s, NH), 4.57 (s, 2H), 3.75 – 3.65 (m, 5H), 3.66 – 

3.27 (m, 34H), 3.10 (br s, 6H), 2.92 (t, J = 6.8 Hz, 2H), 2.70 – 2.57 (m, 4H), 2.14 (br s, 

2H), 1.98 (s, 3H), 1.51 (d, J = 14.3 Hz, 2H); 13C NMR (101 MHz, CDCl3, 298 K) δ 172.8, 

172.2, 170.9, 170.9, 170.8, 170.7, 166.0 (d, J= 254.9 Hz), 137.3, 130.8 (d, J = 9.4 Hz), 

129.6, 129.3, 120.2, 119.6, 115.9 (d, J = 21.9 Hz) , 115.1, 70.4, 70.3, 70.1, 69.9, 69.8, 

63.7, 58.7, 56.0, 52.1, 49.0, 39.6, 39.5, 39.2, 39.2, 33.1, 32.1, 31.7, 29.8, 23.3, 22.8; 

HPLC: System A, tR: 1.90 min, 96% (214 nm), 96% (240 nm); MS: calculated exact mass 

for C56H79FN9O13: 1104.6 [M+H]+, found by HPLC-MS (ESI): 1104.8, 552.9 [M+2H]2+. 

HRMS (ESI): calculated exact mass for C56H79FN9O13 [M+H]+: 1104.5776, found: 

1104.5799. 

TM with TAT peptides. A peptide derived from the HIV transactivator of 

transcription, HIV TAT (YGRKKRRQRRR), was fused to peptides with the amino acid 

sequences of human A2AR or D2R TM domain 6, human D2R TM domain 5 and human 

D2R TM domain 7 (Genemed Synthesis), to promote integration of the TM domains in 

the plasma membrane. Because HIV TAT binds to the phosphatidylinositol-(4, 5)-

bisphosphate found on the inner surface of the membrane, HIV TAT peptide was fused 

to the N-terminus of TM6 and to the C-terminus of TM5 and TM7 to obtain the right 

orientation of the inserted peptide. The amino acid sequences were: 

TAT-TM6 of D2R: YGRKKRRQRRR M374LAIVLGVFIICWLPFFITHIL395;  

TAT-TM6 of A2AR: YGRKKRRQRRRL235AIIVGLFALCWLPLHIINCFTFF258;  

TM5-TAT of D2R: F189VVYSSIVSFYVPFIVTLLVYIKIY213YGRKKRRQRRR;  

TM7-TAT of D2R: A410FTWLGYVNSAVNPIIYTTFNI431YGRKKRRQRRR. 

Radioligand binding experiments. Brains of male and female sheep of 4-6 months 

old were freshly obtained from the local slaughterhouse. Striatal brain tissues were 

disrupted with a Polytron homogenizer (PTA 20 TS rotor, setting 3; Kinematica, Basel, 

Switzerland) for two 5 s-periods in 10 volumes of 50 mM Tris-HCl buffer at pH 7.4, 

containing a proteinase inhibitor cocktail (Sigma, St. Louis, MO, USA). Membranes were 

obtained by centrifugation, twice at 105000 g for 45 min at 4°C. The pellet was stored at 

−80°C, washed once more as described above and resuspended in 50 mM Tris-HCl buffer 

for immediate use. Membrane protein was quantified by the bicinchoninic acid method 

(Pierce Chemical Co., Rockford, IL, USA) using bovine serum albumin dilutions as 

standard. Binding experiments were performed with membrane suspensions at room 

temperature in 50 mM Tris-HCl buffer at pH 7.4, containing 10 mM MgCl2. For D2R 

competition-binding assays, membrane suspensions (0.2 mg of protein/mL) were 

incubated for 2 h with a constant free concentration of 0.8 nM of the D2R antagonist 

[3H]YM-09151-2 (KDA1 = 0.15 nM) and increasing concentrations of each tested ligand. 

Non-specific binding was determined in the presence of 30 µM of dopamine, because at 
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this concentration dopamine does not displace the radioligand from sigma receptors. 

Competition-binding assays using TAT-TM peptides were performed as described 

previously, but preincubating peptides and membranes for 1 h before the addition of the 

ligands and the radioligand. In all cases, free and membrane-bound ligands were 

separated by rapid filtration of 500 L aliquots in a cell harvester (Brandel, Gaithersburg, 

MD, USA) through Whatman GF/C filters embedded in 0.3% polyethylenimine, that 

were subsequently washed for 5 s with 5 mL of ice-cold 50 mM Tris-HCl buffer. The 

filters were incubated with 10 mL of Ecoscint H scintillation cocktail (National 

Diagnostics, Atlanta, GA, USA) overnight at room temperature and radioactivity counts 

were determined using a Tri-Carb 2800 TR scintillation counter (PerkinElmer) with an 

efficiency of 62%. Radioligand competition curves were analyzed by nonlinear 

regression using the commercial Grafit curve-fitting software (Erithacus Software, 

Surrey, UK) by fitting the binding data to the mechanistic two-state dimer receptor 

model.21  The macroscopic equilibrium dissociation constants from competition 

experiments were determined applying the following general equation:  

Abound =  
(KDA2 A +  2 A2 + 

KDA2 A B

KDAB
)  𝑅𝑇

KDA1 KDA2 +  KDA2 A + A2 + 
KDA2 A B

KDAB 
+  

KDA1 KDA2 B

 KDB1 
+ 

KDA1 KDA2 B2  

KDB1 KDB2

 

where A represents the radioligand concentration, B the assayed competing compound 

concentration and KDAB the hybrid allosteric modulation between A and B. For A and B 

non-cooperative and non-allosteric modulation between A and B, the equation can be 

simplified due to the fact that KDA2 = 4KDA1, KDB2 = 4KDB1 and KDAB = 2KDB1: 

Abound =  
(4 KDA1 A +  2 A2 + 

2 KDA1 A B
KDB1

) 𝑅𝑇

4 KDA1
2 + 4 KDA1 A + A2 + 

2 KDA1 A B
KDB1 +  

4 KDA1
2 B

 KDB1 +  
 KDA1

2 B2 
 KDB1

2 

 

Cell culture. CHO cells stably co-expressing the human cDNAs of A2AR and D2R were 

obtained and tested as described in Orru et al. (2011).25 This clone was grown in 

Minimum Essential Medium (MEMα; Gibco) supplemented with 2 mM L-glutamine, 100 

μg/mL sodium pyruvate, MEM nonessential amino acid solution (1/100), 100U/mL 

penicillin/streptomycin, 5% (vol/vol) of heat-inactivated FBS (all supplements from 

Invitrogen) and with 600 mg/mL Geneticin (G 418 Sulfate, Calbiochem) and 300 mg/mL 

Hygromycin B (Invitrogen). HEK-293T cells were grown in Dulbecco’s modified 

Eagle’s medium supplemented with 2 mM L-glutamine, 100 μg/mL sodium pyruvate, 

MEM nonessential amino acid solution (1/100), 100U/mL penicillin/streptomycin, 5% 

(vol/vol) of heat-inactivated FBS. All cells were cultured at 37ºC and 5% CO2. 

Dynamic Mass Redistribution (DMR) Assay. The global cell signaling profile was 

measured using an EnSpire Multimode Plate Reader (PerkinElmer, Waltham, 

Massachusetts, US). This label-free approach uses refractive waveguide grating optical 

biosensors, integrated into 384-well microplates. Changes in local optical density are 

measured in a detection zone up to 150 nm above the surface of the sensor. Cellular mass 

movements induced upon receptor activation are detected by illuminating the underside 

of the biosensor with polychromatic light and measured as changes in the wavelength of 



RESULTS 

176 
 

the reflected monochromatic light. These changes are a function of the refraction index. 

The magnitude of this wavelength shift (in picometers) is directly proportional to the 

amount of DMR. CHO cells stably co-expressing A2AR and D2R were used to perform 

the DMR assays to mimic the pattern receptor expression of brain striatum, where a high 

portion of D2R form heteromers with A2AR.13 Briefly, 24 h before the assay, cells were 

seeded at a density of 7,000 cells per well in 384-well sensor microplates with 30 L 

growth medium and cultured for 24 h (37°C, 5% CO2) to obtain 70%–80% confluent 

monolayers. Previous to the assay, cells were washed twice with assay buffer (media with 

20 mM HEPES, pH 7.15, 0.1% DMSO and 0.1% BSA) and incubated 2 h in 30 L per 

well of non assay buffer in the reader at 24°C. Hereafter, the sensor plate was scanned, 

and a baseline optical signature was recorded for 10 min before adding 10 L of the 

antagonist compound dissolved in the assay buffer at different concentrations. The DMR 

response was recorded for 30 min. Finally, 10 L of a 100 nM solution of the agonist 

(sumanirole) dissolved in the assay buffer was added and recorded for at least 90 min. 

The resulting shifts of reflected light wavelength (pm) were monitored over time. Kinetic 

results were analyzed using EnSpire Workstation Software v 4.10. 

Expression vectors and fusion proteins. For bimolecular fluorescence 

complementation experiments, in order to obtain receptors fused to the hemitruncated 

Venus variant of the YFP, sequences encoding the amino acid residues 1-155 (nYFP) and 

156-238 (cYFP) of the YFP Venus, were subcloned in pcDNA3.1 vector. Moreover, the 

human cDNA for D2R cloned into pcDNA3.1 was subcloned to be in-frame with 

restriction sites EcoRI and BamHI of the pcDNA3.1-nYFP and the pcDNA3.1-cYFP. 

Between the receptor and the hemitruncated fluorescence protein there is a linker of 36 

nucleotides.  

Bimolecular fluorescence complementation (BiFC). HEK-293T cells were 

transiently co-transfected with lipofectamine with the cDNA encoding D2R fused to 

nYFP and/or with the same amount of the receptor fused to cYFP. After 48 h, cells were 

treated or not with the indicated TM with TAT peptides (4 M) for 4 h at 37ºC. To 

quantify protein reconstructed YFP Venus expression, cells (20 g protein; 50,000 

cells/well) were distributed in 96-well microplates (black plates with a transparent 

bottom, Porvair, King’s Lynn, UK), and emission fluorescence at 530 nm was determined 

in a FLUOstar Optima Fluorimeter (BMG Labtechnologies, Offenburg, Germany) 

equipped with a high-energy xenon flash lamp, using a 10-nm bandwidth excitation filter 

at 400 nm reading. Protein fluorescence expression was determined as the fluorescence 

of the sample minus the fluorescence of cells not expressing the fusion proteins.  

Computational models of the D2R monomer and homodimer. A homology model 

of D2R (Uniprot code P14416) was constructed from the crystal structure of D3R (PDB 

id 3PBL)26 using Modeller 9.12.27 Three computational models of the D2R homodimer 

were built using alternative transmembrane (TM) helix interfaces: the TM1/2 (involving 

TMs1 and 2 and helix 8) and TM5/6 (involving TMs 5 and 6) interfaces using the crystal 

of the -opioid receptor (4DKL)28 as a template, and the TM4/5 (involving TMs 4 and 5) 

interface using the crystal structure of the 1-adrenergic receptor (4GPO).29 Nevertheless, 
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the results with disrupting peptides indicate a direct interaction exclusively between TM 

6 of D2R in the homodimer (Figure 3). Due to the absence of crystal structures of 

oligomers using exclusively the TM6 interface, the D2R homodimer was additionally 

modelled with HADDOCK2.230 using residues K3676.29 – I3846.46 as directly involved in 

the interaction. The stability of this TM6 interface homodimer was evaluated by 

molecular dynamic (MD) simulations. 

Docking of ligands. The pharmacophore-linker derivative 7 was docked into D2R using 

MOE (Chemical computing group Inc., Montreal, QC, Canada).  Inspired by 

computational scripts that link fragments in a binding site for fragment-based drug 

discovery, we developed a MOE-based computational tool to design the optimal spacer 

size connecting the attachment points of the pharmacophore-linker derivative 7 (see Table 

S1). This tool was used to model bivalent ligands 12 and 13 into the D2R homodimer. 

The selection of the preferred spacer was based upon the interaction energy between 

ligand and protein, internal energy of the ligand, and visual inspection. 

Molecular dynamic simulations. The pharmacophore-linker derivative 7, in complex 

with the D2R monomer, and bivalent ligand 13, in complex with the D2R homodimer 

constructed via the TM6 interface, were embedded in a pre-equilibrated box (9x9x9 nm3 

for monomers and 12x12x10 nm3 for homodimers) containing a lipid bilayer (205 or 

300 molecules of POPC) with explicit solvent (14000 or 30.000 water molecules) and 

0.15 M concentration of Na+ and Cl- ions (140 or 330 ions).31 Model systems were 

energy minimized and subjected to a 6 step MD equilibration (10+5+2+2+2+2 ns) in 

which constraints on hydrogen atoms, protein loops, and protein and ligand atoms were 

subsequently relaxed. Next, these restraints were released, and unrestrained MD 

trajectories were produced for 0.5 µs for compound 7 in complex with the D2R monomer 

and for 1 µs for compound 13 in complex with the D2R homodimer. A 2 fs time step and 

constant temperature of 300K was used. All bonds and angles were kept frozen using the 

LINCS algorithm. Lennard-Jones interactions were computed using a cutoff of 10 Å, and 

electrostatic interactions were treated using PME with the same real-space cutoff. The 

AMBER99SD-ILDN32 force field was used for the protein, the parameters described by 

Berger and co-workers for lipids,33 the general Amber force field (GAFF) and HF/6-

31G*-derived RESP atomic charges for ligands.34 This combination of protein and lipid 

parameters has previously been validated.35 All simulations were performed using 

GROMACS software v5.1.4.36 
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Scheme S1. Synthesis of the nitrilotriacetic (NTA) derived core 2. (inspired in1) 
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Scheme S2. Synthesis of the pharmacophore-linker derivative 7.2 
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Scheme S3. Synthesis of the OEG derivatives 8-11. 
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Figure S1. MD simulations of the pharmacophore-linker derivative 7 in complex with the D2R monomer (extra-

cellular view in which transmembrane helices (TM) are depicted as cylinders and extracellular loops (ECL) as 

ribbons; TMs 1 and 4, ECL 1, and part of ECL 2 are omitted for clarity). The structures of 7 (the color code of the 

atoms is as in Figure 1) are extracted from the simulations (50 structures collected every 10 ns), whereas the 

structure of the D2R monomer corresponds to the initial model. The stability of the system is analyzed in Figure 

S3. Clearly, the pharmacophore unit (red) remains highly stable at the binding site during the simulation, whereas 

the linker moiety (green), at the extracellular aqueous environment, is very flexible and achieves diverse confor-

mations between ECL 2 and 3. The attachment point (purple) is oriented toward different points in space and can 

be used for linking the spacer group.  

 

 

 

Figure S2. Quantification of the antagonist effect of D2R ligands on dynamic redistribution mass assays (DMR). 

Values are mean±SEM from 3 determinations. Statistical significance was calculated by one-way ANOVA 

followed by Dunnett’s post hoc test. **p<0.01 compared  to sumanirole alone.  
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Figure S3. MD simulations of the pharmacophore-linker derivative 7 (A, Figure S1), and bivalent ligand 13 (B, 

Figure 5) were monitored by the root mean-square deviation (rmsd) of the backbone atoms (black) of the mono-

mer (A) or the homodimer (B) and ligand heavy atoms (blue) along the trajectories. Clearly, rmsd values for the 

monomer are similar than for the homodimer. Thus, the modeled TM6 interface for the homodimer remains un-

changed during the unbiased 1 μs MD simulation (rmsd ≈ 2Å). As expected, rmsd values of bivalent ligand 13 are 

larger than those of the pharmacophore-linker derivative 7 due to the flexibility of the linker/spacer chain. The 

binding of the pharmacophore unit to the orthosteric binding site was monitored by the salt bridge distance be-

tween the protonated amine of 7 and Asp3.32 of the monomer (yellow line in A) or by salt bridge distances be-

tween both protonated amines of 13 and Asp3.32 of monomers A (yellow line in B) and B (green line in B). These 

distances (<3.5Å) confirm that the designed bivalent ligand 13 remains stable at the orthosteric binding cavities 

through the unbiased 1 μs MD simulation. 
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Table S1. Comparison of the distances between the center of mass of the binding site of spiperone (blue sphere) 

for D2R homodimers constructed via the TM1/2, TM4/5, TM5/6, and TM6 interfaces. Calculation of the preferred 

spacer size of bivalent ligands for the D2R homodimer constructed via these interfaces. We constructed a van der 

Waals interaction surface on the protein (in gray) that defines 3D positions that could represent a favorable inter-

action between the dimer and the spacer of the bivalent ligand. The MOE-based tool identifies the shortest path 

through the surface vertices whilst starting and ending at the attachment points on the pharmacophore-linker de-

rivative 7. We report the number of heavy atoms between each pharmacophore/linker unit, including the attach-

ment atom. 

Interface Distance 
 

Spacer 
 

TM1/2 36 Å 

 

31 

 

TM4/5 43 Å 

 

43 

 

TM5/6 33 Å 

 

25 

 

TM6 27 Å 

 

25 
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NMR Spectra of Compounds 1-15 
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Abstract
The poor norepinephrine innervation and high density of Gi/o-coupledα2A- andα2C-adrenoceptors in the striatum and the dense striatal
dopamine innervation have prompted the possibility that dopamine could be an effective adrenoceptor ligand.Nevertheless, the reported
adrenoceptor agonistic properties of dopamine are still inconclusive. In this study, we analyzed the binding of norepinephrine, dopa-
mine, and several compounds reported as selective dopamineD2-like receptor ligands, such as the D3 receptor agonist 7-OH-PIPATand
the D4 receptor agonist RO-105824, to α2-adrenoceptors in cortical and striatal tissue, which express α2A-adrenoceptors and both
α2A- andα2C-adrenoceptors, respectively. The affinity of dopamine forα2-adrenoceptors was found to be similar to that for D1-like and
D2-like receptors.Moreover, the exogenous dopamine receptor ligands also showed high affinity forα2A- andα2C-adrenoceptors. Their
ability to activate Gi/o proteins through α2A- and α2C-adrenoceptors was also analyzed in transfected cells with bioluminescent
resonance energy transfer techniques. The relative ligand potencies and efficacies were dependent on the Gi/o protein subtype.
Furthermore, dopamine binding toα2-adrenoceptors was functional, inducing changes in dynamicmass redistribution, adenylyl cyclase
activity, and ERK1/2 phosphorylation. Binding events were further studied with computer modeling of ligand docking. Docking of
dopamine at α2A- and α2C-adrenoceptors was nearly identical to its binding to the crystallized D3 receptor. Therefore, we provide
conclusive evidence that α2A- and α2C-adrenoceptors are functional receptors for norepinephrine, dopamine, and other previously
assumed selective D2-like receptor ligands, which calls for revisiting previous studies with those ligands.

Keywords α2-Adrenoceptors . BRET . DMR . Adenylyl cyclase . ERK1/2 phosphorylation . Docking

Introduction

The neurotransmitter norepinephrine (NE) binds and acti-
va t e s th r ee sub fami l i e s o f ad r enocep to r s : α 1 -
adrenoceptors, subdivided into α1A, α1B, and α1D; α2-
adrenoceptors, subdivided into α2A, α2B, and α2C; and β-
adrenoceptors, subdivided into β1, β2, and β3 [1].
Classically, α1-, α2- and β-adrenoceptors couple to Gq/
11, Gi/o, and Gs, respectively [1, 2]. In mammalian spe-
cies, α2A is the main subtype in most brain regions whereas
α2B subtype has a limited distribution and is mostly
expressed in the thalamus [3, 4]. The α2C subtype is found
with particularly high density in the striatum [5, 6] with a
moderately lower density than α2A [7, 8]. The high density
of dorsal striatal α2A- and α2C-adrenoceptors prompted a
fundamental question in view of the well-known paucity of
striatal noradrenergic terminals [9–11] and the concomitant
low extracellular levels of striatal NE [12]. Yet, a series of
studies indicate that both types of receptors are fully
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functional in the striatum, where they seem to be localized
mostly postsynaptically, preferentially in GABAergic
striatal efferent neurons [13, 14]. There is also evidence
for α2A-adrenoceptors playing a role as autoreceptors lo-
calized in the sparse striatal noradrenergic terminals [15]. It
was postulated by Zhang et al. [16] that dopamine (DA)
could provide the endogenous neurotransmitter for striatal
α2-adrenoceptors. In transfected mammalian cells, using
radioligand binding experiments, they found only a small
preferential affinity of NE versus DA at both α2A- and
α2C-adrenoceptors. Similar results were more recently ob-
tained from radioligand binding studies using transfected
mammalian and insect cell lines [17] and with radioligand
binding and autoradiographic experiments in the bird and
rat brain with a non-selective α2-adrenoceptor ligand [18].
However, Zhang et al. [16] reported a much lower potency
of DA (in the micromolar range) than NE (in the
nanomolar range) at the level of α2C-adrenoceptor-mediat-
ed signaling (modulation of forskolin-induced adenylyl cy-
clase activation).

Due to the mismatch between dopaminergic and noradren-
ergic innervation and the density of their receptors in several
brain areas, the controversy about the differential binding
affinity of DA versus NE on adrenoceptors, and the potential
functional efficacy of this binding, we wanted to study in
detail the ability of DA and several synthetic DA receptor
ligands to bind to the orthosteric site of α2-adrenoceptors in
transfected cells and in the sheep brain. Moreover, we further
analyzed the ability of these ligands to generate functional
responses: activation of G proteins, inhibition of cAMP ac-
cumulation, and ERK1/2 phosphorylation. In the present
study, we first analyzed the ability of DA and several DA
receptor ligands to bind to α2-adrenoceptors in cortical tissue,
which predominantly expresses α2A-adrenoceptors, and in
striatal tissue, which expresses both α2A- and α2C-
adrenoceptors. We also studied the potential dopaminergic
function of α2A- and α2C-adrenoceptors using the same meth-
odology that recently allowed us to demonstrate the potent
activation of all Gi/o-coupled DA D2-like receptors by NE
[19]. This methodology consists on sensitive biolumines-
cence resonance energy transfer (BRET)-based techniques
that allow detection of ligand-dependent interactions between
specific receptors and specific G proteins (G protein activa-
tion) or receptor-induced activation of effectors (adenylyl cy-
clase activity) in living cells [19]. Moreover, we compared
the ability of NE, DA, and DA receptor ligands to modulate
dynamic mass redistribution (DMR) and to activate MAPK
signaling. Lastly, we modeled the binding of DA at α2A- and
α2C-adrenoceptors, as compared to its binding to the crystal-
lized D3 receptor. Our results provide conclusive evidence for
α2A- and α2C-adrenoceptors being not only NE but also DA
receptors and common targets for other D2-like receptor
ligands.

Materials and Methods

DNA Constructs and Transfection

For BRET experiments, human receptor constructs were used
for α2A- and α2C-adrenoceptors (cDNA Resource Center).
The following human G protein constructs were used:
Gαi1-, Gαi2-, Gαi3-, Gαo1-, or Gαo2-Renilla luciferase 8
(RLuc8) with RLuc8 inserted at position 91, untagged Gβ1,
and Gγ2 fused to full-length mVenus at its N terminus. The
Gα-RLuc8 constructs were kindly provided by Céline Galés
(INSERM, Toulouse, France). The cAMP sensor using YFP-
Epac-Rluc (CAMYEL) biosensor was obtained from the
American Type Culture Collection (no. MBA-277; ATCC,
Manassas, VA, USA) [20]. All the constructs were confirmed
by sequencing analysis. A constant amount of plasmid cDNA
(0.5μg Gα-RLuc8, 4.5 μg Gβ1, 5 μg Gγ2-mVenus, and 5 μg
receptor) was transfected into HEK-293T cells using
polyethylenimine (Sigma-Aldrich) in a 1:2 ratio in 10-cm
dishes. Cells were maintained in culture with Dulbecco’s
modified Eagle’s medium supplemented with 10% fetal bo-
vine serum and kept in an incubator at 37 °C and 5%CO2. The
transfected amount and ratio among the receptor and
heterotrimeric G proteins were tested for optimized dynamic
range in drug-induced BRET. HEK-293Tcells were also used
in BRET experiments for determination of adenylyl cyclase
inhibition (see below). For DMR and ERK1/2 phosphoryla-
tion assays, Chinese hamster ovary (CHO) cells were grown
inminimum essential medium (MEMα; Gibco) supplemented
with 2 mM L-glutamine, 100 μg/ml sodium pyruvate, MEM
non-essential amino acid solution (1:100), 100 U/ml penicil-
lin/streptomycin, and 5% (v/v) of heat-inactivated fetal bovine
serum. These cells were transfected with human α2A-RLuc8
receptor using polyethylenimine in a 1:2 ratio in 25-cm2 cell
culture flasks. All experiments were performed approximately
48 h after transfection.

BRET

BRET assays were performed to detect receptor ligand-
induced events for Gi/o protein activation. Gi/o protein acti-
vation assay used RLuc-fused Gαi/o protein subunit and
mVenus-fused Gγ2 protein for BRET pair. Receptor and un-
tagged Gβ1 constructs were co-transfected. As reported pre-
viously [19, 20], cells were harvested, washed, and resuspend-
ed in phosphate-buffered saline. Approximately 200,000
cells/well were distributed in 96-well plates, and 5 μM
coelenterazine H (substrate for luciferase) was added to each
well. One minute after the addition of coelenterazine H, li-
gands (DA, NE, clonidine, quinpirole, 7-OH-PIPAT, and
RO-105824) were added to each well. Antagonists were
added 10 min before coelenterazine. The fluorescence of the
acceptor was quantified (excitation at 500 nm and emission at
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540 nm for 1-s recordings) in Mithras LB940 (Berthold
Technologies, Bad Wildbad, Germany) to confirm the con-
stant expression levels across experiments. In parallel, the
BRET signal from the same batch of cells was determined as
the ratio of the light emitted by mVenus (510–540 nm) over
that emitted by RLuc (485 nm). G protein activation was cal-
culated as the BRET change (BRET ratio for the correspond-
ing drug minus the BRET ratio in the absence of the drug)
observed 10 min after the addition of the ligands. Emax values
were expressed as the percentage of the effect of each ligand
over the effect of NE. BRET curves were analyzed by non-
linear regression using the commercial Prism 4 (GraphPad
Software).

DMR

A global cell signaling profile or DMRwas measured using an
EnSpire Multimode Plate Reader (PerkinElmer, Waltham,
MA, USA). This label-free approach uses refractive wave-
guide grating optical biosensors, integrated into 384-well mi-
croplates. Changes in local optical density are measured in a
detection zone up to 150 nm above the surface of the sensor.
Cellular mass movements induced upon receptor activation
are detected by illuminating the underside of the biosensor
with polychromatic light and measured as changes in the
wavelength of the reflected monochromatic light. These
changes are a function of the refraction index. The magnitude
of this wavelength shift (in picometers) is directly proportional
to the amount of DMR. Briefly, after 24 h of CHO cell trans-
fection with α2A-RLuc8 receptor, cells were resuspended and
seeded at a density of 7000 cells per well in 384-well sensor
microplates in 30 μl growing media and cultured for 24 h at
37 °C and 5% CO2, to obtain monolayers at 70–80%
confluency. Before starting the assay, cells were washed twice
with assay buffer (MEMα supplemented with 20 mM
HEPES, pH 7.15, 0.1% DMSO, and 0.1% BSA) and incubat-
ed 2 h in 40 μl per well in the reader at 24 °C. Hereafter, the
sensor plate was scanned, and a baseline optical signature was
recorded for 10 min before adding 10 μl of the agonist dis-
solved in assay buffer and recorded for 90 min. Kinetic results
were analyzed using EnSpire Workstation Software v 4.10.

Adenylyl Cyclase Activity

BRET assays were performed to detect receptor ligand-
induced adenylyl cyclase activity. This assay used the
CAMYEL biosensor construct which contains RLuc and
YFP. The biosensor detects the conformational changes in
Epac that are induced upon its binding to cAMP. The confor-
mational change triggered by an increase in cAMP induced by
forskolin results in a decrease in BRET due to the relative
orientation change between donor and acceptor. A decrease
in forskolin-induced cAMP levels is therefore observed as an

increase in BRET [21]. To study Gαi-dependent inhibition
activity, cells were treated as described above but pre-
stimulated for 10 min with 1 μM forskolin (Sigma-Aldrich),
in the presence of 10 μM propranolol 10 min before sample
reading to control for activation of endogenous β-adrenergic
receptors (see BResults^).

ERK1/2 Phosphorylation

CHO cells were transfected with α2A-RLuc8 receptor,
obtaining a transfection of about 0.3 pmol/mg protein.
The day of the experiment, cells were starved by treating
them with serum-free media for 4 h at 37 °C. After that,
cells were incubated with the indicated agonist for 5 min
at 37 °C. Then, cells were rinsed with ice-cold phosphate-
buffered saline and lysed by adding 200 ml ice-cold lysis
buffer (50 mM Tris-HCl (pH 7.4), 50 mM NaF, 150 mM
NaCl, 45 mM β-glycerophosphate, 1% Triton X-100,
20 mM phenylarsine oxide, 0.4 mM NaVO4, and protease
inhibitor cocktail). The cellular debris was removed by
centrifugation at 13,000g for 5 min at 4 °C, and the pro-
tein was quantified. To determine the level of ERK1/2
phosphorylation, equivalent amounts of protein were sep-
arated by electrophoresis on a denaturing 10% SDS poly-
acrylamide gel and transferred onto polyvinylidene fluo-
ride membranes. Odyssey blocking buffer (LI-COR
Biosciences, Lincoln, NE, USA) was then added, and
the membrane was rocked for 90 min. The membranes
were then probed with a mixture of a mouse anti-
phospho-ERK1/2 antibody (1:2500; Sigma-Aldrich) and
rabbit anti-ERK1/2 antibody that recognizes both phos-
phorylated and non-phosphorylated ERK1/2 (1:40,000;
Sigma-Aldrich) overnight at 4 °C. The 42- and 44-kDa
bands corresponding to ERK1 and ERK2 were visualized
by the addition of a mixture of IRDye 800 (anti-mouse)
antibody (1:10,000; Sigma-Aldrich) and IRDye 680 (anti-
rabbit) antibody (1:10,000; Sigma-Aldrich) for 2 h and
scanned by the Odyssey infrared scanner (LICOR
Biosciences). Band densities were quantified using the
scanner software and exported to Excel (Microsoft,
Redmond, WA, USA). The level of phosphorylated
ERK1/2 isoforms was normalized for differences in load-
ing using the total ERK1/2 protein band intensities.

Radioligand Binding

Brains of male and female sheep of 4–6 months old were
freshly obtained from the local slaughterhouse. Brain tis-
sues (cortex and dorsal striatum) and HEK-293T cell sus-
pensions were disrupted with a Polytron homogenizer
(PTA 20 TS rotor, setting 3; Kinematica, Basel,
Switzerland) for two 5-s periods in 10 volumes of
50 mM Tris-HCl buffer, pH 7.4, containing a proteinase
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inhibitor cocktail (Sigma, St. Louis, MO, USA).
Membranes were obtained by centrifugation twice at
105,000g for 45 min at 4 °C. The pellet was stored at −
80 °C, washed once more as described above, and resus-
pended in 50 mM Tris-HCl buffer for immediate use.
Membrane protein was quantified by the bicinchoninic
acid method (Pierce Chemical Co., Rockford, IL, USA)
using bovine serum albumin dilutions as standard.
Binding experiments were performed with membrane sus-
pensions at room temperature in 50 mM Tris-HCl buffer,
pH 7.4, containing 10 mM MgCl2. For competition-
binding assays, membrane suspensions (0.2 mg of pro-
tein/ml) were incubated for 2 h with a constant-free con-
c e n t r a t i o n o f 0 . 9 nM o f t h e α 2R - an t a gon i s t
[3H]RX821002 or 1.3 nM of the D1-like receptor antago-
nist [3H]SCH 23390 or 0.8 nM of the D2-like receptor
antagonist [3H]YM-09151-2 and increasing concentra-
tions of each tested ligand: NE, DA, clonidine, 7-OH-
PIPAT, quinpirole, and RO-105824. For α2R saturation-
binding assays, membrane suspensions (0.2 mg of pro-
tein/ml) were incubated for 3 h at room temperature in
50 mM Tris-HCl buffer, pH 7.4, containing 10 mM
MgCl2 with increasing concentrations of the α2R-antago-
nist [3H]RX821002. Non-specific binding was determined
in the presence of 10 μM of the non-radiolabeled antag-
onist RX821002 (for α2R) or 30 μM of DA (for D1R and
D2R). In all cases, free and membrane-bound ligands were
separated by rapid filtration of 500-μl aliquots in a cell
harvester (Brandel, Gaithersburg, MD, USA) through
Wh a t m a n G F / C f i l t e r s e m b e d d e d i n 0 . 3%
polyethylenimine that were subsequently washed for 5 s
with 5 ml of ice-cold 50 mM Tris-HCl buffer. The filters
were incubated with 10 ml of Ecoscint H scintillation
cocktail (National Diagnostics, Atlanta, GA, USA) over-
night at room temperature, and radioactivity counts were
determined using a Tri-Carb 2800 TR scintillation counter
(PerkinElmer) with an efficiency of 62%.

Binding Data Analysis

Data were analyzed according to the Btwo-state dimer model^
of Casadó et al. [22]. The model assumes GPCR dimers as a
main functional unit and provides a more robust analysis of
parameters obtained from saturation and competition experi-
ments with orthosteric ligands, as compared with the com-
monly used Btwo-independent site model^ [22, 23]. In satura-
tion experiments with the radioligand, the model analyzes the
total number of radioligand binding sites (Bmax; more specif-
ically, it calculates RT, the total number of dimers, where
Bmax = 2RT), the affinity of the radioligand for the first
protomer in the unoccupied dimer (KDA1), the affinity of the
radioligand for the second protomer when the first protomer is
already occupied by the radioligand (KDA2), and an index of

cooperativity of the radioligand (DCA). A positive or negative
value of DCA implies either an increase or a decrease in affin-
ity of KDA2 versus KDA1, and its absolute value provides a
measure of the degree of increase or decrease in affinity. In
competition experiments, the model analyzes the interactions
of the radioligand with a competing ligand and it provides the
affinity of the competing ligand for the first protomer in the
unoccupied dimer (KDB1), the affinity of the competing ligand
for the second protomer when the first protomer is already
occupied by the competing ligand (KDB2) or the radioligand
(KDAB), and an index of cooperativity of the competing ligand
(DCB). A positive or negative value of DCB implies either an
increase or a decrease in affinity of KDB2 versus KDB1, and its
absolute value provides a measure of the degree of increase or
decrease in affinity.

Radioligand competition and saturation curves were analyzed
by non-linear regression using the commercial GraFit curve-
fitting software (Erithacus Software, Surrey, UK), by fitting the
binding data to the mechanistic two-state dimer receptor model,
as described in detail elsewhere [24]. The equation describing
the saturation experiment with the radioligand A in non-
cooperative conditions (KDA2 / KDA1 = 4) is as follows:
Abound = 2ART / (2KDA1 + A), where A represents the radioligand
concentration. To calculate the macroscopic equilibrium dissoci-
ation constants from competition experiments, the following
general equation must be applied: Abound = (KDA2A + 2A2 +
KDA2AB / KDAB)RT / (KDA1KDA2 + KDA2A + A2 + KDA2AB /
KDAB + KDA1KDA2B / KDB1 + KDA1KDA2B

2 / (KDB1KDB2)),
where B represents the assayed competing compound concen-
tration (F). For A, the non-cooperative and non-allosteric mod-
ulation between A and B, the equation is simplified due to the
fact thatKDA2 = 4KDA1 andKDAB = 2KDB1; Abound = (4KDA1A +
2A2 + 2KDA1AB / KDB1)RT / (4KDA1

2 + 4KDA1A + A2 +
2KDA1AB / KDB1 + 4KDA1

2B / KDB1 + 4KDA1
2B2 /

(KDB1KDB2)). For A and B, the non-cooperative and non-
allosteric modulation between A and B, the equation can be
simplified due to the fact that KDA2 = 4KDA1, KDB2 = 4KDB1,
and KDAB = 2KDB1; Abound = (4KDA1A + 2A2 + 2KDA1AB /
KDB1)RT / (4KDA1

2 + 4KDA1A + A2 + 2KDA1AB / KDB1 +
4KDA1

2B / KDB1 + KDA1
2B2 / KDB1

2).

Statistical Analysis

In binding assays, goodness of fit was tested according to
reduced chi-square value given by the regression program.
The test of significance for two different model population
variances was based upon the F-distribution. Using this F-test,
a probability greater than 95% (p < 0.05) was considered to be
the criterion to select a more complex model (cooperativity)
over the simplest one (non-cooperativity). In all cases, a prob-
ability of less than 70% (p > 0.30) resulted when one model
was not significantly better than the other. In all cases, results
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are given as parameter values ± SEM and statistical differ-
ences were analyzed with Prism 4.

Drugs

Dopamine hydrochloride and L-(−)-norepinephrine (+)-bitar-
trate salt monohydrate were purchased from Sigma. (−)-
Quinpirole hydrochloride, clonidine hydrochloride, 7-OH-
PIPAT maleate, RO-105824 dihydrochloride, RX821002,
and yohimbine hydrochloride were purchased from Tocris.
[3H]RX821002 (63.9 Ci/mmol), [3H]SCH 23390 (81.9 Ci/
mmol), and [3H]YM-09151-2 (84.4 Ci/mmol) were from
PerkinElmer. Pertussis toxin was purchased from Sigma.

Homology Modeling of α2A- and α2C-Adrenoceptors

Homology models of α2A- and α2C-adrenoceptors were con-
structed frommultiple templates using RosettaCM [25] with a
protocol previously described [26]. Sequences of each
adrenoceptor were aligned with sequences of the following
receptors: D3 (PDB ID: 3PBL [27]), β1 (PDB ID: 4BVN
[28]), β2 (PDB ID: 2RH1 [29]), 5HT1B (PDB ID: 4IAR
[30]), and 5HT2B (PDB ID: 4IB4 [31]) using BLAST and
were modified to ensure alignment of secondary structure el-
ements and conserved residues. The N-terminus was truncated
through residues 28 and 46 and the C-terminus was deleted
after residues 442 and 456, respectively. Additionally, the long
intracellular loop 3 was deleted at residues 229–372 in α2A

and 243–381 in α2C and replaced with an eight-residue poly-
Gly linker. These sequences were threaded onto each template
and hybridized to generate full-length, energy-minimized
structures. Models were clustered using automatic radius de-
tection in Rosetta, and the low-energy cluster centers from the
top five clusters were selected for additional modeling.

Protein-Ligand Docking

The tridimensional structure of DA was obtained from
PubChem (ID 3713609). Conformers of DA were generated
using the BCL [32]. To identify the initial starting coordinates
for ligand docking, homology models were aligned with the
crystal structure of β2-adrenoceptor (PDB ID: 4LDO (33))
and DA was aligned with the crystallized ligand. Ligand
docking was performed in RosettaLigand using the small per-
turbation of ligand position protocol and swapping of ligand
conformers [33, 34]. One thousand models for each protein-
ligand complex were generated. Models were sorted initially
by total energy and then culled to the top 5% of models by
interface energies for analysis. Per-residueΔΔG analysis was
performed to identify residues involved in ligand binding.

Results

Binding of DA and DA Receptor Ligands
to α2-Adrenoceptors in Cortical and Striatal Tissue

First, we analyzed the ability of NE, DA, the non-selective α-
adrenoceptor agonist clonidine, the non-selective D2-D3-D4 re-
ceptor agonist quinpirole, the selective D3 receptor agonist 7-
OH-PIPAT, and the selective D4 receptor agonist RO-105824
to displace the binding of the non-selective α2-adrenoceptor
antagonist radioligand [3H]RX821002 in membrane prepara-
tions from the sheep cortex and striatum with competitive inhi-
bition experiments. See BMaterials and Methods^ and refs.
[22–24] for description of the variables. Saturation experiments
with [3H]RX821002 for cortical and striatal tissue provided Bmax
values for α2-adrenoceptors of 0.33 ± 0.02 and
0.13 ± 0.02 pmol/mg protein and affinity values (KDA1) of
0.06 ± 0.01 and 0.07 ± 0.01 nM (n = 4–8), respectively. This
implies that the density of α2-adrenoceptors in the cortex, which
is mostly represented by α2A-adrenoceptors [3, 4], is three times
higher than that in the striatum, which expresses similar densities
for both α2A- and α2C-adrenoceptors [8]. To test the binding
selectivity of [3H]RX821002 for α2-adrenoceptors and not for
D2-like receptors, we developed competition experiments of the
D2-like receptor antagonist [3H]YM-09151-2 with increasing
concentrations of unlabeled RX821002 in sheep striatal mem-
branes. RX821002 did not displace the radioligand binding at
any concentration up to 10 μM (Fig. 1a). The same experiments
were also performed in membranes fromHEK-293Tcells stably
transfected with human D2, D3, or D4 receptors, with identical
results (data not shown). These results demonstrate that the
radioligand [3H]RX821002 does not bind to D2-like receptors.

Competition experiments of [3H]RX821002 with NE, DA,
clonidine, and the D2-like receptor ligands in cortical and striatal
sheep membranes are shown in Fig. 2a, b, respectively, and the
KDB1, KDB2, and DCB values obtained are presented in Table 1.
In both tissues, NE, DA, and clonidine showed high affinity for
[3H]RX821002 binding sites with an order of potency of
clonidine > NE >DA (Fig. 2). The three ligands showed nega-
tive cooperativity (negativeDCB values). The affinity of NE was
higher in the cortex than in the striatum, with higher striatal
KDB1, KDB2, and DCB values (stronger negative cooperativity)
(Table 1). The affinity of DA was very similar in both tissues,
with similar KDB1 values and a moderately but significantly
higherKDB2 value in the striatum, resulting in similarDCB values
(Table 1). The affinity of clonidine was also higher in the cortex,
with a significantly higher striatal KDB1 value and similar DCB

values (Table 1). 7-OH-PIPAT and quinpirole also displaced
[3H]RX821002 binding with nanomolar and submicromolar af-
finities, respectively (Table 1, Fig. 2). Interestingly, 7-OH-PIPAT
showed negative cooperativity in the cortex, but not in the stri-
atum. The only measurable affinity parameter of 7-OH-PIPAT in
the striatum, KDB1, was significantly higher than that in the
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cortex, and it was almost ten times lower than the cortical KDB2

value (Table 1). Quinpirole also showed differences in the bind-
ing parameters between the cortex and striatum, such as a lower
KDB1 value but negative cooperativity in the striatum. Finally,
RO-105824 also displaced [3H]RX821002 binding from the
cortex and striatum with high affinity (subnanomolar). No
cooperativity (DCB = 0) was obtained, except for RO-105824
in the cortex (DCB = − 4.3) (Table 1).

Binding of DA and NE to D1-Like and D2-Like
Receptors in Striatal Tissue

Next, we compared the affinity of endogenous DA and
NE binding to DA D1-like and D2-like receptors with
the affinity, determined above, for α2-adrenoceptors. In
addition to competition experiments with the D2-like
radioligand antagonist [3H]YM-09151-2 (Fig. 1a), we per-
formed competition experiments with the D1-like
radioligand antagonist [3H]SCH 23390 in sheep striatal

preparations (Fig. 1b). The equilibrium binding parame-
ters are shown in Table 2. Both NE and DA showed neg-
ative cooperativity (Fig. 1) with negative Dc values
(Table 2). The affinity of DA for the first protomer of
the D2-like receptor dimer (KDB1), mostly represented by
the D2R subtype in the dorsal striatum [35], was similar to
the affinity for α2-adrenoceptors and D1-like receptors
(Fig. 1, Table 2). The affinity of DA for the second
protomer (KDB2) of the D1-like receptor was even about
ten times lower than that for the α2-adrenoceptors and D2-
like receptors (stronger negative cooperativity; see
Table 2). On the other hand, the affinity of NE for α2-
adrenoceptors in the striatum, represented by α2A- and
α2C-adrenoceptors, was significantly higher than that for
dopamine receptors (Fig. 1). Specifically, NE had an af-
finity for DA receptors about 60-fold lower than that for
α2-adrenoceptors (Table 2, Fig. 1). We can therefore as-
sume that extracellular physiological levels of DA that are

Fig. 2 Radioligand binding of dopaminergic and adrenergic ligands to
α2-adrenoceptors in brain tissue. Representative competition curves of
α2-adrenoceptor antagonist [3H]RX821002 vs. increasing
concentrations of free competitors (NE, DA, clonidine, quinpirole, 7-
OH-PIPAT, and RO-105824) in sheep brain cortical (a) and striatal (b)
membranes. Experimental data were fitted to the two-state dimer receptor
model equations, as described in the BMaterials and Methods^ section.
Values are mean ± SEM from a representative experiment (n = 3)
performed in triplicate

Fig. 1 Radioligand binding to D2-like and D1-like receptors in the brain
striatum. Representative competition curves of D2-like receptor
antagonist [3H]-YM-09151-2 vs. increasing concentrations of free
competitors NE, DA, and RX821002 (a) and of D1-like receptor
antagonist [3H]SCH 23390 vs. increasing concentrations of DA and NE
(b) in the sheep brain striatum. Values are expressed as a percentage of the
specific binding (100% is 0.13 ± 0.01 pmol/mg protein in a and
0.43 ± 0.04 pmol/mg protein in b). Experimental data were fitted to the
two-state dimer receptor model equations, as described in the BMaterials
and Methods^ section. Values are mean ± SEM from a representative
experiment (n = 3–5) performed in triplicate
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able to activate DA receptors are also able to bind α2-
adrenoceptors.

α2A- and α2C-Adrenoceptor-Mediated G Protein
Activation by DA and Synthetic DA Receptor Ligands

The G protein activation BRET assay (see BMaterials and
Methods^) was used to determine the potency and efficacy of
the above-studied ligands to activate α-adrenoceptors in HEK-
293Tcells transfected withα2A- orα2C-adrenoceptor and one of
the five different RLuc-fused Gαi/o subunits (Gαi1, Gαi2,
Gαi3, Gαo1, and Gαo2) with Venus-fused Gγ2 protein as
BRET acceptor pair. The amount of Gαi/o subunits transfected
produced values between 0.5 and 1 million luminescence units
(arbitrary units). Previously, we found that luminescence values
between 200,000 and 1.5 million did not produce a significant
alteration of the Emax of drug-induced BRET. Moreover, the
levels of α2-adrenoceptor were around 2 pmol/mg protein. We

also previously reported that, using the same cell line and assay
conditions, neither DA or NE produces a significant BRET
change when transfected with the same fused G protein subunits
but without receptor co-transfection [19]. These transfected re-
ceptor levels were only slightly higher than those obtained in
binding experiments in the sheep brain cortex (see above). A
concentration response of the ligand-induced change in BRET
values allows to determine the potency as well as the relative
efficacy (to NE) at α2A- and α2C-adrenoceptor-mediated G pro-
tein activation. Results were largely in agreement with the values
obtained with binding experiments, considering that cortical
values should represent ligand binding parameters of α2A-
adrenoceptors, while striatal values represent combined ligand
binding parameters for both α2A- and α2C-adrenoceptors. NE
was more potent at α2A- than at α2C-adrenoceptor, except for
Gαi2 and Gαi3. On the other hand, DA had similar potencies at
both adrenoceptors, except for Gαi2 and Gαo1. At both α2A-
and α2C-adrenoceptors, DA showed high potency and efficacy
as compared with NE (Figs. 3 and 4, Tables 3 and 4), although
DAwas always less potent than NE. The relative DA/NE poten-
cy depended on the α-adrenoceptor and on the Gαi/o subtype
(see Table 3). Therefore, the potencies of DA at activating α2A-
adrenoceptor varied from about 15-fold lower, for Gαi1, to
about 30-fold lower, for Gαo1. On the other hand, the potencies
of DA as compared to NE at activating α2C-adrenoceptor were

Table 1 Competitive inhibition experiments of [3H]RX821002 versus
NE, DA, clonidine, and D2-like receptor ligands in the sheep brain cortex
and striatum

Ligand Binding parameters

Cortex Striatum

NE KDB1 = 0.3 ± 0.2* KDB1 = 0.8 ± 0.1

KDB2 = 250 ± 100 KDB2 = 5000 ± 3000

DCB = − 2.3 DCB = − 3.2

DA KDB1 = 6.9 ± 0.2 KDB1 = 6 ± 1

KDB2 = 350 ± 10* KDB2 = 1000 ± 200

DCB = − 1.1 DCB = − 1.6

Clonidine KDB1 = 0.014 ± 0.003* KDB1 = 0.036 ± 0.005

KDB2 = 40 ± 20 KDB2 = 20 ± 10

DCB = − 2.8 DCB = − 2.1

7-OH-PIPAT KDB1 = 9 ± 2** KDB1 = 51 ± 6

KDB2 = 430 ± 80

DCB = − 1.1 DCB = 0

Quinpirole KDB1 = 530 ± 50** KDB1 = 110 ± 10

KDB2 = 2700 ± 400

DCB = 0 DCB = − 0.8

RO-105824 KDB1 = 0.055 ± 0.003*** KDB1 = 0.42 ± 0.03

KDB2 = 4000 ± 2000

DCB = − 4.3 DCB = 0

Binding parameters from competitive inhibition experiments of
[3 H]RX821002 versus NE, DA, clonidine, and D2-like receptor ligands
in membrane preparations from the sheep brain cortex and striatum
(Fig. 2). KDB1, KDB2, and DCB values were obtained according to the
two-state dimer model (see BMaterials and Methods^ and ref. 22). KDB1

and KDB2 (in nM) are expressed as means ± SEM of three experiments
performed in triplicate. Statistical differences between affinity parameters
of cortical versus striatal adrenoceptors were calculated by non-paired,
two-tailed Student’s t test

*p < 0.05; **p < 0.01; ***p < 0.001

Table 2 Competitive inhibition experiments of [3H]SCH 23390,
[3H]YM-09151-2, or [3H]RX821002 versus DA and NE in the sheep
brain striatum

Receptor Binding parameters

DA NE

D1-like KDB1 = 8 ± 3 KDB1 = 53 ± 90##

KDB2 = 8000 ± 1000*** KDB2 = 50000 ± 10,000#

Dc = − 2.4 Dc = − 2.4
D2-like KDB1 = 3.5 ± 0.6 KDB1 = 60 ± 40##

KDB2 = 700 ± 200 KDB2 = 3400 ± 100

Dc = − 1.7 Dc = − 1.2
α2 KDB1 = 6 ± 1 KDB1 = 0.8 ± 0.1

KDB2 = 1000 ± 200 KDB2 = 5000 ± 3000

Dc = − 1.6 Dc = − 3.2

Binding parameters from competitive inhibition experiments of [3 H]SCH
23390 (D1-like receptor antagonist), [

3 H]YM-09151-2 (D2-like receptor
antagonist), or [3H]RX821002 (α2 receptor antagonist) versus NE and
DA in the sheep brain striatum. KDB1,KDB2, andDc values were obtained
according to the two-state dimermodel (see BMaterials andMethods^ and
ref. 22). Values forα2-adrenoceptors are from Table 1.KDB1 andKDB2 (in
nM) are expressed as means ± SEM of three to five experiments per-
formed in triplicate. Statistical differences between affinity parameters
obtained were calculated by one-way ANOVA followed by Dunnett’s
post hoc test

For DA, ***p < 0.001 vs. D2-like receptors; for NE, # p < 0.05 and
## p < 0.01 vs. α2 receptors
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very close to those of NE and they varied from less than twofold
lower, for Gαi1, to about 70-fold lower, for Gαi3 (Table 3).

The prototypical non-selective α-adrenoceptor agonist clo-
nidine only showed a significantly higher potency atα2A- than
at α2C-adrenoceptors for Gαo1 and Gαo2 (Table 3). An ad-
ditional difference as compared to NE was that clonidine be-
haved as a full agonist at α2A- and as a partial agonist at α2C-
adrenoceptor, except for Gαi2 and Gαi3 (Figs. 3 and 4,
Table 4). Intriguingly, the level of efficacy of clonidine for
α2C-adrenoceptor varied significantly with the associated
Gαi/o protein subtypes, from no decrease for Gαi2 to a very
significant loss of efficacy for Gαo1 (Table 4). Previous stud-
ies have already reported a partial agonism of clonidine at α2-
adrenoceptors, but with disparate results [36, 37], which, at
least for α2C, could be related to the Gαi/o protein subtypes
involved. In summary, the differences in the respective poten-
cy values of NE, clonidine, and DA for α2A- and α2C-
adrenoceptors in the G protein activation BRET experiments
correlate with the higher affinities of NE and clonidine in the
cortex and similar affinities of DA in the cortex and striatum.

The non-selective D2-D3-D4 receptor agonist quinpirole
and the selective D3 receptor agonist 7-OH-PIPAT also acti-
vated α2A- and α2C-adrenoceptors, but with very different
profiles (see Figs. 3 and 4, Tables 3 and 4). 7-OH-PIPAT

behaved as a low efficacious agonist at α2A-adrenoceptors
for the Gαi2 subtype. On the other hand, 7-OH-PIPAT be-
haved as a partial agonist at α2C-Gαi1 complexes but as a full
agonist with the other α2C-Gαi/o complexes. This D3 receptor
agonist, at α2A-adrenoceptor, was, in general, as potent as DA
and, for both Gαo subtypes, was as potent α2C-adrenoceptor
agonist as NE. In contrast, quinpirole showed a weak potency
(submicromolar range) but also behaved as a partial or full
agonist depending on the Gαi/o subtype. At α2A, quinpirole
behaved as a partial agonist for Gi1, Gi2, and Gi3 and a full
agonist for Go1 and Go2, whereas at α2C, it behaved as a
partial agonist for all G protein subtypes except for Gi3 (full
agonist) and showed no activity when coupled with Gαi1. As
shown in Fig. 5, yohimbine, a non-selective α2-adrenoceptor
antagonist, completely blocked the effect of 7-OH-PIPAT and
quinpirole at both α2A- and α2C-adrenoceptors (for Gαo1),
demonstrating the specificity of the α2-adrenoceptor signal
produced by both agonists. The potency values of 7-OH-
PIPAT and quinpirole in G protein activation BRET experi-
ments correlate with the nanomolar and submicromolar affin-
ities, respectively, as seen in binding assays with brain mem-
branes. Moreover, the higher potencies of 7-OH-PIPAT for
α2C- versus α2A-adrenoceptors also correlate with our binding
results due to the fact that 7-OH-PIPAT showed negative

Fig. 3 G protein activation of α2A by dopaminergic and adrenergic
ligands. Concentration-response experiments of G protein activation by
NE, DA, clonidine, and D2-like receptor ligands mediated by α2A in
HEK-293T cells transiently transfected with α2A-adrenoceptor; the G
protein subunits Gαi1-RLuc (a), Gαi2-RLuc (b), Gαi3-RLuc (c),
Gαo1-Rluc (d), or Gαo2-RLuc (e); γ2-mVenus, and non-fused β1.
Cells were treated with coelenterazine H followed by increasing
concentrations of one of the ligands. Ligand-induced changes in BRET

values were measured as described in the BMaterials and Methods^
section. BRET values in the absence of ligands were subtracted from
the BRET values for each agonist concentration. Data were adjusted to
a sigmoidal concentration-response function by non-linear regression
analysis and represent means ± SEM of 3 to 11 experiments performed
in triplicate (see Tables 1 and 2 for EC50 and Emax values and statistical
analysis)
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cooperativity in the cortex but not in the striatum. For
quinpirole, however, it would be difficult to establish correla-
tions with results from binding assays due to its low efficacy in

BRET assays, which might lead to inaccurate values (Table 3,
in parentheses, and Table 4, in italics). Finally, and unexpect-
edly, the selective D4 receptor agonist RO-105824 (with

Fig. 4 G protein activation of α2C by dopaminergic and adrenergic
ligands. Concentration-response experiments of G protein activation by
NE, DA, clonidine, and D2-like receptor ligands mediated by α2C in
HEK-293T cells transiently transfected with α2C receptor; the G protein
subunits Gαi1-RLuc (a), Gαi2-RLuc (b), Gαi3-RLuc (c), Gαo1-RLuc
(d), or Gαo2-RLuc (e),γ2-mVenus; and non-fusedβ1. Cells were treated
with coelenterazine H followed by increasing concentrations of one of the

ligands. Ligand-induced changes in BRET values were measured as
described in the BMaterials and Methods^ section. BRET values in the
absence of ligands were subtracted from the BRET values for each
agonist concentration. Data were adjusted to a sigmoidal concentration-
response function by non-linear regression analysis and represent
means ± SEM of three to nine experiments performed in triplicate (see
Tables 1 and 2 for EC50 and Emax values and statistical analysis)

Table 3 Potency of NE, DA, clonidine, 7-OH-PIPAT, and quinpirole obtained from G protein activation experiments mediated by α2A- and α2C-
adrenoceptors coupled to the different Gαi/o subtypes

Gα subunit Receptor NE DA Clonidine 7-OH-PIPAT Quinpirole DA/NEa

Gαi1 α2A 11 ± 2** 170 ± 40 3 ± 1 80 ± 20* 700 ± 250 15

α2C 90 ± 30 150 ± 40 6 ± 2 (11 ± 4) ND 1.7

Gαi2 α2A 1.3 ± 0.3* 30 ± 3** 2.0 ± 0.8 120 ± 6* (1000 ± 300) 23

α2C 0.4 ± 0.2 5 ± 3 3 ± 1 10 ± 2 (200 ± 100) 12.5

Gαi3 α2A 0.6 ± 0.2 15 ± 5 1.0 ± 0.2 60 ± 20* (700 ± 400) 25

α2C 0.4 ± 0.2 30 ± 20 4 ± 1 5 ± 3 400 ± 100 75

Gαo1 α2A 3.0 ± 0.5* 80 ± 10** 2.0 ± 0.4* 100 ± 20** 1300 ± 200** 27

α2C 19 ± 6 126 ± 8 (12 ± 5) 20 ± 3 (230 ± 50) 7

Gαo2 α2A 6 ± 1* 100 ± 20 4.0 ± 0.2** 66 ± 7* 820 ± 80*** 17

α2C 50 ± 10 140 ± 20 11 ± 2 14 ± 7 (100 ± 10) 2.8

Potency (EC50 values, in nM) of NE, DA, clonidine, and D2-like receptor ligands obtained from G protein activation experiments mediated by α2A and
α2C coupled to the different Gαi/o subtypes (Figs. 3 and 4). EC50 values were obtained from a sigmoidal concentration-response function adjusted by
non-linear regression analysis and are expressed as means ± SEM of 3 to 11 experiments performed in triplicate. In parentheses, values corresponding to
experiments show low efficacy, Emax lower than 50% (Table 4). Statistical differences between α2A- and α2C-adrenoceptors were calculated by non-
paired, two-tailed Student’s t test

*p < 0.05; **p < 0.01; ***p < 0.001
a The ratio of EC50 values of DA and NE for each receptor and Gαi/o protein subtype
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subnanomolar affinity for α-adrenoceptors) did not produce a
significant activation of α2A- or α2C-adrenoceptors coupled to
any of theGαi/o subtypes, except for a small efficacy atα2A for
Gαi2 and Gαi3 (Figs. 3 and 4). To confirm the binding of this
putative selective D4 receptor ligand to α2A- and α2C-
adrenoceptors, they were tested for their ability to modify the
effect of clonidine. RO-105824 did counteract the respective
full and partial agonistic effect of clonidine (1 μM) at the α2A-
and α2C-adrenoceptors coupled to Gαo1 (Fig. 5c, d).
Therefore, the results of BRET and radioligand binding exper-
iments disclosed a previously unknown additional role of the
D4 receptor agonist RO-105824, as a very potent and low-
efficacious ligand for α2-adrenoceptors at Gαi/o activation.

