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I. INTRODUCTION 

 

 

1. G protein-coupled receptors 

G protein-coupled receptors (GPCRs) or seven transmembrane domain receptors (7TM) 

comprise the largest superfamily of proteins in the body. In humans, more than 2% of the 

genome codes for 700-800 GPCRs (Jacoby et al., 2006), 90% of which are expressed in the 

Central Nervous System (SNC) (Gudermann et al., 1997; George et al., 2002). GPCRs are 

known as extremely versatile receptors for extracellular messengers as diverse as biogenic 

amines, purines and nucleic acid derivatives, lipids, peptides and proteins, odorants, 

pheromones, tastants, ions like calcium and protons, and even photons in the case of 

rhodopsin (Jacoby et al., 2006). GPCRs are targets for approximately 40% of pharmacological 

therapeutics (Garland, 2013; Cvicek et al., 2016) and provide further important opportunities 

for the development of new drug candidates with potential applications in all clinical fields.  
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Figure 1. Diversity of G protein-coupled receptor signaling. A wide variety of ligands use GPCRs to 

stimulate membrane, cytoplasmic and nuclear targets through heterotrimeric G protein-dependent 

and -independent pathways. Such signaling pathways regulate key biological functions such as cell 

proliferation, cell survival and angiogenesis. The aberrant activity of G proteins and their downstream 

target molecules can contribute to cancer progression, metastasis and other diseases. 5-HT, 5-

hydroxytryptamine; ECM, extracellular matrix; GABA, gamma-aminobutyric acid; GEF, guanine 

nucleotide exchange factor; GRK, G protein receptor kinase; LPA, lysophosphatidic acid; PI3K, 

phophatidylinositol 3-kinase; PKA and PKC, protein kinase A and C; S1P sphingosine-1-phosphate. 

Extracted from Dorsam and Gutkind 2007. 

 

 

1.1. Structure of GPCRs 

 

GPCRs are characterized by a seven-transmembrane alpha helical (7TM) configuration with 

the N-terminal part facing the extracellular side and a carboxyl side facing the interior of the 

cell. The transmembrane domains are formed by 25 to 35 amino acids with a high degree of 

hydrophobicity. The first crystal structure of a GPCR appeared in the year 2000, when 

Palczewski et al. (2000) reported the high resolution structure for the bovine rhodopsine 

receptor (Fig 2). With a 2.3 Å resolution, it was confirmed that the α-helical transmembrane 

domains rearranged in a closely packed bundle forming the transmembrane receptor core 

and they were connected through 3 intracellular and 3 extracellular loops (ICL and ECL, 

respectively). 
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In general, GPCRs do not share any overall sequence homology; the only structural feature 

common to all GPCRs is the presence of the 7TM connected by alternating intracellular and 

extracellular loops. Two cysteine residues conserved in most GPCRs (one in ECL1 and one in 

ECL2) form a disulfide bond, which is presumed to be important for the packaging and 

stabilization of a restricted number of conformations of these seven transmembrane domains 

(Probst, 1992; Baldwin, 1994). Aside from wide sequence variations, GPCRs differ in their 

lenght and function of their extracellular N-terminal domain, their intracellular C-terminal 

domain and the six alternating ICL and ECL loops. Each of these domains provides specific 

properties to the receptors. However, significant sequence homology is found within several 

subfamilies of the GPCR superfamily (Attwood and Findlay, 1994).  

 

Figure 2. Two-dimensional model of bovine rhodopsin. Some of the key residues are shown in filled 

circles, while residues not modeled in the current structure are shown in gray circles. Extracted from 

Palczewski et al., 2000. 

 

1.2. Classification of GPCRs 

One of the first GPCR classification systems was introduced by Kolakowski for the now defunct 

GCRDb database (Kolakowski, 1994). GPCRs were divided into seven groups, designated A–F 
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and O, derived from original standard similarity searches. This system was further developed 

for the GPCRDB database (Horn et al., 2003), which divides the GPCRs into six classes. The 

three major families or classes of receptors include those related to the rhodopsin and the β2-

adrenergic receptor (family A), those related to the glucagon receptor (family B), and those 

related to the metabotropic neurotransmitter receptors (family C). Three minor families 

include Class D, composed of pheromone receptors, Class E of cAMP receptors and class F 

formed by the Frizzled/smoothened family. 

 

Figure 3. GPCRs classification. GPCRs can be divided into three main families: A, B and C. Highly 

conserved key residues are indicated in red circles. Extracted from George et al., 2002. 

 

Family A receptors, also called rhodopsin-like receptors, comprise the largest and most 

studied family of GPCRs. This class of receptors binds ligands from various types, including 

small molecules such as biogenic amines as well as peptides. The overall homology among all 

type A receptors is low and restricted to a number of highly conserved key amino acid 

residues. The high degree of conservation among these key residues suggests that they play 

an essential role on the structural or functional integrity of the receptors. The only residue 

that is conserved among all family A members is the arginine in the Asp-Arg-Tyr (DRY) motif 

located in the cytosolic side of the third transmembrane domain (Probst et al., 1992) that is 

considered to be involved in the G protein activation. Despite limited sequence homology, 

class A receptors exhibit identical structural organization, and their overall topography can be 

subdivided into three main regions. On the extracellular side, the N-terminal region is 

involved in ligand binding and possibly receptor activation, whereas the extracellular loops 

represent important key elements for peptide binding and play a role in receptor selectivity 

towards ligands. The transmembrane core is comprised of a bundle of seven alpha-helices 

B C A 
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that provide a hydrophobic environment critical for nonpeptide as well as small-peptide 

ligand binding. It relays the conformational changes induced upon ligand binding on the 

extracellular side of the receptor to the intracellular architectural determinants that regulate 

activation of the signaling cascade. On the intracellular side, the loop regions contain key 

elements for either direct or scaffolding-protein-dependent interactions with intracellular 

effectors. Additionally, posttranslational modifications present in the C-terminal are likely to 

modulate both receptor activation state and G protein coupling as well as to participate in 

the regulation of receptor internalization and desensitization. Many of the Class A receptors 

have a palmitoylated cysteine on the C-terminal that works as anchorage to the plasma 

membrane (Papac et al., 1992; Kennedy and Limbird, 1993). To this family belong the 

receptors studied in this thesis: dopamine and adrenergic receptors. 

Family B receptors, also called secretin-like receptors, include about 15 different receptors 

for various hormones and neuropeptides such as the Vasoactive intestinal peptide (VIP), 

calcitonine, parathyroid hormone (PTH) or glucagon.  Except for the disulfide bridge between 

ECL1 and ECL2, family B receptors don’t have common structures with family A and 

importantly, they don’t have the DRY motif. They share a large extracellular amino terminus 

with conserved cysteine residues and disulfide bridges (Ulrich et al., 1998) that is important 

for the ligand recognition (George et al., 2002; Jacoby et al., 2006). Some proline residues are 

also conserved within the helical bundle, but those residues are different from family A 

conserved prolines (reviewed in Culhane et al., 2015). 

Family C receptors include the metabotropic glutamate, the γ-aminobutyric acid (GABA) and 

the calcium receptors, among others. Similar to the previous families, these receptors have 

conserved cysteines forming disulfide bridges between ECL1 and 2. Members of this family 

have a very large extracellular domain (500-600 amino acids). They are also characterized by 

having a short ICL3 highly conserved. The ligand binding site of family C is believed to be 

located within the amino terminus domain (O’Hara et al., 1993; Conn and Pinn, 1997). 

There are two further GPCR families that are considerably smaller. Class D is composed of 

pheromone receptors, which are used by organisms for chemical communication (Nakagawa 

et al., 2005) while class E, the cAMP receptors, are part of the chemotactic signaling system 

of slime molds (Prabhu and Eichinger, 2006). There is also an additional minor class, the 
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Frizzled/Smoothened receptors, which are necessary for Wnt binding and the mediation of 

hedgehog signaling, a key regulator of animal development (Foord et al., 2002). 

Not all human GPCRs can be effectively classified using this system, there are approximately 

60 “orphan” GPCRs that show the sequence properties of Family A rhodopsin-like receptor 

but for which there are not defined ligands or functions (Gloriam et al., 2005).  
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1.3. Signaling of GPCRs 

GPCRs were named for their common ability to associate with heterotrimeric G proteins 

(Gαβϒ). These are the molecular switches that turn on intracellular signaling cascades in 

response to the activation of GPCRs by extracellular stimuli. Therefore, G proteins have a 

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

Heterotrimeric G proteins are composed of three subunits, α, β and γ, and their switching 

function depends on the ability of the G protein α subunit (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.  

The classic G protein cycle is shown in Fig 4 and can be summarized as follows: In the absence 

of agonist activation of the receptor, the α-subunit is bound to GDP and in close formation 

with the βϒ-complex, which is often referred as the inactive complex. Upon agonist binding, 

a series of conformational changes within the receptor triggers further conformational 

changes to the associated heterotrimeric G protein. This event leads to nucleotide exchange 

(GDP for GTP) to the α subunit producing a dissociation of α and the βϒ complex (Marinissen 

and Gutkind, 2001). The free α-subunit and βϒ-subunit complex interact and modulate the 

activity of down-stream elements of the signaling cascades such as adenylyl cyclase (AC), 

phospholipases, or calcium and potassium ion channels. Besides the regulation of these 

classical second-messenger generating systems, Gβγ subunits can also control the activity of 

key intracellular signal-transducing molecules, including small GTP-binding proteins of the Ras 

and Rho families and members of the mitogen-activated protein kinase (MAPK) family of 

serine-threonine kinases, including extracellular signal-regulated kinase (ERK), c-jun N-

terminal kinase (JNK), p38 and ERK5, through an intricate network of signaling events that has 

yet to be elucidated. Ultimately, the integration of the functional activity of the G protein-

regulated signaling networks control many cellular functions and the aberrant activity of G 

proteins and their downstream target molecules can contribute to cancer progression and 

other diseases (Dorsam and Gutkind, 2007). When GTP gets hydrolyzed to GDP in the α-

subunit, the GDP-bound α-subunit binds again to the βϒ-subunit complex and forms the 

inactive G protein complex (Hamm, 1998). The hydrolysis of GTP to GDP is mediated by 

regulators of G protein signaling (RGS).  
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Figure 4. G protein cycle. Extracted from Li et al. 2007 

The exposure of GPCRs to agonists often results in the rapid attenuation of receptor 

responsiveness, a process called desensitization. This phenomenon is the consequence of a 

combination of different mechanisms that include the uncoupling of the receptor from 

heterotrimeric G proteins in response to receptor phosphorylation (Hausdorff, 1989; Lohse 

et al., 1990), the internalization of cell surface receptors to various intracellular 

compartments (Hermans, 1997; Trejo, 1998), and the down-regulation of the number of 

receptors in the cell. The latter is accomplished through mechanisms to reduce receptor 

mRNA and protein synthesis, as well as the lysosomal degradation of pre-existing receptors 

(Jockers et al., 1999; Pak et al., 1999). Interestingly, it is now well known that agonist induced 

phosphorylation of the receptors through GRKs (G protein-coupled receptor kinases) and the 

subsequent sequestration of the receptors from the cell surface (Krupnick et al., 1998) 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-dependent signaling pathway to G 

protein-independent signaling cascades (see Fig 5). 
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Figure 5. Signaling of GPCRs.  Extracted from Al-Hasaní and Bruchas, 2011 

 

 

 

1.4. Proteins that interact with GPCRs 

Receptor stimulation by the appropriate ligand triggers a conformational change in the 

receptor that mediates the activation of the intracellular transduction machinery. There are 

two main different mechanisms involved in signal transduction of GPCRs: activation of G 

proteins and activation of the β-arrestin pathway. 

 

1.4.1. G proteins 

Despite the size and diversity of the GPCR superfamily, these receptors interact with a 

relatively small number of G proteins to initiate 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 & Gautam, 1999). Heterotrimers are typically divided 

into four main classes based on the primary sequence similarity of the Gα subunit: Gαs, Gαi/o, 

Gαq and Gα12 (Simon et al., 1991). The molecular weights of the G protein subunits are: 39-

46 kDa for the α subunit, 37 kDa for the Gβ and 8 kDa for the Gγ. G proteins are identified by 

their Gα subunits. Based on the sequence and functional similarities, Gα proteins are grouped 

into four families: Gαs, Gαi, Gαq and Gα12. In the Gαs family there are two members: Gαs is 
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expressed in most types of cells and Gαolf is specially expressed in the olfactory sensory 

neurons. Gαi family is the largest and most diverse family, including Gαi1, Gαi2, Gαi3, Gαo, 

Gαt, Gαg and Gαz. Gαi proteins haven been detected in most types of cells. Gαo is highly 

expressed in neurons and has two splice variants: GαoA and GαoB. Gαt has two isoforms: 

Gαt1 is expressed in the rod cells in the eye, while Gαt2 is in the cone cells of the eye. Gαg is 

found in taste receptor cells. Gαz is expressed in neuronal tissues and in platelets. In humans, 

the Gαq family consists of Gαq, Gα11, Gα14, and Gα16. Gαq and Gα11 are ubiquitously 

expressed, while Gα14 and Gα15/16 expression is more restricted. In the Gα12 family, there 

are Gα12 and Gα13, which are expressed in most types of cells. There are 5 Gβ and 12 Gγ 

genes in the human and mouse genomes. Gβ1, Gβ2, Gβ3, and Gβ4 share high sequence 

similarities (between 80 to 90%), while Gβ5 is ~50% similar to other Gβ subunits. While Gβ5 

is mainly found in the brain, other Gβ subunits are widely distributed. β5 has a splice variant 

containing an additional 42-amino acid sequence (β5L). Gγ subunits are more diverse and 

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

Table 1 summarizes the localization of each G protein subunit in the human body. In terms of 

the brain, Gαi1, Gαi2 and Gαi3 and specially Gαo are expressed. Gαs and Gαq are also 

expressed widely. For the Gs family, there is evidence of contrasting brain expression pattern 

between Gαs and Gαolf (Hervé, 2011) but, to our knowledge, no clear region-specific pattern 

of mRNA expression for Gαi/o protein subtypes in the brain has been reported. Detailed 

characterization of the expression patterns for Gαi/o protein subtypes would then be central 

to determine their role in GPCR activation. 
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Table 1. G protein subunits. The name of the gene and the expression of each G protein subunit is 

indicated. Extracted and modified from Wettschureck and Offermans, 2005. 

 

In terms of function, Gs and Gi regulate adenylyl cyclase positively or negatively, respectively, 

to control cAMP production. Gq activates phospholipase C (PLC) and promotes cleavage of 

phosphatidylinositol biphosphate (PIP2) into inositol triphosphate (IP3) and diacyl glycerol 

(DAG). IP3 mobilizes endoplasmic reticulum calcium via IP3 receptors (calcium channel) while 

DAG can activate protein kinase C (PKC). G12 activates RhoGTPase nucleotide exchange 

factors.  

Many crystal structures of these G protein subunits have been resolved in various 

conformations, and provide the framework for understanding the biomechanics of G protein 

signaling (Sprang et al., 1997; Oldham and Hamm, 2006). The structures of the Gα subunit 
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reveal a conserved protein fold that is composed of a GTPase domain and a helical domain 

(Fig 6). The GTPase domain is conserved in all members of the G protein superfamily, and it 

hydrolyses GTP and provides the binding surfaces for the Gβγ dimer, GPCRs and effector 

proteins. In addition, this domain contains three flexible loops where significant structural 

differences between the GDP-bound and the GTPγS-bound (Noel et al., 1993, Coleman et al., 

1994) conformations of Gα have been identified (Fig 6). 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 et al., 2004). 

The Gβ subunit has a seven bladed β propeller structure. The N terminus of Gβ adopts and 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) (Fig 6). All of the Gγ 

subunits undergo post-translational isoprenylation of their C termini with either a farnesyl or 

geranylgeranyl moiety. The G protein β- and γ-subunit 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 the possible dimer combinations occur (Clapham 

et al., 1997). Additionally, several Gβγ dimers can interact with the same Gα isoform, which 

suggests that differential expression or subcellular localization are important in the regulation 

of downstream signaling (Graf et al., 1992). 
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Figure 6. Receptor-G protein interface. Ribbon model of rhodopsin (Protein Data Bank (PDB) ID 1GZM) 

juxtaposed with the Gt heterotrimer (PDB ID 1GOT). Receptor activation exposes the G protein binding 

site that is formed by the intracellular loops of the receptor. Biochemical studies have identified 

several receptor contact sites on the G protein (pink and cyan). A few studies have also defined specific 

point-to point interactions, such as between Ser240 on intracellular loop 3 of the receptor (cyan 

sphere) with specific regions of the GαN terminus (Nα), C terminus (Cα) and α4–β6 loop (cyan). These 

contact regions, with the fatty acid modifications on the GαN terminus and GγC terminus, suggest a 

probable orientation with respect to the membrane. This orientation places GDP (red spheres) in the 

nucleotide-binding pocket on Gα(blue) ~30 Å from the sites of nearest receptor contact, posing the 

question of how receptors cause GDP release from this distance. Extracted from Oldham and Hamm, 

2008. 

 

It was long-believed that a given GPCR interacts with a particular G protein or a given family 

of G proteins. However, accumulating evidence has now clearly indicated that several GPCRs 

can simultaneously interact with G proteins that belong to different families and can activate 

different signaling cascades, some of which exert opposing effects. The efficacy of coupling to 

the various G proteins may then vary according to the receptor type and the interacting G 

protein but also depends on the agonist. Indeed, the observation that different agonists can 

affect which G proteins are activated by a given receptor supports a model where specific 

receptor conformations may be more or less favorable for coupling to specific G proteins 

(reviewed in Kenakin, 2003; Perez and Karnik, 2005). 
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Molecular mechanisms of G protein coupling to the receptor and subsequent activation of 

the heterotrimeric G protein are not fully understood despite the generally accepted G 

protein activation cycle described previously (see Fig 4). Two opposing models have been 

presented to explain how G proteins encounter activated receptors. In the “collision coupling” 

model, these interactions occur as a result of free lateral diffusion within the plasma 

membrane, wherein G proteins only interact with activated receptor (Tolkovsky and Levitzki, 

1978). The alternative model suggests that G proteins can interact with receptors before 

agonist binding (that is, they are “precoupled”). The precoupling model is attractive because 

it can account for some of the specificity of receptor-G protein coupling and the rapid 

intracellular response that is observed. This model goes in line with the abundant 

experimental evidence indicating that the lateral motion of membrane components is very 

much constrained by various mechanisms that include interactions with the cytoskeleton and 

membrane microdomains, such as “lipid rafts”. These are small microdomains (25-100 nm) 

that have decreased fluidity compared to other portions of the plasma membrane as a result 

of their high cholesterol and sphingolipid content (Pike, 2009). In fact, many GPCRs and their 

cognate signaling proteins (most G protein subunits and AC isoforms) have been localized to 

the lipid rafts (Cooper and Crossthwaite, 2006; Allen et al., 2007; Patel et al., 2008). 

Enrichment and compartmentalization of GPCR signaling components in lipid rafts could then 

be a universal mechanism for increasing the effective concentration of these proteins by 

restricting their movement and favoring their specific intermolecular interactions and, 

consequently, the transmission of the sequence of conformational changes initiated by the 

agonist and leading to the enzymatic response (Patel et al., 2008). 

 Another important aspect is the conformational status of the activated Gα subunit. Although 

subunit dissociation in the heterotrimer (Gα and βϒ dissociation) has classically been accepted 

as the necessary step for functional coupling to the AC due to the overlap of binding interface 

between Gα-βϒ and Gα-AC (Oldham and Hamm, 2008), accumulating evidence suggests that 

the G protein heterotrimer may not dissociate upon activation of the receptor and the 

associated heterotrimer can still signal (Galés et al., 2006; Hein and Bunemann, 2009; Lohse 

et al., 2012; Ferré, 2014,2015). Much of the recent data in favor of the precoupling hypothesis 

comes from FRET and BRET studies using labelled receptors and G protein subunits to study 

these interactions in vivo and in vitro. Experiments done with G protein subunits (α and γ) 
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fused to RET donor and acceptor molecules indicate that G protein activation upon ligand 

binding to the receptor does not lead to dissociation, but implies a conformational change 

with rearrangement and reorientation of its subunits (Galés et al., 2006; Hein et al., 2006).  

The structural model of G protein activation proposed by Michel Bouvier’s research group 

(Galés et al., 2006) implies a significant modification of the quaternary structure of the 

heterotrimeric G protein; a reorientation without dissociation of the subunits that is still 

compatible with the existence of overlapping binding sites of Gα for AC and Gβγ. Their 

findings suggest that during G protein activation Gβγ is maintained in the heterotrimeric 

complex while being displaced away from its original site of association with Gα (Galés et al., 

2006 and Fig 7). 

 

Figure 7. Schematic representation of structural rearrangement within Gαi1-β1-ϒ2 detected by BRET 

after receptor activation. Scheme depicts opening of the Gαi1 GTPase and helical domain through 

linker 1 (like a clamp). This and other rearrangement within the G protein would thus create an exit 

route for the GDP. Extracted from Galés et al., 2006. 

 

1.4.2. Arrestins 

 

Following prolonged ligand stimulation, GPCRs are desensitized to attenuate continued 

signaling. This process involves blockade of further G protein activation and subsequent 

receptor internalization, both of which are mediated by arrestin adaptor proteins.  

First, members of a protein family known as the G protein-coupled receptor kinases (GRKs) 

rapidly phosphorylate the receptor, typically on its cytoplasmic tail. Phosphorylated receptors 
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present high-affinity binding surfaces to recruit the cytosolic adaptors, β-Arrestins. Steric 

binding by β-Arrestin interferes with further G protein coupling leading to desensitization of 

G protein-dependent signaling.  β-Arrestins also scaffold the second messenger degrading 

enzymes such as phosphodiesterase 4D, PDE4D, that degrades cAMP and diacylglycerol 

kinase, DAG-K, that converts diacylglycerol to phosphatidic acid. In parallel, agonist 

stimulation promotes rapid internalization of cell-surface GPCRs into clathrin-coated vesicles. 

This internalization is facilitated by β-arrestin binding, which has specific binding domains for 

clathrin and AP2. β-arrestin binding to other endocytic proteins (NSF and Arf6) is also required 

for efficient receptor internalization. The interaction between β-arrestin and the E3 ubiquitin 

ligase Mdm2 promotes ubiquitinization of β-arrestin, which facilitates robust binding of β-

arrestin with both cargo (GPCR) as well as endocytic machinery (clathrin and AP2). Receptor 

internalization is followed by postendocytic sorting of internalized receptors for recycling or 

lysosomal degradation. The third aspect mediated by β-arrestin is signaling. β-arrestin 

acquires an active conformation upon forming a complex with agonist-stimulated 7TMRs and 

scaffolds proteins of the MAPK family, a family of serine/threonine kinases that include 

ERK1/2 (also known as p44/p42 MAPK), p38 kinases and the c-Jun N-terminal kinases. The 

downstream effectors of MAPKs control many cellular functions including cell cycle, 

regulation of transcription and apoptosis. The multiple functions of β-arrestins are 

summarized in Fig 8. 

 

Figure 8. Multifaceted functions of β-arrestins. Extracted from Shenoy and Lefkowitz, 2011. 
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There are four subtypes of arrestin: Arrestin-1 and Arrestin-4 are restricted to the retina, 

whereas arrestin-2 (β-Arrestin 1) and Arrestin-3 (β-Arrestin 2) are ubiquitous expressed in all 

cells and tissues and function in the desensitization of most GPCRs. 

In humans, seven GRKs are classified into three subfamilies. The GRK1-like family includes 

GRK1 and GRK7, which primarily regulate photoreceptors in the retina. The GRK2-like family 

includes GRK2 and GRK3, both of which are ubiquitously expressed. The GRK4-like subfamily 

includes GRK4, GRK5 and GRK6. 

 

1.5. Functional selectivity 

GPCRs do not act as simple switches that turn a single signaling pathway “on” or “off”. Instead, 

individual receptors engage multiple signaling cascades and individual ligands can have 

differential efficacies toward subsets of these signaling effectors. For instance, one ligand can 

be a full agonist for the activation of the G protein pathway and an antagonist or partial 

agonist for activation of the β-arrestin pathway. This concept contradicts the classical idea in 

which the agonist has the capacity to activate equally all signaling pathways. However, thanks 

to new pharmacological tools it has been demonstrated that many agonists do not activate 

receptors through stabilization of the same active state, but they stabilize unique active states 

to create a signal that is “biased” towards specific cellular pathways. This phenomenon, 

known as ligand-biased signaling or functional selectivity, is revolutionizing seven-

transmembrane receptor drug discovery since it offers interesting opportunities to identify 

and develop compounds with increased selectivity and improved safety profiles (Kenakin, 

2011; Urban et al., 2007; Kenakin and Christopoulos, 2013). 
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Figure 9. Biased agonism or functional selectivity: agonist A produces a biased stimulus for cellular 

signaling pathway 1, whereas agonist B stabilizes another receptor conformation that selectively 

induces bias for cellular signaling pathway. Extracted from Kenakin and Christopoulos, 2013. 

 

An early example of biased agonism was demonstrated with two agonists of the muscarinic 

acetylcholine receptor: carbachol and pilocarpine. Binding of carbachol results in a balanced 

response that is mediated by both Gαs and Gαq. By contrast, other ligands such as pilocarpine 

do not lead to Gs-mediated adenylyl cyclase stimulation, but do lead to phospholipase C 

activity that is mediated by Gq (Fisher et al., 1993, Gurwitz, 1994). The ability of one receptor 

to couple to multiple G proteins and activate multiple signaling pathways has also been 

demonstrated for α2-adrenergic receptor subtypes which have been shown to couple to both 

Gαs and Gαi (Eason et al., 1992, 1995). Moreover, signaling through these parallel pathways 

can differ depending on the ligand used to stimulate the receptor, thereby resulting in a 

biased response (reviewed in Roth, 2009). Although this concept is under development, it 

opens an exciting new field when thinking about compounds that can target specific receptor-

G protein subtype complexes. This is important when considering that specific G proteins 

subtypes might be expressed differentially depending on the cell population. This concept will 

be further explored in the first and second chapter of the Results section of this thesis. 

Several groups have observed functional selectivity in the serotoninergic system. The effector 

that has been best characterized with respect to 5-HT2 signaling involves the Gq stimulation 

of phospholipase C (PLC), leading to the formation of inositol phosphates (IP) and 

diacylglycerol (DAG), thereby modulating intracellular calcium (Hoyer et al., 1994). This 

receptor family also has been shown to mediate the release of arachidonic acid (AA) 
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presumably through the activation of phospholipase A2 (PLA2) (Felder et al., 1990). Berg et al., 

(1998) reported the capability of certain serotoninergic ligands to differentially activate these 

signaling pathways associated with 5-HT2A and 5-HT2C receptors. They observed that the 

relative efficacy of a series of ligands for each of the receptors differed depending upon 

whether PLC-mediated accumulation of IP or PLA2-mediated release of AA was measured. For 

example, bufotenin acts as full agonists at AA release and a partial agonist at IP accumulation 

whereas TFMPP is a full agonist at IP accumulation but has only partial intrinsic efficacy at AA 

release. Another example from studies looking specifically at hallucinogens and their 

differential signaling through the 5-HT2A receptor compared the effects of LSD and DOB (a 

hallucinogenic phenetylamine derivative) on 5-HT2A receptor-mediated accumulation of IP3 

and found that both had significant potency for this pathway, yet LSD showed little intrinsic 

efficacy relative to that of DOB (Kurrasch-Orbaugh et al., 2003). 

Dihydrexidine (DHX) and its congener N-propylDHX were initially characterized as full agonists 

at the D2 receptor, because they were as efficacious as dopamine in inhibiting cAMP synthesis 

and efflux in striatal slices, inhibiting prolactin release in vivo, and stimulating GTPγS binding 

in rat substantia nigra (Mottola et al., 1992; Kilts et al., 2002). However, further 

characterization of the functional profile of these compounds demonstrated that they are not 

typical full D2 receptor agonists. Neither DHX nor N-propylDHX is able to inhibit the synthesis 

and release of dopamine in rat striatum or inhibit the firing of nigral dopaminergic neurons, 

effects that would be expected for typical D2 receptor agonists (Mottola et al., 1992; Kilts et 

al., 2002). 

Although opioids are useful analgesics, they can also produce respiration depression, an 

effect that is linked to the activation of β-arrestin (Raehal et al., 2005). Therefore, an opioid 

agonist that stimulates opioid analgesia pathways without promoting receptor-β-arrestin 

interactions would be predicted to have fewer side effects (Bohn et al., 1999; Xu et al., 2007; 

Groer et al., 2007). As a matter of fact, in a recent study published in Nature (Manglik et al., 

2016), a biased agonist called PZM21 was shown to be a potent Gi activator with exceptional 

selectivity for µ-opioid receptor and minimal β-arrestin 2 recruitment. Unlike morphine, 

PZM21 is efficacious for the analgesia and is devoid of both respiratory depression and 

morphine-like reinforcing activity in mice (Manglick et al., 2016). 
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At present, the most advanced functionally selective molecule is the biased angiotensin ligand 

TRV120027 (Boerrigter et al., 2011, 2012). In vivo treatment with this molecule blocks 

angiotensin, which reduces blood pressure, but also promotes the beneficial cardiac effects 

of β-arrestin activation via stimulation of p42 and/or p44 MAPK, SRC and endothelial nitric 

oxide synthase phosphorylation and is thus predicted to have a therapeutic advantage 

compared to classical angiotensin antagonists (Rajagopal et al., 2006; Wei, 2003; Aplin et al., 

2009; Violin and Lefkowitz, 2007; Zhai, 2005; Boerrigter et al., 2011, 2012). 

Although functionally selective drugs such as this and others open a new and exciting field, it 

is not yet clear to what extent this effect can be exploited for therapeutic advantage. 

Ultimately, as more functionally selective molecules enter the clinic, translational medicine 

will enable association of pharmacological functional selectivity with therapeutic advantage.  
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2. GPCR oligomerization 

 

2.1. Evidence for GPCR oligomerization 

Although G protein-coupled receptors were initially thought to be monomeric entities, 

evidence accumulated over the past three decades indicates that they can form homomers 

and heteromers in intact cells (Bouvier, 2001; Milligan and Bouvier, 2005; Pin et al., 2007; 

Ferré et al., 2009; Guitart et al., 2014; Ferré, 2014, 2015; Bonaventura et al., 2015; Navarro 

et al., 2015). A receptor heteromer is a macromolecular complex composed of at least two 

functional receptor units with biochemical properties that are demonstrably different from 

those of its individual receptors. It is now well accepted that family C GPCRs (e.g., 

metabotropic glutamate, calcium-sensing receptors, GABAb and sweet and umami taste 

receptors) form constitutive homo- or heteromers (Kniazeff et al., 2011). Such observations 

raised a long debated question about whether family A (rhodopsine-like) GPCR dimers were 

also constitutive and necessary for G protein activation. An explosion of data supporting the 

existence of homo- and heteromers of GPCRs in intact cells came with the widespread use of 

biophysical techniques such as resonance energy transfer, fluorescence complementation or 

combination of these techniques (Milligan and Bouvier, 2005; Gandía et al., 2008; Pin et al., 

2007, 2009; Bacart et al., 2008; Carriba et al., 2008; Guo et al., 2008; Cabello et al., 2009; Ferré 

et al., 2009; Urizar et al., 2011). These techniques however, have largely fallen short in 

answering questions about the size of the oligomer complexes and their possible dynamic 

nature. Initial evidence for GPCR oligomerization in a physiologically relevant system came 

from atomic force microscopy experiments in native disk membranes from mice, which 

showed rhodopsin to be arranged in paracrystalline array of dimers (Fotiadis et al., 2003). 

These studies raised severe criticism (Chabre and le Maire, 2005), and more recent studies 

using single molecule techniques have begun to address the details of the spatial and 

temporal organization of GPCR complexes in living cells by directly observing the state and 

behavior of individual proteins in the cell. Single-molecule total internal reflectance 

fluorescence microscopy (TIRFM) was first used to track the position of individual molecules 

of muscarinic acetylcholine M1 and N-formyl peptide receptors using fluorescently labeled 

ligands (Hern et al., 2010; Kasai et al., 2011). Both studies suggested a transient (second-scale) 
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formation and dissociation of dimers, with 30-40% proportion of dimers at any given time. 

Despite some concerns, similar studies have reached equivalent conclusions on the state of 

the muscarinic acethylcholine M2 receptor in cardiac muscle (Nenasheva et al., 2012). More 

recently, TIRFM was used together with SNAP-tag technology to directly label cell-surface 

GPCRs with organic fluorophores to dynamically monitor individual β1- and β2-adrenoceptors 

as well as GABAb receptors on the surface of living, transiently transfected cells (Calebiro et 

al., 2013). This study shows that all three receptors form dimers and higher-order oligomers 

(also with estimations of dynamic second-scale receptor-receptor interactions) in a 

proportion dependent on the subtype of receptor and on the receptor density. At low 

densities, monomeric species were predominant for the β1-adrenoceptor, whereas β2-

adrenoceptors displayed a higher proportion of dimers. Importantly, at densities comparable 

to receptor expression in native tissue, dimers and higher-order oligomers were predominant 

species for both adrenergic receptors (Calebiro et al., 2013). Fluorescence correlation 

spectroscopy (FCS) is another indirect but useful technique to determine the oligomer status 

of protein clusters (Chen et al., 2003). It has been successfully used to study µ-opioid receptor 

homo- and heteromerization with δ-opioid receptors and the data suggested that µ-opioid 

receptors exist primarily as dimers that oligomerize with δ-opioid receptors into tetramers 

(Golebiewska et al., 2011). The recent FCS with a particle counting histogram approach by 

Herrick-Davis et al. (2013) also provides support for homodimers being the predominant, and 

perhaps only, species for several GPCRs, including α1B-adrenoceptor, β2-adrenoceptor, 

serotonin 5-HT2A and 5-HT2C, muscarinic acetylcholine M1 and M2, and dopamine D1 

receptors. Stability of GPCR dimers/oligomers is inferred from experiments that indicate 

these complexes are generated at an early stage of biosynthesis. In fact, it has been suggested 

that early-stage dimerization may be required for effective folding and maturation of the 

receptor (Salahpour et al., 2004; Bulenger et al., 2005; Milligan, 2010,2013). The same 

reasoning has been used based on evidence for cointernalization, with the capacity of a 

selective ligand of one of the receptors in a GPCR heteromer to cointernalize the two different 

receptors constituting the heteromer (Hillion et al., 2002; Milligan, 2010, 2013; Ward et al., 

2011; Tadagaki et al., 2012).  

Negative results should also be acknowledged, such as the recent study by Gavalas et al. 

(2013) which showed evidence for interaction between metabotropic glutamate receptors 
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but not β2-adrenergic or µ-opioid receptor. Apart from differences between receptors or 

when considering receptor homomers or heteromers, it might be that a number of the 

approaches used to study oligomerization are unable to resolve fluctuations in receptors 

interactions occurring on a second or subsecond scale. On the other hand, mammalian 

transfected cells might be lacking elements that increase the stability of the interfaces that 

determine the receptor-receptor interactions, which might also be different depending on 

the cellular compartment studied (Ferré et al., 2014). 