We also determined the effect of DA and synthetic DA
receptor ligands on a DMR label-free assay in CHO-
transfected cells. This approach detects changes in local optical
density due to cellular mass movements induced upon receptor
activation (see the BMaterials and Methods^ section), and
DMR responses primarily reflect G protein-dependent signal-
ing in living cells, since it can be abrogated by toxins or inhib-
itors of the G proteins involved [38]. DAwas as capable as NE
at activating cellular signaling in CHO cells transfected with
α2A-RLuc8 receptor (Fig. 6a). The amount of α2A-RLuc8 re-
ceptor expressed was about 0.3 pmol/mg protein. DA and NE
activation decreased by adding the α2AR-antagonist BRL
44408, indicating the specificity of the cell activation through
α2A-receptor. The synthetic DA receptor ligands 7-OH-PIPAT,
quinpirole, and RO-105824 at 300 nM were also able to pro-
duce a significant response (Fig. 6b), substantially lower for
RO-105824, which correlates with the G protein activation
BRET assays (Fig. 3). These results indicate that DA and

synthetic DA receptor ligands are also α2-adrenoceptor ligands
able to activate Gαi/o proteins, which correlate with their effi-
cacy with DMR.

α2A- and α2C-Adrenoceptor-Mediated Effects of NE
and DA on Adenylyl Cyclase Activity

NE- and DA-induced changes in adenylyl cyclase activity were
also analyzed bymeasuring cAMP levels in intact cells transient-
ly transfected with α2A- or α2C-adrenoceptor, using the
CAMYEL BRET biosensor (see the BMaterials and Methods^
section and ref. 21). HEK-293T cells have been reported to
endogenously express β-adrenoceptors [39]. Accordingly, we
recently reported that NE, in non-transfected HEK-293T cells,
stimulated a Gs-mediated cAMP increase, which could be
completely inhibited by the selective β-adrenergic blocker pro-
pranolol (10 μM) (ref. 19; the same website address as above).
Therefore, theβ-adrenoceptor antagonist propranolol was added
throughout the cAMP detection experiments. As shown in
Fig. 7, NE and DA produced an increase in BRET, correspond-
ing to a decrease in forskolin-induced cAMP accumulation for
both α2A- and α2C-adrenoceptor-transfected cells. The decrease
in adenylyl cyclase activity by NE and DA provided apparent
half maximal effective concentration (EC50) values that were
qualitatively and quantitatively close to those observed with
the Gi/o activation BRET assays, as NE was more potent than
DA atα2A andα2C (1.4 ± 0.2 and 7 ± 4 nM for NE and 140 ± 40
and 90 ± 20 nM for DA, respectively). The putative
Gi/o-dependent effects mediated by NE and DA were blocked
by the non-selective α2-adrenoceptor antagonist yohimbine,
confirming the receptor specificity of the signal (Fig. 7). In

Table 4 Efficacy of NE, DA, clonidine, 7-OH-PIPAT, and quinpirole obtained from G protein activation experiments mediated by α2A- and α2C-
adrenoceptors coupled to the different Gαi/o subtypes

Gα subunit Receptor NE DA Clonidine 7-OH-PIPAT Quinpirole

Gαi1 α2A 100 ± 5 120 ± 6* 120 ± 5 94 ± 6 70 ± 2*

α2C 100 ± 2 105 ± 5 64 ± 4** 41 ± 1** ND

Gαi2 α2A 100 ± 10 120 ± 20 89 ± 6 55 ± 2* 47 ± 8*

α2C 100 ± 7 80 ± 10 107 ± 4 90 ± 20 46 ± 9**

Gαi3 α2A 100 ± 10 90 ± 10 112 ± 8 71 ± 6 40 ± 9**

α2C 100 ± 9 95 ± 6 85 ± 5 90 ± 10 80 ± 15

Gαo1 α2A 100 ± 7 108 ± 6 110 ± 10 81 ± 9 78 ± 9

α2C 100 ± 10 100 ± 10 41 ± 3** 98 ± 7 42 ± 3**

Gαo2 α2A 100 ± 9 110 ± 10 120 ± 2 85 ± 4 72 ± 8

α2C 100 ± 8 114 ± 6 70 ± 8* 106 ± 3 34 ± 6**

Efficacy (Emax values, as the percentage of NE values) of NE, DA, clonidine, and D2-like receptor ligands obtained from G protein activation
experiments mediated by α2A and α2C coupled to the different Gαi/o subtypes (Figs. 3 and 4). Emax values were obtained from a sigmoidal
concentration-response function adjusted by non-linear regression analysis and are expressed as means ± SEM of 3 to 11 experiments performed in
triplicate. In italics, values of Emax are lower than 50%. Statistical differences between NE and the other ligands for each receptor and Gαi/o protein
subtype were calculated by one-way ANOVA, followed by Dunnett’s post hoc test

ND not detectable

*p < 0.05; **p < 0.01; ***p < 0.001
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addition, cells were treated with pertussis toxin which catalyzes
the ADP ribosylation of the αi subunits of the heterotrimeric G
protein, preventing its interaction with the receptor. As expected,
pertussis toxin treatment selectively eliminated the initial, there-
fore Gi-dependent, component of the NE- and DA-mediated
effects (Fig. 7). Surprisingly, NE and DA showed inverted
U-shaped concentration-response curves with a putative
Gs-dependent profile at high ligand concentrations for both
α2A- and α2C-adrenoceptor-transfected cells (Fig. 7). These re-
sults could be explained by considering previous studies show-
ing that α2-adrenoceptors functionally couple not only to Gi/o
proteins but also to Gs [40–44]. Typically, the agonist concen-
trations necessary to elicit detectable stimulation of adenylyl
cyclase are significantly higher than those for inhibition.
Equivocal results were published by Zhang et al. [16] when
comparing the effect of NE and DA on forskolin-induced
adenylyl cyclase activation. In their cell systems, NE seemed
to predominantly activate Gs with α2A and Gi with α2C, while
DAwould predominantly activate Gi with both receptors, but at

high micromolar concentrations. In contrast, our experiments
show that NE and DA follow the same differential
concentration-dependent effects on Gi/o and Gs activation and,
at least, at 10 and 100 μM, DA and NE promoted Gs activation
mediated by both α2A- and α2C-adrenoceptors (Fig. 7).

α2A- and α2C-Adrenoceptor-Mediated Effects of NE,
DA, and Synthetic DA Receptor Ligands on ERK1/2
Phosphorylation

Finally, we studied the ability of DA and synthetic DA recep-
tor ligands to produce MAPK activation. First, we analyzed
the increase on ERK1/2 phosphorylation produced by 300 nM
of NE in CHO cells transfected with α2A-RLuc8 receptor.
This NE concentration increased ERK1/2 phosphorylation
levels by threefold over basal, and this effect was similar to
that produced by 1 μMof DA (Fig. 8). Next, we demonstrated
that the synthetic DA receptor ligands 7-OH-PIPAT,
quinpirole, and RO-105824, at 1 μM, were also able to

Fig. 5 Specificity of the effect of dopaminergic ligands on α2A- and α2C-
adrenoceptors. a, b Dose-dependent inhibition by increasing
concentrations of the non-selective α2 receptor antagonist yohimbine of
Gαo1 protein activation induced by 10 μM of the D2-like receptor
agonists 7-OH-PIPAT (dotted blue) or 10 μM of quinpirole (dotted
yellow) in HEK-293T cells transfected with α2A (a) or α2C (b)
adrenoceptors, Gαo1-RLuc, γ2-mVenus, and non-fused β1. As
controls, concentration-response curves of Gαo1 protein activation by
7-OH-PIPAT (full blue) or quinpirole (full yellow) from Figs. 3d and 4d
are showed. Cells were treated with coelenterazine H followed by the

addition of 7-OH-PIPAT or quinpirole. Ligand-induced changes in
BRET values were measured as described in the BMaterials and
Methods^ section. c, d Dose-dependent inhibition of the agonistic effect
of clonidine at 1 μM by increasing concentrations of RO-105824 (dark
blue) in cells transfected with α2A (c) or α2C (d) adrenoceptors, Gαo1-
RLuc, γ2-mVenus, and non-fused β1. As controls, concentration-
response curves of Gαo1 protein activation by clonidine (full green) from
Figs. 3d and 4d are showed. Data were adjusted to a sigmoidal
concentration-response function by non-linear regression analysis and
represent means ± SEM of three to six experiments performed in triplicate
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produce MAPK activation (Fig. 8). At this concentration, the
efficacy of RO-105824 was similar to that of the other ligands.
Together with its very low efficacy disclosed on G protein
activation and DMR assays, these results indicate that RO-
105824 is a biased agonist of α2A-adrenoceptors with func-
tional selectivity for G protein-independent signaling. In sum-
mary, adenylyl cyclase activity and ERK1/2 phosphorylation
experiments confirm the results from radioligand binding and
G protein activation assays, indicating that DA and synthetic
DA receptor ligands are efficacious α2-adrenoceptor agonists.

Structural Basis for DA at α2A- and α2C-Adrenoceptors

An examination of the binding mode of DA to the
adrenoceptors was undertaken to model the activity seen in
the biological assays. To generate models of α2A- and α2C-

adrenoceptors, we used the RosettaCM [25] application with-
in the Rosetta suite of macromolecular modeling tools [26,
45]. This method relies on the optimal alignment of a target
sequence with multiple template structures obtained from the
PDB which are hybridized together to generate novel models.
We submitted the sequence of α2A and α2C to BLAST-P and
found the top five crystal templates by sequence identity to be
the DA D3 receptor [27], β1-adrenoceptor [28], β2-
adrenoceptor [29], serotonin 5-HT1B receptor [30], and sero-
tonin 5-HT2B receptor [31]. Interestingly, the α2-
adrenoceptors have more sequence identity in the transmem-
brane helical bundle with the D3 receptor than with the related
β-adrenoceptors. RosettaCM yielded an ensemble of low-
energymodels of the receptors, which were clustered by struc-
tural similarity. The top five cluster centers were included in
the docking studies to account for structural diversity and
uncertainty in homology modeling. To understand DA activa-
tion, we first examined the binding of DA to the D3 receptor,
the only crystal structure of a DA receptor to date. As there is
not a co-crystal structure of DA/D3 receptor, we first docked
DA to the D3 receptor using RosettaLigand [33]. The starting
coordinates of epinephrine bound to the β2-adrenoceptor [46]
were used to place DA for docking. Binding pocket analysis
identified residue D3.32 interacting with the primary amine in
DA and the catechol hydroxyls interacting with S5.42 and
S5.46. Important hydrophobic packing against the central por-
tion of DAwas achieved by V3.33, H6.55, and F6.51. These
are the same interactions that were previously identified in a
molecular dynamics simulation of DA binding at D3 receptor
[47]. Comparing the residues at these positions to those in
α2A- and α2C-adrenoceptors revealed identity at all residues
except position 6.55, in which the His has been replaced with
a Tyr in both α2A- and α2C-adrenoceptors. Docking results of
DA at either α2A or α2C also identified many of these same
residues as critical for binding. Particularly, D3.32, V3.33,
S5.42, and F6.51 were present in all receptor models contrib-
uting more than − 0.4 Rosetta energy units each to the binding
of DA (Fig. 9). Residues S5.46 and Y6.55 were also present in
all receptor binding modes though contributions varied de-
pending on which receptor type. These results coupled with
those from the biological assays provide a strong structural
reasoning behind the activity of DA at the α2A- or α2C-
adrenoceptors.

Discussion

Previous studies reported DA as a potential α2-adrenoceptor
ligand on the basis of radioligand binding experiments in
transfected mammalian and insect cell lines [16, 17] and in
bird and rat brains [18] and also from autoradiographic exper-
iments in tissues [18]. Furthermore, DA has been reported to
decrease cAMP intracellular levels in transfected mammalian

Fig. 6 DMR induced by NE, DA, and synthetic DA receptor ligands
using label-free assay. DMR assay was performed in CHO cells
transfected with α2A-adrenoceptor. a Cells were pretreated (dotted lines)
or not (full lines) with the α2A-adrenoceptor antagonist BRL 44408 at
1 μM for 30 min before adding the endogenous agonists DA or NE at
300 nM or 1 μM. b Cells were treated with 100 nM of several synthetic
DA receptor ligands. The resulting shifts of reflected light wavelength
(pm) were monitored over time. Each panel is a representative experiment
of n = 3 different experiments. Each curve is the mean of a representative
optical trace experiment carried out in triplicates
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cell lines but only throughout α2C-adrenoceptors, not α2A-
adrenoceptors, and at concentrations much higher than NE
(EC50 in the micromolar range) [18].

In our study, we show that α2A- and α2C-adrenoceptors
can bind DA at concentrations in the same order than NE,
suggesting that they could be activated by DA at in vivo

concentrations. First, our results demonstrate that endog-
enous DA, and also common synthetic DA receptor li-
gands, binds to α2-adrenoceptors with moderate to high
affinity in the mammalian brain. Second, the affinity of
DA for α2-adrenoceptors is in the same range as for D1-
like and D2-like receptors, suggesting that endogenous

Fig. 8 NE, DA, and synthetic DA receptor ligands signaling via ERK1/2
phosphorylation. ERK1/2 phosphorylation was determined in CHO cells
transfected with the α2A-adrenoceptor (a) and non-transfected control
cells (b), treated with 300 nM or 1 μM of the tested ligands for 5 min

at 37 °C. Values are expressed as mean ± SEM (n = 6) of percentage of
phosphorylation relative to basal levels in non-treated cells. Statistical
differences vs. basal conditions were calculated by one-way ANOVA
followed by Dunnett’s post hoc test; *p < 0.05 and **p < 0.01

Fig. 7 Effect of NE and DA on the modulation of adenylyl cyclase
activity by activation of α2A- and α2C-adrenoceptors. Concentration-
response experiments of inhibition of forskolin-induced adenylyl
cyclase activity by NE (orange) or DA (purple) mediated by α2A (a, b)
or α2C-adrenoceptors (c, d) in HEK-293T cells transiently transfected
with the CAMYEL sensor and one of the receptors. Cells were treated
with forskolin (1 μM) for 10 min with or without the selective α2

antagonist yohimbine (10 μM) followed by the addition of coelenterazine

H and increasing concentrations of NE or DA. After 10 min, BRETwas
measured as described in the BMaterials and Methods^ section. In gray,
cells were treated with 100 ng/ml pertussis toxin (PTX) for 16–18 h
previous to the experiment. Values obtained with forskolin alone were
subtracted from BRET values for each agonist concentration. Data
represent the mean ± SEM of three to seven experiments performed in
triplicate
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levels of DA can activate both α2-adrenoceptors and do-
pamine receptors. Third, DA and synthetic DA receptor
ligands can activate G protein and induce cell DMR
through α2-adrenoceptors. Finally, DA and NE show the
same cell signaling pattern, being both capable to modu-
late adenylyl cyclase activity and ERK1/2 phosphoryla-
tion at nanomolar concentrations.

The most conclusive demonstration that DA is an α2-
adrenoceptor ligand comes from the results obtained with
binding and G protein activation BRET assays, where the
affinities or potencies of DA for α2-adrenoceptors were found
to be very similar or even higher than for D1-like and some
subtypes of D2-like receptors [19]. Particularly, the EC50

values of DA for α2A- and α2C-adrenoceptors (5–170 nM)
were consistently lower across all Gi/o protein subtypes as
compared with the EC50 values (130–400 nM) for the pre-
dominant striatal D2-like receptor D2L [19]. Taking into ac-
count that the levels of tonic extracellular DA are 20–30 nM
(with peaks of 500 nM) [48], DA could reach sufficient extra-
cellular concentration to activate α2A- and α2C-adrenoceptors
in the striatum, irrespective of the maximal concentration of
extracellular NE. In fact, striatal DA release sites are designed
for transmitter spillover [49] and most striatal DA receptors
are primarily extrasynaptic [50, 51], as well as striatal
adrenoceptors, based on the mismatched low NE innervation
[7–11]. Although the specific functional role of the DA-
sensitive α2-adrenoceptors in neuronal striatal function re-
mains to be established, a previous study suggests that they
might mediate an inhibitory modulatory role of the Gs/olf-
coupled striatal adenosine A2A and DA D1 receptors [14].

The possibility of DA-mediated activation of α2A- and α2C-
adrenoceptors in extrastriatal areas should not, however, be
underestimated. Cortical α2A-adrenoceptors are most probably
able to be activated by DA, particularly in the prefrontal cortex,
which receives a rather dense DA innervation [52]. In fact,

there is recent evidence for the localization of α2A-
adrenoceptors in the cortical terminals from mesencephalic
DA neurons [53], which could play a role as BDA
autoreceptors.^ But, there is also evidence for the localization
of both α2A- and α2C-adrenoceptors in the soma and dendrites
of the mesencephalic DA cells of both substantia nigra and
ventral tegmental areas [53, 54]. Apart from the NE input, these
α2A- and α2C-adrenoceptors should be able to act as DA
autoreceptors that control the non-synaptic somatodendritic
DA release [49]. Adding the present results to our recent study
that also indicates a significant role of NE as a Gi/o-coupled
D2-like receptor agonist [19], we could state that Gi/o-coupled
adrenoceptors andDA receptors should probably be considered
as members of one Bfunctional^ family of catecholamine
receptors. A general consideration from the DA and D2-like
receptor ligand sensitivity of cortical α2A-adrenoceptors is that
it should also be involved in the cognitive-enhancing effects
associated with their activation, with possible implications for
attention deficit hyperactivity disorder [55].

Molecular modeling of DA binding to the various receptors
provides a likely binding hypothesis for the results obtained in
the biological assays. Of note is the striking similarity between
the ligand binding pocket of the D3 receptor and that of α2A-
and α2C-adrenoceptors. Many of the residues that line the
binding pocket are identical or chemically well conserved.
Given this similarity, it was perhaps unsurprising that the
docking of DA at α2A and α2C was nearly identical to DA
binding to the D3 receptor. The lower potency of DA at α2A-
and α2C-adrenoceptors compared to NE seems to depend on a
lower number of strong interactions as compared to those
between DA and D3 receptors. The pocket may have evolved
to bind the slightly bulkier NE and, therefore, is not of an ideal
size for DA. However, the differences may also be due to the
lower resolution of binding predictions for a comparative
model as opposed to a crystal structure. Despite this, the

Fig. 9 Binding mode of DA at each receptor type. Shown is the docking
orientation of DA at the D3 receptor (a), α2A-adrenoceptor (b), and α2C-
adrenoceptor (c). Residues were scored for binding energy ΔΔG, and
those most strongly contributing to the binding of DA are shown in stick

representation. The strength of binding interaction is colored by the depth
of blue with dark blue being the most strongly contributing. Important
hydrogen bonds to the amine group and catechol hydroxyls are formed in
all binding poses
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structural model stronglymimics the results of the binding and
activation experiments and therefore provides further evi-
dence of DA acting as a ligand at these receptors.

Another major finding of the present study is that α2A-
and α2C-adrenoceptors are also common targets for com-
pounds previously characterized as D2-like receptor li-
gands. Particularly striking was the ability of prototypical
D3 and D4 receptor agonists 7-OH-PIPAT and RO-105824
to bind with high affinity to α2A- and α2C-adrenoceptors,
which might call for revisiting results of previous studies
using these compounds. Furthermore, these two com-
pounds and the other DA-synthetic ligands assayed, as
well as NE, were able to activate ERK1/2 phosphorylation
by binding to α2-adrenoceptors. The final pharmacological
profile of RO-105824 was that of a potent biased agonist
for α2A-adrenoceptor with functional selectivity for a G
protein-independent signaling. On the other hand, based
on BRET experiments, both potency and efficacy depen-
dence on the receptor and the Gαi/o protein subtype were
the norm for all ligands, including the endogenous neuro-
transmitters. We already described that NE and DA show
different receptor- and Gαi/o subtype-dependent potencies
of D2-like receptor-mediated G protein activation [19]. The
present results extend these findings to other receptors and
to non-endogenous ligands, as well as to differences in
efficacy. Even though G proteins of the Gαs-Gαolf family
do show contrasting brain expression pattern [56], to our
knowledge, no clear region-specific pattern of mRNA ex-
pression for Gαi/o protein subtypes has been reported.
Detailed characterization of the expression patterns for
Gαi/o protein subtypes would then be central to determine
their role in α2A- and α2C-adrenoceptor activation and thus
their possible specific targeting with Gαi/o subtype func-
tionally selective compounds.

In conclusion, DA is a potent and efficacious ligand at
α2-adrenoceptors, which modulates forskolin-induced
adenylyl cyclase activity and ERK1/2 phosphorylation.
The concentration required for these effects is in the range
of that for activating D2-like and D1-like receptors, indi-
cating that these receptors are members of one functional
family of catecholamine receptors. Our results provide a
clear answer to the mismatch between the low striatal NE
innervat ion and the high densi ty of st r ia ta l α2-
adrenoceptors, which behave as functional DA receptors.
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ABSTRACT: The two most common polymorphisms of the human DRD4 gene encode a 

dopamine D4 receptor (D4R) with four or seven repeats of a proline-rich sequence of 16 amino 

acids (D4.4R or D4.7R). Although the seven-repeat polymorphism has been repeatedly 

associated with attention deficit hyperactivity disorder and substance use disorders, the 

differential functional properties between D4.4R and D4.7R remained enigmatic until recent 

electrophysiological and optogenetic-microdialysis experiments indicated a gain of function 

of D4.7R. Since no clear differences in the biochemical properties of individual D4.4R and 

D4.7R have been reported, it was previously suggested that those differences emerge upon 

heteromerization with dopamine D2 receptor (D2R), which co-localizes with D4R in the brain. 

However, contrary to a gain of function, experiments in mammalian transfected cells 

suggested that heteromerization with D2R results in lower MAPK signaling by D4.7R as 

compared to D4.4R. In the present study, we readdressed the question of functional 

differences of D4.4R and D4.7R forming homomers or heteromers with the short isoform of 

D2R (D2SR), using a functional bioluminescence resonance energy transfer (BRET) assay that 

allows the measurement of ligand-induced changes in the interaction between G protein 

coupled receptors (GPCRs) forming homomers or heteromers with their cognate G protein. 

Significant functional and pharmacological differences between D4.4R and D4.7R were only 

evident upon heteromerization with the short isoform of D2R (D2SR). The most dramatic 

finding was a significant increase and decrease in the constitutive activity of D2SR upon 

heteromerization with D4.7R and D4.4R, respectively, providing the first clear mechanism for 

a functional difference between both products of polymorphic variants and for a gain of 

function of the D4.7R. 
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The human DRD4 gene displays a high number of polymorphisms in its coding sequence. The 

most extensive polymorphism is found in exon 3, a region that encodes the third intracellular 

loop of the receptor.1-3 This polymorphism consists of a variable number of tandem repeats 

(VNTR) in which a 48-base pair sequence exists as 2- to 11-fold repeats. The two most common 

polymorphisms contain four and seven TRs (with allelic frequencies of about 60% and 20%, 

respectively)2 and encode a dopamine D4 receptor (D4R) with four and seven repeats of a 

proline-rich sequence of 16 amino acids (D4.4R and D4.7R).1-3 DRD4 polymorphisms have been 

suggested to associate with numerous behavioral individual differences and neuropsychiatric 

disorders. The most consistent associations are the link between the gene encoding D4.7R and 

attention deficit hyperactivity disorder (ADHD)1,4-6 or substance use disorders (SUDs).7  

The functional significance of the products of DRD4 polymorphisms remained enigmatic 

until recent results from electrophysiological experiments in mouse cortical slices with viral 

infection of human D4.4R and D4.7R8 and immuno-histochemical and optogenetic-microdialysis 

experiments in a D4.7 knock-in mouse, expressing a humanized D4R with the long intracellular 

domain of the human D4.7R.9 D4.7 or the humanized D4R demonstrated a pronounced gain of 

function when respectively compared with D4.4 or the wild-type (WT) mouse D4R,8,9 which 

expresses a D4R with a shorter third intracellular loop comparable to the human D4.2 receptor.10 

In the brain, D4R is expressed in the prefrontal cortex, particularly in the pyramidal 

glutamatergic neuron, where D4R exerts a significant inhibitory control at the somatodendritic 

as well as at its striatal projections.8-10 Electrophysiological recording in cortical slices from DRD4 

knockout mice, showed an increased ability of a D4R agonist to suppress glutamatergic 

excitatory network bursts upon viral infection with human D4.7 as compared with D4.4 receptor 

cDNA.8 D4.7 knock-in mouse showed a blunting of methamphetamine-induced cortical 

activation and optogenetically- and methamphetamine-induced corticostriatal glutamate 

release.9 

The question now remains about the biochemical mechanism responsible for the gain 

of function of D4.7R. In fact, initial and still canonically cited studies seemed to indicate that the 

D4.7R signals with less efficiency than D4.4R.11 Nevertheless, in a recent study using functional 

bioluminescence resonance energy transfer (BRET) experiments with biosensors fused to the 

different Gi/o subtypes and to the G subunit, we could not find significant differences in the 

ability of D4.4R or D4.7R to promote dopamine-induced G protein activation.12 It has also been 

suggested that the potential functional and pharmacological differences between D4.4R and 

D4.7R signaling become evident upon heteromerization with the dopamine D2 receptor (D2R). 

In fact, D4R and the short isoform of the D2R (D2SR) are co-localized in striatal glutamatergic 

terminals and found to contribute to the inhibitory control of glutamate release exerted by 

dopamine and dopamine receptor agonists.10,13 Two separate studies, based on BRET and co-

immunoprecipitation techniques in transfected mammalian cells suggested that D4.7R 

establishes weaker intermolecular and functional interactions with D2R (both isoforms, D2LR 

and D2SR) than D4.4R.10,14 At the functional level, a significantly stronger MAPK activation could 

only be observed upon simultaneous activation of D2R and D4.4R,10,14 which seems opposite to 

what it would expected from a gain of function of D4.7R over D4.4R. In the present study, we 

readdressed the question of functional differences of D4.4R and D4.7R forming homomers or 

heteromers with D2SR, using a functional BRET assay15 that allows the measurement of ligand-
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induced changes in the interaction between G protein coupled receptors (GPCRs) forming 

homomers or heteromers with their cognate G protein.  

 

RESULTS AND DISCUSSION 

Ligand-induced changes in the interaction between Gi protein and D4.4R, D4.7R or D2SR 

homomers. In complemented donor acceptor resonance energy transfer (CODA-RET) assay, two 

complementary halves of RLuc (nRLuc and cRLuc) are separately fused to two different receptor 

molecules putatively able to oligomerize and a YFP is fused to a G protein subunit, in this case 

Gαi1.15 Ligand-induced changes in CODA-RET measurements imply, first, a successful 

complementation of Rluc and, therefore, oligomerization of the corresponding GPCR units. 

Second, although CODA-RET does not provide an estimate of the degree of oligomerization 

(affinity, stoichiometry), it represents the reading of a specific signaling through the GPCR homo- 

or heterodimer.15,16 Concentration-response curves of ligand-induced changes in BRET were 

then determined with CODA-RET experiments. The ligands used were dopamine and the 

clinically used D2-like receptor agonists pramipexole and ropinirole. For each group of 

experiments with the same transfected cDNA constructs, EC50 and Emax values were calculated 

from concentration-response curves of BRET values expressed as the percentage of the maximal 

effect of dopamine, considering dopamine as full agonist. Functional D4.4R-D4.4R and D4.7R-

D4.7R homodimers could be demonstrated with CODA-RET, and the pattern of response to the 

different ligands was very similar, with similar EC50 values and Emax values (Figure 1 and Table 1). 

Pramipexole and ropinirole were partial agonists as compared to dopamine and the efficacy of 

pramipexole was mostly undetectable for the D4.4R-D4.4R homomer (Figure 1 and Table 1). On 

the other hand, pramipexole behaved as a full agonist on the D2R-D2R homodimer, while 

ropinirole was a partial agonist with very low efficacy. With dopamine, the qualitative results 

were the same as those obtained in a previous study.12 In both assays, dopamine showed a very 

similar potency for D4.4R and D4.7R and a significantly lower potency for D2SR, which would 

agree with the general hypothesis that homodimers represent a main functional population of 

GPCR.17   

Ligand-induced changes in the interaction between Gi protein and D4.4R-D2S or D4.7R-D2SR 

heteromers. Next, we addressed the question about D4R-D2S heteromerization. CODA-RET 

experiments demonstrated that both D4.4R-nRLuc and D4.7R-nRLuc can form functional 

heteromers with D2SR-cRLuc and, importantly, with significantly different pharmacological 

properties (Figures 2A and 2B and Table 2). First, compared with D2SR-D2SR homomers, 

dopamine showed a small but significant increase in potency for D4.7R-D2SR, but not for D4.4R-

D2SR heteromers (Figures 2A and 2B and Table 2). Second, pramipexole showed full efficacy for 

D4.7R-D2SR heteromers and significanty higher efficacy than dopamine for the D4.4R-D2SR 

heteromers. On the other hand, ropinirole was a partial agonist at D4.7R-D2SR heteromers and 

it lost its efficacy at D4.4R-D2SR heteromers (Figures 2A and 2B). To our knowledge, these results 

provide the first clear demonstration of pharmacodynamic differences of ligands that depend 

on the products of the most common DRD4 polymorphic variants, which are disclosed by 

heteromerization with D2SR.    

In addition, a very differential response of D4.4R-D2SR and D4.7R-D2SR heteromers to 

raclopride (D2-like receptor antagonist with very low affinity for D4R) and the selective D4R 
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antagonist L745-870 was observed. Raclopride, at a concentration (100 nM) that completely 

antagonized dopamine-mediated G protein activation by D2SR-D2SR homomers and was 

completely inefficient at D4.7R-D4.7R homomers (Figures 3A and 3B), completely antagonized 

the effect of dopamine at D4.4R-D2SR and D4.7R-D2SR heteromers (Figures 3C and 3D). On the 

other hand, L745-870, at a concentration (1 µM) that completely antagonized dopamine-

mediated G protein activation by D4.7R-D4.7R homomers and was mostly inefficient at D2SR-

D2SR homomers (Figures 3A and 3B), produced a significant but partial counteraction of the 

effect of dopamine at D4.4R-D2SR, but a small but consistent increase at D4.7R-D2SR (Figures 

3C and 3D). This increase could nevertheless be artefactual, since basal levels before 

normalization were slightly lower for D4.7R-D2SR heteromers in the presence of L745-870. We 

therefore investigated the possibility that L745-870 could selectively act as an inverse agonist 

on the D4.7R-D2SR heteromer, indicating the existence of a specific constitutive activity of the 

D4.7R-D2SR heteromer. In fact, L745-870 induced a significant concentration-dependent 

decrease in BRET values in CODA-RET experiments in cells transfected with D4.7R-nRLuc and 

D2SR-cRLuc, but not in cells transfected with D4.4R-nRLuc and D2SR-cRLuc, D4.4R-nRLuc and 

D4.4R-cRLuc or D4.7R-nRLuc and D4.7R-cRLuc (Figures 4A and 4B). However, concentrations of 

L745-870 higher than 1 µM were necessary to clearly disclose the constitutive activity of the 

D4.7R-D2SR heteromer (Figure 4A). Since at these concentrations L745-870 also binds to D2R,18  

the results suggests that D2SR provides the constitutive activity in the D4.7R-D2S heteromer. In 

fact, the effect of L745-870 was counteracted by raclopride, which by itself did not show any 

inverse agonistic activity (Figure 5A), as previously described in mammalian cell lines selectively 

expressing D2SR. Finally, and also at micromolar concentrations, L745-870 behaved as an 

inverse agonist in the D2SR-D2SR homomer, although with less efficacy than in the D4.7R-D2SR 

heteromer (Figure 5B). As shown in Figure 6, the maximal efficacy of L745-870 to produce 

inverse agonism in D2SR-D2SR homomers was significantly increased in the D4.7R-D2SR 

heteromers and significantly decreased in the D4.4R-D2SR (Figure 6).  

In summary, the experiments with antagonists provide an additional demonstration that both 

D4.4R and D4.7R form functional heteromers with D2SR with significantly different functional 

properties. D2SR determines dopamine-mediated Gi-dependent signaling in both heteromers. 

Within the D4.4R-D2SR heteromer, D4.4R participates in the dopamine-mediated Gi-dependent 

activation of D4.4R-D2SR and decreases the constitutive activity of D2SR. Witin the D4.7R-D2SR 

heteromer, D4.7R confers an increase in the potency of dopamine and a significant increase in 

the constitutive activity of the D2SR.  

 

CONCLUSIONS 

In the present study, using functional BRET assays in mammalian transfected cells, we could 

demonstrate significant functional and pharmacological differences between D4.4R and D4.7R 

only evident upon heteromerization with D2SR, providing a plausible mechanism for the gain of 

function of D4.7R versus D4.4R recently demonstrated in vitro, in mouse cortical slices with viral 

infection of human D4.4R and D4.7R8, and in vivo, in optogenetic-microdialysis experiments in 

the D4.7R knock-in mouse9. The most dramatic finding was the significant increase in the 

constitutive activity that D4.7R confers to the D2SR upon heteromerization. To our knowledge, 

this is the first reported example of changes in the constitutive activity of a GPCR upon 
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heteromerization, which adds to the list of new properties associated with GPCR 

oligomerization.17 More significant is the fact that this new property was specifically associated 

to the product of a DRD4 polymorphism, conferring a gain of function to the D4.7R versus the 

D4.4R variant. Previous studies already suggested that functional and pharmacological 

differences between D4.4R and D4.7R could depend on heteromerization with D2R.10,14 

However, those studies found a stronger agonist-mediated MAPK signaling in cells co-

transfected with D4.4R and D2R versus D4.7R and D2R, suggesting the opposite, a loss of 

function of D4.7R upon heteromerization with D2R and a reduced ability of D4.7R to 

heteromerize with D2R.10,14 Nevertheless, the results of those studies were just correlative and 

did not unequivocally establish that the interactions at the MAPK signaling depended on 

receptor heteromerization. On the other hand, in the present study, with the use of the CODA-

RET technique, we could demonstrate the existence of functional D4.7R-D2SR heteromers in 

transfected cells and also dissect the pharmacological profile of D4.4R and D4.7 homodimers 

and heteromers. The fact that a gain of function of D4.7R versus D4.4R could only be 

demonstrated upon heteromerization with D2SR, strongly suggests that D4R-D2R heteromers 

represent a significant receptor population that modulates the function of cortico-striatal 

glutamatergic neurons.  

 Another significant finding, with possible translational implications, was the differential 

profile of the clinically used dopamine agonists pramipexole and ropinirole, with their more 

pronounced relative effect in the D4.4R-D2SR and D4.7R-D2SR, respectively. We have in fact 

recently suggested that the therapeutic effect of both compounds in Restless Legs Syndrome is 

most probably related to their ability to activate D4R and D2SR localized in cortico-striatal 

glutamatergic terminals.13 That being the case, we should expect different clinical efficacies of 

pramipexole and ropinirole depending on the predominant expression of the products of DRD4 

polymorphisms.  

 

METHODS 

DNA constructs and transfection. Sequences encoding amino acid residues 1-229 and 230-311 

of RLuc protein were subcloned in the pcDNA3.1 vector to obtain complementary 

hemitruncated RLuc proteins (nRLuc and cRLuc, respectively). D4.4R and D4.7R human cDNAs 

cloned into pcDNA3.1 were amplified without their stop codons using sense and antisense 

primers harboring unique NheI and XhoI restriction sites. The amplified fragment corresponding 

to D4.4R or D4.7R was subcloned to be in-frame with restriction sites of pcDNA3.1-nRLuc and 

pcDNA3.1-cRLuc to yield plasmids that express D4.4R or D4.7R fused to the corresponding 

hemitruncated RLuc on the C-terminal end of the receptor (D4.4R-nRLuc, D4.4R-cRLuc, D4.7R-

nRLuc and D4.7R-cRLuc). The following human G protein constructs were used: Gαi1-YFP (with 

the YFP derivative mVenus inserted at position 91), untagged Gβ1, and untagged G2. All the 

constructs were confirmed by sequencing analysis. Plasmid cDNAs were transfected into human 

embryonic kidney (HEK-293T) cells using polyethylenimine (PEI, Sigma-Aldrich, St. Louis, MO) 

with a 1 to 2 ratio in 10-cm dishes. Cells were maintained in culture with Dulbecco’s modified 

Eagle’s medium supplemented with 10% fetal bovine serum. The amount and proportion of 

transfected receptor-nRLuc, receptor-cRLuc, Gα1-YFP, Gβ1 and G2 were optimized by testing 

various proportions of plasmids encoding the different sensors. Experiments were performed 
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~48 hours post-transfection. D2SR-nRLuc, D2SR-cRLuc and Gαi1-YFP were kindly provided by J. 

A. Javitch (Columbia University, New York). 

Functional Bioluminescence Resonance Energy Transfer (BRET) assays. Cells were harvested, 

washed and resuspended in phosphate-buffered saline (PBS). Approximately 200,000 cells/well 

were distributed in 96-well plates, and 5 µM coelenterazine H (substrate for BRET1) was added 

to each well. One minute after addition of coelenterazine, different concentrations of dopamine, 

pramipexole or ropinirole (or L745-870, when analyzing its possible inverse agonism) were 

added to each well. In the experiments testing for the effect of antagonists of dopamine, L745-

870 or raclopride were added 12 min before the addition of dopamine. Fluorescence of the 

acceptor was quantified (excitation at 500 nm and emission at 540 nm for 1 s recording) in 

Mithras LB940 (Berthold technologies, Bad Wildbad Germany) to confirm the constant 

expression level across experiments. In parallel, BRET signal from the same batch of cells was 

determined as the ratio of the light emitted by YFP (mVenus variant; 510-540 nm) over RLuc 

(485 nm). Results were calculated for the BRET change (BRET ratio for the corresponding drug 

minus BRET ratio in the absence of the drug) 10 minutes after addition of the agonists (or L745-

870, when indicated). Data manipulations and statistical analyses (described in the Table 

legends) were performed with Prism 4 (GraphPad Software).  
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FIGURES 

 

Figure 1. Ligand-induced changes in the interaction between Gi protein and D4.4R-D4.4R, 

D4.7R-D4.7R or D2SR-D2SR homomers. On top, scheme of the constructs used for the CODA-

RET experiments, where two complementary halves of RLuc (nRLuc and cRLuc, L1 and L2, 

respectively) are fused to the corresponding receptors and YFP (mVenus variant) is fused to the 

G⍺i1 subunit. (A-C) Concentration-response experiments of changes in BRET ratio induced by 

dopamine, pramipexole or ropinirole, determined by changes in the interaction of D4.4R-D4.4R 

homomers (A), D4.7R-D4.7R homomers (B) or D2SR-D2SR homomers (C) with G⍺i1 protein. HEK-

293T cells were transiently transfected with D4.4R-nRLuc and D4.4R-cRLuc (A), D4.7R-nRLuc and 

D4.7R-cRLuc (B) or D2SR-nRLuc and D2SR-cRLuc (C), the G protein subunits G⍺i1-YFP and 

unfused 1 and 2. Cells were treated with coelenterazine H followed by increasing 

concentrations of the ligand. After 10 minutes, BRET between the corresponding complemented 

RLuc receptor and G⍺i1-YFP was measured as described in the Methods. BRET values in the 

absence of ligands were subtracted from the BRET values for each ligand concentration. BRET 

values expressed as the percentage of the maximal effect of dopamine (%of DA), considering 

dopamine as full agonist. Data were fit by nonlinear regression to a sigmoidal concentration-

response curve against the agonist concentration and are shown as a percentage of the maximal 

dopamine effect. Data represent the mean ± S.E.M. of 6-9 experiments performed in triplicate 

(see Table 1 for EC50 and Emax values and statistical comparisons).  
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Figure 2.  Ligand-induced changes in the interaction between Gi protein and D4.4R-D2SR or 

D4.7R-D2SR heteromers. (A-B) Concentration-response experiments of changes in BRET ratio 

induced by dopamine, pramipexole or ropinirole determined by changes in the interaction of 

D4.4R-D2SR or D4.7R-D2SR heteromers with G⍺i1 protein. HEK-293T cells were transiently 

transfected with D4.4R-nRLuc and D2SR-cRLuc (A) or D4.7R-nRLuc and D2SR-cRLuc (B), the G 

protein subunits G⍺i1-YFP and unfused 1 and 2. Cells were treated with coelenterazine H 

followed by increasing concentrations of the ligand. After 10 minutes, BRET between the 

corresponding complemented RLuc receptor and G⍺i1-YFP was measured as described in the 

Methods. BRET values in the absence of ligands were subtracted from the BRET values for each 

ligand concentration. BRET values expressed as the percentage of the maximal effect of 

dopamine (%of DA), considering dopamine as full agonist. Data were fit by nonlinear regression 

to a sigmoidal concentration-response curve against the agonist concentration and are shown 

as a percentage of the maximal dopamine effect. Data represent the mean ± S.E.M. of 5-10 

experiments performed in triplicate (see Table 2 for EC50 and Emax values and statistical 

comparisons). 
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Figure 3. Effect of L745-870 and raclopride on dopamine-induced changes in the interaction 

between Gi protein and D2SR-D2SR or D4.7R-D4.7R homomers and between Gi protein and 

D4.4R-D2SR or D4.7R-D2SR heteromers. (A-D) Concentration-response experiments of 

dopamine-induced changes in BRET ratio that measure changes in the interaction of D2SR-D2SR 

homomers (A), D4.7R-D4.7R homomers (B), D4.4R-D2SR heteromers (C) or D4.7R-D2SR 

heteromers (D) with G⍺i1 protein. HEK-293T cells were transiently transfected with D2SR-nRLuc 

and D2SR-cRLuc (A), D4.7R-nRLuc and D4.7R-cRLuc (B), D4.4R-nRLuc and D2SR-cRLuc (C) or 

D4.7R-nRLuc and D2SR-cRLuc (D), the G protein subunits G⍺i1-YFP and unfused 1 and 2. Cells 

were treated with coelenterazine H followed by increasing concentrations of dopamine alone 

or with the presence of the selective D4R antagonist L745-870 or raclopride, a D2-like receptor 

antagonist with very low affinity for D4R. After 10 minutes, BRET between the corresponding 

complemented RLuc receptor and G⍺i1-YFP was measured as described in the Methods. BRET 

values in the absence of ligands were subtracted from the BRET values for each ligand 

concentration. BRET values expressed as the percentage of the maximal effect of dopamine (%of 

DA), considering dopamine as full agonist. Data were fit by nonlinear regression to a sigmoidal 

concentration-response curve against the agonist concentration and are shown as a percentage 

of the maximal dopamine effect. Data represent the mean ± S.E.M. of 5-13 experiments 

performed in triplicate. 
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Figure 4. Inverse agonism of L745-870 on D4.7R-D2SR heteromers. (A-B) Concentration-

response experiments of the selective D4R antagonist L745-870-induced changes in BRET ratio 

that measure changes in the interactions of D4.4R-D2SR or D4.7R-D2SR heteromers (A) and 

D2SR-D2SR or D4.7R-D4.7R homomers (B) with the G⍺i1 protein. HEK-293T cells were transiently 

transfected with D4.4R-RLuc or D4.7R-RLuc (A), D4.4R-nRLuc and D4.4R-cRLuc or D4.7R-nRLuc 

and D4.7R-cRLuc (B), the G protein subunits G⍺i1-YFP and unfused 1 and 2. Cells were treated 

with coelenterazine H followed by increasing concentrations of L745-870. After 10 minutes, 

BRET between the corresponding RLuc- or complemented RLuc receptor and G⍺i1-YFP was 

measured as described in the Methods. BRET values in the absence of ligands were subtracted 

from the BRET values for each ligand concentration. BRET values expressed as the percentage 

of the maximal effect of dopamine (%of DA), considering dopamine as full agonist. Data were fit 

by nonlinear regression to a sigmoidal concentration-response curve against the agonist 

concentration and are shown as a percentage of the maximal dopamine effect. Data represent 

the mean ± S.E.M. of 4-8 experiments performed in triplicate. 
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Figure 5. Constitutive activity of D2SR-D2SR homomers and D4.7R-D2SR heteromers. (A-B) 

Concentration-response experiments of changes in BRET ratio induced by dopamine, the 

selective D4R antagonist L745-870 or raclopride which measure changes in the interactions of 

D4.7R-D2SR heteromers (A) or D2SR-D2SR homomers (B) with the G⍺i1 protein. HEK-293T cells 

were transiently transfected with or D4.7R-nRLuc and D2SR-cRLuc (A) or D2SR-nRLuc and D2SR-

cRLuc (B), the G protein subunits G⍺i1-YFP and unfused 1 and 2. Cells were treated with 

coelenterazine H followed by increasing concentrations of L745-870. After 10 minutes, BRET 

between the corresponding RLuc- or complemented RLuc receptor and G⍺i1-YFP was measured 

as described in the Methods. BRET values in the absence of ligands were subtracted from the 

BRET values for each ligand concentration. BRET values expressed as the percentage of the 

maximal effect of dopamine (%of DA), considering dopamine as full agonist. Data were fit by 

nonlinear regression to a sigmoidal concentration-response curve against the agonist 

concentration and are shown as a percentage of the maximal dopamine effect. Data represent 

the mean ± S.E.M. of 4-8 experiments performed in triplicate. 

 

Figure 6. Differences between the constitutive activity of D2SR-D2SR homomers, D4.7R-D2SR 

heteromers and D4.4R-D2SR heteromers. Statistical comparisons of the maximal efficacy of the 

inverse agonistic effect of L745-870 obtained in cells expressing D2SR-D2SR homomers (results 

from Figure 5B), D4.7R-D2SR heteromers (results from Figure 5A) and D4.4R-D2SR heteromers 

(results from Figure 4A). One way ANOVA followed by Tukey’s multiple comparison test: * and 

**: p<0.05 and p<0.01 as compared to D2SR-D2SR; ####: p<0.0001 as compared to D4.7R-D2SR.  
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TABLES 

Table 1. Ligand-induced changes in the interaction between Gi protein and D4.4R-D4.4R, 

D4.7R-D4.7R or D2SR-D2SR homomers 

  EC50 (nM) Emax (%) 

D4.4R-D4.4R Dopamine 240 ± 60 ** 100 ± 10 

 Pramipexole NA NA 

 Ropinirole 400 ± 200 ** 53 ± 4 # 

D4.7R-D4.7R Dopamine 130 ± 30 ** 100 ± 5 

 Pramipexole 500 ± 350 65 ± 5 ## 

 Ropinirole 1300 ± 300 73 ± 8 

D2SR-D2SR Dopamine 1600 ± 200 100 ± 4 

 Pramipexole 1200 ± 300 109 ± 2 

 Ropinirole 2200 ± 500 28 ± 3 ### 

EC50 and Emax (% of dopamine) values (mean ± SEM) from concentration-response experiments of changes 
in BRET ratio induced by dopamine, pramipexole or ropinirole mediated by D4.4R-D4.4R, D4.7R-D4.7R or 
D2SR-D2SR homomers in HEK-293T cells transiently expressing D4.4R-nRLuc and D4.4R-cRLuc, D4.7R-

nRLuc and D4.7R-cRLuc or D2SR-nRLuc and D2SR-cRLuc, the G protein subunits G⍺i1-YFP and unfused 1 

and 2. Statistical differences between the EC
50

 value of each ligand for D4.4R-D4.4R or D4.7R-D4.7R 

homomers as compared to the EC
50

 value of the same ligand for D2SR-D2SR were calculated by one-way 

ANOVA followed by Dunnett post-hoc test; **: p<0.01, respectively. Statistical differences between the 
E

max 
value of each ligand for each receptor homomer as compared to the E

max 
values of dopamine for the 

same receptor homomer were calculated by one-way ANOVA followed by Dunnett post-hoc test; # , ## 
and ###: p<0.05, p<0.01 and p<0.001 respectively. 

Table 2: Ligand-induced changes in the interaction between Gi protein and D4.4R-D2SR or 

D4.7R-D2SR heteromers 

  EC50 (nM) Emax (%) 

D4.4R-D2SR Dopamine 1000 ± 200 100 ± 6 

 Pramipexole 1100 ± 200 125 ± 5 # 

 Ropinirole NA NA 

D4.7R-D2SR Dopamine 700 ± 100 * 100 ± 4 

 Pramipexole 625 ± 196 94 ± 5 

 Ropinirole 600 ± 150 ** 49 ± 5 ## 

EC50 and Emax (% of dopamine) values (mean ± SEM) from concentration-response experiments of changes 
in BRET ratio induced by dopamine, pramipexole or ropinirole mediated by D4.4R-D2SR or D4.7R-D2SR 
heteromers in HEK-293T cells transiently expressing D4.4R-nRLuc and D2SR-cRLuc or D4.7R-nRLuc and 

D2SR-cRLuc, the G protein subunits G⍺i1-YFP and unfused 1 and 2. Statistical differences between the 
EC

50
 value of each ligand for D4.4R-D2SR or D4.7R-D2SR heteromers as compared to the EC

50
 value of the 

same ligand for the D2SR-D2SR homomer (Table 1) were calculated by one-way ANOVA followed by 
Dunnett post-hoc test; * and **:  p<0.05 and p<0.01, respectively. Statistical differences between the E

max 

value of each ligand for each receptor heteromer as compared to the E
max 

values of dopamine for the 

same receptor heteromer were calculated by one-way ANOVA followed by Dunnett post-hoc test; # and 
##: p<0.05 and p<0.01, respectively.  
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Abstract:  

Most medications used to treat attention deficit hyperactivity disorder (ADHD) are directed to 

modulate NE and DA neurotransmission in the brain. Genetic studies have indicated linkage of 

vulnerability for developing ADHD and substance use disorders (SUD) and polymorphisms of 

α2AR-adrenoceptors (α2AR) and dopamine D4 receptors (D4R). There are evidences 

demonstrating that α2ARs are involved the correct function of working memory and behavioral 

inhibition and in the protection against distractibility at the level of prefrontal cortex (PFC). α2ARs 

are also involved in the basal ganglia motor control inhibiting DA release from the substantia 

nigra. D4Rs have also been related to the control of glutamate release both in the PFC and in the 

basal ganglia, thus in the control of PFC excitability and in the “Go” and “NoGo” GABAergic 

striatal efferent pathways. However, very little is known and there is controversy about the 

molecular mechanisms and functional significance of the polymorphisms of the human DRD4 

gene. Here, using a combination of approaches including biophysical, pharmacological, 

functional and immunochemical assays in transfected cells and in cortex and striatum brain 

slices, we investigated the possibility that D4R might modify adrenergic receptor function 

through direct receptor-receptor interaction. We report, to our knowledge, the first heteromer 

between D4R and α2AR, which also shows functional differences between both products of D4R 

polymorphic variants that are only evident upon heteromerization with α2AR, as reported for 

D4R-D2R heteromers. Concretely, there is a negative cross-talk and a cross-antagonism within 

the α2AR-D4R heteromer only evident with D4.4R but not with D4.7R variant. These differences 

may be responsible for the pathophysiology of ADHD disorder and can give new clues for the 

rational design of α2AR- D4R targeted drugs for the treatment of ADHD and SUD.    
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Introduction 

The biogenic amines dopamine (DA) and norepinephrine (NE) constitute a class of conventional 

neurotransmitters and hormones that occupy key positions in the regulation of physiological 

processes and in the development of neurological, psychiatric, endocrine and cardiovascular 

diseases (Eisenhofer et al. 2004; Kreusser et al., 2017). The prefrontal cortex (PFC) is the most 

recently evolved region of the brain, subserving our highest order cognitive abilities, controlling 

working memory, attention, and behavioral inhibition and planning (Arnsten et al., 1988; Jäkäla 

et al., 1999). There is also an old but consistent literature demonstrating that PFC lesions cause 

locomotor hyperactivity in monkeys (Kennard et al., 1941; French, 1959; Gross, 1963; Gross and 

Weiskrantz, 1964).  

 The PFC network activity is fragile, and extremely sensitive to the neurochemical 

environment, in particular to the catecholamine levels (Arnsten, 2007). Thus, small changes in 

the arousal systems can markedly alter its connectivity (Arnsten et al., 2010). There are 

evidences of reduced DA and NE inputs to the PFC in adults with attention deficit hyperactivity 

disorder (ADHD) (Ernst et al., 1998). ADHD is a disorder characterized by pervasive symptoms of 

inattention, impulsivity and/or hyperactivity and is a significant risk factor for developing major 

mental disorders such as substance abuse disorders (SUD) and depression (Philipsen et al., 

2008).These results, taken with several genetic studies that have indicated linkage of 

vulnerability for developing ADHD and a variety of genes related to DA (DA transporter, DA 

degrading enzyme COMT, D1 and D4 receptors) and NE (α2A-adrenoceptors and dopamine beta 

hydroxylase) (Cook et al., 1995; Gill et al., 1997; Roman et al., 2003; Park et al., 2005; Arnsten 

and Li, 2005; Belcher et al., 2014), explain why most medications used to treat ADHD modulate 

DA and NE transmission.  

 Among the α2-adrenoceptors (α2Rs), which are coupled to Gαi/o proteins, the α2AR 

subtype is the most prevalent in the PFC and is found presynaptically on noradrenergic terminals 

acting as autoreceptors inhibiting NE release. α2ARs are also found postsynaptically on PFC 

pyramidal cells (Aoki et al., 1998; Wang et al., 2007) playing a critical role in the regulation of 

the PFC-dependent cognition (MacDonald et al., 1997; Wang et al., 2007) and exerting an 

opposite effect than α1-adrenoceptors (α1Rs). Yet, a series of studies indicate that α2ARs are also 

fully functional in the striatum, where they seem to be localized mostly postsynaptically, 

preferentially in GABAergic striatal efferent neurons (Holmberg et al., 1999; Hara et al., 2010). 

 Cortical function is also regulated by the catecholamine DA acting at D4Rs in pyramidal 

neurons or in GABA interneurons that innervate pyramidal neurons (Mrzljak et al., 1996; 

Goldman-Rakic, 1998) or interneurons (Mrzljak et al., 1996; Wang et al., 2002). D4Rs are also 

involved in the modulation of corticostriatal glutamatergic transmission in the striatum, both at 

the dendritic level (PFC) and at the terminal level (NAc shell) (Maura et al., 1988, Gonzalez et al., 

2012a; Bonaventura et al., 2017). The D4R is strongly linked to neuropsychiatric disorders, such 

as ADHD and schizophrenia. Concretely, its polymorphic variant D4.7R, with a global frequency 

of 21% (Chang et al., 1996), has been suggested to be associated with numerous behavioral 

individual differences and neuropsychiatric disorders such as ADHD (La Hoste et al., 1996; Li et 

al., 2006; Gizer et al., 2009; Albrecht et al., 2014), and substance use disorders (McGeary, 2009; 

Belcher et al., 2014; Mallard et al., 2016; Bonaventura et al., 2017). So far, very little is known 
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and there is controversy about the molecular mechanisms and functional significance of the 

remarkable polymorphism of the human DRD4 gene (Jovanovic et al., 1999). There are results 

showing no differences in the ability of DA to activate the three different D4R variants 

reconstituted with purified G proteins containing Gαi1, Gαi2, or Gαi3 subunits (Kazmi et al., 2000; 

Sánchez-Soto et al., 2016), which questions the studies that have suggested D4R variant-

dependent differences in the potency of DA or NE to activate G protein [35S]GTPγS binding assays 

(Czermak et al., 2006) or to inhibit adenylyl cyclase (Asghari et al., 1995). Emerging evidence by 

electrophysiological studies in cortical slices suggests that ADHD-linked variant D4.7R induces 

more suppression of glutamatergic excitatory network bursts and less suppression of GABAergic 

inhibitory network bursts in the PFC circuitry, compared with hD4.4R variant (Zhong et al., 2016). 

This may explain the significant frontal hypoactivity detected in ADHD patients (Dickstein et al., 

2006; Fernández et al., 2009; Brown et al., 2012). In addition, Bonaventura et al. (2017) 

demonstrated that D4Rs mediate a significant role in the dopaminergic inhibitory control of 

corticostriatal neurotransmission, which was higher in D4.7R knock-in mice. A blunted 

corticostriatal transmission should affect the activity of both the “Go” and “NoGo” GABAergic 

striatal efferent pathways, decreasing their respective ability to increase the reactivity to 

reward-related stimuli and to suppress the reactivity to nonrewarded- or aversive-related 

stimuli (Bromberg-Martin et al., 2010). The outcome should be an increased “interest” for 

irrelevant stimuli and a reduced inhibition of irrelevant responses, which could be important in 

explaining the attention deficit and impulsivity of ADHD.  

 Catecholamine receptors, being GPCRs, form oligomers (homodimers and 

heterodimers) that are often essential for modulation of GPCR function (Ferré et al., 2007, 2014; 

Gomes et al., 2016). D4Rs are able to form homodimers in HEK-293T transfected cells (Borroto-

Escuela et al., 2011; Van Craenenbroeck et al., 2011). D4.4Rs but not D4.7Rs form heteromers with 

D2SRs in HEK-293T transfected cells and in striatal mice and rat slices (González et al., 2012a). 

Moreover, both variants heteromerize with D2LRs in HEK-293T transfected cells but with less 

potency in the case of D4.7R-D2LR (Borroto-Escuela 2011). In addition, it has been reported that 

D4Rs also form heteromers with the adrenergic receptors α1B and β1 in rat pineal gland and in 

CHO transfected cells (González et al., 2012b) and that α2AR can form homodimers (Small et al., 

2006) and heteromers with α2CR (Small et al., 2006) and β1R (Xu et al., 2003).  

 We hypothesize that one important role of D4Rs in both cortex and striatum can be the 

modulation of α2AR receptor function. One possibility for such a modulation could be through 

receptor heteromer formation. Here, using a combination of approaches including biophysical, 

pharmacological, functional and immunochemical assays in transfected cells and in cortex and 

striatum brain slices, we explored the possibility that D4R might modify adrenergic receptor 

function through direct receptor-receptor interaction. We report, to our knowledge, the first 

heteromer between D4R and α2AR, which also shows differences between the D4R variants. 

These differences can account for the pathogenesis of ADHD and can give new clues for novel 

heteromer-based therapeutic strategies for the treatment of ADHD.  
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Materials and Methods 

 DNA constructs  

For bimolecular fluorescence complementation experiments, human D4.4R, D4.7R, α2AR, α1AR, and 

A1R were cloned into pcDNA3.1 expressing the amino acid residues 1-155 (nYFP) and 156-238 

(cYFP) of the YFP Venus. For bimolecular luminescence complementation experiments, human 

D4.4R, D4.7R, α2AR, α1AR, and A1R were cloned into pcDNA3.1 expressing the amino acid residues 

1-229 (nRLuc) and 230-311 (cRLuc) of the RLuc8 protein. For BRET assays, D4.4R-YFP, D4.7R-YFP, 

α1AR-YFP, α2AR-RLuc8 and A1R-RLuc constructs were used. For CODA-RET assays, human Gαi1-

mVenus, untagged Gβ1, and G2, α2AR-nRLuc, α2AR-cRLuc, D4.4R-nRLuc, D4.4R-cRLuc, D4.7R-nRLuc 

and D4.7R-cRLuc were used. For binding and functional assays, α2AR-RLuc8 was used. 

 TAT-TM peptides 

A peptide derived from the HIV transactivator of transcription, HIV TAT (YGRKKRRQRRR), was 

fused to peptides with the amino acid sequences of human D4Rs transmembrane (TM) domains 

4-7 (Peptide Synthesis Facility, University Pompeu Fabra, Barcelona), to promote integration of 

the TM domains in the plasma membrane. Because HIV TAT binds to the phosphatidylinositol-

(4, 5)-bisphosphate found on the inner surface of the membrane (He et al., 2011), HIV TAT 

peptide was fused to the N-terminus of TM4 and TM6 and to the C-terminus of TM5 and TM7 

to obtain the right orientation of the inserted peptide. The amino acid sequences were: 

TAT-TM4 of D4R: RRRQRRKKRGYGSRRQLLLIGATWLLSAAVAAPVLCGL 

TM5-TAT of D4R: YVVYSSVCSFFLPCPLMLLLYWATFYGRKKRRQRRR 

TM7-TAT of D4R: LVSAVTWLGYVNSALNPVIYTVFNAYGRKKRRQRRR 

 Cell culture 

HEK-293T cells were maintained in culture with Dulbecco’s modified Eagle’s medium 

supplemented with 5% fetal bovine serum and kept in an incubator at 37°C and 5% CO2. HEK-

293T cells inducible expressing D4R variants under the control of tetracycline, were obtained 

with the Flp-In T-Rex system. These cell lines were maintained with hygromycin 50 µg/ml and 

blasticidin 15 µg/ml and the D4R variant expression was induced for 18-24h with tetracycline 

250 ng/ml.  