Distinct intermolecular interactions have been found to be involved in various GPCRs homo- 

and heteromers. Recently calculated estimates of the relative stability of different dimeric 

interfaces of different GPCR subtypes using extended biased molecular dynamics simulations 

in explicit lipid-water environments argue in favor of a variable strength of association 

depending on the specific residue composition or shape of the interface, despite an overall 

transiency in receptor-receptor interactions (Johnston et al., 2012). Notably, simulations of 

β1- and β2-adrenoceptors suggested a model of oligomerization in which more stable 

homodimers involving TM1 diffuse through the membrane and transiently interact with other 

protomers/dimers involving other TM helices. In agreement with these predictions are the 

results obtained in a recent study with the muscarinic acetylcholine M3 receptor, using 

quantitative FRET spectrometry techniques with controlled expression of the energy donor-

tagged species (Patowary et al., 2013). Mathematical analysis of the FRET efficiencies 

obtained from spectral unmixing was compatible with the M3 receptor existing as stable 

dimeric complexes, a large fraction of which interacted dynamically to form tetramers that 

were specifically within a rhombic organization rather than a square or linear configuration 

(Patowary et al., 2013). 

A very intriguing set of inferences in the field of GPCR oligomerization has been based on 

recently obtained high-resolution crystallographic structures, including those of the 

chemokine CXCR4, the µ-opioid and κ-opioid receptors, the β1-adrenoceptor and the 

smoothened receptor (Wu et al., 2010, 2012; Manglik et al., 2012; Huang et al., 2013; Wang 

et al., 2013). Each of these crystallized as parallel dimers and/or tetramers. When looking at 

the interfaces between this protomers, TM5 and TM6 constituted the main interfaces for 

chemokine CXCR4 and µ-opioid receptor crystallized dimers (Wu et al., 2010; Manglik et al., 

2012). Apart from the TM5-TM6 interface, crystallized chemokine CXCR4 dimers also showed 
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contacts at the intracellular ends of TM3 and TM4 (Wu et al., 2010) and µ also showed another 

interface formed by TM1, TM2 and H8 (Manglik et al., 2012). Involvement of TM6 was also 

suggested early on for β2-adrenoceptor dimers (Hebert et al., 1996) and for the leukotriene 

receptor BLT1 (Baneres and Parello, 2003) by the use of interfering synthetic peptides with 

the same sequence as TM6. Another study suggested that TM4 was the main interface in the 

D2 oligomer (Guo et al., 2005). Another study found two interfaces in serotonin 5-HT2C 

receptor dimers involving TM4-TM5 and TM1. In summary, although a pattern of similar 

interfaces of GPCR homomers seems to be emerging, different interfaces can be found in 

different oligomers and even in different conformations of the same oligomers. Another 

important aspect is whether agonist can modify GPCR oligomeric interfaces and therefore the 

dynamics of receptor oligomerization. 

RET techniques are good methods to study the architecture of heteromers in transfected 

living cells. Bimolecular fluorescence complementation (BiFC) combined with application of 

TM peptides with the amino acid sequence of receptors was used to determine the interfaces 

of different receptor heteromers. In the study by Guitart et al. (2014) application of TM5 and 

TM6 corresponding to D1 receptor was shown to modify the quaternary structure of the D1-

D3 heteromer (Guitart et al., 2014). Later on, Bonaventura et al. (2015) shown that application 

of TM5, but not TM7, of A2a or D2 was able to destabilize receptor heteromerization, as 

suggested previously (Borroto-Escuela et al., 2010). Another example was described with the 

corticotropin-releasing factor (CRF1) and orexin (OX1) receptor heteromer where TM5 and 

TM1 were able to disrupt the interaction between these two receptors (Navarro et al., 2015). 

Finally, TM5 and TM6 of CB1 were found to be involved in the 5-HT2A-CB1 interface (Viñals et 

al., 2015). In all cases the TM7 of the corresponding receptors did not affect the BiFC of the 

heteromers. 

A part from interactions between TM domains, several studies have provided evidence for 

disulfide bridges between extracellular domains of class C GPCR homomers (Kniazeff et al., 

2011) and for a key role of electrostatic interactions between intracellular receptor domains 

in receptor heteromerization (Woods and Ferré, 2005). These electrostatic interactions have 

been suggested to be involved in several receptor heteromers (Ciruela et al., 2004; Woods 

and Ferré, 2005; Navarro et al., 2010; O’Dowd, 2012, 2013). An example of a functionally 

relevant electrostatic interaction is the one involved in adenosine A2a-dopamine D2 receptor 
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heteromer, with an arginine-rich domain localized in the N-terminal portion of the long third 

intracellular loop of the dopamine D2 receptor and the acidic domain in the distal part of the 

long C-terminus of the adenosine A2a receptor (Ciruela et al., 2004; Navarro et al., 2010). 

Mutation- or peptide-mediated disruption of the A2a-D2 receptor electrostatic interaction 

produces a profound destabilization of the quaternary structure of the heteromer (Navarro 

et al., 2010) with disappearance of significantly relevant A2a-D2 receptor interactions in brain 

tissue, such as the adenosine A2a receptor-mediated inhibition of dopamine D2 receptor-

induced depression of striatal neuronal firing (Azdad et al., 2009).  

In summary, most evidence indicates that, as for family C GPCRs, which can be found as strict 

homodimers, heterodimers (Doumazane et al., 2011), and as stable heteromers (Comps-

Agrar et al., 2012), family A GPCRs form homo- and heteromers in heterologous systems. 

Homodimers seem to be a predominant species with potential dynamic formation of higher-

order oligomers, particularly tetramers. Is still needs to be resolved if class A GPCR 

heteromers are preferentially heterodimers or if they are mostly constituted by heteromers 

of homodimers. 

 

2.2. Pharmacological and functional aspects of GPCR oligomerization 

It has long been recognized that agonists show “binding heterogeneity”: a wide diversity of 

affinities for GPCRs in membrane preparations from transfected mammalian cell lines or from 

native tissues. The typical example is a competition experiment between a moderate 

concentration of a radiolabeled antagonist and increasing concentrations of the agonist, 

which results in a non-steep or even biphasic curve, apparently indicating the existence of 

two populations of GPCRs with high and low affinities for the agonist.  

In line with the classical view of GPCR signal transduction, a still common view of GPCR 

signaling holds that agonists promote the formation of a transient complex between the 

monomeric receptor and the G protein, with conformational changes in both molecules that 

lead to an increased affinity of the receptor for the agonist and for the heterotrimeric G 

protein, which lead to G protein activation. The classical model of ligand-GPCR binding (De 

Lean et al., 1980) proposes that the receptor-G protein complex accounts for the high-affinity 



INTRODUCTION 

38 
 

site for the agonist, while the G protein-uncoupled receptor accounts for the low-affinity site. 

Guanylyl nucleotides would therefore, promote uncoupling of the receptor-G protein 

complex, converting all receptors into low-affinity sites. According to the model, a non-steep 

or biphasic antagonist-agonist competitive inhibition curve implies the existence of two 

populations of receptors: coupled and non-coupled to the G protein. Implicitly, this assumes 

a limited pool of G proteins, an assumption difficult to reconcile with the fact that the 

expression levels of G proteins in native cell systems exceeds those of GPCRs (Neubig, 1994). 

An alternative model that could explain complex radioligand curves is the “two-state dimer 

model” that considers GPCR oligomerization, or at least GPCR dimers (Casadó et al., 2007; 

Ferré et al., 2014). Allosteric communication through the two GPCR units or protomers allows 

negative or positive cooperativity, meaning that the binding of a ligand to the first protomer 

decreases or increases the affinity of the ligand for the second protomer. This mechanism 

does not depend on a limited pool of G proteins, which can always be coupled and act as 

additional allosteric modulators to increase the affinity of the agonist, thereby generating a 

dimer conformation that allows ligand cooperativity through the protomers (Ferré et al., 

2014, 2015).  

The “two-state dimer model” (Casadó et al., 2007, 2009) provides a better approach than the 

monomer-G protein models for fitting data that eventually give more accurate and 

physiologic relevant parameters. In terms of accuracy, the two-state dimer model is 

significantly more robust than the two-independent site model. Thus, with the two-state 

dimer model the same parameters (RT, equilibrium dissociation constants) are obtained 

irrespective of the concentration of radioligand (Casadó et al., 2009). In terms of physiological 

relevance, the two-state dimer model does not only give equilibrium dissociation constants 

for high- and low-affinity binding to receptor dimers, but provides indexes of ligand 

cooperativity and of allosteric modulation between different ligands simultaneously binding 

to the dimer. Nevertheless, when looking for the most appropriate model, the best approach 

would be implementing both a monomer-based model and a two-state dimer model and 

comparing results. It is important to realized that choosing either model should not imply 

discarding the possibility of the existence of mixtures of monomers and dimers/oligomers. 

In addition to ligand-binding properties, unique allosteric properties for each GPCR 

homodimer emerge in relation to intrinsic efficacy (the power of the agonist to induce a 
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functional response). Most experimental data agree with the model that proposed that ligand 

occupancy to the first protomer is enough to produce significant G protein activation and a 

functional response. When a ligand binds to the second protomer in the homodimer, it will 

often act as an allosteric modulator of the intrinsic efficacy of the ligand bound to the first 

protomer, by potentiating or reducing the functional response (Ferré et al., 2014, 2015). 

Furthermore, in addition to considering the allosteric modulations of an orthosteric agonist 

(ligand binding to the same site in the receptor where the endogenous ligand binds) binding 

to the first protomer or the same ligand binding to the orthosteric site in the second 

protomer, a significant number of possible pharmacological allosteric modulations of the 

homodimer appear when considering other ligands such as positive and negative allosteric 

modulators (ligand that binds to a different site in the receptor) and even bitopic ligands 

(ligands that occupy the allosteric and orthosteric sites at the same time) (Lane et al., 2014). 

Heteromerization opens a new dimension of possible molecular and functional protein 

interactions within a complex. For example, the extensively studied adenosine A2a-dopamine 

D2 receptor heteromer provides a framework for the realization of the scope of these 

interactions. When considering GPCR heteromers as conduit of allosteric interactions, two 

possible scenarios should be considered (Kenakin and Miller, 2010). In the first scenario, 

binding of a ligand to one of the protomers leads to changes in the properties (affinity or 

intrinsic efficacy) of a ligand binding to the second protomer. A good example is provided by 

the allosteric antagonistic interaction between A2a receptor agonists and antagonists on D2 

receptor agonists in the A2a-D2 receptor heteromer, wherein A2a receptor agonists decrease 

the affinity and intrinsic efficacy of D2 agonists (Ferré et al., 1991; Azdad et al., 2009; 

Bonaventura et al., 2015). The A2a-D2 receptor heteromer is selectively localized in the 

GABAergic striato-pallidal neurons (indirect pathway), where it plays a seminal role 

controlling basal ganglia function (Azdad et al., 2009; Trifilieff et al., 2011; Ferré et al., 2011). 

It has been hypothesized that these allosteric interactions between A2a and D2 receptor 

agonists within the A2a-D2 heteromer provide a mechanism to understand the behavioral 

depressant effects of adenosine analogs as well as the psychostimulant effects of selective 

A2a receptor antagonist and the non-selective adenosine receptor antagonist caffeine, with 

implications for several neuropsychiatric disorders (Ferré et al., 2011). In fact, the same 
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mechanism provided the main rationale for the use of A2a receptor antagonists such as KW 

6002, in Parkinson’s disease (Armentero et al., 2011; Jorg et al., 2014). 

The second scenario of allosteric modulations within GPCR heteromers suggests a ligand-

independent modulation in which one of the protomer acts as a modulator of ligand binding 

to the other molecularly different protomer (Kenakin and Miller, 2010). The A2a-D2 receptor 

heteromer again provides a valuable example. Screening with various in vitro and in vivo 

techniques led to the finding of very different qualitative properties of several selective A2a 

receptor antagonists. The most striking finding was a selective decrease in the affinity of SCH 

442416 when A2a receptor forms heteromers with D2 receptor, compared to when it does not 

heteromerize or when it forms heteromers with the adenosine A1 receptor (Orrú et al., 2011). 

In competitive experiments with the orthosteric A2a receptor antagonist [3H]ZM 241385, 

binding of SCH 442416 demonstrated strong negative cooperativity when A2A receptor was 

coexpressed with the D2 receptor (Orrú et al., 2011). The implications of these results are 

several. First, not only agonists but also antagonists can manifest binding heterogeneity with 

negative cooperativity. Second, evidence for D2 receptor-dependent allosteric modulation 

that determines negative cooperativity of a ligand binding to an A2a receptor oligomer 

strongly suggest that the A2a-D2 receptor heteromer comprises at least two A2a protomers 

(Ferré et al., 2014, 2015; Bonaventura et al., 2015).  

The studies on A2a-D2 receptor heteromers can be better explained by a model that considers 

heteromers of homodimers coupled to their preferred G protein, a heterotetramer (Ferré et 

al., 2015). This structure provides the possibility of simultaneous binding of Gs and Gi proteins 

to their respective preferred receptors, generating an optimal framework for canonical Gs-Gi 

interaction. This could be a general scheme that should apply to other, if not all, GPCR 

heteromers containing both preferred Gs- and Gi-coupled receptors. The same scheme was 

recently reported for the dopamine D1-D3 receptor heteromer (Guitart et al., 2014). D1 and 

D3 receptors couple preferentially to Gs/olf and Gi proteins, respectively, and they are also 

localized in striatal cells (in the striato-nigral neuron or direct pathway). By combining RET 

techniques with complementation, it was demonstrated in the D1-D3 receptor heteromer that 

agonist binding to the D1 or the D3 receptor engages Gs or Gi proteins, respectively (Guitart 

et al., 2014). RET with double complementation of RET sensors was then used to uncover the 

tetrameric structure of the D1-D3 receptor heteromer. The same approach has been recently 
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used to identify A2a-D2 receptor heterotetramers (Bonaventura et al., 2015). By using peptides 

with the sequence complementary to specific TM domains of A2a or D2, the quaternary 

structure of the heteromer and its biochemical properties was disrupted (Bonaventura et al., 

2015). 

  



INTRODUCTION 

42 
 

3. Dopamine receptors 

 

3.1. Structure and synthesis of catecholamines 

A catecholamine is a monoamine, an organic compound that has a catechol (benzene with 

two hydroxyl side groups at carbons 1 and 2) and a side-chain amine. Catecholamines are 

derived from the amino acid tyrosine, which is derived from dietary sources as well as 

synthesis of phenylalanine. Included among this group are epinephrine (adrenaline), 

norepinephrine (noradrenaline), and dopamine. Dopamine is incapable of crossing the blood-

brain barrier so it must be synthesized inside the brain to perform its functions. 

Norepinephrine is synthesized and released by the central nervous system and also by a 

division of the autonomic nervous system called the sympathetic nervous system. Finally, 

epinephrine is normally produced by both the adrenal glands and certain neurons. 

 

Figure 10. Synthesis of the catecholamines dopamine, norepinephrine and epinephrine. 

 

As mentioned above, tyrosine can be either created from phenylalanine by hydroxylation 

mediated by the enzyme phenylalanine hydroxylase or it can also be ingested directly from 

dietary protein. Tyrosine is converted to DOPA by tyrosine hydroxylase followed by 

conversion of DOPA to dopamine by DOPA decarboxylase. Finally, dopamine is transported 

from the cytoplasm into vesicles by the vesicular transporter, VMAT2 (Eiden et al., 2004). 

Dopamine is stored in these vesicles until it is ejected into the synaptic cleft by voltage-

dependent calcium channels that trigger the fusion of the dopamine filled vesicles with the 
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presynaptic membrane. Cells expressing dopamine β-hydroxylase (DβH) may convert 

dopamine into norepinephrine which are in turn stored in these vesicles until it is ejected into 

the synaptic cleft.  

Once in the synapse, dopamine binds to and activates dopamine receptors. These can be 

postsynaptic dopamine receptors or presynaptic autoreceptors. 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 dopamine from the synaptic cleft to the presynaptic 

terminal by the dopamine transporter (DAT). Once back in the cytosol, dopamine can either 

be broken down by the monoamine oxidase enzyme (MAO) or repackaged into vesicles by 

VMAT2 making it available for future release (Amara et al., 1993; Cooper et al., 1996; Eiden 

et al., 2004) (Fig 11). 

 

 

Figure 11. Schematic model of the mechanisms involved in dopamine synthesis, release, storage, 

reuptake and receptor activity in presynaptic and postsynaptic neurons. DA, dopamine; AC, adenylyl 

cyclase; TH, tyrosine hydroxylase; VT, vesicular monoamine transporter. 

Norepinephrine also binds to and activates postsynaptic adrenergic receptors. To terminate 

its action, norepinephrine is absorbed back into the presynaptic neuron via reuptake 

mediated mainly by the norepinephrine transporter (NET). Once back in the cytosol, 
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norepinephrine can either be broken down by MAO or repackaged into vesicles by VMAT, 

making it available for future release. At the same time, α2-adrenoceptors and probably β2-

adrenoceptors located in the presynaptic terminal behave as autoreceptors by inhibiting 

further norepinephrine release (Starke et al., 1989; Kanagy, 2005; Hein, 2006) (Fig 12). 

 

Figure 12. Steps involved in the synthesis and release of norepinephrine. While the conversion of 

tyrosine to dopamine occurs predominantly in the cytoplasm, the conversion of dopamine to 

norepinephrine by DβH occurs predominantly inside neurotransmitter vesicles. TH, tyrosine 

hydroxylase; AADC, aromatic amino acids decarboxylase; DβH, dopamine β-hydroxylase. Extracted 

from Hein, 2006. 

 

 

  



INTRODUCTION 
 

45 
 

3.2. Dopamine system in the brain 

 

Since the discovery of the physiological functions of 3-hydroxytyramine (dopamine) almost 

60 years ago (Carlsson et al., 1957), this catecholaminergic neurotransmitter has attracted an 

enormous amount of attention. Although dopaminergic neurons are rare (<1/100000 brain 

neurons), they regulate several important aspects of basic brain function including locomotor 

activity, motivation, memory and endocrine regulation. Dopamine 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: 

Sibley, 1999; Iversen and Iversen, 2007). 

Brain areas that synthesize dopamine have projections that give rise to four axonal pathways, 

namely nigrostriatal, mesolimbic, mesocortical and tuberoinfundibular systems (reviewed in 

Iversen and Iversen, 2007). The nigrostriatal pathway is formed by projections that arise from 

dopamine-synthesizing neurons of the midbrain nucleus, the substantia nigra compacta, 

which innervates the dorsal striatum (caudate-putamen). Degeneration of nigrostriatal 

neurons causes Parkinson’s disease. The mesolimbic pathway originates from the midbrain 

ventral tegmental area and innervates the olfactory tubercle, the ventral striatum (nucleus 

accumbens) and parts of the limbic system. This pathway is implicated in the psychomotor 

effects generated by drugs of abuse including cocaine and methamphetamine (Koob, 1992; 

Wise, 1996). The mesocortical pathway arises from the ventral tegmental area and innervates 

different regions of the frontal cortex. Finally, the tuberoinfundibular pathway arises from 

cells of the periventricular and arcuate nuclei of the hypothalamus (Fig 13).  

Dopamine is not a simple excitatory or inhibitory neurotransmitter, but rather a 

neuromodulator that alters the responses of target neurons to other neurotransmitters, and 

that can alter synaptic plasticity. In this regard, dopamine (as do other monoamines) does not 

mediate fast synaptic transmission but modulates it by triggering slow-acting effects through 

signaling cascades. 
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Figure 13. Dopaminergic pathways in the brain. 

 

The dopaminergic systems have been the focus of much research over the past 50 years, 

mainly because several pathological conditions such as Parkinson’s disease (PD), 

schizophrenia, Tourette’s syndrome, attention-deficit hyperactivity disorder (ADHD), 

Huntington’s disease, substance use disorders (SUD) and Restless leg syndrome (RLS; see 

section 3.5), have been linked to a dysregulation of dopaminergic transmission. Parkinson’s 

disease (PD) originates from a loss of striatal dopaminergic innervations in the brain (Ehringer 

and Hornykiewicz, 1960). Less straightforward evidence, such as the psychotomimetic effect 

of dopaminergic drugs and the fact that almost all of the clinically effective antipsychotics 

block D2 dopamine receptors, has provided a basis for the dopaminergic hypothesis of 

schizophrenia (Snyder et al., 1970; Creese et al., 1976; Seeman et al., 1976; Carlsson et al., 

2001). Dopamine dysregulation is expected to occur in ADHD and Tourette’s syndrome (Mink, 

2006; Swanson et al., 2007; Gizer et al., 2009). In Huntington’s disease, the selective 

vulnerability of neurons in the striatum, where the highest concentration of dopaminergic 

innervation exists, suggests an important role of dopamine in the pathogenesis of this 

disorder (Jakel and Maragos, 2000; Cyr et al., 2006). The abnormal plasticity of reward 
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mechanisms that has been shown to be associated with drug abuse and addiction strongly 

suggests that dopamine plays a crucial role in this pathological condition (Volkow et al., 2003; 

Bonci et al., 2003; Everitt and Robbins, 2005; Hyman et al., 2006; Di Chiara and Bassareo, 

2007; Koob and Volkow, 2010; Sulzer, 2011; Koob and Volkow, 2016). A role for abnormal 

dopaminergic signaling has also been suggested for a host of 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 dopamine 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. 

 

 

 

3.3. Characteristics and structure of dopamine receptors 

The physiological actions of dopamine are mediated by five distinct but closely related G 

protein-coupled receptors that are divided into two major groups: The D1-like, which 

comprises D1 and D5, and D2-like, including D2, D3 and D4 receptors. D1-like receptors produce 

an increase of cAMP levels via Gαs/olf which stimulates adenylyl cyclase (AC) and their 

localization is mostly postsynaptic (Civelli et al., 1993). D2-like receptors inhibit AC via Gαi/o 

coupling and decrease cAMP in the cells. In addition, D2-like receptors activate K+ channels 

and reduce Ca2+ entry through voltage-gated channels (Nicola et al., 2000). D2-like receptors 

are expressed both postsynaptically on dopamine target cells and presynaptically on 

dopaminergic neurons (Sokoloff et al., 2006; Rondou et al., 2010). 

Analysis of the dopamine receptor structure has revealed considerable homology between 

members of the same family. The D1 and D5 dopamine receptors are 80% homologous in their 

transmembrane domains, whereas the D3 and the D4 dopamine receptors are 75% and 53% 

homologous, respectively, with the D2 receptor. Whereas the NH2-terminal domain has a 

similar number of amino acids in all of the dopamine receptors, the COOH-terminal for the 

D1-like receptors is seven times longer than that for the D2-like receptors (Gingrich and Caron., 

1993; Missale et al., 1998) (see Fig 14). They all contain a cysteine residue (conserved in 
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GPCRs) that has been demonstrated to be palmitoylated to anchor the cytoplasmic tail of 

several GPCRs (Ovchinnikov et al., 1988; O’Dowd et al., 1989; Ng et al., 1994; Grunewald et 

al., 1996). Finally, D2-like receptors have a long IC3, whereas D1-like receptors contain a short 

IC3, a common feature for Gi- and Gs-coupled receptors, respectively (reviewed in Civelli et 

al., 1993; Gingrich and Caron, 1993; and O’Dowd, 1993). 

 

Figure 14. Dopamine D1 and D2 receptors structure. Dopamine D1-like receptors have a very long C-

terminal domain and a short IC3 whereas D2-like receptors have a short C-terminal domain and a very 

long IC3. Extracted from Crocker, 1994. 

 

D1-like and D2-like dopamine receptors are also different at the level of genetic structure, 

primarily in the presence of introns in their coding sequence. The D1 and D5 dopamine 

receptor genes do not contain introns in their coding region, but 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 of the D2 dopamine receptor leads to the 

generation of two major D2 dopamine receptor variants called D2S (D2-short) and D2L (D2-long) 

(Giros et al., 1989; Monsma et al., 1989). These two alternatively splicing isoforms differ in 

the presence of an additional 29 amino acids in the third intracellular loop. Interestingly, 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 D3 dopamine receptor have 

also been described, and some of the encoding proteins have been shown to be essentially 

nonfunctional (Giros et al., 1991).  
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The D4 receptor gene contains quite a large number of polymorphisms in its coding sequence 

(LaHoste et al., 1996). The most extensive polymorphism is found in exon 3 in a region that 

codes for the third intracellular loop (IC3) of the receptor (Van Tol, 1992). This polymorphism 

consists of a variable number of tandem repeats (VNTR), in which a 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 D4 receptor with 2, 4 and 7 repeats of proline-

rich sequence of 16 amino acids (D4.2, D4.4 and D4.7 receptor).  A previous study reported in 

vitro evidence for blunted MAPK signaling in striatal slices from mice containing the 

humanized D4.7 in its genome compared to WT D4, as well as low ability of D4.7 to interact with 

D2 dopamine receptors in transfected cells (González et al., 2012). Other groups, also 

suggested that the D4.7 variant could be less efficient at inhibiting adenylyl cyclase (Asghari et 

al., 1995; Jovanovic et al., 1999).  

The DRD4 gene with 4 TR constitutes the most frequent variant, with a global allelic frequency 

of 64%, followed by the variants with 7 TR (21%) and 2 TR (8%) (Chang et al., 1996). However, 

there are considerable differences in allele frequencies among the different populations. For 

example, D4.7 only appears occasionally (<1%) in several Asian populations, whereas the D4.2 

allele is more frequent (up to 18%) in Asia than globally (8%). Interestingly, there is evidence 

showing that seven-repeat alleles are 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) (see Fig 15). 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 also 

substance use disorders (SUD) (McGeary et al., 2009; Belcher et al., 2014). Yet, very little is 

known about the role of the D4 receptor 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.  
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Figure 15. Dopamine D4 receptor gene polymorphisms. The D4 gene has an extensive polymorphism 

in exon 3 that consists of a 48 bp VNTR. The global allelic frequency for D4.2, D4.4 and D4.7 is indicated 

on the right. Extracted from Ding et al., 2002. 

 

 

3.4. Dopamine receptor expression in the brain 

Dopamine receptors have broad expression patterns in the brain and in the periphery. In the 

brain, D1 dopamine receptors are the most widespread dopamine receptor and they are 

expressed at higher levels than any other dopamine receptor (Dearry et al., 1990; Fremeau et 

al., 1991; Weiner et al., 1991). D1 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, olfactory bulb, amygdala and frontal cortex, as well as at lower 

levels in the hippocampus, cerebellum, thalamic areas and hypothalamic areas.  

D5 dopamine receptors are poorly expressed compared to D1 receptor. They are located at 

low levels in multiple brain regions, including pyramidal neurons of the prefrontal cortex, the 

premotor cortex, the cingulated cortex, the entorhinal cortex, substantia nigra, 

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). 
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Figure 16. Expression of dopamine receptors in rodent brain. (D1, D2, D3) Coronal sections of D1-Cre, 

D2-Cre or D3-Cre mouse. Receptor expression was detected by cumulative actions of Cre recombinase 

at Rosa26 reporter gene. Extracted from the Gensat atlas. (D4) Coronal section of rat brain. Receptor 

expression was detected by immunohistochemistry with affinity-purified antibody against D4. 

Extracted and modified from Khan et al., 1998. (D5) Sagittal section of mouse brain. Receptor 

expression was detected by EGFP fluorescence. Extracted from Gensat atlas. 

 

The highest levels of D2 dopamine receptors are found in the striatum, the nucleus 

accumbems, and the olfactory tubercle. D2 receptors are also expressed at significant levels 

in the substantia nigra, ventral tegmental area, hypothalamus, cortical areas, septum, 

amygdala, and hippocampus (Missale et al., 1998; Gerfen, 2000; Vallone et al., 2000; Seeman, 

2006). The D3 dopamine receptor 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 D3 dopamine receptor is also detectable 

in the striatum, the substantia nigra pars compacta, the ventral tegmental area, the 

hippocampus, the septal area, and in various cortical areas (Cortés et al., 2016). Low levels of 

D4 dopamine receptor have been found in the basal ganglia; in contrast, this receptor appears 
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to be highly expressed in the frontal cortex, amygdala, hippocampus, hypothalamus, globus 

pallidus, substantia nigra pars reticulata, and thalamus (Van Tol et al., 1991; O’Malley et al., 

1992; Missale et al., 1998; Rondou et al., 2010). In the prefrontal cortex, D4 is localized in 

GABAergic interneurons and in glutamatergic pyramidal neurons, including their striatal 

projections (Tarazi et al., 1998; Svingos et al., 2000; Lauzon and Laviolette, 2010). 

Interestingly, D4 and D2 receptors seem to be colocalizing in the pyramidal glutamatergic 

neurons of the prefrontal cortex and in their striatal terminals (Gaspar et al., 1995; Tarazi et 

al., 1998; Svingos et al., 2000; Lauzon and Laviolette, 2010; González et al., 2012). This topic 

will have important implications for the third part of the results section. 

 

 

3.5. Neuronal functions of dopamine receptors 

The striatum is a major component of the basal ganglia (Kase, 2001) which are located in the 

telencephalon and consist of several interconnected nuclei: the striatum, external globus 

pallidus (Gpe), internal globus pallidus (Gpi), substantia nigra (SN), and the subthalamic 

nucleus (STN) (Fig 17). In primates, the striatum can be divided by the internal capsule into 

the medially located caudate nucleus and the laterally positioned putamen. The putamen 

(dorsomedial striatum) receives inputs primarily from the association cortex (Goldman et al., 

1977; Ragsdale et al., 1981) and the caudate nucleus (dorsolateral striatum) receives inputs 

from sensorimotor cortex (Kunzle et al., 1975; Liles et al., 1985). The ventral striatum, or 

nucleus accumbens, represents a third subdivision of the striatum (Nicola, 2007) and receives 

glutamatergic inputs from frontal cortex and limbic regions (Brog et al., 1993). However, the 

dopaminergic innervation of the ventral striatum derives from the ventral tegmental area, a 

separate midbrain nucleus adjacent to the substantia nigra parts compacta, SNc (Fields et al., 

2007). The dorsal striatum (caudate-putamen) is implicated in execution of learning and 

complex motor behavior, the ventral striatum (nucleus accumbens) 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). 



INTRODUCTION 
 

53 
 

 
 
 
Figure 17. Basal ganglia anatomy in human brain and schematic representation of basal ganglia 

circuitry. GPe, external globus pallidus; GPi, internal globus pallidus; STN, subthalamic nucleus; SNr, 

substantia nigra pars reticulata. Extracted from Yin and Knowlton, 2006. 

 

Early investigations more than a century ago, pointed to a complex relationship between the 

striatum and movement. An anatomical scheme for understanding the control of movement 

by the striatum was defined in the late 1980s (Penney et al., 1986; Albin et al., 1989; DeLong, 

1990). This scheme recognized that the majority of dorsal striatal neurons are medium spiny 

neurons (MSNs), of which there are two distinct classes, termed the “direct” and the 

“indirect” pathway (Alexander and Crutcher, 1990; DeLong, 1990; Gerfen et al., 1990; 

Graybiel et al., 1994 Le Moine and Bloch, 1995; Obeso et al., 2008) (See Fig 17). These 

populations exhibit distinct neurochemical expression patterns and anatomical projection 

targets. Direct pathway MSNs express D1 receptor and project to the internal globus pallidus 

and substantia nigra pars reticulata (SNr), whereas indirect pathway MSNs express D2 

receptors and project indirectly to the SNr by way of the external globus pallidus (GPe) and 

subthalamic nucleus (STN). Based on this anatomy, it has been demonstrated in many studies 

that activation of direct pathway striatal neurons promoted movement whereas activation of 

the indirect pathway inhibits movement (Sano et al., 2003; Durieux et al., 2009; Kravitz et al., 

2010). Striatum has high levels of dopamine and this catecholamine is the one that controls 

and regulates movement. Due to the differential expression of D1 and D2 dopamine receptors 

in the direct and indirect pathway, respectively, dopamine affects the neurons of each 
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pathway differently (Gerfen et al., 1990). The dopamine D1 receptor is coupled to Gαs, which 

activates adenylyl cyclase and increases intracellular cAMP (Kebabian and Calne, 1979; Stoof 

and Kebabian, 1981; Gerfen, 2000). This increase in cAMP results in multiple intracellular 

effects that increase the excitability of direct pathway neurons. In contrast, the dopamine D2 

receptor is coupled to Gαi, which inhibits adenylyl cyclase and decreases intracellular cAMP 

(Kebabian and Calne, 1979; Stoof and Kebabian, 1981; Gerfen, 2000). This decrease in cAMP 

is believed to decrease the excitability of indirect pathway neurons. Therefore, dopamine 

exerts a fine-tuning effect on both direct and indirect pathway allowing controlled movement. 

In addition, regulation of cAMP/PKA signaling by dopamine receptors may directly or 

indirectly regulate the induction of striatal synaptic plasticity (Kreitzer and Malenka, 2008; 

Surmeier et al., 2009). When striatal dopamine levels decrease in Parkinson’s disease, activity 

in the direct pathway is believed to decrease and activity in the indirect pathway is believed 

to increase (Albin et al., 1989; Graybiel et al., 2000; Obeso et al., 2000, 2008; Smith and 

Villalba, 2008). On the other hand, excess of dopaminergic stimulation would lead to 

hyperkinesia. 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 form 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; Rose et al., 2007; Kravitz 

et al., 2010). 

Another important aspect of dopamine receptors is their role as autoreceptors. Presynaptic 

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 presynaptic D2-like autoreceptors generally causes a decrease in 

dopamine release that results in decreased locomotor activity, whereas activation of 

postsynaptic receptors stimulates locomotion. It should be noted that the splice variants of 

the D2 dopamine receptor, D2L and D2S, seem to have different neuronal distributions, D2S 

being predominantly presynaptic and D2L postsynaptic. Therefore, the varying roles of the 

postsynaptic and presynaptic D2 dopamine receptors are probably determined by the 
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different contributions of these isoforms (Usiello et al., 2000; De Mei et al., 2009). D3 

dopamine receptors seem to exert a moderate inhibitory action on locomotion either by 

acting as autoreceptor or through the involvement of postsynaptic receptor populations 

(Sibley, 1999, Joseph et al., 2002). The roles of D4 and D5 dopamine receptors in locomotor 

activity seem to be minimal. However, it is clear that the activation of both the postsynaptic 

D1- and D2-like dopamine receptors is necessary for the full manifestation of locomotor 

activity (White et al., 1988). 

Many other vital functions besides locomotor activity depend on the activation of brain 

dopamine receptors. D1, D2, and, to a lesser degree, D3 dopamine receptors are critically 

involved in reward and reinforcement mechanisms. Multiple studies have shown that 

pharmacological and genetic approaches that alter dopamine receptor function result in a 

significant modulation of the response to natural rewards and addictive drugs. Thus, 

dopamine receptors 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). Both D1 and D2 dopamine receptors seem to be critical 

for learning and memory mechanisms, such as working memory, that are mediated primarily 

by the prefrontal cortex (Goldman-Rakic et al., 2004; Xu et al., 2009). At the same time, D3, 

D4 and potentially, D5 dopamine receptors seem to have a modulatory influence on some 

specific aspects of cognitive functions (Missale et al., 1998; Sibley, 1999; Sokoloff et al., 2006; 

Rondou et al., 2010). 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 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). In general, the specific physiological roles played by D3, D4 and D5 dopamine receptors 

in the brain are not well known. However, a study recently published led to the demonstration 

of a significant role of D4 receptor and one of its variants (D4.7), in the modulation of 

corticostratal glutamatergic transmission that could have important implications for the 

understanding of neuropsychiatric disorders such as ADHD and SUD (Bonaventura et al., 

2016).  
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3.6. Restless leg syndrome 

Until the end of the 20th century, restless legs syndrome (RLS), also known as Willis-Ekbom 

syndrome, was a relatively unknown disorder. Convincing evidence now indicates that it is a 

common disorder with a prevalence of 1-5% (Allen et al., 2003, 2014; Szentkirályi et al., 2014), 

more frequent in females, and good therapeutic options are available. The condition has been 

clearly established as an important element of clinical practice in the field of movement 

disorders, and also in the field of sleep disorders: RLS symptoms are circadian in nature 

(Trenkwalder et al., 1999) and cause major problems for patients in the evening and at night. 

The restless leg syndrome has been described as an idiopathic sensorimotor disorder 

characterized by an urge to move the limbs which is usually associated with unpleasant 

sensations. It has no apparent cause although it has been often associated with iron 

deficiency, pregnancy, or end-stage renal disease. However, the syndrome could also be 

described as a complex disorder with underlying genetic or environmental components, or 

both. Onset in childhood implies a strong genetic component for the syndrome (Winkelmann 

et al., 2002), although the age of onset in general is known to vary widely, from childhood to 

over 80 years of age (Walters et al., 1996; Winkelmann et al., 2000). Clinical experience shows 

severe restless legs syndrome to be mostly a chronic progressive disorder that, once started, 

needs lifelong treatment. 

RLS is usually managed with pharmacological treatment. In the 1990s, Trenkwalder et al. 

(1995), used a combination of L-DOPA with a DOPA decarboxylase inhibitor (DDCI) to treat 

restlessness, sleep disturbance and sensory and motor symptoms in patients with RLS, and 

various dopamine agonists have been used since (reviewed in Scholz et al., 2011; Trenkwalder 

et al., 2015). Therapy with non-ergot-derived dopamine agonists is currently recommended 

in several guidelines as the first-line therapy for RLS (Aurora et al., 2012; García-Borreguero 

et al., 2012). Oral immediate-release pramipexole, oral immediate-release ropinirole and the 

rotigotine patch are licensed in many countries, including Europe, the USA and Japan 

(structure shown in Fig 18). Levodopa-benserazide can still be used, but the short half-life of 

levodopa and its pulsatile mode of action can lead to higher rates of augmentation than do 

other dopamine agonists (Trenkwalder et al., 2003; Högl et al., 2010, 2011; Oertel et al., 2011; 

Inoue et al., 2013). Augmentation is the main problem in dopaminergic RLS therapy and can 
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be defined as a long-term paradoxical worsening of RLS symptoms while on dopaminergic 

therapy, despite a short-term improvement immediately after drug intake. 

                            

Pramipexole                Ropinirole                     Rotigotine                         Levodopa 

Figure 18. Chemical structure of the dopaminergic ligands used for the treatment of RLS  

 

Other non-dopaminergic therapies are α2δ calcium channel subunit ligands (García-

Borreguero et al., 2002; Allen et al., 2014), however only gabapentin enacarbil has been 

licensed for treatment of RLS in the USA (Kushida et al., 2009ab) and Japan (Inoue et al., 2012, 

2013). Opioids were also found to be an effective treatment for severer RLS over 20 years ago 

(Walters et al., 1993), and one large clinical trial has led to approval of oxycodone-naloxone 

therapy as a second-choice treatment for RLS in Europe in 2015 (Trenkwalder et al., 2013). 

Several studies have also been performed to determine the benefit of iron supplementation 

in both iron-deficient and non-iron-deficient patients with RLS (Grote et al., 2009; Earley et 

al., 2009; Allen et al., 2011, 2013, Mehmood et al., 2014). Results have been inconsistent, but 

might improve when patient selection is optimized. 

In general, all currently know therapies for RLS seem to lose effectiveness over time in many 

patients with severe RLS. Current treatment guidelines, which are based on long-term studies, 

recommend starting treatment with either a dopamine receptor agonist or a α2δ ligand as 

the first-line of treatment for most RLS patients, the choice of agent depending on the severity 

of the symptoms, cognitive status, history, comorbid conditions and licensing of drugs in a 

given country (García-Borreguero et al., 2013). 

At the moment the pathophysiology of RLS is not totally known. However, the fact that 

dopaminergic ligands are useful for the treatment of RLS provides the basis for the current, 

widely held view that RLS involves dopaminergic dysfunction. Most reported studies focus on 
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the D3R as a possible main target of pramipexole, ropinirole and rotigotine although some 

papers show the relatively high affinity of D2R and D4R for these ligands as well (Millan et al., 

2002; Wood et al., 2015). As previously said, D4R and D2R may form heteromers in the brain, 

probably in the cortico-striatal neuronal terminals. This opens a new possibility for the study 

of these ligands in the frame of heteromers. This part will be discussed in the third chapter of 

the results section. 
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4. Adrenergic receptors 

 

4.1. Adrenergic system in the brain 

 

In 1913 adrenaline was first isolated and its effects on vasodilation and constriction were 

demonstrated. However, it wasn’t until 1950 that the function of the catecholamines 

(epinephrine and norepinephrine) as neurotransmitters in the brain was stablished. 

Norepinephrine is synthesized and released by the central nervous system and also by the 

sympathetic nervous system (a division of the autonomic nervous system). In the brain, 

norepinephrine is mainly produced in the locus coeruleus (LC). In the sympathetic nervous 

system, norepinephrine 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 bloodstream by the 

adrenal glands as sympathetic effector organs.  

The general function of norepinephrine is to mobilize the brain and body for the so-called 

“fight-or-flight response”. Norepinephrine release is lowest during sleep, rises during 

wakefulness, and reaches much higher levels during situations of stress or danger. In the 

brain, norepinephrine increases arousal and alertness, promotes vigilance, enhances 

formation and retrieval of memory, and focuses attention; it also increases restlessness and 

anxiety. In the rest of the body, norepinephrine 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. 

The locus coeruleus was the first modulatory system to be delineated anatomically (Sano, 

1942; Araki, 1947; Russel, 1955; Maeda, 2000) and specified neurochemically (Dahlstom and 

Fuxe, 1964). The tiny LC is comprised of only 1500 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 prefrontal cortex that provide complex emotional, 
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homeostatic and cognitive information. The LC also receives projections from various 

neuromodulatory brain regions including the ventral tegmental area (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; Sara and Bouret, 2012; Valentino and 

Van Bockstaele, 2008). Related to learning and memory, the LC sends strong efferent 

projections to the amygdala and mPFC (Fallon et al., 1978; Arnsten, 1984) (Fig 18). 

 

 

Figure 18. Noradrenergic system in the brain. The noradrenergic neurons of the locus coeruleus 

project to the limbic and cortical regions, and to the thalamus, cerebellum, and spinal cord. The 

noradrenergic neurons of cell groups A1, A2, A5, and A7 project to more restricted regions and they 

play an important role in autonomic functions. Modified from Fuchs and Flugge, 2004. 

Noradrenergic 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 
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noradrenaline also in cellular excitability, synaptic plasticity and long-term potentiation 

(Harley, 1987, 2007). An equally large number of studies have demonstrated the role of 

noradrenaline in gating and tuning sensory signals in the thalamus and the cortex (Berridge 

and Waterhouse, 2003). Pharmacological studies have provided evidence that noradrenaline, 

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 rodents have shown a clear relationship between activity in the locus coeruleus neurons 

and cognitive behaviors (Aston-Jones and Cohen, 2005; Yu and Dayan, 2005; Bouret and Sara, 

2005). 

 

 

4.2. Characteristics and structure of adrenergic receptors 

Both norepinephrine and epinephrine transmit their biological signals via GPCR to regulate a 

large array of cellular functions (Hoffman and Lefkowitz, 1980). These receptors are mostly 

localized in the plasma membrane of noradrenergic neurons and neuronal and non-neuronal 

target cells.  

Adrenoceptors were originally divided into two different classes, α-adrenoceptors and β-

adrenoceptors. This distinction of receptor subtypes was introduced more than 60 years ago 

by Ahlquist who observed opposing effects of catecholamine derivatives in smooth muscle 

cells (Ahlquist, 1948). He suggested that the excitatory effects were mediated by α-

adrenoceptors, whereas the inhibitory effects were mediated by β-adrenoceptors (Ahlquist, 

1948). In addition, α-adrenoceptors showed higher affinity for norepinephrine and 

epinephrine than for isoprenaline (a synthetic catecholamine) whereas β-adrenoceptors have 

higher affinity for isoprenaline than for norepinephrine. Subsequently, further subtypes were 

proposed based on physiological and pharmacological experiments. Molecular cloning rapidly 

confirmed the subtype diversity of adrenoceptors. In 1986, the β2-adrenoceptor was the first 
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GPCR to be cloned (Dixon et al., 1986), closely followed by the α2-adrenoceptor, which was 

purified and cloned from human platelets (Kobilka et al., 1987). Rapidly nine adrenoceptors 

were identified by molecular cloning (Bylund et al., 1994); three α1-adrenoceptors (α1A, α1B, 

α1D), three α2-subtypes (α2A, α2B, α2C), and three β-adrenoceptors (β1, β2, β3). 

All adrenoceptor subtypes belong to the GPCR family so upon binding of the endogenous 

activators (epinephrine and norepinephrine), adrenoceptors undergo a conformational 

change that leads to the activation of a heterotrimeric G protein. The three groups of 

adrenoceptors couple to and activate only certain G protein subtypes leading to different 

intracellular changes. α1-adrenoceptors are coupled to Gq/11, which increases activates PLC 

and increases intracellular inositol triphosphate (IP3) and Ca2+ concentrations. α2-

adrenoceptors mostly mediate their intracellular effects via Gi/o which inhibits adenylyl 

cyclase 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 mitogen-

activated kinases (MAPK) ERK1/2 (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. 

Another important aspect of signaling, as explained earlier, is the receptor phosphorylation 

mediated by GRKs that leads to desensitization. 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. 

One important distinguishing feature among α2-receptor subtypes is their pattern of 

subcellular distribution and agonist-induced trafficking (Saunders and Limbird, 1999). The α2A-

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) α2B-receptors 

are rapidly and reversibly internalized after agonist simulation, whereas α2C-adrenoceptor 

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 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 (i.e. α1A, α1B and α1C; β1, β2 and β3). Within members of the adrenergic 
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receptor family (i.e. β vs α1 or α2), 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). 

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 extracellular and seven well conserved hydrophobic transmembrane domains. The α2 

receptor subtype C-terminal regions are shorter than those of the β and much shorter than 

those of the α1 subtypes (Fig 19). This goes in line with the observation that Gs-coupled 

receptors (β) or Gi/o (α2) generally have short intracellular loops 3 and C-terminal segments, 

whereas receptors involved in other effector systems such as phospholipase C (α1) have 

longer sequences in these regions. The human α2B thus has a 23-residue C-terminus, whereas 

the human α1B C-terminal region is 167 long (Strosberg, 1993). 

 

Figure 19. Structure of adrenergic receptors 

 

4.3.  Expression of adrenergic receptors in the brain 

α1-Adrenoceptor is found throughout the mesocorticolimbic system with high levels in the rat 

striatum, ventral tegmental area and susbtantia nigra (Rommelfanger et al., 2009). 

Specifically, α1A was also found in cortex, hippocampus, hypothalamus, midbrain, cerebellum 

and spinal cord (Papay et al., 2006). 
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When looking into the tissue distribution of α2-adrenoceptors, the lack of selective ligands for 

α2-subtypes prevents their proper study by autoradiography or binding. Nevertheless, the use 

of [3H]rauwolscine, which preferably 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 α2C versus α2A compared to the situation in humans 

(reviewed in MacDonald et al., 1992). One example of this is illustrated in Fig 20 where 

Holmberg et al. (2003) compared the binding of [3H]RX821002 (a non-selective α2-

adrenoceptor ligand) and [3H]rauwolscine (α2C preferred ligand) to account for the expression 

of α2 versus α2C, respectively. Fig 20 shows high [3H]RX821002 binding density in the cortex 

and within the basal 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. 

 

 

Figure 20. [3H]RX821002 and [3H]rauwolscine (α2C-prefering ligand) binding in forebrain structures 

at the levels of the nucleus accumbens (upper panel) and caudate-putamen (lower panel). Cl, 

claustrum: Al, agranular insular cortex; Den, dorsal endopiriform nucleus; Tu, olfactory tubercle. 

Modified from Holmberg et al., 2003. 
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Another set of experiments by Fagerholm et al. (2004) are shown in Fig 21 where the binding 

of the non-selective α2-adrenoceptor ligand [3H]RX821002 is shown in a coronal section of a 

mouse. The signal is dramatically reduced in α2A-KO mouse confirming the predominance of 

α2A compared to other α2-adrenoceptor subtypes, especially in the cortex. Another study by 

Holmberg et al. (1999) is shown in Fig 22 where they map the distribution of α2C by using the 

α2C-preferred ligand [3H]rauwolscine. The Fig 22 shows the high expression of α2C in the 

striatum, olfactory tubercle and substantia nigra.  

 

Figure 21. Autoradiography images of WT and α2A-KO coronal mouse brain sections at the level of 

the caudate-putamen, labelled with [3H]RX821002. Extracted from Fagerholm et al., 2004 

Another technique used to map the distribution of α2-adrenoceptor subtypes is in situ 

hybridization. This technique confirms the results just described in which the α2A is the 

predominant α2-adrenoceptor in the brain whereas α2C 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 α2A (Ordway et al., 1993; Uhlen et al., 1997). Finally, the 

α2B subtype is mostly restricted to the thalamus (Nicholas et al., 1993; Scheinin et al., 1994).  

 

 

Figure 22. Autoradiographic localization of [3H]rauwolscine binding sites in the rat brain. Sagittal 

section showing areas with high level of binding (Tu, olfactory tubercle; SN, substantia nigra; CPu, 

caudate-putamen). Extracted from Holmberg et al., 1999. 
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β-Adrenergic receptor subtypes have differential expression patterns. β1-adrenoceptor is 

found at its highest levels in the heart and brain (Frielle et al., 1987), β2-adrenoceptor is more 

widely expressed (Dixon et al., 1987), and β3-adrenoceptor is found at its highest levels in 

adipose tissue (Emorine et al., 1989; Summers et al., 1995). In the brain, β1-adrenoceptor is 

highly expressed in the cortex (Rainbow et al., 1984; Nicholas et al., 1993), especially in the 

intermediate layers of the prefrontal cortex (PFC) where thalamic inputs are concentrated 

(Goldman-Rakic et al., 1990), but also in the thalamus, pineal gland and sympathetic ganglia 

(Nicholas et al., 1996). β2-Adrenoceptors are expressed in the olfactory bulb, cerebral cortex, 

hippocampus, thalamus, hypothalamus, pineal gland and spinal cord (Nicholas et al., 1996). 

They have also been localized on dendritic spines of PFC pyramidal neurons and on GABAergic 

interneurons (Aoki et al., 1998). Finally, many β-adrenoceptors are found on glia (Hansson 

and Ronnback, 1991; Fillenz and Lowry, 1998; Fillenz et al., 1999). 

 

4.4. Neuronal functions of adrenergic receptors 

Because of the lack of sufficiently subtype-selective ligands, the unique physiological 

properties of the adrenoceptor subtypes, for the most part, have not been fully elucidated 

until recently. However, studies in mice carrying deletions in the genes encoding individual 

adrenoceptor subtypes have greatly advanced our knowledge regarding the specific functions 

of these receptors (MacDonald et al., 1997; Rohrer, 1998; Rohrer and Kobilka, 1998; Brette 

et al., 2004; Philipp and Hein, 2004).  

Whereas norepinephrine exerts a wide spectrum of effects in the central nervous system, the 

contribution of the α1-adrenoceptor 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 suggest that this behavior is mediated, at 

least partly, through α1B-adrenoceptors (Spreng et al., 2001). Other studies indicate the 

critical role of α1B-adrenoceptors and noradrenergic transmission in the vulnerability of 

addiction (Drouin et al., 2002). 

In mammalian species, both α2A and α2C receptors seem to be localized mostly 

postsynaptically, preferentially in GABAergic striatal efferent neurons (Holmberg et al., 1999; 
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Hara et al., 2010). However, α2-adrenoceptors can also be expressed presynaptically 

(autoreceptors) where they work as presynaptic feedback inhibitors of neurotransmitter 

release (Langer, 1997; Starke, 2001). The term “autoreceptors” is used when the receptor is 

stimulated by neurotransmitter released from the same neuron. Surprisingly, all three α2-

adrenoceptor subtypes contributed to presynaptic feedback inhibition of noradrenaline 

release from adrenergic neurons in vitro (Trendelenburg et al., 2003). Yet, differences 

between the three α2-subtypes and between tissues were identified. Similar to 

pharmacological predictions, the α2A-subtype was found to be the main inhibitory presynaptic 

feedback receptor in the sparse striatal noradrenergic terminals (Altman et al., 1999; Hein et 

al., 1999; Trendelenburg et al., 2003; Ihalainen and Tanila, 2004). In addition to the α2A-

subtype, α2C participated in presynaptic regulation in the central nervous system, whereas all 

three α2-receptor subtypes served as feedback regulators in peripheral tissues which are 

innervated by sympathetic nerves (Trendelenburg et al., 2003). In addition to their function 

as inhibitory autoreceptors, α2-adrenoceptors 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). In the brain, α2A and α2C-adrenoceptors inhibit dopamine release in basal ganglia 

(Bucheler et al., 2002) and serotonin secretion in mouse hippocampus and brain cortex 

(Scheibner et al., 2001a). 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., 2004ab; Paris et al., 2006). Other functions of α2 receptors in the brain are 

analgesia, sedation/hypnosis, processing of sensory information and centrally-mediated 

cardiovascular control (MacMillan et al., 1996; Lakhlani et al., 1997, Altman et al., 1999; 

Philipp et al., 2002). 

In contrast to the α2-adrenoceptors, which are important for the control of neurotransmitter 

release, the β-receptors are mostly known for their role in the regulation of cardiovascular, 

uterine, and peripheral metabolic functions. An important aspect of β1 is their expression in 

medium spiny neurons (Nahorski et al., 1979; Waeber et al., 1991), where the loss of β1-

adrenoceptors in the striatum was reported in the late stages of Huntington’s disease 

(Waeber et al., 1991). In the pineal gland, norepinephrine released from sympathetic nerves 

controls the circadian rhythm of melatonin synthesis via β-adrenoceptors (Simonneaux and 
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Ribelayga, 2003) and/or D4 dopamine receptor heteromers (González et al., 2012). Several 

studies using mice lacking β1-, β2-, or β3-adrenoceptors indicate that these receptors play a 

central role in regulating numerous functions of the central nervous system, including the 

regulation of sympathetic tone, learning and memory, mood and food intake. Norepinephrine 

acting at β1-adrenoceptors 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 neuronal 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 identified as yet. 
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5. Biophysical techniques to study protein-protein interactions 

Resonance energy transfer (RET) techniques have become experimental methods of choice 

for measuring constitutive and dynamic protein-protein interactions and interrogating 

changes in the activity of many biochemical signaling pathways. Over the last decade, the 

main usage of RET has resided into investigating various protein-protein interactions with 

major usage in the field of GPCRs (Ayoub and Pfleger, 2010; Ferré et al., 2010; Lohse et al., 

2012 for review). The list of publications demonstrating GPCR oligomerization using RET 

techniques is extensive and expanding rapidly.  

The theory of resonance energy transfer (RET) was formulated in 1948 by Theodor Förster 

(Förster, 1948). This phenomenon is based on a non-radiative energy transfer (dipol-dipol) 

from a cromophore in an excited state (donor), to a close molecule that absorbs it (acceptor). 

In FRET (fluorescence resonance energy transfer) both molecules are fluorescent, whereas in 

BRET (bioluminiscence resonance energy transfer) the donor molecule is an enzyme which 

becomes bioluminescent upon catalyzation of its substrate (Fig 23). 

 

Figure 23. Phenomenon of BRET. Rluc (Renilla luciferase) becomes bioluminescent upon oxidation of 

its substrate and emits blue light (480 nm) which can excite the YFP (yellow fluorescent protein) and 

in turn produce emission of green light (530 nm). The BRET ratio is calculated dividing fluorescence 

between luminescence. 

 

Luminescence is a phenomenon occurring naturally in several marine animals such as in the 

jellyfish Aequorea Victoria or the sea pansy Renilla reniformis, of which Rluc was isolated. 

There are two requirements needed for the energy transfer to take place, the first is that the 

emission spectrum of the donor and the excitation spectrum of the acceptor overlap. The 

second requirement is that the distance between donor and acceptor should be equal or 

below 10 nM (or 100 Å) (Milligan, 2004; Pfleger and Eidne, 2005; Marullo and Bouvier, 2007). 

Importantly, the efficacy of energy transfer is inversely proportional to the sixth power of the 
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distance between the donor and acceptor cromophores. The dependence of the energy 

transfer on the distance between donor and acceptor permits real-time measurements that 

are both sensitive and specific to the labeling sites of the proteins, thus allowing inference of 

dynamic structural changes. 

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

energy transfer, which may lead to high background noise resulting from direct excitation of 

the acceptor or photobleaching. BRET experiments can be conducted under conditions that 

more closely reflect the biochemical environments occurring in living organisms.  

BRET technique exists in two variants, BRET1 and BRET2 (Fig 24). In BRET1 the substrate of the 

luciferase is coelenterazine H which gets oxidized and emits blue light at 480 nm. At this 

wavelength, the YFP gets excited and in turn emits at 530 nM. In BRET2 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. The disadvantage is that it has 100 to 300 times lower intensity of emitted 

light since the luminescence emitted by Rluc using Deep Blue C as substrate experiences a 

faster signal decay and lower quantum yield than that emitted by coelenterazine H. 

 

Figure 24. Description of BRET1 and BRET2 assays. Extracted from Institut Cochin. 
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Acceptor and donor moieties can be fused to proteins of interest and following expression of 

the chimeric proteins in cells, production of an energy transfer signal indicates that the donor 

and acceptor are in proximity, and by extension, the proteins to which they are attached.  

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

Rluc8 and Venus. 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). Venus is 

a variant of the YFP, a genetic mutant of the GFP (green fluorescent protein) and it has the 

advantage of improved maturation and brightness as well as reduced environmental 

dependence (Nagai et al., 2002; Rekas et al., 2002). 

Recently, several studies have applied BRET for the study of dynamic cellular processes, like 

the modulation of the interaction of two proteins following pharmacological treatment or the 

development of biosensors for various signaling pathways. The term biosensor is referred to 

pharmacologically responsive interactions of GPCRs with other interacting proteins designed 

to study GPCR signaling pathways. BRET biosensors have been instrumental in advancing our 

understanding of 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. 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. GPCR-related BRET biosensors have already 

established utility as screening platforms in drug discovery process. In the GPCR field, BRET 

has been used most extensively to examine if GPCRs exist as dimers and/or higher order 

oligomers. Evidence in favor of the existence of homodimers has been produced for a 

considerable number of receptors, for example β2-adrenoceptor (Angers et al., 2000), δ-

opioid receptor (McVey et al., 2001), A2a receptor (Canals et al., 2004; Bonaventura et al., 

2015); and heterodimers, for example somatostatin SSTR2A and SSTR1B (Rocheville et al., 

2000), A2a and D2 receptors (Canals et al., 2003), A1 and A2A receptors (Ciruela et al., 2006), 

A2A and CB1 receptors (Carriba et al., 2007), D1 and H3 histamine receptors and D2 and H3 

(Ferrada et al., 2008, 2009; Moreno et al., 2014), D1 and D3 receptors (Marcellino et al., 2008; 

Guitart et al., 2014), or corticothropin-releasing factor (CRF) and orexin receptors (Navarro et 

al., 2015), among others. 
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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. The fundamentals of each assay 

used appear below. 

 

G-protein activation 

This technique allows the monitoring of pharmacological interactions between GPCRs and 

their cognate G proteins in the presence of receptor ligands by measuring BRET between two 

G protein subunits. It requires the use of tagged-fused G-protein subunits. The first study to 

utilize BRET to monitor the activation of heterotrimeric G protein after activation of a GPCR 

came from Bouvier’s lab (Galés et al., 2006). In this study they used probes inserted in 

multiples sites for BRET donors and acceptors to detect real-time ligand-promoted 

conformational changes in human receptor-G protein signaling complexes in living cells.  

In this Thesis, we wanted to compare the efficiency of the activation of different G protein 

subtypes (different α subunits) in the presence of receptor agonists. To do that we used five 

different Gαi subunits fused to Rluc8 as the donor and Gγ subunit fused to Venus as the 

acceptor and BRET was measured after activation of the receptor. Cells are then transfected 

with the following constructs: Gαi-Rluc8 (with different subtypes), Gγ2-Venus, Gβ1, and the 

receptor of choice (Fig 25). 

 

Figure 25. G protein activation. Rluc is fused to the Gα subunit and Venus is fused to the Gγ subunit. 

BRET decrease between Gα and Gγ is recorded after activation of the receptor by a ligand. Obtained 

from Dr. Hideaki Yano. 
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G-protein engagement 

This assay allows the study of real-time receptor-mediated G protein activation in living cells 

by using tagged-fused receptor and G protein subunits. In the case of this thesis we used Rluc-

fused to the receptor and Venus-fused Gαi subunit. The Rluc is located in the C terminus of 

the receptor and is fused through a flexible linker. Cells were cotransfected with Gβ1 and Gγ2 

to maintain the stoichiometry (Fig 26). 

Although drug-induced BRET change reflects receptor activation (Galés et al., 2005), this assay 

is called G protein engagement to differenciate from G protein activation assay described 

above involving two G protein subunits. In addition, the use of the expression G protein 

“engagement” and not “recruitment” is related to a likely precoupled state between receptor 

and G protein (Galés et al., 2005). 

 

 

Figure 26. G protein engagement. Rluc is fused to the C terminal of the receptor Venus is fused to the 

Gα subunit. BRET increase between receptor and Gα is recorded after activation of the receptor by a 

ligand. Obtained from Dr. Hideaki Yano. 

 

β-arrestin recruitment 

In this assay, β-arrestin is fused to Venus and receptor is fused to either Rluc or viceversa and 

drug-induced BRET is measured. In this thesis, we used β-arrestin 2 (Arrestin 3) fused to Venus 

and Rluc-fused receptor (the same receptor constructs used for G protein engagement BRET) 

(Fig 27). GRK (G protein-coupled receptor kinases) is cotransfected since it facilitates β-

arrestin recruitment (Evron et al., 2012).  
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Figure 27. β-arrestin recruitment. Rluc is fused to the C-terminal part of the receptor and Venus is 

fused to the N-terminal part of arrestin. BRET between Receptor and arrestin is recorded after 

activation of the receptor by a ligand. Obtained from Dr. Hideaki Yano. 

 

The first study to use this method was Angers et al. (2000) which used β-arrestin2-YFP and β2-

Rluc adrenoceptor pairs. Since this seminal study, β-arrestin recruitment has been reported 

in many manuscripts, where the time course, dose-response, ligand dependency, and effects 

of receptor homo/hetero-oligomerization on recruitment have been assessed (Pfleger and 

Eidne, 2003; Pfleger et al., 2007). BRET-based assays for the GPCR/β-arrestin interactions are 

so robust that they are suitable for high-throughput screening (Bertrand et al., 2002; Hamdan 

et al., 2005), and they have been developed for many receptors (e.g. chemokine, opiate, 

dopamine, and prostanoid receptors) (Hamdan et al., 2005; Qiu et al., 2007; Coulon et al., 

2008; Klewe et al., 2008; Masri et al., 2008; Leduc et al., 2009). 

 

cAMP accumulation 

In order to measure changes of cAMP concentration in real time in living cells, the cAMP 

biosensor CAMYEL was used. It was developed in 2007 (Jiang et al., 2007) and it consists on a 

catalytically inactive Epac1 sandwiched between the Rluc and YFP (or Venus). The biosensor 

detects the conformational changes in Epac that are induced upon its binding to cAMP. The 

conformational change triggered by an increase in cAMP results in a decrease in BRET 

presumably due to a change on the relative orientation between the donor and the acceptor 

(Fig 28). Therefore, a decrease in BRET is observed as an increase of cAMP, typical of Gs-

coupled receptors or treatment with forskolin. An increase in BRET is interpreted as a 

decrease in cAMP such as the one mediated by a Gi-coupled receptor. 
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Figure 28. Schematic overview of CAMYEL biosensor. Binding of cAMP to CAMYEL induces a 

conformational change in the Epac1 resulting in a decrease of energy transfer from the luciferase to 

the fluorescent protein. Obtained from Dr. Hideaki Yano. 

 

CODA-RET 

Complemented donor-acceptor resonance energy transfer (CODA-RET) combines bimolecular 

complementation of either luminescent or fluorescent proteins (Kerppola, 2006ab; 

Shekhawat and Ghosh, 2011) with RET. It allows the study of a signaling complex comprised 

specifically of two defined GPCRs (Urizar et al., 2011). This technology is based on quantifying 

the BRET between a receptor dimer and a subunit of the heterotrimeric G protein. Each 

receptor is fused to half Rluc on its C-terminal and when the two receptors interact, the two 

Rluc halves complement producing a functional donor of the BRET. The fluorescent acceptor 

is fused to one subunit of the heterotrimeric G protein but it can also be extended to the study 

of arrestins or other interacting partners. In this thesis we used Rluc complementation to 

control for the oligomerization of receptors and Venus-fused Gα subunit (Fig 29). Drug-

induced G protein coupling to the dimer complex (both homomers and heteromers) was 

studied for dopamine and adrenergic receptors. 

 

Figure 29. Schematic representation of CODA-RET. Using the complemented receptors as a donor, 

BRET1 to an acceptor Venus fused to Gα subunit can be measured. Agonist-stimulated BRET change is 
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indicative of G protein coupling. L1 and L2 represent the two halves of the Rluc each fused to the C-

terminal of one receptor (L1, amino acids 1-229; L2, amino acids 230-311). Obtained from Dr. Hideaki 

Yano.  
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II. AIMS 

 

 

 

Dopamine is an important neurotransmitter implicated in the regulation of important aspects 

of brain function including locomotor activity, motivation, memory and addiction. It binds to 

and activates two families of receptors: D1-like and D2-like receptors. In general, dopamine 

innervation coincides with the distribution of dopaminergic receptors, but this is not always 

the case in the brain. The cerebral cortex receives dense noradrenergic innervation and even 

though dopaminergic terminals are more concentrated in the prefrontal cortex (Descarries et 

al., 1987; Séguéla et al., 1990), the localization of dopamine receptors exceeds that of the 

dopaminergic terminals. One possible explanation already described for the D4 receptor (D4R) 

is the possibility of dopaminergic receptors to be activated by norepinephrine. However, no 

evidence existed for the other D2-like receptors. In addition, no clear functional differences 

have been found between the products of the very prevalent polymorphic variants of the D4R 

gene. One of these variants in particular, the D4.7R variant, has been repeatedly associated 

with disinhibition, which is an endophenotype for ADHD and SUD. For these reasons we 

formulated the following aim: 

AIM 1: To study the possible activation of D2-like receptors (including the three main 

D4R variants) by norepinephrine and how it compares to dopamine by radiolabeled 

ligand binding and functional BRET-based assays.  

 

The neurotransmitter norepinephrine has an important role in wakefulness, attention, 

learning, memory and stress. It binds and activates three families of receptors: α1 (α1A, α1B, 

α1D), α2 (α2A, α2B, α2C) and β (β1, β2, β3). α2A-adrenoceptor (α2AR) is the main subtype in most 
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brain regions and is highly expressed in the striatum together with α2C (α2CR). The well-

appreciated low levels of norepinephrine in the striatum prompted a fundamental question 

about the function of adrenergic receptors in the striatum.  It has been previously postulated 

that dopamine could provide the endogenous neurotransmitter for striatal α2-adrenoceptors, 

although with confounding results, leaving the question unanswered. For these reasons we 

formulated the following aim: 

AIM2: To study the activation of α2AR and α2CR by dopamine and dopaminergic 

ligands by radiolabeled ligand binding and G protein-subtype activation assay. 

 

It is now well accepted that GPCRs form homo- and heterodimers or high order oligomers at 

the membrane level. These protein-protein interactions implicate important changes in the 

pharmacological and functional properties of these receptors, and characterizing them is 

fundamental to understand their role in the brain as well as for their therapeutic implications. 

The specific function of D4R in the brain was unknown until recent results from in vivo 

experiments in our lab demonstrated a key role of D4R in the control of corticostriatal 

transmission. Interestingly, D4.7R provided a gain of function of the receptor, compared to 

D4.4R. Some evidence suggests that this function may depend on molecular interactions with 

other receptors since a decreased ability of D4.7R to establish intermolecular and functional 

interactions with D2 receptors (D2R) in transfected cells was demonstrated (Borroto-Escuela 

et al., 2011; González et al., 2012). Similar to D4R, the α2A-adrenoceptor (α2AR) gene contains 

several polymorphisms that have been associated with ADHD and impulsivity (Roman et al., 

2003; Park et al., 2005; Stevenson et al., 2005). 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 Gi/o-coupled receptors, we 

formulated the third aim of this thesis: 

AIM 3: To compare the ability of D4.4R and D4.7R to form functional complexes with 

D2R and α2AR in transfected cells and activate G protein by different ligands 

including dopamine and norepinephrine.
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III. MATERIAL AND METHODS 

 

 

3.1. DNA Constructs and Transfection  

For all the receptor constructs, a signal peptide followed by a Flag epitope tag were fused to 

the N-terminus for enhanced cell surface expression (Guan et al., 1992) and their detection 

(Guo et al., 2008). Human receptor constructs were used for D2SR, D2LR, D3R, D4.2R, D4.4R, 

D4.7R (Guitart et al., 2014; Frederick et al., 2015) and α2AR, α2CR (cDNA resource center). 

For fusion receptor constructs with Renilla luciferase 8 (RLuc8; provided by Dr. S. Gambhir, 

Stanford University, Stanford, CA), the cDNA encoding full-length RLuc8 was fused in frame 

to the C terminus of receptors as reported elsewhere (Urizar et al., 2011). The following 

human G protein constructs were used: Gαi1-mVenus with mVenus inserted at position 91, 

Gαi1-, Gαi2-, Gαi3-, Gαo1-, or Gαo2-RLuc8 with RLuc8 inserted at position 91, Gαs-RLuc8 with 

RLuc8 inserted at position 67, Gαq-RLuc8 with RLuc8 inserted at position 97, untagged Gβ1, 

untagged Gγ2, and Gγ2 fused to full-length mVenus at its N terminus. The Gα-Rluc8 constructs 

were kindly provided by Dr. Céline Galés (INSERM, Toulouse, France). The cAMP sensor with 

yellow fluorescence protein (YFP)-Epac-RLuc (CAMYEL) was obtained from the American Type 

Culture Collection (no. MBA-277; ATCC, Manassas, VA) (Jiang et al., 2007). G protein-coupled 

receptor kinase 2 (GRK2) and mVenus-fused β arrestin-2 (Vishnivetskiy et al., 2011) constructs 

were obtained from Dr. J. Javitch (Columbia University, New York, NY). All the constructs were 

confirmed by sequencing analysis.  