 BRET and bimolecular fluorescence/luminescence complementation assays 

Cells were transiently co-transfected with polyethylenimine with a constant amount of 

expression vector encoding for receptor fused to RLuc and with increasing amounts of the 

expression vector corresponding to receptor fused to YFP (0.55 µg of 2AR-RLuc and 0.2-3 µg of 

D4.4R-YFP or 0.2-3.5 µg of D4.7R-YFP or 0.2-2 µg of 1AR-YFP; 0.08 µg of A1R-RLuc and 0.2-3 µg of 

D4.4R-YFP or 0.1 µg of A1R-RLuc and 0.5-3 µg of D4.7R-YFP). Cells were harvested, washed, and 

resuspended in PBS. For determining Venus expression, 20 μg of protein were distributed in 96-

well plates (black plates with a transparent bottom) and the emission at 530 nm after the 

excitation at 500 nm with a Mithras LB940 (Berthold Technologies, Bad Wildbad, Germany) was 

quantified. Protein fluorescence expression was determined as the fluorescence of the sample 

minus the fluorescence of cells expressing the receptor fused to RLuc alone. In parallel, 

luminescence and BRET signal was determined as the ratio of the light emitted by Venus (530 
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nm) over that emitted by coelenterazine H (485 nm) 1 min after the addition of 5 μM 

coelenterazine H (Invitrogen) using a Mithras LB940. To quantify receptor-RLuc expression, 

luminescence readings were also performed after 10 min of adding coelenterazine H. The net 

BRET was defined as [(long-wavelength emission)/ (short-wavelength emission)]-cf.], where cf. 

corresponds to [(longwavelength emission)/(short-wavelength emission)] for the receptor– 

RLuc expressed alone in the same experiment. BRET is expressed as milliBRET units (mBU; net 

BRET 1000). Data were fitted to a nonlinear regression equation, assuming a single-phase 

saturation curve with GraphPad Prism software. 

 For fluorescent and luminescent complementation assays, cells were co-transfected 

with the cDNA encoding for the receptors of interest fused to the Venus or RLuc hemiproteins. 

The quantification of the receptor-reconstituted Venus expression was performed as described 

above for BRET assays. The quantification of the receptor-reconstituted RLuc expression was 

measured at 485 nm after 10 min of adding coelenterazine H. Cells expressing the receptor fused 

to one hemiprotein showed similar fluorescence or luminescence levels to non-transfected cells. 

 Radioligand binding experiments 

Radioligand binding experiments were performed in HEK-293T cells co-expressing the 2A-

RLuc8, about 0.3-0.4 pmols/mg protein, and the D4R (about 1 pmol/mg protein) and in brains of 

male and female sheep of 4-6 months old freshly obtained from the local slaughterhouse. Brain 

tissues and cell suspensions, were disrupted with a Polytron homogenizer (PTA 7 TS rotor, 

setting 3; Kinematica, Basel, Switzerland) for two 5 s-periods in 10 volumes of 50 mM Tris-HCl 

buffer, pH 7.4, containing a proteinase inhibitor cocktail (Sigma, St. Louis, MO, USA). Membranes 

were obtained by centrifugation twice at 105.000 g for 45 min at 4°C. The pellet was stored at 

−80°C, washed once more as described above and resuspended in 50 mM Tris-HCl buffer for 

immediate use. Membrane protein was quantified by the bicinchoninic acid method (Pierce 

Chemical Co., Rockford, IL, USA) using bovine serum albumin dilutions as standard.  

 Binding experiments were performed with membrane suspensions (0.2 mg of 

protein/mL) at room temperature in 50 mM Tris-HCl buffer, pH 7.4, containing 10 mM MgCl2. 

For competition-binding assays, membrane suspensions were incubated for 2 h with a constant 

free concentration of 0.9 nM of the α2R antagonist [3H]RX821002, or 0.7 nM of the D2-like 

receptor antagonist [3H]YM-09151-2 and increasing concentrations of each tested ligand. For 

α2R saturation-binding assays, membrane suspensions were incubated for 3 h at room 

temperature in 50 mM Tris-HCl buffer, pH 7.4, containing 10 mM MgCl2 with increasing 

concentrations of the α2R antagonist [3H]RX821002. Non-specific binding was determined in the 

presence of 10 µM of the non-radiolabeled antagonist RX821002.  

 In dissociation kinetic assays, membranes were pre-incubated at 12 °C in Tris·HCl buffer 

(50 mM, pH 7.4) containing 10 mM MgCl2 in the absence or presence of A-412997 (30 nM) or 

YM-09151-2 (30 nM). After 30 min, 0.9 nM of the α2R antagonist [3H]RX821002 was added for 

an additional 1-h period of radioligand association. Dissociation was initiated by the addition of 

10 μM of RX821002. At the indicated time intervals, total binding was measured as described 

below. 
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 In all cases, free and membrane-bound ligands were separated by rapid filtration of 500 

µL aliquots in a cell harvester (Brandel, Gaithersburg, MD, USA) through Whatman GF/C filters 

embedded in 0.3% polyethylenimine that were subsequently washed for 5 s with 5 mL of ice-

cold 50 mM Tris-HCl buffer. The filters were incubated with 10 mL of Ultima Gold MV scintillation 

cocktail (PerkinElmer, Boston, MA, USA) overnight at room temperature and radioactivity counts 

were determined using a Tri-Carb 2800 scintillation counter (PerkinElmer, Boston, MA, USA) 

with an efficiency of 62% (Sarrió et al., 2000). 

 Binding data analysis 

Data were analyzed according to the ‘two-state dimer model’ of Casadó et al. (2007). The model 

assumes GPCR dimers as a main functional unit and provides a more robust analysis of 

parameters obtained from saturation and competition experiments with orthosteric ligands, as 

compared with the commonly used ‘two-independent-site model’ (Casadó et al., 2007; Ferré et 

al., 2014). In competition experiments the model analyzes the interactions of the radioligand 

with a competing ligand and it provides the affinity of the competing ligand for the first protomer 

in the unoccupied dimer (KDB1), the affinity of the competing ligand for the second protomer 

when the first protomer is already occupied by the competing ligand (KDB2) or the radioligand 

(KDAB) and an index of cooperativity of the competing ligand (DCB). A positive or negative value 

of DCB implies either an increase or a decrease in affinity of KDB2 versus KDB1 and its absolute value 

provides a measure of the degree of increase or decrease in affinity. 

 Radioligand competition curves were analyzed by nonlinear regression using the 

commercial Grafit curve-fitting software (Erithacus Software, Surrey, UK), by fitting the binding 

data to the mechanistic two-state dimer receptor model, as described in detail elsewhere 

(Casadó et al., 2009). To calculate the macroscopic equilibrium dissociation constants from 

competition experiments, the following general equation must be applied:  

Abound =  
(KDA2 A +  2 A2 + 

KDA2 A B

KDAB
)  𝑅𝑇

KDA1 KDA2 +  KDA2 A + A2 + 
KDA2 A B

KDAB 
+  

KDA1 KDA2 B

 KDB1 
+ 

KDA1 KDA2 B2  

KDB1 KDB2

 

where B represents the assayed competing compound concentration.  

For an absence of cooperativity and allosteric modulation between A and B, the equation can 

be simplified due to the fact that: KDA2 = 4KDA1, KDB2 = 4KDB1 and KDAB = 2KDB1; 

Abound =  
(4 KDA1 A +  2 A2 +  A B) 𝑅𝑇

4 KDA1
2 + 4 KDA1 A +  A2 +  A B + 4 KDA1 B +  B2 

 Dissociation kinetic data were fitted to the following empirical equation: 

𝐴𝑡𝑜𝑡𝑎𝑙 𝑏𝑜𝑢𝑛𝑑 = ∑ 𝐴𝑒𝑖𝑒−𝑡𝑘𝑖

𝑛

𝑖=1

+ 𝐴𝑛𝑜𝑛𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑏𝑜𝑢𝑛𝑑 

where Aei represents the initial radioligand (the α2R antagonist [3H]RX821002) bound at 

equilibrium for each molecular specie i, t is time, and ki is the dissociation rate constants for the 

n different molecular species. For biphasic curves (or complex dissociation kinetics), n = 2. 
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 CODA-RET assays 

HEK-293T cells were co-transfected with human Gαi1-mVenus, untagged Gβ1, and G2, and the 

pair of receptors of interest fused to the corresponding RLuc8 hemiprotein using 

polyethylenimine in a 1:2 ratio in 100-cm2 cell culture plates. All experiments were performed 

approximately 48-hours after transfection. Cells were harvested, washed and resuspended in 

phosphate-buffered saline. Approximately 200,000 cells/well were distributed in 96-well plates, 

and 5 µM Coelenterazine H was added to each well. One minute after addition of coelenterazine 

H, agonists were added to each well. Antagonists were added 10 minutes before coelenterazine. 

The fluorescence of the acceptor was quantified (excitation at 500 nm and emission at 540 nm 

for 1-second recordings) in Mithras LB940 (Berthold Technologies, Bad Wildbad, Germany) to 

confirm the constant expression levels across experiments. In parallel, the BRET signal from the 

same batch of cells was determined as the ratio of the light emitted by mVenus (530 nm) over 

that emitted by RLuc (485 nm). G protein-activation was calculated as the BRET change (BRET 

ratio for the corresponding drug minus BRET ratio in the absence of the drug) observed 10 

minutes after the addition of the ligands. Emax values were expressed as the percentage of the 

effect of each ligand over the effect of NE or DA depending on the experiment. Data were fitted 

to a nonlinear regression equation, assuming a single-phase dose-response curve with GraphPad 

Prism software. The transfected amount and ratio among the receptor and heterotrimeric G 

proteins were tested for optimized dynamic range in drug-induced BRET. 

 cAMP production  

For cAMP production, homogeneous time-resolved fluorescence energy transfer (HTRF) assays 

were performed using the Lance Ultra cAMP kit (PerkinElmer, Waltham, Massachusetts, US), 

based on competitive displacement of a europium chelate-labelled cAMP tracer bound to a 

specific antibody conjugated to acceptor beads. HEK-293T cells stably expressing D4.4R or D4.7R 

were transfected with 2A-RLuc8 receptor. First of all we established the optimal cell density and 

forskolin concentration for an appropriate fluorescent signal that covered most of the dynamic 

range of cAMP standard curve. Cells (1,200 cells/well) growing in medium containing 50 μM 

zardaverine were pretreated with the antagonists or the corresponding vehicle in white 

ProxiPlate 384-well microplates (PerkinElmer) at 25°C for 15 min and stimulated with agonists 

for 15 min before adding 0.2 μM forskolin or vehicle and incubating for an additional 15-min 

period. Fluorescence at 665 nm was analyzed on a PHERAstar Flagship microplate reader 

equipped with an HTRF optical module (BMG Lab technologies, Offenburg, Germany).  
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 Dynamic mass redistribution assay 

A global cell signaling profile or DMR was measured using an EnSpire Multimode Plate Reader 

(PerkinElmer, Waltham, Massachusetts, USA). This label-free approach uses refractive 

waveguide grating optical biosensors, integrated into 384-well microplates. Changes in local 

optical density are measured in a detection zone up to 150 nm above the surface of the sensor. 

Cellular mass movements induced upon receptor activation are detected by illuminating the 

underside of the biosensor with polychromatic light and measured as changes in the wavelength 

of the reflected monochromatic light. These changes are a function of the refraction index. The 

magnitude of this wavelength shift (in picometers) is directly proportional to the amount of 

DMR. Briefly, after 24h of the HEK-D4R cells transfection with 2A-RLuc8 receptor, cells were 

resuspended and seeded at a density of 10,000 cells per well in 384-well sensor microplates in 

30 μl growing media plus hygromycin, blasticidin and tetracycline and cultured for 24 h at 37°C 

and 5% CO2, to obtain monolayers at 70%–80% confluency. Before starting the assay, cells were 

washed twice with assay buffer (DMEM supplemented with 20 mM HEPES, pH 7.15, 0.1% DMSO 

and 0.1% BSA) and incubated 2 h in 40 μl per well in the reader at 24°C. Hereafter, the sensor 

plate was scanned, and a baseline optical signature was recorded for 10 min before adding 10 

μl of the antagonist dissolved in assay buffer and recorded for 30 min. After that, 10 μl of the 

agonist was added ad recorded for 60 min. Kinetic results were analyzed using EnSpire 

Workstation Software v 4.10. 

 ERK1/2 phosphorylation assay 

HEK-293T cells stably expressing D4.4R or D4.7R were transfected with 2A-RLuc8 receptor. The 

day of the experiment, cells were starved by treating them with serum free media for 4h at 37°C. 

After that, cells were incubated with the indicated agonist for 5 minutes at 37°C. Then, cells were 

rinsed with ice-cold phosphate-buffered saline and lysed by adding 200 ml 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 mM phenylarsine oxide, 0.4 mM NaVO4, and protease inhibitor cocktail). The cellular 

debris was removed by centrifugation at 13,000 x g for 5 minutes at 4°C, and the protein was 

quantified. To determine the level of ERK1/2 phosphorylation, equivalent amounts of protein 

were separated by electrophoresis on a denaturing 10% SDS polyacrylamide gel and transferred 

onto polyvinylidene fluoride membranes. Odyssey blocking buffer (LI-COR Biosciences, Lincoln, 

NE) was then added, and the membrane was rocked for 90 minutes. The membranes were then 

probed with a mixture of a mouse anti– phospho-ERK1/2 antibody (1:2500; Sigma-Aldrich) and 

rabbit anti-ERK1/2 antibody that recognizes both phosphorylated and nonphosphorylated 

ERK1/2 (1:40,000; Sigma-Aldrich) overnight at 4°C. The 42- and 44-kDa bands corresponding to 

ERK1 and ERK2 were visualized by the addition of a mixture of IRDye 800 (anti-mouse) antibody 

(1:10,000; Sigma-Aldrich) and IRDye 680 (anti-rabbit) antibody (1:10,000; Sigma-Aldrich) for 2 

hours and scanned by the Odyssey infrared scanner (LICOR Biosciences). Band densities were 

quantified using the scanner software and exported to Excel (Microsoft, Redmond, WA). The 

level of phosphorylated ERK1/2 isoforms was normalized for differences in loading using the 

total ERK1/2 protein band intensities. 
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 Brain slices preparation 

Transgenic D4.7R mice, with a humanized mouse DRD4 gene containing seven TRs of the human 

DRD4 in the homologous region of the mouse gene, which codes for the 3IL (González et al., 

2012a), were used. Homozygous (D4.7R) and WT littermates were obtained from a breeding 

colony of D4.7R heterozygous mice (in a C57Bl/6J background) kept in the National Institute on 

Drug Abuse, Intramural Research Program (NIDA IRP) breeding facility. Animals were housed 

(four per cage) and kept on a 12-hour light/12-hour dark cycle with food and water available ad 

libitum. All animals used in the study were maintained in accordance with the guidelines of the 

National Institutes of Health (NIH) Animal Care, and the animal research conducted to perform 

this study was approved by the NIDA IRP Animal Care and Use Committee (protocols #12-BNRB-

73, #15-BNRB-73, and #12-MTMD-2). Animals were killed by cervical dislocation. Mice brains 

were rapidly removed and placed in ice-cold oxygenated (95% O2/5% CO2) Krebs-HCO3
- buffer 

(containing [in mM]: 124 NaCl, 4 KCl, 1.25 KH2PO4, 1.5 MgCl2, 1.5 CaCl2, 10 glucose, and 26 

NaHCO3, pH 7.4). The brains were sliced coronally at 4°C. Slices containing cortex or striatum 

(500 μm thick) were kept at 4°C in this Krebs-HCO3-buffer during the dissection and were 

transferred into an incubation tube containing 1 ml of ice-cold Krebs-HCO3-buffer. The 

temperature was raised to 23°C, and after 30 min the medium was replaced by 2 ml of fresh 

Krebs-HCO3-buffer (23°C). The slices were incubated under constant oxygenation (O2/CO2: 

95%/5%) at 30°C for 4–5 h in absence or presence of the TM peptides at 4 μM in an Eppendorf 

Thermomixer (5 Prime, Boulder, Colorado, USA).  

 For phospho-ERK 1/2 determination, the media was replaced by 200 μL of fresh Krebs-

HCO3-buffer and incubated for 30 min before the addition of any agent. Slices were treated or 

not with the indicated ligand for the indicated time (5 min). After the indicated incubation 

period, the solution was discarded, and slices were frozen on dry ice, lysed by the addition of 

500 μL of ice-cold lysis buffer and treated as described for cells. 

 In situ PLAs in brain tissue 

For proximity ligation assays, mouse brain slices were fixed by immersion with 4% 

paraformaldehyde solution for 1 h at 4°C. Samples were then washed in 50 mM Tris-HCl, 0.9% 

NaCl pH 7.8 buffer (TBS), cryopreserved in a 30% sucrose solution for 48 h at 4°C, and stored at 

-20°C until sectioning. 20 μm-thick slices were cut coronally on a freezing cryostat (Leica Jung 

CM-3000), mounted on slide glass and frozen at -20°C until use. To perform the PLA, slices were 

thawed at 4°C, washed in TBS, permeabilized with TBS containing 0.01% Triton X-100 for 10 min, 

and successively washed with TBS. Heteromers were detected using the Duolink II in situ PLA 

detection Kit (OLink; Bioscience, Uppsala, Sweden) and following the instructions of the supplier. 

To detect α2AR-D4R heteromers, a mixture of equal amounts of rabbit anti-α2AR antibody 

(ab92650) (Thermo Scientific, Fremont, California) and goat anti-D4R (sc-1439) (Santa Cruz 

Biotechnology, Santa Cruz, California) antibody were used. Samples were further incubated with 

anti-rabbit plus and anti-goat minus PLA probes. Slices were mounted using the mounting 

medium with DAPI and observed in a Leica SP2 confocal microscope (Leica Microsystems, 

Mannheim, Germany) equipped with an apochromatic 63X oil-immersion objective (N.A. 1.4), 

and a 405 nm and a 561 nm laser line. For each field of view, a stack of two channels (one per 

staining) and 9 to 15 Z stacks with a step size of 1 μm were acquired. Images were opened and 
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processed with Image J confocal. After image processing, the red channel was depicted in green 

color to facilitate detection on the blue-stained nucleus and to maintain the color intensity 

constant for all images. In tissue, a quantification of cells containing one or more red spots 

versus total cells (blue nucleus) was determined considering a total of 1,500–3,000 cells from 4–

12 different fields within each region from three different animals. The ImageJ confocal program 

using the Fiji package (https://fiji.sc/) was used. Nuclei and red spots were counted on the 

maximum projections of each image stack. After getting the projection, each channel was 

processed individually. The nuclei were segmented by filtering with a median filter, subtracting 

the background, enhancing the contrast with the contrast limited adaptive histogram 

equalization (CLAHE) plug-in, and finally applying a threshold to obtain the binary image and the 

regions of interest (ROIs) around each nucleus. Red spot images were also filtered and 

thresholded to obtain the binary images. Red spots were counted in each of the ROIs obtained 

in the nuclei images. 

 Statistical analysis 

In binding assays, goodness of fit was tested according to reduced chi-squared value given by 

the regression program. The test of significance for two different model population variances 

was based upon the F-distribution. Using this F-test, a probability greater than 95% (p < 0.05) 

was considered the criterion to select a more complex model (cooperativity) over the simplest 

one (non-cooperativity). In all cases, a probability of less than 70% (p > 0.30) resulted when one 

model was not significantly better than the other. In all cases, results are given as parameter 

values ± SEM and statistical differences were analyzed with GraphPad Prism 4. 

Results 

D4.4R and D4.7R form heteromers with α2AR in transfected mammalian cells 

First, we analyzed the ability of D4.4R and D4.7R to form heteromers with α2AR in vitro by 

bioluminescence resonance energy transfer (BRET). These experiments were performed in HEK-

293T cells co-transfected with the cDNA corresponding to 2AR-RLuc and increasing amounts of 

D4.4R-YFP or D4.7R-YFP cDNA. The BRET saturation curve obtained was hyperbolic, reaching an 

asymptote at the highest concentrations of the YFP fusion construct used, thus indicating a 

specific interaction between both fusion proteins (Fig. 1A and 1B). The BRETmax for the pair α2AR-

D4.4R was 95 ± 8. A substantially lower BRETmax signal (33 ± 2 mBU) was obtained with α2AR-D4.7R. 

The BRET50 values were 8 ± 2 for α2AR-D4.4R and 56 ± 13 for α2AR-D4.7R. The specificity of the D4Rs 

and α2AR to form heteromers was confirmed by the nonspecific (non-saturable) BRET signal 

obtained when cells were cotransfected with the cDNA corresponding to α2AR-Rluc and 

increasing amounts of the cDNA corresponding to the α1AR-YFP (Fig. 1C) or with the cDNA 

corresponding to A1-Rluc and increasing amounts of the cDNA corresponding to the D4-YFP 

receptors (Fig. 1D), as negative controls. 
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Figure 1. BRET saturation experiments were performed using HEK-293T cells 48 h post-transfection with 0.55 µg of 

cDNA corresponding to 2A-RLuc and increasing concentrations of the cDNA encoding for (A) D4.4-YFP (0.2-3 µg), (B) 

D4.7-YFP (0.2-3.5 µg) (C) 1A-YFP (0.2-2 µg) (D) 0.1 µg of A1-RLuc and increasing concentrations of the cDNA of D4.7-
YFP (0.5-3 µg). Both fluorescence and luminescence of each sample were measured before every experiment to 
confirm similar donor expression (approximately 150,000-200,000 bioluminescence units) while monitoring the 
increase in acceptor expression (5,000-70,000 fluorescence units). The relative amount of BRET is given as a function 
of 100 the ratio between the fluorescence of the acceptor (YFP) and the luciferase activity of the donor (Rluc). BRET 
is expressed as mili BRET units (mBU = net BRETx 1000) and is means ± SEM. of three to eight different experiments. 

 Further support for heteromer and also for homodimer formation was obtained from 

bimolecular luminescence complementation (BiLC) assays in transfected HEK-293 cells showed 

in Fig. 2A, where luminescence only appears after the correct folding of the two RLuc8 

hemiproteins. This occurs when two receptors fused to hemi-RLuc8 proteins (cRLuc or nRLuc) 

come within proximity. Luminescence was detected in HEK-293T cells transfected with different 

amounts of cDNA corresponding to D4R-nRLuc and D4R-cRLuc or α2AR-nRLuc and α2AR-cRLuc for 

the homodimer detection and α2AR-nRLuc and D4R-cRLuc or α2AR-cRLuc and D4R-nRLuc for the 

heteromer detection. All three receptors formed homodimers and α2AR heteromerized with 

both D4R variants causing the RLuc8 protein reconstitution. This was not the case for α2AR-nRLuc 

and α1AR-cRLuc, α2AR-cRLuc and α1AR-nRLuc and adenosine A1R-nRLuc and D4R-cRLuc, which 

supports the specificity of those interactions. In addition, we also performed bimolecular 

fluorescence complementation (BiFC) assays showed in Fig. 2B, where fluorescence only 

appears after the correct folding of two mVenus hemiproteins. As in BiLC assays, we obtained 

an mVenus reconstitution for α2AR and D4R homodimers and heteromers but not for α1AR-α2AR 

nor for D4R-A1R. These results are according with those obtained in BRET assays.  
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Figure 2. α2AR and D4R homodimers and heteromers. Luminescence (A) and fluorescence (B) due to 
complementation [in arbitrary units (AU)] of RLuc and YFP mVenus was determined in HEK-293 cells coexpressing 
α2AR-nRLuc and α2AR-cRLuc, D4.4R-nRLuc and D4.4R-cRLuc, D4.7R-nRLuc and D4.7R-cRLuc, α2AR-nRLuc and D4.4R-cRLuc, 
α2AR-nRLuc and D4.7R-cRLuc, α2AR-cRLuc and D4.4R-nRLuc, α2AR-cRLuc and D4.7R-nRLuc, α2AR-nVenus and α2AR-cVenus, 
D4.4R-nVenus and D4.4R-cVenus, D4.7R-nVenus and D4.7R-cVenus, α2AR-nVenus and D4.4R-cVenus or α2AR-nVenus and 
D4.7R-cVenus. Negative controls were obtained with the pairs: α2AR-nRLuc and α1AR-cRLuc, α2AR-nRLuc and α1AR-cRLuc, 

A1R-nRLuc and D4.4R-cRLuc, A1R-nRLuc and D4.7R-cRLuc, α2AR-nVenus and α1AR-cVenus, A1R-nVenus and D4.4R-cVenus 
or A1R-nVenus and D4.7R-cVenus. Values represent means ± SEM from 3 different experiments performed in triplicate. 
Statistical significance was calculated by one-way ANOVA followed by Dunnett’s post hoc test. **P < 0.01, compared 
with the negative controls. 
 

α2AR –D4R heteromers assemble into tetrameric complexes 

A bimolecular luminescence and fluorescence complementation approach was used to 

demonstrate the ability of α2AR and D4R to form heterotetramers. In HEK-293 cells, we 

reconstituted the RLuc8 after transfection of D4.4R-nRLuc and D4.4R-cRLuc or D4.7R-nRLuc and 

D4.7R-cRLuc and the mVenus after transfection of α2AR-nVenus and α2AR-cVenus. Complemented 

RLuc and complemented mVenus were used as donor and acceptor molecules in 

bioluminescence resonance energy transfer (BRET) experiments (Fig. 3). Significant BRET values 

were obtained confirming the presence of the heterotetramer α2AR-D4.4R and α2AR-D4.7R formed 

by a heteromer of homodimers. D4R-D4R and α2AR-α1AR pairs (fused to corresponding 

hemiproteins) again served as negative controls (Fig. 3).  

 
Figure 3. Heterotetrameric structure of the α2AR-D4R heteromer. BRET was determined in transfected HEK-293T cells 
expressing α2AR-nVenus, α2AR-cVenus, D4R-nRLuc and D4R-cRLuc. As negative controls D4R-D4R and α2AR-α1AR pairs 
were used. Values are mean ± SEM of three different experiments performed in triplicate. Statistical significance was 
calculated by one-way ANOVA followed by Dunnett’s post hoc test. **P < 0.01, ***P < 0.001 compared with the 
negative controls. 
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Functional properties of α2AR-D4R heteromers in transfected mammalian cells 

Then we wanted to functionally characterize this interaction by analyzing if downstream 

signaling is altered upon dual stimulating of the two receptors in the heteromer. Concretely, we 

studied the mediated effects on adenylyl cyclase activity both at the level of G protein activation 

and at the cAMP accumulation, the global cell signaling profile by the dynamic mass 

redistribution (DMR) technique and, finally, at the level of MAPK phosphorylation. 

 Due to the fact that we have just published that some synthetic dopamine receptor 

agonists are actually able to bind with high affinity to α2Rs and generate signaling (i. e. the 

considered D4R selective agonist RO 10-5824) (Cornil and Ball, 2008; Sánchez-Soto et al., 2018), 

we first tested the specificity of the ligands used in these assays. With competitive inhibition 

experiments using the non-selective 2R antagonist radioligand [3H]RX821002 in membrane 

preparations from sheep cortex, we saw that the synthetic D4R agonists PD168077 and A-412997 

had an 2R affinity of KDB1=80±10 and 1,400±200 nM, respectively. In addition, with competitive 

inhibition experiments using [3H]YM-09151-2 in membrane preparations from HEK-293T cells 

expressing D4.4R or D4.7R, we saw that the synthetic 2R agonist dexmedetomidine had a KDB1 for 

D4R of about 2,000-6,000 nM. For this reason we decided to use A-412997, with a KDB1 of 1.1±0.1 

nM for transfected D4R, and dexmedetomidine, with a KDB1 of 5.6±0.8 nM for transfected 2R, 

as agonists of D4Rs and α2Rs, respectively, for analyzing the signaling fingerprint of the α2R-D4R 

heteromer.  

G protein activation by CODA-RET assay  

In this assay, two complementary halves of RLuc (nRLuc and cRLuc) are separately fused to two 

receptor molecules putatively able to oligomerize and an mVenus is fused to the Gαi1 subunit. 

Ligand-induced changes in CODA-RET measurements imply, first, a successful complementation 

of Rluc confirming the oligomerization of the corresponding GPCR units in vitro and, second, 

represents the reading of a specific signaling through the GPCR homo- or heterodimer and not 

of other species (Urizar et al., 2011; Guitart et al., 2014). Moreover, given that it has been seen 

that Emax is directly related with efficacy (Galés et al., 2005), we can conclude if a given agonist 

is full or partial at G protein activation. With CODA-RET we determined the potency and efficacy 

of several adrenergic and dopaminergic ligands: the endogenous DA and NE, the synthetic D3R 

selective agonists pramipexole, ropinirole and rotigotine and the α2R agonists 

dexmedetomidine, clonidine and guanfacine at mobilizing Gi1 through their binding to α2AR-

α2AR, α2AR- D4.4R and α2AR- D4.7R dimer complexes.  

 We co-transfected HEK-293T cells with 2AR fused to the C-terminal of RLuc and 2AR, 

D4.4R or D4.7R fused to the N-terminal of the fluorescent protein, the Gi1 subunit fused to 

mVenus and untagged Gβ1, and G2 subunits. The amount of Gi/o subunits transfected produced 

values between 10,000 and 20,000 fluorescence units and the amount of RLuc receptor 

complementation produced a values between 1 and 3 million (arbitrary units). A concentration-

response of the ligand-induced change in BRET values allows the determination of the potency 

as well as the relative efficacy (to NE) in mediating G protein activation of the receptor pair. Data 

of CODA-RET assays appear in Fig. 4 fitted to a sigmoid dose-response curve and the parameter 

values deduced are in Table 1. The results show a non-canonical activation of α2AR-α2AR by DA, 

which is almost as potent as NE for this receptor but less efficient (about 65%). In α2AR-α2AR 
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homodimer, pramipexole also activated G⍺i1 with high EC50 value and an Emax of about 45% vs. 

NE when bound to α2AR-α2AR; Emax was similar than for α2AR-D4.7R, where had a lower EC50 value. 

Moreover, for both α2AR-α2AR and α2AR-D4.7R dimers, ropinirole and rotigotine did not produce 

a significant response. In contrast, ropinirole and rotigotine showed high potency (nM range) 

for the α2AR-D4.4R heteromer, but with low efficacy (about 15%). The non-canonical effect of DA 

and DA receptor ligands observed is according to the recently published Sánchez-Soto et al. 

(2018). In addition, synthetic α2R agonists dexmedetomidine, clonidine and guanfacine have 

high potency (in the nanomolar range) but low efficacy at α2Rs. Concretely, dexmedetomidine 

and clonidine have an efficacy about 20% and guanfacine about 10% vs. NE for α2AR-α2AR. The 

potency and efficacy of these three ligands for α2AR-α2AR are similar than for α2AR-D4.7R 

heteromer and, in contrast, they did not produce a significant activation at α2AR-D4.4R. In 

conclusion, the overall qualitative pharmacological profile of the studied ligands is similar 

between α2AR-α2AR and α2AR-D4.7R dimers but is clearly different than for the α2AR-D4.4R dimer. 

These results demonstrate different properties of the D4.4R and D4.7R variants upon 

heteromerization with α2AR. 

 

Figure 4. Ligand-induced changes in the interaction between Gαi1 protein and α2AR-α2AR, α2AR-D4.4R or α2AR-D4.7R 
dimers. Concentration-response experiments of changes in BRET ratio induced by norepinephrine, dopamine, 
pramipexole, ropinirole, rotigotine, guanfacine, dexmedetomidine and clonidine determined by changes in the 
interaction of α2AR-α2AR (A), α2AR-D4.4R (B) or α2AR-D4.7R (C) dimers with G⍺i1 protein. HEK-293T cells were co-

transfected with 2AR fused to the C-terminal of RLuc, 2AR, D4.4R or D4.7R fused to the N-terminal of the fluorescent 
protein, the Gi1 subunit fused to mVenus and untagged Gβ1, and G2 subunits. Cells were treated with coelenterazine 
H followed by increasing concentrations of the ligand. After 10 minutes, BRET between the corresponding 

complemented RLuc receptor and Gi1-YFP was measured as described in Methods section. BRET values in the 
absence of ligands were subtracted from the BRET values for each ligand concentration. BRET values expressed as the 
percentage of the maximal effect of NE (% NE), considering NE as full agonist. Data were fit by nonlinear regression 
to a sigmoidal concentration-response curve against the agonist concentration. Data represent the mean ± SEM of 3-
11 experiments performed in triplicate (see Table 1 for EC50 and Emax values and statistical comparisons). 
 

2AR-2AR

-10 -8 -6 -4
0

25

50

75

100

DA
dexmedetomidine

NE

pramipexole
ropinirole
rotigotine

guanfacine

clonidine

Log [drug] (M)

B
R

E
T

 r
at

io
 (

%
 o

f 
N

E
)

2AR-2AR

-10 -8 -6 -4
0

25

50

75

100

DA
dexmedetomidine

NE

pramipexole
ropinirole
rotigotine

guanfacine

clonidine

Log [drug] (M)

B
R

E
T

 r
at

io
 (

%
 o

f 
N

E
)

2AR-D4.7R

-10 -8 -6 -4
0

25

50

75

100

DA

dexmedetomidine

NE

pramipexole
ropinirole
rotigotine
guanfacine

clonidine

Log [drug] (M)

B
R

E
T

 r
at

io
 (

%
 o

f 
N

E
)

2AR-D4.4R

-10 -8 -6 -4
0

25

50

75

100

DA
Dex
NE
prami
ropi
roti
guanfa
cloni
Legend

Log [drug] (M)

B
R

E
T

 r
at

io
 (

%
 o

f 
N

E
)

A

B C



RESULTS 

263 
 

Table 1. Ligand-induced changes in the interaction between Gαi1 protein and α2AR-α2AR, α2AR-D4.4R and α2AR-D4.7R 

dimers. Experiments were performed in HEK-293T cells transiently expressing α2AR-cRLuc and α2AR-nRluc, α2AR-cRLuc 

and D4.4R-nRLuc or α2AR-cRLuc and D4.7R-nRLuc, the G protein subunits Gi1-YFP and unfused 1 and 2.  

 α2AR-α2AR α2AR-D4.4R α2AR-D4.7R 

 EC50 (μM) Emax vs NE EC50 (μM) Emax vs NE EC50 (μM) Emax vs NE 

NE 6±1 100±3 10±3 100±6 3±1 100±4 

DA 12±1 65±2 7±2 68±5 11±2 71±2 

Pramipexole  20±10 44±2 0.13±0.07 26±2 5.6±0.6** 45±5 

Ropinirole  - 0 0.4±0.2 15±2 - 0 

Rotigotine - 0 0.007±0.005 14±2 - 0 

Guanfacine  0.011±0.005 11±2 - 0 0.0045±0.0002 17±3 

Dexmedetomidine 0.024±0.005 20.5±0.4 - 0 0.0033±0.0009 28±1 

Clonidine 0.013±0.009 19±4 - 0 0.0033±0.0009 28±4 
EC50 is expressed as mean ± SEM and Emax as mean ± SEM in % of NE. ** p<0.01 vs. α2AR-D4.4R (one-way ANOVA 

followed by Dunnett’s post hoc test). 

To further study the contribution of each receptor in the G-protein signaling activation by DA 

and NE within each dimer, we pretreated the cells with the D4R antagonist L745,870 or the 2R 

antagonist BRL44408. The curves obtained are showed in Fig. 5 and the parameter values 

deduced appear in Table 2. The potency of NE and DA was highly reduced by BRL44408 in the 

three dimer combinations; similar results were obtained using yohimbine as α2AR antagonist 

(data not shown). In contrast, L745,870 significantly decreased only the effects of DA and NE in 

the α2AR-D4.4R heteromer. Concretely, in this heteromer the potency of DA did not vary but the 

efficacy reduced by half, the opposite than NE, that maintained the efficacy but decreased ten 

times its potency upon treatment with L745,870. Because the addition of the D4R antagonist 

L745,870 does not affect NE nor DA signaling in the α2AR-D4.7R heteromer, we can conclude that 

D4.7R does not signal upon heteromerization with α2AR. To discard any possible artifact with the 

D4R cDNAs fused to the hemiproteins, we wanted to confirm that both D4Rs were able to 

produce G protein activation after dimerization. By using the same assay and complementing 

D4.4R-D4.4R and D4.7R-D4.7R, we established both potency and efficacy of DA and NE at these 

homodimers (data not shown). DA and NE had a potency of 0.24 ± 0.6 μM and > 100 μM for 

D4.4R-D4.4R homodimers and a potency of 0.13 ± 0.06 μM and 40 ± 15 μM for D4.7R-D4.7R 

homodimers, respectively. DA and NE acted as full agonists at both homodimers.  

 On the other hand, in the α2AR-D4.4R heteromer NE signaling is probably only mediated 

by α2AR, because the potency of NE for the heteromer is the same as for the α2AR-α2AR 

homodimer (Table 2) and significantly different than for the D4.4R-D4.4R homodimer. Thus, we 

can assume that the decrease in the potency after the addition of L745,870 is due to the 

receptor-receptor allosteric interaction called cross-antagonism, where an antagonist binding 

to a protomer can modulate the binding of an agonist to the other protomer within the 

heteromer (Viñals et al., 2015). This allosteric modulation is not observed in the α2AR-D4.7R 

heteromer, which is a new difference between D4R variants, only evident upon heteromerization 

with α2AR. In the α2AR-D4.4R heteromer, DA signaling is most likely mediated by both α2AR and 

D4.4R, since the affinity of DA for the heteromer is 7±2 μM, which is an average between the 

affinity for the α2AR-α2AR homodimer (Table 2) and for the D4.4R-D4.4R homodimer. Thus, in the 
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α2AR-D4.4R heteromer, we can assume that the decrease in DA efficacy after the addition of 

L745,870 or BRL44408 is basically due to their antagonism on D4.4R and α2AR, respectively. 

 

Figure 5. Affinity effects on NE and DA-induced changes in the interaction between Gαi1 protein and α2AR-α2AR, 
α2AR-D4.4R or α2AR-D4.7R dimers. Dose-response experiments of changes in BRET ratio induced by NE, DA, in the 
presence or absence of the antagonists L745,870 or BRL44408 at 1 μM determined by changes in the interaction of 

α2AR-α2AR (A), α2AR-D4.4R (B) or α2AR-D4.7R (C) dimers with G⍺i1 protein. HEK-293T cells were co-transfected with 2AR 

fused to the C-terminal of RLuc, 2AR, D4.4R or D4.7R fused to the N-terminal of the fluorescent protein, the Gi1 subunit 
fused to mVenus and untagged Gβ1, and G2 subunits. Cells were treated with coelenterazine H followed by increasing 
concentrations of the ligand. After 10 minutes, BRET between the corresponding complemented RLuc receptor and 
G⍺i1-YFP was measured as described in the Methods. BRET values in the absence of ligands were subtracted from the 
BRET values for each ligand concentration. BRET values expressed as the percentage of the maximal effect of DA or 
NE. Data were fit by nonlinear regression to a sigmoidal dose-response curve against the agonist concentration. Data 
represent the mean ± SEM of 3-11 experiments performed in triplicate (see Table 2 for EC50 and Emax values and 
statistical comparisons). 
 

Table 2. NE and DA-induced changes in the interaction between Gαi1 protein and α2AR-α2AR, α2AR-D4.4R and α2AR-

D4.7R dimers in the presence or absence of the antagonists L745,870 or BRL44408. Experiments were performed in 

HEK-293T cells transiently expressing α2AR-cRLuc and α2AR-nRluc, α2AR-cRLuc and D4.4R-nRLuc or α2AR-cRLuc and D4.7R-

nRLuc, the G protein subunits G⍺i1-YFP and unfused 1 and 2.  

  α2AR-α2AR α2AR-D4.4R α2AR-D4.7R 

  EC50 (μM) Emax (%) EC50 (μM) Emax (%) EC50 (μM) Emax (%) 

NE 6±1 100±3 10±3 100±5 3±1 100±4 

NE + L745,870  11±4 90±4 130±40** 89±7 2.6±0.5 104±5 

NE +BRL44408  500±200** 107±9 160±20** 109±10 190±30** 125±13 

DA 12±1 100±3 7±2 100±7 11±2 100±3 

DA + L745,870  13±4 78±7* 8±3 58±5** 13±1 87±5 

DA +BRL44408  > 1000** 94±5 40±20* 63±8** > 1000** 116±9 
EC50 is expressed as mean ± SEM and Emax as mean ± SEM in % of NE or DA. * p<0.05, ** p<0.01 vs. the corresponding 

cells not treated with antagonists (one-way ANOVA followed by Dunnett’s post hoc test).  

Inhibition at the level of adenylyl cyclase 

Conformational changes caused by GPCR heteromerization can modify signaling properties of a 

receptor such as leading to signaling empowerment or attenuation (positive or negative cross-

talk if both ligands are agonists and cross-antagonism). These changes generate a specific 

fingerprint of the oligomer. In order to establish the cross-talk within the α2AR-D4R heteromer 

we analyzed the heteromer fingerprint at the level of inhibition of adenylyl cyclase activation 
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induced by forskolin. In the α2AR-D4.4R cells, we detected a negative cross-talk because the 

decrease of the cAMP accumulation induced by forskolin due to the co-activation with 

dexmedetomidine and A-412997 did not produce any additive effect; in contrast, it was not 

significantly different than the treatment with dexmedetomidine and was even less potent than 

the treatment with A-412997 alone (Fig. 6). In contrast, we could not detect negative cross-talk 

between D4.7R and α2AR because the co-activation with these ligands produced an additive 

effect.  

 
Figure 6. Negative cross-talk within the α2AR-D4R heteromer. Agonist induced adenylyl cyclase inhibition assay was 

performed in tetracycline-inducible HEK-293T cells expressing D4.4R (A) or D4.7R (B) and transiently transfected with 

α2AR. Cells were stimulated with 100 nM of dexmedetomidine (α2R agonist) or with 300 nM of A-412997 (D4R agonist) 

or costimulated with both agonists in the presence of 0.5 µM forskolin. Values are expressed as mean ± SEM in % vs. 

FK treatment of 3-4 independent experiments performed in triplicates and of percentage of cAMP concentration 

relative to the forskolin treated cells of each cellular type. One-way ANOVA followed by Dunnett’s post hoc test 

showed statistical differences: # p<0.05, ## p<0.01, vs. FK treatment. 

 

Global cellular response by DMR assays 

Furthermore, we measured the global cellular response using DMR label-free assays, which 

detect changes in the wavelength of the reflected monochromatic light after the illumination of 

the underside of a biosensor with a polychromatic light. The magnitude of this wavelength shift 

(in picometers) is directly proportional to the amount of cellular mass redistribution upon 

receptor activation. DMR experiments showed a similar pattern than that obtained in cAMP 

assays. We detected a negative cross-talk between D4.4R and α2AR because the DMR signal 

induced by the α2R agonist dexmedetomidine alone or the D4R agonist A-412997 alone was 

attenuated when both agonists were added together (Fig. 7, top). In contrast, this negative 

cross-talk between D4.7R and α2AR was much lower or inexistent because the co-activation with 

these ligands produced almost an additive effect (Fig. 7, bottom). In addition, we wanted to 

further confirm the cross-antagonism within the α2AR-D4.4R heteromer suggested by CODA-RET 

experiments. The DMR signal induced by the α2AR agonist was prevented not only by the α2AR 

antagonist RX821002 but also partially by the D4R antagonist YM-09151-2 in the case of the α2AR-

D4.4R heteromer. In contrast, in the case of the α2AR-D4.7R heteromer, the DMR signal induced by 

the α2AR agonist was prevented by its antagonist but not by the D4R antagonist YM-09151-2. 

These results are according to those observed in CODA-RET assays. Surprisingly, the α2AR 

antagonist RX821002 did not prevent the signal of D4R in any case.  
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Figure 7. Global cellular response measured by DMR induced by dexmedetomidine and A-412997 in HEK-293T cells 

expressing D4.4R or D4.7R and α2AR. The assay was performed in HEK-293T tetracycline-inducible expressing D4.7R (top) 

or D4.4R (bottom) and transiently transfected with α2AR. These cells were non-treated (A) or treated (B and C) with 

the D2-like receptor antagonist YM-09151-2 or the α2AR antagonist RX821002 at 1 μM for 30 min before the addition 

of the α2R agonist dexmedetomidine or the D4R agonist A-412997 or both. In (B), antagonists plus dexmetedomidine 

and in (C) antagonists plus A-412997. The resulting shifts of reflected light wavelength (pm) were monitored over 

time. Each panel is a representative experiment of n=4 different experiments. Each curve is the mean of a 

representative optical trace experiment carried out in triplicates.  

MAPK activation 

Finally, we also studied the allosteric interactions of D4R and α2AR at the level of MAPK activation 

(Fig. 8). This signaling pathway also showed a similar pattern than cAMP signaling and the DMR 

assay. Concretely, we detected a negative cross-talk between D4.4R and α2AR because the ERK1/2 

phosphorylation increase due to the co-activation with dexmedetomidine and A-412997 is not 

significantly different than the activation with A-412997 alone. In contrast, we could not detect 

negative cross-talk between D4.7R and α2AR because the co-activation with these ligands is 

additive (Fig. 8). Surprisingly, in DMR assays and in cAMP accumulation and MAPK activation 

experiments, both D4R variants are able to activate signaling, in contrast with CODA-RET 

experiments, where D4.7R did not signal upon heteromerization with α2AR. It is because with 

CODA-RET assays, we can only detect the specific signaling through the GPCR oligomer, and not 

through other species. In contrast, with the other techniques, combinations of homodimers, 

heteromers and higher order oligomers may contribute to the final signaling, because these cells 

commonly express more D4R than α2AR and not all D4Rs are forming heteromers with α2ARs.  
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Figure 8. α2AR-D4.4R and α2AR-D4.7R heteromer signaling via ERK 1/2 phosphorylation. ERK phosphorylation was 

determined in HEK-293T tetracycline-inducible expressing D4.4R (A) or D4.7R (B) and transiently transfected with α2AR. 

Cells were activated with 300 nM of dexmedetomidine (α2R agonist) or with 300 nM of A-412997 (D4R agonist) or 

coactivated with both agonists for 5 min at 37 °C. Values are expressed as mean ± SEM of 4 independent experiments 

performed in triplicates of percentage of phosphorylation relative to basal levels in not treated cells. Statistical 

differences vs. basal conditions were calculated by one-way ANOVA followed by Dunnett’s post hoc test; *p<0.05 and 

**p<0.01. Differences vs. A-412997 treatment were also calculated ###p<0.001. 

Radioligand binding assays  

To confirm the allosteric interaction between α2AR and D4.4Rs, we performed dissociation 

experiments with [3H]RX821002 in membranes of HEK-293T, that expressed α2AR and D4.4R. 

Dissociation curves were biphasic (Fig. 9). Both the D4R agonist A-412997 and the antagonist 

YM-09151-2 were able to significantly modify the slow dissociation rate constant of the labeled 

antagonist in membranes with α2AR and D4.4Rs, specially the slow kinetic component (Table 3). 

This would suggest that D4.4R ligands can exert an allosteric modulation of the radiolabeled α2AR 

antagonist when heteromerizing. It is due to the fact that if two ligands compete for the same 

orthosteric binding site, one cannot influence in the dissociation kinetics of the other. In 

contrast, if there is an allosteric modulation within a heteromer, the binding of one ligand to the 

orthosteric site of one receptor, allosterically alters the kinetic properties of the other ligand 

bound to the receptor partner, as we have recently determined for the A2AR-D2R heteromer 

(Bonaventura et al., 2015; Casadó-Anguera et al., 2016). 

Table 3. Effect of D4R ligands on dissociation kinetic parameters of the α2AR radiolabeled antagonist.  
 

 koff1 (min−1) koff2 (min−1) 

control 0,15±0,05 0,025±0,007 

+ A-412997 0,3±0,3 0,044±0,009* 

+ YM-09151-2 0,1±0,2 0,05±0,01* 
Dissociation kinetic assays were performed at 12°C on membranes from HEK-293T cells expressing D4.4R and α2AR 

receptors. Membranes were incubated with the corresponding radioligand in the absence or presence of 30 nM A-

412997 or 30 nM YM-09151-2. koff values are means ± SEM from three experiments performed in triplicate fitted with 

the dissociation equation that appears in Methods section. * p<0.05 vs. the control curve (one-way ANOVA followed 

by Dunnett’s post hoc test). 
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Figure 9. Dissociation kinetics of [3H]RX821002 in the presence of A-412997 or YM-09151-2. Dissociation curves of 
the [3H]RX821002 in the absence (black curve) or presence of either the D4R agonist A-412997 (red curve) or the D4R 
antagonist YM-09151-2 (blue curve) were performed at 12°C on membranes from HEK-293T cells expressing D4.4R 
and α2AR receptors. Data were fit by the dissociation equation that appears in Methods section. Representative 
experiment of 3 experiments performed in triplicate (see Table 3 for koff1 and koff2 values and statistical comparisons). 
 

D4.4R and D4.7R form heteromers with α2AR in brain tissues 

Biophysical techniques such as BRET assays cannot be easily applied in native tissue, but other 

direct and indirect methods can be used. Thus, by the proximity ligation assay (PLA) using an 

anti-D4R and an anti-α2AR antibodies, we looked for evidence of expression of α2AR-D4R 

heteromers in striatum and cortex of knock-in hD4.7 mice as compared with WT littermates, 

which express a mouse D4R with a shorter third intracellular loop comparable to the human D4.2R 

(González et al., 2012a). The PLA technology requires that the two interacting receptors be close 

enough to allow the antibody-probes to be able to ligate. If the receptors are at <17 nm, a 

punctuate fluorescent signal can be detected by confocal microscopy (Söderberg et al., 2008). 

The specificity of the anti-α2AR and anti-D4R antibodies used was tested by 

immunohistochemistry comparing the labeling in transfected and un-transfected cells (data not 

shown). α2AR-D4R staining was significantly observed in cortex and in striatum of both animals 

as compared to the staining in the corpus callosum, showing that the signal is specific (Fig. 10). 

The same results as with WT mice where obtained with rat cortex and striatum (Fig 10). We 

found significant more heteromers in cortex than in striatum in WT mice and in rats (Fig 10B). 

These results are according to the higher expression of α2AR found in cortex (0.34 ± 0.01 

pmol/mg protein) compared to in striatum (0.11 ± 0.01 pmol/mg protein) in sheep reported by 

Sánchez-Soto et al. (2018) and also the higher expression of D4R in cortex than in striatum in 

several animal species and in humans (Khan et al., 1998; Tarazi et al., 1998; Svingos et al., 2000; 

Lauzon and Laviolette, 2010).  

 PLA assay was also used to evaluate the ability of peptides with the amino acid sequence 

of transmembrane domains (TMs) of D4R to destabilize α2AR-D4R heteromers, as recently 

described for other receptors such as adenosine A2AR- dopamine D2R heteromer (Bonaventura 

et al., 2015) and for dopamine D1R-D3R heteromers (Guitart et al., 2014). These experiments 

with disrupting peptides suggested the involvement of TM4 from D4R in the α2AR-D4R heteromer 

interface in cortex slices from WT mice. TM5 and TM7 did not alter the PLA quantification (Fig. 

10C).  
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Figure 10. Detection of α2AR-D4R heteromers by PLA in cortex and striatum slices from rats and knock-in hD4.7R and 

WT mice and disturbing effect of D4R TMs peptides. (A) Quantification of PLA assays in cortex and striatum slices from 

WT rats and WT and knock-in hD4.7R mice (B) Quantification of PLA assays in cortex of WT mice in the absence or presence 

of peptides with the sequence of several transmembrane domains (TM4, TM5 and TM7) of D4R. Cortical slices were 

treated for 4 h with vehicle or with 4 μM of each interference peptides before performing proximity ligation assays.  The 

number of cells containing one or more red spots (α2AR-D4R heteromers) is expressed as the percentage of the total 

number of cells in striatum and cortex. Data (percentage of positive cells) are the mean ± SEM of counts in 8–12 different 

fields of 3 different experiments. * p<0.05 ***, p<0.001 vs. the respective negative control; ## p<0.01, ### p<0.001 vs. 

cortex WT (one-way ANOVA followed by Dunnett’s post hoc test). (C) Confocal microscopy images of cortex and 

striatum slices from WT and knock-in hD4.7R mice (superimposed sections) are shown where heteromers appear as red 

spots.  In all cases, cell nuclei were stained with DAPI (blue). Scale bars = 20 μm. 

 After confirming the expression of this heteromers ex vivo, we wanted to further 

characterize the α2R-D4R heteromer fingerprint in WT mice cortical slices (cross-talk), at the level 

of MAPK activation (Fig. 11). This signaling pathway also showed a similar pattern than in 
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transfected cells. As expected, the α2R agonist dexmedetomidine and the D4R agonist A-412997 

increased ERK phosphorylation (activation), whereas co-incubation with both agonists 

abrogated ERK 1/2 phosphorylation confirming the negative cross-talk observed in cells 

expressing D4.4R and α2AR (Fig 11A). The treatment with TM4 again seemed to disturb the 

receptor-receptor modulation, reducing the negative cross-talk within the heteromer (Fig. 11B). 

TM5 seems to not alter the negative cross-talk (Fig 11C).  

 

Figure 11. α2R-D4R interaction at the level of ERK 1/2 phosphorylation in cortical brain slices from WT mice. 

Quantification of phosphorylated ERK 1/2 of cortical brain slices from WT mice was determined by western blot. 

Cortical slices were treated for 4 h with vehicle or with 4 μM of each interference peptides before the activation with 

1 μM dexmedetomidine (α2R agonist) or with 1 μM A-412997 (D4R agonist) or coactivated with both agonists for 5 

min at 23ºC. Values are expressed as mean ± SEM of 3-4 independent experiments performed in quadruplicate of 

percentage of phosphorylation relative to basal levels in not treated cells. *p<0.05, **p<0.01 and ***p<0.001 vs. the 

respective basal; # p<0.05 vs. 1 μM dexmedetomidine (one-way ANOVA followed by Dunnett’s post hoc test).  

Discussion  

DRD4 polymorphic variants have been suggested to be associated with numerous behavioral 

individual differences and neuropsychiatric disorders. The most reported association is the link 

between the variant with seven repeats and ADHD (Faraone et al., 2005; Li et al., 2006; Gizer et 

al., 2009; Kim et al., 2012; Cummins et al., 2014) and SUDs (McGeary, 2009; Belcher et al., 2014). 

Yet, very little is known about the role of the D4R in the brain and even less about the functional 

differences between the products of the different polymorphic variants, which should explain 

their noticeable influence at the behavioral level. 

 In the present study, using biophysical, pharmacological, functional and 

immunochemical independent approaches in transfected cells and in brain slices, we have 

obtained several findings that lead to four major conclusions. First, we provide strong support 

for the formation of α2AR-D4R heteromers that are expressed and functionally active in 

transfected cells; to our knowledge, it is the first heteromer described between α2R and D4R 

(both D4.4R and D4.7R variants). Second, the α2AR-D4R heteromer shows new allosteric properties 

such as a negative cross-talk upon co-stimulation of both receptors by their agonists, and cross-

antagonism, since antagonist binding to D4R breaks agonist function on α2AR. Third, these 

allosteric interactions are D4R variant-dependent, because they are only evident with D4.4R but 

not with D4.7R variant. Finally, we have demonstrated that the α2AR-D4R heteromer is also 

present and functional in rodent brain tissues, even in knock-in hD4.7 mice.  

 Our in vitro results of BRET, BiFC and BiLC show, for the first time, that α2AR specifically 

heteromerizes with D4R variants. The D4.7R variant, associated with ADHD, showed a decreased 

affinity (increased BRET50) and lower BRETmax when compared to the common variant D4.4R. It 

therefore may suggest that D4.4R more easily form heteromers with α2AR. This was also the case 

for the D2LR–D4R heteromer reported by Borroto-Escuela et al. (2011). In that work, the BRET50 
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of the D2LR–D4.4R heteromer showed a significantly higher affinity compared with the D2LR–D4.7R. 

On the other hand, Gonzalez et al. (2012a) indicated a small BRET signal between the D4.7R and 

the short variant of D2R (D2SR), but Sánchez-Soto et al. (in preparation) suggest a significant and 

functional heteromerization between D2SR–D4.7R.  

 We also propose a heterotetrameric structure of this complex based in BRET with BiLC 

and BiFC formed by a heteromer of α2AR and D4R homodimers. A similar structure has been 

suggested for the dopamine D1-D3 receptor (Guitart et al., 2014), the adenosine A2A-dopamine 

D2 receptor (Bonaventura et al., 2015; Navarro et al., 2018) and the adenosine A1-A2A receptor 

(Navarro et al., 2016) complexes. This structural model could predict complex allosteric 

modulations after the binding of agonists and/or antagonists within the oligomer, which may 

have important pharmacological implications, as reported for the A2AR-D2R heterotetramer 

(Bonaventura et al., 2015). Despite we have demonstrated the existence of higher order 

oligomers, the further characterization was performed with heterodimers, which is enough to 

justify the allosteric interactions analyzed. 

 By using CODA-RET, we have demonstrated the existence of functional Gi-mediated 

signaling complexes between α2AR and D4R in vitro. Both D4R variants have the same potency 

and efficacy for the endogenous neurotransmitters NE and DA and is the heteromerization with 

α2R who exposes the functional and pharmacological differences between the variants. α2AR 

determines NE-mediated Gi-dependent signaling in both heteromers. In contrast, both α2AR and 

D4.4R, but not D4.7R, determine DA-mediated Gi-dependent signaling. In addition, it is important 

to notice the differential profile of the D2-like receptor agonists currently used for the treatment 

of Restless Leg syndrome and Parkinson’s disease, pramipexole, ropinirole and rotigotine, which 

are more potent at the α2AR-D4.4R than at the α2AR-D4.7R. Moreover, NE agonists clinically used 

for the treatment of ADHD, clonidine and guanfacine, also have a different profile depending on 

the heteromer, being more potent and having higher efficacies for the α2AR-D4.7R. So, these 

drugs may have different clinical efficacies depending on the DRD4 polymorphism expressed. 

This would suggest the need for genotyping in order to provide the most appropriate 

therapeutic agent for these diseases and also highlights new differences between the D4R 

variants only evident upon heteromerization with α2AR. 

 We have also observed a negative cross-talk between both receptors within the α2R-

D4.4R heteromer by analyzing global cell signaling, cAMP levels and ERK phosphorylation. In 

addition, a cross-antagonism of D4.4R on α2AR was detected. These allosteric interactions are not 

evident within the α2AR-D4.7R heteromer upon agonist or antagonist binding. Similar results with 

ERK phosphorylation were detected within the D2R-D4R heteromer, with both D2SR and D2LR 

variants. In these heteromers, a positive cross-talk was detected with the D4.4R but not with the 

D4.7R variant (Borroto-Escuela et al., 2011; González et al., 2012a). The 7 tandem repeats of the 

proline rich sequence of 16 amino acids in the intracellular loop 3 of the D4.7R may cause this 

protein to have a very high disorder index (Woods, 2010), which may alter the development of 

cross-talk and cross-antagonism. Our results are of interest because variant differences can have 

important implications for understanding the pathogenesis of ADHD and can give new clues for 

the rational design of α2AR-D4R targeted drugs for its treatment. 
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 By radioligand dissociation experiments in transfected HEK-293T cells we also detected 

the α2AR-D4R heteromerization. In these experiments, D4R ligands were able to modify the slow 

dissociation rate constant of the α2AR radioligand. The dissociation rate of a pre-bound GPCR 

orthosteric ligand complex can only be modified by the concomitant binding of a modulator to 

a topographically distinct site, which can be on the same protomer (allosteric site) or on another 

protomer in a homodimer (orthosteric or allosteric site) (May et al., 2007). 