A constant amount of plasmid cDNA (15 µg) was transfected into HEK293Tcells using 

polyethylenimine (Sigma-Aldrich) in 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 
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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. The experiments were performed approximately 48-hours after transfection. 

 

3.2. BRET assays 

Variations of BRET were performed to detect receptor ligand-induced events for: 1) Gi/o 

protein activation, 2) G protein engagement, 3) adenylyl cyclase activity, 4) β arrestin 

recruitment, and 5) CODA-RET. 

Gi/o protein activation assay uses RLuc-fused Gαi/o protein subunit and mVenus-fused Gγ2 

protein for resonance energy transfer (RET) pair. Flag-tagged receptor and untagged Gβ1 

constructs were cotransfected.  

Gi/o protein engagement uses RLuc-fused at the C-terminus of the receptor and mVenus-

fused Gi1 protein for resonance energy transfer (RET) pair. Untagged Gβ1 and Gγ2 were 

cotransfected. 

The adenylyl cyclase activity assay uses CAMYEL biosensor construct that contains RLuc and 

YFP allowing detection of intracellular cAMP change (Jiang et al., 2007). To study Gαi 

dependent inhibition activity, cells were prestimulated with 1µM or 10 µM forskolin (Sigma-

Aldrich). Experiments using Pertussis toxin (PTX) to eliminate the Gαi-mediated Adenylyl 

cyclase inhibition were performed by treating the cells with 0.1 µg/ml pertussis toxin (Sigma-

Aldrich) for 18 h. 

The β arrestin recruitment uses RLuc-fused receptor and mVenus-fused β arrestin-2 for the 

RET pair. GRK2 was cotransfected to assist an enhanced phosphorylation required for the β 

arrestin recruitment (Evron et al., 2012).  

The CODA-RET assay uses receptor fused to Rluc splits for complementation. The L1 split 

corresponds to residues 1-229 whereas the L2 split corresponds to residues 230-311 and they 

are fused in frame to the C-terminus of D4.4R, D4.7R, D2SR or α2aR in the pcDNA3.1 vector. 

To study G-protein activation mediated by dimers, Gαi1-mVenus was used as the acceptor. 
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The transfected amount and ratio among receptor-L1 and receptor-L2 was optimized by 

testing various ratios of plasmids. 

As reported previously (Urizar et al., 2011), 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 (substrate for luciferase) was added to each well. One 

minute after addition of coelenterazine H, the ligand (dopamine, L-(-)-norepinephrine, 

clonidine, RO 10-5824, 7-OH-PIPAT, PD 168077, quinpirole, pramipexole, ropinirole, 

rotigotine) was added to each well. Antagonists were added 10 minutes before the addition 

of agonist. 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 (510–540 nm) over that emitted by RLuc (485 nm). Results are 

calculated for the BRET change (BRET ratio for the corresponding drug minus BRET ratio in 

the absence of the drug) 10 minutes (or 20 for β-arrestin assay) after the addition of the 

ligands. Data and statistical analysis were performed with Prism 5 (GraphPad Software). 

 

3.3. Radioligand Binding Experiments 

In this thesis two binding assays were performed; the first was done using HEK cells and the 

second with brain tissue. They use slightly different methodologies for analyzing the data so 

I will describe them individually. 

3.3.1. HEK 293 cells binding assay 

Human embryonic kidney (HEK) 293 cells stably expressing human D2R, D3R, or D4.4R were 

grown in a 50:50 mix of Dulbecco’s modified Eagle’s medium and Ham’s F-12 culture medium, 

supplemented with 20 mM HEPES, 2mM L-glutamine, 0.1 mM nonessential amino acids, 1X 

antibiotic/antimycotic, 10% heat-inactivated fetal bovine serum, and 200 µg/ml hygromycin 

(Life Technologies, Grand Island, NY) and kept in an incubator at 37°C and 5% CO2. Upon 

reaching 80% to 90% confluence, cells were harvested using premixed Earle’s Balanced Salt 
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Solution with 5 µM EDTA (Life Technologies) and centrifuged at 3000 rpm for 10 minutes at 

21°C. The supernatant was removed, and the pellet was resuspended in 10 ml hypotonic lysis 

buffer (5 mM MgCl2, 5 mM Tris, pH 7.4 at 4°C) and centrifuged at 20,000 rpm for 30 minutes 

at 4°C. The pellet was then resuspended in fresh binding buffer (50 mM Tris, 10 mM MgCl2, 1 

mM EDTA, pH 7.4). A Bradford protein assay (BioRad Laboratories, Hercules, CA) was used to 

determine the protein concentration. 

All test compounds were freshly dissolved in 30% dimethylsulfoxide (DMSO) and 70% H2O to 

a stock concentration of 1 mM or 100 µM. Each test compound was then diluted into 11 half-

log serial dilutions Using 30% DMSO vehicle; final test concentrations ranged from 10 µM to 

10 pM in duplicates. Competitive-inhibition experiments were conducted in 96-well plates 

containing 300 µl fresh binding buffer, 50 µl of diluted test compound, 100 µl of membranes 

suspension (80 µg/well for D2R, 40 µg/well for D3R and 60 µg/well for D4.4R), and 50 µl of 

radioligand diluted in binding buffer (7-hydroxy-N,N-di-n-propyl-2-aminotetralin: [3H]7-OH-

DPAT; 1.5 nM final concentration for D2R, 0.5 nM final concentration for D3R, 3 nM final 

concentration for D4.4R; ARC, Saint Louis, MO). Nonspecific binding was determined using 10 

µM (+)-butaclamol (Sigma-Aldrich, St. Louis, MO), and total binding was determined with 30% 

DMSO vehicle.  

The reaction was incubated for 90 minutes at room temperature and terminated by filtration 

through Uni-Filter-96 GF/B (PerkinElmer, Waltham, MA), presoaked in 0.5% 

polyethylenimine, using a Brandel 96-Well Plates Harvester Manifold (Brandel Instruments, 

Gaithersburg, MD). Filters were washed 3 times with 3 ml of ice-cold binding buffer; 65 µl 

PerkinElmer MicroScint 20 Scintillation Cocktail was added, and the filters were counted using 

a PerkinElmer MicroBeta Microplate Counter. The IC50 values for each compound were 

determined from dose–response curves, and the Ki values were calculated using the Cheng-

Prusoff equation in GraphPad Prism 5 (GraphPad Software, San Diego, CA). Reported Ki values 

were determined from at least three independent experiments. 
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3.3.2. Brain tissue binding assay 

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, 

pH 7.4 containing a proteinase inhibitor cocktail (Sigma, St. Louis, MO, USA). Membranes 

were obtained by centrifugation twice at 37000 rpm 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, pH 7.4, containing 10 mM MgCl2. For α2R competition-binding assays, 

membrane suspensions (0.2 mg of protein/mL) were incubated for 2 h with a constant free 

concentration of 0.9 nM of the α2R antagonist [3H]RX821002, and increasing concentrations 

of each tested ligand: NE, DA, clonidine, 7-OH-PIPAT, quinpirole, RO-105824 and PD-168077. 

For α2R saturation-binding assays, membrane suspensions (0.2 mg of protein/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 antagonist [3H]RX821002. Non-specific 

binding was determined in the presence of 10 µM of the non-radiolabeled antagonist 

RX821002. 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 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%. 

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, 

2009; Ferré et al., 2014). In saturation experiments with the radioligand, the model analyzes 

the total number of radioligand binding sites (Bmax; more specifically it calculates RT, the total 

number of dimers, where Bmax = 2RT), the affinity of the radioligand for the first protomer in 



MATERIAL AND METHODS 

90 
 

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 affinity 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 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 (26, 43). The equation describing the saturation experiment with the radioligand A 

in non-cooperative conditions (KDA2/KDA1 = 4) is: Abound = 2 A RT / (2 KDA1 + A), where A 

represents de radioligand concentration. To calculate the macroscopic equilibrium 

dissociation constants from competition experiments, the following general equation must 

be applied: Abound = (KDA2 A + 2A2 + 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. F. For A non-cooperative and non-allosteric modulation between 

A and B, the equation is simplified due to the fact that KDA2 = 4KDA1 and KDAB = 2KDB1; Abound = 

(4KDA1 A + 2A2 + 2KDA1 A B / KDB1) RT / (4KDA1
2 + 4KDA1 A + A2 + 2KDA1 A B / KDB1 + 4KDA1

2 B / KDB1 

+ 4KDA1
2 B2 / (KDB1 KDB2)). 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 = (4KDA1 A + 2A2 + 2KDA1 A B / KDB1) RT / (4KDA1
2 + 4KDA1 A + A2 + 2KDA1 A B / KDB1 

+ 4KDA1
2 B / KDB1 + KDA1

2 B2 / KDB1
2). 
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3.4. FACS assay 

Fluorescence-activated cell sorting (FACS) was performed to determine the surface 

expression of each receptor construct, as described elsewhere (Costagliola et al., 1998), with 

FACS Canto II (BD Biosciences, San Jose, CA). Briefly, a fraction of the same cells used for BRET 

(∼500,000 cells) were harvested and incubated with anti-Flag monoclonal antibody (Sigma-

Aldrich) in FACS buffer (phosphate-buffered saline with 1% bovine serum albumin and 0.1% 

sodium azide), washed, and incubated with the secondary anti-mouse antibody conjugated 

with Alexa Fluor 647 (Invitrogen, Carlsbad, CA). Data are normalized to non-specific staining 

from the non-transfected cells. 
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IV. RESULTS AND DISCUSSION 

 

 

Chapter 1. 

Evidence for noncanonical neurotransmitter activation: Norepinephrine as a 

dopamine D2-like receptor agonist 

 

 

As with any other G protein–coupled receptors (GPCR), by classic radioligand binding studies, 

monoaminergic neurotransmitter receptors have been defined into subclasses of receptors 

with the name of the neurotransmitter with the highest affinity. As explained previously, 

dopamine receptors are classified in two families, the Gs/olf-coupled D1-like receptors, 

comprising D1 and D5 receptors (D1R and D5R) and the Gi/o-coupled D2-like receptors, 

comprising D2, D3, and D4 receptors (D2R, D3R, and D4R) (Beaulieu and Gainetdinov, 2011). 

D2-like receptors are expressed in brain areas involved in neuropsychiatric disorders and 

constitute targets for neurologic and antipsychotic medications. Structurally similar, the 

catecholamine norepinephrine is a metabolite of dopamine that requires dopamine β 

monooxygenase for the conversion. Therefore, the presence of the enzyme by the cell type 

distinguishes norepinephrine from dopamine release sites.  

In general, norepinephrine and dopamine innervation coincides with the distribution of 

adrenergic and dopaminergic receptors, respectively, but this afferent-receptor coincidence 

is not always the case in the brain. Particularly in rodents, the cerebral cortex receives dense 

and widespread noradrenergic innervation, whereas dopaminergic terminals are more 
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concentrated in the prefrontal cortex (Descarries et al., 1987; Séguéla et al., 1990). However, 

dopamine receptors are expressed throughout the cortex, and their localization exceeds that 

of the dopaminergic terminals (Lidow et al., 1989; Richfield et al., 1989; Goldsmith and Joyce, 

1994; Wedzony et al., 2000). It has therefore been suggested that dopamine is a 

coneurotransmitter in noradrenergic neurons (Devoto and Flore, 2006) or that there is a long-

range volume transmission of catecholamines (Rivera et al., 2008; Agnati et al., 2010). In fact, 

noradrenergic asynaptic varicosities constitute a majority of releasing sites in the cortex 

(Séguéla et al., 1990). Another mechanism, but specifically invoked for D4R (Lanau et al., 

1997; Newman-Tancredi et al., 1997; Rivera et al., 2008; Cummings et al., 2010; Root et al., 

2015), is the possibility that dopamine receptors can also be activated by endogenous 

norepinephrine. 

The aim of this chapter which is reflected in the first aim of this thesis, is to investigate how 

norepinephrine compares with dopamine in ligand binding to effector-specific functional 

outcomes using bioluminescence resonance energy transfer (BRET) assays for all the D2-like 

receptors. A canonical Gi/o noradrenergic receptor, the α2A adrenergic receptor (α2AR), was 

also analyzed for comparison. This study included the short and long isoforms of D2R (D2SR 

and D2LR, respectively) and the three most common human polymorphic variants of the D4R 

gene, with 2-, 4-, or 7-nucleotide tandem repeats in the sequence encoding the third 

intracellular loop (D4.2R, D4.4R, and D4.7R). Thus, another unresolved issue about D2-like 

receptors is the possible functional distinction among different isoform and polymorphic 

variants. For D2SR and D2LR, distinct presynaptic versus postsynaptic localization patterns 

respectively have been confirmed by various studies (Khan et al., 1998; Centonze et al., 2003; 

Lindgren et al., 2003), but there is no consensus about their main functional differences at 

the cellular level. Nevertheless, some studies indicate a differential dependence of D2SR and 

D2LR on Gαi/o protein subunits for agonist-induced signaling (Gardner et al., 1996; Xu et al., 

2002). Although initial studies seemed to indicate that the D4.7R signals with less efficiency 

than the most common variant D4.4R (Asghari et al., 1995; Jovanovic et al.,1999), more recent 

studies suggest that their differences might arise from specific protein interactions, including 

dopamine receptor heteromerization (González et al., 2012b; Ferré et al., 2014). 
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1.1 Norepinephrine binds to all dopamine D2-like receptor subtypes with high affinity in 

stably transfected HEK-293 cells. 

Radioligand competition experiments with the D2-like receptor agonist [3H]7-OH-DPAT 

(Lévesque et al., 1992) were performed in HEK-293 cells stably transfected with D2SR, D2LR, 

D3R, or D4.4R, to compare the affinities of dopamine and norepinephrine for the D2-like 

receptors. Competition experiments revealed the high affinity (low Ki values) of dopamine for 

all the D2-like receptors, with a rank order of D3R>D4.4R≥D2SR=D2LR (Table 1). Consistent 

with previous reports (Missale et al., 1998), dopamine showed a Ki value for D3R significantly 

lower (higher affinity) than for D2LR. Norepinephrine also showed high and similar affinity 

(around 50 nM) for the four D2-like receptor subtypes, with only 4-fold (D2LR) to 15-fold (D3R) 

less affinity compared with dopamine (Table 1). 

 

Table 1. Binding affinities of dopamine and norepinephrine for D2LR, D2SR, D3R, and D4.4R 

 Dopamine Norepinephrine NE/DA (Ki) 

Receptor Ki (nM)  

D2LR 16 ± 4 62 ± 17 3.9 

D2SR 12.5 ± 3.1 75 ± 10 6 

D3R 3 ± 1 * 43 ± 15 14.3 

D4.4R 6.4 ± 2.0 68 ± 25 10.6 

 
Results are from competitive inhibition experiments of [3H]7-OH-DPAT versus dopamine or 
norepinephrine in HEK-293 cells stably expressing D2LR, D2SR, D3R, or D4.4R. The equilibrium 
inhibition constant (Ki; nM) is shown for dopamine or norepinephrine. Values are the mean ± 
S.E.M. of three to six independent experiments. NE/DA, ratio between Ki values of 
norepinephrine and dopamine for each receptor. *p<0.05: significantly different compared to 
D2LR (one-way ANOVA, followed by post hoc Newman-Keuls test).  
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1.2 Norepinephrine signals with similar potency through all dopamine D2-like receptor 

subtypes in transiently transfected HEK-293T cells. 

D2-like receptors, by activating Gi/o proteins, inhibit adenylyl cyclase, therefore decreasing 

intracellular cAMP levels; consequently, the activation of cAMP targets, such as cyclic 

nucleotide gated channels, exchange protein directly activated by cAMP (Epac) and cAMP-

dependent protein kinase or protein kinase A (Antoni, 2012). To find a functional correlate of 

the results obtained with radioligand binding experiments, we measured D2-like receptor-

mediated inhibition of adenylyl-cyclase by measuring cAMP levels in intact cells transiently 

transfected with D2LR, D2SR, D3R or the D4R variants D4.2R, D4.4R, or D4.7R, using cAMP 

sensor with CAMYEL, a kinase-dead Epac I–based cAMP BRET biosensor. The model takes 

advantage of the conformational changes in Epac that are induced upon its binding to cAMP. 

The conformational change triggered by cAMP results in a decrease in BRET due to luciferase 

and YFP changing their relative orientation from each other. A decrease in cAMP levels is 

therefore observed as an increase in BRET (Fig. 2A) (Jiang et al., 2007). HEK-293T cells are 

reported to endogenously express β adrenergic receptors (Atwood et al., 2011). Accordingly, 

norepinephrine in nontransfected cells stimulated Gs-mediated cAMP increase, which could 

be completely inhibited by the selective β adrenergic blocker propranolol (10 µM; (Fig. 1). 

Therefore, propranolol was added throughout the cAMP detection experiments to determine 

transfected D2-like receptor-mediated responses.  

 

Figure 1. Adenylyl cyclase activation induced by norepinephrine mediated by β adrenergic 
receptors in non-transfected HEK-293T cells. Dose dependent increase in cAMP without (black) 
and with the presence of specific β blocker propranolol (blue). Cells were pre-treated with 
propranolol (10 μM) 10 minutes prior to norepinephrine addition for the antagonist experiment 
(blue). Cells were treated with coelenterazine H followed by increasing concentrations of 
norepinephrine. After 10 minutes BRET was measured and basal BRET values were subtracted 
from BRET values for each norepinephrine concentration. Data represent means ± S.E.M. of 3 to 
4 experiments performed in triplicate and are shown as a percentage of the maximal effect. 
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The assay showed a high sensitivity and provided EC50 values for dopamine and 

norepinephrine that were similar, albeit slightly lower, to the Ki values observed in radioligand 

binding experiments (Fig. 2, Table 2). The slightly higher potency, particularly of dopamine, in 

the adenylyl cyclase inhibition assay compared with the radioligand displacement assay may 

be due to an artifactual ceiling effect set by potentially low cellular expression of the 

biosensor in a certain population of transfected cells. Depending on the proportion of low-

expressing cells, the response of the decrease in cAMP production, read as an increase in 

BRET, may be seen prematurely as fully efficacious, giving a low estimate of EC50. 

Same as the binding experiments, both dopamine and norepinephrine showed low EC50 

values with D3R, which were significantly different compared with D2LR (Table 2). In 

comparison with the binding experiments, both for dopamine and norepinephrine the EC50 

values were moderately higher for D2LR than D2SR, although not statistically different for 

norepinephrine (Table 2). For dopamine, the EC50 values with the three D4R isoforms were as 

low as with D3R, and no statistically significant differences were obtained between the EC50 

values for dopamine and norepinephrine in cells transfected with D4.2R, D4.4R, or D4.7R. In 

terms of efficacy, the Emax values for both dopamine and norepinephrine were statistically 

significantly higher for D2SR and lower for D3R compared with D2L, and no differences were 

observed among the D4R variants (Table 2). 
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Figure 2. Adenylyl cyclase inhibition by D2LR, D2SR, D3R, D4.2R, D4.4R, and D4.7R. (A) Scheme 
of the CAMYEL sensor configuration where the intramolecular conformational change triggered 
by cAMP results in a decrease in BRET due to RLuc8 and YFP changing their relative orientation 
from each other. (B–G) Dose–response experiments of adenylyl cyclase inhibition by dopamine 
(●) or norepinephrine (○) mediated by D2LR, D2SR, D3R, D4.2R, D4.4R, and D4.7R in HEK-293T 
cells transiently expressing the CAMYEL sensor and the indicated D2-like receptor: (B) D2LR, (C) 
D2SR, (D) D3R, (E) D4.2R, (F) D4.4R, or (G) D4.7R. Cells were treated with forskolin (10 µM) for 10 
minutes followed by dopamine or norepinephrine and BRET values obtained by forskolin alone 
were subtracted from BRET values for each agonist concentration. Data represent the mean ± 
S.E.M. of 6 to 11 experiments performed in triplicate and are shown as a percentage of the 
maximal effect (see Table 2 for EC50 and Emax values and statistical comparisons). 
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Table 2. Adenylyl cyclase inhibition by dopamine and norepinephrine mediated by D2LR, 
D2SR, D3R, D4.2R, D4.4R, and D4.7R. 
 

 Dopamine Norepinephrine 
NE/DA 

(EC50) 

Receptor EC50 (nM) Emax EC50 (nM) Emax  

D2LR 9.4 ± 1.1 94 ± 8 88 ± 17 94 ± 6 9.4 

D2SR 6.7 ± 0.5 *** 140 ± 7 *** 62 ± 6 149 ± 8 *** 9.3 

D3R 1.6 ± 0.2 *** 48 ± 7 *** 19 ± 3 *** 50 ± 5 *** 12 

D4.2R 1.8 ± 0.2 *** 74 ± 8 54 ± 8 69 ± 8 30 

D4.4R 1.4 ± 0.2 *** 98 ± 9 53 ± 8 79 ± 6 38 

D4.7R 1.6 ± 0.3 *** 83 ± 11 53 ± 13 84 ± 6 33 

 
Results are from adenylyl cyclase inhibition-BRET experiments in HEK-293T cells transiently 
transfected with the CAMYEL sensor and one of the indicated receptors. Data were fit by 
nonlinear regression to a sigmoidal dose–response relationship against the agonist 
concentration. The EC50 and Emax values are mean ± S.E.M. of 6 to 11 experiments performed in 
triplicate. Emax values are expressed as 1000 x [BRETmax - BRETbasal]. NE/DA, ratio between EC50 
values of norepinephrine and dopamine for each receptor. aP, 0.001, significantly statistically 
different compared with D2LR (one-way analysis of variance, followed by post hoc Newman-Keuls 
test). 

 

1.3 Norepinephrine activates most G proteins with different Gai/o subunits via D2-Like 

receptors at submicromolar concentrations in transiently transfected HEK-293T Cells. 

Gαi/o protein subunits are associated with the canonical inhibition of adenylyl cyclase and 

can be grouped in Gαi, comprising the Gαi1, Gαi2, and Gαi3 subunits, and Gαo, comprising 

the Gαo1 and Gαo2 splice variants. Studies have suggested the existence of differences in the 

ability of GPCR to activate G proteins with different Gαi/o subunits, including different D2-like 

receptor subtypes (see Discussion and Montmayeur et al., 1993; Liu et al., 1994; Lane et al., 

2008), which coincides with different proportions of G protein subunits expressed in different 

cell types and brain regions (Orford et al., 1991; Jiang et al., 2001). Therefore, using BRET 

methodology, we compared the ability of dopamine and norepinephrine to activate Gi/o 

proteins with different Gαi/o subunits via all different D2-like receptor subtypes, including the 
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two D2R isoform variants and the three main D4R polymorphic variants. For this purpose, we 

used luciferase-fused Gαi1, Gαi2, Gαi3, Gαo1, or Gαo2 and Venus-fused γ2 subunit 

constructs. β1 and γ2 were chosen because of their wide expression in the brain. 

As characterized thoroughly in previous reports (Galés et al., 2005, 2006), the ligand-induced 

G protein conformational change results in negative BRET change, consistent with the 

opening and distancing between the Gαi and γ2 proteins, which is interpreted as the 

activation of the heterotrimeric G protein. Taking advantage of a high sequence homology 

among the five Gαi/o protein subunits, constructs with a luciferase insertion in the same 

position (i.e., amino acid 91) were used. Luminescence and fluorescence were always 

measured to control for similar expression levels of transiently transfected G proteins 

(luciferase-Gαi, β1, and Venus-γ2). Receptor constructs were fused to a Flag epitope at the N 

terminus, which allowed measurements of cell-surface expression by anti-Flag 

immunostaining by FACS (Fluorescence-activated cell sorting). To avoid a significant influence 

by spare receptors, an amount for the receptor cDNA that proportionately increased the 

surface receptor expression as well as Emax was chosen for the study (data not shown). FACS 

analysis also showed no statistically significant differences in the cell surface expression 

among the D2R and D4R variants transfected (Fig. 3).  
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Figure 3. Surface expression of D2LR, D2SR, D4.2R, D4.4R, and D4.7R. Surface expression of the 
different D2R and D4R variants in cells used for Gi protein activation (transfected with Gαi1 
subunit, unfused β1 and γ2-mVenus). As described in Materials and Methods, the surface levels 
of D2R and D4R variants were visualized by anti-flag immunostaining and detected by FACS. Data 
are normalized to non-specific staining from the non-transfected cells and shown as means ± 
S.E.M. of 3 to 4 experiments. 
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The EC50 values for both dopamine and norepinephrine were in the submicromolar range for 

most D2-like receptors and Gαi/o protein subunits, and they were relatively higher than those 

obtained in radioligand displacement and adenylyl cyclase inhibition experiments (Fig. 4, 

Table 3). Gi/o protein coupling specificity was demonstrated by the absence of Gs or Gq 

protein activation by D2-like receptors; the absence of dopamine- or norepinephrine-induced 

Gαi1 protein activation via endogenously expressed receptors was confirmed in cells without 

transfected D2-like receptors (Fig. 5). In addition, selective involvement of transfected D2-like 

receptors in dopamine and norepinephrine-induced G protein activation (with the Gαi1 

subunit) was demonstrated by dose-dependent blockade with the D4R antagonist L745,870 

(3-{[4-(4-chlorophenyl)piperazin-1-yl]methyl}-1H-pyrrolo[2,3-b]pyridine) and the D2R-D3R 

antagonist raclopride (Fig. 6). 

 

 

Figure 4. G protein activation by D2LR, D2SR, D3R, D4.2R, D4.4R, and D4.7R.  (A) Scheme of the 
constructs used for G protein activation BRET experiments where RLuc8 is fused to the Gαi1 
subunit and mVenus is fused to the γ2 subunit. (B–G) Dose–response experiments of G protein 
activation by dopamine (●) or norepinephrine (○) mediated by D2LR, D2SR, D3R, D4.2R, D4.4R, 
and D4.7R in HEK-293T cells transiently expressing the G protein subunits Gαi1-RLuc8, unfused 
β1 and γ2-mVenus and the indicated D2-like receptor: (B) D2LR, (C) D2SR, (D) D3R, (E) D4.2R, (F) 
D4.4R, or (G) D4.7R. Cells were treated with coelenterazine H followed by increasing 
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concentrations of dopamine or norepinephrine. After 10 minutes, BRET between G protein 
subunits was measured as described in Materials and Methods. BRET values in the absence of 
ligands were subtracted from the BRET values for each agonist concentration. Data were fit by 
nonlinear regression to a sigmoidal dose–response relationship against the agonist concentration 
and are shown as a percentage of the maximal effect. Data represent the mean ± S.E.M. of 11 to 
18 experiments performed in triplicate (see Table 3 for EC50 and Emax values and statistical 
comparisons).  

 

 

 

Table 3. G protein activation by dopamine and norepinephrine mediated by D2LR, D2SR, D3R, 
D4.2R, D4.4R, and D4.7R involving different Giα/o subtypes.  
 

  Dopamine Norepinephrine 
NE/DA 

(EC50) 

Gα 

subunit 
Receptor EC50 (nM) Emax EC50 (nM) Emax  

Gαi1 D2LR 393 ± 43 19 ± 1 3609 ± 549 17 ± 1 9.2 

 D2SR 161 ± 24 a 30 ± 1 a 987 ± 171 a 26 ± 1 a 6.1 

 D3R 12 ± 3 a 15 ± 1 83 ± 33 a 15 ± 1 6.9 

 D4.2R 18 ± 5 a 17 ± 1 116 ± 28 a 16 ± 2 6.4 

 D4.4R 21 ± 6 a 22 ± 1 215 ± 31 a 20 ± 1 10.2 

 D4.7R 26 ± 5 a 25 ± 2 c 229 ± 44 a 19 ± 1 8.8 

Gαi2 D2LR 177 ± 46 21 ± 1 1765 ± 391 24 ± 4 10 

 D2SR 92 ± 10 * 41 ± 2 a 1280 ± 309 39 ± 2 b 14 

 D3R NA NA NA NA  

 D4.2R 24 ± 6 a 37 ± 3 a 340 ± 69 b 31 ± 5 14 

 D4.4R 19 ± 2 a 37 ± 4 a 134 ± 30 b 35 ± 2 c 7 

 D4.7R 28 ± 8 b 45 ± 3 a 285 ± 46 b 47 ± 3 a 10.2 
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Gαi3 D2LR 132 ± 34 26 ± 2 1198 ± 160 26 ± 3 9.1 

 D2SR 52 ± 8 a 40 ± 2 a 379 ± 103 a 40 ± 2 b 7.3 

 D3R 3.6 ± 0.6 a 16 ± 1 a 49.4 ± 13 a 17 ± 1 c 13.7 

 D4.2R 21 ± 7 a 29 ± 2 316 ± 70 a 30 ± 6 15 

 D4.4R 12 ± 3 a 42 ± 5 a 476 ± 116 a 34 ± 3 39.7 

 D4.7R 15 ± 2 b 38 ± 3 c 398 ± 102 a 39 ± 4 * 26.5 

Gαo1 D2LR 182 ± 42 35 ± 2 534 ± 67 31 ± 2 2.9 

 D2SR 24 ± 4 c 36 ± 1 159 ± 26 c 36 ± 2 6.6 

 D3R 2 ± 0.3 c 22 ± 1 c 33 ± 11 c 21 ± 2 16.5 

 D4.2R 197 ± 45 53 ± 3 b 408 ± 118 54 ± 4 a 2.1 

 D4.4R 225 ± 44 57 ± 3 a 403 ± 78 54 ± 3 a 1.8 

 D4.7R 228 ± 38 60 ± 4 a 557 ± 114 58 ± 4 a 2.4 

Gαo2 D2LR 227 ± 41 64 ± 1 727 ± 53 55 ± 2 3.2 

 D2SR 49 ± 14 a 64 ± 2 298 ± 68 a 60 ± 3 6.1 

 D3R 3 ± 0.4 a 33 ± 2 a 49 ± 19 a 30 ± 3 a 16.3 

 D4.2R 36 ± 16 a 72 ± 6 81 ± 26 a 61 ± 5 2.3 

 D4.4R 50 ± 14 a 69 ± 4 275 ± 55 a 63 ± 3 5.5 

 D4.7R 128 ± 51 c 63 ± 5 122 ± 36 a 57 ± 5 0.95 

 
 
Results were obtained from G protein activation-BRET experiments in HEK-293T cells transiently 
transfected with different Gαi-RLuc8 subtypes (Gαi1, Gαi2, Gαi3, Gαo1, Gαo2) and γ2-mVenus in 
cells expressing different D2-like receptors. Data were fit by nonlinear regression to a sigmoidal 
dose–response relationship against the agonist concentration. The EC50 and Emax values are the 
mean ± S.E.M. of 5 to 18 experiments performed in triplicate. Emax values are expressed as 1000 
x [BRETmax - BRETbasal]. NA, not adjusted. NE/DA, ratio between EC50 values of norepinephrine 
and dopamine. aP < 0.001 compared with D2LR (one-way analysis of variance, followed by post 
hoc Newman-Keuls test). bP < 0.05 compared with D2LR (one-way analysis of variance, followed 
by post hoc Newman-Keuls test). cP< 0.01 compared with D2LR (one-way analysis of variance, 
followed by post hoc Newman-Keuls test). 
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Figure 5. Specificity of dopamine and norepinephrine-mediated activation of Gi by D2LR, D2SR, 
D3R, D4.2R, D4.4R, and D4.7R. G protein activation-BRET experiments showing the absence of G 
protein activation by dopamine (filled symbols) or norepinephrine (open symbols) in HEK-293T 
cells transfected with Gαi1-Rluc subunit without D2-like receptors (A-B), or transfected with Gαs-
Rluc subunit (C-D) or with Gαq-Rluc subunit (E-F) with D2LR (black), D2SR (blue), D3R (gray), D4.2R 
(purple), D4.4R (orange) or D4.7R (green) and with and the indicated D2-like receptor. Cells were 
also transfected with β1 and γ2-mVenus. To show the validity of the Gs and Gq biosensors, cells 
were transfected with Gαs-Rluc subunit and dopamine D1 receptor (D1R) (G) or Gαq-Rluc subunit 
with muscarinic M1 (M1R) receptor (H) together with unfused β1 and γ2-mVenus. Cells were 
treated with coelenterazine H followed by increasing concentrations of dopamine (A, C, D, G), 
norepinephrine (B, E, F) or carbachol (H). After 10 minutes BRET was measured as described in 
Materials and Methods. Basal BRET values in the absence of ligands were subtracted from the 
BRET values for each agonist concentration. Data were fit by non-linear regression to a sigmoidal 
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dose- response relationship against the agonist concentration (G, H). Data are means ± S.E.M. of 
3 to 4 experiments performed in triplicate.  
 

 

Figure 6. Inhibition of Gi protein activation by D2LR, D2SR, D3R, D4.2R, D4.4R, and D4.7R. Dose-
dependent inhibition by selective D2R-D3R antagonist raclopride and D4R antagonist L745,870 
of Gi protein activation in HEK-293T cells transfected with Gi protein (Gαi1 subunit, unfused 
β1 and γ2-mVenus) induced by dopamine (filled triangles) or norepinephrine (open triangles) 
mediated by (A) D2LR, (B) D2SR, (C) D3R, (D) D4.2R, (E) D4.4R or (F) D4.7R. Agonists (10 μM for 
D2LR, D2SR and D3R and 1 μM for D4.2R, D4.4R and D4.7R) were added 10 minutes after 
antagonist incubation. BRET was measured as described in Materials and Methods. BRET values 
for the agonist alone were subtracted from the BRET values for each antagonist concentration. 
Data were fit by non-linear regression to a sigmoidal dose-response relationship against the 
antagonist concentration and is shown as a percentage of the maximal inhibitory effect. Data are 
means ± S.E.M. of 3 to 9 experiments performed in triplicate. 

 

 

Dopamine was more potent than norepinephrine for most D2-like receptors and Gαi/o protein 

subunits, but significant Gαi/o protein subunit-dependent differences were observed (Table 

3). For the two D2R and the three D4R variants, dopamine was around 10 times more potent 

than norepinephrine when coupling to Gαi1, Gαi2, or Gαi3, but only around 2 times more 

potent when coupling to Gαo1 or Gαo2 (Table 3). Dopamine and norepinephrine showed 

higher potencies for the D4R than for the D2R variants when coupled to Gαi1 and Gαi2 

proteins but similar potencies when coupled to Gαo1 or Gαo2. When coupling to Gαi3, 
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dopamine was more potent for D4R than for D2R, but norepinephrine showed similar 

potencies. Dopamine and norepinephrine 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 dopamine or norepinephrine-induced D3R activation. No 

statistically significant differences between D4R variants were observed. On the other hand, 

a significantly higher potency of dopamine and norepinephrine could be observed at D2SR 

compared with D2LR with all Gαi/o protein subunits but Gαi2. The same as for the adenylyl 

cyclase signaling experiments, for most Gαi/o protein subunits the Emax values for both 

dopamine and norepinephrine were significantly higher for D2SR and lower for D3R compared 

with D2L, and no major differences were observed among the D4R variants (Table 3). 

 

1.4. Norepinephrine promotes β arrestin-2 recruitment to D2-Like receptors in transiently 

transfected HEK-293T cells. 

Receptor activation also leads to β arrestin-mediated receptor recruitment and its own 

signaling events (Shenoy and Lefkowitz, 2011), which are major effector-triggered events 

besides the G protein-mediated signal transduction. Hence, dopamine and norepinephrine-

induced β arrestin recruitment across all the D2-like receptors were also analyzed. RLuc8-

fused receptor constructs (Urizar et al., 2011) were transfected with Venus-fused β arrestin-

2 and GRK2, whose phosphorylation precedes and assists β arrestin recruitment (Evron et al., 

2012). Although right-shifted compared with the G protein-related assays, the EC50 values 

were in agreement with previous reports (Namkung et al., 2009; Clayton et al., 2014). Notably, 

consistent with the radioligand-binding and G protein–related experiments, the rank order of 

potency was D3R > D4R > D2R for both dopamine and norepinephrine, and no variant 

differences were observed (Fig. 7, Table 4). The Emax values for both dopamine and 

norepinephrine were very similar across all dopamine receptor subtypes (Table 4). 
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Figure 7. β arrestin-2 recruitment by D2LR, D2SR, D3R, D4.2R, D4.4R, and D4.7R. (A) Scheme of 
the constructs used for β arrestin-2 recruitment-BRET experiments with different D2-like 
receptors fused to RLuc8 and β arrestin-2 fused to mVenus. (B–G) Dose–response experiments 
of β arrestin-2 recruitment by dopamine (●) or norepinephrine (○) mediated by (B) D2LR, (C) 
D2SR, (D) D3R, (E) D4.2R, (F) D4.4R, or (G) D4.7R in HEK-293T cells transiently expressing the 
indicated D2-like receptor fused to RLuc8, β arrestin-2-mVenus, and GRK2. Cells were treated with 
coelenterazine H followed by increasing concentrations of dopamine or norepinephrine. After 20 
minutes, BRET was measured as described in Materials and Methods. BRET values in the absence 
of ligands were subtracted from the BRET values for each agonist concentration. Data were fit by 
nonlinear regression to a sigmoidal dose–response relationship against the agonist concentration 
and are shown as a percentage of the maximal effect. Data are the mean ± S.E.M. of 5 to 10 
experiments performed in triplicate (see Table 4 for EC50 and Emax values and statistical 
comparisons). 
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Table 4. β arrestin-2 recruitment induced by dopamine and norepinephrine mediated by 
D2LR, D2SR, D3R, D4.2R, D4.4R, and D4.7R 
 

 Dopamine Norepinephrine 
NE/DA 

(EC50) 

Receptor EC50 (nM) Emax EC50 (nM) Emax  

D2LR 96 ± 16 11 ± 1 4800 ± 1720 11 ± 2 50 

D2SR 105 ± 21 18 ± 2 ** 2880 ± 1150 17 ± 2 27.4 

D3R 3 ± 1*** 15 ± 2 * 32 ± 5 * 13 ± 2 10.7 

D4.2R 38 ± 13 * 9 ± 1 3750 ± 1620 10 ± 2 100 

D4.4R 66 ± 13 8 ± 1 2830 ± 666 7 ± 1 43 

D4.7R 44 ± 12 * 9 ± 1 1840 ± 889 8 ± 2 41.8 

 
Results were obtained from β arrestin-2 recruitment-BRET experiments in HEK-293T cells 
transiently transfected with different D2-like receptors fused to RLuc8 and β arrestin-2 fused to 
mVenus. Data of individual experiments were fit by nonlinear regression to a sigmoidal dose–
response relationship against the agonist concentration. The EC50 and Emax values are the mean ± 
S.E.M. of 5 to 15 experiments performed in triplicate. Emax values are expressed as 1000 x 
[BRETmax - BRETbasal]. NE/DA, ratio between EC50 values of norepinephrine and dopamine for 
each receptor. *, ** or ***: p<0.05, 0.01 or 0.001, respectively, compared to D2LR (one-way 
ANOVA, followed by post hoc Newman-Keuls test). 

 

 

1.5 Norepinephrine activates G protein, inhibits Adenylyl Cyclase, and promotes β arrestin-

2 recruitment via α2AR at concentrations 20-fold lower than D2-Like receptors. 

The α2AR is a canonical Gi-coupled receptor for norepinephrine that is highly expressed in 

the prefrontal cortex (Wang et al., 1996) where D2R and D4R also are expressed (Missale et 

al., 1998). The EC50 values of norepinephrine for the G protein activation and adenylyl cyclase 

inhibition assays were both at the nanomolar range and just about 20-fold lower compared 

with those of D3R and D4R (Fig. 8, Table 5). Similarly, the potency of norepinephrine for β 

arrestin-2 recruitment with α2AR was 4-fold higher than with D2-like receptors, in agreement 

with their potency separation on G protein activation (Fig. 8, Table 5). 
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Figure 8. Adenylyl cyclase inhibition, Gαi1 protein activation and β arrestin-2 recruitment by 
α2AR. (A–C) Dose–response experiments of norepinephrine on α2AR function. (A) Adenylyl 
cyclase inhibition assay using CAMYEL biosensor. (B) G protein activation assay using Gαi1 and γ2 
subunits. (C) β Arrestin-2 recruitment assay using β arrestin-2-mVenus and GRK2. Conditions for 
each assay are identical to the ones described in Figures 1–3. Basal BRET values for forskolin alone 
(A) or in the absence of ligands (B, C) were subtracted from the BRET values for each agonist 
concentration. Data were fit by nonlinear regression to a sigmoidal dose–response relationship 
against the agonist concentration and are shown as a percentage of the maximal effect. Data are 
the mean ± S.E.M. of three to four experiments performed in triplicate (see Table 5 for EC50 and 
Emax values and statistical comparisons). 
 

 

Table 5. Adenylyl cyclase inhibition, G-protein activation and β arrestin-2 recruitment induced 
by norepinephrine mediated by α2AR. 

 Norepinephrine 

BRET assay EC50 (nM) Emax 

Adenylyl cyclase inhibition 1 ± 0.2 76 ± 10 

G-protein activation (Gi1) 12 ± 2 24 ± 2 

β arrestin-2 recruitment 687 ± 247 15 ± 1 

 

Data of individual experiments were fit by nonlinear regression to a sigmoidal dose–response 
relationship against the agonist concentration. The EC50 and Emax values are the mean ± S.E.M. of 
3 to 4 experiments performed in triplicate. Emax values are expressed as 1000 x [BRETmax - 
BRETbasal]. 
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1.6 Discussion 

From all D2-like receptor subtypes, to our knowledge, only D4R has been suggested to be a 

promiscuous” receptor that can be activated by both dopamine and norepinephrine and 

function as an adrenergic receptor in the brain (Lanau et al., 1997; Newman-Tancredi et al., 

1997; Czermak et al., 2006; Cummings et al., 2010; Root et al., 2015). Our present study 

indicates that all D2-like receptor subtypes can bind with high affinity and be activated by 

norepinephrine and that their potencies, particularly for D3R and D4R, are only ∼20-fold 

lower than for α2AR activation. Application of BRET assays that allow measuring activation of 

specific G protein subtypes has provided evidence for a significant differential dependence 

on Gαi/o protein subunits on the ability of both catecholamines to activate D2-like receptors. 

Relative potencies obtained with the four assays used in this study were largely consistent, 

verifying the validity of potencies for the norepinephrine-mediated G protein activation. 

Furthermore, the study does not support differences in the ability of dopamine or 

norepinephrine to activate the three main D4R polymorphic variants but does support 

differences in the two D2R isoform variants for their ability to couple with specific Gαi/o 

protein subunits. 

 

Several studies have reported that norepinephrine can bind with high affinity and activate 

D4R with lower potency compared with dopamine in mammalian transfected cells. The 

difference in agonist potency varied significantly depending on the study, ranging from 2 to 

more than 50 times (Lanau et al., 1997; Newman-Tancredi et al., 1997; Czermak et al., 2006; 

Cummings et al., 2010). Part of this variability could certainly be related to methodologic 

differences in radioligand binding, G protein activation, or effector activation assays used. But 

our study highlights the importance of the Gαi/o protein subunit involved in D4R activation. 

Thus, with the three main human D4R polymorphic variants—D4.2R, D4.4R, and D4.7R—

dopamine was approximately 10 times more potent than norepinephrine at activating G 

proteins containing Gαi1, Gαi2, or Gαi3 subunits; it was only twice as potent at activating G 

proteins containing Gαo1 or Gαo2 subunits. No statistically significant differences with the 

potencies of dopamine or norepinephrine could be observed among the three D4R 

polymorphic variants coupled to any of the Gi/o protein subtypes. This extends previous 

results showing no differences in the ability of dopamine to activate the three different D4R 
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variants reconstituted with purified G proteins containing Gαi1, Gαi2, or Gαi3 subunits (Kazmi 

et al., 2000), which questions the studies that have suggested D4R variant-dependent 

differences in the potency of dopamine or norepinephrine to activate G protein ([35S]GTPγS 

binding; Czermak et al., 2006) or to inhibit adenylyl cyclase (Asghari et al., 1995). As expected, 

we did not find any difference in the ability of dopamine or norepinephrine to inhibit adenylyl 

cyclase or to promote β arrestin recruitment between cells transfected with D4.2R, D4.4R, or 

D4.7R. 

 

Previous studies reported a low potency of norepinephrine to bind and activate D2R (Lanau 

et al., 1997; Newman-Tancredi et al., 1997); however, after analyzing agonist binding, G 

protein activation, adenylyl cyclase inhibition, and β arrestin recruitment, we provide clear 

evidence for a similar catecholamine “promiscuity” of D2R and D3R as for D4R. The same as 

for D4R, Gαi/o protein subunit-dependent differences were demonstrated in the potencies 

of dopamine and norepinephrine for D2SR, D2LR, and D3R. The most striking finding was the 

selective inability of dopamine or norepinephrine to activate G proteins containing the Gαi2 

subunit in D3R-transfected cells, which agrees with previous results from experiments with 

receptor-G protein fusion proteins and pertussis toxin resistant mutants of G proteins 

containing different Gαi or Gαo subunits (Lane et al., 2008). Lane and colleagues reported a 

very efficient agonist-induced coupling of D3R to Gαo1 and an inability of D3R to couple not 

only to Gαi2 but also to Gαi1 or Gαi3. In our study we were also able to confirm a high potency 

of dopamine (and norepinephrine) to induce D3R-mediated coupling to Gαo1 and Gαo2 as 

well as to Gαi1 and Gαi3. Different methodologies should explain the discrepancies between 

both studies, but in support of our results not only dopamine but also norepinephrine were 

more potent at D3R than at D2LR or D2SR to induce Gαi1 and Giα3 activation. Furthermore, 

our results with G protein activation are congruent with our signaling experiments because 

HEK-293 cells have been reported to express predominantly Gαi1, Gαi2, and Gαi3 and 

statistically nonsignificant levels of Gαo1 and Gαo2 (Atwood et al., 2011). Thus, both 

dopamine and norepinephrine were more potent at D3R than at D2LR or D2SR to inhibit 

adenylyl cyclase or recruit β arrestin. Even though G proteins of the Gαs-Gαolf family do show 

contrasting brain expression pattern (Hervé 2011), to our knowledge no clear region-specific 

pattern of mRNA expression for Gαi/o protein subtypes has been reported. Detailed 

characterization of expression patterns for Gαi/o protein subtypes would be central to 
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determine their stoichiometric relationship with the different D2-like receptors and thus the 

possible contribution of dopamine and norepinephrine in their activation. 

 

Although still a matter of intense debate, as for the human D4R polymorphic variants there is 

no consensus about the main functional differences between the two D2R isoform variants 

(Gardner et al., 1996; Xu et al., 2002). Nevertheless, two research groups have independently 

reported a differential dependence of D2LR and D2SR on G protein subtypes for agonist-

induced signaling. Specifically, D2LR has been reported to interact efficiently with the Gαi2 

subunit and poorly with the Gαi1 and Gαi3 subunits, while D2SR does not discriminate 

between these three G protein subunits (Montmayeur et al., 1993; Liu et al., 1994; Guiramand 

et al., 1995). It has also been suggested that the differential G protein subunit dependence is 

also effector dependent. 

 

Thus, G proteins containing Gαi1, Gαi2, or Gαi3 subunits would selectively couple and inhibit 

adenylyl cyclase whereas G proteins containing Gαo subunits would couple and close calcium 

channels (Liu et al., 1994). In our study, we did not find an absolute selective ability of D2LR 

to activate Gαi2-containing G protein, but a relative Gαi2 preference compared with D2SR 

and a higher potency of dopamine and norepinephrine at D2SR compared with D2LR were 

observed with most Gαi/o subunits. The concomitant expression of Gαi1, Gαi2, and Gαi3 

subunits in HEK-293 could explain the higher potency of dopamine at D2SR to inhibit adenylyl 

cyclase, compared with D2LR (Montmayeur et al., 1993). 

 

The α2AR is functionally relevant to the D2-like receptors among the canonical 

norepinephrine adrenergic receptors because it is coupled to Gi/o proteins and highly 

expressed in the prefrontal cortex (Wise et al., 1997) where D2-like receptors are also 

expressed, especially D2R and D4R (Missale et al., 1998). The α2AR is considered a high-

affinity receptor for norepinephrine with a reported Ki value of as low as 15 nM in transfected 

cells (O’Rourke et al., 1994). This is only 3- to 5-fold higher affinity compared with the Ki values 

of norepinephrine for D2-like receptor reported herein. Our functional readouts of Gi 

activation, adenylyl cyclase inhibition, and β arrestin recruitment showed greater but still 

relatively small separation between the potencies of norepinephrine and dopamine for α2AR 
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and D2-like receptors (20-fold), verifying D2-like receptors as potential signal transducers for 

norepinephrine. 

 

With our findings on relative potencies, the previously reported so-called cross reactivity 

phenomenon between dopamine and norepinephrine (Guiard et al., 2008; González et al., 

2012a; Lei, 2014) can now be better explained at the receptor-effector levels and considered 

as likely biologically occurring events. Furthermore, dopamine and norepinephrine 

concentrations in prefrontal cortex are comparable (Koob et al., 1975; Blank et al., 1979; Li et 

al., 1998), suggesting that actions of norepinephrine at cortical D2-like receptors are likely 

functionally significant. 

 

In conclusion, norepinephrine is a potent agonist for D2-like receptors and, like dopamine, 

follows a general rank order of potency of D3R > D4R ≥ D2SR ≥ D2L in most functional assays. 

If D4R functions as an adrenergic receptor in some brain regions (Root et al., 2015), the other 

D2-like receptors—which in fact can be expressed with higher density in some of those 

areas—should also be considered as functional adrenergic receptors. Some intriguing 

differences in G protein activation have emerged, which depend on the Gαi and Gαo subunits 

involved. Although the framework of similarity among different effectors as well as between 

the two catecholamines may serve as a foundation for future studies on modulatory effects 

such as protein–protein interactions, the dissimilarities may be potentially pursued for further 

pharmacologic investigations. 

 

 

The results of this chapter are published with the title: Evidence for Noncanonical 

Neurotransmitter Activation: Norepinephrine as a Dopamine D2-Like Receptor Agonist. 

Sánchez-Soto M, Bonifazi A, Cai NS, Ellenberger MP, Newman AH, Ferré S, Yano H. Mol 

Pharmacol. 2016 Apr;89(4):457-66. doi: 10.1124/mol.115.101 
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Chapter 2. 

2A- and 2C-Adrenoceptors as Targets for Dopamine and Dopamine Receptor 

Ligands 

 

 

 

 

 

 

The neurotransmitter norepinephrine (NE) binds and activates three subfamilies of 

adrenoceptors: α1-adrenoceptors, subdivided into α1A, α1B and α1D; α2-adrenoceptors, 

subdivided into α2A, α2B and α2C; and β-adrenoceptors, subdivided into β1, β2 and β3 

(Alexander et al., 2011). Classically, α1-, α2- and β-adrenoceptors couple to Gq/11, Gi/o and 

Gs, respectively (Alexander et al., 2011; MacDonald et al., 1997). As described in the 

introduction, in mammalian species, α2A -adrenoceptor (α2AR) is the main subtype in most 

brain regions whereas α2B subtype has a limited distribution and is mostly expressed in the 

thalamus (Nicholas et al., 1993; Scheinin et al., 1994). The α2C-adrenoceptor subtype (α2CR) 

is found with particularly high density in the striatum (Fagerholm et al., 2008; Lehto et al., 

2015) with a moderately lower density than α2AR (Ordway et al., 1993; Uhlen et al., 1997). 

The high density of striatal α2AR and α2CR prompted a fundamental question in view of the 

well-known paucity of striatal noradrenergic terminals (Lindvall et al., 1975; Swanson and 

Hartman, 1975, Aston-Jones, 2004) and the concomitant low extracellular levels of striatal NE 

(Gobert et al., 2004). Yet a series of studies indicate that both types of receptors are 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). 

There is also evidence for α2AR playing a role as autoreceptors localized in the sparse striatal 
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noradrenergic terminals (Ihalainen and Tanila, 2004). It was postulated by Zhang et al. (1999) 

(Zhang et al., 1999) that dopamine (DA) could provide the endogenous neurotransmitter for 

striatal α2 adrenoceptors. In transfected mammalian cells, using radioligand binding 

experiments, they found evidence for just a small preferential affinity of NE versus DA at both 

a α2AR and α2CR adrenoceptors. Similar results were more recently obtained from 

radioligand binding studies using transfected mammalian and insect cell lines (Alachkar et al., 

2010) and with autoradiographic experiments in bird and rat brain with a nonselective α2 

adrenoceptor ligand (Cornil and Ball, 2008). However, Zhang et al. (1999) (Zhang et al., 1999) 

reported a much lower potency of DA than NE at the level of α2 adrenoceptor-mediated 

signaling (modulation of forskolin-induced adenylyl cyclase activation), therefore leaving 

unanswered the question of DA as a possible effective ligand for striatal α2AR and α2CR. 

 

After showing in Chapter 1 of the Results section that norepinephrine has a significant role as 

a dopamine D2-like receptor agonist as well as observing the fact that the α2 adrenergic 

receptor could be activated by dopamine, we decided to extend our study and characterize 

the effect of dopamine on Gi-coupled adrenergic receptors. So in the present study, we 

revisited the possible dopaminergic function of α2AR and α2CR using the same methodology 

used in the first chapter of the results, activation of all Gi/o-coupled DA D2-like receptors by 

NE. Thus, the same as for NE, a mismatch between dopaminergic innervation and the density 

of DA receptors can be found in several brain areas. DA receptors are for instance expressed 

throughout the cortex, but their localization exceeds that of the dopaminergic terminals 

(Lidow et al., 1989; Richfield et al., 1989; Goldsmith and Joyce, 1994; Wedzony et al., 2000). 

Our methodology consists on sensitive BRET-based techniques that allow detection of ligand-

dependent interactions between specific receptors and specific G proteins (G protein 

activation) or receptor-induced activation of effectors (adenylyl cyclase activity) in living cells. 

This procedure provided clear evidence for a Gi/o protein subtype dependent functional 

selectivity of the endogenous neurotransmitters DA and NE, illustrating the ability of Gi/o 

protein subtypes to determine the potency of both catecholamines to activate different D2-

like receptor subtypes. In addition to studying the effect of DA and several DA receptor ligands 

on G protein activation in mammalian cells transfected with α2AR or α2CR and the different 

a subunits of Gi/o protein subtypes, we also analyzed their ability to bind to α2 adrenoceptors 

in cortical tissue, which predominantly expresses α2AR, and striatal tissue, which expresses 
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both α2AR and α2CR adrenoceptors. The results provide conclusive evidence for α2AR and 

α2CR being both NE and DA receptors and common targets for DA D2-like receptor ligands. 

 

2.1 α2AR and α2CR-mediated G protein activation by DA and synthetic DA receptor ligands. 

 

The G protein activation BRET assay (see Material and Methods) was used to determine the 

potency and efficacy of DA and several D2-like receptor ligands to activate α adrenoceptors 

in HEK-293T cells transfected with α2A or α2C adrenoceptor (α2AR or α2CR, respectively) 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. 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 α2AR and α2CR-mediated G protein activation. Apart from NE and DA and the non-

selective α adrenoceptor agonist clonidine, the following D2-like receptor ligands were 

analyzed: the non-selective D2R-D3R-D4R agonist quinpirole, the selective D3R agonist 7-OH-

PIPAT and the selective D4R agonists RO-105824 and PD-168077. At both α2AR and α2CR, DA 

showed high potency and efficacy as compared with NE (Figs. 1 and 2 and Tables 1 and 2). DA 

was always less potent, but its relative potency to NE depended on the α-adrenoceptor and 

on the Gαi/o subtype (see Table 1). NE was more potent at α2AR than at α2CR, except for 

Gαi2 and Gαi3. On the other hand, DA had similar potencies at both adrenoceptors, except 

for Gαi2 and Gαo1. Therefore, the potencies of DA at activating α2CR were very close to those 

of NE and they varied from less than two-fold lower, for Gαi1, to about ten-fold lower, for 

Gαi2 (Table 1). On the other hand, the potencies of DA as compared to NE at activating α2AR 

varied from about fifteen fold lower, for Gαi1 and Gαo2, to about thirty fold lower, for Gαi3 

and Gαo1 (Table 1). In summary, using the G protein activation BRET assay, DA showed high 

potency at activating both α2AR and α2CR, which became particularly significant when taking 

into account the very similar or even lower potency of DA for D2-like receptors using the same 

BRET construct configurations (Sánchez-Soto et al., 2016; Chapter 1 of the Results, and 

Discussion). 
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Figure 1. G protein activation-mediated by NE, DA, clonidine and D2-like receptor ligands by 
α2AR. Concentration-response experiments of G protein activation by NE, DA, clonidine, 7-OH-
PIPAT, Quinpirole, RO 10-5824 and PD-168077 mediated by α2AR in HEK-293T cells transiently 
transfected with α2AR, 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 Material 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 nonlinear regression analysis 
and represent means ± S.E.M. of 3 to 11 experiments performed in triplicate (see Table 1 and 2 
for EC50 and Emax values and statistical analysis). 
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Table 1. Potency of NE, DA, clonidine, 7-OH-PIPAT and quinpirole obtained from G-protein 
activation experiments mediated by α2AR and α2CR coupled to the different Gαi/o subtypes 
 

 

Gα 

Subunit 
Receptor NE DA Clonidine 7-OH-PIPAT Quinpirole DA/NE 

  EC50 (nM)  

Gαi1 

α2A 11 ± 2 ** 170 ± 40 3 ± 1 80 ± 20 * 700 ± 250 15 
α2C 90 ± 30 160 ± 50 6 ± 2 (8 ± 4) ND 1.8 

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 6 ± 1 (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 2 

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 19 ± 9 (100 ± 10) 2.6 
 

Potency (EC50 values, in nM) of NE, DA, clonidine and D2-like receptor ligands obtained from G-

protein activation experiments mediated by α2AR and α2CR coupled to the different Gαi/o subtypes 

(Figs. 1 and 2). EC50 values were obtained from a sigmoidal concentration-response function 

adjusted by nonlinear regression analysis and are expressed as means ± S.E.M. of 2 to 11 

experiments performed in triplicate. In parenthesis, values corresponding to experiments showing 

low efficacy, Emax lower than 50% (Table 2). DA/NE: ratio of EC50 values of DA and NE for each 

receptor and Gαi/o protein subtype. Statistical differences between α2AR and α2CR were calculated 

by non-paired, two- tailed Student’s t test; *, ** and ***: p<0.05, p<0.01 and p <0.001, respectively. 

 

 

The prototypical non-selective α adrenoceptor agonist clonidine only showed a higher 

potency at α2AR than at α2CR adrenoceptors for Gαo1 and Gαo2 (Table 1). An additional 

difference as compared to NE was that clonidine behaved as a full agonist at α2AR and as a 

partial agonist at α2CR, except for Gαi2 and Gαi3 (Figs. 1 and 2 and Table 2). Intriguingly, the 
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level of efficacy of α2CR varied significantly with the associated Gαi/o protein subtypes, from 

no decrease for Gαi2 to a very significant loss of efficacy for Gαo1 (Table 2). Previous studies 

have already reported a partial agonism of clonidine at α2 adrenoceptors, but with disparate 

results (Pohjanoksa et al., 1997; Kukkonen et al., 1998), which at least for α2CR could be 

explained by the Gαi/o protein subtypes involved. 

 

 

Figure 2. G protein activation-mediated by NE, DA, clonidine and D2-like receptor ligands by α2CR. 
Concentration-response experiments of G protein activation by NE, DA, clonidine and D2-like 
receptor ligands mediated by α2CR 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-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 Material 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 nonlinear regression analysis and represent means ± S.E.M. of 
2 to 9 experiments performed in triplicate (see Table 1 and 2 for EC50 and Emax values and statistical 
analysis). 
 

 

The non-selective D2R-D3R-D4R agonist quinpirole and the selective D3R agonist 7-OH-PIPAT 

also activated α2AR and α2CR, but with very different profiles (see Figs. 1 and 2 and Tables 1 

and 2). 7-OH-PIPAT behaved as a potent full agonist at the α2CR adrenoceptor for most G αi/o 

subtypes. For both Gαo subtypes, the D3R agonist was as potent and efficacious α2CR agonist 

as NE. Only for Gαi1, 7-OH-PIPAT behaved as a very little efficacious α2CR agonist. 7-OH-PIPAT 
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also showed high efficacy at α2AR for most Gαi/o subtypes, except for Gαi2 (with half the 

efficacy than NE), with potencies similar to DA. Quinpirole showed a weak potency 

(submicromolar range) and behaved as a partial or full agonist depending on the Gαi/o 

subtype. At α2AR, quinpirole behaved as a partial agonist for Gi1, Gi2 and Gi3 and full agonist 

for Go1 and Go2, whereas at α2CR it behaved as a partial agonist for all G protein subtypes 

except for Gi3 (full agonist) and showed no activity when coupled with Gαi1. The specificity 

of the signal produced by quinpirole and 7-OH-PIPAT was addressed using the non-selective 

α2 adrenoceptor antagonist yohimbine. As shown in Fig. 3, yohimbine completely blocked the 

full agonistic effect of 7-OH-PIPAT and the partial agonistic effect of quinpirole at both α2AR 

and α2CR (for Gαo1). 

 

Table 2. 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 

    Emax (% of NE values) 

Gαi1 
α

2A 100 ± 5 120 ± 6 * 120 ± 5 94 ± 6 70 ± 2 * 
α

2C 100 ± 2 105 ± 5 64 ± 4 ** 41 ± 1 ** ND 

Gαi2 
α

2A 100 ± 10 120 ± 20 89 ± 6 55 ± 2 * 47 ± 8 * 
α

2C 100 ± 7 80 ± 10 107 ± 4 90 ± 20 46 ± 9 ** 

Gαi3 
α

2A 100 ± 10 90 ± 10 112 ± 8 71 ± 6 40 ± 9 ** 
α

2C 100 ± 9 95 ± 6 85 ± 5 90 ± 10 80 ± 15 

Gαo1 
α

2A 100 ± 7 108 ± 6 110 ± 10 81 ± 9 78 ± 9 
α

2C 100 ± 10 100 ± 10 41 ± 3 ** 98 ± 7 42 ± 3 ** 

Gαo2 
α

2A 100 ± 9 110 ± 10 120 ± 2 85 ± 4 72 ± 8 
α

2C 100 ± 8 114 ± 6 70 ± 8 * 104 ± 4 34 ± 6 ** 
 

 

Efficacy (Emax values, as 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 (Figure 1 and 2). Emax values were obtained from a sigmoidal concentration-response 
function adjusted by nonlinear regression analysis and are expressed as means ± S.E.M. of 2 to 11 
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experiments performed in triplicate. In italics, values of Emax lower than 50%. ND: not detectable. 
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 post hoc test; * and **: p<0.05 and 
p<0.01, respectively 

 

Finally, the selective D4R agonists RO-105824 and PD-168077 did not produce a significant 

activation of α2AR or α2CR coupled to any of the Gαi/o subtypes, except for a small efficacy 

of RO-105824 at α2A for Gαi2 and Gαi3 (Figs. 1 and 2). To discard any possible binding of 

these ligands to α2AR and α2CR adrenoceptors, they were tested for their ability to modify 

the effect of clonidine. Surprisingly, RO- 105824, but not PD-168077, counteracted the 

respective full and partial agonistic effect of clonidine (1 μM) at the α2AR and α2CR coupled 

to Gαo1 (Fig. 3C-D). These results therefore disclosed a previously unknown additional role of 

the D4R agonist RO-105824, as a potent and low-efficient ligand for α2 adrenoceptors. 

 

                          

 

Figure 3. (A, B) Dose-dependent inhibition by increasing concentrations of the non-selective α2 
receptor antagonist yohimbine of Gαo1 protein activation induced by the D2-like receptor agonists 
7-OH-PIPAT (blue) or quinpirole (yellow) in HEK 293T cells transfected with α2AR (A) or α2CR (B), 
Gαo1-RLuc, γ2-mVenus and non-fused β1. 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 Material and Methods section. BRET values in the absence of agonists were 
subtracted from the BRET values for each agonist concentration. (C, D) dose-dependent inhibition 
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by increasing concentrations of RO-105824 (dark blue) or PD-168077 (red) in cells transfected with 
α2AR (C) or α2CR (D), Gαo1-RLuc, γ2-mVenus and non-fused β1. BRET values in the absence of 
agonists were subtracted from the BRET values for each agonist concentration. Data were adjusted 
to a sigmoidal concentration-response function by nonlinear regression analysis and represent 
means ± S.E.M. of 3 to 6 experiments performed in triplicate. 

 

 

2.2 Binding of DA and DA receptor ligands to α2 adrenoceptors in cortical and striatal tissue. 

 

Searching for a correlate in brain tissue of the results obtained in transfected cells, we 

analyzed the ability of NE, DA, clonidine, quinpirole, 7-OH-PIPAT, RO-105824 and PD-168077 

to displace the binding of the non-selective α2 adrenoceptor antagonist [3H]RX821002 from 

membrane preparations from sheep cortex and striatum (competitive inhibition experiments) 

(Fig. 4). See Material and Methods for description of the variables. Saturation experiments 

with [3H]RX821002 for cortical and striatal tissue provided Bmax values 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 α2AR, is three times higher than in the striatum, which expresses similar 

densities of both α2AR and α2CR adrenoceptors. KDB1, KDB2 and DCB values from competition 

experiments of [3H]RX821002 with NE, DA, clonidine and the D2-like receptor ligands are 

presented in Table 3. 

 

Results were largely in agreement with the potency values obtained with G protein activation 

BRET assay, considering that cortical values should represent ligand binding parameters of 

α2AR, while striatal values represent combined ligand binding parameters for both α2AR and 

α2CR. Thus, 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. 4). The three ligands showed 

negative cooperativity (negative DCB values). The affinity of NE was higher in the cortex than 

in the striatum, with higher striatal KDB1 and KDB2 values and higher DCB values (stronger 

negative cooperativity) (Table 3). The affinity of DA was very similar in both tissues, with 

similar KDB1 values and a moderately but significantly higher KDB2 value in the striatum, 

resulting in similar DCB values (Table 3). The affinity of clonidine was also higher in the cortex, 

with a significantly higher striatal KDB1 value and similar DCB values (Table 3). The affinity of 

clonidine was also higher in the cortex, with a significantly higher striatal KDB1 value and similar 
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KDB2 and DCB values (Table 3). In summary, the higher affinities of NE and clonidine in the 

cortex and similar affinities of DA in cortex and striatum also correlate with the differences in 

their respective potency values for α2AR and α2CR from the G protein activation BRET 

experiments. 

 

 

 

 
Fig 4. Competition binding experiment of [3H]RX821002 versus NE, DA, Clonidine and D2-like 
agonists. Representative competition curves of α2 adrenoceptor antagonist [3H]RX821002 total 
binding versus increasing concentrations of free competitors (NE, DA, clonidine, quinpirole, 7-OH-
PIPAT, RO-105824 and PD-168077) 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 
Material and Methods section. Values are mean ± S.E.M. from a representative experiment (n = 3) 
performed in triplicate. 
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7-OH-PIPAT and quinpirole also displaced [3H]RX821002 binding with nanomolar and 

submicromolar affinities, respectively, which correlates with the potency values in the G 

protein activation BRET experiments (Table 3 and Fig. 4). Interestingly, 7-OH-PIPAT showed 

negative cooperativity in the cortex, but not in striatum. The only measurable affinity 

parameter of 7-OH-PIPAT in the striatum, KDB1, was significantly higher than in the cortex and 

it was almost ten times lower than the cortical KDB2 value (Table 3). This would correlate with 

the predominantly lower potencies of 7-OH-PIPAT for α2CR versus α2AR in the G protein 

activation BRET experiments. Quinpirole also showed differences in the binding parameters 

between the cortex and striatum, such as a lower KDB1 value but negative cooperativity in the 

striatum. It would be however difficult to establish correlations with results from the G 

protein activation BRET experiments, where the often low efficacy of quinpirole might lead to 

inaccurate values (Table 1 in parenthesis and Table 2 in italics). 

 

Finally, RO-105824 and PD-168077 also displaced [3H]RX821002 binding from the cortex and 

striatum with high affinity (subnanomolar) and low affinity (submicromolar), respectively. No 

cooperativity (DCB = 0) was obtained, which is usually the case for antagonists, except for RO-

105824 in the cortex (DCB = -4.3) (Table 3) (Casadó et al., 2007; Ferré et al., 2014). In fact, a 

small efficacy could be detected with RO-105824 for Gi2 and Gi3-mediated α2AR activation. 

Therefore, the binding experiments confirm the very high potency of the D4R agonist RO-

105824 at α2 adrenoceptors. 
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Table 3. Competitive inhibition experiments of [3H]RX821002 versus NE, DA, clonidine and D2-like 

receptor ligands in sheep cortex and striatum. 

 

 
CORTEX STRIATUM 

LIGAND Binding parameters 

NE 
KDB1: 0.3 ± 0.2 * 

KDB2: 250 ± 100 

DCB: -2.3 

KDB1: 0.8 ± 0,1 

KDB2: 5000 ± 3000 

DCB: -3.2 

DA 
KDB1: 6.9 ± 0.2 

KDB2: 350 ± 10 * 

DCB: -1.1 

KDB1: 6 ± 1 

KDB2: 1000 ± 200 

DCB: -1.6 

Clonidine 
KDB1: 0.014 ± 0.003 * 

KDB2: 40 ± 20 

DCB: -2.8 

KDB1: 0.036 ± 0.005 

KDB2: 20 ± 10 

DCB: -2.1 

7-OH-PIPAT 
KDB1: 9 ± 2 ** 

KDB2: 430 ± 80 

DCB: -1.1 

KDB1: 51 ± 6 

 
DCB: 0 

Quinpirole 
KDB1: 530 ± 50 ** 

 
DCB: 0 

KDB1: 110 ± 10 

KDB2: 2700 ± 400 

DCB: -0.8 

RO-105824 
KDB1: 0.055 ± 0.003 *** 

KDB2: 4000 ± 2000 

DCB: -4.3 

KDB1: 0.42 ± 0.03 

 
DCB: 0 

PD-168077 
KDB1: 100 ± 10 

 
DCB: 0 

KDB1: 83 ± 8 

 
DCB: 0 

 

Binding parameters from competitive-inhibition experiments of [3H]RX821002 versus NE, DA, 
clonidine and D2- like receptor ligands in membrane preparations from sheep brain cortex and 
striatum (Fig. 4). KDB1, KDB2 and DCB values were obtained according to the two-state dimer model 
(see Results and ref. 26). KDB1 and KDB2 (in nM) are expressed as means ± S.E.M. of 3 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; *, ** and ***: p<0.05, 
p<0.01 and p <0.001, respectively. 
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2.3 α2AR and α2CR-mediated effects of NE and DA on adenylyl cyclase activity.  
 