Apart from giving evidence of dimer-specific properties, like specific signaling or binding 

properties or the existence of dimer-selective ligands in heterologous system, in order to define 

the physiological relevance of GPCR heteromers, their physical interaction has to be verified in 

native tissues (Pin et al., 2007; Gomes et al., 2016). In order to assess this objective, we used the 

PLA technology, which allow the determination of two interacting receptors in tissue slices if are 

at <17 nm. We performed PLAs in cortex and striatum of knock-in hD4.7 mice and of WT 

littermates, confirmed the presence of heteromers between α2AR and the two variants of D4R 

ex vivo. Previous studies have shown PLA to be semiquantitative and particularly useful at lower 

expression levels (Mocanu et al., 2011). Viñals et al. (2015) observed an increase in PLA signal 

with increasing cDNA. Thus, we can conclude that in WT mice there are more heteromers in 

cortex than in striatum and similar levels can be detected in tissues from knock-in hD4.7 mice.  

In this study we have also confirmed the signaling fingerprint of α2AR with the D4R WT 

variant at MAPK level detected in transfected cells, confirming their expression in native tissues. 

In addition, an even more conclusive demonstration can be accomplished by directly probing 

the biochemical property of the heteromer with the ex vivo application of a specific disruptive 

peptide (Bonaventura et al., 2015; Viñals et al., 2015; Moreno et al., 2017, 2018). In this context, 

TM4 of the D4R was able to destabilize α2AR-D4R heteromers, decreasing the heteromer 

detection in PLA assays and also disturbing the receptor-receptor modulation, reducing the 

negative cross-talk within the heteromer, at the level of MAPK activation. TM5 did not alter the 

PLA nor the negative cross-talk. Determining the transmembrane domains involved in the 

heteromer interface can facilitate the generation of a model of the heteromeric complex that can 

give new clues for the rational design of true bivalent compounds heteromer-specific. These 

compounds may be more selective and potent for the treatment of ADHD and SUD. 

 The physiological relevance of the present study is that we have identified α2AR-D4R 

heteromers in cortex and striatal tissues where both receptors negatively modulate 

glutamatergic cell activity. Due to the negative cross-talk between α2AR and D4R within the 

heteromer, the co-activation of both receptors would produce an attenuation of the inhibition 

of glutamate in the corticostriatal glutamatergic neurons postsynaptically at the dendritic level 

in the PFC and presynaptically in the striatum. There are no previous evidences saying that there 

are presynaptic α2ARs in the striatum but, since D4R are only presynaptic and we have detected 

PLA signal in this brain area, we have to assume that these heteromers are located 

presynaptically. This coactivation could be mediated by NE and/or DA because α2AR and D4R 

receptors are able to bind both chatecolamine neurotransmitters and generate a signal (Zhang 

et al., 1999; Cornil et al., 2008; Alachkar et al., 2010; Sánchez-Soto et al., 2016, 2018). This 

provides a new mechanism by which NE and DA may regulate glutamatergic neurotransmission. 

The fact that the heteromer with the D4.7R variant does not show this negative cross-talk may 

generate presynaptically in the striatum an increase of the glutamate inhibition. This should 

affect the activity of both the “Go” and “NoGo” GABAergic striatal efferent pathways, decreasing 
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their respective ability to increase the reactivity to reward-related stimuli and to suppress the 

reactivity to non-rewarded- or aversive-related stimuli (Bromberg-Martin et al., 2010). This may 

result in an increased “interest” for irrelevant stimuli and a reduced inhibition of irrelevant 

responses, which could be important in explaining the attention deficit and impulsivity of ADHD 

(Bonaventura et al., 2017). In addition, the apparent contradictory clinical results obtained upon 

treatment with the α2AR agonists clonindine and guanfacine, can be explained by their binding 

to presynaptic autoreceptors in the PFC decreasing NE release and, thus, reducing stress related 

to high NE levels that bound to α1R and βR and that decreased the ratio signal/noise (Shinba et 

al., 2001; Broese et al., 2012). Moreover, these agonists, may also bind to post-synaptic α2AR, 

reducing the activation generated by endogenous catecholamines because they act as partial 

agonists, as we could detect in CODA-RET assays.  

 In summary, the present results demonstrate the presence of α2AR-D4R heteromers in 

PFC and in striatum, where they exert a fine-tune modulation of glutamate release. Therefore, 

this heteromer could constitute an important target for drug development for the treatment of 

ADHD and SUD.  
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IV. GENERAL DISCUSSION  

Catecholamines including dopamine (DA) and norepinephrine (NE) are widely distributed in the 

body and constitute a class of conventional neurotransmitters and hormones that occupy key 

positions in the regulation of physiological processes and in the development of neurological, 

psychiatric, endocrine and cardiovascular diseases (Eisenhofer et al. 2004; Kreusser et al., 2017). 

DA has been shown to have a key role in regulating affect, attention, behavior and cognition, 

motivation and reward, sleep and voluntary movement (Jauhar et al., 2017). NE is involved in 

alertness, mood, arousal, learning and memory, motor control, blood flow, and metabolism 

(Costa et al., 2012; Schwarz and Luo, 2015; Díaz-Mataix et al., 2017). DA system has been a main 

focus of interest during the last decades mainly due to its role in pathologies such as Parkinson’s 

disease, attention deficit hyperactivity disorder (ADHD), schizophrenia, Tourette syndrome, 

Huntington disease, Restless Leg syndrome and substance abuse disorder (SUD), among others. 

NE system has also been related with several diseases within the CNS such as psychiatric 

disorders including major depression and ADHD, among others. In addition, adenosine, acting 

on adenosine receptors (AR) is a modulator of other receptors such as D1-like and D2-like DA 

receptors (Cobbin et al., 1974). DA and adenosine receptor complexes are involved in the control 

of the direct and indirect pathway of motor control in basal ganglia, in which adrenergic 

receptors are also involved (Li and Mei, 1994; Ma et al., 2003, 2005).  

 NE, DA and adenosine receptors belong to the GPCR family, also known as seven 

transmembrane domain receptors. GPCRs have an enormous biomedical importance. It is 

estimated that about 35% of approved drugs target GPCRs (Sriram and Insel, 2018). Thus, is not 

surprising that lots of models have been developed in order to explain the pharmacological 

behavior of this receptors. Most of the developed models consider GPCRs as monomeric 

entities. The majority of these models generate an overparameterization except the “two-

independent-site model” that is the approach most simple and most often used to deal with 

radioligand binding data. The two-independent-site model is based on two assumptions: one is 

that receptors are monomeric and another is that there are two populations of receptors, one 

is coupled to a G-protein and displays high-affinity (KDH), whereas another is uncoupled from any 

G-protein and displays low-affinity (KDL) binding for agonists.  

 However, during the last two decades a large number of GPCRs have been described to 

form homodimers, heterodimers and higher order oligomers that are often essential for the fine 

modulation of GPCR function (Ciruela, 2008; Casadó et al., 2007; Ferré et al., 2009a, 2010a,b, 

2014; Milligan, 2009; Rivero Muller et al., 2010; Albizu et al., 2010; Gonzalez-Maeso, 2011; 

Ciruela et al., 2012; Lane and Canals, 2012; Miller et al., 2012; Steel et al., 2014).  

 Despite the clear evidence of GPCR dimerization, the fact that biphasic competition 

curves can be also fitted with the two-independent-site model has caused that, for simplicity, 

most laboratories still use monomeric classical equations instead of using dimer receptor 

models. Nevertheless, as oligomers have biochemical properties that are demonstrably different 

from those of their individual components (Ferré et al., 2009b), it is not surprising that, when 

working with receptor dimers but using monomeric models, some parameters obtained may be 

erroneous and some points could be underestimated in the fit. Some examples are: dissociation 

constants estimated in saturation and in competition experiments are dissimilar (Strange, 2005; 
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Maggio et al., 2013); the estimated values for the equilibrium dissociation constants and for the 

number of receptors vary significantly depending on the concentration of the radioligand 

employed (Casadó et al., 1991; Franco et al., 1996); in competition experiments, the positive 

cooperativity cannot be explained (Albizu et al., 2006), the same as mismatches in constant 

values obtained when dissociation is performed by dilution vs. by an excess of unlabeled ligand 

(De Meyts et al., 1973; Urizar et al., 2005; Kara et al., 2010; Gracia et al., 2013b). Moreover, 

depending on the radioligand employed the affinity values obtained for the competitor may vary 

significantly. For this reason, we went deeper into the study of the dimer receptor model 

(Casadó et al., 2009a) in order to find out the effect of radioligand-competitor allosteric 

interactions that could explain and overcome anomalous results obtained when fitting 

competition binding data with classical monomeric models. 

In the work, Reinterpreting anomalous competitive binding experiments assuming 

radioligand-competitor allosteric interactions within G protein-coupled receptor homodimers, 

we have demonstrated that the radioligand-competitor interaction constant (KDAB) explains the 

fitting of bell-shaped curves and, more importantly, can overcome scenarios where different 

affinity values for a competitive drug are obtained depending on the radioligand. 

 Effectively, all of the previous examples indicate a lack of robustness of the two-

independent-site model that can be solved by using a dimer receptor model. Concretely, our 

group demonstrated that the dimer receptor model (Casadó et al., 2009a; Ferré et al, 2014) can 

explain several unexpected experimental results such as obtaining biphasic, monophasic or bell-

shaped curves, and even different affinity values for the competitor (KDB), depending on the 

radioligand concentration. Moreover, our model can also explain results previously considered 

erroneous due to their impossibility to be fitted such as the mentioned bell-shaped curves, 

where increasing concentrations of a competitor produce an increase of the radioligand binding 

before causing the expected displacement of such binding (Berde et al., 1964; Albizu et al., 

2006). Concretely, we have shown that the existence of a radioligand-competitor allosteric 

interaction, deduced from the dimer receptor model (Casadó et al., 2009b), is the responsible 

for the correct fitting of bell-shaped curves. It is important to notice that, when bell-shaped 

curves are experimentally obtained, the estimated affinity values of the competitor using the 

equations corresponding to the dimer receptor model, which includes the KDAB parameter, are 

closer to the actual values obtained with saturation experiments. On the contrary, the KDB values 

obtained from classical monomeric models are commonly much higher. Moreover, applying our 

dimer receptor model, the affinity values obtained for a competitive drug do not change 

depending on the radioligand employed (Maggio et al., 2013). This is because our model takes 

into account that each pair of radioligand-competitor has a particular KDAB value according to the 

magnitude of its allosteric interaction.  

 We have also deduced the radioligand concentration responsible for the conversion 

from biphasic to monophasic or to bell-shaped curves in competitive radioligand binding assays. 

This concentration depends on the relation among the three dissociation constants: KDA1, KDAB 

and KDB1. With this information, if KDAB<KDB1, decreasing the radioligand concentration under 

2KDA1 (KDB1-KDAB)/KDB1, we could deduce if a biphasic competition curve obtained with high A 

concentration is due to an agonist-antagonist interaction (if the bell-shaped curve appears) or 

due to a negative cooperativity of the displacer ligand B. This is important because a positive 

radioligand-competitor interaction also generates biphasic competition curves when the 
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concentration of A is higher than 2KDA1, even without a cooperative binding of B. This knowledge 

will allow the correct fitting of the data in further analysis. 

 In summary, we have demonstrated that bell-shaped curves are only interpretable 

assuming the formation of receptor homodimers and, therefore, obtaining bell-shaped curves 

in competition experiments is a clear evidence of receptor dimerization in vitro (working with 

membrane preparations from transfected cells) and ex-vivo (working with membrane 

preparations from tissues). However, more complex oligomers cannot be discarded.  

 Dimerization and the biochemical, pharmacological and biological characterization of 

receptor oligomers is essential for understanding the normal function of the body. 

Oligomerization alterations have implications in pathologies and have important repercussions 

in the field of GPCR pharmacology. Catecholamine receptors, especially DA receptors, are 

modulated by other receptors. In this context, adenosine extracellular levels, which vary 

according to the energetic state of the organism, control motor activation induced by DA 

receptors. The most representative example of these interactions, is the adenosine A2A-

dopamine D2 receptor heteromer. 

In the articles “Allosteric interactions between agonists and antagonists within the adenosine 

A2A receptor-dopamine D2 receptor heterotetramer”, “Evidence for the heterotetrameric 

structure of the adenosine A2A-dopamine D2 receptor complex” and “Functional pre-coupled 

complexes of receptor heteromers and adenylyl cyclase”, we have investigated the allosteric 

and canonical interactions within the A2AR-D2R heteromer. 

 In this way, our study of the A2AR-D2R heteromer, calls for an awareness of homodimers 

as predominant GPCR species, providing a significant role of allosteric interactions between 

orthosteric ligands within GPCR heteromers, which should have important implications in the 

field of GPCR pharmacology (reviewed in Ferré et al., 2014).  

 By radioligand dissociation experiments using the A2AR antagonist [3H]ZM 241385 or the 

D2R antagonist [3H]YM-09151-2 in the absence or presence of A2AR agonist CGS 21680 or 

quinpirole, respectively, we demonstrated the presence of both A2AR-A2AR and D2R-D2R 

homodimers in the striatum. In addition, we have also detected A2AR-D2R heteromers in brain 

striatum by PLA and functional assays. The effects of TM peptides of A2AR or D2R on radioligand 

binding assays and on double complementation of BRET donor and acceptor units indicate that 

TM6 is involved in the A2AR and D2R homodimer interfaces and TM4 and TM5 in the heterodimer 

interface. With this information and with the use of TM of the adenylyl cyclase 5 in double 

complementation of BRET donor and acceptor units assays, we determined that the A2AR-D2R 

heteromer has a tetrameric structure, with two homodimers of A2AR and D2R bound to the 

adenylyl cyclase subtype 5 (AC5).  

 Additionally, we suggest a quaternary structure of zig-zagged arranged A2AR-D2R-AC5, 

including Gαs and Gαi. To our knowledge, these are the first data suggesting higher-order linear 

arrangements of GPCR heteromers and effectors. With all this information, we designed a 

computational model, where only the two internal protomers participate in the heteromeric 

interface and the two external protomers participate in the homomeric interface of the A2AR-

D2R heterotetramer. This arrangement can explain not only multiple allosteric interactions 

produced by different orthosteric ligands, agonists and antagonists, but also the antagonistic 

canonical interaction at the adenylyl cyclase (AC) level between the Gαolf- A2AR and the Gαi-D2R.  
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 Our structural model assumes that occupancy of the A2AR homodimer with either an 

agonist or an antagonist produces a conformational change that conduces the same allosteric 

modulation to the D2R, a decrease of its function, while simultaneous occupancy of the A2AR 

homodimer by an agonist and an antagonist would not allow this conformational change (as we 

have seen by dissociation experiments of radiolabelled A2AR antagonist and confirmed by MAPK 

signaling assays). Moreover, the zig-zagged model, where AC is between an A2AR of one 

heterotetramer and a D2R of a second heterotetramer, also sustains the canonical Gαs-Gαi 

interaction at the AC level, in which Gαi protein coupled to D2R, counteract AC activation induced 

by the Gαs protein coupled to A2AR. In this situation, both Gαs and Gαi must be interacting with 

the same AC, according to our model. It is worth mentioning that we have confirmed that these 

interactions constitute biochemical properties of the A2AR-D2R heteromer since they depend on 

the integrity of the right quaternary structure of the heteromer, as demonstrated with the 

application of disturbing TMs that alter the oligomeric conformation, causing an alteration of its 

fingerprint.  

 We observed that, in the striatum, under specific experimental conditions, orthosteric 

A2AR antagonists behave as A2AR agonists and decrease D2R function, effects that are 

counteracted upon co-administration of both A2AR agonists and antagonists 

(electrophysiological and locomotor activity experiments). Since under physiological conditions 

there are basal levels of adenosine, this could be the main mechanism by which caffeine and 

A2AR antagonists produce locomotor activation, by counteracting the functional effects that 

depend on D2R signaling within the A2AR-D2R heteromer. Nevertheless, motor depression 

induced by caffeine or A2AR antagonists imply a significant displacement of endogenous 

adenosine and occupancy of the A2AR homodimer in the A2AR-D2R heteromer, which can only be 

attained by large concentrations of caffeine that are not reached with habitual consumption of 

coffee. However, it is important to notice that therapeutic doses of more potent and selective 

A2AR antagonists may have differential effects depending on the levels of endogenous 

adenosine. Not only that, but when adding larger concentrations of potent and selective A2AR 

antagonists, they might generate the same effects as agonists, causing problems in the 

treatment of PD. Therefore, our tetrameric model for the A2AR-D2R heteromer still provides 

support for the use of A2AR antagonists in PD, providing new clues as to how to adjust the dosage 

according to the expected levels of endogenous adenosine. Additionally, the complementing 

results obtained from functional experiments in mammalian cell culture, in striatal slices and in 

rats, demonstrate the previously claimed significant dependence of D2R signaling and A2AR-D2R 

heteromerization on the pharmacological effects of caffeine and other A2AR ligands (Azdad et 

al., 2009; Ferré et al., 2004; Ferré; 2008). 

 Our results also indicate that a large proportion of D2R form heteromers with A2AR in 

transfected cells and striatal tissue. Thus, a very similar degree of allosteric modulation of D2R 

by A2AR ligands was observed in both artificial and native systems. Particularly notorious was the 

ability of caffeine to allosterically (non-competitively) decrease D2R antagonist binding by about 

60% and 40% in membrane preparations of transfected cells and striatal tissue, respectively. 

Furthermore, the experiments with MAPK signaling in transfected cells and the 

electrophysiological experiments in striatal neurons demonstrate that there is an additional 

strong allosteric negative modulation of A2AR ligands on the intrinsic efficacy of D2R ligands, 

which can explain, for instance, the complete counteraction by A2AR antagonists on MAPK 
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activation and on the decrease in neuronal excitability of individual neurons from the rat ventral 

striatum induced by high concentrations of D2R agonists, which should surmount the reduction 

in affinity. This allosteric modulation is called cross antagonism, which is the ability of an 

antagonist of one receptor to antagonize the signaling of the partner receptor. This is possible 

because agonists stabilize conformations of TM5 and TM6 that facilitate the opening of the 

intracellular cavity for the G-protein binding, whereas antagonists stabilize other conformations 

of these helices that close the cavity. In this scenario, TM5 and TM6 of protomer A, in the closed 

conformation, can interact with TM5 and 6 of protomer B (via a four-helix bundle) also stabilizing 

its closed conformation not allowing the G-protein binding to the partner receptor (Viñals et al., 

2015). The fact that rearrangement of TM6 constitutes main ligand-induced conformational 

changes that determine G protein activation and modulation of ligand affinity (Rasmussen et al., 

2011), provides a frame for the understanding of allosteric communications through the 

protomers in GPCR oligomers (Han et al., 2009; Pellissier et al., 2011; Ferré et al., 2014). 

 The present study represents a proof of concept of the significant functional role of 

GPCR heteromers within a signalosome, since it demonstrates that GPCR heteromers provide 

the frame for biochemical interactions previously thought to be independent of intermolecular 

receptor-receptor interactions, on classical receptor cross-talk at the second-messenger level 

(Agnati et al., 2005). Therefore, we postulate that pre-coupling should not only apply to other 

Gαs-Gαi-AC-coupled heteromers, but also to heteromers coupled to other G proteins and 

effectors, such as the well-stablished Gαi-Gαq-coupled metabotropic glutamate receptor mGlu2 

receptor-serotonin 5-HT2A receptor heteromer (Fribourg et al., 2011), which could be pre-

coupled to potassium channels (Baki et al., 2016). At a more general level, the present results 

represent a very significant support to the still controversial concepts of GPCR pre-coupling and 

oligomerization. In this context, we also determined that the non-activated or agonist-activated 

A2AR-D2R heterotetramer is able to establish different molecular interactions with AC5. These 

interactions imply a major rearrangement of the TMs of the activated pre-coupled complex 

facilitating the interaction of AC5 catalytic domains with the corresponding G subunit (Sadana 

et al., 2009). This is allowed by the agonist-induced movement of the Gβγ subunits away from 

the helical-domain of the G subunit (Cabrera-Vera et al., 2003; Galés et al., 2006). This key role 

of the G protein in determining changes in the quaternary structure of the A2AR-D2R 

heterotetramer-AC5 complex upon receptor activation would agree with the recently described 

stable pre-coupling of striatal Gαolf and AC5 (Xie et al., 2015) and the here described less stable 

interactions between TMs of AC5 and A2AR and D2R. 

 Previous studies indicate that the same situation occurs in vivo in the striatum, where 

the pharmacological or genetic blockade of D2R disinhibits adenosine-mediated activation of AC 

in the striato-pallidal neuron (Taura et al., 2018). In fact, A2AR blockade counteracts most 

biochemical and behavioral effects induced by interruption of D2R signaling (Taura et al., 2018). 

Also in complete agreement are the results obtained by Lee et al. (2002) with AC5 knockout 

mice, which show that AC5 is the principal AC integrating signals from A2AR and D2R in the 

striatum and that the signaling cascade involving AC5 is essential for the behavioral effects of 

D2R antagonists, and therefore antipsychotic drugs. The significant control of A2AR signaling by 

D2R implied that most A2AR that signal through AC5 are forming heteromers with D2R in striatal 

neurons in culture. 
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 The knowledge of the correct rearrangement of this protein complex and of its inter-

protomer modulations will allow to understand most pharmacological effects of A2AR and D2R 

ligands in the striatum, with implications for several neuropsychiatric disorders. 

With the knowledge about the structure and function acquired with the A2AR-D2R heteromer we 

have developed a precise strategy to create bivalent ligands of GPCR homo- and hetero-dimers 

based on a versatile multivalent chemical platform that has been summarized in the manuscript 

“Design of a true bivalent ligand with picomolar binding affinity for a G protein-coupled 

receptor homodimer”. 

Using computational tools that considered the TM interfaces, distances between orthosteric 

binding sites and the mode of interaction of the pharmacophore units, we have obtained a 

reduction in the number of synthesized bivalent ligands, and a higher success in affinity results. 

Here we describe the design of a true bivalent ligand with high affinity for the dopamine D2 

receptor (D2R) homodimer. The selected pharmacophore unit was the D2R antagonist spiperone 

which was docked into the D2R homology model to determine the orientation of the linker and 

the attachment point at the extracellular domain. The spacer was formed by different length 

oligoethylene glycol moieties. Specifically, we used two spacer lengths: 25-atoms spacer, 

representing the shortest possible true bivalent interaction, and a longer alternative formed by 

35-atoms. We analyzed the binding affinity of the synthesized ligands and we confirmed their 

antagonistic nature on D2R signaling by DMR technique. The selected bivalent ligand 13, showed 

picomolar binding affinity. The affinity highly decreased in the presence of the TM6 peptide of 

D2R. This was evidence of a clear simultaneous interaction with both orthosteric sites of the D2R 

homodimer, constituted through TM6. Moreover, it was also a chemical tool to confirm inter-

protomer interaction in native tissue.  

 Since bivalent ligands are the best example of oligomer selective-ligands that can 

interact simultaneously with a homo or hetero- GPCR dimer with high affinity and subtype 

selectivity, improving safety and efficacy for their therapeutic targets, our protocol is the basis 

for the synthesis of other bivalent ligands for D2R heterodimers with other catecholamine or 

adenosine receptors with therapeutic interest for the treatment of motor dysfunctions. 

 It is important to notice that, to obtain oligomer-selective bivalent ligands, the selected 

pharmacophores must be highly specific. However, it is not always easy. As an example, there is 

compelling evidence indicating that DA and NE promiscuously interact with each other’s 

receptors, especially in some situations where catecholamine innervations do not coincide with 

the distribution of its receptors. One important example is the D4R which is known to be both a 

dopaminergic and noradrenergic receptor and to act as an adrenergic receptor in certain parts 

of the brain (Lanau et al., 1997; Newman-Tancredi et al., 1997; Czermak et al., 2006; Cummings 

et al., 2010; Root et al., 2015, Sánchez-Soto et al., 2016). Recently, Gαi activation, adenylyl 

cyclase inhibition, and β-arrestin recruitment experiments showed a relatively small separation 

between the potencies of NE for α2AR and D2-like receptors (20-fold), verifying D2-like receptors 

as potential signal transducers for NE (Sánchez-Soto et al., 2016). 

 In general, It has been previously postulated that DA may be a potential 2R ligand on 

the basis of radioligand binding experiments in transfected mammalian and insect cell lines 

(Zhang et al., 1999; Alachkar et al., 2010) and in bird and rat brains and also from 

autoradiographic experiments in tissues (Cornil et al., 2008). Furthermore, DA has been reported 
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to decrease cAMP intracellular levels in transfected mammalian cell lines but only throughout 

2CR, not 2AR, and at concentrations much higher than NE (EC50 in the micromolar range) (Cornil 

et al., 2008). However, there was the controversy about the differential binding affinity of DA 

versus NE on 2Rs and the potential functional efficacy of this binding. 

In our study ““2A- and 2C-Adrenoceptors as Targets for Dopamine and Dopamine Receptor 

Ligands”, we showed that 2A and 2C adrenoceptors can bind DA at concentrations in the same 

order than NE suggesting that they could be activated by DA at in vivo concentrations. First, our 

results demonstrated that endogenous DA, and also common synthetic DA-receptor ligands, 

bind to 2R with moderate to high affinity in the mammalian brain. Second, the affinity of DA for 

2R is in the same range as for D1-like and D2-like receptors, suggesting that endogenous levels 

of DA can activate both 2R and dopamine receptors. Third, DA and synthetic DA receptor 

ligands can activate G protein and induce cell DMR through 2Rs. Finally, DA and NE show the 

same cell signaling pattern, being both capable to modulate adenylyl cyclase activity and ERK1/2 

phosphorylation at nanomolar concentrations.  

 The most conclusive demonstration that DA is an 2R ligand comes from the results 

obtained with binding and G protein activation BRET assays, where the affinities or potencies of 

DA for 2Rs were found to be very similar or even higher than for D1-like and some subtypes of 

D2-like receptors (Sánchez-Soto et al., 2016). Particularly the EC50 values of DA for 2A and 2C 

adrenoceptors (5-170 nM) were consistently lower across all Gi/o protein subtypes as compared 

with the EC50 values (130-400 nM) for the predominant striatal D2-like receptor D2L (Sánchez-

Soto et al., 2016). Taking into account that the levels of tonic extracellular DA are 20-30 nM (with 

peaks of 500 nM) (Owesson-White et al., 2012), DA could reach sufficient extracellular 

concentration to activate 2AR and 2CR in the striatum, irrespective of the maximal 

concentration of extracellular NE. In fact, striatal DA release sites are designed for transmitter 

spillover (Rice et al., 2011) and most striatal DA receptors are primarily extrasynaptic (Hersch et 

al., 1995; Yung et al., 1995), as well as striatal adrenoceptors, based on the mismatched low NE 

innervation (Ordway et al., 1993; Uhlen et al., 1997; Lindvall and Bjorklund, 1974; Swanson and 

Hartman, 1975; Aston-Jones, 2004). Although the specific functional role of the DA-sensitive 2 

adrenoceptors in neuronal striatal function remains to be established, a previous study suggests 

that they might mediate an inhibitory modulatory role of the Gs/olf-coupled striatal adenosine 

A2A and DA D1 receptors (Hara et al., 2010).  

 The possibility of DA-mediated activation of 2A and 2C adrenoceptors in extrastriatal 

areas should not however, be underestimated. Cortical 2A adrenoceptors are most probably 

able to be activated by DA, particularly in the prefrontal cortex, which receives a rather dense 

DA innervation (Goldman-Rakic et al., 1992). In fact, there is recent evidence for the localization 

of 2A adrenoceptors in the cortical terminals from mesencephalic DA neurons (Castelli et al., 

2016), which could play a role as “DA autoreceptors”. But there is also evidence for the 

localization of both 2A and 2C adrenoceptors in the soma and dendrites of the mesencephalic 

DA cells of both substantia nigra and ventral tegmental area (Castelli et al., 2016; Lee et al., 

1998). Apart from the NE input, these 2A and 2C adrenoceptors should be able to act as “DA 

autoreceptors” that control the non-synaptic somatodendritic DA release (Rice et al., 2011). 

Adding the present results to our recent study that also indicates a significant role of NE as a 

Gαi/o-coupled D2-like receptor agonist (Sánchez-Soto et al., 2016), we could state that Gαi/o-
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coupled adrenoceptors and DA receptors should probably be considered as members of one 

‘functional’ family of catecholamine receptors. A general consideration from the DA and D2-like 

receptor ligand sensitivity of cortical 2A adrenoceptors is that it should also be involved in the 

cognitive-enhancing effects associated with their activation, with possible implications for 

attention deficit hyperactivity disorder (Brennan and Arnsten, 2008). 

 Molecular modeling of DA binding to the various receptors provides a likely binding 

hypothesis for the results obtained in the biological assays. Of note is the striking similarity 

between the ligand binding pocket of the D3 receptor and that of 2A and 2C adrenoceptors. 

Many of the residues that line the binding pocket are identical or chemically well conserved. 

Given this similarity it was perhaps unsurprising that the docking of DA at 2A and 2C was nearly 

identical to DA binding to the D3 receptor. The lower potency of DA at 2A and 2C adrenoceptors 

compared to NE seems to depend on a lower number of strong interactions as compared to 

those between DA and D3 receptors. The pocket may have evolved to bind the slightly bulkier 

NE and therefore is not of an ideal size for DA. However, the differences may also be due to the 

lower resolution of binding predictions for a comparative model as opposed to a crystal 

structure. Despite this, the structural model strongly mimics the results of the binding and 

activation experiments and therefore provides further evidence of DA acting as a ligand at these 

receptors. 

 Another major finding of the present study is that 2A and 2C adrenoceptors are also 

common targets for compounds previously characterized as D2-like receptor ligands. Particularly 

striking was the ability of prototypical D3 and D4 receptor agonists 7-OH-PIPAT and RO-105824 

to bind with high affinity to 2A and 2C adrenoceptors, which might call for revisiting results of 

previous studies using these compounds. Furthermore, these two compounds and the other DA-

synthetic ligands assayed, as well as NE, were able to activate ERK1/2 phosphorylation by 

binding to 2 adrenoceptors. The final pharmacological of profile of RO-105824 was that of a 

potent biased agonist for 2A adrenoceptor agonist with functional selectivity for a G protein-

independent signaling. On the other hand, based on BRET experiments, both potency and 

efficacy dependence on the receptor and the Gαi/o protein subtype was the norm for all ligands, 

including the endogenous neurotransmitters. We already described that NE and DA show 

different receptor- and Gi/o subtype-dependent potencies of D2-like receptor-mediated G 

protein activation (Sánchez-Soto et al., 20016). The present results extend these findings to 

other receptors and to non-endogenous ligands, as well as to differences in efficacy. Even 

though G proteins of the Gs-Golf family do show contrasting brain expression pattern (Herve, 

2011), to our knowledge no clear region-specific pattern of mRNA expression for Gi/o protein 

subtypes has been reported. Detailed characterization of the expression patterns for Gi/o 

protein subtypes would then be central to determine their role in 2AR and 2CR-activation and 

thus their possible specific targeting with Gi/o subtype functionally selective compounds.  

 In conclusion, DA is a potent and efficacious ligand at 2R, which modulates forskolin-

induced adenylyl cyclase activity and ERK1/2 phosphorylation. The concentration required for 

these effects is in the range of that for activating D2-like and D1-like receptors, indicating that 

these receptors are members of one “functional” family of catecholamine receptors. Our results 

provide a clear answer to the mismatch between the low striatal NE innervation and the high 

density of striatal 2R, which behave as functional DA receptors. 
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 Both catecholamine D2 and D4 receptors co-localize in the corticostriatal pyramidal 

neurons of the layer V both pre- and post-synaptically, controlling glutamate release in the 

striatum (Almeida y Mengod, 2010; Bonaventura et al., 2017) and, consequently, the activation of 

the indirect pathway of the movement. In addition to D2-like, the catecholamine α2AR has also 

been associated with ADHD and action impulsivity (Ma et al., 2003, 2005; Arnsten and Li, 2005; 

Cummins et al. 2014) and is, as well, present both in the PFC and basal ganglia (Fagerholm et al., 

2008; Santana N et al., 2013; Zhang et al., 2013; Lehto et al., 2015). Thus, in view of the common 

epidemiological and pharmacological  involvement of D2R, D4R and α2AR in impulse control and 

the observed promiscuity of DA and NE in their ability to activate both Gi/o-coupled receptors, 

in the manuscripts “Revisiting the functional role of dopamine D4 receptor gene 

polymorphisms: Heteromerization-dependent gain of function of the D4.7 receptor variant” 

and “Functional differences between dopamine D4.4 and D4.7 receptor variants within the 

dopamine D4-adrenergic 2A receptor heteromer in the brain”, we have investigated and 

demonstrated the existence of the D4R-D2SR and D4R-α2AR heteromers, with possible important 

functions in motor control and action impulsivity, and we have characterized their different 

pharmacological properties depending on the D4R variant involved. 

 The two most common polymorphisms of the human DRD4 gene encode a D4R with four 

or seven repeats of a proline-rich sequence of 16 amino acids (D4.4R or D4.7R). Although D4.7R has 

been associated with ADHD (Swanson et al., 2007; Froehlich et al., 2011), the differential 

functional properties between both variants remained enigmatic until recent electrophysiological 

and optogenetic-microdialysis experiments that indicated a gain of function of D4.7R (Bonaventura 

et al., 2017). Since no clear differences in the biochemical properties of individual D4.4R and D4.7R 

(e.g. in their ability to activate Gαi protein subtypes, inhibit adenylyl cyclase or recruit β-arrestin) 

(Sánchez-Soto et al., 2016) have been reported, it became therefore plausible that differential 

functional interactions with other receptors could provide an explanation for the differential 

attributes of D4R variants described at the level of brain function and dysfunction (Borroto‐

Escuela et al., 2011; González et al., 2012b).  

 Thus, in the present study, with the use of the CODA-RET technique, we could 

demonstrate the existence of functional D4R-D2SR in vitro. Moreover, with the use of CODA-RET, 

radioligand binding and functional assays in transfected cells and in brain slices, we could 

demonstrate the existence of functional D4R-α2AR in vitro and in rodent brains. PLA assays were 

also performed in cortex and striatum of knock-in hD4.7 mice, confirming indeed the presence of 

heteromers between α2AR and the D4.7R ex vivo. Previous studies have shown PLA to be 

semiquantitative and particularly useful at lower expression levels (Mocanu et al., 2011). Viñals 

et al. (2015) observed an increase in PLA signal with increasing cDNA. Thus, we can conclude 

that in WT mice there are more heteromers in cortex than in striatum and similar levels can be 

detected in tissues from knock-in hD4.7 mice. The description of both heteromers is very 

important because both α2AR and the D2-like receptors are involved in the pathophysiology and 

treatment of disorders related with a lack of impulse control.  

 BRET experiments showed a decreased affinity (increased BRET50) of the α2AR-D4.7R 

heteromer, when compared to the common variant D4.4R. It therefore may suggest that D4.4R 

more easily form heteromers with α2AR. This was also the case as for the D2LR–D4R heteromer 

reported by Borroto-Escuela et al. (2011). In this work, the BRET50 of the D2LR–D4.4R heteromer 

showed a significantly higher affinity compared with the D2LR–D4.7R. Additionally, the PLAs 
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performed in cortex and striatum of knock-in hD4.7 mice and of WT littermates, which express a 

mouse D4R with a shorter third intracellular loop comparable to the human D4.2R (González et 

al., 2012), confirmed the presence of the α2AR-D4.7R heteromer ex vivo. To our knowledge, it is 

the first heteromer described of α2R and D4R, both with D4.4R and D4.7R variants. 

 In addition, we could also show significant functional and pharmacological differences 

between D4.4R and D4.7R only evident upon heteromerization with D2SR or α2AR, which generates 

the specific fingerprint of the oligomer. By CODA-RET assays we confirmed that both D4R 

variants have the same potency and efficacy for the endogenous neurotransmitters DA and NE 

and is the heteromerization with α2AR or D2SR who exposes the functional and pharmacological 

differences between the variants. Concerning the D4R-D2SR heteromer, in the D4.7R-D2SR but not 

in D4.4R-D2SR heteromer, DA showed a small but significant increase in potency as compared with 

the D2SR-D2SR homodimer. Moreover, within the D4.7R-D2SR, DA only signals trough D2SR. In 

contrast, DA can activate both D2SR and D4.4R. Within the D4R-α2AR heteromer, α2AR determines 

NE-mediated Gαi-dependent signaling in both heteromers; in contrast, both D4.4R and α2AR 

determine DA-mediated Gαi-dependent signaling. D4.7R variant does not signal in any case. 

 Another significant finding obtained from CODA-RET assays, with possible translational 

implications, was the differential profile of the clinically used D2-like agonists for the treatment 

of Restless Leg syndrome and Parkinson’s disease: pramipexole, ropinirole and rotigotine. These 

agonists are more potent at the α2AR-D4.4R than at the α2AR-D4.7R. In contrast, pramipexole and 

ropinirole were more potent at D4.7R- D2R than at D4.4R- D2R. Moreover, NE agonists clinically 

used for the treatment of ADHD: clonidine and guanfacine also have a different profile 

depending on the heteromer, being more potent and having higher efficacies for the α2AR-D4.7R. 

So, these drugs may have different clinical efficacies depending on the DRD4 polymorphism 

expressed. These are the first differences in the potency or efficacy of exogenous ligands 

between the D4R variants that appear upon heteromerization and would suggest the need for 

genotyping in order to provide the most appropriate therapeutic agent for each disease. 

 Finally, the most dramatic finding about the D4R-D2SR heteromer derived from CODA-

RET assays was the significant increase in the constitutive activity that D4.7R confers to the D2SR 

upon heteromerization. To our knowledge, this is the first reported example of changes in the 

constitutive activity of a GPCR upon heteromerization, which adds to the list of new properties 

associated with GPCR oligomerization (Ferré et al., 2014). More significant is the fact that this 

new property was specifically associated to the product of a DRD4 polymorphism, conferring a 

gain of function to the D4.7R versus the D4.4R variant that provide a plausible mechanism for the 

gain of function of D4.7R versus D4.4R recently demonstrated in vitro, in mouse cortical slices with 

viral infection of human D4.4R and D4.7R (Zhong et al., 2016), and in vivo, in optogenetic-

microdialysis experiments in the D4.7R knock-in mouse (Bonaventura et al., 2017). The fact that 

a gain of function of D4.7R versus D4.4R could only be demonstrated upon heteromerization with 

D2SR, strongly suggests that D4.4R-D2R heteromers represent a significant receptor population 

that modulates the function of cortico-striatal glutamatergic neurons.  

 Apart from demonstrating the formation of α2AR-D4R heteromers in vitro by BRET, BiFC 

and BiLC complementation, we demonstrated the formation of α2AR homodimers and D4R 

homodimers by BiFC and BiLC. Also, a heterotetramer can be detected by double 

complementation of BRET donor and acceptor units, formed by a heteromer of homodimers. 



GENERAL DISCUSSION 

293 
 

 Moreover, we have observed a negative cross-talk upon co-stimulation of both 

receptors by their agonists within the α2R-D4.4R heteromer by analyzing global cell signaling, 

cAMP levels and ERK phosphorylation. In addition, a cross-antagonism of D4.4R on α2AR was 

detected, since antagonist binding to D4R decreases agonist function on α2AR. Surprisingly, these 

allosteric interactions are also D4R variant-dependent, because they are only evident with D4.4R 

but not with D4.7R variant. Similar results with ERK phosphorylation were detected within the 

D2R-D4R heteromer, with both D2SR and D2LR variants. In these heteromers, a positive cross-talk 

was detected with the D4.4R but not with the D4.7R variant (Borroto-Escuela et al., 2011; González 

et al., 2012a). The 7 tandem repeats of the proline rich sequence of 16 amino acids in the 

intracellular loop 3 of the D4.7R may cause this protein to have a very high disorder index (Woods, 

2010), which may alter the development of cross-talk and cross-antagonism. Our results are of 

interest because variant differences can have important implications for understanding the 

pathogenesis of ADHD and can give new clues for the rational design of α2AR-D4R targeted drugs 

for its treatment. 

 In this study, we have also confirmed the signaling fingerprint of α2AR with the D4R 

detected in transfected cells in brain slices of WT mice at MAPK level, corroborating their 

expression in native tissues. In addition, an even more conclusive demonstration can be 

accomplished by directly probing the biochemical property of the heteromer with the ex vivo 

application of a specific disruptive peptide (Bonaventura et al., 2015; Viñals et al., 2015; Moreno 

et al., 2017, 2018). In this context, TM4 of the D4R was able to destabilize α2AR-D4R heteromers, 

decreasing the heteromer detection in PLA assays and also disturbing the receptor-receptor 

modulation, reducing the negative cross-talk within the heteromer, at the level of MAPK 

activation. TM5 did not alter the PLA nor the negative cross-talk. Determining the 

transmembrane domains involved in the heteromer interface can facilitate the generation of a 

model of the heteromeric complex that can give new clues for the rational design of true bivalent 

compounds heteromer-specific. These compounds may be more selective and potent for the 

treatment of ADHD and SUD.  

 The physiological relevance of the present study is that we have identified α2AR-D4R 

heteromers in cortex and striatal tissues where both receptors negatively modulate 

glutamatergic cell activity. Due to the negative cross-talk between α2AR and D4R within the 

heteromer, the co-activation of both receptors would produce an attenuation of the inhibition 

of glutamate in the corticostriatal glutamatergic neurons post-synaptically at the dendritic level 

in the PFC and presynaptically in the striatum. There are no previous evidences saying that there 

are presynaptic α2ARs in the striatum but, since D4R are only presynaptic and we have detected 

PLA signal in this brain area, we have to assume that these heteromers are located 

presynaptically. This coactivation could be mediated by NE and/or DA because α2AR and D4R 

receptors are able to bind both catecholamine neurotransmitters and generate a signal (Zhang 

et al., 1999; Cornil et al., 2008; Alachkar et al., 2010; Sánchez-Soto et al., 2016, 2018). This 

provides a new mechanism by which NE and DA may regulate glutamatergic neurotransmission. 

The fact that the heteromer with the D4.7R variant does not show this negative cross-talk may 

generate presynaptically in the striatum an increase of the glutamate inhibition. This should 

affect the activity of both the “Go” and “NoGo” GABAergic striatal efferent pathways, decreasing 

their respective ability to increase the reactivity to reward-related stimuli and to suppress the 

reactivity to non-rewarded- or aversive-related stimuli (Bromberg-Martin et al., 2010). This may 
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result in an increased “interest” for irrelevant stimuli and a reduced inhibition of irrelevant 

responses, which could be important in explaining the attention deficit and impulsivity of ADHD 

(Bonaventura et al., 2017). In addition, the apparent contradictory clinical results obtained upon 

treatment with the α2AR agonists clonindine and guanfacine, can be explained by their binding 

to presynaptic autoreceptors in the PFC decreasing NE release and, thus, reducing stress related 

to high NE levels that bound to α1R and βR and that decreased the ratio signal/noise (Shinba et 

al., 2001; Broese et al., 2012). Moreover, these agonists, may also bind to post-synaptic α2AR, 

reducing the activation generated by endogenous catecholamines because they act as partial 

agonists, as we could detect in CODA-RET assays.  
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V. CONCLUSIONS 

The conclusions corresponding to the Objective 1 of this Thesis are:  

- The mathematical formulation of the dimer receptor model for competitive ligand binding 

explains three different patterns: biphasic, monophasic and bell-shaped curves. 

- According to this model, when there is a radioligand-competitor positive modulation 

(KDAB<2KDB1) in a receptor homodimer we can obtain competitive displacement curves with these 

three different patterns (biphasic, monophasic and bell-shaped). Otherwise, bell-shaped curves 

do not appear. 

- The radioligand concentration responsible for the conversion from biphasic or monophasic to 

bell-shaped curves in competitive radioligand binding assays is under 2KDA1 (KDB1-KDAB)/KDB1, if 

KDAB<KDB1. 

- Bell-shaped curves are only interpretable assuming the formation of receptor homodimers 

and, therefore, obtaining bell-shaped curves in competition experiments is a clear evidence for 

receptor dimerization.  

- In summary, the existence of a radioligand-competitor interaction, deduced from our dimer 

receptor model, allows the fitting of bell-shaped curves, typically considered as anomalous or 

erroneous results. The inclusion of the radioligand-competitor KDAB parameter in the equation 

allows the obtention of values for the competitor closer to the actual values, irrespective of the 

radioligand employed in the assay. On the contrary, the KDB values obtained from classical 

monomeric models are frequently much higher. 
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The conclusions corresponding to the Objective 2 of this Thesis are:  

- Any orthosteric A2AR ligand, agonist or antagonist, can decrease the affinity and intrinsic 

efficacy of any orthosteric D2R ligand, agonist or antagonist. Moreover, there is a canonical Gs-

Gi interaction at the AC level, i.e. the ability of a Gi-coupled GPCR to counteract AC activation 

induced by a Gs-coupled GPCR. These interactions constitute the biochemical fingerprint of the 

A2AR-D2R heteromer and depend on the integrity of its right quaternary structure as 

demonstrated in transfected mammalian cells and striatal tissue. 

- A2AR-D2R heteromer is constituted by A2AR and D2R homodimers and the AC5 complex, being 

TM6 involved in A2AR and D2R homodimer interfaces and TM4 and TM5 in the heterodimer 

interface. Moreover, a quaternary structure of zig-zagged arranged A2AR-D2R-AC5, including Gs 

and Gi, is suggested. This pre-coupled arrangement explains the canonical Gs-Gi interaction 

at the AC level. 

- Occupancy of the A2AR homodimer with either an agonist or an antagonist produces a 

conformational change that leads to the same negative allosteric modulation on the D2R, while 

simultaneous occupancy of the A2AR homodimer by an agonist and an antagonist would not 

allow this conformational change. 

- In addition to the well reported negative modulation of A2AR agonists on D2R signaling, the 

experiments in transfected cells and in striatal neurons demonstrate that there is also an 

additional strong allosteric modulation (cross-antagonism) of A2AR antagonists on the intrinsic 

efficacy of D2R ligands. 

- The main mechanism by which caffeine and A2AR antagonists produce locomotor activation 

could be due to the co-occupation of the homodimer by the antagonist and the endogenous 

adenosine. In this case, both ligands counteract each other’s effect, allowing D2R signaling within 

the A2AR-D2R heteromer. Thus, therapeutic doses of potent and selective A2AR antagonists may 

have differential effects, inhibiting or allowing D2R signaling, depending on the levels of 

endogenous adenosine. 

- The non-activated or agonist-activated A2AR-D2R heterotetramer is able to establish different 

molecular interactions with AC5. These interactions imply a major rearrangement of the TMs of 

the activated pre-coupled complex facilitating the interaction of AC5 catalytic domains with the 

corresponding G subunit. This is allowed by the agonist-induced movement of the Gβγ subunits 

away from the helical-domain of the G subunit.  

- A very similar degree of allosteric modulation of D2R by A2AR ligands was observed in both 

artificial and native systems. This confirms that a large proportion of D2R form heteromers with 

A2AR in transfected cells and striatal tissue.  

- The results obtained represent a very significant support to the still controversial concepts of 

GPCR pre-coupling to G proteins and other effectors. 
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The conclusions corresponding to the Objective 3 of this Thesis are:  

‐ We have developed a precise strategy to create bivalent ligands of GPCR homo‐ and hetero‐

dimers based on a versatile multivalent chemical platform.  

‐ The use of computational tools that consider the TM interfaces, distances between orthosteric 

binding sites and mode of interaction of the pharmacophore units, allows a reduction in the 

number of synthesized bivalent ligands, in addition to a high success in affinity results.  

‐ Our bivalent ligand 13 showed picomolar binding affinity, which highly decreased in the 

presence of the TM6 peptide of D2R, involved in the homodimer interface of the D2R‐D2R. This is 

evidence of a clear simultaneous interaction with both orthosteric sites of the D2R homodimer 

and is a chemical tool to confirm inter‐protomer interaction in native tissue. 

‐ In summary, our protocol is the basis for the synthesis of other bivalent ligands for D2R 

heterodimers with therapeutic interest.  

 

The conclusions corresponding to the Objective 4 of this Thesis are:  

- A promiscuous action mechanism of catecholamines is detected because 2A and 2C 

adrenoceptors can bind DA at concentrations in the same order than NE suggesting that they 

could be activated by DA at in vivo concentrations.  

- Endogenous DA, and also common synthetic DA-receptor ligands, bind to 2 adrenoceptors 

with moderate to high affinity in the mammalian brain. Moreover, the affinity of DA for 2 

adrenoceptors is in the same range as for D1-like and D2-like receptors, suggesting that 

endogenous levels of DA may activate both 2 adrenoceptors and dopamine receptors. This 

provide a clear answer to the mismatch between the low striatal NE innervation and the high 

density of striatal 2 adrenoceptors, which behave as functional DA receptors. 

- DA and synthetic DA receptor ligands can activate G protein and induce cellular DMR through 

2 adrenoceptors. Based on BRET experiments, both potency and efficacy dependence on the 

receptor and the Gi/o protein subtype was the norm for all ligands, including the endogenous 

neurotransmitters. Detailed characterization of the expression patterns for Gi/o protein 

subtypes would then be crucial to determine their role in 2A and 2C adrenoceptor-activation 

and thus their possible specific targeting with Gi/o subtype functionally selective compounds.  

- DA and NE show the same cell signaling pattern, both being able to modulate adenylyl cyclase 

activity and ERK1/2 phosphorylation at nanomolar concentrations. This means that DA is not 

only able to bind to 2 adrenoceptors but also to activate the same signaling pathways as NE. 

- 2 adrenoceptors could act as “DA autoreceptors” that control the non-synaptic 

somatodendritic DA release. We could state that Gi/o-coupled adrenoceptors and DA receptors 

should probably be considered as members of one ‘functional’ family of catecholamine 

receptors.   
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The conclusions corresponding to the Objective 5 of this Thesis are:  

- With the use of the CODA-RET technique, we could demonstrate the existence of functional 

D4.7R-D2SR heteromers in transfected cells and also dissect the pharmacological profile of D4.4R 

and D4.7R homodimers and heteromers.  

- There are no differences in the potency or efficacy of the endogenous neurotransmitters DA 

and NE for D4.4R and D4.7R homodimers, but the association with D2Rs promoted additional 

differential modulations by D4R variants of ligand-induced D4R-D2R heteromer-mediated 

signaling. 

- Rotigotine is a very potent agonist for D4.7R-D2R compared to D4.4R-D2R or D2R-D2R. This could 

have implications for the treatment of RLS and Parkinson’s disease. 

- There is a significant increase in the constitutive activity that the D4.7R confers to the D2SR upon 

heteromerization. To our knowledge, this is the first reported example of changes in the 

constitutive activity of a GPCR upon heteromerization. Moreover, this new property is 

specifically associated to D4.7R, conferring a gain of function of the D4.7R versus the D4.4R variant.  
 

The conclusions corresponding to the Objective 6 of this Thesis are:  

- Using biophysical, pharmacological, functional and immunochemical independent approaches 

in transfected cells, we provide strong support for the formation of α2AR-D4R heteromers that 

are expressed and functionally active in transfected cells; to our knowledge, it is the first 

heteromer described between α2R and D4R, concretely with both D4.4R and D4.7R variants. 

Moreover, we have demonstrated that the α2AR-D4R heteromer is also present and functional in 

slices of rodent cortex and striatal brain tissues, even in knock-in hD4.7 mice.  

- α2AR-D4R heteromer shows new allosteric properties such as a negative cross-talk upon co-

stimulation of both receptors by their agonists, and cross-antagonism, since antagonist binding 

to D4R decreases agonist function on α2AR.  

- These allosteric interactions within the α2AR-D4R heteromer are D4R variant-dependent, 

because they are only evident with D4.4R but not with D4.7R. This means that individuals with the 

D4.7R variant show a heteromerization-dependent gain of function, i. e. an increase of the 

inhibition of glutamate release. This should affect the activity of both the “Go” and “NoGo” 

GABAergic striatal efferent pathways, generating an increased “interest” for irrelevant stimuli 

and a reduced inhibition of irrelevant responses, which could be important for explaining the 

attention deficit and impulsivity of ADHD. 

- Clinically used D2-like agonists (pramipexole, ropinirole and rotigotine) are more potent at the 

α2AR-D4.4R than at the α2AR-D4.7R. NE agonists clinically used (clonidine, guanfacine and 

dexmedetomidine) are more potent and have higher efficacies for the α2AR-D4.7R. Thus, these 

drugs may have different clinical efficacies depending on the DRD4 polymorphism expressed and 

suggests the need for genotyping in order to provide the most appropriate therapeutic agent for 

each disease. 

- Given that D4.4R and D4.7R variants are involved in the pathophysiology of ADHD and SUD, we 

suggest that α2AR-D4R heteromers could be target for the therapeutic treatment of such 

neurological disorders.  
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In summary, the general conclusions of this Thesis are: 

- Homodimers are predominant GPCR species, providing a significant role of allosteric 

interactions between orthosteric ligands of the different protomers within GPCR heteromers, 

which should have important implications in the field of GPCR pharmacology. A paradigmatic 

example of complex allosteric interactions is the A2AR-A2AR-D2R- D2R-Gs-Gi-AC5 heteromer. 

‐ Since bivalent ligands are the best example of oligomer selective‐ligands that can interact 

simultaneously with a homo or hetero‐ GPCR dimer with high affinity and subtype selectivity, 

improving safety and efficacy for their therapeutic targets, our protocol is the basis for the 

synthesis of other bivalent ligands for D2R heteromers with other catecholamine or adenosine 

receptors with therapeutic interest for the treatment of motor dysfunctions. 

- Catecholamine receptors constitute a “functional” family of GPCR. We have demonstrated the 

existence of functional D4R-D2SR in vitro and functional D4R-α2AR in vitro and in rodent brain 

tissues not only with the D4.4R but also with the D4.7R variant, prevalent in ADHD. Significant 

different properties of these heteromers were D4R variant-dependent. Given that D2R, D4R and 

α2AR, are involved in the pathophysiology of ADHD and SUD, we suggest that D4R-D2R and α2AR-

D4R heteromers could be target for the therapeutic treatment of such neurological disorders. 
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Abstract Dopamine receptors in striatum are important for
healthy brain functioning and are the target of levodopa-
based therapy in Parkinson’s disease. Lateralization of dopa-
minergic neurotransmission in striata from different hemi-
spheres occurs in patients, but also in healthy individuals.
Our data show that the affinity of dopamine binding to dopa-
mine D1 receptors is significantly higher in left than in right
striatum. Analysis of data from radioligand binding to striatal
samples from naïve, 6-hydroxydopamine lesioned, levodopa-
treated and levodopa-induced dyskinetic rats shows differen-
tial receptor structure and gives hints on the causes of right/left
lateralization of dopamine binding to striatal D1 receptors.

Moreover, binding data showed loss of lateralization in levo-
dopa (L-DOPA)-induced dyskinetic rats.

Keywords Lateralization . Basal ganglia . G-protein-coupled
receptor dimer . Dyskinesia . 6-hydroxydopamine .

Cooperativity index

Introduction

Motoric lateralization is due to musculoskeletal and brain
asymmetries and does occur in both vertebrates and inverte-
brates (see [1] for review). In mammalian brain, asymmetries
have been mainly studied from an anatomic point of view.
Thus, early but accurate studies in human entorhinal area
showed right-left asymmetry in the number of neurons [2].
Assessment of lateralization at the molecular level was
approached by radioligand-binding studies mainly assuming
similar receptor species in both hemispheres and reporting
differences in receptor expression. For instance, dopamine
D1 receptor lateralization and correlation of dopamine D1/D2

receptor expression ratio with apomorphine-induced rotation
were assessed by differences in Bmax, i.e., in differences in the
amount of receptors ([3] and references therein). Despite enor-
mous conceptual interests, the lack of suitable tools is
delaying the increase in knowledge of the molecular causes
of brain asymmetry. Recent discoveries indicate that dopa-
mine receptors, as members of the G-protein-coupled receptor
(GPCR) superfamily, interact with a variety of proteins [4] and
that the quaternary structure affects GPCR binding character-
istics and signaling [5]. Differences in the affinity of
neurotransmitters/neuromodulators binding to specific recep-
tors have served to detect molecular differences in pre-
synaptic versus post-synaptic GPCRs [6]. These findings open
a way to hypothesize that lateralization in mammalian brain
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may be addressed by careful study of the affinity of agonist
binding to receptors in the two hemispheres.

Dopaminergic neurotransmission in the striatum has a
key role in motor control. Thus, the lack of nigrostriatal
dopaminergic innervation in Parkinson’s disease results
in motor alterations. Previously published data have
clearly established that left and right striata are not the
same: apparent asymmetry between neurochemical prop-
erties of striata from opposing hemispheres exists [7]
and, unsurprisingly, the same applies to dopaminergic
neurotransmission [8]. This lateralization in the striatum
at the circuit and the cellular levels has both behavioral
consequences [9] and therapeutic implications in
Parkinson’s disease (PD) therapy [10]. For example, lat-
eralization in D2/3 receptor binding was (i) found in re-
sponse to unpredictable reward and could be accounted
for by sex differences [11]; (ii) associated with motor
activity [12]; (iii) correlated to the body mass index
(BMI) of non-obese males [13]; (iv) found to predict
individual differences in learning from reward versus
punishment, thus underlying human personality and cog-
nition [14]; and (v) found to correlate with incentive
motivation, with greater positive incentive motivation be-
ing associated with higher receptor availability in the left
hemisphere [15]. However, the molecular dissection of
such asymmetry is still lacking [16]. Recently, we have
reported left versus right asymmetries of dopamine bind-
ing to rat striatal dopamine D1 receptors (D1Rs), indicat-
ing that the dopamine-mediated signaling has a stronger
tone in the left hemisphere [17]. This lateralization, con-
sistently found in samples from healthy rats, is not due
to right-left limb preferences and, therefore, it may likely
be a property crucial for proper motor control in mam-
mals. The aim of this paper was to look for hints to
understand the molecular basis of lateralization of dopa-
mine binding in right and left striata.

Methods

Eight-week-old male Wistar rats were used in the experi-
ments. All experiments were carried out in accordance with
the BPrinciples of laboratory animal care^ and approved by
the corresponding committee at the University of Santiago
de Compostela, Spain. After anesthesia with ketamine/
xylazine (1 % ketamine, 75 mg/kg; 2 % xylazine, 10 mg/kg),
and placement in a David Kopf stereotaxic apparatus, ani-
mals received a unilateral injection in the right medial fore-
brain bundle of 12 μg of 6-hydroxydopamine (6-OHDA)
HBr Sigma, prepared in 4 μL of sterile saline containing
0.2 % ascorbic acid. The stereotaxic coordinates were
3.7 mm posterior to bregma, −1.6 mm lateral to midline,
and 8.8 mm ventral to the skull at the midline, in the flat

skull position. The solution was injected with a 5-μL
Hamilton syringe coupled with a motorized injector
(Stoelting, Wood Dale, IL, USA) at 1 μL/min, and the can-
nula was left in situ for 2 min after injection. Three weeks
later, the efficacy of the lesion was evaluated by the amphet-
amine rotation and the cylinder test. The correct nigrostriatal
lesion was confirmed by the loss of tyrosine hydroxylase
(TH) immunohistochemistry staining.