NE- and DA-induced Gi/o protein activation leads to the corresponding inhibition of adenylyl 

cyclase activation. We should however take into account that previous studies have shown 

that α2 adrenoceptors functionally couple not only to Gi/o proteins but also to Gs. (Fraser et 

al., 1989; Jones et al., 1991; Eason et al., 1992, 1994, 1995). Typically, the agonist 

concentrations necessary to elicit detectable stimulation of adenylyl cyclase are significantly 

higher than those for inhibition. Equivocal results were published by Zhang et al. (1999) 

(Zhang et al., 1999) 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 α2AR 

and Gi with α2CR, while DA would predominantly activate Gi with both receptors, but at high 

micromolar concentrations. To find a functional correlate of the results obtained with NE and 

DA with the G protein activation BRET assay and with the radioligand binding experiments, 

we measured NE and DA-induced changes in adenylyl cyclase activity by measuring cAMP 

levels in intact cells transiently transfected with a2AR or a2CR, using CAMYEL, a kinase-dead 

Epac I–based cAMP BRET biosensor (Jiang et al., 2007). The biosensor detects the 

conformational changes in Epac that are induced upon its binding to cAMP. The 

conformational 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 (Jiang 

et al., 2007). The same method was used to demonstrate the ability of NE to activate D2-like 

receptors (Sánchez-Soto et al., 2016; Chapter 1 of the Results). As shown in Fig. 5, NE and DA 

produced inverted U-shaped concentration-response curves for both α2AR and α2CR-

transfected cells. Therefore, NE and DA follow the same differential concentration-dependent 

effects on Gi/o and Gs- activation. As expected, the initial high potency effect, the decrease 

in adenylyl cyclase activity by NE and DA, provided apparent EC50 values that were 

qualitatively and quantitatively similar to those observed with the Gi/o activation BRET assay, 

as NE was more potent than DA at α2AR and α2CR (1.4 ± 0.2 and 6.2 ± 3 nM for NE and 91 ± 

36 and 84 ± 20 nM for DA, respectively). Importantly, the NE- and DA-mediated Gi/o-Gs 

activation was blocked by the non-selective α2 adrenoceptor antagonist yohimbine, 

confirming the receptor specificity of the signal. In addition, the Gi/o-dependent activation, 

but not the Gs-dependent activation, was blocked by the treatment with Pertussis Toxin. In 
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summary, adenylyl cyclase activity experiments confirm the results from radioligand binding 

and G protein activation experiments indicating that DA constitutes a potent α2AR or α2CR 

agonist. 

 

    

 

 
Figure 5. Concentration-response experiments of inhibition of forskolin-induced adenylyl cyclase 
activity by NE (orange) or DA (purple) mediated by α2AR (A, B) or α2CR (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 minutes 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 
minutes, BRET was measured as described in the Methods section. Values obtained with forskolin 
alone were subtracted from BRET values for each agonist concentration. Pertussis toxin (grey) was 
added 16 h before the experiment at a final concentration of 0.1 µg/ml. Data represent the mean ± 
S.E.M. of 3 to 7 experiments performed in triplicate. 
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2.4 Discussion 

The present study demonstrates α2A and α2C adrenoceptors are significant targets for DA. The 

most conclusive demonstration comes from the results obtained with the G protein activation 

BRET assay, where the potencies of DA for α2AR and α2CR were found to be very similar or 

even higher than for some subtypes of D2-like receptors (Sánchez-Soto et al., 2016; Chapter 

1 of the Results). In particular, the EC50 values for α2AR and α2CR were consistently lower 

across all Gi/o protein subtypes as compared with the EC50 values for the predominant striatal 

D2-like receptor D2L (Sánchez-Soto et al., 2016; Chapter 1 of the Results). Therefore, 

irrespective of the maximal concentration of extracellular NE that could be reached in the 

striatum, DA can reach sufficient extracellular concentration to activate α2AR and α2CR. In 

fact, striatal DA release sites are designed for transmitter spillover (Rice et al., 2011) and most 

striatal DA receptors are primarily extrasynaptic (Yung et al., 1995; Hersch et al., 1995), as 

obviously are the 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 α2 

adrenoceptors in neuronal striatal function remains to be established, a previous study 

suggests that they might mediate a modulatory role of the Gs/olf coupled striatal adenosine 

A2A and dopamine D1 receptors (Hara et al., 2010). The study of interactions might therefore 

provide new treatment approaches for Parkinson’s disease and other basal ganglia disorders. 

 

The possibility of DA-mediated activation of α2AR and α2CR adrenoceptors in extrastriatal 

areas should not however, be underestimated. Cortical α2AR are most probably able to be 

activated by DA, particularly in the prefrontal cortex, which receives a fairly dense DA 

innervation (Goldman-Rakic et al., 1992). In fact, there is recent evidence for the localization 

of α2AR 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 

α2AR and α2CR 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 α2AR and α2CR 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 the previous study that also indicates a significant role of NE as 
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a Gi/o-coupled D2-like receptor agonist (Sánchez-Soto et al., 2016; Chapter 1 of the Results), 

we could state that Gi/o-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 α2AR 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). 

 
The second major finding of the present study is that α2AR and α2CR adrenoceptors are also 

common targets for compounds previously characterized as D2-like receptor ligands. 

Particularly striking was the ability of prototypical D3R and D4R agonists 7-OH-PIPAT and RO-

105824 to bind with high affinity to α2AR and α2CR, which might call for revisiting results of 

previous studies using these compounds. RO-105824 behaved as a very potent α2AR and 

α2CR ligand with low intrinsic efficacy, while 7-OH-PIPAT disclosed a very different 

pharmacological agonistic profile between both receptors depending on the Gαi subtype 

(with loss of efficacy at α2AR for Gαi2 and at α2CR for Gαi1). In fact, 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 Gαi/o subtype-dependent potencies of D2-like receptor-mediated G 

protein activation (Sánchez-Soto et al., 2016; Chapter 1 of the Results). The present results 

extend these findings to other receptors and to non-endogenous ligands, as well as to 

differences in intrinsic efficacy. Therefore, the present study demonstrates that the Gαi/o 

protein subtype is fundamental in conferring the specific pharmacological profile (potency 

and efficacy) of Gi/o-coupled catecholamine receptor ligands. 

Our inferences from the pharmacological characterization of a compound in cell lines or 

native tissues are restrained by the lack of knowledge of the preferentially expressed Gαi/o 

subtype. Even though G proteins of the Gαs-Gαolf family do show contrasting brain 

expression pattern (Hervé, 2011), to our knowledge no clear region-specific pattern of mRNA 

expression 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 α2AR and α2CR activation and thus their possible specific targeting with Gαi/o subtype 

functionally selective compounds. 
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The results of this chapter are in the process of submission: 2A- and 2C-Adrenoceptors as 

Targets for Dopamine and Dopamine Receptor Ligands. Marta Sánchez-Soto*, Verònica Casadó-

Anguera*, Hideaki Yano, Ning-Sheng Cai, Estefanía Moreno, Antoni Cortés, Vicent Casadó*, and Sergi 

Ferré*. 
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Chapter 3. 

 

Dopamine D4 receptors resulting from the two most common gene 

polymorphic variants form different functional complexes with other 

catecholamine receptors 

 

 

 

 

The dopamine (DA) D4 receptor (D4R) belongs to the family of D2-like receptors and its gene 

(DRD4) contains a large number of polymorphisms in its coding sequence (LaHoste et al., 

1996). The most extensive polymorphism is found in exon 3, in a region that codes for the 

third intracellular loop (IC3) of the receptor (Van Tol, 1992). This polymorphism consists of a 

variable number of tandem repeats (VNTR), in which a 48-base pair sequence exists as a 2- to 

11-fold repeat (Wang et al., 2004). The three most common variants contain 2, 4 and 7 TR 

and code for a D4 receptor with 2, 4 and 7 repeats of a proline-rich sequence of 16 amino 

acids (D4.2R, D4.4R and D4.7R receptor). The DRD4 gene with 4 TR constitutes the most 

frequent variant, with a global allelic frequency of 64%, followed by the variants with 7 TR 

(21%) and 2 TR (8%) (Chang et al., 1996). 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 D4.7R and attention deficit 

hyperactivity disorder (ADHD) (Faraone et al., 2005; Li et al., 2006; Gizer et al., 2009) and also 
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substance use disorders (SUD) (McGeary, 2009; Belcher et al., 2014). The epidemiological 

data indicating significant clinical differences prompted to the search for functional 

differences associated with the products of these DRD4 polymorphisms. Yet, although it was 

initially believed that D4.2R and D4.7R were less functional than D4.4R using some cell 

signaling assays, our recent study of the functional effect of DA at activating any of the three 

variants showed no significant differences in their ability to activate any of the five different 

Gi/o protein subtypes or to promote  arrestin-2 recruitment (Sánchez-Soto et al., 2016; 

Chapter 1 of the Results).   

Very little was 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 until recent results 

from in vivo experiments obtained from our laboratory with knock-in mice containing the 

humanized D4.7R in its genome. This recent study demonstrates a key role of D4R in the 

control of corticostriatal transmission (Bonaventura et al., 2016). Interestingly, the D4.7 

variant provided a gain of function of the receptor, compared to D4.4, increasing its ability to 

inhibit cortico-striatal glutamatergic neurotransmission. These results seemed at odds with 

those from previous studies, also performed in our laboratory, obtained in vitro with striatal 

slices from the same knock-in mice, where we reported they show a blunted MAPK signaling 

(González et al., 2012). In the same study, we also provided evidence for a specific decreased 

ability of the D4.7R to establish intermolecular and functional interactions with D2 receptors 

(D2R) in transfected cells. Similar results were also obtained by another research group 

(Borroto-Escuela et al., 2011). It was concluded that D4.7R do not establish functional 

interactions with D2R (González et al., 2012). 

It became therefore plausible that differential functional interactions with other receptors 

could provide an explanation for the differential attributes of D4.4R and D4.7R found at the 

level of brain function and dysfunction, in line with their clear lack of individual functional 

differences at the level of cell signaling (Sánchez-Soto et al., 2016; Chapter 1 of the Results). 

Consequently, we needed to investigate with more detail the signaling abilities of the D4.4R 

and D4.7R when forming heteromers with the D2R. We therefore used the recently 

introduced biophysical technique CODA-RET (Complemented Donor-Acceptor resonance 

energy transfer), a method that allows the study of the function of a signaling complex formed 

by two defined GPCRs and a subunit of the heterotrimeric G protein (Urizar et al., 2011). In 
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this assay, two complementary halves of Rluc are separately fused to each putative 

interacting receptors and YFP is fused to a specific G subunit.  When the two receptors 

oligomerize the luciferase reconstitutes producing a functional donor for the energy transfer 

to YFP.  We can then study the change in BRET values induced by ligands binding to either 

protomer (or both), which denotes G protein activation mediated by the oligomer. In addition 

to DA and NE we also analyzed the effect of dopaminergic ligands currently used for the 

treatment of Restless Legs Syndrome and Parkinson’s disease: pramipexole, ropinirole and 

rotigotine which are well known D2-like receptor agonists (Millan et al., 2002; Wood et al., 

2015).  

Although DA dysregulation in the prefrontal cortex and striatum is thought to be central to 

the neurobiology of ADHD, and the main pharmacological treatment involves 

psychostimulants, which increase DA levels in the brain, such as methylphenidate (Levy et al., 

2001; Del Campo et al., 2011), converging evidence indicates that the pathophysiology of 

ADHD has multiple origins (Jensen, 2000; Donnelly, 2006; Soros, 2008; Pasini and D’Agati, 

2009; Bock and Braun, 2011; Fusar-Poli et al., 2012; Sharma and Couture, 2014) and 

imbalance in the norepinephrine (NE) system is also involved (Zametkin and Rapoport, 1987; 

Arnsten et al., 1996). A similar situation to DRD4 has emerged for the 2A adrenoceptor 

(2AR) gene (ADRA2A). Polymorphisms of this gene, particularly the ‘G-allele’ of a SNP in the 

promoter region (substituting C in position 1291; rs1800544), have been suggested to provide 

ADHD vulnerability as well as for symptoms of impulse control disorders (Roman et al., 2003; 

Park et al., 2005; Stevenson et al., 2005). However, a large meta-analysis did not find a 

consistent significant association (Gizer et al., 2009). Nevertheless, when considering an 

intermediate phenotype level (endophenotypes) (Belcher et al., 2014), a clear significant 

association could be established between ADRA2A polymorphisms (including the G-allele of 

the rs1800544) and the endophenotype impulsivity (Cummins et al., 2014). A recent study in 

rhesus monkeys has shown that guanfacine, a selective 2AR agonist currently approved for 

the symptomatic treatment of ADHD (Chan et al., 2016), significantly decreases impulsive 

choice (Kim et al., 2012). Finally, another recent study in humans showed a significant gene x 

drug interaction in which only cocaine users with risk ADRA2A polymorphisms demonstrated 

a significant increase in impulsive choice (Havranek et al., 2015).  
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In view of the common epidemiological and pharmacological involvement of D4R and 2AR 

in impulse control clinical disorders and, also, our results indicating the promiscuity of DA and 

NE in their ability to activate both Gi/o-coupled receptors, we explored the possibility of their 

ability to form functional interactions in transfected cells by CODA-RET. Again, D4.4R and D4.7 

were compared and G protein activation BRET and CODA-RET techniques were used. In 

addition to DA and NE we also analyzed the effect of pramipexole, ropinirole and rotigotine.  

 

3.1 D4.4R-D2R and D4.7R-D2R heteromer-mediated G protein activation  

 

To study the effect of ligands on putative D4.4R-D2R and D4.7R-D2R heteromer-mediated 

signaling, HEK-293T cells were transfected with D4.4R or D4.7R fused to the N-terminal Rluc 

and D2R-fused to the C-terminal Rluc along with Gαi1-mVenus, β1 and γ2 and BRET was 

measured between receptor pair and Gα-subunit. The results were compared with those 

obtained with D2R, D4.4R and D4.7R homodimers, where one protomer of D2R, D4.4R or 

D4.7R is fused to the N-terminal Rluc and an equivalent protomer is fused to the C-terminal 

Rluc. Considering the effect of DA as the full response, NE mostly behaved as a full agonist 

and both DA and NE produced a dose-dependent D4.4R-D2R- and D4.7R-D2sR-mediated 

Gαi1-protein activation with potencies close to those observed for the D2R homodimer and 

with DA being between 10-60 more potent than NE (Fig 1A-1C; Table 1). As compared to the 

D2R-D2R homodimer, the potency of DA was slightly but significantly higher with the D4.7R-

D2R heteromer and the relative efficacy of NE was significantly higher with the D4.4R-D2R 

heteromer (Table 1). A different pattern of activation was observed with D4.4R and D4.7R 

homodimers, where DA showed a significantly higher potency as compared to that obtained 

with the D2R homodimer, while the potency of NE was kept within the same range for D4.7R 

and was even lower for D4.4R, providing much higher EC50 NE/DA ratios (Fig 1D-1E; Table 1). 

The Gαi1-mVenus-associated signaling pattern of D2R and D4R homomers was then 

compared with that obtained from D2R and D4R expressing full Rluc, which does not assume 

any specific oligomerization state. The same as for homomers, DA had similar potencies for 

the two variants, D4.4R and D4.7R, which in both cases were significantly lower than for the 

D2R (Fig 2; Table 2). Surprisingly, NE had potencies for D4.4R and D4.7R that were relatively 

much closer to DA than for D4.4R and D4.7R homodimers, with much lower NE/DA ratios 
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(Tables 1 and 2). On the other hand, very similar NE/DA ratios were obtained with D2R and 

D2R-D2R homodimers.  

 

Figure 1. G protein activation mediated by DA, NE, pramipexole, ropinirole and rotigotine on D4R 
and D2R homo- and heteromers measured by CODA-RET. Concentration-response experiments of G 
protein activation by different ligands mediated by D2R-D2R, D4.4R-D2R, D4.7R-D2R, D4.4R-D4.4R and 
D4.7R-D4.7R in HEK-293T cells transiently transfected with D4.4R or D4.7R fused to L1 (N-terminal 
Rluc) and D2R-fused to L2 (C-terminal Rluc), Gαi1-mVenus, β1, and γ2. 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 Material 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 nonlinear regression analysis and 
represent means ± S.E.M. of 3 to 15 experiments performed in triplicate (see Table 1 for EC50 and Emax 
values and statistical analysis). 
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Table 1. Potency and efficacy of DA and NE obtained from CODA-RET experiments mediated by 
D2R and D4R homo- and heteromers. 

    EC
50
 E

max
 NE/DA 

D4.4R-D2R DA 1000 ± 200 100 ± 6 60 
NE 60000 ± 10000 133 ± 9 **   

D4.7R-D2R DA 700 ± 100 * 100 ± 4 14 
NE 10000 ± 900 109 ± 6   

D2R-D2R DA 1600 ± 200 100 ± 4 19 
NE 30000 ± 5000 110 ± 10   

D4.4R-D4.4R DA 240 ± 60 ** 100 ± 10 282 
NE 70000 ± 50000 95 ± 10    

D4.7R-D4.7R DA 130 ± 30 ** 100 ± 5 325 
NE 40000 ± 15000 119 ± 6   

 

Potency (EC50 values, in nM) and efficacy (Emax) of DA and NE obtained from CODA-RET experiments 

mediated by D4R and D2R homo- and heteromers (Fig 1). EC50 values were obtained from a sigmoidal 

concentration-response function adjusted by nonlinear regression analysis and are expressed as 

means ± S.E.M. of 3 to 15 experiments performed in triplicate.  Emax is expressed as percentage of DA. 

NE/DA: ratio of EC50 values of NE and DA for each receptor pair. Statistical differences between the 

EC50 of each receptor pair were calculated for DA and NE by one-way ANOVA followed by Dunnett 

post-hoc test against D2R-D2R; * and **: p<0.05 and p<0.01, respectively. Statistical differences in 

Emax between DA and NE were calculated by one-way ANOVA followed by Dunnett post-hoc test of 

each ligand against DA (see also Table 2); **: p<0.01.  

 

 

 

Figure 2. G protein activation mediated by DA, NE, pramipexole, ropinirole and rotigotine by 
D4.4R, D4.7R and D2R measured by G protein activation BRET. Concentration-response 
experiments of G protein activation by different ligands mediated by D4.4R, D4.7R and D2R in HEK-
293T cells transiently transfected with D4.4R, D4.7R or D2R fused to full-length Rluc, Gαi1-mVenus, 
β1, and γ2. Cells were treated with Coelenterazine H followed by increasing concentrations of one 
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of the ligands. Ligand-induced changes in BRET values were measured as described in the Material 
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 nonlinear regression analysis and represent means ± S.E.M. of 3 to 10 experiments performed in 
triplicate (see Table 2 for EC50 and Emax values and statistical analysis). 

 

 

Table 2. Potency and efficacy of DA, NE, pramipexole, ropinirole and rotigotine obtained from G 
protein activation BRET mediated by D4.4R, D4.7R and D2R. 

 D4.4R D4.7R D2R 

 EC
50

 E
max

 NE/DA EC
50

 E
max

 NE/DA EC
50

 E
max

 NE/DA 

DA 80 ± 15 ** 100 ± 5 23 150 ± 50 ** 100 ± 6 16 800 ± 100 100 ± 3 9 

NE 1800 ± 400 ** 96 ± 6  2400 ± 800 ** 83 ± 9  7000 ± 1000 120 ± 4  

Pramipexole 60 ±20 ** 76 ± 7 *  110 ± 20 ** 68 ± 8 *  500 ± 100 97 ± 6  

Ropinirole 350 ± 150 62 ± 6 **  5000 ±2000 54 ± 8 **  480 ± 40 54 ± 2 **  

Rotigotine NA NA  35 ±15 60 ± 10 *  5 ± 2 70 ± 5 **  

 
Potency (EC50 values, in nM) and efficacy (Emax) of DA, NE, pramipexole, ropinirole and rotigotine 

obtained from G protein activation experiments mediated by D4.4R, D4.7R or D2R (Fig 2). EC50 values 

were obtained from a sigmoidal concentration-response function adjusted by nonlinear regression 

analysis and are expressed as means ± S.E.M. of 3 to 10 experiments performed in triplicate.  Emax is 

expressed as percentage of DA. NE/DA: ratio of EC50 values of NE and DA for each receptor. Statistical 

differences between the EC50 of each receptor and each ligand were calculated by one-way ANOVA 

followed by Dunnett post-hoc test against D2R; **: p<0.01. Statistical differences in Emax between DA 

and the other ligands were calculated by one-way ANOVA followed by Dunnett post-hoc test of each 

ligand against DA; * and **: p<0.05 and p<0.01, respectively. NA, not adjusted. 

 

Finally, the contribution of D2R and the D4R variants on the signaling by DA and NE on the 

D4.4R-D2R and D4.7R-D2R heteromers was analyzed by applying the selective D4R antagonist 

L745-870 and the D2R-D3R (not D4R) antagonist raclopride (Fig 3A-3B). For both 

neurotransmitters and for both D4.4R-D2R and D4.7R-D2R heteromers, raclopride (100 nM) 

produced an almost complete counteraction, while L745-870 (1 µM) slightly decreased the 

effect of DA and NE for D4.4R-D2R but not D4.7R-D2R heteromers (Fig 3C-3D).  

In summary, we could confirm that there are no differences in the potency or efficacy of the 

endogenous neurotransmitters with D4.4R and D4.7R monomers or homodimers, but the 

association with D2R discloses differences between the two D4R variants. First, 
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catecholamine-induced Gi-mediated signaling by D4R-D2R heteromers is predominantly and 

completely dependent on the activation of D2R in D4.4R-D2R and D4.7R-D2R, respectively. 

D4R only plays a partial effect on the activation of D4.4R-D2R and no effect on the activation 

of the D4.7R-D2R heteromer. However, D4R variants play a differential modulatory role of 

DA- and NE-induced D4R-D2R heteromers-mediated signaling, with D4.4R increasing the 

efficacy of NE and D4.7R increasing the potency of DA probably through an allosteric 

modulation of D4.7R on D2R.  

 

Figure 3. Inhibition of DA- and NE- mediated G protein activation by D4.4R-D2R (A, B) and D4.7R-
D2R (C, D) heteromers measured by CODA-RET. Cells were pre-treated with 1 µM L745-870 or 100 
nM raclopride for 10 minutes followed by the addition of Coelenterazine H and increasing 
concentrations of DA (black) or NE (blue). Ligand-induced changes in BRET values were measured as 
described in the Material 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 nonlinear regression analysis and represent means ± S.E.M. of 3 
to 15 experiments performed in triplicate.  
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An even more different D4R variant-dependent pattern emerged by analyzing the effects of 

the exogenous ligands on D4.4R-D2R and D4.7R-D2R heteromers. Qualitatively, pramipexole, 

ropinirole and rotigotine behaved with the D4.7R-D2R similarly than with the D2R 

homodimer: pramipexole showed full efficacy (in relation to DA) and ropinirole and rotigotine 

were partial agonists with an order of potency of rotigotine>pramipexole>ropinirole (Fig 1; 

Table 3). The same as for DA, the exogenous ligands were slightly more potent and efficacious 

for the D4.7R-D2R heteromer (only significant for ropinirole) than for the D2R homodimer 

(Fig 1; Table 3). On the other hand, for the D4.4R-D2R heteromers, pramipexole displayed 

higher efficacy than DA, while ropinirole and rotigotine were totally ineffective (Fig 1; Table 

3). In addition, different to the endogenous neurotransmitters, a different profile could be 

observed with the exogenous ligands when considering D4R homodimers or the putatively 

monomeric conformation analyzed in the experiments without Rluc complementation. The 

most significant differences were that pramipexole was either a partial agonist (putative D4R 

monomer) or practically ineffective (D4R homodimer) and that rotigotine was ineffective in 

D4R monomers/homodimers (Fig 1 and 2; Tables 2 and 3). The same as for endogenous 

neurotransmitters, the same qualitative differences were observed with the profile of 

exogenous ligands for D2R homomers and with experiments with D2R expressing full Rluc (Fig 

1 and 2; Tables 2 and 3).  

In summary, we could establish for the first time differences in the potency or efficacy of the 

ligands between the D4.4R and D4.7R variants (monomers or homodimers). Furthermore, the 

association with D2R promoted additional differential modulations by D4R variants of ligand-

induced D4R-D2R heteromers-mediated signaling. As compared with D2R homomers, D4.7R 

slightly increased, their potencies, while the D4.4R differentially modified their efficacy, 

increasing the efficacy of pramipexole, while blunting that of ropinirole and rotigotine. 
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Table 3. Potency and efficacy of pramipexole, ropinirole and rotigotine obtained from CODA-
RET experiments mediated by D2R and D4R homo- and heteromers. 

    EC
50
 E

max
 

D4.4R-D2R 
Pramipexole 1100 ± 200 125 ± 5 * 

Ropinirole NA   
Rotigotine NA   

        

D4.7R-D2R 
Pramipexole 440 ± 70 94 ± 5 

Ropinirole 600 ± 150 ** 49 ± 5 ** 
Rotigotine 3 ± 1 * 56 ± 7 ** 

        

D2R-D2R 
Pramipexole 1200 ± 300 109 ± 2 

Ropinirole 2200 ± 500 28 ± 3 * 
Rotigotine 100 ± 20 31 ± 3 * 

        

D4.4R-D4.4R 
Pramipexole NA   

Ropinirole 400 ± 200 ** 53 ± 4 * 
Rotigotine NA   

        

D4.7R-D4.7R 
Pramipexole 500 ± 350 65 ± 5 ** 

Ropinirole 1300 ± 300 73 ± 8 
Rotigotine 190 ± 80 40 ± 10 ** 

 

Potency (EC50 values, in nM) and efficacy (Emax) of pramipexole, ropinirole and rotigotine obtained 

from CODA-RET experiments mediated by D4R and D2R homo- and heteromers (Fig 1). EC50 values 

were obtained from a sigmoidal concentration-response function adjusted by nonlinear regression 

analysis and are expressed as means ± S.E.M. of 3 to 15 experiments performed in triplicate.  Emax is 

expressed as percentage of DA. Statistical differences between the EC50 of each receptor pair and for 

each ligand were calculated by one-way ANOVA followed by Dunnett post-hoc test against D2R-D2R; 

* and **:  p<0.05 and p<0.01. Statistical differences in Emax between ligands were calculated by one-

way ANOVA followed by Dunnett post-hoc test of each ligand against DA (see also Table 2); * and **: 

p<0.05 and p<0.01, respectively. NA, not adjusted. 

 

3.2 D4.4R-2AR and D4.7R-2AR dimer-mediated G protein activation 

CODA-RET was also used to demonstrate the ability of D4R to form functional interactions 

with 2AR and to evaluate possible differences in the effect of endogenous and exogenous 

ligands between D4.4R-2AR- and D4.7R-2AR-mediated signaling. HEK-293T cells were 

transfected with D4.4R or D4.7R fused to N-terminal Rluc and 2AR-fused to C-terminal Rluc 

along with Gαi1-mVenus, β1 and γ2 and BRET was measured between receptor pair and Gα-
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subunit. The results could be compared with those obtained with 2AR homodimers, where 

one protomer of 2AR is fused to N-terminal Rluc and an equivalent protomer is fused to C-

terminal Rluc. As demonstrated in our recent study on non-canonical activation of the 2-

adrenoceptors with DA (Sánchez-Soto et al., manuscript in preparation; Chapter 2 of the 

Results), DA was almost as potent as NE, although it showed a significantly lower efficacy (Fig 

4; Table 4). The efficacy of DA was slightly increased with coupling to the D4.4R or D4.7R. 

Nevertheless, there was a selective increase in potency of DA over NE for the D4.4R-2AR 

pair. 

The Gαi1-mVenus-associated signaling pattern of 2AR homomers was then compared with 

that obtained from 2AR expressing full Rluc, which does not assume any specific 

oligomerization state in order to discard any possible artifact produced by the Rluc 

complementation. NE had high potency and efficacy for both 2AR and 2AR-2AR (Fig 5A-

B). DA had similar potency in both 2AR and 2AR-2AR and the ratio NE/DA was almost 

identical in both cases. This supports the idea that 2AR forms homodimers and goes in line 

with the biphasic radioligand binding curves shown in Chapter 2 of the Results that considers 

receptors as dimers. On the other hand, the lower efficacy of DA on the 2AR-2AR homomer 

contrasts with the almost full efficacy on 2AR (Fig 5B). An effect of the fusion protein on the 

normal function of the receptor cannot be discarded and more experiments are needed. 

 

 

Figure 4. G protein activation mediated by DA, NE, pramipexole, ropinirole and rotigotine on D4R-
α2AR and α2AR-α2AR measured by CODA-RET. Concentration-response experiments of G protein 
activation by different ligands mediated by α2AR-α2AR, D4.4R-α2A and D4.7R-α2AR in HEK-293T cells 
transiently transfected with D4.4R, D4.7R or α2AR fused to L1 (N-terminal Rluc) and α2AR-fused to L2 
(C-terminal Rluc), Gαi1-mVenus, β1, and γ2. Cells were treated with Coelenterazine H followed by 
increasing concentrations of one of the ligands. Ligand-induced changes in BRET values were 
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measured as described in the Material 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 nonlinear regression analysis and represent means ± 
S.E.M. of 2 to 11 experiments performed in triplicate (see Table 4 for EC50 and Emax values and statistical 
analysis). 

 

 

  

Figure 5. (A) Concentration-response and (B) potency and efficacy, of G protein activation mediated 

by DA, NE, pramipexole, ropinirole and rotigotine by α2AR measured by G protein activation BRET. 

(A) Concentration-response experiments of G protein activation by different ligands mediated by 

α2AR in HEK-293T cells transiently transfected with α2AR fused to full-length Rluc, Gαi1-mVenus, β1, 

and γ2. 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 Material 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 

nonlinear regression analysis and represent means ± S.E.M. of 2 to 6 experiments performed in 

triplicate. (B) Potency (EC50 values, in nM) and efficacy (Emax) of DA, NE, pramipexole, ropinirole and 

rotigotine obtained from G protein activation experiments mediated by α2AR. Emax is expressed as 

percentage of NE. NE/DA: ratio of EC50 values of NE and DA. Statistical differences between the EC50 

of ligands were calculated by one-way ANOVA followed by Dunnett post-hoc test against NE; **: 

p<0.01. Statistical differences between Emax of different ligands were calculated by one-way ANOVA 

followed by Dunnett post-hoc test of each ligand against NE; **: p<0.01. NA, not adjusted. 
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Table 4. Potency and efficacy of DA and NE obtained from CODA-RET experiments mediated by 
D4R-α2AR and α2AR-α2AR. 

    EC
50
 E

max
 NE/DA 

          
α2AR-α2AR DA 8500 ± 700 54 ± 2 ** 0.34 

NE 2900 ± 600 100 ± 9   
          

D4.4R-α2AR DA 3500 ± 700 ** 75 ± 5 ** 1.2 
NE 4300 ± 700 100 ± 6   

          
D4.7R-α2AR DA 6900 ± 700 77 ± 2 ** 0.22 

NE 1500 ± 200 100 ± 4   
 

Potency (EC50 values, in nM) and efficacy (Emax) of DA and NE obtained from CODA-RET experiments 

mediated by α2AR-α2AR, D4.4R-α2AR or D4.7R-α2AR (Fig 4). EC50 values were obtained from a 

sigmoidal concentration-response function adjusted by nonlinear regression analysis and are 

expressed as means ± S.E.M. of 3 to 15 experiments performed in triplicate.  Emax is expressed as 

percentage of NE. NE/DA: ratio of EC50 values of NE and DA for each receptor pair. Statistical 

differences between the EC50 of each receptor pair were calculated for DA and NE by one-way ANOVA 

followed by Dunnett post-hoc test against α2AR-α2AR; **: p<0.01. Statistical differences in Emax 

between DA and NE were calculated by one-way ANOVA followed by Dunnett post-hoc test of each 

ligand against NE *(see also Table 5); **: p<0.01.  

 

 

The contribution of 2AR and the D4R variants on the signaling by DA and NE on the D4.4R-

2AR and D4.7R-2AR pairs was analyzed by applying the selective D4R antagonist L745-870 

and the 2-adrenoceptor antagonist yohimbine (Fig 6). For both neurotransmitters and for 

both D4.4R-2AR and D4.7R-2AR pairs, yohimbine (1 µM) produced an almost complete 

counteraction, whereas L745-870 (1 µM) only significantly decreased the effect of DA and NE 

for D4.4R-2AR but not D4.7R-2AR pairs (Fig 6). In summary, the same as for D4.4R-D2R and 

D4.7R-D2R heteromers, we found that the association with 2AR discloses differences 

between the two D4R variants. First, catecholamine-induced Gi-mediated signaling by D4R-

2AR dimer is partially and completely dependent on the activation of 2AR in the D4.4R-

2AR and D4.7R-2AR, respectively. Second, D4R only plays a partial effect on the G protein 

activation by D4.4R-2AR and no effect on the activation by the D4.7R-2AR pair. Then, D4R 

variants play a differential modulatory role of DA- and NE-induced D4R-2AR-mediated 
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signaling, with D4.4R increasing the potency of DA versus NE. Finally, both D4.4R and D4.7R 

increase the efficacy of DA when they interact with 2AR. 

 

 

Figure 6. Inhibition of DA- and NE- mediated G protein activation by D4.4R-α2AR (A, B) and D4.7R- 
α2AR (C, D) dimers measured by CODA-RET. Cells were pre-treated with 1 µM L745-870 or 1 µM 
yohimbine for 10 minutes followed by the addition of Coelenterazine H and increasing concentrations 
of DA (black) or NE (blue). Ligand-induced changes in BRET values were measured as described in the 
Material 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 nonlinear regression analysis and represent means ± S.E.M. of 4 to 11 experiments 
performed in triplicate.  