Animals were divided into four groups as follows: (1)
non-lesioned rats (naïve); (2) animals lesioned by 6-
OHDA but receiving only vehicle afterward (lesioned);
(3) animals lesioned by 6-OHDA receiving a chronic
treatment with levodopa (L-DOPA), 6 mg/kg plus
10 mg/kg of benserazide daily for 3 weeks without
exhibiting adverse motoric reactions (L-DOPA-treated
non-dyskinetic); and (4) same as (3) but showing adverse
motor ic react ions (L-DOPA-treated dyskinet ic) .
Benserazide is a peripheral decarboxylase inhibitor that
increases brain availability of L-DOPA. The development
of dyskinesia was tested using the rodent Abnormal
Involuntary Movement Scale (AIMS) [18]. For binding
studies, animals were sacrificed by decapitation (6 h
after the last injection of vehicle or L-DOPA) and the
brains were removed rapidly. Brain areas containing the
striatum (both from the lesioned and intact hemispheres)
were dissected out and immediately frozen on dry ice
until use. A more detailed description of procedures may
be found in Farré et al. [17], which also describes the
radioligand-binding protocols. In brief, membrane suspen-
sions were pre-incubated in 50-mM Tris–HCl buffer, pH
7.4, containing 10 mM MgCl2 with 1 nM of radiolabelled
D1R antagonist [3H]R-(+)-7-chloro-8-hydroxy-3-methyl-
1-phenyl-2,3,4,5-tetra-hydro-1H-3-benzazepine ([3H]SCH
23390), and increasing concentrations of (±)-1-phenyl-2,
3 , 4 , 5 - t e t r a hyd r o - ( 1H ) - 3 - b en za z ep i n e - 7 , 8 - d i o l
hydrobromide (SKF 38393, D1R agonist, triplicates of 15
different competitor concentrations from 0.01 nM to
50 μM), in the absence or the presence of 100 nM of
the D3 receptor agonist trans-7-hydroxy-2-[N-propyl-
N-(3′-iodo-2′-propenyl)amino]tetralin (7-OH-PIPAT).
Non-specific binding was determined in the presence of
50 μM SCH 23390.

Radioligand competition curves were analyzed by non-
linear regression using the commercial GraFit curve-fitting
software (Erithacus Software, Surrey, UK). Two different
models were used for data analysis, one assuming receptor
monomers and another assuming receptor dimers. First of
all, the equations of the classical two-independent-site model
were used; the model assumes receptors in two affinity states:
low affinity/not coupled to G proteins and high-affinity/G-
protein-coupled. Second, equations of the two-state dimer re-
ceptor model were used [19, 20]. In the latter, a homodimer is
considered the minimal structural unit of a receptor forming
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homomers or forming heteromers with another receptor. To
calculate the macroscopic equilibrium dissociation constants

[21], data from competition binding experiments were fitted
using the following equation:

Atotalbound ¼ KDA2Aþ 2A2 þ KDA2AB = KDAB

� �
RT=

�
KDA1KDA2 þ KDA2Aþ A2þ

KDA2AB= KDAB þ KDA1KDA2B =KDB1 þ KDA1KDA2B
2= KDB1KDB2ð Þ

�
þ Anon‐specific bound

ð1Þ

where A represents free radioligand (the D1 partial agonist
[3H]SCH 23390) concentration, RT is the total amount of re-
ceptor dimers, and KDA1 and KDA2 are the macroscopic equi-
librium dissociation constants describing the binding of the
first and the second radioligand molecules (A) to the dimeric
receptor; B represents the assayed competing compound (SKF
38393) concentration, and KDB1 and KDB2 are, respectively,
the macroscopic equilibrium dissociation constants for the
binding of the first competitor molecule (B) to an unoccupied

dimer and for the binding of the second competitor molecule
(B) to the semi-occupied dimer; KDAB is the hybrid equilibri-
um radioligand/competitor dissociation constant, which is the
dissociation constant of B binding to a receptor dimer semi-
occupied by A.

As the radioligand A ([3H] SCH 23390) shows non-
cooperative behavior, determining KDA1 is sufficient to char-
acterize the binding of the radioligand, A, and Eq. (1) leads to
Eq. (2) by establishing KDA2=4KDA1 [19, 20]:

Atotalbound ¼ 4KDA1Aþ 2A2 þ 4KDA1AB = KDAB

� �
RT=

4KDA1
2 þ 4KDA1Aþ A2 þ 4KDA1AB=KDAB þ 4KDA1

2B = KDB1 þ 4KDA1
2B2= KDB1KDB2ð Þ

�
þ Anon‐specific bound

� ð2Þ

The concentration of competitor B that leads to a 50 % of
binding sites occupied by the competitor Bmolecule is the B50

value. Assuming two independent sites, we have devised

Eq. (3) to obtain B50 from calculated parameters, using the
equation corresponding to the two-independent-site model
(full deduction of Eq. (3) is available upon request).

B50 ¼ BmaxH−BmaxLð Þ KDH−KDBLð Þ þ BmaxH−BmaxLð Þ2 KDH−KDBLð Þ2 þ 4Bmax
2KDHKDBL

� �1=2
� �

= 2Bmax ð3Þ

where Bmax represents the maximum binding to high- plus
low-affinity sites: Bmax=BmaxH+BmaxL.

In the case of receptor dimers, the B50 value is readily
calculated [20] by the following formula:

B50 ¼ KDB1KDB2ð Þ1=2 ð4Þ

Goodness of fit was tested according to reduced chi-
squared values given by the GraFit program. The test of sig-
nificance for two different model population variances was
based upon the F distribution (see [19, 22] for details).
Using this F test, a probability greater than 95 % (p<0.05)
was considered the criterion to select a more complex model
(i.e., Eq. (1) or two sites in the two-independent-site model)
over the more simple one (i.e., Eq. (2) or one site in the two-
independent-site model). Competition curves for each animal
were performed in triplicates to obtain accurate parameter
values (see [17]). Differences were analyzed for significance
by two-way ANOVA followed by Bonferroni’s post hoc mul-
tiple comparison tests.

Results

Binding to dopamine D1Rs in right and left rat striatal mem-
branes was performed using [3H]SCH 23390, a D1R antago-
nist, and SKF38393, a D1R agonist, as competitor, in the
presence or absence of a dopamine D3 receptor agonist (7-
OH-PIPAT) (see [17]). The data from the competition curves
were fitted using equations devised from twomodels: the two-
independent-site model and the two-state dimer model.

Fitting Data Using the Two-Independent-Site Paradigm

The two-independent-site model assumes that high- and low-
affinity binding is due to, respectively, GPCRs coupled and
uncoupled to a given heterotrimeric G protein. Data from
competition assays analyzed using this model provide equilib-
rium constants for high- (KDH) and for low-affinity (KDL)
binding, as well as for the amount of high- and low-affinity
sites (Table 1). According to the two-independent-site model,
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two D1R binding species are distinguishable in striatal sam-
ples from either hemisphere of naïve rats. Lateralization is
observed by the statistically significant lower KDH and KDL

values in the left hemisphere compared with values in the right
one: KDH is 14-fold lower and KDL is circa 3-fold lower in the
left striatum. In addition, the proportion of high-affinity sites is
3-fold lower in the left hemisphere.

Low-affinity species were predominant in hemilesioned
animals in which, interestingly, the affinity parameters (KDH

or KDL) for the binding of the agonist to D1Rs were similar in
the striata from two sides (Table 1). Taking into account all
four groups of animals, the overall comparison showed that
the proportion of high-affinity (BmaxH) versus total number
of sites was significantly different (inter-group differences
detected by two-way ANOVA) in samples from both right
(F(3,16)=7.79, p=0.002) and left (F(3,16)=12.80, p=0.0002)
hemispheres. Right-left lateralization was also found in terms
of differential values (inter-hemisphere differences detected
by two-way ANOVA) BmaxH (F(1,16)=30.5, p<0.0001), KDH

(F(1,16)=91.0, p<0.0001), and KDL (F(1,16)=43.1, p<0.0001)
(see Table 1). Interpretation of results in terms of D1Rs
coupled and uncoupled to G proteins is complex. In principle,
the preponderance of low-affinity sites (Table 1) indicates that
G-protein-coupled D1Rs would be the minority species in all
samples except in the right striatum of naïve and dyskinetic
animals.

In contrast to the results for BmaxH, the values for B50 (i.e.,
the concentration of SKF38393 that leads to a 50% of binding
sites occupied by this agonist), calculated using the two-site
model-derived Eq. (3), were similar in the two hemispheres
and were also similar in samples from the different groups.
However, there are inter-group differences if B50 values are
calculated under the dimer paradigm (see later).

Fitting Data Using the Two-State Dimer Receptor
Paradigm

The binding to dimers is determined by the total number of
dimers (maximum number of binding sites Bmax would be
twice the number of dimers RT) and two equilibrium constants
defining the binding of the competing agonist (B) to the two
protomers of the dimer (KDB1 and KDB2). If agonist binding to
the first protomer in an unoccupied dimer modifies the char-
acteristics of the binding to the second protomer, cooperativity
occurs and a homotropic cooperativity index (DCB) may be
readily calculated. Apart from higher affinity in the left hemi-
sphere in samples from all animal groups, the cooperativity
index is more negative in the left hemisphere (Table 2). Thus,
data fitting using equations devised from the dimer receptor
model shows right/left lateralization.

Interestingly, the data fit under the dimer paradigm allow
calculation of a hybrid constant that quantifies the

Table 1 Parameter values for the agonist SKF 38393 obtained using [3H]SCH 23390 as radioligand and data fitting to equations devised from the two-
independent-site model

Sample Side 7-OH-PIPAT (100 nM) BmaxH KDH BmaxL KDL B50

Naïve Right − 1.1±0.2 28±2 0.85±0.05 410±30 85±20

+ 1.0±0.4 16±3 1.1±0.2 280±50 75±30

Left − 0.3±0.1### 2±1### 1.4±0.4 140±20### 90±40

+ 0.34±0.07 5±1# 1.3±0.4 170±40 105±30

Lesioned Right − 0.39±0.08& 7±3&&& 1.16±0.08 220±40&& 120±40

+ 0.38±0.05& 5±1 1.12±0.05 220±10 115±15

Left − 0.41±0.05 2±1 1.52±0.05 190±20 115±10

+ 0.58±0.05& 7±2 1.30±0.08 240±20 105±30

L-DOPA-treated (non-dyskinetic) Right − 0.47±0.07& 7±2&&& 1.26±0.07 170±20&&& 90±20

+ 0.8±0.2 26±6* 1.0±0.2 200±50 80±35

Left − 0.24±0.05 0.7±0.3 1.73±0.02 120±10 90±10

+ 0.37±0.07 5±2### 1.65±0.07 150±10 100±15

Dyskinetic Right − 1.2±0.1 24±4 0.9±0.1 420±60 75±20

+ 0.8±0.1 5±2* 1.6±0.1&* 220±20* 85±20

Left − 0.66±0.05&&## 4±1### 1.3±0.1 190±20### 70±20

+ 0.61±0.03& 3±1 1.24±0.05 190±20 70±10

Data are mean±SEM values from three experiments (see [17]). Bmax is the maximum specific binding, andKD is the equilibrium dissociation constant of
the competing ligand B (SKF 38393). BmaxH and BmaxL are the maximum specific binding corresponding to, respectively, high- and low-affinity sites,
and KDH and KDL are the equilibrium dissociation constants for, respectively, high- and low-affinity sites. B50 is the concentration providing half
saturation of the receptor for B and is obtained according to Eq. (3)

*p<0.01 comparing with and without treatment with the D3 receptor agonist, 7-OH-PIPAT;
# p<0.05, ## p<0.01, and ### p<0.001 with respect to the

right side; & p<0.05, && p<0.01, and &&& p<0.001 with respect to the naïve after Bonferroni’s post hoc test
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modulation due to the binding of another ligand to the part-
ner receptor in a dimer. The hybrid parameter (DAB) denotes
whether the binding of the competitor (B) to unoccupied
receptors and to receptors hemioccupied by the radioligand
(A) is similar or not. Deviations from zero values for DAB

indicate that binding of the radioligand molecule to one
protomer affects the binding of the competitor to the second
protomer in the dimer. Importantly, DAB was always zero in
samples from right striatum, but not in those from left stri-
atum (Table 2); i.e., two-way ANOVA analysis showed sig-
nificant inter-hemispheric differences in KDAB (F(1,16)=
324.6, p<0.0001). Although differences in values were de-
tected in the left striatum of every experimental group, the
DAB was always positive, thus indicating that the binding of
the competitor to the left striatal D1Rs is favored if one
molecule of the radioligand is already bound to the receptor
dimer. Non-zero DAB values were confirmed by comparing
the goodness of the fit with and without considering inter-
actions due to A affecting the binding of B to the dimer. In
fact, the fitting was significantly better when DAB was pa-
rameterized than when DAB was forced to be zero.
Furthermore, the robustness of the overall results from all
conditions and from the two hemispheres was higher when
the parameter was taken into account. These results indicate
the convenience of considering the DAB hybrid parameter
under the receptor dimer concept.

The B50 values obtained under the dimer receptor paradigm
(see Eq. (4)) confirm lateralization, with lower values in the
left hemisphere (significant inter-hemispheric differences in
B50 by two-way ANOVA analysis (F (1 ,16) = 233.9,
p<0.0001) and with no major alterations in samples from
lesioned animals (with respect to the samples from naïve
rats; see Table 2). Therefore, B50 may better reflect agonist-
binding characteristics if calculated under the receptor dimer
assumption, i.e., using Eq. (4).

Hints on Lateralization of Binding to D1Rs in Naïve
Animals

Lateralization of dopamine binding to D1Rs in striatum re-
flects changes in the molecular structure of the binding site
that may be due to several circumstances. The different pos-
sibilities may be summarized as different degree of coupling
of D1R to other molecules of D1R itself or to other proteins
(see BDiscussion^ section for D1R-interacting proteins). It
should be noted that the use of isolated membranes simplifies
the interpretation of the results; the two more likely types of
interactions in membranes are the homomeric/heteromeric,
with GPCRs in complex with G proteins. The data from
samples of naïve animals using the two-independent-site mod-
el may be interpreted as more D1Rs coupled to G proteins in
the right side. The proportion of high- (18 %) and low-affinity

Table 2 Parameter values for the agonist SKF 38393 obtained using [3H]SCH 23390 as radioligand and data fitting to equations devised from the
dimer receptor model

Sample Side 7-OH-PIPAT (100 nM) RT KDB1 KDB2 DCB KDAB DAB B50

Naïve Right − 1.0±0.1 22±2 370±40 −0.62 44±4 0 90±9

+ 1.0±0.1 21±6 330±50 −0.59 40±10 0 85±20

Left − 1.1±0.1 3±1### 80±10### −0.82 2±1### 0.5 15±4###

+ 1.1±0.1 6±2# 120±30## −0.70 6±2### 0.3 27±8#

Lesioned Right − 0.80±0.03 28±3 450±20 −0.60 56±6 0 112±9

+ 0.75±0.05 22±3 470±40 −0.73 44±6 0 100±10

Left − 1.0±0.1 3±1### 120±20### −1.0 3±1### 0.3 19±5###

+ 1.0±0.1 7±3# 210±40### −0.77 10±4### 0.25 40±15##

L-DOPA-treated (non-dyskinetic) Right − 0.9±0.1 20±2 330±30 −0.62 40±4 0 81±8

+ 0.9±0.1 28±2 270±30 −0.38 56±4 0 87±8

Left − 1.0±0.1 2±1### 60±20### −0.88 0.8±0.4### 0.7 11±4###

+ 1.1±0.1 8±3## 90±20## −0.45 7±3### 0.35 27±8##

Dyskinetic Right − 1.2±0.1 20±2 340±30 −0.63 40±4 0 82±8

+ 1.2±0.1 5±1&* 160±30&** −0.90 6±2&&** 0.2 28±6&

Left − 1.0±0.1 4±1### 160±30### −1.0 5±1### 0.2 25±5###

+ 1.0±0.1 4±1 160±20 −1.0 4±2 0.3 25±5

Data are mean±SEM values from three experiments (see [17]). RT is the total amount of receptor dimers, and KDB1 and KDB2 are, respectively, the
equilibrium dissociation constants of the first and second binding of B to the dimer. KDAB is the hybrid equilibrium dissociation constant of B binding to a
receptor dimer semi-occupied by the A ([3 H]SCH 23390). DCB is the dimer cooperativity index for the binding of ligand B, and DAB is the dimer
radioligand/competitor modulation index. B50 is the concentration providing half saturation for B. Parameters are obtained according to [19, 20]

*p<0.05 and **p<0.01 comparing with and without treatment with the D3 receptor agonist, 7-OH-PIPAT;
# p<0.05, ## p<0.01, and ### p<0.001 with

respect to the right side; & p<0.01 and && p<0.001 with respect to the naïve after Bonferroni’s post hoc test
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(82 %) sites in the left side (Fig. 1) points to a marked imbal-
ance in the left hemisphere where receptors seem to be less
coupled to heterotrimeric G proteins. The KDH and KDL

values, both of whichwere significantly lower in the left hemi-
sphere (Table 1), indicate that, irrespective of G protein cou-
pling, the D1R in the left hemisphere is structurally different
from the D1R in the right hemisphere. This is either due to the
coupling to a different G protein or it reflects allosteric effects
due to membrane components other than G proteins.
Although D1Rs may couple to Gq and lead to calcium mobi-
lization via D1-D2 receptor heteromer formation [23, 24] and
other less well defined mechanisms [25], the main signaling
pathway engaged via striatal D1Rs seems to be Gs-dependent
[26, 27].

The existence of allosteric effectors differentially affecting
the binding to D1R in the two striatal hemispheres is con-
firmed by results obtained using the two-state dimer receptor
model. First of all, negative cooperativity is more marked in
the left side (Table 2). From the analysis using the dimer
receptor model, a relevant result comes out: there is a lack of

heterotropic agonist/antagonist effect in the binding to D1Rs
on the right side, whereas the heterotropic agonist/antagonist
effect in the binding exists on the left side. In fact, DAB is zero
in data from the right side and >0 in data from the left side.
Main structural differences in the D1R from right and left sides
occur as only the binding of the radiolabelled antagonist to the
left D1R affects the binding of competing agonist. Hence, the
D1R in the left striatum changes its conformation when occu-
pied with the radioligand in such a way that the access of the
competitor to a hemioccupied receptor is better than to the
empty dimer (Table 2). The underlying mechanisms are diffi-
cult to apprehend, but this piece of evidence is in itself very
relevant because it allows distinguishing between two quali-
tatively different D1R subpopulations. As the binding to the
right hemisphere does not display the heterotropic agonist/
antagonist effect, the observed lateralization is due to structur-
ally different D1Rs. Furthermore, the positive effect contrasts
with the negative cooperativity found often in agonist binding
to GPCRs [19, 28]. In terms of dimers, the results indicate that
the access of the second radiolabelled molecule to D1R dimers
is thermodynamically less favored, whereas the opposite oc-
curs when the competitor binds to the dimer already occupied
by one radiolabelled molecule. In summary, according to the
two-independent-site model, in the left hemisphere, the frac-
tion of D1Rs coupled to G proteins is lower than the fraction of
uncoupled ones. Under the receptor dimer assumption, an
allosteric effect may explain why D1Rs in the left side display
higher affinity. Also, the dimer model-devised parameter DAB

seems to be a convenient way to describe intradimer
interactions.

Hints on Lateralization of Binding to D1R in Lesioned
and Dyskinetic Animals

According to the two-independent-site model, the balance of
high- (BmaxH) and low-affinity (BmaxL) sites does not signifi-
cantly change in the left hemisphere of lesioned animals or of
lesioned animals treated with L-DOPA, but the BmaxH/BmaxL

ratio is markedly reduced in the right striatum. Remarkably,
the KDH and KDL values are markedly reduced in the right
side, thus indicating a higher affinity of the agonist binding
to D1R in lesioned animals (with or without L-DOPA treat-
ment) than in naïve animals (Table 1).

Comparing the data from lesioned and naïve animals, the
use of the dimer receptor model provided KD (KDB1 or KDB2)
values that were similar in the right and in the left hemi-
spheres. Similarly, there were no statistical differences in the
values of the DCB and of the DAB and KDAB parameters be-
tween animal groups or between left and right sides. In con-
trast to the two-independent-site model, KDB1 and KDB2

values showed similar lateralization in lesioned and naïve an-
imals (Table 2); two-way ANOVA analysis showed signifi-
cant inter-hemisphere differences in KDB1 (F(1,16)=237.2,

Fig. 1 Balance of high- and low-affinity states in right and left striata
from different animals groups. The figure has been constructed using data
in Table 1. In each image, the left weighing plate would correspond to the
amount of, respectively, low- and high-affinity sites. When the amount of
low-affinity site is higher than that of high-affinity site, the left weighing
plate is down and the right is up; the opposite (left plate up and the right
down) occurs when high-affinity sites are more abundant than
low-affinity sites. The degree of dysbalance corresponds to the actual
differences in the number of high- and low-affinity states. The numbers
correspond to the affinity values (for each condition) of low-affinity (left)
and high-affinity (right) species
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p<0.0001) and KDB2 (F(1,16)=204.4, p<0.0001). The dimer
receptor model confirms the similar binding to D1Rs in the
right side in naïve and dyskinetic animals. In summary, in
animals from all treated groups, the dimer assumption model
robustly keeps the binding characteristics (lateralization in-
cluded) found in naïve animals.

According to the two-independent-site model, dyskinesia
totally eliminates the high/low-affinity imbalance in the right
striatum of lesioned (plus/minus L-DOPA) animals; in fact,
the percentage of high-affinity sites in the right side of dyski-
netic animals is 57 % (58 % in naïve animals) and the KDH is
24 nM (28 nM in naïve animals). The dopamine binding to
D1Rs in the left side of dyskinetic animals is more similar to
that in naïve animals, but the proportion of high-affinity sites
is higher than in any other group (33 vs 12–22 %).

Impact of Agonist Binding to D3 Receptors
on Lateralization of Binding to D1R

In samples from all groups except the dyskinetic one, the
effect of the D3 receptor agonist, 7-OH-PIPAT, was monoto-
nous; i.e., it did not affect in a qualitative manner the lateral-
ization in terms of KD values of agonist binding to striatal
D1R. In dyskinetic animals, the treatment with the D3 receptor
agonist led to the disappearance of such lateralization. In fact,
using the two-independent-site model, KDH values became
similar in both hemispheres in dyskinetic animals (also in
lesioned animals) (Table 1). Using the receptor dimer para-
digm, KDB1, KDB2, or DCB values were similar in the right and
left striata of dyskinetic animals (Table 2). Quite noteworthy
was that the activation of the D3R led to the appearance of the
heterotropic D1R agonist/antagonist effect in the right side of
dyskinetic but not of naïve or lesioned (plus/minus L-DOPA)
rats. Furthermore, the B50, calculated according to the dimer
receptor model, is reduced in the right striatum to become
similar to that in the left striatum. In contrast, B50 values cal-
culated according to the two-independent-site model are mo-
notonously high irrespective of the animal group, of the hemi-
sphere, and of treatment (or not) with the D3 receptor agonist.
Comparison of the data in the absence and the presence of the
D3R agonist confirms lateralization and suggests that param-
eters obtained using the dimer model are more robust (than
using the two-independent-site model) to explain and interpret
radioligand-binding results.

Discussion

More than three decades ago, Yamamoto et al. [29] reported
striatal lateralization of dopamine release in animals under a
motor task related to sucrose/water reward. Lateralization of
dopamine release mechanisms may run in parallel with later-
alization of the dopamine receptor signaling system. In fact,

PET assays using a D1R ligand [11C]NNC-112 show asym-
metry across hemispheres in healthy humans [30], thus
pointing towards differential dopamine-mediated signaling
mechanisms in right and left striata. This lateralization occur-
ring at the very molecular level adds further complexity to the
neural circuits operating in the most important region for mo-
tor control. Elucidation of the causes and consequences of
lateralization in dopamine-binding and dopamine-receptor-
mediated signaling is key to understand the role of striatal
asymmetry in motor control and to design better interventions
to prevent and/or manage PD.

Back in the third quarter of the twentieth century,
radioligand-binding techniques were instrumental to identify
receptors for neurotransmitters. Autoradiography was also in-
strumental to make the first maps of receptor expression in the
CNS. Last but not least, fitting of radioligand-binding data
was key to determine the affinity of the transmitter-receptor
interaction.More recently, the technique has beenmainly used
to determine differences of receptor expression in neuropa-
thologies. In Parkinson’s disease, alterations in the level of
striatal dopamine receptors have been reported [31–34].
Often, the results of the comparison assays are attributed to
differences in the level of expression and not to qualitative
changes in the characteristics of the binding. Experiments
using a single concentration of the radioligand (even in com-
petition assays) cannot provide unequivocal data on the actual
levels of receptors. An alteration in specific binding using a
single concentration of the radioligand may be due to actual
differences in receptor levels or to differential binding charac-
teristics in receptors from the two samples being compared. A
proper assessment of receptor levels and ligand-receptor affin-
ity needs optimal experimental design and careful analysis of
the data. Indeed, radioligand binding appears as instrumental
to detect differential trends in the molecular characteristics of
receptors in natural sources.

The information provided by fitting the data to two-
independent-site and to two-state dimer receptor models is
summarized in Tables 1 and 2 and in Fig. 1. D1Rs in the left
striatum have higher affinity for agonists than in the right
striatum, and this seems to be due to a higher percentage
of receptors coupled to G proteins. The potential
heteromerization with D3Rs does not play any role in lateral-
ization found in naïve and lesioned rats (see below for discus-
sion of data from dyskinetic animals). The homotropic effect,
i.e., that exerted by one compound upon the previous binding
of the same compound, may be either due to cooperativity in
the binding to a receptor dimer or to the occurrence of G-
protein-coupled high- and G-protein-uncoupled low-affinity
monomers. The binding properties within the left striatum also
showed a heterotropic effect, i.e., an effect of the binding of
the radiolabelled antagonist on the binding of the competing
agonist. Occurrence of receptor dimers in which the binding
of the radioligand to a protomer in the dimer affects the
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binding of the competitor to the second protomer in the dimer
is a reasonable hypothesis to explain the heterotropic agonist/
antagonist effect. In summary, our conclusion is that the left
striatum displays a D1R with a tertiary and/or quaternary
structure different from that in the right side. Different quater-
nary structure may be due to a different stoichiometry of the
receptor (monomer vs dimer) and/or may be the consequence
of allosteric modulation due to differential coupling to G or
other proteins, including other GPCRs. Actually, the couple
formed by D1 and adenosine A1 receptors is recognized as the
first identified GPCR heteromer formed by two different re-
ceptor types [35, 36]. Heteromerization and allosteric modu-
lation affect the quaternary structure of GPCRs, and therefore,
they often affect the affinity of the radioligand/GPCR interac-
tion [5, 37–40]. D1R may form heteromers with other GPCRs
(see www.iiia.csic.es/~ismel/GPCR-Nets/; [41]), and it may
also interact with proteins such as NMDA glutamate
ionotropic receptors [42–45], N-type calcium channels [46],
and calcyon [47].

Coexpression of D1Rs and calcyon in heterologous sys-
tems decreases the proportion of high/low-affinity D1R sites
[48]. As calcyon is elevated in patients with schizophrenia
[47], it is likely that the reported decrease in the proportion
of D1R in the disease detected by autoradiography [49] comes
from a decrease of high-affinity sites rather than by a decrease
in the total amount of receptors. In the 6-hydroxydopamine-
hemilesioned rat model of Parkinson’s disease, the total
amount of D1Rs does not significantly change ([17];
Tables 1 and 2). In contrast, the characteristics of the binding
(high/low-affinity ratio using the two-independent-site model
or cooperativity using the dimer receptor model) in samples
from lesioned animals were different (Tables 1 and 2 and
Fig. 1). Interestingly, the affinity constants and total receptor
amounts were similar in right and left striata from naïve and
dyskinetic animals. However, in samples from dyskinetic an-
imals, there was a differential trend, namely, the appearance of
the heterotropic D1R agonist/antagonist effect in the right stri-
atum, but only when the D3R agonist, 7-OH-PIPAT, was

present in the assays. The increase in D3R expression in dys-
kinesia leads to a marked D1-D3 heteromerization in striatum
[17]. The appearance of the peculiar and not previously de-
tected heterotropic agonist/antagonist effect may be due to
alterations in the quaternary structure of the D1R due to acti-
vation of D3R interacting with D1Rs. L-DOPA therapy results
in markedly high concentrations of dopamine in the CNS;
consequently, D3Rs are likely activated under a L-DOPA ad-
ministration regime such as that used in Parkinson’s disease
patients. Taken together, the results indicate that a high dopa-
minergic tone in dyskinetic animals makes D1Rs similar in
right and left striata. Moreover, the lateralization in dopamine
binding to striatal D1Rs, shown in naïve, lesioned, and non-
dyskinetic animals, was virtually absent in the dyskinetic
state. Abnormal movements in dyskinetic animals may be
due to the loss of this D1R lateralization.

Further experimental effort would be necessary to establish
the reasons why dopamine binding to striatal D1R is
lateralized. Differential D1R structure in right versus left sides
may come as a result of interactions with other membrane
proteins or with interactions with different scaffolding or G
proteins (Fig. 2).
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Abbreviations
A1R Adenosine A1 receptor
A2AR Adenosine A2A receptor
A2BR Adenosine A2B receptor
A3R Adenosine A3 receptor
ADA Adenosine deaminase
BRET Bioluminescence resonance energy transfer
DPCPX Dipropyl-8-cyclopentyl-1-,3-dipropylxanthine
EEG Electroencephalographic
GPCRs G-protein coupled receptors
PDE Cyclic nucleotide phosphodiesterase
PET Positron emission tomography
PLA Proximity ligation assay
R-PIA R-phenyl-isopropyl-adenosine

BRAIN AND PSYCHOSTIMULANTS: 
CAFFEINE
The efficiency of higher cortical functions, such as memory and 
speed of complex information processing, tends to decrease with 
advancing age in normal healthy individuals. Normal aging is typi-
cally accompanied by progressive and gradual decline in mem-
ory and executive control functions together with morphological 
changes in the brain. The prominent aging effects are observed 
mainly in the frontal cortex and some parts of the temporal lobe 
(Peelle, Cusack, & Henson, 2012). Also, dietary factors may affect 
cognitive health (Lourida et al., 2013) and dietary control, and pre-
vention of age-related cognitive decline can help maintain quality 
of life (Lourida et al., 2013). Another factor affecting cognitive 
functions is psychostimulant usage. Psychostimulants are a broad 
class of sympathomimetic drugs that, at low doses, can increase 
arousal, vigilance, vigor and attention, and cognitive enhancement; 
however, their ability to induce cognitive deficits as well as addic-
tion, especially at high doses, has been described (Wood, Sage, 
Shuman, & Anagnostaras, 2014). The psychostimulant caffeine 
(1,3,7-trimethylxanthine) is one of the most important naturally 
occurring methylated xanthine alkaloids and is the most widely 
used psychoactive drug in the world (Fisone, Borgkvist, & Usiello, 
2004; Fredholm, Battig, Holmen, Nehlig, & Zvartau, 1999).  

Once consumed, it is rapidly distributed throughout the body and 
readily crosses the blood–brain barrier (Dager & Friedman, 2000); 
once in the brain, it produces a variety of behavioral effects includ-
ing an increase in performance, subjective alertness and attention 
(an important prerequisite for many cognitive processes, such as 
memory and reasoning), and it also reduces fatigue and enhances 
motor activity (Fisone et al., 2004).

Caffeine does not accumulate in the body but it is extensively 
metabolized in the liver, primarily by cytochrome P450 1A2 
N-demethylation, to form three primary metabolites: paraxanthine 
(1,7-dimethylxanthine), theobromine (3,7-dimethylxanthine), and 
theophylline (1,3-dimethylxanthine) (Jodynis-Liebert, Flieger, 
Matuszewska, & Juszczyk, 2004). In humans, the formation of 
paraxanthine accounts for 83.9% of caffeine metabolism, theo-
bromine 12.2%, and theophylline 3.7%, respectively (McLean & 
Graham, 2002). These metabolites are further metabolized to xan-
thenes, uric acid, and uracils, which are excreted in the urine, and 
only a small fraction of caffeine (less than 5% of the ingested dose) 
is excreted unaffected in the urine. Caffeine is readily available 
through dietary products, such as coffee, tea, cocoa, different soft 
and energy drinks, chocolate, caffeine tablets, and certain medica-
ments (Heckman, Weil, & Gonzalez de Mejia, 2010). Coffee is 
among the most widely consumed beverages worldwide, which 
includes a complex mixture of compounds where caffeine has 
been the most widely known. Other coffee bioactive substances are 
diterpenes, chlorogenic acids, niacin, and melanoidins, which can 
have potential implications on human health (Godos et al., 2014). 
Caffeine content in coffee beverages has been reported to reach 
a variability ranging from 130 to 282 mg/cup and up to 322 mg/
cup in different commercial espresso coffees (Crozier, Stalmach, 
Lean, & Crozier, 2012). Although coffee consumption has been 
historically linked to adverse health effects, new research indi-
cates that coffee consumption may be useful to restore memory 
dysfunction associated with aging and neurodegenerative diseases 
(González de Mejia & Ramirez-Mares, 2014). In fact, healthy 
people can tolerate low and moderate (<400 mg/day for a 70-kg 
person) ingestions of caffeine, but heavy caffeine consumption 
has been associated with serious adverse health effects, includ-
ing tachycardia, hypertension, anxiety, restlessness, and tremors 
(Seifert, Schaechter, Hershorin, & Lipshultz, 2011).
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MOLECULAR TARGETS OF CAFFEINE IN  
THE BRAIN
The biological effects of caffeine in the brain are developed 
throughout a wide range of molecular targets (see Figure 1). The 
most important of them are adenosine receptors in the cytoplasmic 
membrane, where xanthinic compounds act as antagonists with a 
low micromolar range of affinities; xanthines like caffeine act as 
competitive inhibitors of intracellular cyclic nucleotide phospho-
diesterase (PDE) isozymes, with low affinity in the high micromo-
lar to millimolar range. Millimolar concentrations of caffeine are 
also necessary to mobilize calcium from intracellular stores of the 
endoplasmic reticulum, an effect mediated via activation of ryano-
dine-sensitive channels. Caffeine also inhibits ligand binding to 
the benzodiazepine-positive modulatory site of GABAA receptors 
but millimolar concentrations are needed. Other proteins such as 
IP3 (inositol triphosphate) receptors of the endoplasmic reticulum, 
voltage-sensitive ion channels of the cytoplasmic membrane, intra-
cellular proteins such as monoamine oxidase, phosphatidylino-
sitol kinase, etc. are further biological targets on which caffeine 
and other xanthines can act, but at millimolar or high millimolar 

concentrations (see Table 1). Caffeine has been historically impor-
tant as a tool in the study of PDEs, ion channels, ryanodine recep-
tors, and GABA receptors, but its physiological effects cannot be 
accounted for by its ability to regulate these targets (Daly, 2000). 
After ingestion of three to five cups of coffee (about 500 mg of 
caffeine), the peak concentration of free caffeine circulating in 
60 μM of plasma and a blood concentration of 0.5–2 mM caffeine 
produces lethal intoxication (Bruce, Scott, Lader, & Marks, 1986). 
From all these values, it is clear that caffeine mainly exerts its psy-
chostimulant effects by counteracting the tonic effects of endog-
enous adenosine on adenosine receptors. This happens because of 
the ability of adenosine to modulate the function of two principal 
neurotransmitter systems: one that is involved in motor activation 
and reward (dopaminergic systems) and another that is involved in 
arousal processes (cholinergic, noradrenergic, histaminergic, and 
orexinergic systems) (Ferré, 2010).

ADENOSINE RECEPTORS AND CAFFEINE
Adenosine is a naturally occurring nucleoside that is distributed 
ubiquitously throughout the body as a metabolic intermediary. 

FIGURE 1 Major protein targets of caffeine in neurons. The different arrows show the potency of the interaction of caffeine: thick arrow (low 
micromolar range); thin arrow (high micromolar range); dashed arrow (millimolar range); (−) inhibition or antagonism; (+) activation or agonism. Mit, 
Mitochondria; ER, endoplasmatic reticulum; A1R, adenosine A1 receptor; A2AR, adenosine A2A receptor; ATPase, Na+-K+-ATPase; CaV, voltage-gated 
calcium channels; GABAAR, gamma-aminobutyric acid A receptor; GPa, glycogen phosphorylase a; GlyR, glycine receptor; IP3R, inositol triphosphate 
receptor; KV, voltage-gated potassium channels; MAO, monoamine oxidase; NaV, voltage-gated sodium channels; PDE, phosphodiesterase; PI3K, phos-
phatidylinositol-3-kinase; RyR, ryanodine-sensitive calcium-release channel; 5′N, 5′-nucleotidase.
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TABLE 1 Affinity Parameters of Caffeine Interactions With Different Cellular Proteins

Protein Parameter (μM) Source Research Group

A1Ra 45, 12 Human brain C.E. Müller (2004) and B.B. Fredholm (1999)

44, 20 Rat brain J.W. Daly (1991) and B.B. Fredholm (1999)

41, 26, 29 Rat brain cortex C.E. Müller (1994, 1997) and K.A. Jacobson (1993)

13, 19 Rat striatum; caf. pretreated V. Casadó (2006)

11 Bovine brain J.W. Daly (1983)

28 Bovine brain cortex V. Casadó (2013)

47 Guinea pig J.W. Daly (1986)

44 Bovine and rat brain cortex J.W. Daly (1986)

90, 10.7 Transfected HEK cells V. Casadó (2006) and K.A. Jacobson (1999)

A2ARa 23.4, 2.4 Human brain C.E. Müller (2004) and B.B. Fredholm (1999)

45, 8.1 Rat brain J.W. Daly (1991) and B.B. Fredholm (1999)

43, 32.5, 48 Rat striatum C.E. Müller (1994, 2000) and K.A. Jacobson (1999)

80, 290 Rat striatum; caf. pretreated V. Casadó (2006)

7, 9.6 HEK expressing hA2AR V. Casadó (2006) and K.A. Jacobson (1999)

A2BRa 13 Human brain B.B. Fredholm (1999)

17 Rat brain B.B. Fredholm (1999)

20.5, 10.4 HEK expressing hA2BR C.E. Müller (2006) and K.A. Jacobson (2002)

33.8 CHO expressing hA2BR C.E. Müller (2009)

30 Fibroblasts expressing hA2BR J.W. Daly (1994)

13 Fibroblasts expressing rat A2BR J.W. Daly (1994)

A3
a 190 Human brain B.B. Fredholm (1999)

80 Rat brain B.B. Fredholm (1999)

>100 CHO expressing rat A3R K.A. Jacobson (1994)

PDEb >500 – J.W. Daly (2000)

PDE Ibb 480 Rat cardiac ventricle D. Ukena (1993)

PDE IIb 708 Rat cardiac ventricle D. Ukena (1993)

PDE IVb >100 Rat cardiac ventricle D. Ukena (1993)

PDE Vb 690 Rat cardiac ventricle D. Ukena (1993)

PDE IVb 747 Cells expressing hPDE IV V.S. Rao (1999)

RyRb 9000 Rabbit myocytes M. Fill (2011)

990, 3000 HEK expressing RyR2 D.H. MacLennan (1998) and M.H. Gollob (2010)

2770 HEK expressing RyR1 D.H. MacLennan (1998)

IP3R 20,000b Rat cerebellum F. Michelangeli (1992)

5000b Mouse pancreatic cells O.V. Gerasimenko (2006)

2000b Mouse glioblastoma cells + IP3R3 C.J. Lee (2010)

10,000–70,000c DT40 expressing rat IP3R1 C.W. Taylor (2014)

>10,000c DT40 expressing rat IP3R1 C.W. Taylor (2014)

Continued
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In the brain, adenosine acts as an important upstream neuromodu-
lator of a broad spectrum of neurotransmitters, receptors, and 
signaling pathways that converge to contribute to the expression 
of an array of important brain functions (Gomes, Kaster, Tome, 
Agostinho, & Cunha, 2011). Adenosine is the main molecule 
involved in the coordination of brain activity (Sebastião & Ribeiro, 
2009) and it has a key endogenous neuroprotective role in this tis-
sue predominantly mediated by the adenosine A1 receptor (A1R). 
This nucleoside maintains brain homeostasis and regulates com-
plex behavior via activation of inhibitory and excitatory adenos-
ine receptors in a brain region-specific manner. Four subtypes of 
these receptors, A1R, A2AR, A2BR, and A3R, have been cloned and 
pharmacologically characterized. All these receptors are members 
of the family A of G-protein coupled receptors (GPCRs), a super-
family of integral membrane proteins with a central common core 
made of seven transmembrane α-helices of approximately 25 resi-
dues in length that are connected by intra- and extracellular loops 
(Fredholm, Ijzerman, Jacobson, Klotz, & Linden, 2001). GPCRs 
comprise the largest protein superfamily in mammalian genomes 
and they are the most important class of membrane proteins in 
clinical medicine, accounting for ∼40% of all current therapeu-
tics (Wang & Lewis, 2013). More than 90% of known GPCRs are 
expressed in the brain and are involved in virtually all functions 
controlled by the nervous system (Vassilatis et al., 2003).

Among the four cloned adenosine receptors, A1Rs and A2ARs 
are the ones predominantly expressed in the brain; A3Rs are also 
expressed in the brain but in lower levels. Caffeine has similar in vitro 
affinities for A1R, A2AR, and A2BR and much lower affinity for A3R 
(see Table 1). For these reasons, A1R and A2AR are the preferential 

targets for caffeine in the brain, since physiological extracellular lev-
els of adenosine are sufficient to occupy and stimulate these recep-
tors (Solinas et al., 2005). On the other hand, A2BRs have a lower 
affinity for adenosine and are only activated by high pathological 
extracellular levels of adenosine (Fredholm et al., 2001). A1Rs and 
A2ARs show a complementary expression pattern in the brain: A1Rs 
are widely expressed in the brain, with particularly high levels in 
the cerebral cortex, hippocampus, and cerebellum and in numer-
ous hypothalamic nuclei and moderate levels in striatum. A2ARs are 
highly concentrated in the striatum, and minimally expressed in the 
hippocampus and cortex (Dunwiddie & Masino, 2001; Fredholm 
et al., 2001; Schiffmann, Fisone, Moresco, Cunha, & Ferré, 2007). 
In the brain, A1Rs are found at both presynaptic and postsynaptic 
sites (Rebola, Pinheiro, Oliveira, Malva, & Cunha, 2003); A2ARs 
are found predominantly at postsynaptic neurons in the striatum, but 
they are also detected at significantly lower levels at presynaptic sites 
in the hippocampus (Rebola, Canas, Oliveira, & Cunha, 2005) and in 
corticostriatal terminals, controlling glutamate release (Schiffmann 
et al., 2007) or GABA release (Cunha & Ribeiro, 2000). Karcz-
Kubicha et al. (2003) suggests that development of tolerance to 
the effects of A1R blockade might be mostly responsible for toler-
ance to the motor-activating effects of caffeine and that the residual 
motor-activating effects of caffeine in tolerant individuals might be 
mostly because of A2AR blockade. Both striatal A1Rs and A2ARs are 
involved in the motor-activating and probably reinforcing effects of 
caffeine, although they play a different role under conditions of acute 
or chronic caffeine administration (Ferré, 2008).

The concentration needed to explain the effect of caffeine 
at the receptor level generally corresponds to following the 

Protein Parameter (μM) Source Research Group

GABAAR >300a Rat brain P.J. Marangos (1979)

350–500b Rat brain G.A. Johnston (1984)

GlyRb 500 – J.W. Daly (2000)

248–837 HEK expressing GlyR L. Duan (2009)

Cav
c >1000 – J.W. Daly (2000)

Kv
b 230 Chick ciliary ganglion neuron S.E. Dryer (1996)

Nav
c >1000 Guinea pig cardiac ventricle Y. Habuchi (1991) and J.W. Daly (2000)

MAOa 700 (MAO-A); 3830 
(MAO-B)

Recombinant human enzymes A. Petzer (2013)

5′Nb 680 Rat brain B.B. Fredholm (1983)

ATPasec >1000 – M.P. Gupta (1990) and J.W. Daly (2000)

GCc >1000 – R.H. Stellwagen (1984) and J.W. Daly (2000)

GPab 1300 In vitro rabbit muscle GPa Z. Gregus (2007)

PI3Kb 110–1000 In vitro kinase assays P.R. Shepherd (2002)

h, human; caf., caffeine. Abbreviations of protein names are the same as in Figure 1.
aKD value.
bIC50 or EC50.
cUsed range of concentrations.

TABLE 1 Affinity Parameters of Caffeine Interactions With Different Cellular Proteins—cont’d
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consumption of average amounts of caffeine from dietary sources 
( Porkka-Heiskanen, 2013). Elmenhorst, Meyer, Matusch, Winz, 
and Bauer (2012) carried out the first in vivo study on cerebral A1R 
occupation by caffeine in humans. These authors used 18F-CPFPX, 
a positron emission tomography (PET) tracer, to visualize and 
quantify the occupancy of the most abundant caffeine target in the 
human brain. Given a biologic half-life of about 5 h, caffeine might 
therefore occupy up to 50% of the cerebral A1R when caffeinated 
beverages are repeatedly consumed during a day. Half-maximal dis-
placement was achieved at a plasma caffeine concentration of 67 μM, 
which corresponds to 450 mg in a 70-kg subject ( Elmenhorst et al., 
2012). Caffeine affects the brain by a localized combination of neu-
ronal and vascular responses because increased neuronal activity 
is thought to be exerted mainly through action on A1Rs (Dunwid-
die & Masino, 2001), whereas vasoconstriction is mediated mainly 
through action on A2ARs and also by A2BRs (low-affinity adenosine 
receptors that are present in astrocytes and cerebral vascular cells; 
see Pelligrino, Xu, & Vetri, 2010). Both caffeine-mediated blockade 
of adenosine receptors and vasoconstriction have direct repercus-
sions on brain connectivity at resting states and during cognitive 
activation. Whereas the effects of acute caffeine consumption seem 
mostly to be due to the antagonism of A1Rs, the effects resulting 
from the chronic consumption of caffeine seem to be mainly due to 
the antagonism of A2ARs (Chen et al., 2007; Ferré, 2008).

MOLECULAR EFFECTS OF CAFFEINE ON 
COGNITIVE FUNCTIONS
Caffeine acutely increases the functional efficiency of neuro-
nal networks in the human cerebral cortex and, after consump-
tion of moderate amounts of caffeine, cognitive functions are 
increased (Park et al., 2014). Because A1Rs are quantitatively the 
most important neocortical binding sites of caffeine in the human 
brain, it is likely that the cognition-enhancing effects of caffeine 
are exerted by this adenosine receptor subtype (Elmenhorst et al., 
2012). It has been indicated that the effects of caffeine on cogni-
tion are mediated primarily by blockade of the A1Rs in hippocam-
pal CA1 and CA2 neurons (Dunwiddie & Masino, 2001; Simons, 
Caruana, Zhao, & Dudek, 2012). Functional magnetic resonance 
imaging evidence shows that cerebral blood flow is directly pro-
portional to recent caffeine intake (Addicott et al., 2009). A high 
habitual intake of caffeine was also associated with better verbal 
memory performance and psychomotor speed in several cross-
sectional population studies (Van Boxtel et al., 2003). In animals, 
caffeine has been found to counteract certain kinds of memory 
impairments, such as those associated with sleep deprivation or 
attention deficit disorder. It has been indicated that caffeine admin-
istration enhances consolidation of long-term memories in humans 
(Borota et al., 2014). It has been reported that the regular human 
consumption of caffeine is associated with the reduced cognitive 
decline in aging and may have beneficial effects in Alzheimer’s 
disease patients and on Parkinson’s disease therapy (Ribeiro & 
Sebastião, 2010). It has been suggested that chronic (but not acute) 
caffeine treatment attenuates brain injury by adenosine receptor-
mediated suppression of glutamate release, mediated by A1Rs in 
ischemic and immunological brain injury models (Xu, Aibiki, & 
Nagoya, 2002) and by A2AR in Parkinson’s and Alzheimer’s dis-
eases (Popoli et al., 2002).

MOLECULAR EFFECTS OF CAFFEINE ON 
SLEEP AND WAKEFULNESS
Arousal is a state of behavioral readiness in response to sensory 
stimulation, which is associated with cortical electroencephalo-
graphic (EEG) activation, and this depends on the activation of 
ascending arousal systems localized in the pontomesencephalic 
tegmentum, basal forebrain, and hypothalamus (Ferré, 2010). 
A1Rs localized in the basal forebrain and A2ARs localized in 
the hypothalamus are believed to be mostly responsible for the 
arousing properties of caffeine. These properties depend on the 
blockade of multiple inhibitory mechanisms that adenosine, as 
an endogenous sleep-promoting substance, exerts on the multiply 
interconnected ascending arousal systems (Ferré, 2008, 2010). 
These mechanisms include a direct A1R-mediated modulation 
of the corticopetal basal forebrain system and an indirect A2AR-
mediated modulation of the hypothalamic, histaminergic, and 
orexinergic systems (Ferré, 2010).

The blockage of these receptors by caffeine leads to an 
increase in adenosine within the noradrenergic, cholinergic, 
dopaminergic, and serotoninergic systems, which are regulated 
by adenosine (Lopez-Garcia, Guallar-Castillon, Leon Muñoz, 
Graciani, & Rodriguez-Artalejo, 2014). The stimulation of these 
neurotransmitter systems increases alertness, attention, arousal, 
and motor activation (Ferré, 2010; Lopez-Garcia et al., 2014). The 
extracellular level of adenosine increases in the cortex and basal 
forebrain during prolonged wakefulness and decreases during the 
sleep-recovery period. Sleep results from the inhibition of wake-
promoting systems by homeostatic sleep factors such as adenos-
ine, nitric oxide, and GABAergic neurons in the preoptic area of 
the hypothalamus, resulting in large amplitude, slow EEG oscilla-
tions (Brown, Basheer, McKenna, Strecker, & McCarley, 2012). 
However, the relative contribution of A1R and A2A to sleep induc-
tion remains controversial (Huang, Zhang, & Qu, 2014; Porkka-
Heiskanen, 2013). Activation of A2ARs by its agonist infused into 
the brain potently increases sleep, and the arousal effect of caf-
feine was shown to be dependent on the A2AR. On the other hand, 
inhibition of wake-promoting neurons via the A1R also mediates 
the sleep-inducing effects of adenosine, whereas activation of A1R 
in the lateral preoptic area of the hypothalamus induces wakeful-
ness. These findings indicate that A2AR plays a predominant role 
in sleep induction, whereas A1R regulates the sleep–wake cycle in 
a site-dependent manner (Huang et al., 2014).

ALLOSTERIC INTERACTIONS BETWEEN 
CAFFEINE AND ADENOSINE RECEPTORS
It is increasingly recognized that one important mechanism for the 
regulation of the biological functions of most GPCRs is through 
allosteric modulation (Christopoulos & Kenakin, 2002; Wootten, 
Christopoulos, & Sexton, 2013). Allosteric modulators of GPCRs 
target a site separated from the orthosteric site and modulate 
receptor functioning. They may have several potential advan-
tages over traditional orthosteric ligands due to their selectivity 
and pharmacokinetic properties (Kenakin & Miller, 2010; Gao & 
Jacobson, 2013). Allosteric modulators can either potentiate or 
inhibit the receptor response by inducing conformational changes 
in the GPCRs that are transmitted from the allosteric binding site 
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to the orthosteric site and/or directly to effector protein coupling 
sites (Kenakin & Miller, 2010). The allosteric binding sites are less 
structurally conserved than their corresponding orthosteric sites 
and thus provide new opportunities for the development of more 
selective drugs (Gao & Jacobson, 2013; Wang & Lewis, 2013). 
Small molecules and ions have been described as allosteric modu-
lators of A1Rs (Bruns & Fergus, 1990; Göblyös & Ijzerman, 2011; 
Jacobson, Gao, Göblyös, & Ijzerman, 2011) as well as proteins 
such as the adenosine degrading enzyme and adenosine deami-
nase (ADA), which binds to human striatal A1R behaving as an 
allosteric effector that markedly enhances agonist affinity and 
receptor functionality (Gracia et al., 2008). Furthermore, as previ-
ously commented, there is another way of allosteric interaction 
in GPCRs: the interaction with other receptors. This interaction 
could be between identical (homomerization) and different (het-
eromerization) receptors, or with other non-GPCRs and assumes 
an interaction among protomers in a receptor oligomer (Casadó 
et al., 2007, 2009a; Ferré et al., 2014). The long perceived notion 
that GPCRs only function in monomeric form has been changed 
by the description of a number of GPCRs of classes A, B, and C 
that are found as homodimers, heterodimers, or as higher-order 
oligomers (Ciruela et al., 2012; Ferré et al., 2014; Milligan, 2009).

The ability of A1Rs to form homomers was previously sug-
gested by Western-blot assays (Ciruela et al., 1995) but there was 
no direct evidence for A1R homomerization in brain tissues, and 
thus no indication of physiological relevance. In 2013, using bio-
luminescence resonance energy transfer (BRET) experiments, 
Gracia and collaborators showed that A1Rs can form homomers in 
transfected cells expressing similar levels of A1Rs to those found 
in native tissues. BRET experiments were performed in HEK-293T 
cells cotransfected with a constant amount of cDNA corresponding 
to A1R-Rluc and increasing amounts of cDNA corresponding to 
A1R-YFP. The BRET saturation curve was hyperbolic, indicating 
a specific interaction between both fusion proteins. When BRET 
saturation curves were determined in the presence of ADA a sig-
nificant increase of the BRETmax without significant modifications 
of BRET50 was observed (Gracia et al., 2013). These results sug-
gested that ADA binding to the receptor leads to conformational 
changes in the A1R quaternary structure that reduces the distance 
between Rluc and YFP, which were fused to the C-terminal domain 
of the two A1R fusion proteins in the receptor homomer. Biophysi-
cal techniques to detect homomers cannot be easily applied in 
native tissue, but other direct and indirect methods can be used. 
Using the proximity ligation assay (PLA) technique, Gracia et al. 
(2013) also demonstrated, for the first time, the existence of A1R 
homomers in bovine brain cortex ex vivo. These homomers were 
constituted, at least, by two protomers that formed a dimer.

In addition, Gracia et al. (2013) studied the pharmacological 
and functional role of A1R homomers in the brain cortex by ligand 
binding and signaling experiments. Mathematical models that con-
sider dimers as the minimal structure of a GPCR were developed 
to fit binding data (Casadó et al., 2007; Durroux, 2005; Franco 
et al., 2005, 2006). Among these models, it is important to note 
that the two-state dimer receptor model provides the most practi-
cal method to analyze ligand–GPCR interactions when consider-
ing receptor homomers (Ferré et al., 2014). Moreover, this model 
allows quantification of cooperativity by defining a new param-
eter: “the dimer cooperativity index” (Dc) (Casadó et al., 2007). 
According to the definition of this constant, a zero value indi-
cates lack of cooperativity, whereas a positive or negative value 

indicates positive or negative cooperativity. The results obtained 
with bovine brain cortex A1Rs demonstrated that these recep-
tors show negative cooperativity in agonist R-phenyl- isopropyl-
adenosine (R-PIA) binding (Dc = −0.65); that is, the agonist 
binding to one protomer in the empty receptor dimer decreases 
the agonist affinity for the second protomer in the semioccupied 
receptor dimer due to a protomer–protomer molecular interaction. 
In the presence of ADA, the Dc value changed from negative to 0, 
indicating that ADA abolishes the negative cooperativity in ligand 
binding. This result suggests that ADA is an example of an enzyme 
that acts as an allosteric modulator of a GPCR because its binding 
to A1R homomers blocks the protomer–protomer interactions in 
the receptor dimers, stabilizing the high-affinity receptor confor-
mation (Gracia et al., 2013).

Gracia et al. (2013) also investigated if through protomer–
protomer interactions in the A1R homodimer there is a molecu-
lar cross-talk when two different compounds, i.e., a radiolabeled 
agonist ([3H]R-PIA) and a competing antagonist (caffeine), bind 
to this receptor in a competitive experiment. This cross-talk can 
be detected and quantified from two new constants that can be 
obtained using the two-state dimer receptor model (Casadó et al., 
2009b), and it constitutes another example of allosteric interac-
tion between protomers in a receptor oligomer (Ferré et al., 2014). 
These pharmacological parameters are the “hybrid” equilibrium 
dissociation constant (KDAB) and the dimer radioligand/com-
petitor modulation index (“cross-talk index”, DAB) (see Mini- 
Dictionary of Terms). It is expected that the caffeine binding to 
A1R is not cooperative, and, as a classical antagonist, it should 
form a monophasic binding competition curve (Gracia et al., 
2008). Surprisingly, the competition curve of [3H]R-PIA versus 
caffeine obtained by Gracia et al. (2013) was biphasic, i.e., a typi-
cal cooperative shape (see Figure 2). Although A1Rs and A2ARs 
are the preferential targets for caffeine in the brain (Ferré, 2008; 
Solinas et al., 2005), the amount of A2AR detected in bovine brain 
cortex is negligible in comparison with the levels of A1R (Gracia 
et al., 2013) and the biphasic behavior for caffeine binding only 
can be justified by the existence of an agonist–antagonist cross-talk 
(KDAB = 26 μM; DAB = +0.33) (Table 2). According with the two-
state dimer receptor model this cross-talk must be bidirectional 
(Casadó et al., 2009b), which implies that at low caffeine con-
centrations (when caffeine only binds to a protomer of the empty 
homodimer), caffeine binding increases the [3H]R-PIA affinity 
for the other protomer in the A1R homomer (KDBA = 0.17 nM; 
DBA = +0.33) (Table 2). This fact has high physiological relevance 
because low caffeine doses could increase endogenous adenosine 
binding to A1R. Obviously, at high caffeine concentrations (when 
caffeine highly saturates both protomers of the homodimer) this 
drug acts as an A1R antagonist diminishing the agonist binding to 
the receptor. Interestingly, in the presence of ADA the cross-talk 
between [3H]R-PIA and caffeine is abolished (DAB = DBA = 0) (see 
Figure 2 and Table 2). That is in good agreement with the strong 
modification that this enzyme induces in the quaternary structure 
of the A1Rs demonstrated by BRET techniques and by changes 
in the cooperativity and in the affinity of these receptors for its 
agonist R-PIA (Gracia et al., 2013). Qualitatively similar results 
were obtained using dipropyl-8-cyclopentyl-1-,3-dipropylxan-
thine (DPCPX), a selective nonphysiological A1R antagonist 
(KDBA = 0.06 nM and DBA = +0.79).

If it is assumed that the caffeine binding to only one protomer in 
the homodimer increases the agonist’s affinity for the other protomer 
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FIGURE 2 Biphasic effects of caffeine binding to A1R homodimers. In (A), competition curves of the A1R agonist [3H]R-PIA (0.3 nM) binding 
versus increasing concentrations of the free antagonist caffeine obtained using bovine brain cortical membranes in the absence (solid line) or presence of  
0.2 I.U./ml of ADA (dashed line). Similar results were obtained using Hg2+-inactivated ADA. Experimental data were fitted to the two-state dimer receptor 
model equations. Parameters’ values are in Table 2. See Gracia et al. (2013) for details. In (B), schematic representation showing that at low caffeine (Caf) 
concentrations it induces an increase of agonist (Ado, adenosine) affinity by A1R; conversely, at high caffeine concentrations it behaves as a classical A1R 
antagonist and blocks agonist binding. ADA, Adenosine deaminase.

TABLE 2 Binding Parameters of Caffeine to A1R Obtained With the Dimer Receptor Model

Parameter

Value

Caffeine Caffeine + ADA

KDA1 0.18 nM 0.038 nM

KDB1 28 μM 18 μM

KDB2 112 μM 72 μM

DCB Actual 0 0

Expected without cooperativity 0 0

KDAB Actual 26 μM 36 μM

Expected without cross-talk 56 μM 36 μM

KDBA Actual 0.17 nM 0.076 nM

Expected without cross-talk 0.36 nM 0.076 nM

DAB = DBA Actual +0.33 0

Expected without cross-talk 0 0

The different parameters were obtained from competition curves of 0.3 nM [3H]R-PIA (ligand A) versus caffeine (ligand B) in the absence or presence of 
0.2 I.U./ml of the A1R allosteric modulator ADA. See Gracia et al. (2013) for details. ADA, Adenosine deaminase.
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in the A1R homodimer, it can be expected that low concentrations of 
caffeine increase, instead of decrease, the agonist-induced signal-
ing. In fact, Gracia et al. (2013) found that caffeine exerts a biphasic 
modulation of A1R agonist-induced cAMP decrease and ERK 1/2 
phosphorylation (see Figure 3). For a given agonist concentration, 
low caffeine concentrations increased agonist-induced signaling; as 
expected, high caffeine concentrations inhibited agonist-induced 
signaling (Gracia et al., 2013). The same behavior was also seen 
for the antagonist DPCPX. It has been reported that caffeine, when 
administered alone, elicits biphasic effects, showing locomotor 
depression at lower doses and stimulation at higher doses in mice 
(Katims, Annau, & Snyder, 1983; Snyder, Katims, Annau, Bruns, & 
Daly, 1981). Results from Gracia et al. (2013) can account for this 
behavior since low doses of caffeine can increase the endogenous 
adenosine binding to brain cortex bovine A1Rs increasing signaling 
and locomotor depression while high doses of caffeine obviously 
act as an A1R antagonist blocking the effect of endogenous adenos-
ine and inducing locomotor activation (see cartoon in Figure 4). 
This agonist–antagonist interaction in A1R homomers could also 
have biphasic physiological consequences in caffeine regulation of 
sleep–wakefulness processes.