 

Finally, the effects of pramipexole, ropinirole and rotigotine on the Gi-mediated signaling of 

D4.4R-2AR and D4.7R-2AR pairs were also analyzed and compared with their effects on 

2AR homodimers (Fig 4; Table 5). The same pharmacological profile was observed for 2AR 

homodimers and D4.7R-2AR pairs, a relatively low potency and efficacy of pramipexole and 

a lack of efficacy of ropinirole and rotigotine. Together with the same results obtained with 

DA and NE with 2AR homodimers and D4.7R-2AR pairs and the total D4R-independent 

D4.4R-2AR

-11 -10 -9 -8 -7 -6 -5 -4 -3

-0.01

0.00

0.01

0.02

0.03

DA+L745-870

DA+Yohimbine

Dopamine

A

Log [Dopamine] (M)

D
ru

g
-i

n
d

u
ce

d
 B

R
E

T

D4.4R-2AR

-11 -10 -9 -8 -7 -6 -5 -4 -3

-0.01

0.00

0.01

0.02

0.03

0.04
Norepinephrine
NE+L745-870
NE+Yohimbine

B

Log [Norepinephrine] (M)

D
ru

g
-i

n
d

u
ce

d
 B

R
E

T

D4.7R-2AR

-11 -10 -9 -8 -7 -6 -5 -4 -3

-0.01

0.00

0.01

0.02

0.03

DA+L745-870

DA+Yohimbine

Dopamine

C

Log [Dopamine] (M)

D
ru

g
-i

n
d

u
ce

d
 B

R
E

T

D4.7R-2AR

-11 -10 -9 -8 -7 -6 -5 -4 -3

-0.01

0.00

0.01

0.02

0.03

0.04

NE+L745-870
NE+Yohimbine

Norepinephrine

D

Log [Norepinephrine] (M)

D
ru

g
-i

n
d

u
ce

d
 B

R
E

T



RESULTS AND DISCUSSION 

155 
 

D4.7R-2AR pairs signaling, these results indicate that, although physically connected, D4.7R 

does not form functional signaling complexes with 2AR. On the other hand, pramipexole, 

ropinirole and rotigotine displayed high potency, although very partial efficacy, with D4.4R-

2AR pairs. Again demonstrating that interaction with other catecholamine receptors 

discloses important functional differences between the products of the two most common 

DRD4 polymorphic variants. In addition, similar profile could be observed with the exogenous 

ligands when considering 2AR homodimers or the putatively predominant monomeric 

conformation analyzed in the experiments with full-length Rluc (Fig 5). Neither ropinirole nor 

rotigotine had any effect on G protein activation mediated by 2AR or 2AR-2AR and 

pramipexole behaved as a partial agonist for monomers/homodimers (Fig 5).  

  

Table 5. Potency and efficacy of pramipexole, ropinirole and rotigotine obtained from CODA-RET 
experiments mediated by D4R-α2AR and α2AR-α2AR pairs. 

    EC
50
 E

max
 

α2AR-α2AR 
Pramipexole 9000 ± 3000 36 ± 2 ** 

Ropinirole NA   
Rotigotine NA   

        

D4.4R-α2AR 
Pramipexole 140 ± 60 * 22 ± 2 ** 

Ropinirole 350 ± 200 13 ± 2 ** 
Rotigotine 7 ± 5 12 ± 2 ** 

        

D4.7R-α2AR 
Pramipexole 5600 ± 650 44 ± 5 ** 

Ropinirole NA   
Rotigotine NA   

 

Potency (EC50 values, in nM) and efficacy (Emax) of pramipexole, ropinirole and rotigotine obtained 

from CODA-RET experiments mediated by α2AR-α2AR, D4.4R-α2AR or D4.7R-α2AR (Fig 4). EC50 values 

were obtained from a sigmoidal concentration-response function adjusted by nonlinear regression 

analysis and are expressed as means ± S.E.M. of 3 to 15 experiments performed in triplicate.  Emax is 

expressed as percentage of NE. Statistical differences between the EC50 of each receptor pair and for 

each ligand were calculated by one-way ANOVA followed by Dunnett post-hoc test against α2AR-

α2AR; * and ** p<0.05 and p<0.01, respectively. Statistical differences in Emax between ligands were 

calculated by one-way ANOVA followed by Dunnett post-hoc test of each ligand against NE; **: 

p<0.01. NA, not adjusted. 
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3.3 Discussion 

The present results indicate that, first, there are no differences in the potency or efficacy of 

the endogenous neurotransmitters DA and NE with D4.4R and D4.7R monomers or 

homodimers, but the association with D2R or 2AR discloses differences between the two 

D4R variants.  

Second, we have established for the first time differences in the potency or efficacy of 

exogenous ligands between the D4.4R and D4.7R variants. One example is the lack of effect 

of rotigotine on D4.4R compared to D4.7R where it behaves as a partial agonist. Furthermore, 

the association with D2R promoted additional differential modulations by D4R variants of 

ligand-induced D4R-D2R heteromers-mediated signaling. Interestingly, rotigotine behaved as 

a very potent agonist at D4.7R-D2R with a very low nanomolar affinity compared to D4.4R-

D2R or D2R-D2R. This would suggest the need for genotyping in order to provide the most 

appropriate therapeutic agent for RLS and Parkinson’s disease. In addition, the high affinity 

of rotigotine for this heteromer pair and the fact that is a drug approved in several countries 

would help in the treatment of other dopamine-based neuropsychiatric disorders by 

improving the efficacy and decreasing its side-effects.  

Third, by using CODA-RET we have demonstrated the existence of functional Gi-mediated 

signaling complexes between 2AR and D4R in vitro, both being suggested to be involved in 

the pathophysiology and treatment of impulse control disorders (ADHD, substance use 

disorders). Finally, in transfected cells, 2AR can form functional complexes with D4.4R but 

not with the D4.7R variant, which is significantly associated with ADHD. These results go in 

line with previous experiments performed in our lab that suggested that D4.7R may not form 

functional heteromers with D2R (González et al., 2012). 

Although to our knowledge, we are the first ones to suggest the putative interaction of 2AR 

and D4R, there is an obvious need to confirm this by a combination of different in vitro, in situ 

and in vivo techniques. As a matter of fact, this is currently one of the main focus in our lab 

and it will help in the understanding of the relationship between these receptors and 

neuropsychiatric disorders. 

 



RESULTS AND DISCUSSION 

157 
 

3.4 References of chapter 3 

Arnsten, A.F., Steere, J.C., and Hunt, R.D. (1996). The contribution of alpha 2-noradrenergic 
mechanisms of prefrontal cortical cognitive function. Potential significance for attention-deficit 
hyperactivity disorder. Arch Gen Psychiatry 53, 448-455. 
 
Belcher, A.M., Volkow, N.D., Moeller, F.G., and Ferré, S. (2014). Personality traits and vulnerability or 
resilience to substance use disorders. Trends Cogn Sci 18, 211-217. 
 
Bock, J., and Braun, K. (2011). The impact of perinatal stress on the functional maturation of prefronto-
cortical synaptic circuits: implications for the pathophysiology of ADHD? Prog Brain Res 189, 155-169. 
 
Borroto-Escuela, D.O., Van Craenenbroeck, K., Romero-Fernandez, W., Guidolin, D., Woods, A.S., 
Rivera, A., Haegeman, G., Agnati, L.F., Tarakanov, A.O., and Fuxe, K. (2011). Dopamine D2 and D4 
receptor heteromerization and its allosteric receptor-receptor interactions. Biochem Biophys Res 
Commun 404, 928-934. 
 
Chan, E., Fogler, J.M., and Hammerness, P.G. (2016). Treatment of Attention-Deficit/Hyperactivity 
Disorder in Adolescents: A Systematic Review. JAMA 315, 1997-2008. 
 
Chang, F.M., Kidd, J.R., Livak, K.J., Pakstis, A.J., and Kidd, K.K. (1996). The world-wide distribution of 
allele frequencies at the human dopamine D4 receptor locus. Hum Genet 98, 91-101. 
 
Cummins, T.D., Jacoby, O., Hawi, Z., Nandam, L.S., Byrne, M.A., Kim, B.N., Wagner, J., Chambers, C.D., 
and Bellgrove, M.A. (2014). Alpha-2A adrenergic receptor gene variants are associated with increased 
intra-individual variability in response time. Mol Psychiatry 19, 1031-1036. 
 
Del Campo, N., Chamberlain, S.R., Sahakian, B.J., and Robbins, T.W. (2011). The roles of dopamine and 
noradrenaline in the pathophysiology and treatment of attention-deficit/hyperactivity disorder. Biol 
Psychiatry 69, e145-157. 
 
Donnelly, C.L. (2006). History and pathophysiology of ADHD. CNS Spectr 11, 4-6. 
 
Faraone, S.V., Perlis, R.H., Doyle, A.E., Smoller, J.W., Goralnick, J.J., Holmgren, M.A., and Sklar, P. 
(2005). Molecular genetics of attention-deficit/hyperactivity disorder. Biol Psychiatry 57, 1313-1323. 
 
Fusar-Poli, P., Rubia, K., Rossi, G., Sartori, G., and Balottin, U. (2012). Striatal dopamine transporter 
alterations in ADHD: pathophysiology or adaptation to psychostimulants? A meta-analysis. Am J 
Psychiatry 169, 264-272. 
 
Gizer, I.R., Ficks, C., and Waldman, I.D. (2009). Candidate gene studies of ADHD: a meta-analytic 
review. Hum Genet 126, 51-90. 
 
Gizer, I.R., Ficks, C., and Waldman, I.D. (2009). Candidate gene studies of ADHD: a meta-analytic 
review. Hum Genet 126, 51-90. 
 
González, S., Rangel-Barajas, C., Peper, M., Lorenzo, R., Moreno, E., Ciruela, F., Borycz, J., Ortiz, J., Lluís, 
C., Franco, R., 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. 
 
Havranek, M.M., Hulka, L.M., Tasiudi, E., Eisenegger, C., Vonmoos, M., Preller, K.H., Mossner, R., 



RESULTS AND DISCUSSION 

158 
 

Baumgartner, M.R., Seifritz, E., Grunblatt, E., et al. (2015). alpha2A -Adrenergic receptor 
polymorphisms and mRNA expression levels are associated with delay discounting in cocaine users. 
Addict Biol. 
 
Jensen, P.S. (2000). ADHD: current concepts on etiology, pathophysiology, and neurobiology. Child 
Adolesc Psychiatr Clin N Am 9, 557-572, vii-viii. 
 
Kim, S., Bobeica, I., Gamo, N.J., Arnsten, A.F., and Lee, D. (2012). Effects of alpha-2A adrenergic 
receptor agonist on time and risk preference in primates. Psychopharmacology (Berl) 219, 363-375. 
 
LaHoste, G.J., Swanson, J.M., Wigal, S.B., Glabe, C., Wigal, T., King, N., and Kennedy, J.L. (1996). 
Dopamine D4 receptor gene polymorphism is associated with attention deficit hyperactivity disorder. 
Mol Psychiatry 1, 121-124. 
 
Levy, R., Dostrovsky, J.O., Lang, A.E., Sime, E., Hutchison, W.D., and Lozano, A.M. (2001). Effects of 
apomorphine on subthalamic nucleus and globus pallidus internus neurons in patients with 
Parkinson's disease. J Neurophysiol 86, 249-260. 
 
Li, T., Chen, C.K., Hu, X., Ball, D., Lin, S.K., Chen, W., Sham, P.C., Loh el, W., Murray, R.M., and Collier, 
D.A. (2004). Association analysis of the DRD4 and COMT genes in methamphetamine abuse. Am J Med 
Genet B Neuropsychiatr Genet 129B, 120-124. 
 
McGeary, J. (2009). The DRD4 exon 3 VNTR polymorphism and addiction-related phenotypes: a 
review. Pharmacol Biochem Behav 93, 222-229. 
 
Millan, M.J., Maiofiss, L., Cussac, D., Audinot, V., Boutin, J.A., and Newman-Tancredi, A. (2002). 
Differential actions of antiparkinson agents at multiple classes of monoaminergic receptor. I. A 
multivariate analysis of the binding profiles of 14 drugs at 21 native and cloned human receptor 
subtypes. J Pharmacol Exp Ther 303, 791-804. 
 
Park, L., Nigg, J.T., Waldman, I.D., Nummy, K.A., Huang-Pollock, C., Rappley, M., and Friderici, K.H. 
(2005). Association and linkage of alpha-2A adrenergic receptor gene polymorphisms with childhood 
ADHD. Mol Psychiatry 10, 572-580. 
 
Pasini, A., and D'Agati, E. (2009). Pathophysiology of NSS in ADHD. World J Biol Psychiatry 10, 495-502. 
 
Roman, T., Schmitz, M., Polanczyk, G.V., Eizirik, M., Rohde, L.A., and Hutz, M.H. (2003). Is the alpha-
2A adrenergic receptor gene (ADRA2A) associated with attention-deficit/hyperactivity disorder? Am J 
Med Genet B Neuropsychiatr Genet 120B, 116-120. 
 
Sánchez-Soto, M., Bonifazi, A., Cai, N.S., Ellenberger, M.P., Newman, A.H., Ferré, S., and Yano, H. 
(2016). Evidence for Noncanonical Neurotransmitter Activation: Norepinephrine as a Dopamine D2-
Like Receptor Agonist. Mol Pharmacol 89, 457-466. 
 
Sharma, A., and Couture, J. (2014). A review of the pathophysiology, etiology, and treatment of 
attention-deficit hyperactivity disorder (ADHD). Ann Pharmacother 48, 209-225. 
 
Soros, P. (2008). Tourette syndrome, ADHD, and the limbic system: investigating the pathophysiology. 
Dev Med Child Neurol 50, 486. 
 
Stevenson, J., Langley, K., Pay, H., Payton, A., Worthington, J., Ollier, W., and Thapar, A. (2005). 



RESULTS AND DISCUSSION 

159 
 

Attention deficit hyperactivity disorder with reading disabilities: preliminary genetic findings on the 
involvement of the ADRA2A gene. J Child Psychol Psychiatry 46, 1081-1088. 
 
Urizar, E., Yano, H., Kolster, R., Gales, C., Lambert, N., and Javitch, J.A. (2011). CODA-RET reveals 
functional selectivity as a result of GPCR heteromerization. Nat Chem Biol 7, 624-630. 
 
Van Tol, H.H., Wu, C.M., Guan, H.C., Ohara, K., Bunzow, J.R., Civelli, O., Kennedy, J., Seeman, P., Niznik, 
H.B., and Jovanovic, V. (1992). Multiple dopamine D4 receptor variants in the human population. 
Nature 358, 149-152. 
 
Wang, E., Ding, Y.C., Flodman, P., Kidd, J.R., Kidd, K.K., Grady, D.L., Ryder, O.A., Spence, M.A., Swanson, 
J.M., and Moyzis, R.K. (2004). The genetic architecture of selection at the human dopamine receptor 
D4 (DRD4) gene locus. Am J Hum Genet 74, 931-944. 
 
Wood, M., Dubois, V., Scheller, D., and Gillard, M. (2015). Rotigotine is a potent agonist at dopamine 
D1 receptors as well as at dopamine D2 and D3 receptors. Br J Pharmacol 172, 1124-1135. 
 
Zametkin, A.J., and Rapoport, J.L. (1987). Neurobiology of attention deficit disorder with hyperactivity: 
where have we come in 50 years? J Am Acad Child Adolesc Psychiatry 26, 676-686. 
 



 

160 
 

  



 

161 
 

 

 

 

 

 

 

 

 

 

 

V. GENERAL DISCUSSION 



 

162 
 

 



GENERAL DISCUSSION 

163 
 

V. GENERAL DISCUSSION 

 

GPCRs comprise the largest superfamily of proteins in the body. They are known as extremely 

versatile receptors for extracellular messengers as diverse as biogenic amines, purines and 

nucleic acid derivatives, lipids, peptides and proteins, odorants, pheromones, tastants, ions 

like calcium and protons, and even photons in the case of rhodopsin (Jacoby et al., 2006). 

GPCR signaling pathways regulate key biological functions such as cell proliferation, cell 

survival, angiogenesis and neurotransmission.  

Catecholamines including DA and NE are widely distributed in the body and exert important 

physiological functions by serving as neurotransmitters or neuromodulators. Catecholamine 

neurotransmitter receptors belong to the GPCR superfamily and have been classically defined 

into subclasses of receptors with the name of the neurotransmitter with the highest affinity. 

However, there is compelling evidence indicating that DA and NE promiscuously interact with 

each other’s receptors in some situations. One important example is the D4R which is known 

to be both a dopaminergic and noradrenergic receptor and 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). Yet, no clear evidence indicated that could 

also be the case for the other D2-like receptors.  

In general, NE and DA innervation coincides with the distribution of adrenergic and 

dopaminergic receptors, respectively, but this afferent-receptor coincidence is not always the 

case in the brain. Particularly in rodents, the cerebral cortex receives dense and widespread 

noradrenergic innervation, whereas dopaminergic terminals are more concentrated in the 

prefrontal cortex (Descarries et al., 1987; Séguéla et al., 1990). However, DA receptors are 

expressed throughout the cortex, and their localization exceeds that of the dopaminergic 

terminals (Lidow et al., 1989; Richfield et al., 1989; Goldsmith and Joyce, 1994; Wedzony et 

al., 2000). 

In order to study the possible activation of D2-like receptors by NE and how it compares to DA 

we used radioligand binding and three different BRET-based assays that allow measuring of 

adenylyl cyclase inhibition, activation of specific G protein subtypes and β-arrestin 
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recruitment.  The results indicate that all D2-like receptor subtypes (D2SR, D2LR, D3R, D4.2R, 

D4.4R and D4.7R) can bind with high affinity and be activated by NE. Importantly, their 

potencies, particularly for D3R and D4R, are closer than expected to the affinity for the 

adrenergic receptor α2AR. If D4R functions as an adrenergic receptor in some brain regions 

(Root et al., 2015), the other D2-like receptors which can be expressed with higher density in 

some of those areas, should also be considered as functional adrenergic receptors. 

Furthermore, DA and NE concentrations in prefrontal cortex are comparable (Koob et al., 

1975; Blank et al., 1979; Li et al., 1998), suggesting that actions of NE at cortical D2-like 

receptors are likely functionally significant.  

Since the first description of the human D4R variants (Van Tol, 1992), there has been a number 

of studies trying to decipher their differences in signaling as well as their association with 

neuropsychiatric disorders such as ADHD (). Initial studies seemed to indicate that D4.7R 

signals with less efficiency than the most common variant D4.4R (Asghari et al., 1995; 

Jovanovic et al.,1999) but our study clearly indicates that the three most common variants 

D4.2R, D4.4R and D4.7R do not have differences in their ability to activate Gi protein subtypes, 

inhibit adenylyl cyclase or recruit β-arrestin.  

Our study also highlights the importance of the Gαi/o protein subunit involved in D4R 

activation. Thus, with the three main human D4R polymorphic variants DA was approximately 

10 times more potent than NE at activating G proteins containing Gαi1, Gαi2, or Gαi3 subunits 

but it was only twice as potent at activating G proteins containing Gαo1 or Gαo2 subunits. 

Gαi/o protein subunit-dependent differences were also demonstrated in the potencies of DA 

and NE for D2SR, D2LR, and D3R.  

The adrenergic α2AR is also a Gi/o-coupled receptor highly expressed in the prefrontal cortex 

(Wise et al., 1997) where D2-like receptors are expressed, especially D2R and D4R (Missale et 

al., 1998). Our functional readouts of Gi activation, adenylyl cyclase inhibition, and β arrestin 

recruitment 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. 

 

Not only α2AR is expressed in the prefrontal cortex but it’s also enriched in the striatum 

together with α2CR. The high density of striatal α2AR and α2CR prompted a fundamental 
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question in view of the well-known paucity of striatal noradrenergic terminals (Lindvall et al., 

1975; Swanson and Hartman, 1975; Aston-Jones, 2004) and the concomitant low extracellular 

levels of striatal NE (Gobert et al., 2004). After showing that NE has a significant role as a DA 

D2-like receptor agonist we decided to extend our study and characterize the effect of DA and 

other synthetic dopaminergic ligands on Gi/o-coupled adrenergic receptors. So in the second 

study, we revisited the possible dopaminergic function of α2AR and α2CR using the same 

methodology used previously, sensitive BRET-based techniques for the study of G protein 

activation or adenylyl cyclase activity in living cells. In addition, we also analyzed the ability of 

DA and NE to bind to α2 adrenoceptors in cortical tissue, which predominantly expresses 

α2AR, and striatal tissue, which expresses both α2AR and α2CR adrenoceptors. 

 

The most conclusive data comes from the G protein activation BRET assay, where the 

potencies of DA for α2AR and α2CR were found to be very similar or even higher than for 

some subtypes of D2-like receptors. Therefore, irrespective of the maximal concentration of 

extracellular NE that could be reached in the striatum, DA can reach sufficient extracellular 

concentration to activate α2AR and α2CR. By combining the first and the second study we 

could state that Gi/o-coupled adrenoceptors and dopaminergic receptors should probably be 

considered as members of one ‘functional’ family of catecholamine receptors. 

 

The second major finding of the present study is that α2AR and α2CR are also common targets 

for compounds previously characterized as D2-like receptor ligands. Particularly striking was 

the ability of prototypical D3R and D4R agonists 7-OH-PIPAT and RO-105824 to bind with high 

affinity to α2AR and α2CR, which might call for revisiting results of previous studies using 

these compounds. Similar to the previous study, both potency and efficacy dependence on 

the receptor and the Gαi/o protein subtype was the norm for all ligands, including the 

endogenous neurotransmitters. Therefore, the first and the second study demonstrate that 

the Gαi/o protein subtype is fundamental in conferring the specific pharmacological profile 

(potency and efficacy) of Gi/o-coupled catecholamine receptor ligands. Detailed 

characterization of the expression patterns for Gαi/o protein subtypes would then be central 

to determine their role in α2AR and α2CR activation and thus their possible specific targeting 

with Gαi/o subtype functionally selective compounds. 
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To find a functional correlate of the results obtained with NE and DA with the G protein 

activation BRET assay and with the radioligand binding experiments, we measured NE and 

DA-induced changes in adenylyl cyclase activity by using CAMYEL, a BRET-based biosensor. 

Both ligands produced inverted U-shaped concentration-response curves for both α2AR and 

α2CR-transfected cells that correlate with a dual Gi/o-Gs effect. This goes in line with previous 

studies showing that α2 adrenoceptors functionally couple not only to Gi/o proteins but also 

to Gs (Fraser et al., 1989; Jones et al., 1991; Eason et al., 1992, 1994, 1995). 

 

The role of D4R in the brain is not completely known, let alone the functional differences 

between the D4R variants. However, recent results in our laboratory demonstrated a key role 

of D4R in the control of corticostriatal transmission and a gain of function of D4.7R compared 

to D4.4R (Bonaventura et al., 2016). These results seem at odds with our results described 

above in which there is a lack of individual functional differences at the level of cell signaling. 

It became therefore plausible that differential functional interactions with other receptors 

could provide an explanation for the differential attributes of D4.4R and D4.7R found at the 

level of brain function and dysfunction described previously (Borroto-Escuela et al., 2011; 

Gonzalez et al., 2012b). Consequently, we needed to investigate with more detail the signaling 

abilities of the D4.4R and D4.7R when forming heteromers with D2R. It is now well accepted 

that GPCRs form homo- and heterodimers or high order oligomers at the membrane level. 

These protein-protein interactions implicate important changes in the pharmacological and 

functional properties of these receptors, and characterizing them is fundamental to 

understand their role in the brain as well as for their therapeutic implications.  

A similar situation to the D4R gene has emerged for the 2AR gene. Polymorphisms of this 

gene have been suggested to provide ADHD vulnerability as well as for symptoms of impulse 

control disorders (Roman et al., 2003; Park et al., 2005; Stevenson et al., 2005). In view of the 

common epidemiological and pharmacological involvement of D4R and 2AR in impulse 

control disorders (ADHD, substance use disorder) and, also, our results indicating the 

promiscuity of DA and NE in their ability to activate both Gi/o-coupled receptors, we explored 

the possibility of their ability to form functional interactions in transfected cells by CODA-RET. 

Therefore, in the third study we compared D4.4R and D4.7R by G protein activation BRET and 

CODA-RET techniques. CODA-RET is a BRET-based assay that allows the study of G protein 
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activation mediated by a known pair of receptors forming a complex. In addition to DA and 

NE we also analyzed the effect of three compounds approved for the treatment of RLS and 

Parkinson’s disease, the D2-like agonists pramipexole, ropinirole and rotigotine. 

The results indicate that, first, there are no differences in the potency or efficacy of the 

endogenous neurotransmitters DA and NE with D4.4R and D4.7R monomers or homodimers 

(as expected from the results of the first part), but the association with D2R or 2AR discloses 

differences between the two D4R variants.  Second, we have established for the first time 

differences in the potency or efficacy of exogenous ligands between the D4.4R and D4.7R 

variants. One example is the lack of effect of rotigotine on D4.4R compared to D4.7R where 

it behaves as a partial agonist or the very low nanomolar affinity at D4.7R-D2R compared to 

D4.4R-D2R or D2R-D2R. This would suggest the need for genotyping in order to provide the 

most appropriate therapeutic agent for RLS and Parkinson’s disease. Third, by using CODA-

RET we have demonstrated the existence of functional Gi-mediated signaling complexes 

between 2AR and D4R in vitro, both being suggested to be involved in the pathophysiology 

and treatment of impulse control disorders. Importantly, in transfected cells, 2AR can form 

functional complexes with D4.4R but not with the D4.7R variant, which is significantly 

associated with ADHD. These results go in line with previous experiments performed in our 

lab that suggested that D4.7R may not form functional heteromers with D2R (González et al., 

2012b). 
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The conclusions derived from chapter 1, corresponding to aim 1 of this thesis are: 

 

 Norepinephrine binds and activates dopamine D2-like receptors with high affinity as 

it has been shown for radioligand binding, adenylyl cyclase inhibition, G-protein 

activation, and β-arrestin recruitment.  

 

 D4R receptor variants behave functionally similar as shown with the different 

effector-specific BRET assays. We can hypothesize that their differences might arise 

from their heteromerization with other receptors. 

 

 Application of BRET techniques that allow measuring activation of specific G protein 

subtype has provided evidence for a significant differential dependence on Gαi/o 

protein subunits on the ability of both dopamine and norepinephrine to activate 

dopamine D2-like receptors. 

 

 In summary, dopamine D2-like receptors should be considered targets for 

norepinephrine, especially since their potencies, particularly for dopamine D3R and 

D4R, are only ∼20-fold lower than for α2A-adrenoceptor activation.  

 

The conclusions derived from chapter 2, corresponding to aim 2 of this thesis are: 
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 α2AR and α2CR are significant targets for the neurotransmitter dopamine. 

Surprisingly, the potencies for α2AR and α2CR adrenoceptors were found to be very 

similar or even higher than for some subtypes of D2-like receptors. This could have 

important implications for the understanding of the role of α2-adrenoceptors in the 

striatum and their possible activation by dopamine. 

 

 α2A- and α2C-adrenoceptors are also common targets for synthetic compounds 

previously characterized as D2-like receptor ligands. Particularly striking was the ability 

of the D3R and D4R receptor agonist 7-OH-PIPAT and RO-105824 to bind with high 

affinity to α2AR and α2CR. 

 

 Both potency and efficacy dependence on the receptor and the Gαi/o protein subtype 

was the norm for all ligands, including the endogenous neurotransmitters.  

 

 Norepinephrine and dopamine produced inverted U-shaped concentration-response 

curves for both α2A- and α2C-adrenoceptors-transfected cells. This NE- and DA-

mediated Gi/o-Gs activation depends on the concentration of the ligand: Gi/o-

mediated effects at lower concentration and Gs-mediated effects at higher 

concentration. 

 

 

Therefore, two main conclusions can be drawn from the first and second chapter: 

 

1. Gi/o-coupled adrenoceptors and dopamine receptors should probably be considered 

as members of one “functional” family of catecholamine receptors. 

 

2. The Gαi/o protein subtype is fundamental in conferring the specific pharmacological 

profile (potency and efficacy) of Gi/o-coupled catecholamine receptor ligands. 

 

The conclusions derived from chapter 3, corresponding to aim 3 of this thesis are: 
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 There are no differences in the potency or efficacy of the endogenous 

neurotransmitters dopamine and norepinephrine with D4.4R and D4.7R monomers or 

homodimers, but the association with D2R or 2AR discloses differences between the 

two D4R variants.  

 

 We have established for the first time differences in the potency or efficacy of 

exogenous ligands between the D4.4R and D4.7R variants. Furthermore, the 

association with D2R promoted additional differential modulations by D4R variants of 

ligand-induced D4R-D2R heteromers-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. 

 

 We have demonstrated the existence of intermolecular and functional interactions 

between 2AR and D4R, both being suggested to be involved in the pathophysiology 

and treatment of impulse control disorders (ADHD, substance use disorders). 

 

 2AR forms functional complexes with D4.4R but not with the D4.7R variant, which is 

significantly associated with ADHD. 



 

 
 

 

  



 

 
 

 

 

 

 

 

 

 

 

 

 

VII. BIBLIOGRAPHY 



 

 
 

 



BIBLIOGRAPHY 

177 
 

 

 

 

VII. BIBLIOGRAPHY 

 
 

 

Ahlquist, R.P. (1948). A study of the adrenotropic receptors. Am J Physiol 153, 586-600. 

 
Albin, R.L., Young, A.B., and Penney, J.B. (1989). The functional anatomy of basal ganglia disorders. 
Trends Neurosci 12, 366-375. 
 
Alexander, G.E., and Crutcher, M.D. (1990). Functional architecture of basal ganglia circuits: neural 
substrates of parallel processing. Trends Neurosci 13, 266-271. 
 
Al-Hasani, R., and Bruchas, M.R. (2011). Molecular mechanisms of opioid receptor-dependent 
signaling and behavior. Anesthesiology 115, 1363-1381. 
 
Allen, R.P. (2014). Restless legs syndrome/Willis Ekbom disease: evaluation and treatment. Int Rev 
Psychiatry 26, 248-262. 
 
Allen, R.P., Picchietti, D., Hening, W.A., Trenkwalder, C., Walters, A.S., Montplaisi, J., Restless Legs 
Syndrome, D., Epidemiology workshop at the National Institutes of, H., and International Restless Legs 
Syndrome Study, G. (2003). Restless legs syndrome: diagnostic criteria, special considerations, and 
epidemiology. A report from the restless legs syndrome diagnosis and epidemiology workshop at the 
National Institutes of Health. Sleep Med 4, 101-119. 
 
Allen, J.A., Halverson-Tamboli, R.A., and Rasenick, M.M. (2007). Lipid raft microdomains and 
neurotransmitter signalling. Nat Rev Neurosci 8, 128-140. 
 
Allen, R.P., Adler, C.H., Du, W., Butcher, A., Bregman, D.B., and Earley, C.J. (2011). Clinical efficacy and 
safety of IV ferric carboxymaltose (FCM) treatment of RLS: a multi-centred, placebo-controlled 
preliminary clinical trial. Sleep Med 12, 906-913. 
 
Allen, R.P., Auerbach, S., Bahrain, H., Auerbach, M., and Earley, C.J. (2013). The prevalence and impact 
of restless legs syndrome on patients with iron deficiency anemia. Am J Hematol 88, 261-264. 
 
Allen, R.P., Picchietti, D.L., Garcia-Borreguero, D., Ondo, W.G., Walters, A.S., Winkelman, J.W., Zucconi, 
M., Ferri, R., Trenkwalder, C., Lee, H.B., et al. (2014). Restless legs syndrome/Willis-Ekbom disease 
diagnostic criteria: updated International Restless Legs Syndrome Study Group (IRLSSG) consensus 
criteria--history, rationale, description, and significance. Sleep Med 15, 860-873. 
 
Altman, J.D., Trendelenburg, A.U., MacMillan, L., Bernstein, D., Limbird, L., Starke, K., Kobilka, B.K., 
and Hein, L. (1999). Abnormal regulation of the sympathetic nervous system in alpha2A-adrenergic 
receptor knockout mice. Mol Pharmacol 56, 154-161. 



BIBLIOGRAPHY 
 

178 
 

Amara, S.G., and Kuhar, M.J. (1993). Neurotransmitter transporters: recent progress. Annu Rev 
Neurosci 16, 73-93. 
Angers, S., Salahpour, A., Joly, E., Hilairet, S., Chelsky, D., Dennis, M., and Bouvier, M. (2000). Detection 
of beta 2-adrenergic receptor dimerization in living cells using bioluminescence resonance energy 
transfer (BRET). Proc Natl Acad Sci U S A 97, 3684-3689. 
 
Aoki, C., Venkatesan, C., Go, C.G., Forman, R., and Kurose, H. (1998). Cellular and subcellular sites for 
noradrenergic action in the monkey dorsolateral prefrontal cortex as revealed by the 
immunocytochemical localization of noradrenergic receptors and axons. Cereb Cortex 8, 269-277. 
 
Aperia, A.C. (2000). Intrarenal dopamine: a key signal in the interactive regulation of sodium 
metabolism. Annu Rev Physiol 62, 621-647. 
 
Aplin, M., Bonde, M.M., and Hansen, J.L. (2009). Molecular determinants of angiotensin II type 1 
receptor functional selectivity. J Mol Cell Cardiol 46, 15-24. 
 
Armentero, M.T., Pinna, A., Ferré, S., Lanciego, J.L., Muller, C.E., and Franco, R. (2011). Past, present 
and future of A(2A) adenosine receptor antagonists in the therapy of Parkinson's disease. Pharmacol 
Ther 132, 280-299. 
 
Arnsten, A.F., and Goldman-Rakic, P.S. (1984). Selective prefrontal cortical projections to the region 
of the locus coeruleus and raphe nuclei in the rhesus monkey. Brain Res 306, 9-18. 
 
Arnsten, A.F., and Li, B.M. (2005). Neurobiology of executive functions: catecholamine influences on 
prefrontal cortical functions. Biol Psychiatry 57, 1377-1384. 
 
Asghari, V., Sanyal, S., Buchwaldt, S., Paterson, A., Jovanovic, V., and Van Tol, H.H. (1995). Modulation 
of intracellular cyclic AMP levels by different human dopamine D4 receptor variants. J Neurochem 65, 
1157-1165. 
 
Aston-Jones, G., and Cohen, J.D. (2005). An integrative theory of locus coeruleus-norepinephrine 
function: adaptive gain and optimal performance. Annu Rev Neurosci 28, 403-450. 
 
Attwood, T.K., and Findlay, J.B. (1994). Fingerprinting G-protein-coupled receptors. Protein Eng 7, 195-
203. 
 
Aurora, R.N., Kristo, D.A., Bista, S.R., Rowley, J.A., Zak, R.S., Casey, K.R., Lamm, C.I., Tracy, S.L., 
Rosenberg, R.S., and American Academy of Sleep, M. (2012). The treatment of restless legs syndrome 
and periodic limb movement disorder in adults--an update for 2012: practice parameters with an 
evidence-based systematic review and meta-analyses: an American Academy of Sleep Medicine 
Clinical Practice Guideline. Sleep 35, 1039-1062. 
 
Ayoub, M.A., and Pfleger, K.D. (2010). Recent advances in bioluminescence resonance energy transfer 
technologies to study GPCR heteromerization. Curr Opin Pharmacol 10, 44-52. 
Azdad, K., Gall, D., Woods, A.S., Ledent, C., Ferré, S., and Schiffmann, S.N. (2009). Dopamine D2 and 
adenosine A2A receptors regulate NMDA-mediated excitation in accumbens neurons through A2A-D2 
receptor heteromerization. Neuropsychopharmacology 34, 972-986. 
 
Bacart, J., Corbel, C., Jockers, R., Bach, S., and Couturier, C. (2008). The BRET technology and its 
application to screening assays. Biotechnol J 3, 311-324. 
 