In summary, using BRET and PLA experiments, Gracia et al. 
(2013) obtained direct evidence that A1Rs form homomers not only 
in cell cultures but also in the brain cortex, accounting for the first 
demonstration that A1Rs are expressed as homomers in a native 
tissue. By radioligand binding experiments in the absence or in the 
presence of the A1Rs’ allosteric modulator, adenosine deaminase, 
and by using the two-state dimer receptor model to fit binding 
data, Gracia et al. (2013) demonstrated that the protomer–protomer 
interactions in the A1R homomers account for some of the pharma-
cological characteristics of agonist and antagonist binding to A1Rs. 
These pharmacological properties include the appearance of coop-
erativity in agonist binding and the molecular cross-talk detected 
when two different specific molecules (agonist and antagonist) 

bind to the receptor homodimer. In this last case, caffeine bind-
ing to one protomer increases the agonist affinity for the other pro-
tomer in the A1R homomer, a pharmacological characteristic that 
correlates with the low caffeine concentration-induced activation 
of  agonist-promoted A1R signaling. This pharmacological prop-
erty, also observed for a synthetic A1R antagonist as DPCPX, can 
explain the biphasic effects obtained at low and high concentra-
tions of caffeine on locomotor activity. The usage of antagonist for 
blocking the effect of agonist drugs has to be taken with caution if 
an interligand allosteric interaction is detected on the corresponding 
GPCR target. These results open new perspectives on the actions of 
antagonists that must be taken into account in drug handling.

APPLICATIONS TO OTHER ADDICTIONS 
AND SUBSTANCE MISUSE
The paradigm shown in this chapter could have an important role 
in the research field of most types of drugs of abuse that act across 
GPCRs. In fact, GPCRs comprise the largest protein superfamily 
in mammalian genomes and they are the most important class of 
membrane proteins in clinical medicine, accounting for near 40% 
of all current therapeutics. Moreover, more than 90% of known 
GPCRs are expressed in the brain and are involved in virtually 
all functions controlled by the nervous system. Many GPCRs of 
classes A, B, and C are found as homodimers, heterodimers, or as 
higher-order oligomers. These oligomeric structures of GPCRs are 
essential for receptor activation, maturation, regulation, and signal 
transduction once they are brought to the cell surface. The two-state 
dimer receptor model provides the most practical method to analyze 
ligand–GPCR interactions when considering receptor homomers. 
As predicted by this model, drug antagonists can show a bipha-
sic effect in their competitive interaction with GPCR endogenous 
agonists due to a molecular cross-talk between the agonist and the 
antagonist binding to each protomer in the receptor homodimer. 

FIGURE 3 Biphasic effects of caffeine on A1R agonist-induced ERK 1/2 phosphorylation and adenylate cyclase inhibition. In (A), human 
A1R transfected HEK cells were stimulated with 0.5 nM R-PIA in the absence or presence of increasing caffeine concentrations. Values represent the 
mean ± SEM of the percentage of phosphorylation relative to basal levels found in untreated cells (100%, dotted line). Statistical significance was calcu-
lated by one-way ANOVA followed by a Dunnett’s multiple comparison post hoc test; *p < 0.05 and **p < 0.01 compared with the corresponding cells 
only treated with (R)-PIA. In (B), cAMP production was stimulated with 0.5 μM forskolin. Values represent the mean ± SEM of the percentage of cAMP 
concentration relative to the forskolin-treated cells (100%, dotted line, 25 pmols cAMP/106 cells). Statistical significance was calculated by one-way 
ANOVA followed by a Dunnett’s multiple comparison post hoc test; **p < 0.01 compared with the corresponding cells treated with R-PIA in the absence 
of caffeine (see details in Gracia et al., 2013).
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This heterotropic allosteric interaction can be responsible for the 
fact that low antagonist drug doses increase endogenous agonist 
effects by an interligand allosteric interaction, but moderate and 
high drug doses block agonist effects as a classical antagonist. In 
the same way, the use of antagonists for blocking the effect of ago-
nist drugs (cannabinoids, opioids, amphetamines, hallucinogens, 
and so on) has to be taken with caution if an interligand allosteric 
interaction is detected on the corresponding GPCR target.

DEFINITION OF TERMS
Agonist A ligand that combines with a receptor on the orthosteric site 

and triggers a physiological action.
Allosteric modulator A ligand that binds to an allosteric site on the 

receptor and modulates binding and/or signaling of an orthosteric 
ligand. This allosteric site is topographically distinct from, but con-
formationally linked to, the orthosteric site.

FIGURE 4 Schematic representation of the biphasic effect of caffeine on A1R agonist-induced adenylyl cyclase (AC) signaling. The molecular 
cross-talk detected between adenosine (Ado) and caffeine (Caf) is a biochemical fingerprint of the A1R homodimerization in brain tissue. Cartoon shows 
how different caffeine concentrations exert different AC effects.
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Antagonist A type of receptor ligand that blocks or dampens agonist-
mediated responses by binding to the orthosteric site, without trig-
gering a physiological action.

Cooperativity index (DCA, DCB) A constant that estimates the degree 
of cooperativity in the binding of a radio ligand A (or a competitor 
ligand B) to a dimeric receptor. Its value is zero for noncooperative 
binding, whereas positive or negative values indicate the existence 
of positive or negative cooperativity in the binding of the second 
molecule of ligand A (or B) to the receptor dimer semioccupied by 
ligand A (or B).

Cross-talk index (DAB, DBA) A parameter also denominated dimer 
radioligand/competitor modulation index. Its value is 0 for nonmo-
lecular cross-talk. Positive or negative values of DAB indicate that 
the presence of a radioligand A bound to one protomer of the recep-
tor increases or decreases, respectively, the affinity of the competitor 
ligand B for the empty protomer in the receptor dimer semioccupied 
by ligand A. The analogous definition is valid for DBA.

Dimer receptor model A general mechanistic model that is good for 
fitting binding data to the dimeric receptors.

GPCR The largest family of cell surface receptors that have in com-
mon a characteristic architecture that consists of an extracellular 
N-terminal domain, an intracellular C-terminal domain, and seven 
transmembrane spanning domains connected by three extracellu-
lar and three intracellular loops.

KDA1 Macroscopic equilibrium dissociation constant of the first mol-
ecule of ligand A to the receptor dimer.

KDAB Hybrid macroscopic equilibrium dissociation constant of ligand 
B binding to a receptor dimer semioccupied by ligand A. The analo-
gous definition is valid for KDBA.

KDB1 Macroscopic equilibrium dissociation constant of the first mol-
ecule of the competitor B to the receptor dimer.

KDB2 Macroscopic equilibrium dissociation constant of the second 
molecule of ligand B to the receptor dimer.

Molecular cross-talk Heterotropic interaction on the receptor oligo-
mer between different structural ligands (i.e., agonist/antagonist).

Orthosteric site The primary binding site of a receptor that binds the 
endogenous agonist to regulate the activity of the receptor.

Receptor heteromer A macromolecular complex composed of at 
least two (functional) receptor units with biochemical proper-
ties that are demonstrably different from those of its individual 
components.

Receptor homomer Similar to a receptor heteromer but combining 
two or more identical (functional) receptor units.

KEY FACTS ON ADENOSINE RECEPTORS
 l  Adenosine is a naturally occurring nucleoside that is dis-

tributed ubiquitously throughout the body as a metabolic 
intermediary.

 l  Adenosine is the main molecule involved in the coordination 
of brain activity and it has a key endogenous neuroprotective 
role in this tissue predominantly mediated by A1Rs.

 l  Adenosine receptors are members of the family A of GPCRs, a 
superfamily of integral membrane proteins with a central com-
mon core made of seven transmembrane α-helices.

 l  GPCRs comprise the largest protein superfamily in mammalian 
genomes and they are the most important class of membrane 
proteins in clinical medicine, accounting for near 40% of all 
current therapeutics.

 l  More than 90% of known GPCRs are expressed in the brain 
and are involved in virtually all functions controlled by the 
nervous system.

 l  Many GPCRs of classes A, B, and C are found as homodimers, 
heterodimers, or as higher-order oligomers.

 l  Oligomeric structures of GPCRs are essential for receptor 
activation, maturation, regulation, and for signal transduction 
once they are brought to the cell surface.

 l  Mathematical models that consider dimers as the minimal 
structure of a GPCR have been developed to fit binding 
data.

 l  The two-state dimer receptor model provides the most practi-
cal method to analyze ligand–GPCR interactions when con-
sidering receptor homomers.

SUMMARY POINTS
 l  This chapter focuses on the biological effects of caffeine on 

the brain cortex throughout A1Rs.
 l  Sensory information in the mammalian brain is encoded in 

the cortex, the brain structure considered to store long-term 
memories.

 l  Caffeine is the most widely used psychoactive drug in the 
world.

 l  Cortical effects of caffeine are mainly developed throughout 
binding to adenosine receptors.

 l  Caffeine acts as an antagonist of A1Rs with a low micromolar 
range of affinity.

 l  A1Rs form homomers in the brain cortex.
 l  Caffeine shows a biphasic effect in its competitive interaction 

with A1R agonists in binding, cAMP production, and ERK 1/2 
phosphorylation assays.

 l  Low caffeine doses increase adenosine effects by an interli-
gand allosteric interaction.

 l  Moderate and high caffeine doses block adenosine effects as 
an antagonist.
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The symptomatology of Restless Legs Syndrome (RLS) includes periodic leg movements

during sleep (PLMS), dysesthesias, and hyperarousal. Alterations in the dopaminergic

system, a presynaptic hyperdopaminergic state, seem to be involved in PLMS,

while alterations in glutamatergic neurotransmission, a presynaptic hyperglutamatergic

state, seem to be involved in hyperarousal and also PLMS. Brain iron deficiency

(BID) is well-recognized as a main initial pathophysiological mechanism of RLS.

BID in rodents have provided a pathogenetic model of RLS that recapitulates

the biochemical alterations of the dopaminergic system of RLS, although without

PLMS-like motor abnormalities. On the other hand, BID in rodents reproduces

the circadian sleep architecture of RLS, indicating the model could provide clues

for the hyperglutamatergic state in RLS. We recently showed that BID in rodents

is associated with changes in adenosinergic transmission, with downregulation of

adenosine A1 receptors (A1R) as the most sensitive biochemical finding. It was

hypothesized that A1R downregulation leads to hypersensitive striatal glutamatergic

terminals and facilitation of striatal dopamine release. Hypersensitivity of striatal

glutamatergic terminals was demonstrated by an optogenetic-microdialysis approach

in the rodent with BID, indicating that it could represent a main pathogenetic factor

that leads to PLMS in RLS. In fact, the dopaminergic agonists pramipexole and

ropinirole and the α2δ ligand gabapentin, used in the initial symptomatic treatment of

RLS, completely counteracted optogenetically-induced glutamate release from both

normal and BID-induced hypersensitive corticostriatal glutamatergic terminals. It is

a main tenet of this essay that, in RLS, a single alteration in the adenosinergic

system, downregulation of A1R, disrupts the adenosine-dopamine-glutamate balance

uniquely controlled by adenosine and dopamine receptor heteromers in the striatum

and also the A1R-mediated inhibitory control of glutamatergic neurotransmission

in the cortex and other non-striatal brain areas, which altogether determine both

PLMS and hyperarousal. Since A1R agonists would be associated with severe
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cardiovascular effects, it was hypothesized that inhibitors of nucleoside equilibrative

transporters, such as dipyridamole, by increasing the tonic A1R activation mediated by

endogenous adenosine, could represent a new alternative therapeutic strategy for RLS.

In fact, preliminary clinical data indicate that dipyridamole can significantly improve the

symptomatology of RLS.

Keywords: Restless Legs Syndrome, periodic leg movements during sleep, hyperarousal, dopamine, glutamate,

adenosine, ENT1

BID-INDUCED ALTERATIONS IN THE
DOPAMINERGIC AND GLUTAMATERGIC
SYSTEMS IN RLS

Restless Legs Syndrome (RLS) is a very prevalent neurologic
disorder. According to the RLS Epidemiology, Symptoms and
Treatment (REST) study, 5% of US and European reported
experiencing RLS symptoms at least weekly (Allen et al.,
2005). Those symptoms include a periodic, rest-induced, mostly
nocturnal, movement-responsive urge to move the legs or
periodic leg movements during sleep (PLMS) and hyperarousal
(Allen et al., 2010; Ferri et al., 2014; Ferré et al., 2015). Thus, RLS
patients do not report sleepiness during daytime, even though
the total sleep time averages less than 5.5 h (Allen et al., 2010).
The deficits of sensorimotor integration that promote PLMS and
hyperarousal are interrelated, but there is no obvious cause-
effect relationship between the two phenomena. The interrelation
can be demonstrated in polysomnographic studies, which allows
measuring the relation between the onset and offset of the arousal
events and the concomitant onset and offset of PLMS. These
studies have shown that, although it is generally believed that
PLMS cause the arousal episodes, these precede the onset of
PLMS in more than 40% of cases (Ferré et al., 2015). However,
their tight temporal relationship suggests that both events are
dependent on a common additional mechanism.

Altered dopaminergic function seems to play an important
role in PLMS, which is empirically supported by the significant
therapeutic response to L-dopa and dopamine receptor agonists,
such as pramipexole and ropinirole (Earley et al., 2014). And it
is generally believed that because these drugs have a preferential
affinity for dopamine D3 vs. dopamine D2 receptors (D3R
and D2R, respectively), that D3R constitute a main target
responsible for their therapeutic effects (Varga et al., 2009;
Manconi et al., 2011). Nevertheless, there is also evidence
of biochemical alterations in the dopaminergic system. The
dopaminergic profile in RLS includes abnormally high levels of
the dopamine metabolite 3-ortho-methyldopa (3-OMD) in the
CSF (Allen et al., 2009), a decrease in the density of striatal D2R
and a pronounced increase in tyrosine hydroxylase activity in the
striatum and substantia nigra (Connor et al., 2009). This would
be mostly compatible with a presynaptic hyperdopaminergic state,
with downregulation of D2R being probably an adaptation
secondary to an increased basal dopaminergic tone (Earley
et al., 2014). The presence of a hyperdopaminergic state in
the basal ganglia obviously posits the question about the
mechanism involved in the therapeutic effect of dopamine
receptor agonists.

On the other hand, glutamatergic mechanisms probably play
an important role in the RLS hyperarousal component. A
magnetic resonance spectroscopy imaging study in subjects with
RLS showed a significant increase in the thalamic concentration
of glutamate (measured by the proxy variable Glx, which
represents glutamate plus glutamine), which correlated with the
time spent awake during the sleep period (Allen et al., 2013b).
These findings therefore suggest a presynaptic hyperglutamatergic
state in RLS that could underlie the hyperarousal of RLS. In fact,
glutamatergic mechanisms play a central role in the therapeutic
effects of α2δ ligands, such as gabapentin and pregabalin,
which are the main therapeutic alternative to dopaminergic
ligands for initial treatment of RLS (Garcia-Borreguero et al.,
2013). Thus, α2δ ligands bind to an auxiliary regulatory protein
(α2δ) of voltage-dependent calcium channels that preferentially
modulate neurotransmitter release from glutamatergic terminals
(Dooley et al., 2007). The α2δ ligands are most effective for
the sleep disturbances in RLS, but, although less effective than
dopaminergic agonists, they are also effective for PLMS, (Garcia-
Borreguero et al., 2014). In summary, RLS pathophysiology
seems to depend on alterations in two different, but somehow
interrelated, neurotransmitter systems, dopamine and glutamate.
The dopaminergic system is mostly related to the disturbance
in sensorimotor integration with the emergence of PLMS
and glutamate seems to be involved with both PLMS and
hyperarousal.

Brain iron deficiency (BID) is recognized as a main initial
pathophysiological mechanism in the development of RLS
(Earley et al., 2014). The association between iron deficiency
and RLS was originally described by Nordlander (1953). Further
studies showed a high prevalence of RLS symptoms in conditions
with compromise of iron availability (Allen and Earley, 2007).
The prevalence of RLS in a population of patients with iron-
deficient anemia was reported to be as high as 31.5% (Allen
et al., 2013a), about six times higher than the prevalence for
RLS in the general population (Allen et al., 2005). Nevertheless,
most patients with RLS do not have systemic iron deficiency.
Although, as already proposed by Nordlander, RLS patients
present a specific iron insufficient state in the brain. Thus,
all studies of CNS iron have consistently shown BID in RLS
(reviewed in Earley et al., 2014). This brain-specific deficit in iron
seems to be related to a dysregulation of iron transportation
by the blood-brain barrier. Thus, postmortem studies suggest
alterations in the expression or function of iron management
proteins in the choroid plexus and brain microvasculature
(Connor et al., 2011). It would therefore be appropriate to
address RLS as a brain iron dyshomeostasis, a functional
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disorder of iron acquisition by the brain (Connor et al.,
2017). Significantly, there is clinical and experimental evidence
for a connection between BID and the alterations in the
dopaminergic system in RLS. Autopsy analysis have revealed that
the immunostaining for iron management proteins is altered in
the substantia nigra of RLS brains and the profile of proteins
responsible for iron management in the neuromelanin cells of
the substantia nigra indicate iron deficiency (Connor et al.,
2004). Furthermore, there is significant literature from animal
research that indicates a close relationship between brain iron
status and the dopaminergic system (for review, see Earley et al.,
2014).

In rodents, BID (including in the ventral midbrain) can
be consistently induced by providing a severe iron-deficient
diet during the post-weaning period. Even though it does
not show motor alterations that would imitate PLMS, the
post-weaning, diet-induced BID rodent represents a well-
accepted pathophysiological model of RLS (Connor et al.,
2009; Earley et al., 2014; Unger et al., 2014). In fact, it
provides a biological model for the understanding of the
connection of the iron and dopamine alterations in RLS, since
it reproduces the main alterations in dopaminergic transmission
observed in RLS patients. Those include an increase in striatal
extracellular concentrations of dopamine, a reduction in the
density of striatal D2R and an increased TH activity in the
ventral midbrain (Connor et al., 2009; Unger et al., 2014).
Although it does not show motor abnormalities, the BID
rodent does reproduce the circadian sleep architecture of
RLS, showing an increase in wakefulness at the end of the
awake period, which corresponds to the circadian time point
where RLS symptoms are associated with maximal disruption
of sleep (Dean et al., 2006). This implies that this model
could also provide clues for the mechanisms involved in the
hyperglutamatergic state of RLS or for alterations in other
neurotransmitter systems that could underlie the changes in
both the glutamatergic and the dopaminergic systems. A possible
candidate is adenosine and its two main receptor subtypes
in the brain, A1 and A2A receptors (A1R and A2AR). Thus,
well-known main functions of adenosine are: first, to exert a
brake in the function of the ascending dopaminergic system
by presynaptic mechanisms and by postsynaptic mechanisms
mediated by receptor complexes of specific adenosine and
dopamine receptor subtypes, the A1R-dopamine D1 receptor
(D1R) and A2AR-D2R heteromers (Ferré et al., 1997, 2016; Ginés
et al., 2000; Hillion et al., 2002; Canals et al., 2003); second,
to act as a universal A1R-mediated presynaptic inhibitor of
glutamatergic transmission (Wu and Saggau, 1997; Dunwiddie
and Masino, 2001; Cunha, 2016); third, to act as a mediator of
sleepiness induced by prolonged wakefulness, when adenosine
accumulates in the extracellular space and acts mostly on
A1R localized in basal forebrain, cortex, and hypothalamus
(McCarley, 2007; Ferré, 2010). As here reviewed, adenosine
neurotransmission can provide the link between dopamine and
glutamate mechanisms in RLS and a hypoadenosinergic state
can explain the hyperdopaminergic and hyperglutamatergic state
of RLS.

BID-INDUCED ALTERATIONS IN THE
ADENOSINERGIC SYSTEM

In view of the established functional and molecular interactions
between striatal D2R and A2AR (see below), we first investigated
possible alterations in the density or function of striatal A2AR
associated with BID in rodents. In fact, in three separate studies
we found a consistent upregulation of striatal A2AR in rats and
rodents with severe BID, which was behaviorally associated with
a higher efficacy of A2AR antagonists to produce locomotor
activation (Gulyani et al., 2009; Quiroz et al., 2010, 2016a). The
A2AR upregulation could also be reproduced in a mammalian
cell line upon exposure to an iron chelator (Gulyani et al., 2009).
But, in our most recent study, by analyzing receptor density
by Western Blot and by radioligand binding assays, we could
also demonstrate a pronounced downregulation of A1R both
in the striatum and in the cortex, together with the expected
downregulation of striatal D2R (Quiroz et al., 2016a). When
administering a less severe iron-deficient diet, still associated with
BID (as demonstrated by a significant upregulation of transferrin
receptor), the same degree of downregulation of A1R and D2R
could be observed, but not the A2AR upregulation (Quiroz et al.,
2016a). These results indicate that downregulation of A1R might
constitute a more significant clinical correlate of BID in RLS, while
changes on A2AR density would be only observed with severe BID.

In the brain, the most salient place of interactions of
dopamine, glutamate and adenosine is in the striatum, in
the striatal GABAergic medium spiny neurons (MSNs), which
constitute more than 95% of the striatal neuronal population
(Gerfen, 2004). There are two subtypes of MSNs that give rise
to the two striatal efferent pathways that connect the striatum
with the output structures of the basal ganglia, which are the
medial segment of the globus pallidus and the substantia nigra
pars reticulata (Gerfen, 2004). The direct MSN constitutes the
direct pathway, since directly connects the striatum with the
output structures and selectively expresses A1R and D1R, and
also D3R in the ventral striatum (Ferré et al., 1996, 1997;
Sokoloff and Le Foll, 2017). The indirect MSN connects the
striatum with the lateral segment of the globus pallidus and
the ventral pallidum, and selectively expresses A2AR and D2R
(Ferré et al., 1993, 1997). We have demonstrated that A1R and
D1R and A2AR and D2R form specific receptor complexes, the
A1R-D1R and A2AR-D2R heteromers (Ferré et al., 1997, 2016;
Ginés et al., 2000; Hillion et al., 2002; Canals et al., 2003). The
biochemical properties of these heteromers will be analyzed with
more detail below, but we can introduce the concept that they act
as molecular devices by which endogenous adenosine, by acting
on the respective adenosine receptor, tonically inhibits the affinity
and signaling of the respective dopamine receptor (see below and
Figure 1A).

Apart from the postsynaptic striatal A1R-D1R andA2AR-D2R
heteromers, adenosine and dopamine receptors are also localized
in the terminals of the main striatal afferents, the dopaminergic
and the glutamatergic terminals (Bamford et al., 2004; Borycz
et al., 2007; González et al., 2012) (Figure 1A). In the
glutamatergic terminals, A1R form heteromers with A2AR and
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FIGURE 1 | Adenosine and dopamine receptors in the striatal glutamatergic

and dopaminergic terminals and in the dendritic spines of the direct and

indirect medium spiny neurons (MSN). (A) With normal brain iron conditions,

extracellular concentrations of adenosine keep an inhibitory presynaptic tone

of adenosine on glutamate and dopamine transmission, mediated by A1R,

which results in a relatively low activation of the direct and indirect MSN.

(B) Downregulation of A1R induced by brain iron deficiency leads to

hypersensitive glutamatergic terminals, to disinhibition of glutamate and

dopamine release, to triatal hyperdopaminergic and hyperglutamatergic states,

which leads to an increase and decrease in the activity of the direct MSN and

indirect MSN, respectively. DA, dopamine; GLU, glutamate; ADE, adenosine.

The equilibrative nucleoside transporter ENT1 (also localized in neurons) is only

represented in the astroglial process.

D2R form heteromers with D4 receptors (Ciruela et al., 2006;
González et al., 2012; Bonaventura et al., 2017) (Figure 1A).
The A1R-A2AR heteromer acts as a concentration-dependent
switch, since adenosine has more affinity for A1R than A2AR
receptors, which activation inhibits and stimulates glutamate
release, respectively. Under basal conditions, adenosine tonically
activates predominantly A1R, which inhibits glutamate release.
A2AR is activated with higher concentrations of adenosine,
which would normally occur upon strong glutamatergic input
(which is associated to neuronal and glial co-release of ATP
and its conversion to adenosine by ectonucleotidases; Cunha,
2016). Activation of A2AR negatively modulates A1R signaling
in the heteromers and promotes the opposite, glutamate release
(Solinas et al., 2002; Borycz et al., 2007). The D2R and D4R
localized in the glutamatergic terminals and possibly forming
heteromers also play a significant role in the tonic inhibitory
modulation of striatal glutamate release by dopamine (González

et al., 2012; Bonaventura et al., 2017) (Figure 1A). A1R and
D2R are also found in dopaminergic terminals without forming
heteromers, where they also exert a tonic inhibitory modulation
of dopamine release. Glutamate also modulates local dopamine
release, as we have recently demonstrated with optogenetic-
microdialysis experiments (Quiroz et al., 2016b), by a mechanism
that seems to be mostly indirect, involving activation of
cholinergic interneurons and activation of nicotinic receptors
localized in the dopaminergic terminals (in preparation). Finally,
we should consider another player, the astrocytic process, which
is involved in the indirect production of extracellular adenosine,
by releasing ATP, and that clears up adenosine from the
extracellular space by nucleoside transporters, particularly ENT1
(Pascual et al., 2005; Parkinson et al., 2011; Dulla and Masino,
2013; Cunha, 2016) (Figure 1A).

A single alteration in the adenosinergic system,
downregulation of A1R, could explain the presynaptic
hyperdopaminergic and hyperglutamatergic states in RLS.
In particular, downregulation of A1R in the corticostriatal
glutamatergic terminals could result in an increased sensitivity of
those terminals to release glutamate (Figure 1B). These changes
recapitulate those observed in A1R knockout mice that show
a significant increase in striatal glutamatergic transmission,
due to an increased sensitivity of glutamatergic terminals
(Salmi et al., 2005). The increased sensitivity of corticostriatal
terminals would facilitate stimulated glutamate release and
also, secondarily, dopamine release, which could also be
potentiated by downregulation of A1R in the dopaminergic
terminals (Figure 1B). In the direct pathway MSN, this should
result in stronger neuronal activation, also dependent on
downregulation of A1R and disinhibition of D1R previously
forming heteromers with the A1R (Figure 1B). We have
also previously demonstrated that presynaptic A1R activity
facilitates postsynaptic A2AR signaling by keeping a low tone of
extracellular dopamine release. Thus, co-administration of A1R
and A2AR agonists leads to a significant increase in the activity
of the indirect MSN, as measured by c-fos and preproenkephalin
expression (Karcz-Kubicha et al., 2003, 2006). Therefore, in the
indirect MSN, presynaptic A1R downregulation should lead to
decreased neuronal activity. The increased dopamine release
should then lead to a reciprocal interaction in the A2AR-D2R
heteromer, by which D2R activation blocks A2AR-mediated
signaling through adenylyl cyclase (see below and Figure 1B).
Since increased activation of the direct and indirect MSN leads
to increase and decrease in motor activity, respectively (Gerfen
and Surmeier, 2011), the concomitant respective increase and
decrease in the activation of the direct and indirect MSN, could
explain the akatisia-like symptoms of PLMS. In conclusion,
one single alteration, A1R downregulation-mediated increased
sensitivity of corticostriatal terminals, could produce presynaptic
striatal hyperglutamatergic and hyperdopaminergic states, which
could be a sufficient pathophysiological mechanism to explain
PLMS in RLS. Downregulation of presynaptic D2R localized
in glutamatergic and dopaminergic terminals could also be a
significant contributing factor.

Consequently, we hypothesized that BID in rodents produces
an increased sensitivity of corticostriatal terminals to release
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glutamate. In that case, corticostriatal terminals could be
a main target for the therapeutic effect of drugs clinically
successful in RLS. We tested our hypothesis by using the
recently introduced optogenetic-microdialysis method, which
involves the use of a modified microdialysis probe with an
embedded optogenetic fiber. This method allows the delivery
of light surrounding the dialysis membrane, around the same
discrete area being sampled for extracellular concentrations of
glutamate. In addition, the device allows local perfusion by
reverse dialysis of drugs (for details, see Quiroz et al., 2016b).
In the first optogenetic-microdialysis study, we injected in the
rat prefrontal cortex an adeno-associated virus (AAV) encoding
channel-rhodopsin 2 (ChR2) fused to the yellow fluorescent
protein (YFP), which allows tracking its localization. After several
weeks, ChR2 was expressed by the corticostriatal terminals in
the ventral striatum and the implanted optogenetic-microdialysis
probe allowed measuring glutamate release by those terminals
upon light-induced depolarization. We could then demonstrate
that blockade of presynaptic A2AR by perfusion with the
A2AR antagonist MSX-3 counteracts optogenetically-induced
glutamate release (Quiroz et al., 2016b). For the experiments with
BID, we aimed at a more motor-involved striatal area, the dorsal
striatal area that receives innervation from the agranular motor
cortex. This corticostriatal projection has been anatomically
well-defined from different studies analyzing striatal neuronal
activation upon cortical-electrical stimulation (Sgambato et al.,
1998; Gerfen et al., 2002; Quiroz et al., 2006). A significant
glutamate release could be obtained in both iron-deprived
animals and controls when using a frequency of stimulation of
100Hz (Yepes et al., 2017), found to be optimal in previous
studies of cortical-electrical and striatal optogenetic stimulation
(Gerfen et al., 2002; Quiroz et al., 2006, 2016b). But decreasing the
frequency of stimulation to 60Hz did not produce a significant
glutamate release in control animals, although a significant
glutamate release could still be observed in the rats with BID
(Yepes et al., 2017). These results therefore confirmed the
hypothesis of a higher sensitivity of corticostriatal terminals to
depolarization-induced glutamate release in the rodent brain
with BID. As in our previous study, blockade of A2AR with
perfusion with MSX-3 counteracted glutamate release, both in
controls at 100Hz and in iron-deprived animals at 60Hz (Yepes
et al., 2017).

If hypersensitive corticostriatal terminals represent a main
pathogenetic mechanism of RLS, they could represent a main
target for the therapeutic effect of drugs currently used
in RLS. As initial treatment for persistent RLS, the Mayo
Clinic Recommendations include either non-ergotic dopamine
agonists, such as pramipexole and ropinirole, or α2δ ligands,
such as gabapentin; for refractory RLS, the recommendations
are combination therapy (dopamine agonist + α2δ ligands),
replenishment of iron stores or considering opioid treatment
(empirically found efficient for PLMS) (Garcia-Borreguero et al.,
2013; Silber et al., 2013). In fact, perfusion of either the α2δ ligand
gabapentin or the dopamine agonists pramipexole or ropinirole
blocked glutamate release induced by optogenetic stimulation,
both in controls (at 100Hz) and in iron-deprived animals (at
60Hz) (Yepes et al., 2017). To our knowledge, this represents the

first example of a convergence of the two different mechanisms
of action of dopaminergic and glutamatergic compounds in
the BID rodent. Subsequently, we questioned the identity of
dopamine receptor subtypes involved in the pharmacological
effect of pramipexole and ropinirole. We have recently reported
results of the optogenetic-microdialysis technique in knock-
in mice expressing the long intracellular domain of D4.7,
the product of a polymorphic variant of the D4R gene
(DRD4) associated with attention deficit hyperactivity disorder
(ADHD) and substance use disorders (SUD) (Bonaventura
et al., 2017). When compared with the wild-type mouse D4R,
the expanded intracellular domain of the humanized D4R
conferred a gain of function, blunting optogenetically-induced
corticostriatal glutamate release (Bonaventura et al., 2017).
These results confirmed a key role of striatal D4R localized
in glutamatergic terminals in the control of corticostriatal
glutamatergic transmission. Since previous studies also indicated
that D2SR (the short isoform of D2R) is also localized in
striatal glutamatergic terminals, probably forming heteromers
with D4R (González et al., 2012), we analyzed the effect
of different dopamine receptor antagonists on the effect of
pramipexole. Co-perfusion with selective D4R or D2R, but not
D3R antagonists, counteracted the effect of pramipexole and
the optogenetic stimulation could still increase glutamate release
both in controls (at 100Hz) and in iron-deprived animals (at
60Hz), therefore indicating that D4R and D2R, but not D3R
are the main targets of the inhibitory effects of dopamine
receptor agonists on striatal glutamate release (Yepes et al.,
2017).

STRIATAL ADENOSINE RECEPTOR
HETEROMERS: THE A2AR-D2R
HETEROTETRAMER

It is becoming generally accepted that GPCR receptors form
pre-coupled functional complexes that include other receptors
with the formation of receptor oligomers. The current definition
of receptor oligomer is that of “a macromolecular complex
composed of at least two (functional) receptor units (protomers)
with biochemical properties that are demonstrably different from
those of its individual components” (Ferré et al., 2009). To
understand these unique biochemical properties, we need to
understand the basis of allosterism, which is currently defined as
“the process by which the interaction of a chemical or protein at one
location on a protein or macromolecular complex (the allosteric
site) influences the binding or function of the same or another
chemical or protein at a topographically distinct site” (Smith and
Milligan, 2010). An orthosteric agonist, which binds to the same
receptor site than the endogenous transmitter, has two main
and independent properties: affinity (the avidity with which it
binds to the receptor) and intrinsic efficacy (the power with
which the agonist produces its functional response). In classical
GPCR allosterism, the allosteric ligand binds to a non-orthosteric
site and modifies either of the properties of the orthosteric
agonist. In this frame, the GPCR has been usually considered as a
monomeric entity. However, accumulating convincing evidence
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indicates that a main GPCR functional unit is constituted by one
GPCR homodimer and its cognate G protein (Ferré et al., 2014).

Allosterism in the frame of GPCR homodimers implies the
possibility of allosteric interactions between orthosteric ligands,
either the same or different ligands. The ligand binding to the
first protomer modifies either the affinity or intrinsic efficacy of
the second protomer. Cooperativity usually refers to the situation
where the ligand binding to the first protomer, decreases the
affinity of the same ligand binding to the second protomer.
But modulator and modulated ligands can also be different
orthosteric ligands, agonists or antagonists (Casadó et al., 2009;
Ferré et al., 2014). With GPCR heteromers, with two different
protomers, we also have two possibilities: first, the same ligand,
when the protomers are two different receptor subtypes, such
as dopamine D1R and D3R or D2R and D4R, or adenosine
A1R and A2AR; second, two obligatory different ligands, when
the two protomers bind different endogenous ligands, such
as A2AR and D2R or A1R and D1R (Ferré et al., 2014).
One of the first clear clues of this type of allosterism in a
GPCR heteromer was obtained from radioligand experiments
in membrane preparations from rat striatum, where adenosine
A2AR ligands were found to modulate the affinity of D2R
ligands in rat striatal membrane preparations (Ferré et al., 1991d).
In these experiments, the selective A2AR agonist CGS21680
displaced significantly to the right the competitive inhibition
curve of dopamine vs. the D2R antagonist tritiated raclopride,
indicating a decrease in the affinity of dopamine for the D2R. This
experiment also demonstrated, as simultaneously confirmed by
Schiffmann et al. (1991) from in situ hybridization experiments,
that A2AR and D2R are highly co-localized in the same striatal
neuron, the indirect MSN.

The possibility of real allosteric interactions between A2AR
and D2R ligands strongly suggested direct intermolecular
interactions between both receptors. This was later demonstrated
first in artificial systems, in mammalian cells transfected with
receptors fused to biosensors that only interact when in very
close proximity. In Bioluminescence Resonance Energy Transfer
(BRET), there is a transfer of energy from a bioluminescent
donor, Renilla luciferase (Rluc), to a fluorescent acceptor, such
as YFP, and this can only occur when both biosensors are closer
than 10 nM. In Bimolecular Fluorescence Complementation
(BiFC), two complementary halves of the fluorescent sensor
separately fused to the putative interacting receptors should
complement and reconstitute YFP and, therefore, its ability to
produce fluorescence (Canals et al., 2003; Navarro et al., 2010;
Bonaventura et al., 2015). These techniques can then be used to
determine the biochemical properties of the GPCR heteromer
and, indirectly, to allow their identification in the native tissue.
Our rationale is to identify and disrupt the heteromerization
interface, the domains of the receptors that establish intermolecular
interactions. We have in fact found evidence for discrete but
strong interactions between intracellular domains and extensive
but very specific interactions between transmembrane domains
(TMs). From in vitro experiments of peptide interactions with
mass spectrometry we found evidence for a very discrete
but powerful electrostatic interaction between an arginine-rich
domain of the third intracellular loop of the D2R and a phosphate

group from a specific serine within the tail of the A2AR (Woods
and Ferré, 2005). Transfection of receptors with mutations of
either of these residues led to a very significant reduction of
BRET (Ciruela et al., 2004; Navarro et al., 2010). In addition, the
same mutations led to the loss of the ability of the A2AR agonist
CGS21680 to decrease the affinity of the D2R agonist quinpirole,
which demonstrated that this is, in fact, an allosteric interaction
within the A2AR-D2R heteromer (Bonaventura et al., 2015).

Synthetic peptides with the amino acid sequence of the
interacting domains are becoming a very successful tool to
selectively disrupt the intermolecular interactions in GPCR
heteromers, and not only in vitro, in transfected mammalian cells,
but also in situ, in native tissues, and in vivo, in the experimental
animal. For instance, in patch-clamp experiments with slices
of the ventral striatum of mice selectively expressing green
fluorescence protein (GFP) in D2R-expressing neurons (which
allowed the identification of the indirect MSN), CGS21680 acted
as a D2R antagonist and blocked the decrease in the neuronal
excitability induced by the D2R agonist norpropylapomorphine
(NPA; Azdad et al., 2009). This D2R antagonist-like effect
of CGS 21680 was then completely counteracted by the
intracellular application of a small peptide with a sequence of
the epitope containing the interacting phosphorylated serine
of the tail of the A2AR (Azdad et al., 2009). The efficacy of
CGS21680 to counteract the effect of a high concentration
of NPA indicated that the A2AR agonist modulates not only
the affinity, but also the efficacy of the D2R agonist (Azdad
et al., 2009). These results demonstrate the very significant role
of the allosteric interaction within the A2AR-D2R heteromer
in the modulation of the function of the indirect MSN.
More recently we used peptides with amino acid sequences
of TMs to explore the involvement of the transmembrane
intermolecular interactions. First, we studied which TM-peptides
can disrupt A2AR-D2R heteromerization in vitro by BiFC
experiments (which were selected over BRET experiments
due to the significant interference of Rluc function by the
TM-peptides; Guitart et al., 2014). BiFC was selectively disrupted
by peptides with the sequence of TM 5 of A2AR and D2R,
but not with the corresponding TM7 peptides (Bonaventura
et al., 2015). Then, the same specific disrupting peptides were
used in experiments with proximity ligation assay (PLA), an
antibody-based technique which allows identification of receptor
complexes in native tissues (Trifilieff et al., 2011). Notably, the
number of complexes was significantly reduced by the specific
disrupting peptides, demonstrating the existence of A2AR-
D2R heteromers in situ, in the striatum (Bonaventura et al.,
2015).

The allosteric interaction in the A2AR-D2R heteromer that
determines the ability of A2AR agonists to act D2R antagonists
and counteract D2R-mediated decrease in the excitability of the
indirect MSN could explain many results of previous behavioral
studies, such as the ability of adenosine agonists to reduce the
locomotor activity induced by D2R agonists in reserpinized
mice or the opposite effect with adenosine receptor antagonists,
such as caffeine (Ferré et al., 1991a,b). The effect of adenosine
antagonists indicated that endogenous adenosine exerts a tonic
influence on D2R signaling through the A2AR-D2R heteromer.
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It is now becoming accepted that the psychostimulant effects of
caffeine (a non-selective A1R and A2AR antagonist) and selective
A2AR antagonists depend on the blockade of the tonic effect of
endogenous adenosine mediated by the A2AR-D2R heteromer
(Ferré, 2016). Not surprisingly, we also found that A2AR
agonists produce catalepsy, which was counteracted by adenosine
antagonists, like theophylline (Ferré et al., 1991c). But it was
also counteracted by D2R agonists, indicating the existence of a
possible reciprocal interaction, by which D2R activation decreases
the effect of A2AR activation (Ferré et al., 1991c). In fact, A2AR
and D2R are respectively coupled to Gs/olf (Gs for short) and
Gi/o proteins (Gi for short) and we would expect an antagonistic
interaction at adenylyl cyclase level, the canonical interaction by
which activation of a Gi-coupled receptor counteracts adenylyl
cyclase activation, cAMP accumulation, induced by activation
of a Gs-coupled receptor (Gilman, 1987). We explored this
possibility in mammalian cells transfected with A2AR and D2R
and found that this is the case, that the D2R agonist quinpirole
completely antagonizes CGS21680-induced cAMP accumulation
and the concomitant downstream signaling, such as an increase
in the expression of the immediate-early gene c-fos (Kull et al.,
1999). This reciprocal D2R-A2AR interaction could also explain
the ability of non-selective adenosine receptor antagonists like
caffeine and theophylline, as well as selective A2AR antagonists,
to counteract the behavioral effects of D2R antagonists, such
as catalepsy induced by haloperidol (Casas et al., 1988; Kanda
et al., 1994; Shiozaki et al., 1999; Morelli and Wardas, 2001).
This would also imply the existence of a tone of endogenous
dopamine mediated by D2R that counteracts the effects of a tone
of endogenous adenosine mediated by A2AR. The blockade of D2R
releases A2AR signaling and it is then endogenous adenosine that
produces catalepsy upon haloperidol administration. This has
been demonstrated in several ex vivo studies, where the increase
in striatal expression of c-fos induced by a D2R antagonist is
blocked by non-selective adenosine receptor antagonists and by
selective A2AR, but not A1R antagonists (see for instance Pardo
et al., 2013).

Next obvious question is how two apparently incompatible
interactions, the allosteric and the canonical interactions,
coexist, and if the canonical interaction also depends on
heteromerization. That took us to reconsider the quaternary
structure of the A2AR-D2R heteromer, since, just because of
steric hindrance, a heterodimer cannot bind simultaneously two
G proteins. We therefore established the following hypotheses:
first, that heteromers are often heterotetramers, heteromers
of homodimers coupled to their preferred G protein; second,
that the heterotetramer enables the canonical antagonistic Gs-
Gi interaction; third, that the heterotetramer gives the frame
for the pre-coupling of the two receptors involved in the
canonical interaction, their respective G proteins and the
effector adenylyl cyclase (Ferré, 2015) (Figure 2A). Using a
double complementation assay, with both BiFC and Rluc
complementation, fusing the complementary halves of the BRET
biosensors to different molecules of A2AR and D2R, we could
demonstrate that such a quaternary structure is in fact possible
in transfected cells (Bonaventura et al., 2015). Subsequently, we
have used all possible 14 TM-peptides corresponding to the

seven TMs of A2AR and the seven TMs of D2R and studied
the interface of not only A2AR and D2R, but also the A2AR
and D2R homodimers in BiFC experiments. Significantly, only
one peptide, TM6 of A2A, disrupted A2AR dimerization, and
only one peptide, TM6 of D2R, disrupted D2R dimerization.
Furthermore, again TM5, but also TM4, of both A2AR and
D2R disrupted A2AR-D2R heteromerization (Navarro et al.,
submitted). Importantly, taking into account these results, as well
as the crystal structure of the A2AR, the D3R (as homologous
to the D2R) and the β2 adrenergic receptor in complex with
Gs, computerized modeling allowed only one solution, a linear
quaternary structure of the A2AR-D2R heterotetramer, with two
internal protomers that provide the heteromeric interface and
two external protomers that couple to the alpha subunits of their
respective G protein (Navarro et al., submitted).

We have then addressed the possible dependence on
heteromerization of the A2AR-D2R canonical interaction
in striatal cells in culture, where we previously showed
that quinpirole counteracts cAMP accumulation induced by
CGS21680 (Navarro et al., 2014). First, we could demonstrate
the existence of the A2AR-D2R heteromers in the striatal
cultures with PLA. Thus, TM4 and TM5, but not TM6 or TM7,
of both A2AR and D2R disrupted the A2AR-D2R complexes
(Navarro et al., submitted). Then, only the peptides that
disrupted heteromerization disrupted the canonical interaction.
Therefore, we could confirm that the canonical interaction is
a biochemical property of the A2AR-D2R heterotetramer. In
conclusion, both the allosteric and the canonical interactions are
biochemical properties of the A2AR-D2R heterotetramer, which
acts as a molecular device that integrates the adenosinergic
and dopaminergic signals in the indirect MSN. The output is
mostly determined by the dopaminergic input (high and low for
positive and negative reward prediction errors; Ferré, 2017) and
amplified by the wining A2AR-D2R interaction, either allosteric
or canonical (Ferré, 2016, 2017). In addition, from experiments
with BRET and BiFC, fusing the biosensors to the A2AR or D2R
and to adenylcyl cyclase type 5 (AC5), we obtained evidence
for the pre-coupling of the A2AR-D2R heterotetramer, Gs and
Gi proteins and the effector adenylyl cyclase subtype 5 (AC5).
Taking into account our results with TM peptides corresponding
to the putative TMs of adenylyl cyclase, computer modeling
(now also including Gs in complex with the catalytic domains
of adenylyl cyclase) suggested that one heterotetramer can bind
two molecules of AC and that one molecule of AC can bind two
heterotetramers, allowing the formation of high-order oligomers
with alternative links of heterotetramers and AC (Navarro et al.,
submitted).

STRIATAL ADENOSINE RECEPTOR
HETEROMERS: THE A1R-A2AR AND
A1R-D1R HETEROTETRAMERS

The A2AR-D2R heterotetramer is the most studied and best
characterized GPCR heteromer. Therefore, it can then be used
as a model for establishing similarities and differences in the
biochemical properties of other GPCR heteromers. Apart from the

Frontiers in Neuroscience | www.frontiersin.org 7 January 2018 | Volume 11 | Article 722

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


Ferré et al. Adenosine Neurotransmission in Restless Legs Syndrome

FIGURE 2 | Adenosine Gs-Gi-coupled heterotetramers. (A) The A2AR-D2R

heterotetramer, constituted by homodimers of the Gs-coupled A2AR and the

Gi-coupled D2R, enables two types of reciprocal antagonistic interactions: an

allosteric interaction, by which A2AR ligands modulate the affinity and intrinsic

efficacy of D2R ligands, and a canonical interaction at the adenylyl cyclase

(AC) level, by which D2R agonists inhibit A2AR agonists-mediated AC

activation. (B) The A1R-A2AR heterotetramer, constituted by homodimers of

the Gs-coupled A2AR and the Gi-coupled A1R, enables an allosteric

interaction, by which A2AR ligands modulate the affinity and intrinsic efficacy of

A1R ligands, but does not enable a canonical interaction at the AC level; A1R

signals independently through voltage-dependent Ca2+ channels. (C) The

A1R-D1R heterotetramer, constituted by homodimers of the Gs-coupled D1R

and the Gi-coupled A1R, enables unidirectional nonreciprocal allosteric and

canonical antagonistic interactions, with A1R ligands modifying the ligand

binding properties and adenylyl cyclase activation induced by D1R agonists.

A2AR-D2R heteromer, the same tetrameric quaternary structure
has been observed for four additional striatal Gs-Gi-coupled
heteromers which could also be involved in the pathophysiology
of RLS: the A1R-A2AR heterotetramer (Ciruela et al., 2006;
Navarro et al., 2016) and the A2AR-CB1R heterotetramer
(in preparation), both localized in the striatal glutamatergic
terminals, and the D1R-D3R heterotetramers (Fiorentini et al.,
2008; Marcellino et al., 2008; Guitart et al., 2014) and the
A1R-D1R heterotetramer (in preparation), both localized in the
direct MSN. The D2SR-D4R heteromer, on the other hand, is

only coupled to Gi proteins and, so far, we do not know if
its predominant quaternary structure is dimeric or tetrameric.
As mentioned above, the A2AR-D2R heteromer is probably
indirectly involved in the dysregulation of striatal function that
leads to PLMS symptoms, related to a predominant canonical
interaction, the D2R-mediated inhibition of A2AR-mediated
signaling, associated to the presynaptic hyperdopaminergic state.
But, as also mentioned above, BID-induced downregulation of
A1R seems could be a main pathogenetic mechanism in RLS,
which should imply a more direct involvement of the A1R-
A2AR and A1R-D1R heteromers. Interestingly, the analysis of
the structure (homo and heteromeric interfaces) and biochemical
properties of the different heterotetramers discloses differences
that differ from those of the A2AR-D2R heterotetramer.
Significantly, those biochemical differences closely relate to their
properties as modulators of neuronal function (excitability,
neurotransmitter release).

As mentioned above, the A1R-A2AR heterotetramer acts
as a concentration-dependent switch, since adenosine has
more affinity for the A1R than for the A2AR, allowing low
concentrations of adenosine to inhibit and high concentrations
to stimulate striatal glutamate release, by activating A1R
and A2AR, respectively (Ciruela et al., 2006). Different from
postsynaptic receptors (see above), studies with selective
antagonists indicate that striatal presynaptic A2AR are not
tonically activated by adenosine while presynaptic A1R are
tonically activated, particularly in specific striatal compartments.
Thus, A1R antagonists increase, while A2AR antagonists do
not modify, the striatal extracellular concentration of glutamate
(Solinas et al., 2002; Borycz et al., 2007). This might be
related to the higher density of postsynaptic receptors and
also indicates that presynaptic A1R are more sensitive than
presynaptic A2AR to the variations of endogenous adenosine.
Clearly, the A1R-A2AR heteromer-mediated concentration-
dependent switch mechanism cannot be explained in the
frame of a canonical interaction at the level of adenylyl
cyclase, where the result of the activation of a Gi-coupled
receptor depends on its ability to counteract adenylyl cyclase
activation by a Gs-coupled receptor. In fact, we have obtained
evidence for the lack of existence of canonical interaction
in the A1R-A2AR heterotetramer (Navarro et al., submitted)
(Figure 2B). Thus, in the glutamatergic terminals, A1R can signal
independently of A2AR within the A1R-A2AR heteromer, most
probably by a βγ-dependent-mediated inhibition of presynaptic
voltage-dependent Ca2+ channels (Wu and Saggau, 1997;
Gonçalves and Queiroz, 2008). Yet, when reaching the right
concentration to bind A2AR, adenosine inhibits A1R function by
a negative allosteric interaction and promotes glutamate release
by activating adenylyl cyclase (Ciruela et al., 2006; Gonçalves
and Queiroz, 2008) (Figure 2B). The same mechanism has also
been described in cortical astrocytes in culture, where A1R-
A2AR heteromers modulate GABA uptake (Cristóvão-Ferreira
et al., 2013). In addition, evidence for A2AR-D2R heteromers
that modulate glutamate release has recently been obtained in
striatal astrocytes in culture (Cervetto et al., 2017). The presence
and functional significance of these astrocytic adenosine receptor
heteromers need still to be determined.
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Soon after the discovery of specific pharmacological
interactions between A2AR and D2R, similar antagonistic
interactions were observed with A1R and D1R ligands,
with A1R agonists and antagonists promoting the specific
inhibition and facilitation of D1R agonist-mediated locomotor
activation, respectively (Ferré et al., 1994, 1996). Similarly,
specific biochemical and possibly intermolecular interactions
were reported which pointed to the existence of A1R-D1R
heteromers (Ferré et al., 1998; Ginés et al., 2000), and which
would selectively modulate the function of the direct MSN
(Ferré et al., 1994, 1997, 1999). The initial studies in mammalian
transfected cells indicated the existence of both allosteric and
canonical interactions, but, different to those in the A2AR-
D2R heteromer, not reciprocal, with A1R ligands modifying
the ligand binding properties and adenylyl cyclase activation
induced by D1R agonists (Ferré et al., 1998) (Figure 2C).
Using TM peptides, BiFC and PLA experiments, we have now
obtained experimental evidence for the tetrameric structure
of A1R-D1R, for the dependence on heteromerization for the
canonical interaction and for the presence of the heteromer
in striatal tissue (Moreno et al. in preparation) and the spinal
motoneuron (Rivera-Oliver et al., submitted). The spinal
A1R-D1R heterotetamer can explain the recently demonstrated
spinally-generated caffeine-induced locomotor activation in rats
(Acevedo et al., 2016), and we put forward the hypothesis that it
can represent a mechanism involved in the spinal component of
RLS (Trenkwalder and Paulus, 2010).

TARGETING ADENOSINE
NEUROTRANSMISSION IN RLS: THE
EQUILIBRATIVE TRANSPORTER ENT1

Apart from the striatum, which could represent a main
locus for the alteration of sensory-motor integration in RLS,
involved in PLMS symptoms, hypoadenosinergic transmission
should also occur in other brain areas. In fact, as mentioned
above, we could also demonstrate downregulation of A1R
in the cortex of mice with severe and less severe BID
(Quiroz et al., 2016a). As mentioned above, adenosine is a
main mediator of sleepiness following prolonged wakefulness,
which determines its extracellular accumulation in the basal
forebrain, cortex, and hypothalamus. Upon activation of A1R,
this accumulation leads to inhibition of the cells of origin of
the corticopetal basal forebrain system (McCarley, 2007; Ferré,
2010) and the prefrontal corticofugal neurons that innervate
the cells of origin of the pontine ascending arousal systems
(Van Dort et al., 2009). Upon activation of both A1R and
A2AR, adenosine also inhibits the hypothalamic histaminergic
and orexinergic ascending arousal systems (McCarley, 2007;
Ferré, 2010). BID-mediated A1R downregulation in the basal
forebrain, cortex, and hypothalamus, could then be the main
pathophysiological mechanism responsible for the hyperarousal
and sleep disturbances of RLS. In fact, experimental data strongly
suggest that A1R is a marker of the homeostatic sleep response, of
the need for recovery of lack of sleep. This includes the rebound
sleepiness and the cumulative sleepiness after acute and chronic

sleep deprivation, respectively (Bjorness et al., 2009, 2016; Kim
et al., 2012). It has in fact been demonstrated that acute and
chronic sleep deprivation lead to A1R upregulation in the brain,
including both cortex and striatum (Elmenhorst et al., 2007,
2009; Kim et al., 2012, 2015). Finally, as mentioned above, spinal
A1R downregulation, and particularly in the motoneuron, could
decrease the D1R inhibition, by decreasing the stoichiometry of
D1R forming heteromers with D1R.

If A1R downregulation-dependent hypoadenosinergic
transmission represents a significant pathogenetic factor in RLS
and is directly or indirectly involved in the symptoms of both
PLMS and hyperarousal, administration of A1R agonist should
represent a successful therapeutic strategy. Unfortunately, A1R
agonists cannot be used as direct targets, since they produce very
significant peripheral effects, namely pronounced bradycardia
and hypotension (Schindler et al., 2005). An alternative
strategy would be to increase the adenosine tone below the
limit of activation of presynaptic A2AR, with inhibitors of
adenosine transporters or adenosine metabolism. Our initial
choice is focusing on equilibrative nucleoside transporters.
Nucleoside transporters are not only important as a mechanism
to salvage extracellular nucleosides for intracellular synthesis
of nucleotides, but they are also important as regulators of
the extracellular levels of adenosine and as providers of an
endogenous tone of adenosinergic neurotransmission mediated
by adenosine receptors. In mammals, there are two types of
nucleoside transporters, equilibrative and concentrative, which
mediate a bidirectional equilibrative transport driven by chemical
gradient and a unidirectional concentration transport driven
by sodium electrochemical gradient, respectively (Parkinson
et al., 2011). Adenosine uptake in the brain occurs primarily
by facilitated diffusion via equilibrative transporters, which
pharmacological blockade is associated with an accumulation
of adenosine in the extracellular space (Parkinson et al., 2011;
Dulla and Masino, 2013; Cunha, 2016). From the four types
of equilibrative transporters so far identified (ENT1, ENT2,
ENT3, and ENT4), ENT1 and ENT2 are the most expressed
in the brain, both by neurons and astrocytes (Parkinson et al.,
2011). Nevertheless, some studies suggest that ENT1 has a more
salient role in determining the concentration of extracellular
adenosine in the brain and its dependence on glutamate receptor
activation (Alanko et al., 2006; Bicket et al., 2016). Furthermore,
of importance for the present discussion, ENT1 (but not ENT2)
shows a regional co-localization with A1R, which supports an
important role of ENT1-mediated transport of adenosine in the
control of the neuromodulatory actions mediated by A1R in the
human brain (Jennings et al., 2001).

We can therefore deduce that ENT1 inhibitors could be useful
therapeutic agents in RLS. Importantly, some non-selective
ENT1/ENT2 inhibitors such as dipyridamole are already being
medically used for other clinical purposes. Dipyridamole is
used as an inhibitor of platelet aggregation to decrease the risk
of thromboembolic complications and recurrence of stroke in
patients known to have atherosclerotic cerebrovascular disease.
Its effect depends on a combination of mechanisms, including
cAMP accumulation in platelets induced by phosphodiesterase
inhibition and activation of A2AR by an increased extracellular
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adenosine secondary to ENT1/2 inhibition in microvascular
endothelial cells (Kim and Liao, 2008). However, the possible
use of dipyridamole (and other ENT1/ENT2 inhibitors) as a
central nervous system agent remains uncertain in view of its
reported low ability to cross the blood-brain barrier (Sollevi,
1986; Parkinson et al., 2011) and, to our knowledge, it is not
well-established if systemic administration of dipyridamole in the
experimental animal leads to behaviorally significant increases in
the extracellular levels of adenosine.

Using the classical reserpinized mice model, we evaluated
the ability of the systemic administration of dipyridamole to
promote an increase in the adenosinergic tone in the brain.
In that case, dipyridamole should counteract the locomotor
activating effects of D1R and D2R, by acting on striatal A1R-
D1R and A2AR-D2R heteromers (Ferré et al., 1991a,b, 1994),
and the effect of dipirydamol should then be counteracted by a
non-selective A1R/A2AR antagonist, like caffeine. This model,
in fact, has been very useful for the discovery of the specific
antagonistic interactions between adenosine and dopamine
receptor ligands that led to the discovery the A2AR-D2R and
A1R-D1R heteromers. As shown in Figure 3, dipyridamole, at a
minimal dose of 30mg/kg, significantly decreased the locomotor-
activating effect of equipotent doses of the D1R agonist SKF81297
and the D2R agonist quinpirole (5 mg/kg in both cases). As
expected, caffeine (30 mg/kg) did not produce a significant
effect on its own but significantly potentiated the locomotor
activation induced by either agonist. In both cases, the depressant
effect of dipyridamole was totally counteracted by caffeine
(Figure 3). The results, therefore, can entirely be explained by
the ability of systemically administered dipyridamole to promote
an increase in the basal extracellular levels of striatal adenosine
than normally exert a tonic activating effect on postsynaptic A1R-
D1R and A2AR-D2R heteromers. Also, such an increase should
be expected to increase the activation of presynaptic A1R and
hopefully restore the hyperdopaminergic and hyperglutamatergic
state in RLS patients. Optogenetic-microdialysis experiments are
in progress to demonstrate the ability of dipyridamole to inhibit
glutamatergic neurotransmission in hypersensitive corticostriatal
terminals in BID rats.

In view of the evidence for the central adenosinergic
effect of dipyridamole in reserpinized mice, we explored the
possible clinical efficacy of dipyridamole in a prospective
2-month open trial in 13 previously untreated patients diagnosed
with idiopathic RLS (García-Borreguero et al., submitted).
Therapeutic response was defined as at least a 50% improvement
in the “International RLS Scale” and the “Multiple Suggested
Immobilization Tests.” Sleep efficiency (SE%), sleep latency and
other standard scales were used to evaluate sleep dysfunction
and hyperarousal. Dipyridamole was well-tolerated and only
two patients had to discontinue at the beginning of the trial
due to dizziness. Six and four out of the thirteen patients were
full and partial responders, respectively, and only three patients
had no significant response. Importantly, not only there was a
significant effect of subjective symptoms, but also of PLMS and
sleep complaints. These are, of course, preliminary results which
could be influenced by a placebo effect and, therefore, await
confirmation by a more extensive double-blind clinical trial.

FIGURE 3 | Adenosine-dependent modulation by dipyridamole on the

locomotor activation induced by dopamine receptor agonists in reserpinized

mice. Locomotor activity in male C57BL/6J mice (20–30 g) 20 h after

administration of reserpine (5 mg/kg, s.c.; method described in detail in

Marcellino et al., 2008) induced by the D1R agonist SKF81297 (5 mg/kg, i.p.;

SKF; A) or the D2R agonist quinpirole (5 mg/kg, i.p.; QUIN; B), with or without

the previous administration of dipyridamole (10, 30 or 100 mg/kg, i.p., 15min

before SKF or QUIN; 10DIP, 30DIP, or 100DIP) or caffeine (30 mg/kg, i.p.,

30min before SKF or QUIN; CAFF). All animals received three i.p. injections,

with either drugs or the corresponding vehicle. One reserpinized group also

received caffeine without dipyridamole or dopamine agonists. The dashed line

represents the average locomotor activity of reserpinized mice receiving only

vehicle administrations. Statistical differences were analyzed by one-way

ANOVA followed by Newman-Keuls post-hoc test; *, **, and ***: p < 0.05,

p < 0.01 and p < 0.001, respectively, as compared with either SKF or QUIN.

Confirmation of the therapeutic effect of dipyridamole in RLS
would bring ENT1 inhibition as a new therapeutic approach for
RLS, offering an alternative to dopaminergic drugs and, therefore,
to their long-term complications, mainly augmentation. This
is an overall increase in symptom severity and intensity and
represents a common complication of all dopaminergic drugs,
with prevalence rates of nearly 50%, and is a common cause
of treatment failure (Earley et al., 2014; Ferré et al., 2017).
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Furthermore, our preliminary results suggest that, in contrast
to dopaminergic agonists, ENT1 inhibitors should be effective
not only for the treatment of dysesthesias and PLMS, but also
for sleep complaints and hyperarousal in RLS. In addition to
dipyridamole, there are other marketed compounds with ENT1
inhibitory activity already used at the clinical level for their
vascular relaxation and platelet inhibition (ticagrelor, dilazep)
or their anti-inflamatory effects (sulindac). The challenge would
nevertheless be to obtain new potent and selective ENT1 (or
ENT1/ENT2) inhibitors with significant brain penetration.

It conclusion, the main tenet of this essay is that a
main mechanism responsible for PLMS and hyperarousal in
RLS can be a BID-induced hypoadenosinergic state, with
downregulation of A1R. This mechanism may disrupt the
adenosine-dopamine-glutamate balance uniquely controlled by
adenosine and dopamine receptor heteromers in the striatum
and also the A1R-mediated inhibitory control of glutamatergic
neurotransmission in the cortex and other non-striatal brain
areas and in the spinal cord. We then provide preclinical
and clinical evidence for a possible new alternative therapeutic
strategy for RLS, increasing the adenosinergic tone in the CNS
with ENT1 inhibitors.

ETHICS STATEMENT

All animals used in the study were maintained in accordance
with the guidelines of the National Institutes of Health Animal
Care and the animal research conducted to perform this study
was approved by the NIDA IRP Animal Care and Use Committee
(protocol #: 15-BNRB-73).

AUTHOR CONTRIBUTIONS

WR, AS, and DG-B performed the experiments; SF, XG, AS,
WR, and DG-B analyzed data; SF, WR, and DG-B designed the
experiments; SF, CQ, WR, EM, VC-A, MD-R, VC, SC, RA, CE,
and DG-B wrote the manuscript.

ACKNOWLEDGMENTS

Work supported by the intramural funds of the National
Institute on Drug Abuse, RLS Foundation, “Ministerio de
Economía y Competitividad,” MINECO/FEDER (SAF2014-548
40-R), Generalitat de Catalunya (2014-SGR-1236), and Fundació
la Marató de TV3 (20140610).

REFERENCES

Acevedo, J., Santana-Almansa, A., Matos-Vergara, N., Marrero-Cordero, L. R.,

Cabezas-Bou, E., and Díaz-Ríos, M. (2016). Caffeine stimulates locomotor

activity in the mammalian spinal cord via adenosine A1 receptor-dopamine

D1 receptor interaction and PKA-dependent mechanisms.Neuropharmacology

101, 490–505. doi: 10.1016/j.neuropharm.2015.10.020

Alanko, L., Porkka-Heiskanen, T., and Soinila, S. (2006). Localization of

equilibrative nucleoside transporters in the rat brain. J. Chem. Neuroanat. 31,

162–168. doi: 10.1016/j.jchemneu.2005.12.001

Allen, R. P., Auerbach, S., Bahrain, H., Auerbach, M., and Earley, C. J. (2013a). The

prevalence and impact of restless legs syndrome on patients with iron deficiency

anemia. Am. J. Hematol. 88, 261–264. doi: 10.1002/ajh.23397

Allen, R. P., Barker, P. B., Horská, A., and Earley, C. J. (2013b).

Thalamic glutamate/glutamine in restless legs syndrome: increased

and related to disturbed sleep. Neurology 80, 2028–2034.

doi: 10.1212/WNL.0b013e318294b3f6

Allen, R. P., Connor, J. R., Hyland, K., and Earley, C. J. (2009). Abnormally

increased CSF 3-Ortho-methyldopa (3-OMD) in untreated restless legs

syndrome (RLS) patients indicates more severe disease and possibly

abnormally increased dopamine synthesis. Sleep Med. 10, 123–128.

doi: 10.1016/j.sleep.2007.11.012

Allen, R. P., and Earley, C. J. (2007). The role of iron in restless legs syndrome.

Mov. Disord. 18, S440–S448. doi: 10.1002/mds.21607

Allen, R. P., Stillman, P., and Myers, A. J. (2010). Physician-diagnosed

restless legs syndrome in a large sample of primary medical care patients

in western Europe: prevalence and characteristics. Sleep Med. 11, 31–37.

doi: 10.1016/j.sleep.2009.03.007

Allen, R. P., Walters, A. S., Montplaisir, J., Hening, W., Myers, A., Bell, T. J., et al.

(2005). Restless legs syndrome prevalence and impact: REST general population

study. Arch. Intern. Med. 165, 1286–1292. doi: 10.1001/archinte.165.11.1286

Azdad, K., Gall, D., Woods, A. S., Ledent, C., Ferré, S., and Schiffmann., S. N.

(2009). Dopamine D2 and denosine A2A receptors regulate NMDA-mediated

excitation in accumbens neurons through A2A-D2 receptor heteromerization.

Neuropsychopharmacology 34, 972–986. doi: 10.1038/npp.2008.144

Bamford, N. S., Zhang, H., Schmitz, Y., Wu, N. P., Cepeda, C., Levine,

M. S., et al. (2004). Heterosynaptic dopamine neurotransmission

selects sets of corticostriatal terminals. Neuron 42, 653–663.

doi: 10.1016/S0896-6273(04)00265-X

Bicket, A., Mehrabi, P., Naydenova, Z., Wong, V., Donaldson, L., Stagljar, I., et al.

(2016). Novel regulation of equlibrative nucleoside transporter 1 (ENT1) by

receptor-stimulated Ca2+-dependent calmodulin binding. Am. J. Physiol. Cell

Physiol. 310, C808–C820. doi: 10.1152/ajpcell.00243.2015

Bjorness, T. E., Dale, N., Mettlach, G., Sonneborn, A., Sahin, B., Fienberg, A. A.,

et al. (2016). An adenosine-mediated glial-neuronal circuit for homeostatic

sleep. J. Neurosci. 36, 3709–3721. doi: 10.1523/JNEUROSCI.3906-15.2016

Bjorness, T. E., Kelly, C. L., Gao, T., Poffenberger, V., and Greene, R. W. (2009).

Control and function of the homeostatic sleep response by adenosine A1

receptors. J. Neurosci. 29, 1267–1276. doi: 10.1523/JNEUROSCI.2942-08.2009

Bonaventura, J., Navarro, G., Casadó-Anguera, V., Azdad, K., Rea, W., Moreno,

E., et al. (2015). Allosteric interactions between agonists and antagonists within

the adenosine A2A receptor-dopamine D2 receptor heterotetramer. Proc. Natl.

Acad. Sci. U.S.A. 112, E3609–E3618. doi: 10.1073/pnas.1507704112

Bonaventura, J., Quiroz, C., Cai, N. S., Rubinstein, M., Tanda, G., and

Ferré, S. (2017). Key role of the dopamine D(4) receptor in the modulation

of corticostriatal glutamatergic neurotransmission. Sci. Adv. 3:e1601631.

doi: 10.1126/sciadv.1601631

Borycz, J., Pereira, M. F., Melani, A., Rodrigues, R. J., Köfalvi, A.,

Panlilio, L., et al. (2007). Differential glutamate-dependent and glutamate-

independent adenosine A1 receptor-mediated modulation of dopamine

release in different striatal compartments. J. Neurochem. 101, 355–363.

doi: 10.1111/j.1471-4159.2006.04386.x

Canals, M., Marcellino, D., Fanelli, F., Ciruela, F., de Benedetti, P., Goldberg,

S. R., et al. (2003). Adenosine A2A-dopamine D2 receptor-receptor

heteromerization: qualitative and quantitative assessment by fluorescence

and bioluminescence energy transfer. J. Biol. Chem. 278, 46741–46749.

doi: 10.1074/jbc.M306451200

Casadó, V., Ferrada, C., Bonaventura, J., Gracia, E., Mallol, J., Canela,

E. I., et al. (2009). Useful pharmacological parameters for G-protein-

coupled receptor homodimers obtained from competition experiments.

Agonist-antagonist binding modulation. Biochem. Pharmacol. 78, 1456–1463.

doi: 10.1016/j.bcp.2009.07.012

Casas, M., Ferré, S., Guix, T., and Jane, F. (1988). Theophylline reverses

haloperidol-induced catalepsy in the rat. Possible relevance to the

Frontiers in Neuroscience | www.frontiersin.org 11 January 2018 | Volume 11 | Article 722

https://doi.org/10.1016/j.neuropharm.2015.10.020
https://doi.org/10.1016/j.jchemneu.2005.12.001
https://doi.org/10.1002/ajh.23397
https://doi.org/10.1212/WNL.0b013e318294b3f6
https://doi.org/10.1016/j.sleep.2007.11.012
https://doi.org/10.1002/mds.21607
https://doi.org/10.1016/j.sleep.2009.03.007
https://doi.org/10.1001/archinte.165.11.1286
https://doi.org/10.1038/npp.2008.144
https://doi.org/10.1016/S0896-6273(04)00265-X
https://doi.org/10.1152/ajpcell.00243.2015
https://doi.org/10.1523/JNEUROSCI.3906-15.2016
https://doi.org/10.1523/JNEUROSCI.2942-08.2009
https://doi.org/10.1073/pnas.1507704112
https://doi.org/10.1126/sciadv.1601631
https://doi.org/10.1111/j.1471-4159.2006.04386.x
https://doi.org/10.1074/jbc.M306451200
https://doi.org/10.1016/j.bcp.2009.07.012
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/neuroscience#articles


Ferré et al. Adenosine Neurotransmission in Restless Legs Syndrome

pharmacological treatment of psychosis. Biol. Psychiatry. 24, 642–648.

doi: 10.1016/0006-3223(88)90138-2

Cervetto, C., Venturini, A., Passalacqua, M., Guidolin, D., Genedani, S.,

Fuxe, K., et al. (2017). A2A-D2 receptor-receptor interaction modulates

gliotransmitter release from striatal astrocyte processes. J. Neurochem. 140,

268–279. doi: 10.1111/jnc.13885

Ciruela, F., Burgueño, J., Casadó, V., Canals, M., Marcellino, D., Goldberg, S.

R., et al. (2004). Combining mass spectrometry and pull-down techniques for

the study of receptor heteromerization. Direct epitope-epitope electrostatic

interactions between adenosine A2A and dopamine D2 receptors. Anal. Chem.

76, 5354–5363. doi: 10.1021/ac049295f

Ciruela, F., Casadó, V., Rodrigues, R. J., Luján, R., Burgue-o, J., Canals, M.,

et al. (2006). Presynaptic control of striatal glutamatergic neurotransmission

by adenosine A1-A2A receptor heteromers. J. Neurosci. 26, 2080–2087.

doi: 10.1523/JNEUROSCI.3574-05.2006

Connor, J. R., Patton, S. M., Oexle, K., and Allen, R. P. (2017). Iron and restless

legs syndrome: treatment, genetics and pathophysiology. Sleep Med. 31, 61–70.

doi: 10.1016/j.sleep.2016.07.028

Connor, J. R., Ponnuru, P., Wang, X. S., Patton, S. M., Allen, R. P., and Earley, C. J.

(2011). Profile of altered brain iron acquisition in restless legs syndrome. Brain

134, 959–968. doi: 10.1093/brain/awr012

Connor, J. R., Wang, X. S., Allen, R. P., Beard, J. L., Wiesinger, J. A., Felt, B. T.,

et al. (2009). Altered dopaminergic profile in the putamen and substantia nigra

in restless leg syndrome. Brain 132, 2403–2412. doi: 10.1093/brain/awp125

Connor, J. R., Wang, X. S., Patton, S. M., Menzies, S. L., Troncoso, J. C.,

Earley, C. J., et al. (2004). Decreased transferrin receptor expression by

neuromelanin cells in restless legs syndrome. Neurology 62, 1563–1567.

doi: 10.1212/01.WNL.0000123251.60485.AC

Cristóvão-Ferreira, S., Navarro, G., Brugarolas, M., Pérez-Capote, K., Vaz, S. H.,

Fattorini., G., et al. (2013). A1R-A2AR heteromers coupled to Gs and G

i/0 proteins modulate GABA transport into astrocytes. Purinergic Signal. 9,

433–449. doi: 10.1007/s11302-013-9364-5

Cunha, R. A. (2016). How does adenosine control neuronal dysfunction and

neurodegeneration? J. Neurochem. 139, 1019–1055. doi: 10.1111/jnc.13724

Dean, T. Jr., Allen, R. P., O’Donnell, C. P., and Earley, C. J. (2006). The effects of

dietary iron deprivation on murine circadian sleep architecture. Sleep Med. 7,

634–640. doi: 10.1016/j.sleep.2006.07.002

Dooley, D. J., Taylor, C. P., Donevan, S., and Feltner, D. (2007). Ca2+

channel alpha2delta ligands: novel modulators of neurotransmission. Trends

Pharmacol. Sci. 28, 75–82. doi: 10.1016/j.tips.2006.12.006

Dulla, C. G., and Masino, S. A. (2013). “Physiology and metabolic regulation

of adenosine: mechanisms,” in Adenosine. A Key Link Between Metabolism

and Brain Activity, eds S. Masino and D. Boison (New York, NY: Springer),

87–107.

Dunwiddie, T. V., and Masino, S. A. (2001). The role and regulation of

adenosine in the centralnervous system. Annu. Rev. Neurosci. 24, 31–55.

doi: 10.1146/annurev.neuro.24.1.31

Earley, C. J., Connor, J., Garcia-Borreguero, D., Jenner, P., Winkelman, J., Zee, P.

C., et al. (2014). Altered brain iron homeostasis and dopaminergic function

in Restless Legs Syndrome (Willis-Ekbom Disease). Sleep Med. 15, 1288–1301.

doi: 10.1016/j.sleep.2014.05.009

Elmenhorst, D., Basheer, R., McCarley, R. W., and Bauer, A. (2009). Sleep

deprivation increases A(1) adenosine receptor density in the rat brain. Brain

Res. 1258, 535–538. doi: 10.1016/j.brainres.2008.12.056

Elmenhorst, D., Meyer, P. T., Winz, O. H., Matusch, A., Ermert, J., Coenen, H.

H., et al. (2007). Sleep deprivation increases A1 adenosine receptor binding

in the human brain: a positron emission tomography study. J. Neurosci. 27,

2410–2415. doi: 10.1523/JNEUROSCI.5066-06.2007

Ferré, S. (2010). Role of the central ascending neurotransmitter systems in

the psychostimulant effects of caffeine. J. Alzheimers Dis. 20, S35–S49.

doi: 10.3233/JAD-2010-1400

Ferré, S. (2015). The GPCR heterotetramer: challenging classical pharmacology.

Trends Pharmacol. Sci. 36, 145–152. doi: 10.1016/j.tips.2015.01.002

Ferré, S. (2016). Mechanisms of the psychostimulant effects of caffeine:

implications for substance use disorders. Psychopharmacology 233, 1963–1979.

doi: 10.1007/s00213-016-4212-2

Ferré, S. (2017). “Adenosine control of striatal function. Implications for the

treatment of apathy in basal ganglia disorders,” in Adenosine Receptors in

Degenerative Diseases, eds D. Blum and L. V. Lopes (Amsterdam: Elsevier),

231–255.

Ferré, S., Baler, R., Bouvier, M., Caron, M. G., Devi, L. A., Durroux, T., et al. (2009).

Building a new conceptual framework for receptor heteromers.Nat. Chem. Biol.

5, 131–134. doi: 10.1038/nchembio0309-131

Ferré, S., Bonaventura, J., Tomasi, D., Navarro, G., Moreno, E., Cortés,

A., et al. (2016). Allosteric mechanisms within the adenosine A2A-

dopamine D2 receptor heterotetramer. Neuropharmacology 104, 154–160.

doi: 10.1016/j.neuropharm.2015.05.028

Ferré, S., Casadó, V., Devi, L. A., Filizola, M., and Jockers, R., Lohse,

M. J., et al. (2014). G protein-coupled receptor oligomerization revisited:

functional and pharmacological perspectives. Pharmacol. Rev. 66, 413–434.

doi: 10.1124/pr.113.008052

Ferré, S., Earley, C., Gulyani, S., and Garcia-Borreguero, D. (2017). In

search of alternatives to dopaminergic ligands for the treatment of restless

legs syndrome: iron, glutamate, and adenosine. Sleep Med. 31, 86–92.

doi: 10.1016/j.sleep.2016.08.019

Ferré, S., Fredholm, B. B., Morelli, M., Popoli, P., and Fuxe, K. (1997).

Adenosine-dopamine receptor-receptor interactions as an integrative

mechanism in the basal ganglia. Trends Neurosci. 20, 482–487.

doi: 10.1016/S0166-2236(97)01096-5

Ferré, S., Herrera-Marschitz, M., Grabowska-Andén, M., Ungerstedt, U., Casas,

M., and Andén, N. E. (1991a). Postsynaptic dopamine/adenosine interaction: I.

Adenosine analogues inhibit dopamine D2-mediated behaviour in short-term

reserpinized mice. Eur. J. Pharmacol. 192, 25–30.

Ferré, S., Herrera-Marschitz, M., Grabowska-Andén, M., Ungerstedt, U.,

Casas, M., and Andén, N. E. (1991b). Postsynaptic dopamine/adenosine

interaction: II. Postsynaptic dopamine agonism and adenosine antagonism

of methylxanthines in short-term reserpinized mice. Eur. J. Pharmacol. 192,

31–37.

Ferré, S., O’Connor, W. T., Fuxe, K., and Ungerstedt, U. (1993). The striopallidal

neuron: a main locus for adenosine-dopamine interactions in the brain. J.

Neurosci. 13, 5402–5406.

Ferré, S., O’Connor, W. T., Svenningsson, P., Bjorklund, L., Lindberg, J.,

Tinner, B., et al. (1996). Dopamine D1 receptor-mediated facilitation of

GABAergic neurotransmission in the rat strioentopenduncular pathway and its

modulation by adenosine A1 receptor-mediated mechanisms. Eur. J. Neurosci.

8, 1545–1553. doi: 10.1111/j.1460-9568.1996.tb01617.x

Ferré, S., Popoli, P., Giménez-Llort, L., Finnman, U. B., Martínez, E.,

Scotti de Carolis, A., et al. (1994). Postsynaptic antagonistic interaction

between adenosine A1 and dopamine D1 receptors. Neuroreport 6, 73–76.

doi: 10.1097/00001756-199412300-00020

Ferré, S., Rimondini, R., Popoli, P., Reggio, R., Pèzzola, A., Hansson,

A. C., et al. (1999). Stimulation of adenosine A1 receptors attenuates

dopamine D1 receptor-mediated increase of NGFI-A, c-fos and jun-B

mRNA levels in the dopamine-denervated striatum and dopamine D1

receptor-mediated turning behaviour. Eur. J. Neurosci. 11, 3884–3892.

doi: 10.1046/j.1460-9568.1999.00810.x

Ferré, S., Rubio, A., and Fuxe, K. (1991c). Stimulation of adenosine A2 receptors

induces catalepsy. Neurosci. Lett. 130, 162–164.

Ferré, S., Torvinen, M., Antoniou, K., Irenius, E., Civelli, O., Arenas, E.,

et al. (1998). Adenosine A1 receptor-mediated modulation of dopamine D1

receptors in stably cotransfected fibroblast cells. J. Biol. Chem. 273, 4718–4724.

doi: 10.1074/jbc.273.8.4718

Ferré, S., von Euler, G., Johansson, B., Fredholm, B. B., and Fuxe, K. (1991d).

Stimulation of high-affinity adenosine A2 receptors decreases the affinity of

dopamine D2 receptors in rat striatal membranes. Proc. Natl. Acad. Sci. U.S.A.

88, 7238–7241.

Ferri, R., Cosentino, F. I., Manconi, M., Rundo, F., Bruni, O., and Zucconi, M.

(2014). Increased electroencephalographic high frequencies during the sleep

onset period in patients with restless legs syndrome. Sleep 37, 1375–1381.

doi: 10.5665/sleep.3934

Ferré, R., Rundo, F., Zucconi, M., Manconi, M., Bruni, O., Ferini-Strambi, L.,

et al. (2015). An evidence-based analysis of the association between periodic

leg movements during sleep and arousals in Restless Legs Syndrome. Sleep 38,

919–924. doi: 10.5665/sleep.4740

Fiorentini, C., Busi, C., Gorruso, E., Gotti, C., Spano, P., and Missale,

C. (2008). Reciprocal regulation of dopamine D1 and D3 receptor

Frontiers in Neuroscience | www.frontiersin.org 12 January 2018 | Volume 11 | Article 722

https://doi.org/10.1016/0006-3223(88)90138-2
https://doi.org/10.1111/jnc.13885
https://doi.org/10.1021/ac049295f
https://doi.org/10.1523/JNEUROSCI.3574-05.2006
https://doi.org/10.1016/j.sleep.2016.07.028
https://doi.org/10.1093/brain/awr012
https://doi.org/10.1093/brain/awp125
https://doi.org/10.1212/01.WNL.0000123251.60485.AC
https://doi.org/10.1007/s11302-013-9364-5
https://doi.org/10.1111/jnc.13724
https://doi.org/10.1016/j.sleep.2006.07.002
https://doi.org/10.1016/j.tips.2006.12.006
https://doi.org/10.1146/annurev.neuro.24.1.31
https://doi.org/10.1016/j.sleep.2014.05.009
https://doi.org/10.1016/j.brainres.2008.12.056
https://doi.org/10.1523/JNEUROSCI.5066-06.2007
https://doi.org/10.3233/JAD-2010-1400
https://doi.org/10.1016/j.tips.2015.01.002
https://doi.org/10.1007/s00213-016-4212-2
https://doi.org/10.1038/nchembio0309-131
https://doi.org/10.1016/j.neuropharm.2015.05.028
https://doi.org/10.1124/pr.113.008052
https://doi.org/10.1016/j.sleep.2016.08.019
https://doi.org/10.1016/S0166-2236(97)01096-5
https://doi.org/10.1111/j.1460-9568.1996.tb01617.x
https://doi.org/10.1097/00001756-199412300-00020
https://doi.org/10.1046/j.1460-9568.1999.00810.x
https://doi.org/10.1074/jbc.273.8.4718
https://doi.org/10.5665/sleep.3934
https://doi.org/10.5665/sleep.4740
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/neuroscience#articles


Ferré et al. Adenosine Neurotransmission in Restless Legs Syndrome

function and trafficking by heterodimerization. Mol. Pharmacol. 74, 59–69.

doi: 10.1124/mol.107.043885

Garcia-Borreguero, D., Kohnen, R., Silber, M. H., Winkelman, J. W., Earley, C. J.,

Högl, B., et al. (2013). The long-term treatment of restless legs syndrome/Willis-

Ekbom disease: evidence-based guidelines and clinical consensus best practice

guidance: a report from the International Restless Legs Syndrome Study Group.

Sleep Med. 14, 675–684. doi: 10.1016/j.sleep.2013.05.016

Garcia-Borreguero, D., Patrick, J., DuBrava, S., Becker, P. M., Lankford, A., Chen,

C., et al. (2014). Pregabalin versus pramipexole: effects on sleepdisturbance in

restless legs syndrome. Sleep 37, 635–643. doi: 10.5665/sleep.3558

Gerfen, C. R. (2004). “Basal ganglia,” in The Rat Nervous System, eds G. Paxinos

(Amsterdam: Elsevier Academic Press), 445–508.

Gerfen, C. R.,Miyachi, S., Paletzki, R., and Brown, P. (2002). D1 dopamine receptor

supersensitivity in the dopamine-depleted striatum results from a switch in the

regulation of ERK1/2/MAP kinase. J. Neurosci. 22, 5042–5054.

Gerfen, C. R., and Surmeier, D. J. (2011). Modulation of striatal

projection systems by dopamine. Annu. Rev. Neurosci. 34, 441–466.

doi: 10.1146/annurev-neuro-061010-113641

Gilman, A. G. (1987). G proteins: transducers of receptor-generated signals. Annu.

Rev. Biochem. 56, 615–649. doi: 10.1146/annurev.bi.56.070187.003151

Ginés, S., Hillion, J., Torvinen, M., Le Crom, S., Casadó, V., Canela, E. I.,

et al. (2000). Dopamine D1 and adenosine A1 receptors form functionally

interacting heteromeric complexes. Proc. Natl. Acad. Sci. U.S.A. 97, 8606–8611.

doi: 10.1073/pnas.150241097

Gonçalves, J., and Queiroz., G. (2008). Presynaptic adenosine and P2Y receptors.

Handb. Exp. Pharmacol. 184, 339–732. doi: 10.1007/978-3-540-74805-2_11

González, S., Rangel-Barajas, C., Peper, M., Lorenzo, R., Moreno, E., Ciruela,

F., et al. (2012). Dopamine D4 receptor, but not the ADHD-associated D4.7

variant, forms functional heteromers with the dopamine D2S receptor in the

brain.Mol. Psychiatry 17, 650–662. doi: 10.1038/mp.2011.93

Guitart, X., Navarro, G., Moreno, E., Yano, H., Cai, N. S., Sánchez-Soto, M.,

et al. (2014). Functional selectivity of allosteric interactions within G protein-

coupled receptor oligomers: the dopamine D1-D3 receptor heterotetramer.

Mol. Pharmacol. 86, 417–429. doi: 10.1124/mol.114.093096

Gulyani, S., Earley, C. J., Camandola, S., Maudsley, S., Ferré, S., Mughal, M. R., et al.

(2009). Diminished iron concentrations increase adenosine A(2A) receptor

levels in mouse striatum and cultured human neuroblastoma cells. Exp. Neurol.

215, 236–242. doi: 10.1016/j.expneurol.2008.10.007

Hillion, J., Canals, M., Torvinen, M., Casado, V., Scott, R., Terasmaa, A., et al.

(2002). Coaggregation, cointernalization, and codesensitization of adenosine

A2A receptors and dopamine D2 receptors. J. Biol. Chem. 277, 18091–18097.

doi: 10.1074/jbc.M107731200

Jennings, L. L., Hao, C., Cabrita, M. A., Vickers, M. F., Baldwin, S. A., Young, J. D.,

et al. (2001). Distinct regional distribution of human equilibrative nucleoside

transporter proteins 1 and 2 (hENT1 and hENT2) in the central nervous

system. Neuropharmacology 40, 722–731. doi: 10.1016/S0028-3908(00)00207-0

Kanda, T., Shiozaki, S., Shimada, J., Suzuki, F., and Nakamura, J. (1994). KF17837:

a novel selective adenosine A2A receptor antagonist with anticataleptic activity.

Eur. J. Pharmacol. 256, 263–268. doi: 10.1016/0014-2999(94)90551-7

Karcz-Kubicha, M., Ferré, S., Díaz-Ruiz, O., Quiroz-Molina, C., Goldberg,

S. R., Hope, B. T., et al. (2006). Stimulation of adenosine receptors

selectively activates gene expression in striatal enkephalinergic neurons.

Neuropsychopharmacology 31, 2173–2179. doi: 10.1038/sj.npp.1301035

Karcz-Kubicha, M., Quarta, D., Hope, B. T., Antoniou, K., Müller, C. E., Morales,

M., et al. (2003). Enabling role of adenosine A1 receptors in adenosine A2A

receptor-mediated striatal expression of c-fos. Eur. J. Neurosci. 18, 296–302.

doi: 10.1046/j.1460-9568.2003.02747.x

Kim, H. H., and Liao, J. K. (2008). Translational therapeutics

of dipyridamole. Arterioscler. Thromb. Vasc. Biol. 28, s39–s42.

doi: 10.1161/ATVBAHA.107.160226

Kim, Y., Bolortuya, Y., Chen, L., Basheer, R., McCarley, R. W., and Strecker, R. E.

(2012). Decoupling of sleepiness from sleep time and intensity during chronic

sleep restriction: evidence for a role of the adenosine system. Sleep 35, 861–869.

doi: 10.5665/sleep.1890

Kim, Y., Elmenhorst, D., Weisshaupt, A., Wedekind, F., Kroll, T., McCarley, R.

W., et al. (2015). Chronic sleep restriction induces long-lasting changes in

adenosine and noradrenaline receptor density in the rat brain. J. Sleep Res. 24,

549–558. doi: 10.1111/jsr.12300

Kull, B., Ferré, S., Arslan, G., Svenningsson, P., Fuxe, K., Owman, C., et al. (1999).

Reciprocal interactions between adenosine A2A and dopamine D2 receptors

in Chinese hamster ovary cells co-transfected with the two receptors. Biochem.

Pharmacol. 58, 1035–1045. doi: 10.1016/S0006-2952(99)00184-7

Manconi, M., Ferri, R., Zucconi, M., Clemens, S., Giarolli, L., Bottasini, V., et al.

(2011). Preferential D2 or preferential D3 dopamine agonists in restless legs

syndrome. Neurology 77, 110–117. doi: 10.1212/WNL.0b013e3182242d91

Marcellino, D., Ferré, S., Casadó, V., Cortés, A., Le Foll, B., Mazzola, C., et al.

(2008). Identification of dopamine D1-D3 receptor heteromers. Indications for

a role of synergistic D1-D3 receptor interactions in the striatum. J. Biol. Chem.

283, 26016–26025. doi: 10.1074/jbc.M710349200

McCarley, R. W. (2007). Neurobiology of REM and NREM sleep. Sleep Med. 8,

302–330. doi: 10.1016/j.sleep.2007.03.005

Morelli, M., and Wardas, J. (2001). Adenosine A(2a) receptor antagonists:

potential therapeutic and neuroprotective effects in Parkinson’s disease.

Neurotoxicol. Res. 3, 545–556. doi: 10.1007/BF03033210

Navarro, G., Aguinaga, D., Moreno, E., Hradsky, J., Reddy, P. P., Cortés, A.,

et al. (2014). Intracellular calcium levels determine differential modulation of

allosteric interactions within G protein-coupled receptor heteromers. Chem.

Biol. 21, 1546–1556. doi: 10.1016/j.chembiol.2014.10.004

Navarro, G., Cordomí, A., Zelman-Femiak, M., Brugarolas, M., Moreno, E.,

Aguinaga, D., et al. (2016). Quaternary structure of a G-protein-coupled

receptor heterotetramer in complex with Gi and Gs. BMC. Biol. 14:26.

doi: 10.1186/s12915-016-0247-4

Navarro, G., Ferré, S., Cordomi, A., Moreno, E., Mallol, J., Casadó, V., et al.

(2010). Interactions between intracellular domains as key determinants of the

quaternary structure and function of receptor heteromers. J. Biol. Chem. 285,

27346–27359. doi: 10.1074/jbc.M110.115634

Nordlander, N. B. (1953). Therapy in restless legs. Acta Med. Scand. 145, 453–457.

doi: 10.1111/j.0954-6820.1953.tb07042.x

Pardo, M., López-Cruz, L., Valverde, O., Ledent, C., Baqi, Y., Müller, C. E., et al.

(2013). Effect of subtype-selective adenosine receptor antagonists on basal or

haloperidol-regulated striatal function: studies of exploratory locomotion and

c-Fos immunoreactivity in outbred and A(2A)R KO mice. Behav. Brain Res.

247, 217–226. doi: 10.1016/j.bbr.2013.03.035

Parkinson, F. E., Damaraju, V. L., Graham, K., Yao, S. Y., Baldwin, S. A., Cass,

C. E., et al. (2011). Molecular biology of nucleoside transporters and their

distributions and functions in the brain. Curr. Top. Med. Chem. 11, 948–972.

doi: 10.2174/156802611795347582

Pascual, O., Casper, K. B., Kubera, C., Zhang, J., Revilla-Sanchez, R., Sul, J. Y., et al.

(2005). Astrocytic purinergic signaling coordinates synaptic networks. Science

310, 113–116. doi: 10.1126/science.1116916

Quiroz, C., Gomes, C., Pak, A. C., Ribeiro, J. A., Goldberg, S. R., Hope, B. T., et al.

(2006). Blockade of adenosine A2A receptors prevents protein phosphorylation

in the striatum induced by cortical stimulation. J. Neurosci. 26, 10808–10812.

doi: 10.1523/JNEUROSCI.1661-06.2006

Quiroz, C., Gulyani, S., Ruiqian, W., Bonaventura, J., Cutler, R., Pearson, V.,

et al. (2016a). Adenosine receptors as markers of brain iron deficiency:

implications for Restless Legs Syndrome. Neuropharmacology 111, 160–168.

doi: 10.1016/j.neuropharm.2016.09.002

Quiroz, C., Orrú, M., Rea, W., Ciudad-Roberts, A., Yepes, G., Britt, J. P., et al.

(2016b). Local control of extracellular dopamine levels in the medial nucleus

accumbens by a glutamatergic projection from the infralimbic cortex. J.

Neurosci. 36, 851–859. doi: 10.1523/JNEUROSCI.2850-15.2016

Quiroz, C., Pearson, V., Gulyani, S., Allen, R., Earley, C., and Ferré, S. (2010). Up-

regulation of striatal adenosine A(2A) receptors with iron deficiency in rats:

effects on locomotion and cortico-striatal neurotransmission. Exp. Neurol. 224,

292–298. doi: 10.1016/j.expneurol.2010.04.004

Salmi, P., Chergui, K., and Fredholm, B. B. (2005). Adenosine-dopamine

interactions revealed in knockout mice. J. Mol. Neurosci. 26, 239–244.

doi: 10.1385/JMN:26:2-3:239

Schiffmann, S. N., Jacobs, O., and Vanderhaeghen, J. J. (1991). Striatal restricted

adenosine A2 receptor (RDC8) is expressed by enkephalin but not by substance

P neurons: an in situ hybridization histochemistry study. J. Neurochem. 57,

1062–1067. doi: 10.1111/j.1471-4159.1991.tb08257.x

Schindler, C. W., Karcz-Kubicha, M., Thorndike, E. B., Müller, C. E., Tella, S.

R., Ferré, S., et al. (2005). Role of central and peripheral adenosine receptors

in the cardiovascular responses to intraperitoneal injections of adenosine

Frontiers in Neuroscience | www.frontiersin.org 13 January 2018 | Volume 11 | Article 722

https://doi.org/10.1124/mol.107.043885
https://doi.org/10.1016/j.sleep.2013.05.016
https://doi.org/10.5665/sleep.3558
https://doi.org/10.1146/annurev-neuro-061010-113641
https://doi.org/10.1146/annurev.bi.56.070187.003151
https://doi.org/10.1073/pnas.150241097
https://doi.org/10.1007/978-3-540-74805-2
https://doi.org/10.1038/mp.2011.93
https://doi.org/10.1124/mol.114.093096
https://doi.org/10.1016/j.expneurol.2008.10.007
https://doi.org/10.1074/jbc.M107731200
https://doi.org/10.1016/S0028-3908(00)00207-0
https://doi.org/10.1016/0014-2999(94)90551-7
https://doi.org/10.1038/sj.npp.1301035
https://doi.org/10.1046/j.1460-9568.2003.02747.x
https://doi.org/10.1161/ATVBAHA.107.160226
https://doi.org/10.5665/sleep.1890
https://doi.org/10.1111/jsr.12300
https://doi.org/10.1016/S0006-2952(99)00184-7
https://doi.org/10.1212/WNL.0b013e3182242d91
https://doi.org/10.1074/jbc.M710349200
https://doi.org/10.1016/j.sleep.2007.03.005
https://doi.org/10.1007/BF03033210
https://doi.org/10.1016/j.chembiol.2014.10.004
https://doi.org/10.1186/s12915-016-0247-4
https://doi.org/10.1074/jbc.M110.115634
https://doi.org/10.1111/j.0954-6820.1953.tb07042.x
https://doi.org/10.1016/j.bbr.2013.03.035
https://doi.org/10.2174/156802611795347582
https://doi.org/10.1126/science.1116916
https://doi.org/10.1523/JNEUROSCI.1661-06.2006
https://doi.org/10.1016/j.neuropharm.2016.09.002
https://doi.org/10.1523/JNEUROSCI.2850-15.2016
https://doi.org/10.1016/j.expneurol.2010.04.004
https://doi.org/10.1385/JMN:26:2-3:239
https://doi.org/10.1111/j.1471-4159.1991.tb08257.x
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/neuroscience#articles


Ferré et al. Adenosine Neurotransmission in Restless Legs Syndrome

A1 and A2A subtype receptor agonists. Br. J. Pharmacol. 144, 642–650.

doi: 10.1038/sj.bjp.0706043

Sgambato, V., Pagès, C., Rogard, M., Besson, M. J., and Caboche, J.

(1998). Extracellular signal-regulated kinase (ERK) controls immediate

early gene induction on corticostriatal stimulation. J. Neurosci. 18,

8814–8825.

Shiozaki, S., Ichikawa, S., Nakamura, J., Kitamura, S., Yamada, K., and

Kuwana, Y. (1999). Actions of adenosine A2A receptor antagonist KW-

6002 on drug-induced catalepsy and hypokinesia caused by reserpine

or MPTP. Psychopharmacology 147, 90–95. doi: 10.1007/s002130

051146

Silber, M. H., Becker, P. M., Earley, C., Garcia-Borreguero, D., and Ondo, W.

G. (2013). Willis-Ekbom Disease Foundation revised consensus statement on

the management of restless legs syndrome. Mayo Clin. Proc. 88, 977–986.

doi: 10.1016/j.mayocp.2013.06.016

Smith, N. J., and Milligan, G. (2010). Allostery at G protein-coupled receptor

homo- and heteromers: uncharted pharmacological landscapes. Pharmacol.

Rev. 62, 701–725. doi: 10.1124/pr.110.002667

Sokoloff, and Le Foll, B. (2017). The dopamine D3 receptor, a quarter century later.

Eur. J. Neurosci. 45, 2–19. doi: 10.1111/ejn.13390

Solinas, M., Ferré, S., You, Z. B., Karcz-Kubicha, M., Popoli, P., and Goldberg, S. R.

(2002). Caffeine induces dopamine and glutamate release in the shell of the

nucleus accumbens. J. Neurosci. 22, 6321–6324.

Sollevi, A. (1986). Cardiovascular effects of adenosine in man; possible clinical

implications. Prog. Neurobiol. 27, 319–349. doi: 10.1016/0301-0082(86)90005-5

Trenkwalder, C., and Paulus, W. (2010). Restless legs syndrome: pathophysiology,

clinical presentation and management. Nat. Rev. Neurol. 6, 337–346.

doi: 10.1038/nrneurol.2010.55

Trifilieff, P., Rives, M. L., Urizar, E., Piskorowski, R. A., Vishwasrao, H. D.,

Castrillon, J., et al. (2011). Detection of antigen interactions ex vivo by

proximity ligation assay: endogenous dopamine D2-adenosine A2A receptor

complexes in the striatum. Biotechniques 51, 111–118. doi: 10.2144/000113719

Unger, E. L., Bianco, L. E., Jones, B. C., Allen, R. P., and Earley, C. J. (2014). Low

brain iron effects and reversibility on striatal dopamine dynamics. Exp. Neurol.

261, 462–468. doi: 10.1016/j.expneurol.2014.06.023

Van Dort, C. J., Baghdoyan, H. A., and Lydic, R. (2009). Adenosine

A(1) and A(2A) receptors in mouse prefrontal cortex modulate

acetylcholine release and behavioral arousal. J. Neurosci. 29, 871–881.

doi: 10.1523/JNEUROSCI.4111-08.2009

Varga, L. I., Ako-Agugua, N., Colasante, J., Hertweck, L., Houser, T., Smith, J.,

et al. (2009). Critical review of ropinirole and pramipexole – putative dopamine

D(3)-receptor selective agonists - for the treatment of RLS. J. Clin. Pharm. Ther.

34, 493–505. doi: 10.1111/j.1365-2710.2009.01025.x

Woods, A. S., and Ferré, S. (2005). Amazing stability of the arginine-phosphate

electrostatic interaction. J. Proteome Res. 4, 1397–1402. doi: 10.1021/pr050077s

Wu, L. G., and Saggau, P. (1997). Presynaptic inhibition of

elicited neurotransmitter release. Trends Neurosci. 20, 204–212.

doi: 10.1016/S0166-2236(96)01015-6

Yepes, G., Guitart, X., Rea, W., Newman, A. H., Allen, R. P., Earley, C. J., et al.

(2017). Targeting corticostriatal terminals in Restless Legs Syndrome. Ann.

Neurol. 82, 951–960. doi: 10.1002/ana.25104

Conflict of Interest Statement: The authors declare that the research was

conducted in the absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Copyright © 2018 Ferré, Quiroz, Guitart, Rea, Seyedian, Moreno, Casadó-Anguera,

Díaz-Ríos, Casadó, Clemens, Allen, Earley and García-Borreguero. This is an open-

access article distributed under the terms of the Creative Commons Attribution

License (CC BY). The use, distribution or reproduction in other forums is permitted,

provided the original author(s) or licensor are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice.

No use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Neuroscience | www.frontiersin.org 14 January 2018 | Volume 11 | Article 722

https://doi.org/10.1038/sj.bjp.0706043
https://doi.org/10.1007/s002130051146
https://doi.org/10.1016/j.mayocp.2013.06.016
https://doi.org/10.1124/pr.110.002667
https://doi.org/10.1111/ejn.13390
https://doi.org/10.1016/0301-0082(86)90005-5
https://doi.org/10.1038/nrneurol.2010.55
https://doi.org/10.2144/000113719
https://doi.org/10.1016/j.expneurol.2014.06.023
https://doi.org/10.1523/JNEUROSCI.4111-08.2009
https://doi.org/10.1111/j.1365-2710.2009.01025.x
https://doi.org/10.1021/pr050077s
https://doi.org/10.1016/S0166-2236(96)01015-6
https://doi.org/10.1002/ana.25104
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/neuroscience#articles


fphar-09-00243 March 17, 2018 Time: 15:41 # 1

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

HYPOTHESIS AND THEORY
published: xx March 2018

doi: 10.3389/fphar.2018.00243

Edited by:
Vsevolod V. Gurevich,

Vanderbilt University, United States

Reviewed by:
Kevin D. G. Pfleger,

Harry Perkins Institute of Medical
Research, Australia

Dominique Massotte,
UPR3212 Institut des Neurosciences

Cellulaires et Intégratives (INCI),
France

*Correspondence:
Sergi Ferré

sferre@intra.nida.nih.gov

Specialty section:
This article was submitted to

Experimental Pharmacology and Drug
Discovery,

a section of the journal
Frontiers in Pharmacology

Received: 05 October 2017
Accepted: 05 March 2018
Published: xx March 2018

Citation:
Ferré S, Bonaventura J, Zhu W,

Hatcher-Solis C, Taura J, Quiroz C,
Cai N-S, Moreno E,

Casadó-Anguera V, Kravitz AV,
Thompson KR, Tomasi DG,

Navarro G, Cordomí A, Pardo L,
Lluís C, Dessauer C, Volkow ND,

Casadó V, Ciruela F, Logothetis DE
and Zwilling D (2018) Essential

Control of the Function of the
Striatopallidal Neuron by Pre-coupled

Complexes of Adenosine
A2A-Dopamine D2 Receptor

Heterotetramers and Adenylyl
Cyclase. Front. Pharmacol. 9:243.

doi: 10.3389/fphar.2018.00243

Essential Control of the Function of
the Striatopallidal Neuron by
Pre-coupled Complexes of
Adenosine A2A-Dopamine D2
Receptor Heterotetramers and
Adenylyl Cyclase
Sergi Ferré1* , Jordi Bonaventura1, Wendy Zhu2, Candice Hatcher-Solis1, Jaume Taura3,4,
César Quiroz1, Ning-Sheng Cai1, Estefanía Moreno5, Verónica Casadó-Anguera5,
Alexxai V. Kravitz6, Kimberly R. Thompson2, Dardo G. Tomasi7, Gemma Navarro8,
Arnau Cordomí9, Leonardo Pardo9, Carme Lluís5, Carmen Dessauer10, Nora D. Volkow7,
Vicent Casadó5, Francisco Ciruela3,4, Diomedes E. Logothetis11 and Daniel Zwilling2

1 Integrative Neurobiology Section, National Institute on Drug Abuse, Intramural Research Program, National Institutes of
Health, Baltimore, MD, United States, 2 Circuit Therapeutics, Inc., Menlo Park, CA, United States, 3 Unitat de Farmacologia,
Departament de Patologia i Terapèutica Experimental, Facultat de Medicina i Ciències de la Salut, IDIBELL, Universitat de
Barcelona, Barcelona, Spain, 4 Institut de Neurociències, Universitat de Barcelona, Barcelona, Spain, 5 Center for Biomedical
Research in Neurodegenerative Diseases Network, Department of Biochemistry and Molecular Biomedicine, Faculty of
Biology, Institute of Biomedicine of the University of Barcelona, University of Barcelona, Barcelona, Spain, 6 Eating and
Addiction Section, Diabetes, Endocrinology and Obesity Branch, National Institute of Diabetes and Digestive and Kidney
Diseases, Intramural Research Program, National Institutes of Health, Bethesda, MD, United States, 7 Laboratory of
Neuroimaging, National Institute on Alcohol Abuse and Alcoholism, Intramural Research Program, National Institutes of
Health, Rockville, MD, United States, 8 Department of Biochemistry and Physiology, Faculty of Pharmacy, University
of Barcelona, Barcelona, Spain, 9 Laboratory of Computational Medicine, School of Medicine, Autonomous University of
Barcelona, Bellaterra, Spain, 10 Department of Integrative Biology and Pharmacology, McGovern Medical School,
University of Texas Health Science Center at Houston, Houston, TX, United States, 11 Department of Pharmaceutical
Sciences, Bouvé College of Health Sciences, Northeastern University, Boston, MA, United States

The central adenosine system and adenosine receptors play a fundamental role
in the modulation of dopaminergic neurotransmission. This is mostly achieved by
the strategic co-localization of different adenosine and dopamine receptor subtypes
in the two populations of striatal efferent neurons, striatonigral and striatopallidal,
that give rise to the direct and indirect striatal efferent pathways, respectively. With
optogenetic techniques it has been possible to dissect a differential role of the direct
and indirect pathways in mediating “Go” responses upon exposure to reward-related
stimuli and “NoGo” responses upon exposure to non-rewarded or aversive-related
stimuli, respectively, which depends on their different connecting output structures
and their differential expression of dopamine and adenosine receptor subtypes.
The striatopallidal neuron selectively expresses dopamine D2 receptors (D2R) and
adenosine A2A receptors (A2AR), and numerous experiments using multiple genetic
and pharmacological in vitro, in situ and in vivo approaches, demonstrate they can
form A2AR-D2R heteromers. It was initially assumed that different pharmacological
interactions between dopamine and adenosine receptor ligands indicated the existence
of different subpopulations of A2AR and D2R in the striatopallidal neuron. However, as
elaborated in the present essay, most evidence now indicates that all interactions can
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be explained with a predominant population of striatal A2AR-D2R heteromers forming
complexes with adenylyl cyclase subtype 5 (AC5). The A2AR-D2R heteromer has a
tetrameric structure, with two homodimers, which allows not only multiple allosteric
interactions between different orthosteric ligands, agonists, and antagonists, but also
the canonical Gs-Gi antagonistic interaction at the level of AC5. We present a model
of the function of the A2AR-D2R heterotetramer-AC5 complex, which acts as an
integrative device of adenosine and dopamine signals that determine the excitability and
gene expression of the striatopallidal neurons. The model can explain most behavioral
effects of A2AR and D2R ligands, including the psychostimulant effects of caffeine. The
model is also discussed in the context of different functional striatal compartments,
mainly the dorsal and the ventral striatum. The current accumulated knowledge
of the biochemical properties of the A2AR-D2R heterotetramer-AC5 complex offers
new therapeutic possibilities for Parkinson’s disease, schizophrenia, SUD and other
neuropsychiatric disorders with dysfunction of dorsal or ventral striatopallidal neurons.

Keywords: striatopallidal neuron, adenosine A2A receptor, dopamine D2 receptor, GPCR heteromers, adenylyl
cyclase, caffeine, akinesia, apathy

INTRODUCTION

One of the most noticeable functions of adenosine in the brain
is the ability to impose a brake on the central dopaminergic
system. This inhibitory role of adenosine is largely mediated by
the activation of one subtype of adenosine receptor, the A2A
receptor (A2AR), particularly expressed by one type of neuron
localized in the striatum, the striatopallidal neuron. The striatum
is the brain area with the highest innervation of dopamine and the
highest expression of dopamine receptors in the brain (Gerfen,
2004), and the striatopallidal neuron expresses the highest density
of A2AR and dopamine receptors of the D2 subtype (D2R)
than any other neuron in the central nervous system (Gerfen,
2004; Schiffmann et al., 2007). It is now well accepted that
adenosine controls the function of the striatopallidal neuron
through intermolecular interactions between A2AR and D2R,
with the formation of receptor heteromers.

Since its initial discovery, now more than 25 years ago
(Ferré et al., 1991b), A2AR-D2R interactions have become a
model for the study of allosteric interactions within G protein-
coupled receptor (GPCR) heteromers, with the emergence of a
new concept: allosteric interactions between orthosteric ligands
(reviewed in Ferré et al., 2014). But recent findings indicate
that the A2AR-D2R heteromer will also become a model for
receptor-receptor interactions previously thought to take place
downstream, on converging signaling molecules, which were
often labeled as “interactions at the second messenger level.”
The antagonistic canonical interaction at the level of adenylyl
cyclase (AC), between a Gs/olf-coupled receptor, such as the
A2AR, and a Gi/o-coupled receptor, such as the D2R, represents
a classical example. Thus, a recent study demonstrates that
this canonical interaction is dependent on the oligomerization
of A2AR and D2R and the AC subtype AC5 (Navarro et al.,
2018). This discovery implies that the striatal A2AR-D2R
heteromer could explain most pharmacological effects of A2AR
and D2R ligands, with implications for various neuropsychiatric
disorders.

The understanding of the role of striatal adenosine and A2AR-
D2R heteromers in striatal function and dysfunction will be here
revisited within the framework of, not only the new developments
on A2AR-D2R heteromers, but also most recent developments
on the function of different striatal compartments and striatal
dopamine, particularly on the function of the striatopallidal
neuron. First, we summarize the current knowledge of the
role of dopamine in the different striatal compartments. Next,
we analyze the role of adenosine-dopamine interactions in the
modulation of the function of the striatopallidal neuron. We then
propose a functional model for the A2AR-D2R heterotetramer-
AC5 complex in the striatopallidal neuron, a complex formed
by one A2AR homodimer coupled to a Golf protein, a D2R
homodimer coupled to a Gi protein and its signaling molecule
AC5. The model is then used to reevaluate the pharmacological
effects of adenosine receptor ligands, including caffeine. Finally,
it is proposed that A2AR-D2R heterotetramer-AC5 complexes
localized in striatopallidal neurons can be used as targets for
the treatment of neuropsychiatric symptoms, such as akinesia
and apathy. We also present new results of the effect of the
A2AR antagonist SCH 442416 in radioligand binding, locomotor
activation and optogenetic experiments in mice, which reconcile
previous studies with the same compound that were apparently
incompatible with our hypothesis of a predominant population
of striatal A2AR-D2R heteromers that modulate striatopallidal
neuronal function.

FUNCTIONAL DISTINCTION OF
STRIATAL COMPARTMENTS

The striatum is the main input structure of the basal ganglia.
Although in humans and non-human primates it has been
classically subdivided into nucleus accumbens (NAc), caudate
and putamen, it can be functionally subdivided in three different
compartments: ventral, rostral-dorsal and caudal-dorsal striata
(Figure 1A). The ventral striatum concept has expanded from
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its initial inclusion of areas innervated by the dopaminergic cells
of the ventral tegmental area (VTA), mostly the NAc with its
two compartments core and shell and the olfactory tubercle,
to the striatal areas receiving glutamatergic inputs from the
ventromedial prefrontal cortex, orbitofrontal cortex and anterior
cingulate cortex (Haber and Behrens, 2014) (Figure 1A). In
fact, the orbitofrontal cortex and the anterior cingulate cortex,
respectively, receive partial and predominant dopaminergic
innervation from the substantia nigra pars compacta (SNpc;
Haber and Behrens, 2014). Furthermore, the ventral striatum
receives afferent glutamatergic projections from the insular
cortex, amygdala and hippocampus (Haber and Behrens, 2014).
The rostral-dorsal striatum receives glutamatergic input from
frontal and parietal association areas and the caudal-dorsal
striatum from the primary motor and somatosensory cortices
(Figure 1A). Both rostral-dorsal and caudal-dorsal striata receive
their dopaminergic input from the SNpc (Haber, 2014; Haber and
Behrens, 2014).

The ventral striatum forms part of decision-making brain
circuits involved in reward valuation tasks, which determine
and store reward values (often named as “subjective values of
rewards”) and constantly choose the reward to be obtained
by a process of maximizing utilities associated with different
options, the highest benefit/cost ratio (Kable and Glimcher,
2009). ‘Delay discounting’ (DD), ‘effort discounting’ (ED), and
‘low-probability discounting’ (LPD) refer to the empirical finding
that both humans and animals value immediate, low-effort and
high probability rewards more than delayed, high-effort and
low probability rewards. A large number of behavioral and
clinical studies indicate that DD, ED, and LPD are independent
variables possibly involving corticostriatal circuits with different
ventral striatal compartments differentially connected to different

prefrontal cortical areas (Prévost et al., 2010; Stopper and
Floresco, 2011). A main role of the ventral striatum, classically
labeled as an interface between motivation and action (Mogenson
et al., 1980), can be synthesized as determining “whether
to respond” while that of the dorsal striatum is “how to
respond” to reward-associated stimuli (Ferré, 2017). All reward-
related, dopamine-dependent functions, including the facilitation
of reward-oriented behavior and learning of stimulus-reward
and reward-response associations (positive reinforcement; Wise,
2004), are simultaneously processed by the rostral-dorsal and
caudal-dorsal striata. In relation to positive reinforcement, the
rostral-dorsal striatum is predominantly involved in an initial,
more controlled (contingent on the outcome) and less permanent
learning, while the caudal-dorsal striatum is involved in a
slower, less controlled (non-contingent on the outcome) but
long-lasting learning (Kim and Hikosaka, 2015). The same
functional dichotomy, “volitional” and “automatic” learning, but
with a medial-lateral distribution, can also be demonstrated in
the rodent striatum (Voorn et al., 2004; Yin and Knowlton,
2006; Balleine and O’Doherty, 2010). However, it is becoming
increasingly evident that dopaminergic mesencephalic cells
also process aversive-related and non-rewarded stimuli and
are involved in negative reinforcement. Most dopamine cells
respond by decreasing their activity upon exposure to aversive
stimuli and to omission of expected rewards. Dopaminergic
cells, therefore, code for positive and negative reward prediction
errors, increasing their firing upon presentation of reward-
related stimuli or better than expected rewards or with the
termination of aversive-related stimuli and decreasing their firing
upon omission of reward-related stimuli or presentation of a
worse than expected reward (Steinberg et al., 2013; Chang et al.,
2016).

FIGURE 1 | Inputs and outputs of the striatum. (A) Lateral view of the striatum and amygdala (of human and non-human primates). The classical morphological
subdivision of striatal compartments in nucleus accumbens (NAc), caudate and putamen nuclei can be functionally classified according to the cortical inputs in:
ventral striatum (in green), which receives inputs from the ventromedial prefrontal cortex (vmPFC), orbitofrontal cortex (OFC), and anterior cingulate cortex (aCC);
rostral-dorsal striatum (in orange), which receives inputs from frontal and parietal association areas, such as the dorsolateral prefrontal cortex (dlPFC), premotor
cortex (PMC), and parietal cortex (PC); and caudal-rostral striatum (in purple), which receives inputs from the primary motor cortex (MC) and the somatosensory
cortex (SSC). (B) Basal ganglia circuitry. The striatonigral neuron (SN) directly connects the striatum with the output structures of the basal ganglia: the internal
segment of the globus pallidus (iGP) and the substantia nigra pars reticulata (SNpr). The striatopallidal neuron (SP) connects with the output structures by relays in
the external segment of the globus pallidus (eGP) and the subthalamic nucleus (STN); GLU, glutamate.
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THE A2AR-D2R-EXPRESSING
STRIATOPALLIDAL NEURON

In the striatum, glutamatergic and dopaminergic inputs converge
in the dendritic spines of the GABAergic medium-sized spiny
neurons, which constitute more than 95% of the striatal neuronal
population (Gerfen, 2004). There are two types of medium-
sized spiny neurons, which define the two striatal efferent
pathways that connect the striatum with the output structures
of the basal ganglia, substantia nigra pars reticulata (SNpr)
and internal segment of the globus pallidus (Figure 1B). The
striatonigral neuron constitutes the direct efferent pathway since
it connects directly with the output structures (Gerfen, 2004).
The striatopallidal neuron gives rise to the indirect efferent
pathway and connects with the pallidal complex (the external
segment of the globus pallidus and the ventral pallidum), which
connects with the output structures directly and through a relay
in the subthalamic nucleus (Gerfen, 2004) (Figure 1B). While
there are no apparent qualitative or quantitative differences
between the glutamatergic inputs impinging on the striatonigral
and striatopallidal neurons, there is a clear distinction with
the receptors that process the dopaminergic signals. Thus,
the striatonigral neuron expresses dopamine D1 receptors
(D1R), a prototypical Gs/olf-coupled stimulatory receptor (more
specifically Golf), while the striatopallidal neuron expresses D2R,
a prototypical Gi/o-coupled inhibitory receptor (Gerfen, 2004;
Bertran-Gonzalez et al., 2008). This established scheme breaks
down in the most ventral striatal compartment, the shell of the
NAc. The most ventral striatopallidal neurons project to the
ventromedial and ventrolateral parts of the ventral pallidum,
which does not connect with the output structures or relay
in the subthalamic nucleus (Root et al., 2015). Instead, these
regions of the ventral pallidum represent output structures of the
basal ganglia themselves, since they project to the medio-dorsal
thalamus, lateral hypothalamus and lateral habenula (Root et al.,
2015). Furthermore, some ventral striatopallidal neurons also
express D1R, with some degree of co-localization but still largely
segregated from D2R (Bertran-Gonzalez et al., 2008; Frederick
et al., 2015).

A mechanism by which dopamine is directly involved with
positive and negative reinforcement is emerging from the study
of the functional role of the direct and indirect striatal efferent
pathways. Using recently developed optogenetic techniques, it
has been possible to dissect a differential role of the direct and
indirect pathways in mediating “Go” responses upon exposure
to reward-related stimuli and “NoGo” responses upon exposure
to non-rewarded or aversive-related stimuli, respectively, which
depends on their different connecting output structures and
their differential expression of dopamine receptor subtypes
(Hikida et al., 2010, 2013; Kravitz et al., 2010, 2012; Freeze
et al., 2013; Danjo et al., 2014). The differential connectivity
entails that activation of striatonigral and striatopallidal neurons
lead to qualitatively different behavioral responses, with the
most obvious being the respective facilitation and inhibition of
psychomotor activity. At this point, following Wise and Bozarth
(1987), we should make the distinction between “psychomotor”
and simply “motor” responses. Psychomotor responses, which

include forward locomotion or withdraw, have a characteristic
dependence on external stimuli; increases or decreases of
dopamine enhance or diminish the responsiveness to those
stimuli, respectively. The differential affinities of D1R and D2R
for endogenous dopamine and their respective predominant
expression in striatonigral and striatopallidal neurons provide
a fine-tuning device by which bursts and pauses of dopamine
neurons can differentially influence their activity (Roitman
et al., 2008; Bromberg-Martin et al., 2010; Macpherson et al.,
2014). Dopamine has significantly higher affinity for D2R than
for D1R. Therefore, D2R are more activated than D1R by
basal dopamine levels and are more sensitive to the effects of
dopamine pauses, while D1R are more sensitive to dopamine
bursts, to conditions of larger dopamine release. Bursts of
dopamine neurons result in large dopamine release, which
predominantly increases the activation of stimulatory D1R
and causes the direct pathway to promote high-value reward-
associated movements, whereas the lower basal dopamine
levels predominantly activate D2R, which are inhibitory and
remove activation of the indirect pathway, thus suppressing low-
value reward-associated or high-value punishment-associated
movements (Frank, 2005; Hikosaka, 2007; Dreyer et al., 2010;
Hikida et al., 2010, 2013; Kravitz et al., 2012; Danjo et al.,
2014). Nevertheless, we should not ignore the fact that D2R
are not completely occupied by endogenous dopamine and that
bursts of dopamine are also able to enhance D2R signaling,
therefore participating to the psychomotor activation guided
by the stimuli associated with the concomitant increase in
dopaminergic cell firing. However, strong dopamine receptor
activation basically promotes potentiation of corticostriatal
synapses onto the direct pathway and learning from positive
outcomes (positive reinforcement), while weak dopamine
receptor activation promotes potentiation of corticostriatal
synapses onto the indirect pathway and learning from negative
outcomes (negative reinforcement) (Frank et al., 2004; Shen et al.,
2008; Voon et al., 2010).

Another important phenotypical difference between the
striatopallidal and striatonigral neurons is their differential
expression of adenosine receptor subtypes. The striatopallidal
neurons selectively express A2AR, in fact, the highest density
in the brain (Schiffmann et al., 2007). On the other hand,
A2AR are absent from the striatonigral neurons, which express
adenosine A1 receptors (A1R) (Ferré et al., 1997). A2AR can
then be used as a marker of the striatopallidal neuron. For
instance, to identify the function of the striatopallidal neuron,
studies using Bacterial Artificial Chromosome (BAC) transgenic
mice have targeted the regulatory elements of either the D2R
or the A2AR (Durieux et al., 2009; Valjent et al., 2009; Freeze
et al., 2013). We used BAC transgenic mouse lines that express
Cre recombinase under the control of regulatory elements of
the D2R (D2R-Cre mice) or the A2AR (A2AR-Cre mice),
allowing the selective expression of channelrhodopsin 2 (ChR2)
by striatopallidal neurons (Kravitz et al., 2010; Freeze et al.,
2013; Zwilling et al., 2014). This was achieved by bilateral
injection of an adeno-associated virus (AAV) containing a Cre-
sensitive vector with a double-floxed inverted open reading frame
encoding a fusion of ChR2 and enhanced yellow fluorescence
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protein into the dorsomedial striatum. Then, fiber-optic cannulas
implanted immediately above the injection site allowed the local
delivery of light with the concomitant selective optogenetic
activation of a large fraction of dorsal striatopallidal neurons.
Unilateral optogenetic stimulation led to significant ipsilateral
rotational behavior, while bilateral optogenetic stimulation led to
a significant decrease in locomotor activity (Kravitz et al., 2010;
Freeze et al., 2013; Zwilling et al., 2014) (Figure 2A). These results
were opposite to those obtained by the selective ablation of a
large proportion of dorsal and ventral striatopallidal neurons in
BAC transgenic A2AR-Cre mice by Cre-mediated expression of
a diphtheria toxin receptor and diphtheria toxin injection, which
led to hyperlocomotion (Durieux et al., 2009).

Altogether, these optogenetic and genetic targeting
experiments agree with the increase and decrease of “NoGo”

responses upon the respective activation or inactivation of
striatopallidal neurons. Hypo- or hyperlocomotion represents an
outcome of the respective sustained activation or deactivation of
a large number of striatopallidal neurons, which more discretely
should represent the respective facilitation and inhibition of
withdrawal behavior from low-value reward-associated or high-
value punishment-associated movements. We addressed more
directly this assumption in optogenetic experiments with A2AR-
Cre mice, by selectively inducing the expression of ChR2 in dorsal
striatopallidal neurons and by using more discrete parameters
of stimulation (Zwilling et al., 2014). Figure 2B shows the
comparison of two different parameters of bilateral optogenetic
stimulation in the dorso-medial striatum on locomotor activity.
Continuous light for 1 min induced freezing and therefore an
impairment of motor activity that would interfere with the

FIGURE 2 | Behavioral effects of the optogenetic stimulation of the striatopallidal neuron in mice. The adeno-associated virus (AAV) containing the Cre-sensitive
pAAV5-EF1a-DIO-hChR2(H134R)-YFP virus was bilaterally injected into the dorsal-medial striatum (1 µl at coordinates M-L ± 1.5, A-P + 0.8 and D-V –3.5, relative
to bregma) of a BAC transgenic A2AR-Cre mouse (C57BL/6 background). Fiber-optic cannulas were implanted 0.5 µm above the injection site and the virus was
allowed to incubate for 4 weeks before the start of behavioral testing. (A) At high intensity of stimulation, unilateral illumination results in rotational behavior and
bilateral illumination results in freezing. In (A) left graph, mice were unilaterally illuminated (left side) with constant light at 1 mW (measured at the fiber tip) and
anti-clockwise vs. clockwise (ipsilateral vs. contralateral) rotations were recorded for a duration of 5 min; results are expressed as mean ± SEM; Student’s paired
t-test showed significant differences in the number of rotations in the illuminated condition (light ON) compared to control (light OFF) (∗∗∗p < 0.001, n = 4). In (A) right
graph, mice were illuminated bilaterally with constant light at equal intensity (1 mW per side) and time spent immobile over a period of 1 min was determined; results
are expressed as mean ± SEM; Student’s paired t-test showed significant differences between the illuminated condition (light ON) compared to control (light OFF)
(∗∗∗p < 0.001, n = 11). (B) Comparison of different light illumination paradigms; bilateral circuit activation produced different effects on motor behavior depending on
the pattern of light stimulation; continuous light for 1 min induced freezing and motor impairment. In (B) left graph, mice were bilaterally stimulated alternating 1-min
light ON/OFF blocks, while freezing (expressed as time immobile) was scored through several cycles over 15 min (results are expressed as mean ± SEM, n = 11). In
(B) right graph, mice were pulse stimulated using a 2-s ON/8-s OFF illumination paradigm and did not exhibit ambulatory impairment; velocity of ambulation was
monitored over 3-min bins; blue and black plots represent ambulation (in mean ± SEM) of mice injected with the virus expressing ChR-YFP (n = 20) or YFP (control,
n = 10), respectively; two-way ANOVA, did not show significant differences between both groups (p > 0.05). (C) Aversive behavior driven by striatopallidal neuron
activation using stimulation parameters that did not produce motor impairment; in a real-time place-preference assay pulsed light illumination (2-s ON/8 s-OFF) was
triggered automatically upon entry into the predesignated ‘stimulation side’ of the chamber; the amount of time spent in the light-paired chamber was quantified over
20-min blocks recorded before, during and immediately after light stimulation. In (C) left graph, mice demonstrated a significant light-mediated aversion, a reduction
in the percentage of time (in mean ± SEM) spent in the stimulated side; analyzed statistically by one-way repeated measures ANOVA and Tukey post hoc test
(∗∗p < 0.01; n = 8). In (C) right panel, example tracks show robust aversion to the left stimulation chamber during the test session. (D) A2AR antagonist reduces
freezing phenotype. In (D) left graph, a 5-min pre-test injection of the A2AR antagonist SCH 442416 (3 mg/kg, i.p.) significantly reduced the percent time freezing
(in mean ± SEM) at light power levels of 0.075 mW; Student’s paired t-test showed significant difference between the groups treated with and without SCH 442416
(∗∗∗p < 0.001; n = 11). In (D) right panel, example tracks showing SCH-mediated counteraction of optogenetically induced freezing. All behaviors were performed
in custom-built arenas and activity monitored and automatically scored using a Noldus Ethovision video tracking system.
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analysis of behavior in a real-time place-preference study. On the
other hand, mice that were pulse-stimulated using a 2-s ON/8-s
OFF illumination paradigm did not demonstrate ambulatory
impairment (Figure 2B). When this pulse-stimulation was
triggered when the mouse entered one of the chambers of a
place-preference box, the animal showed a very significant
aversion-like behavior to that side (Figure 2C) (Zwilling et al.,
2014). These results also complement those obtained by Hikida
et al. (2010, 2013) in experiments with selective bilateral
inactivation of the dorsal or ventral striatopallidal neuron by
means of doxycycline-dependent, pathway-specific expression
of tetanus toxin (driven by the promoter of the gene coding the
neuropeptide enkephalin, selectively expressed by striatopallidal
neurons). A counteraction of the expression in addition to the
acquisition of aversion-like behavior was also demonstrated by
using an asymmetric design, with targeted unilateral inactivation
of the ventral striatopallidal neurons with tetanus toxin and the
contralateral infusion of a D2R agonist (but not a D2R antagonist
or D1R agonists or antagonists) or an A2AR antagonist (Hikida
et al., 2013). Similarly, we could demonstrate that the systemic
administration of the A2AR antagonist SCH 442416 (3 mg/kg
i.p.) significantly decreases the locomotor depression induced
by low-intensity optogenetic stimulation of the dorsal-medial
striatopallidal neurons (Figure 2D). These results would imply
a significant role of an endogenous adenosinergic tone in the
facilitation of the striatopallidal neuronal function mediated
by A2AR. In fact, numerous neurochemical studies imply that
A2AR signaling is especially involved in driving the activation of
the striatopallidal neuron upon D2R disinhibition (see below),
therefore in driving the suppression of the behavior associated
with non-rewarded and punishment-associated stimuli.

THE A2AR-D2R RECEPTOR
HETEROTETRAMER-AC5 COMPLEX

There is a large amount of experimental evidence indicating
the existence of a predominant striatal population of A2AR
and D2R that control striatopallidal neuronal function (Ferré
et al., 1993; Azdad et al., 2009; Bonaventura et al., 2015;
Ferré et al., 2016). Recent studies suggested that A2AR-
D2R heteromers assemble into a heterotetrameric structure,
with A2AR and D2R homodimers coupled to their respective
cognate Gs (more precisely the Golf isoform) and Gi proteins
(Bonaventura et al., 2015). The heterotetrameric structure
would provide the frame for multiple adenosine-dopamine
interactions and for interactions between exogenous A2AR
and D2R ligands (Navarro et al., 2014; Ferré et al., 2016).
One of the most prominent interactions is the allosteric
negative effect of A2AR ligands on the affinity and efficacy
of D2R ligands (allosteric interaction) (Ferré et al., 1991b;
Azdad et al., 2009; Bonaventura et al., 2015), which has been
demonstrated to depend on A2AR-D2R heteromerization by
the use of synthetic peptides that selectively interfere with
the heteromeric interface, both in mammalian transfected cells
and in striatal tissue (Azdad et al., 2009; Bonaventura et al.,
2015).

In addition to the allosteric interaction, a strong reciprocal
antagonistic interaction, with the ability of D2R agonists to
inhibit A2AR agonist-mediated activation of AC, was first
identified in mammalian transfected cells (Kull et al., 1999;
Hillion et al., 2002) and more recently characterized in
striatal cells in culture (Navarro et al., 2014). This represents
an antagonistic Gs-Gi canonical interaction, the ability of
an activated Gi-coupled receptor to inhibit a Gs-coupled
receptor-mediated activation of AC. The A2AR-D2R canonical
interaction was first observed in situ, in the striatum. The
evidence came initially from experiments that demonstrated
that the increase in the expression of the immediate-early gene
c-fos in the striatopallidal neurons upon treatment with D2R
antagonists or acute dopamine depletion could be counteracted
by blocking A2AR signaling (Boegman and Vincent, 1996;
Svenningsson et al., 1999). This A2AR signaling is initiated
by the second messenger cyclic-AMP (cAMP), the product of
AC activation. The cascade includes protein kinase A (PKA)
activation, with phosphorylation of the cAMP-response element
binding protein (CREB), a mechanism which is amplified
by the PKA-dependent phosphorylation of ‘dopamine- and
cAMP-regulated phosphoprotein of molecular weight 32,000’
(DARPP-32) (Svenningsson et al., 1998; Kull et al., 1999)
(Figure 3A). A2AR-mediated activation of PKA also promotes
phosphorylation of voltage dependent Ca2+ channels (VDCC),
NMDA, and AMPA receptors (Håkansson et al., 2006; Azdad
et al., 2009; Higley and Sabatini, 2010), which determines their
degree of activation and, therefore, the degree of excitability
of the striatopallidal neurons, which determines the degree of
psychomotor depression (Figure 3A).

Activation of the D2R, when uninterrupted by co-activation
of the A2AR (allosteric interaction), can also signal through
phospholipase C (PLC) by a Gßγ subunit-dependent mechanism,
which induces the release of inositol (1,4,5)-triphosphate (IP3),
a second messenger that causes the release of intracellular
Ca2+. This, in turn results in the subsequent activation of the
Ca2+/calmodulin-dependent protein phosphatase calcineurin
(also called protein phosphatase 2B or PP2B) (Hernandez-Lopez
et al., 2000; Azdad et al., 2009) (Figure 3A). Phosphorylated
forms of VDCC, NMDA, and AMPA receptors and DARPP-32
are main targets of PP2B. Therefore, activation of PP2B leads to
a decreased neuronal excitability and represents a downstream
additional mechanism of D2R-mediated inhibition of A2AR
signaling (Lindskog et al., 1999) (Figure 3A). In addition,
A2AR and D2R activation can modify gene expression through
respective G protein-dependent and independent mechanisms
of MAPK activation, which plays a predominant role in the
mailing of signals from the synapse to the nucleus by directly
activating the constitutive transcription factor Elk-1 (Besnard
et al., 2011) (Figure 3A). Our previous work indicates that
the outcome of co-activation of striatal A2AR and D2R on
MAPK activation depends on the intracellular levels of Ca2+,
which determines the binding of two different neuronal Ca2+-
binding proteins, NCS-1 and calneuron-1 (Navarro et al., 2014).
NCS-1 and calneuron bind to the A2AR-D2R heteromer upon
low and high concentrations of Ca2+, respectively. Binding
of calneuron specifically alters the ability of A2AR ligands
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FIGURE 3 | The A2AR-D2R heterotetramer. (A) Model representing the striatal A2AR-D2R heteromer-dependent mechanisms that modulate different biochemical
and behavioral outputs. The heterotetrameric structure of the A2AR-D2R heteromer allows multiple simultaneous and reciprocal interactions between adenosine and
dopamine and exogenous A2AR and D2R ligands. Mainly, the ability of adenosine or exogenous A2AR ligands to decrease G protein-dependent (1) or G
protein-independent (2) signaling by dopamine or exogenous D2R ligands (allosteric interactions) and a reciprocal antagonistic interaction, the ability of D2R agonists
to inhibit the A2AR agonist-mediated activation of AC5, by means of the antagonistic Gs-Gi canonical interaction at the AC5 level (3). When uninterrupted by the
canonical interaction, A2AR signals through activation of AC5 and protein kinase A (PKA) with phosphorylation of ‘dopamine- and cAMP-regulated phosphoprotein
of molecular weight 32,000’ (DARPP-32), which facilitates PPI and catalepsy, and voltage-dependent Ca2+ channels (VDCC), NMDA and AMPA receptors, resulting
in an increase in the excitability of the striatopallidal neuron. When uninterrupted by the allosteric interaction, D2R signals through PLC, which leads to activation of
calcineurin (PP2B). PP2B dephosphorylates PKA substrates, DARPP-32, VDCC, NMDA and AMPA receptors, providing a downstream additional mechanism of
D2R-mediated inhibition of A2AR signaling (4) and leading to a decrease in the excitability of the striatopallidal neuron, which facilitates psychomotor activation.
A2AR and D2R activation can also modify gene expression through different mechanisms, including G protein-dependent and independent MAPK activation and
activation of the transcription factor Elk-1 (see text). In (B,C), schematic slice-representation viewed from the extracellular side of the minimal functional unit of the
A2AR-D2R heterotetramer in complex with AC5 (see text), in the absence (B) and presence (C) of agonists, which induce a rearrangement of the
heterotetramer-AC5 interfaces (modified from Navarro et al., 2018).

to allosterically modulate the GTP-independent D2R ligand-
mediated MAPK activation, while binding of NCS-1 also
counteracts the A2AR-mediated allosteric modulation of D2R-
ligand-mediated G protein signaling (and therefore the canonical
interaction). This provides a mechanism by which co-activation
of A2AR and D2R in the heteromer promotes and counteracts
MAPK activation upon low and high concentrations of Ca2+,
respectively (Navarro et al., 2014).

The question is how two apparently simultaneous reciprocal
interactions between A2AR- and D2R signaling (allosteric and
canonical interactions) can take place in the same cell. Based
on some studies obtained with the A2AR antagonist SCH
442416, we initially hypothesized the existence of two populations
of A2AR in striatopallidal neurons (Orrú et al., 2011b). One
population would be forming heteromers with D2R and would
mediate the allosteric interaction, while another population
would not be forming heteromers with D2R and would allow
the antagonistic interaction at the second messenger level, cAMP
(Ferré et al., 2011; Orrú et al., 2011b). However, we recently
hypothesized that the putative heterotetrameric structure of the
A2AR-D2R heteromer could sustain both the allosteric and the

canonical interactions (Navarro et al., 2014). In addition, based
on the emergent view that considers GPCR homodimers as
main functional units (Ferré et al., 2014), we postulated that
heteromers are constituted by different interacting homodimers
(Ferré et al., 2014; Ferré, 2015). This could be of special functional
importance with heteromers formed by one homodimer coupled
to a Gs/olf protein and another different homodimer coupled
to a Gi/o protein. Our hypothesis was that such a GPCR
heterotetramer would be part of a pre-coupled macromolecular
complex that also includes AC5, the predominant AC subtype
in the striatum (Lee et al., 2002), a necessary frame for the
canonical antagonistic interaction at the AC level (Ferré, 2015).
In fact, in mammalian transfected cells, using synthetic peptides
with amino acid sequences of all transmembrane domains (TM)
of A2AR and D2R and the putative TMs of AC5, we recently
provided clear evidence for the existence of functional pre-
coupled complexes of A2AR and D2R homodimers, their cognate
Golf and Gi proteins and AC5 (Navarro et al., 2018). We
first identified a symmetrical TM 6 interface for the A2AR
and D2R homodimers and a symmetrical TM 4/TM 5 A2AR-
D2R heteromeric interface. Computational analysis provided

Frontiers in Pharmacology | www.frontiersin.org 7 March 2018 | Volume 9 | Article 243

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


fphar-09-00243 March 17, 2018 Time: 15:41 # 8

799

800

801

802

803

804

805

806

807

808

809

810

811

812

813

814

815

816

817

818

819

820

821

822

823

824

825

826

827

828

829

830

831

832

833

834

835

836

837

838

839

840

841

842

843

844

845

846

847

848

849

850

851

852

853

854

855

856

857

858

859

860

861

862

863

864

865

866

867

868

869

870

871

872

873

874

875

876

877

878

879

880

881

882

883

884

885

886

887

888

889

890

891

892

893

894

895

896

897

898

899

900

901

902

903

904

905

906

907

908

909

910

911

912

Ferré et al. A2AR-D2R-AC5 Complexes Control Striatopallidal Neurons

one minimal solution, a linear arrangement with two internal
interacting A2AR and D2R protomers and two external non-
interacting A2AR and D2R protomers in which the α-subunits
of Gi and Gs bind to the corresponding external protomers
of the D2R or A2AR homodimers (Figure 3). Second, we
found asymmetrical interfaces formed by TMs of the receptors
and putative TMs of AC5 which rearrange upon agonist
exposure. Computational analysis indicated the existence of
a minimal functional complex formed by two A2AR-D2R
heterotetramers and two AC5 molecules (Figures 3B,C). In
fact, this quaternary structure suggests the possible formation of
zig-zagged arranged high-order oligomeric structures, a higher-
order linear arrangement of GPCR heteromers and effectors
(Navarro et al., 2018). Finally, we could demonstrate that this
macromolecular complex provides the sufficient but necessary
condition for the canonical Gs-Gi interactions at the AC level
(Navarro et al., 2018). The most demonstrative experiment was
that destabilization of the quaternary structure of the A2AR-
D2R heterotetramer, with interfering synthetic peptides with
the amino acid sequence of the TMs involved in heteromeric
interface, blocked the ability of a D2R agonist to counteract AC5
activation by an A2AR agonist in striatal neurons in culture
(Navarro et al., 2018).

The A2AR-D2R heterotetramer therefore acts as an integrative
molecular device, which allows reciprocal antagonistic
interactions between adenosine and dopamine to facilitate
a switch in the activation-inhibition of the striatopallidal neuron:
A preferential A2AR vs. D2R activation leads to an increase in
neuronal activity determined by the A2AR-mediated activation
of the AC5/PKA pathway, which is potentiated by the allosteric
counteraction of D2R signaling (“1” and “2” in Figure 3A);
a preferential D2R vs. A2AR activation leads to a decrease in
neuronal activity by activation of the PLC/PP2B pathway and
switching off the A2A-mediated activation of AC5 through the
canonical interaction (“3” in Figure 3A), which we have shown
depends on the integrity of the A2AR-D2R heterotetramer-AC5
complexQ1 (Navarro et al., 2008, 2014; Azdad et al., 2009; Higley
and Sabatini, 2010; Bonaventura et al., 2015; Ferré, 2016; Ferré
et al., 2016).

The heterotetrameric structure of the A2AR-D2R heteromer
provides the framework for allosteric mechanisms of A2AR
ligands that could explain recent experimental findings
apparently incompatible with classical pharmacology, such as
the agonist-like behavior of A2AR antagonists, which includes
caffeine, a non-selective adenosine receptor antagonist. The
initial unexpected finding came from a human PET study. In
this study, the acute administration of caffeine produced an
increase in the binding of [11C]raclopride, a D2R antagonist, in
the putamen and ventral striatum (Volkow et al., 2015). As a
significant additional finding, the caffeine-dependent increase
in D2R antagonist binding in the ventral striatum correlated
with an increase in alertness (Volkow et al., 2015). Considering
that previous studies demonstrated antagonistic allosteric
interactions between A2AR and D2R agonists, caffeine should
have induced the opposite effect, a decrease in [11C]raclopride
binding, due to an increase in the affinity of endogenous
dopamine. We therefore studied the possibility of a direct

allosteric modulation of caffeine on D2R agonist binding. Both
the A2AR agonist CGS 21680 and caffeine significantly decreased
the binding of the D2R agonist [3H]quinpirole in membrane
preparations from sheep striatum and mammalian cells
transfected with A2AR and D2R. We could also demonstrate
that both agonist-agonist and antagonist-agonist allosteric
modulations were dependent on heteromerization, since they
were not observed when transfecting a mutated A2AR with
impaired ability to heteromerize with D2R (Bonaventura et al.,
2015). Therefore, we initially assumed that the caffeine-induced
increase in [11C]raclopride binding demonstrated in PET
experiments could be explained by a caffeine-induced decrease in
the affinity of endogenous dopamine. However, the observation
that both A2AR agonists and A2AR antagonists can produce
the same allosteric interaction in the A2AR-D2R heteromer, a
reduction in the affinity of agonists for the D2R, contradicts
the hypothesis of a key role of allosteric interactions within the
A2AR-D2R heteromer as a main mechanism involved in the
opposite behavioral effects of A2AR agonists and antagonists
(Ferré, 2008, 2016). Nevertheless, a biphasic effect was observed
when analyzing the effect of increasing concentrations of caffeine
or the selective A2AR antagonists SCH 58261 and KW 6002 on
the ability of a single concentration of CGS 21680 to decrease
[3H]quinpirole binding. Low concentrations of caffeine and
the A2AR antagonists significantly counteracted the effect
of CGS 21680, while high concentrations further decreased
[3H]quinpirole binding (Bonaventura et al., 2015). Therefore, the
results implied that orthosteric A2AR agonists and antagonists
produce the same allosteric modulation of D2R agonist binding
within the A2AR-D2R heteromer when applied individually, but,
when co-applied, they cancel out each other’s effect. This could be
explained by the existence of two A2AR protomers in the A2AR-
D2R heteromer and allosteric interactions between orthosteric
agonists and antagonists, by which simultaneous occupation of
the A2AR homodimer by an agonist and an antagonist would
“freeze” the ability of either ligand to allosterically modulate
D2R agonist binding. The existence of allosteric interactions
between orthosteric A2AR agonists and antagonists could be
confirmed through binding kinetics experiments with the A2AR
antagonist [3H]ZM 241385. Thus, when analyzing the effect of
CGS 21680, caffeine and SCH 58261, only CGS 21680 modified
the dissociation rate of [3H]ZM 241385 (Bonaventura et al.,
2015). Considering that CGS 21680 and [3H]ZM 241385 bind to
the same orthosteric site (Lebon et al., 2011), the effect of CGS
21680 could be explained by co-occupation of both ligands of the
two orthosteric sites in an A2AR homodimer.

The same allosteric effects on D2R agonist binding
demonstrated by A2AR agonists and antagonists were also
shown for the efficacy of D2R agonists. By measuring ERK1/2
phosphorylation in transfected cells, we could demonstrate that
CGS 21680 counteracts quinpirole-induced MAPK activation,
that this effect of CGS 21680 can be counteracted by low
concentrations of caffeine or the A2AR antagonist SCH 58261
and that high concentration of the antagonists induce the
opposite effect (Bonaventura et al., 2015). We should therefore
expect that in the experimental animal A2AR antagonists
behave as A2AR agonists under specific conditions. In fact, in
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patch-clamp experiments, we could demonstrate that the A2AR
antagonist SCH 58261 counteracts the D2R antagonist-like
properties of CGS 21680, but it reproduces the effect of the
A2AR agonist when administered alone (Bonaventura et al.,
2015). These results challenge the traditional view of competitive
antagonism as the mechanism of the psychostimulant effects
of caffeine (and selective A2AR antagonists). According to our
model, the psychostimulant effect of caffeine can be explained by
the counteraction of the allosteric interaction by co-occupation of
the A2AR homodimer with caffeine and endogenous adenosine
in the A2AR-D2R heterotetramer.

However, these allosteric interactions between A2AR agonists
and antagonists and D2R agonists do not yet explain the
increase in striatal [11C]raclopride binding in human PET
experiments induced by caffeine. Again, counteraction by caffeine
of the inhibitory effect of endogenous adenosine on the
binding of endogenous dopamine should lead to a decrease of
[11C]raclopride binding. It was then demonstrated that CGS
21680 and caffeine also inhibit the binding of [3H]raclopride
binding in membrane preparations from striatum or transfected
cells (Bonaventura et al., 2015). That these results imply allosteric
interactions within the A2AR-D2R heteromer was demonstrated
by their disappearance upon transfection of a mutated A2AR
with impaired ability to heteromerize with D2R and by using
a synthetic peptide that disrupts A2AR-D2R heteromerization
(Bonaventura et al., 2015). Therefore, within the A2AR-D2R
heteromer, any orthosteric A2AR ligand, agonist or antagonist,
exerts a negative allosteric modulation on the affinity of any
orthosteric D2R ligand, agonist or antagonist. Finally, the same
as with [3H]quinpirole binding, we could also demonstrate a
biphasic effect of caffeine on CGS 21680-mediated decrease
of [3H]raclopride binding (Bonaventura et al., 2015). These
results would at last provide a plausible mechanism for the
effect of caffeine on [11C]raclopride binding in humans, by its
ability to antagonize the effect of endogenous adenosine on
the binding of the exogenous D2R antagonist. An alternative
explanation could still be that caffeine blocks an adenosine-
mediated internalization of A2AR-D2R heteromers (Hillion
et al., 2002; Huang et al., 2013), thus leading to higher D2R
availability along with higher [11C]raclopride binding. The
positive association between caffeine-induced increases in D2R
availability and caffeine-induced increases in alertness (Volkow
et al., 2015) would support this interpretation, since increased
D2R signaling contributes to alertness (Isaac and Berridge, 2003).
Irrespective of the mechanism involved, the effect of caffeine
on [11C]raclopride binding in human PET experiments implies
its dependence on the A2AR-D2R heteromer and, therefore,
that a significant proportion of striatal [11C]raclopride binding
visualized with PET labels A2AR-D2R heteromers. Furthermore,
these results call for the need to control caffeine intake when
evaluating the effect of D2R ligands in humans, not only when
using them as probes for imaging studies, but also when using
them as therapeutic agents in neuropsychiatric disorders.

Very different qualitative differences between several A2AR
antagonists emerged when evaluating their potencies and
efficacies on different in vitro and in vivo techniques. Particularly
significant was the demonstration of different binding properties

of the A2AR antagonist SCH 442416 depending on the presence
and absence of D2R, when forming or not forming heteromers
with D2R (Orrú et al., 2011a). In cells expressing A2AR and D2R,
competitive-inhibition curves of the A2AR antagonist [3H]ZM
241388 binding vs. increasing concentrations of SCH 442416
were clearly biphasic. On the other hand, in cells expressing only
A2AR, or A1R and A2AR, the curves were monophasic. When
analyzing the radioligand binding experiments with the two-state
dimer model (Casadó et al., 2007; Ferré et al., 2014), the data
indicated a negative cooperativity of SCH 442416 binding to
the A2AR (Orrú et al., 2011b; Ferré et al., 2014), an additional
demonstration of A2AR homomerization. This, in fact, was the
first indication that the A2AR-D2R comprises at least two A2AR
protomers, in agreement with a tetrameric structure of the A2AR-
D2R heteromer. We have now been able to reproduce these
findings in striatal tissue, comparing the results of competitive-
inhibition experiments of [3H]ZM 241388 binding vs. increasing
concentrations of SCH 442416 in striatal membrane preparations
of wild-type (WT) and striatal D2R knockout mice with a
CRE-mediated deletion of D2R expression in A2AR-expressing
neurons. The same as with mammalian transfected cells, the
curves were biphasic or monophasic in the presence or absence of
the D2R, respectively (Figure 4). The demonstration of the same
binding properties of SCH 442416 in striatal tissue than in A2AR-
D2R transfected cells implies that the A2AR-D2R heterotetramer
represents the predominant population of A2AR and D2R in
the striatum. Nevertheless, as mentioned below, striatal A2AR
are also localized presynaptically, in glutamatergic terminals,
where most probably do not form heteromers with D2R. These
receptors, although playing a significant role in the modulation
of striatal glutamate release, represent a very small fraction of the
total of striatal A2AR, as compared to the postsynaptic A2AR.

REVISITING THE BEHAVIORAL EFFECTS
OF ADENOSINE RECEPTOR LIGANDS IN
THE FRAME OF ONE MAIN POPULATION
OF STRIATAL A2AR AND D2R FORMING
HETEROMERS

Considering that increases or decreases in the activity of
the GABAergic striatopallidal neuron lead to the respective
opposite effect on psychomotor activity and using a model
that considers the A2AR-D2R heteromer as a key modulator
of striatopallidal neuronal function, we could recently explain
most psychomotor effects of caffeine (Ferré, 2016). This
included the enigmatic caffeine-induced rotational behavior in
rats with unilateral striatal dopamine denervation (Fuxe and
Ungerstedt, 1974; Herrera-Marschitz et al., 1988; Casas et al.,
1989; Garrett and Holtzman, 1995) and the ability of caffeine
to significantly counteract the adipsic-aphagic syndrome in
rodents with 6-hydroxy-dopamine-induced or genetic-induced
dopamine deficiency (Casas et al., 2000; Kim and Palmiter, 2003,
2008). According to the model, under resting conditions there
is a tonic activation of A2AR and D2R by the endogenous
neurotransmitters which results in a predominant A2AR vs. D2R
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FIGURE 4 | Specific A2AR-D2R heteromer-dependent properties of SCH
442416 in mouse striatum. Transgenic conditional knockout striatopallidal
neuron-Drd2-KO mice were generated by crossing mice expressing Cre
driven by regulatory elements of the A2AR gene (Adora2a)
[B6.FVB(Cg)-Tg(Adora2a-Cre)KG139Gsat/Mmucd; GENSAT; 036158-UCD]
with mice carrying conditional D2R gene (Drd2) null alleles
B6.129S4(FVB)-Drd2tm1.1Mrub/J,JAX020631 (Bello et al., 2017). Membrane
preparations from the striatum of striatopallidal-Drd2-KO (red) and their CRE
negative littermates (WT, black) were incubated with [3H]ZM 241385 (2 nM)
and increasing concentrations of SCH 442416 as described elsewhere
(Bonaventura et al., 2015). Data points were fit to the two-state dimer
receptor model (Casadó et al., 2007; Ferré et al., 2014), showing a biphasic
curve due to negative cooperativity of SCH 442416 in WT mice (DCB = –1.8),
but a monophasic curve in the conditional D2R null mice, thus reproducing
the same behavior of SCH 442416 previously demonstrated in mammalian
cells co-expressing A2AR and D2R and only A2AR, respectively (Orrú et al.,
2011a).

signaling and a predominant allosteric interaction (Figure 5A),
which results in low psychomotor activity. Reward-related
stimuli and, particularly a “better than expected” rewarding
stimulus (positive reward prediction error), leads to striatal
dopamine release with a predominant D2R vs. A2AR signaling,
potentiated by the canonical interaction (Figure 5B), leading to
psychomotor activation. Aversive-related stimuli or a “worse than
expected” rewarding stimuli (negative reward prediction error)
leads to inhibition of dopamine release, to the weakest D2R and
strongest A2AR signaling, which is potentiated by the canonical
interaction (Figure 5C), leading to psychomotor arrest.

A pathogenic hallmark of akinesia in Parkinson’s disease is a
pronounced hyperactivity of the striatopallidal neuron associated
with the dopamine deficiency and pronounced decrease in the
tonic D2R signaling. The discoveries on A2AR localization and
function in striatopallidal neurons gave the rational for the
recently implemented A2AR antagonists in this disease (Müller
and Ferré, 2007; Morelli et al., 2009; Armentero et al., 2011).
It was initially suggested that the value of A2AR antagonists as
antiparkinsonian agents would depend mostly on the allosteric
interaction, on the ability of A2AR antagonists to potentiate D2R
signaling by concomitant administration of L-dopa or a selective
D2R agonist (Ferré et al., 1991b, 1992). This was followed by
behavioral studies with genetic inactivation of A2AR and D2R,
which stressed the value of the canonical interaction, which

was assumed to be independent of intermolecular interactions
between A2AR and D2R (Chen et al., 2001). As mentioned above,
the existence of the two apparently incompatible simultaneous
allosteric and canonical interactions led to the hypothesis of
the existence of two populations of A2AR in the striatopallidal
neuron, one population forming heteromers with D2R and
sustaining the allosteric interaction and another population not
forming heteromers with D2R and sustaining the canonical
interaction (Ferré et al., 2011; Orrú et al., 2011b). The unique
pharmacological properties of SCH 442416, with its specific
reduced affinity for the A2AR-D2R heteromer, due to negative
cooperativity, were then exploited to attempt a pharmacological
dissection of the two populations of postsynaptic A2AR. In fact,
we previously used this strategy to dissect postsynaptic from
presynaptic A2AR, which forms heteromers with A1R in the
striatal glutamatergic terminals, where they play an important
role in the modulation of glutamate release (Ciruela et al.,
2006; Quiroz et al., 2009). A correlation had been shown with
the higher potency of SCH 442416 to block presynaptic A1R-
A2AR heteromers vs. postsynaptic A2AR-D2R heteromers and
its higher potency to inhibit corticostriatal glutamate release
than to produce locomotor activation (Orrú et al., 2011a). The
preferential presynaptic profile of SCH 442416 was confirmed
by other studies including other research groups (Hobson et al.,
2013; O’Neill et al., 2014) and was suggested to provide a
therapeutic approach for conditions with increased corticostriatal
transmission, such as cannabinoid use disorder (Justinová et al.,
2014). An apparently stronger potency of SCH 442416 to
counteract locomotor depression induced by the D2R antagonist
raclopride, as compared to that produced by the A2AR agonist
CGS 2160, was then interpreted as the ability of SCH 442416 to
also dissect the two putative postsynaptic populations of A2AR.
The more sensitive population to SCH 442416 would be A2AR
that do not form heteromers with D2R and that would sustain the
canonical interaction (Orrú et al., 2011b). However, as mentioned
before, we now know that the canonical interaction requires
receptor heteromerization (Navarro et al., 2018). Therefore, we
recently performed new studies on the behavioral effects of
SCH 442416 upon genetic blockade of A2AR or D2R and upon
administration of the A2AR agonist CGS 21680 and the D2R
antagonist haloperidol, to reevaluate if they could all be explained
within the framework of a predominant population of striatal
postsynaptic A2AR-D2R heteromers (Taura et al., 2017).

To control strain-dependent behavioral differences and
differences in drug responses, using CRISPR-Cas9 technology,
we generated a D2R deficient mouse with the same genetic
background as the CD-1 A2AR−/− mouse (Ledent et al., 1997).
CD-1 D2R−/− mice showed a significant but relatively small
reduction in spontaneous locomotor activity (Taura et al., 2017),
as previously reported in D2R−/− C57BL/6 mice (Baik et al.,
1995). This is in contrast with the pronounced akinesia and
catalepsy that characterize pharmacological D2R blockade (Ferré
et al., 1990; Kanda et al., 1994; Shiozaki et al., 1999). Therefore,
genetic D2R blockade is associated with neuroadaptations that
counteract the loss of a D2R-mediated tonic stimulatory effect
of endogenous dopamine on psychomotor activity. Indeed, a
recent study in inducible D2R knockout adult mice that obviated
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FIGURE 5 | Model of the striatal A2AR-D2R receptor heteromer as a main
modulator of the excitability of the striatopallidal neuron. The relative thickness
(and close number) of the red and green input arrows represents the degree
of activation of the A2AR and the D2R that depends on the concentration of
the corresponding neurotransmitter or exogenous ligands. The thickness (and
close number) of the red and green output arrows represents the intensity of
A2AR and D2R signaling, respectively, which depends on the input signal for
each receptor and on the predominance of either the antagonistic or the
canonical interaction (represented by horizontal arrows with a minus enclosed
sign). Predominant psychomotor activation or depression will result when
subtraction of the A2AR signaling from the D2R receptor signaling gives a
positive or negative value (also in green or red, respectively). In (A), resting
condition. In (B,C), processing of a positive or a negative reward prediction
error, respectively.

developmental compensations reported that the loss of D2R was
associated with severe hypolocomotion and catalepsy (Bello et al.,
2017). Likewise, the spontaneous locomotor activity of A2AR−/−

mice was also significantly reduced, as previously reported in the
A2AR C57BL/6 mouse (Yang et al., 2009). Since pharmacological
blockade leads to significant locomotor activation (see below
and Karcz-Kubicha et al., 2003; Orrú et al., 2011a), the
reduced activity of A2AR−/− mice indicates the development
of neuroadaptations that counteract the loss of an A2AR-
mediated tonic inhibitory effect of endogenous adenosine on
psychomotor activity. We also assessed sensorimotor processing
of A2AR−/− and D2R−/− CD-1 mice by monitoring pre-pulse
inhibitory responses (PPI) (Taura et al., 2017). As compared with
WT mice, D2R−/− mice did not show significant differences,
while A2AR−/− mice showed a significantly reduced PPI as
previously reported (Wang et al., 2003; Moscoso-Castro et al.,
2016), demonstrating a significant dependence on A2AR, but
not D2R, signaling for a normal PPI. We also evaluated drug-
induced catalepsy in A2AR−/− and D2R−/− mice. Our results
showed that haloperidol-induced catalepsy was abolished and
partially but significantly reduced in D2R−/− and A2AR−/−

mice, respectively, as compared with WT mice (Taura et al.,
2017), which is in agreement with previous work (Usiello et al.,
2000; Chen et al., 2001; El Yacoubi et al., 2001). The results

support the dependence on A2AR signaling in the catalepsy
induced by pharmacological blockade of D2R, which would agree
with the existence of the tonic inhibition of A2AR signaling by
endogenous dopamine driven by the canonical interaction in
the A2AR-D2R heteromer. Neuroadaptations occurring in the
A2AR−/− mouse should explain the partial effect of genetic
blockade of A2AR on D2R antagonist-induced catalepsy, which
contrasts with the very effective blockade with A2AR antagonists
(see below and Kanda et al., 1994; Shiozaki et al., 1999; Morelli
and Wardas, 2001). We also assessed catalepsy induced by the
A2AR agonist CGS 21680 (Ferré et al., 1991a; Kanda et al., 1994;
Hauber and Münkle, 1997) in A2AR−/− and D2R−/− mice. As
expected, CGS 21680 failed to induce catalepsy in A2AR−/−

mice, but its effect was partially but significantly reduced in
D2R−/− mice (Taura et al., 2017). Again, these results might
reflect a functional antagonism related to neuroadaptations
associated with genetic D2R blockade, which would tend to
counteract the loss of the D2R-mediated tonic stimulatory effect
of endogenous dopamine on psychomotor activity.

We then reevaluated the effect of SCH 442416 on locomotion,
PPI and drug-induced catalepsy in WT, but also in A2AR−/−

and D2R−/− mice. In WT CD-1 mice, SCH 442416 produced
a significant and effective locomotor activation at 1 mg/kg (i.p.)
(Taura et al., 2017), a dose three times lower than the minimal
effective dose in Sprague-Dawley rats (Orrú et al., 2011a). As
expected, SCH 44241 was unable to alter the locomotor activity
in A2AR−/− mice and it only moderately, but significantly,
increased the activity in D2R−/− mice (Taura et al., 2017).
The decrease in the effect of the A2AR antagonist in D2R−/−

mice would agree with a dependence on D2R signaling in
the locomotor activation induced by pharmacological blockade
of A2AR, due to the tonic inhibition of D2R signaling by
endogenous adenosine driven by the allosteric interaction in the
A2AR-D2R heteromer. In agreement with the dependence on
A2AR for PPI, SCH 442416 (at the minimal dose of 3 mg/kg,
i.p.) induced a blockade of PPI in WT mice (Taura et al.,
2017). This is also in agreement with a previous study in
rats with intracranial infusion of another A2AR antagonist
(MSX-3) in the NAc (Nagel et al., 2003). SCH 442416 was
obviously ineffective on the already disrupted PPI in A2AR−/−

mice, but its disruptive effect was reduced in D2R−/− mice
(Taura et al., 2017). This could be related to the competing
effect of endogenous adenosine by the released tonic inhibition
of A2AR signaling by endogenous dopamine driven by the
canonical interaction in the A2AR-D2R heteromer. Finally, SCH
442416 significantly reduced haloperidol-induced catalepsy, as
previously reported for other A2AR antagonists (Kanda et al.,
1994; Shiozaki et al., 1999; Morelli and Wardas, 2001), but
with a higher minimal dose than the one needed to produce
locomotor activation (3 vs. 1 mg/kg, i.p., respectively; Taura
et al., 2017). To confirm the preferential pre- vs. postsynaptic
profile of SCH 442416 in mice, we also performed dose-
response experiments in C57BL/6 mice on locomotor activity
and counteraction of corticostriatal glutamate release using a
recently introduced optogenetic-microdialysis technique (Quiroz
et al., 2016; Bonaventura et al., 2017). Different to previous
experiments in rats, SCH 442416 showed the same potency
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and efficiency as the selective A2AR antagonist KW 6002 at
eliciting locomotor activation. Both drugs produced significant
activation at 1 mg/kg (i.p.) but were inefficient at 0.1 mg/kg
(Figure 6A). At this moment, we do not have an explanation
for the lower potency and efficacy of SCH 442416 in rats as
compared to mice. On the other hand, SCH 442416 was able
to block optogenetically induced striatal glutamate release at
0.1 mg/kg, while KW 6002 was ineffective at 1 mg/kg (Figure 6B).
This confirmed the experimental findings in rats, demonstrating
a predominant striatal presynaptic and postsynaptic A2AR
blocking properties of SCH 442416 and KW 6002, respectively
(Orrú et al., 2011a).

Altogether, the results with genetic and pharmacological
blockade of A2AR and D2R agree with a main role of A2AR-D2R
heteromers in the striatopallidal neuron in conveying locomotor
activation and PPI disruption induced by A2AR antagonists and
D2R agonists and catalepsy mediated by A2AR agonists and D2R
antagonists. More specifically, they also agree with A2AR-D2R
heteromers in striatopallidal neurons mediating all postsynaptic
pharmacological effects of SCH 442416, locomotor activation,
blockade of PPI and counteraction of D2R antagonist-induced
catalepsy. As shown in the scheme of Figure 3A, the A2AR-
D2R heteromer explains the qualitatively different behavioral
outputs depending on direct A2AR-Golf-AC-PKA-mediated
increase in excitability or indirect D2R-Gi-PLC-PP2B-mediated
disinhibition of the excitability of the striatopallidal neuron,
leading to catalepsy and PPI (more related to the direct activation
of the PKA-DARPP-32-CREB signaling; Bateup et al., 2010;

Berger et al., 2011) or just psychomotor depression, respectively.
In fact, it is well known that catalepsy, with its rigidity
component, is not qualitatively equivalent to a high degree
of locomotor depression. Finally, and as mentioned before,
depending on the intracellular concentrations of Ca2+, A2AR,
and D2R activation and co-activation lead to differential MAPK
and Elk-1 activation, with implications for gene expression and
synaptic plasticity (Figure 3A).

A2AR-D2R HETEROMER-MEDIATED
CONTROL OF THE VENTRAL VS.
DORSAL STRIATOPALLIDAL FUNCTION
AND IMPLICATIONS FOR
NEUROPSYCHIATRIC DISORDERS.
‘APATHY’ VS. ‘AKINESIA’

Dysfunction of the central dopamine system is involved in a
variety of disorders, including Parkinson’s disease, schizophrenia,
and substance use disorders (SUD). The functional separation
of striatal compartments in ventral, rostral-dorsal and caudal-
dorsal striata allows a more syndromic sub-classification of
those disorders with potentially significant new therapeutic
approaches. Parkinson’s disease and non-human primate models
of Parkinson’s disease provide the clearest illustration. The
cardinal motor symptoms of Parkinson’s disease, bradykinesia,
rigidity and tremor (Jankovic, 2008), have been classically

FIGURE 6 | Preferential presynaptic profile of SCH 442416 in C57BL/6 mice. (A) SCH 442416 shows similar potency and efficacy to KW 6002 at producing
locomotor activation. Locomotor activity was measured in an open field arena as described elsewhere (Bonaventura et al., 2015); animals were injected
intraperitoneally (i.p.) with vehicle (saline with 10% DMSO and 10% Tween-80) and the indicated concentrations of SCH 442416 or KW 6002 and the locomotor
activity was measured for 2 h in activity chambers with 42.0 cm × 42.0 cm open fields (Coulbourn Instruments); values are mean ± SEM of the traveled distance
(arbitrary units, A.U.); two-way ANOVA with Newman–Keuls post hoc test did not demonstrate significant differences between the two A2AR antagonists and, for
both drugs, it only showed significant differences with the dose of 1 mg/kg as compared to the corresponding vehicle-treated groups (∗∗p < 0.01 compared to
vehicle; n = 8–11). (B) Optogenetic-microdialysis experiments were performed as described elsewhere (Bonaventura et al., 2017); briefly, C57BL/6 mice received a
unilateral injection of an AAV encoding ChR2 (ChR2/H134R) fused to EYFP under control of the CaMKIIa neuronal promoter [AAV-CaMKIIa-hChR2(H134R)-EYFP] in
the motor cortex. One month later, an optogenetic-microdialysis probe (Quiroz et al., 2016; Bonaventura et al., 2017) was implanted in the dorsal striatum, and
glutamate in the dialysate was measured at 10-min intervals before, during, and after optogenetic stimulation of the corticostriatal terminals. Vehicle (black plot, see
above) or the indicated doses of SCH 442416 (red plot) or KW 6002 (blue plot) were administered (i.p.) 10 min before the start of the stimulation. Values (in % over
basal) represent mean ± SEM, normalized to the mean of the concentration of GLU present in the three samples preceding stimulation; one-way ANOVA with
Newman–Keuls post hoc test showed a significant decrease of the transformed values (area under the curve, data from min 0 to min 60) from both groups treated
with SCH 442416 (1 and 0.1 mg/kg), but not from the group treated with KW 6002, compared to the vehicle group (∗∗p < 0.01 compared to vehicle;
ns, non-significant; n = 7–8).

Frontiers in Pharmacology | www.frontiersin.org 12 March 2018 | Volume 9 | Article 243

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


fphar-09-00243 March 17, 2018 Time: 15:41 # 13

1369

1370

1371

1372

1373

1374

1375

1376

1377

1378

1379

1380

1381

1382

1383

1384

1385

1386

1387

1388

1389

1390

1391

1392

1393

1394

1395

1396

1397

1398

1399

1400

1401

1402

1403

1404

1405

1406

1407

1408

1409

1410

1411

1412

1413

1414

1415

1416

1417

1418

1419

1420

1421

1422

1423

1424

1425

1426

1427

1428

1429

1430

1431

1432

1433

1434

1435

1436

1437

1438

1439

1440

1441

1442

1443

1444

1445

1446

1447

1448

1449

1450

1451

1452

1453

1454

1455

1456

1457

1458

1459

1460

1461

1462

1463

1464

1465

1466

1467

1468

1469

1470

1471

1472

1473

1474

1475

1476

1477

1478

1479

1480

1481

1482

Ferré et al. A2AR-D2R-AC5 Complexes Control Striatopallidal Neurons

attributed to dysfunction of the skeletomotor system, the brain
circuits involved in the execution and coordination of body
movements. Contemporary theories embracing parallel cortical-
striatal-thalamic-cortical circuits in the pathogenesis of this
disorder emphasize the particular involvement of the “motor
circuit,” which includes motor cortical areas (DeLong and
Wichmann, 2015). In fact, in Parkinson’s disease, dopamine
cell degeneration tends to occur initially and predominantly
in the lateral part of the SNpc, which projects mainly to the
caudal-dorsal striatum. Thus, there is a predominant deficit of
the more “automatic” vs. “volitional” action skills and most
sequential psychomotor responses need to be performed with
full attention (Kim and Hikosaka, 2015). Nevertheless, with
more advanced stages of Parkinson’s disease the function of the
more rostral striatum becomes also compromised, with deficits
in “volitional” actions skills (Kim and Hikosaka, 2015). With
further (or preferential) ventral degeneration of the dopamine
mesencephalic nuclei (VTA) we move to the pathology of the
ventral striatum, to apathy (Tremblay et al., 2015), as it has also
been demonstrated experimentally in the non-human primate
(Brown et al., 2012; Tian et al., 2015).

Initial studies on the psychomotor-activating effects of
caffeine or selective A2AR antagonists dealt with general
locomotor activity and were translationally applied to the
treatment of akinesia in Parkinson’s disease (see above and
Müller and Ferré, 2007; Morelli et al., 2009; Armentero
et al., 2011). Those initial studies implicitly considered A2AR-
D2R heteromers in the dorsal striatum, but a large number
of studies indicated that not only dorsal but also ventral
striatopallidal neurons express A2R and A2AR-D2R heteromers
(Ferré et al., 1994; Ferré, 1997; Hauber and Münkle, 1997;
Pinna et al., 1997; Svenningsson et al., 1997; Ishiwari et al.,
2007). More recent studies have also analyzed the effect of
caffeine and A2AR antagonists on more specific reward-oriented
behaviors, showing that they can increase the responsiveness
to food-related stimuli, sucrose solutions, stimuli that elicit
maternal behavior and self-administration (Pereira et al., 2011;
Randall et al., 2011; Sheppard et al., 2012; Nunes et al.,
2013; Lazenka et al., 2015). The work by Salamone’s group
has specifically addressed the role of adenosine and A2AR in
effort-related choice behavior. Direct administration of A2AR
agonists in the NAc altered effort-related choice behavior in
a manner closely resembling the effects of interference with
ventral striatal dopamine neurotransmission, decreasing the
degree of responsiveness (“effort”) to reward-associated stimuli.
Furthermore, A2AR antagonists reversed the effort discounting
effects of D2R antagonists (Salamone et al., 2012; Nunes et al.,
2013).

Clinically, apathy has been defined as “a syndrome consisting
of loss of motivation not attributable to disturbances in
emotion, intellect or consciousness” (Marin, 1991). However,
it is becoming obvious that apathy is a multifaceted concept
that includes dissociable constructs that should correspond to
dissociable neurobiological correlates (Sinha et al., 2013). We
hypothesize that some if not all those dissociable correlates
correspond to corticostriatal circuits involving the different
functional striatal compartments and their “Go” and “NoGo”

pathways. In fact, attuned with the role of dopamine in reward-
associated behavior in all striatal compartments, recent studies
even allow conceptualizing Parkinson’s disease bradykinesia in
a motivational framework (Mazzoni et al., 2007; Chong et al.,
2015). Nevertheless, as defined clinically, apathy is a common
non-motor symptom of Parkinson’s disease (den Brok et al.,
2015) that correlates negatively with dopamine innervation
in the ventral striatum (Remy et al., 2005; Chaudhuri et al.,
2006; Brown et al., 2012). In fact, a deficit in the dopamine
modulation of the ventral striatum should translate, first, in
a deficit in responsiveness, with a global inability to respond
to reward- and punishment-associated stimuli (attuned with
the “whether to respond” vs. “how to respond” functions of
ventral vs. dorsal striatum). Second, it should lead to dysfunction
of reward valuation, in alterations (increase) in DD, ED and
LPD (attuned with the ventral striatum as forming part of
corticostriatal circuits involved in reward valuation tasks).
Indeed, non-medicated patients with Parkinson’s disease have
shown increases in DD and ED (Al-Khaled et al., 2015; Chong
et al., 2015).

Interestingly, apathy is also a major negative symptom of
schizophrenia, classically considered as a disorder associated
with central hyperdopaminergic tone. Several studies have found
evidence for selective dysfunction of the ventral striatum in
schizophrenia, specifically hypoactivation with reward-associated
stimuli (Simon et al., 2010, 2015; Strauss et al., 2015; Kirschner
et al., 2016). Ventral striatal activation during reward anticipation
was in fact found to be selectively and inversely correlated with
apathy but not with other negative symptoms (Simon et al.,
2010; Kirschner et al., 2016). Two additional findings give a
clue for the mechanisms of apathy in schizophrenia, which
seem to be dopamine-independent or at least not related to
a decrease in the dopamine tone. First, there is a reduced
functional connectivity between the orbito-frontal cortex (OFC)
and the ventral striatum (Simon et al., 2015); second, there
is consistent evidence that schizophrenic patients suffer from
selective deficits in learning from positive outcomes, with intact
learning from negative outcomes (Strauss et al., 2015). Therefore,
the apathetic schizophrenic patient seems to have a selective
decreased activation of the “Go” pathway, a reduction in the
ratio of activation of “Go” vs. “NoGo” pathways secondary
to impaired cortical-ventral striatal connectivity (Strauss et al.,
2015). A similar situation would also be present in the patient
with SUD, a decreased “Go”/“NoGo” pathway activation, also
with reduced ventral striatal activation to reward stimuli
(which can basically only be activated by the addictive drugs)
(Volkow et al., 2011). Apathy is a well-known symptom in
SUD, although it has been scarcely addressed experimentally
(Verdejo-García et al., 2006; Verdejo-García and Pérez-García,
2008; Gjini et al., 2014). The SUD patient is motivated to
procure the drug but tends to be withdrawn and apathetic
when exposed to non-drug-related activities (Verdejo-García
et al., 2006). In this case, however, the pathogenesis seems to
follow from an initial reduction in D2R density (maybe with
a concomitant relative increase of A2AR which would not be
opposed by D2R forming heteromers), leading to an increased
activity of the ventral striatopallidal neuronal function, of the

Frontiers in Pharmacology | www.frontiersin.org 13 March 2018 | Volume 9 | Article 243

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


fphar-09-00243 March 17, 2018 Time: 15:41 # 14

1483

1484

1485

1486

1487

1488

1489

1490

1491

1492

1493

1494

1495

1496

1497

1498

1499

1500

1501

1502

1503

1504

1505

1506

1507

1508

1509

1510

1511

1512

1513

1514

1515

1516

1517

1518

1519

1520

1521

1522

1523

1524

1525

1526

1527

1528

1529

1530

1531

1532

1533

1534

1535

1536

1537

1538

1539

1540

1541

1542

1543

1544

1545

1546

1547

1548

1549

1550

1551

1552

1553

1554

1555

1556

1557

1558

1559

1560

1561

1562

1563

1564

1565

1566

1567

1568

1569

1570

1571

1572

1573

1574

1575

1576

1577

1578

1579

1580

1581

1582

1583

1584

1585

1586

1587

1588

1589

1590

1591

1592

1593

1594

1595

1596

Ferré et al. A2AR-D2R-AC5 Complexes Control Striatopallidal Neurons

“NoGo” pathway. The tonic decrease in feedback activation of the
ventromedial prefrontal cortex, orbitofrontal cortex and anterior
cingulate cortex leads to additional dysfunction of the decision-
making cortical-ventral striatal circuits (Volkow et al., 2011;
Belcher et al., 2014). These changes lead to a similar situation than
the non-motor symptoms in patients with Parkinson’s disease,
to apathy and choice impulsivity, as demonstrated by several
studies indicating increase DD in patients with SUD (Belcher
et al., 2014; Hamilton et al., 2015). In summary, for all types
of apathy, the relative increase in the ventral striopallidal vs.
striatonigral neuronal function should benefit from the treatment
with A2AR antagonists, targeting A2AR-D2R heterotetramer-
AC5 complexes.

CONCLUSION

A significant amount of experimental and clinical evidence
demonstrates that A2AR and D2R localized in the ventral and
dorsal striatopallidal neurons cannot be considered anymore
as single functional units, but as forming part of complexes
of the A2AR-D2R heterotetramer-AC5 complexes, which
exert a fine-tuned integration of adenosine and dopamine
neurotransmission. The current accumulated knowledge of
the biochemical properties of the A2AR-D2R heteromer
offer new therapeutic possibilities for Parkinson’s disease,
schizophrenia, SUD and other neuropsychiatric disorders with
dysfunction of dorsal or ventral striatopallidal neurons. More
generally, this knowledge implies we should modify classical
views of GPCR physiology and pharmacology and include
GPCR heteromers as main targets for drug development.
The understanding of the biochemical properties of GPCR
heteromers specifically localized in neuronal elements that
form part of neuronal circuits involved in the pathophysiology
of specific neuropsychiatric disorders should provide new

selective pharmacological approaches with less secondary
effects.
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