BIBLIOGRAPHY 

179 
 

Baldwin, J.M. (1994). Structure and function of receptors coupled to G proteins. Curr Opin Cell Biol 6, 
180-190. 
 
Baneres, J.L., and Parello, J. (2003). Structure-based analysis of GPCR function: evidence for a novel 
pentameric assembly between the dimeric leukotriene B4 receptor BLT1 and the G-protein. J Mol Biol 
329, 815-829. 
 
Baron, M.S., Wichmann, T., Ma, D., and DeLong, M.R. (2002). Effects of transient focal inactivation of 
the basal ganglia in parkinsonian primates. J Neurosci 22, 592-599. 
 
Belcher, A.M., Volkow, N.D., Moeller, F.G., and Ferré, S. (2014). Personality traits and vulnerability or 
resilience to substance use disorders. Trends Cogn Sci 18, 211-217. 
 
Berg, K.A., Maayani, S., Goldfarb, J., Scaramellini, C., Leff, P., and Clarke, W.P. (1998). Effector pathway-
dependent relative efficacy at serotonin type 2A and 2C receptors: evidence for agonist-directed 
trafficking of receptor stimulus. Mol Pharmacol 54, 94-104. 
 
Berg, S., Larsson, L.G., Renyi, L., Ross, S.B., Thorberg, S.O., and Thorell-Svantesson, G. (1998). (R)-(+)-
2-[[[3-(Morpholinomethyl)-2H-chromen-8-yl]oxy]methyl] morpholine methanesulfonate: a new 
selective rat 5-hydroxytryptamine1B receptor antagonist. J Med Chem 41, 1934-1942. 
 
Berlanga, M.L., Simpson, T.K., and Alcantara, A.A. (2005). Dopamine D5 receptor localization on 
cholinergic neurons of the rat forebrain and diencephalon: a potential neuroanatomical substrate 
involved in mediating dopaminergic influences on acetylcholine release. J Comp Neurol 492, 34-49. 
Berridge, C.W., and Waterhouse, B.D. (2003). The locus coeruleus-noradrenergic system: modulation 
of behavioral state and state-dependent cognitive processes. Brain Res Brain Res Rev 42, 33-84. 
 
Bertrand, L., Parent, S., Caron, M., Legault, M., Joly, E., Angers, S., Bouvier, M., Brown, M., Houle, B., 
and Menard, L. (2002). The BRET2/arrestin assay in stable recombinant cells: a platform to screen for 
compounds that interact with G protein-coupled receptors (GPCRS). J Recept Signal Transduct Res 22, 
533-541. 
 
Boerrigter, G., Lark, M.W., Whalen, E.J., Soergel, D.G., Violin, J.D., and Burnett, J.C., Jr. (2011). 
Cardiorenal actions of TRV120027, a novel ss-arrestin-biased ligand at the angiotensin II type I 
receptor, in healthy and heart failure canines: a novel therapeutic strategy for acute heart failure. Circ 
Heart Fail 4, 770-778. 
 
Boerrigter, G., Soergel, D.G., Violin, J.D., Lark, M.W., and Burnett, J.C., Jr. (2012). TRV120027, a novel 
beta-arrestin biased ligand at the angiotensin II type I receptor, unloads the heart and maintains renal 
function when added to furosemide in experimental heart failure. Circ Heart Fail 5, 627-634. 
 
Bohn, L.M., Lefkowitz, R.J., Gainetdinov, R.R., Peppel, K., Caron, M.G., and Lin, F.T. (1999). Enhanced 
morphine analgesia in mice lacking beta-arrestin 2. Science 286, 2495-2498. 
 
Bonaventura, J., Navarro, G., Casadó-Anguera, V., Azdad, K., Rea, W., Moreno, E., Brugarolas, M., 
Mallol, J., Canela, E.I., Lluís, C., 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, E3609-3618. 
 
Bonci, A., Bernardi, G., Grillner, P., and Mercuri, N.B. (2003). The dopamine-containing neuron: 
maestro or simple musician in the orchestra of addiction? Trends Pharmacol Sci 24, 172-177. 



BIBLIOGRAPHY 
 

180 
 

Borroto-Escuela, D.O., Van Craenenbroeck, K., Romero-Fernandez, W., Guidolin, D., Woods, A.S., 
Rivera, A., Haegeman, G., Agnati, L.F., Tarakanov, A.O., and Fuxe, K. (2011). Dopamine D2 and D4 
receptor heteromerization and its allosteric receptor-receptor interactions. Biochem Biophys Res 
Commun 404, 928-934. 
 
Bouret, S., and Sara, S.J. (2005). Network reset: a simplified overarching theory of locus coeruleus 
noradrenaline function. Trends Neurosci 28, 574-582. 
 
Bouvier, M. (2001). Oligomerization of G-protein-coupled transmitter receptors. Nat Rev Neurosci 2, 
274-286. 
 
Brette, F., Rodriguez, P., Komukai, K., Colyer, J., and Orchard, C.H. (2004). beta-adrenergic stimulation 
restores the Ca transient of ventricular myocytes lacking t-tubules. J Mol Cell Cardiol 36, 265-275. 
 
Brog, J.S., Salyapongse, A., Deutch, A.Y., and Zahm, D.S. (1993). The patterns of afferent innervation 
of the core and shell in the "accumbens" part of the rat ventral striatum: immunohistochemical 
detection of retrogradely transported fluoro-gold. J Comp Neurol 338, 255-278. 
 
Bucheler, M.M., Hadamek, K., and Hein, L. (2002). Two alpha(2)-adrenergic receptor subtypes, 
alpha(2A) and alpha(2C), inhibit transmitter release in the brain of gene-targeted mice. Neuroscience 
109, 819-826. 
 
Bulenger, S., Marullo, S., and Bouvier, M. (2005). Emerging role of homo- and heterodimerization in 
G-protein-coupled receptor biosynthesis and maturation. Trends Pharmacol Sci 26, 131-137. 
 
Bygrave, F.L., and Roberts, H.R. (1995). Regulation of cellular calcium through signaling cross-talk 
involves an intricate interplay between the actions of receptors, G-proteins, and second messengers. 
FASEB J 9, 1297-1303. 
 
Bylund, D.B., Eikenberg, D.C., Hieble, J.P., Langer, S.Z., Lefkowitz, R.J., Minneman, K.P., Molinoff, P.B., 
Ruffolo, R.R., Jr., and Trendelenburg, U. (1994). International Union of Pharmacology nomenclature of 
adrenoceptors. Pharmacol Rev 46, 121-136. 
 
Cabello, N., Gandia, J., Bertarelli, D.C., Watanabe, M., Lluís, C., Franco, R., Ferré, S., Lujan, R., and 
Ciruela, F. (2009). Metabotropic glutamate type 5, dopamine D2 and adenosine A2a receptors form 
higher-order oligomers in living cells. J Neurochem 109, 1497-1507. 
 
Cabrera-Vera, T.M., Vanhauwe, J., Thomas, T.O., Medkova, M., Preininger, A., Mazzoni, M.R., and 
Hamm, H.E. (2003). Insights into G protein structure, function, and regulation. Endocr Rev 24, 765-
781. 
Cahill, L., and McGaugh, J.L. (1996). The neurobiology of memory for emotional events: adrenergic 
activation and the amygdala. Proc West Pharmacol Soc 39, 81-84. 
 
Calebiro, D., Rieken, F., Wagner, J., Sungkaworn, T., Zabel, U., Borzi, A., Cocucci, E., Zurn, A., and Lohse, 
M.J. (2013). Single-molecule analysis of fluorescently labeled G-protein-coupled receptors reveals 
complexes with distinct dynamics and organization. Proc Natl Acad Sci U S A 110, 743-748. 
 
Canals, M., Marcellino, D., Fanelli, F., Ciruela, F., de Benedetti, P., Goldberg, S.R., Neve, K., Fuxe, K., 
Agnati, L.F., Woods, A.S., 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. 



BIBLIOGRAPHY 

181 
 

Canals, M., Burgueno, J., Marcellino, D., Cabello, N., Canela, E.I., Mallol, J., Agnati, L., Ferré, S., Bouvier, 
M., Fuxe, K., et al. (2004). Homodimerization of adenosine A2A receptors: qualitative and quantitative 
assessment by fluorescence and bioluminescence energy transfer. J Neurochem 88, 726-734. 
 
Carlsson, A., Lindqvist, M., and Magnusson, T. (1957). 3,4-Dihydroxyphenylalanine and 5-
hydroxytryptophan as reserpine antagonists. Nature 180, 1200. 
 
Carlsson, A. (2001). A paradigm shift in brain research. Science 294, 1021-1024. 
 
Carlsson, A., Waters, N., Holm-Waters, S., Tedroff, J., Nilsson, M., and Carlsson, M.L. (2001). 
Interactions between monoamines, glutamate, and GABA in schizophrenia: new evidence. Annu Rev 
Pharmacol Toxicol 41, 237-260. 
 
Carriba, P., Ortiz, O., Patkar, K., Justinova, Z., Stroik, J., Themann, A., Muller, C., Woods, A.S., Hope, 
B.T., Ciruela, F., et al. (2007). Striatal adenosine A2A and cannabinoid CB1 receptors form functional 
heteromeric complexes that mediate the motor effects of cannabinoids. Neuropsychopharmacology 
32, 2249-2259. 
 
Carriba, P., Navarro, G., Ciruela, F., Ferré, S., Casadó, V., Agnati, L., Cortés, A., Mallol, J., Fuxe, K., 
Canela, E.I., et al. (2008). Detection of heteromerization of more than two proteins by sequential 
BRET-FRET. Nat Methods 5, 727-733. 
 
Casadó, V., Cortés, A., Ciruela, F., Mallol, J., Ferré, S., Lluís, C., Canela, E.I., and Franco, R. (2007). Old 
and new ways to calculate the affinity of agonists and antagonists interacting with G-protein-coupled 
monomeric and dimeric receptors: the receptor-dimer cooperativity index. Pharmacol Ther 116, 343-
354. 
 
Casadó, V., Ferrada, C., Bonaventura, J., Gracia, E., Mallol, J., Canela, E.I., Lluís, C., Cortés, A., and 
Franco, R. (2009). Useful pharmacological parameters for G-protein-coupled receptor homodimers 
obtained from competition experiments. Agonist-antagonist binding modulation. Biochem Pharmacol 
78, 1456-1463. 
 
Chabre, M., and le Maire, M. (2005). Monomeric G-protein-coupled receptor as a functional unit. 
Biochemistry 44, 9395-9403. 
 
Chang, F.M., Kidd, J.R., Livak, K.J., Pakstis, A.J., and Kidd, K.K. (1996). The world-wide distribution of 
allele frequencies at the human dopamine D4 receptor locus. Hum Genet 98, 91-101. 
 
Chen, C.A., and Manning, D.R. (2001). Regulation of G proteins by covalent modification. Oncogene 
20, 1643-1652. 
 
Chen, Y., Wei, L.N., and Muller, J.D. (2003). Probing protein oligomerization in living cells with 
fluorescence fluctuation spectroscopy. Proc Natl Acad Sci U S A 100, 15492-15497. 
 
Choi, W.S., Machida, C.A., and Ronnekleiv, O.K. (1995). Distribution of dopamine D1, D2, and D5 
receptor mRNAs in the monkey brain: ribonuclease protection assay analysis. Brain Res Mol Brain Res 
31, 86-94. 
 
Ciruela, F., Burgueno, J., Casadó, V., Canals, M., Marcellino, D., Goldberg, S.R., Bader, M., Fuxe, K., 
Agnati, L.F., Lluís, C., et al. (2004). Combining mass spectrometry and pull-down techniques for the 
study of receptor heteromerization. Direct epitope-epitope electrostatic interactions between 



BIBLIOGRAPHY 
 

182 
 

adenosine A2A and dopamine D2 receptors. Anal Chem 76, 5354-5363. 
 
Ciruela, F., Casadó, V., Rodrigues, R.J., Lujan, R., Burgueno, J., Canals, M., Borycz, J., Rebola, N., 
Goldberg, S.R., Mallol, J., et al. (2006). Presynaptic control of striatal glutamatergic neurotransmission 
by adenosine A1-A2A receptor heteromers. J Neurosci 26, 2080-2087. 
 
Civelli, O., Bunzow, J.R., and Grandy, D.K. (1993). Molecular diversity of the dopamine receptors. Annu 
Rev Pharmacol Toxicol 33, 281-307. 
 
Clapham, D.E., and Neer, E.J. (1997). G protein beta gamma subunits. Annu Rev Pharmacol Toxicol 37, 
167-203. 
 
Coleman, D.E., Berghuis, A.M., Lee, E., Linder, M.E., Gilman, A.G., and Sprang, S.R. (1994). Structures 
of active conformations of Gi alpha 1 and the mechanism of GTP hydrolysis. Science 265, 1405-1412. 
 
Comps-Agrar, L., Kniazeff, J., Brock, C., Trinquet, E., and Pin, J.P. (2012). Stability of GABAB receptor 
oligomers revealed by dual TR-FRET and drug-induced cell surface targeting. FASEB J 26, 3430-3439. 
 
Conn, P.J., and Pin, J.P. (1997). Pharmacology and functions of metabotropic glutamate receptors. 
Annu Rev  
Pharmacol Toxicol 37, 205-237. 
 
Cooper, R.L., Winslow, J.L., Govind, C.K., and Atwood, H.L. (1996). Synaptic structural complexity as a 
factor enhancing probability of calcium-mediated transmitter release. J Neurophysiol 75, 2451-2466. 
 
Cooper, D.M., and Crossthwaite, A.J. (2006). Higher-order organization and regulation of adenylyl 
cyclases. Trends Pharmacol Sci 27, 426-431. 
 
Cortés, A., Moreno, E., Rodriguez-Ruiz, M., Canela, E.I., and Casadó, V. (2016). Targeting the dopamine 
D3 receptor: an overview of drug design strategies. Expert Opin Drug Discov 11, 641-664. 
 
Costagliola, S., Rodien, P., Many, M.C., Ludgate, M., and Vassart, G. (1998). Genetic immunization 
against the human thyrotropin receptor causes thyroiditis and allows production of monoclonal 
antibodies recognizing the native receptor. J Immunol 160, 1458-1465. 
 
Coulon, V., Audet, M., Homburger, V., Bockaert, J., Fagni, L., Bouvier, M., and Perroy, J. (2008). 
Subcellular imaging of dynamic protein interactions by bioluminescence resonance energy transfer. 
Biophys J 94, 1001-1009. 
 
Creese, I., Burt, D.R., and Snyder, S.H. (1976). Dopamine receptor binding predicts clinical and 
pharmacological potencies of antischizophrenic drugs. Science 192, 481-483. 
 
Culhane, K.J., Liu, Y., Cai, Y., and Yan, E.C. (2015). Transmembrane signal transduction by peptide 
hormones via family B G protein-coupled receptors. Front Pharmacol 6, 264. 
 
Cussac, D., Schaak, S., Denis, C., Flordellis, C., Calise, D., and Paris, H. (2001). High level of alpha2-
adrenoceptor in rat foetal liver and placenta is due to alpha2B-subtype expression in haematopoietic 
cells of the erythrocyte lineage. Br J Pharmacol 133, 1387-1395. 
 
Cvicek, V., Goddard, W.A., 3rd, and Abrol, R. (2016). Structure-Based Sequence Alignment of the 
Transmembrane Domains of All Human GPCRs: Phylogenetic, Structural and Functional Implications. 



BIBLIOGRAPHY 

183 
 

PLoS Comput Biol 12, e1004805. 
 
Cyr, M., Sotnikova, T.D., Gainetdinov, R.R., and Caron, M.G. (2006). Dopamine enhances motor and 
neuropathological consequences of polyglutamine expanded huntingtin. FASEB J 20, 2541-2543. 
 
Dahlström A, Fuxe K. (1964). Localization of monoamines in the lower brain stem. Experientia. Jul 
15;20(7):398-9.  
 
Daunt, D.A., Hurt, C., Hein, L., Kallio, J., Feng, F., and Kobilka, B.K. (1997). Subtype-specific intracellular 
trafficking of alpha2-adrenergic receptors. Mol Pharmacol 51, 711-720. 
 
De Lean, A., Stadel, J.M., and Lefkowitz, R.J. (1980). A ternary complex model explains the agonist-
specific binding properties of the adenylate cyclase-coupled beta-adrenergic receptor. J Biol Chem 
255, 7108-7117. 
 
Dearry, A., Gingrich, J.A., Falardeau, P., Fremeau, R.T., Jr., Bates, M.D., and Caron, M.G. (1990). 
Molecular cloning and expression of the gene for a human D1 dopamine receptor. Nature 347, 72-76. 
 
DeLong, M.R. (1990). Primate models of movement disorders of basal ganglia origin. Trends Neurosci 
13, 281-285. 
 
Di Chiara, G., and Bassareo, V. (2007). Reward system and addiction: what dopamine does and doesn't 
do. Curr Opin Pharmacol 7, 69-76. 
 
Ding, Y.C., Chi, H.C., Grady, D.L., Morishima, A., Kidd, J.R., Kidd, K.K., Flodman, P., Spence, M.A., Schuck, 
S., Swanson, J.M., et al. (2002). Evidence of positive selection acting at the human dopamine receptor 
D4 gene locus. Proc Natl Acad Sci U S A 99, 309-314. 
 
Dixon, R.A., Kobilka, B.K., Strader, D.J., Benovic, J.L., Dohlman, H.G., Frielle, T., Bolanowski, M.A., 
Bennett, C.D., Rands, E.,  
 
Diehl, R.E., et al. (1986). Cloning of the gene and cDNA for mammalian beta-adrenergic receptor and 
homology with rhodopsin. Nature 321, 75-79. 
Dorsam, R.T., and Gutkind, J.S. (2007). G-protein-coupled receptors and cancer. Nat Rev Cancer 7, 79-
94. 
 
Dostrovsky, J.O., Levy, R., Wu, J.P., Hutchison, W.D., Tasker, R.R., and Lozano, A.M. (2000). 
Microstimulation-induced inhibition of neuronal firing in human globus pallidus. J Neurophysiol 84, 
570-574. 
 
Doumazane, E., Scholler, P., Zwier, J.M., Trinquet, E., Rondard, P., and Pin, J.P. (2011). A new approach 
to analyze cell surface protein complexes reveals specific heterodimeric metabotropic glutamate 
receptors. FASEB J 25, 66-77. 
 
Downes, G.B., and Gautam, N. (1999). The G protein subunit gene families. Genomics 62, 544-552. 
 
Durieux, P.F., Bearzatto, B., Guiducci, S., Buch, T., Waisman, A., Zoli, M., Schiffmann, S.N., and de 
Kerchove d'Exaerde, A. (2009). D2R striatopallidal neurons inhibit both locomotor and drug reward 
processes. Nat Neurosci 12, 393-395. 
 
Earley, C.J., Horska, A., Mohamed, M.A., Barker, P.B., Beard, J.L., and Allen, R.P. (2009). A randomized, 



BIBLIOGRAPHY 
 

184 
 

double-blind, placebo-controlled trial of intravenous iron sucrose in restless legs syndrome. Sleep Med 
10, 206-211. 
 
Eason, M.G., Kurose, H., Holt, B.D., Raymond, J.R., and Liggett, S.B. (1992). Simultaneous coupling of 
alpha 2-adrenergic receptors to two G-proteins with opposing effects. Subtype-selective coupling of 
alpha 2C10, alpha 2C4, and alpha 2C2 adrenergic receptors to Gi and Gs. J Biol Chem 267, 15795-
15801. 
 
Eason, M.G., and Liggett, S.B. (1995). Identification of a Gs coupling domain in the amino terminus of 
the third intracellular loop of the alpha 2A-adrenergic receptor. Evidence for distinct structural 
determinants that confer Gs versus Gi coupling. J Biol Chem 270, 24753-24760. 
 
Ehringer, H., and Hornykiewicz, O. (1960). [Distribution of noradrenaline and dopamine (3-
hydroxytyramine) in the human brain and their behavior in diseases of the extrapyramidal system]. 
Klin Wochenschr 38, 1236-1239. 
 
Eiden, L.E., Schafer, M.K., Weihe, E., and Schutz, B. (2004). The vesicular amine transporter family 
(SLC18): amine/proton antiporters required for vesicular accumulation and regulated exocytotic 
secretion of monoamines and acetylcholine. Pflugers Arch 447, 636-640. 
 
Emorine, L.J., Marullo, S., Briend-Sutren, M.M., Patey, G., Tate, K., Delavier-Klutchko, C., and 
Strosberg, A.D. (1989). Molecular characterization of the human beta 3-adrenergic receptor. Science 
245, 1118-1121. 
 
Evron, T., Daigle, T.L., and Caron, M.G. (2012). GRK2: multiple roles beyond G protein-coupled receptor 
desensitization. Trends Pharmacol Sci 33, 154-164. 
 
Fagerholm, V., Philipp, M., Hein, L., and Scheinin, M. (2004). [Ethyl-3H]RS-79948-197 alpha2-
adrenoceptor autoradiography validation in alpha2-adrenoceptor knockout mice. Eur J Pharmacol 
497, 301-309. 
 
Fagerholm, V., Rokka, J., Nyman, L., Sallinen, J., Tiihonen, J., Tupala, E., Haaparanta, M., and Hietala, J. 
(2008). Autoradiographic characterization of alpha(2C)-adrenoceptors in the human striatum. Synapse 
62, 508-515. 
 
Fallon, J.H., Koziell, D.A., and Moore, R.Y. (1978). Catecholamine innervation of the basal forebrain. II. 
Amygdala, suprarhinal cortex and entorhinal cortex. J Comp Neurol 180, 509-532. 
 
Faraone, S.V., Perlis, R.H., Doyle, A.E., Smoller, J.W., Goralnick, J.J., Holmgren, M.A., and Sklar, P. 
(2005). Molecular genetics of attention-deficit/hyperactivity disorder. Biol Psychiatry 57, 1313-1323. 
 
Felder, C.C., Dieter, P., Kinsella, J., Tamura, K., Kanterman, R.Y., and Axelrod, J. (1990). A transfected 
m5 muscarinic acetylcholine receptor stimulates phospholipase A2 by inducing both calcium influx 
and activation of protein kinase C. J Pharmacol Exp Ther 255, 1140-1147. 
 
Ferrada, C., Ferré, S., Casadó, V., Cortés, A., Justinova, Z., Barnes, C., Canela, E.I., Goldberg, S.R., Leurs, 
R., Lluís, C., et al. (2008). Interactions between histamine H3 and dopamine D2 receptors and the 
implications for striatal function. Neuropharmacology 55, 190-197. 
 
Ferrada, C., Moreno, E., Casadó, V., Bongers, G., Cortés, A., Mallol, J., Canela, E.I., Leurs, R., Ferré, S., 
Lluís, C., et al. (2009). Marked changes in signal transduction upon heteromerization of dopamine D1 



BIBLIOGRAPHY 

185 
 

and histamine H3 receptors. Br J Pharmacol 157, 64-75. 
 
Ferré, S., Casadó, V., Devi, L.A., Filizola, M., Jockers, R., Lohse, M.J., Milligan, G., Pin, J.P., and Guitart, 
X. (2014). G protein-coupled receptor oligomerization revisited: functional and pharmacological 
perspectives. Pharmacol Rev 66, 413-434. 
 
Ferré, S. (2015). The GPCR heterotetramer: challenging classical pharmacology. Trends Pharmacol Sci 
36, 145-152. 
 
Ferré, S., von Euler, G., Johansson, B., Fredholm, B.B., and Fuxe, K. (1991). 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. 
 
Ferré, S., Baler, R., Bouvier, M., Caron, M.G., Devi, L.A., Durroux, T., Fuxe, K., George, S.R., Javitch, J.A., 
Lohse, M.J., et al. (2009). Building a new conceptual framework for receptor heteromers. Nat Chem 
Biol 5, 131-134. 
 
Ferré, S., Navarro, G., Casadó, V., Cortés, A., Mallol, J., Canela, E.I., Lluís, C., and Franco, R. (2010). G 
protein-coupled receptor heteromers as new targets for drug development. Prog Mol Biol Transl Sci 
91, 41-52. 
 
Ferré, S., Quiroz, C., Orru, M., Guitart, X., Navarro, G., Cortés, A., Casadó, V., Canela, E.I., Lluís, C., and 
Franco, R. (2011). Adenosine A(2A) Receptors and A(2A) Receptor Heteromers as Key Players in Striatal 
Function. Front Neuroanat 5, 36. 
 
Ferré, S., Casadó, V., Devi, L.A., Filizola, M., Jockers, R., Lohse, M.J., Milligan, G., Pin, J.P., and Guitart, 
X. (2014). G protein-coupled receptor oligomerization revisited: functional and pharmacological 
perspectives. Pharmacol Rev 66, 413-434. 
 
Fields, H.L., Hjelmstad, G.O., Margolis, E.B., and Nicola, S.M. (2007). Ventral tegmental area neurons 
in learned appetitive behavior and positive reinforcement. Annu Rev Neurosci 30, 289-316. 
 
Filion, M., Tremblay, L., and Bedard, P.J. (1991). Effects of dopamine agonists on the spontaneous 
activity of globus pallidus neurons in monkeys with MPTP-induced parkinsonism. Brain Res 547, 152-
161. 
 
Fillenz, M., and Lowry, J.P. (1998). Studies of the source of glucose in the extracellular compartment 
of the rat brain. Dev Neurosci 20, 365-368. 
 
Fillenz, M., Lowry, J.P., Boutelle, M.G., and Fray, A.E. (1999). The role of astrocytes and noradrenaline 
in neuronal glucose metabolism. Acta Physiol Scand 167, 275-284. 
Fisher, A., Heldman, E., Gurwitz, D., Haring, R., Barak, D., Meshulam, H., Marciano, D., Brandeis, R., 
Pittel, Z., Segal, M., et al. (1993). Selective signaling via unique M1 muscarinic agonists. Ann N Y Acad 
Sci 695, 300-303. 
 
Foord, S.M. (2002). Receptor classification: post genome. Curr Opin Pharmacol 2, 561-566. 
 
Foord, S.M., Jupe, S., and Holbrook, J. (2002). Bioinformatics and type II G-protein-coupled receptors. 
Biochem Soc Trans 30, 473-479. 
 



BIBLIOGRAPHY 
 

186 
 

Förster, Theodor (1948). "Zwischenmolekulare Energiewanderung und Fluoreszenz" [Intermolecular 
energy migration and fluorescence]. Annalen der Physik (in German).  

Fotiadis, D., Liang, Y., Filipek, S., Saperstein, D.A., Engel, A., and Palczewski, K. (2003). Atomic-force 
microscopy: Rhodopsin dimers in native disc membranes. Nature 421, 127-128. 
 
Frederick, A.L., Yano, H., Trifilieff, P., Vishwasrao, H.D., Biezonski, D., Meszaros, J., Urizar, E., Sibley, 
D.R., Kellendonk, C., Sonntag, K.C., et al. (2015). Evidence against dopamine D1/D2 receptor 
heteromers. Mol Psychiatry 20, 1373-1385. 
 
Fremeau, R.T., Jr., Duncan, G.E., Fornaretto, M.G., Dearry, A., Gingrich, J.A., Breese, G.R., and Caron, 
M.G. (1991). Localization of D1 dopamine receptor mRNA in brain supports a role in cognitive, 
affective, and neuroendocrine aspects of dopaminergic neurotransmission. Proc Natl Acad Sci U S A 
88, 3772-3776. 
 
Frielle, T., Collins, S., Daniel, K.W., Caron, M.G., Lefkowitz, R.J., and Kobilka, B.K. (1987). Cloning of the 
cDNA for the human beta 1-adrenergic receptor. Proc Natl Acad Sci U S A 84, 7920-7924. 
Fuchs, E., and Flugge, G. (2004). Cellular consequences of stress and depression. Dialogues Clin 
Neurosci 6, 171-183. 
 
Gales, C., Rebois, R.V., Hogue, M., Trieu, P., Breit, A., Hebert, T.E., and Bouvier, M. (2005). Real-time 
monitoring of receptor and G-protein interactions in living cells. Nat Methods 2, 177-184. 
 
Gales, C., Van Durm, J.J., Schaak, S., Pontier, S., Percherancier, Y., Audet, M., Paris, H., and Bouvier, M. 
(2006). Probing the activation-promoted structural rearrangements in preassembled receptor-G 
protein complexes. Nat Struct Mol Biol 13, 778-786. 
 
Gandia, J., Galino, J., Amaral, O.B., Soriano, A., Lluís, C., Franco, R., and Ciruela, F. (2008). Detection of 
higher-order G  
protein-coupled receptor oligomers by a combined BRET-BiFC technique. FEBS Lett 582, 2979-2984. 
Gandia, J., Lluís, C., Ferré, S., Franco, R., and Ciruela, F. (2008). Light resonance energy transfer-based 
methods in the study of G protein-coupled receptor oligomerization. Bioessays 30, 82-89. 
 
Garcia-Borreguero, D., Larrosa, O., de la Llave, Y., Verger, K., Masramon, X., and Hernandez, G. (2002). 
Treatment of restless legs syndrome with gabapentin: a double-blind, cross-over study. Neurology 59, 
1573-1579. 
 
Garcia-Borreguero, D., Ferini-Strambi, L., Kohnen, R., O'Keeffe, S., Trenkwalder, C., Hogl, B., Benes, H., 
Jennum, P., Partinen, M., Fer, D., et al. (2012). European guidelines on management of restless legs 
syndrome: report of a joint task force by the European Federation of Neurological Societies, the 
European Neurological Society and the European Sleep Research Society. Eur J Neurol 19, 1385-1396. 
 
Garcia-Borreguero, D., Kohnen, R., Silber, M.H., Winkelman, J.W., Earley, C.J., Hogl, B., Manconi, M., 
Montplaisir, J., 
Inoue, Y., and Allen, R.P. (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. 
 
Garland, S.L. (2013). Are GPCRs still a source of new targets? J Biomol Screen 18, 947-966. 
 
Gaspar, P., Bloch, B., and Le Moine, C. (1995). D1 and D2 receptor gene expression in the rat frontal 
cortex: cellular localization in different classes of efferent neurons. Eur J Neurosci 7, 1050-1063. 



BIBLIOGRAPHY 

187 
 

Gavalas, A., Lan, T.H., Liu, Q., Correa, I.R., Jr., Javitch, J.A., and Lambert, N.A. (2013). Segregation of 
family A G protein-coupled receptor protomers in the plasma membrane. Mol Pharmacol 84, 346-352. 
 
George, S.R., O'Dowd, B.F., and Lee, S.P. (2002). G-protein-coupled receptor oligomerization and its 
potential for drug discovery. Nat Rev Drug Discov 1, 808-820. 
 
Gerfen, C.R. (2000). Dopamine-mediated gene regulation in models of Parkinson's disease. Ann Neurol 
47, S42-50; discussion S50-42. 
 
Gerfen, C.R. (2000). Molecular effects of dopamine on striatal-projection pathways. Trends Neurosci 
23, S64-70. 
 
Gerfen, C.R., Engber, T.M., Mahan, L.C., Susel, Z., Chase, T.N., Monsma, F.J., Jr., and Sibley, D.R. (1990). 
D1 and D2 dopamine receptor-regulated gene expression of striatonigral and striatopallidal neurons. 
Science 250, 1429-1432. 
 
Gingrich, J.A., and Caron, M.G. (1993). Recent advances in the molecular biology of dopamine 
receptors. Annu Rev Neurosci 16, 299-321. 
 
Girault, J.A., and Greengard, P. (2004). The neurobiology of dopamine signaling. Arch Neurol 61, 641-
644. 
 
Giros, B., Sokoloff, P., Martres, M.P., Riou, J.F., Emorine, L.J., and Schwartz, J.C. (1989). Alternative 
splicing directs the expression of two D2 dopamine receptor isoforms. Nature 342, 923-926. 
 
Giros, B., Martres, M.P., Pilon, C., Sokoloff, P., and Schwartz, J.C. (1991). Shorter variants of the D3 
dopamine receptor produced through various patterns of alternative splicing. Biochem Biophys Res 
Commun 176, 1584-1592. 
 
Gizer, I.R., Ficks, C., and Waldman, I.D. (2009). Candidate gene studies of ADHD: a meta-analytic 
review. Hum Genet 126, 51-90. 
 
Glass, M., Dragunow, M., and Faull, R.L. (2000). The pattern of neurodegeneration in Huntington's 
disease: a comparative study of cannabinoid, dopamine, adenosine and GABA(A) receptor alterations 
in the human basal ganglia in Huntington's disease. Neuroscience 97, 505-519. 
 
Gloriam, D.E., Schioth, H.B., and Fredriksson, R. (2005). Nine new human Rhodopsin family G-protein 
coupled receptors: identification, sequence characterisation and evolutionary relationship. Biochim 
Biophys Acta 1722, 235-246. 
 
Goldman, P.S., and Nauta, W.J. (1977). An intricately patterned prefronto-caudate projection in the 
rhesus monkey. J Comp Neurol 72, 369-386. 
 
Goldman-Rakic, P.S., Lidow, M.S., and Gallager, D.W. (1990). Overlap of dopaminergic, adrenergic, and 
serotoninergic receptors and complementarity of their subtypes in primate prefrontal cortex. J 
Neurosci 10, 2125-2138. 
 
Goldman-Rakic, P.S., Castner, S.A., Svensson, T.H., Siever, L.J., and Williams, G.V. (2004). Targeting the 
dopamine D1 receptor in schizophrenia: insights for cognitive dysfunction. Psychopharmacology (Berl) 
174, 3-16. 
 



BIBLIOGRAPHY 
 

188 
 

Golebiewska, U., Johnston, J.M., Devi, L., Filizola, M., and Scarlata, S. (2011). Differential response to 
morphine of the oligomeric state of mu-opioid in the presence of delta-opioid receptors. Biochemistry 
50, 2829-2837. 
 
Gonzalez, S., Moreno-Delgado, D., Moreno, E., Perez-Capote, K., Franco, R., Mallol, J., Cortés, A., 
Casadó, V., Lluís, C.,  
Ortiz, J., et al. (2012). Circadian-related heteromerization of adrenergic and dopamine D(4) receptors 
modulates melatonin synthesis and release in the pineal gland. PLoS Biol 10, e1001347. 
 
Gonzalez, S., Rangel-Barajas, C., Peper, M., Lorenzo, R., Moreno, E., Ciruela, F., Borycz, J., Ortiz, J., Lluís, 
C., Franco, R., 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. 
 
Graf, R., Mattera, R., Codina, J., Evans, T., Ho, Y.K., Estes, M.K., and Birnbaumer, L. (1992). Studies on 
the interaction of alpha subunits of GTP-binding proteins with beta gamma dimers. Eur J Biochem 210, 
609-619. 
 
Graybiel, A.M., Aosaki, T., Flaherty, A.W., and Kimura, M. (1994). The basal ganglia and adaptive motor 
control. Science 265, 1826-1831. 
 
Griesbeck, O., Baird, G.S., Campbell, R.E., Zacharias, D.A., and Tsien, R.Y. (2001). Reducing the 
environmental sensitivity of yellow fluorescent protein. Mechanism and applications. J Biol Chem 276, 
29188-29194. 
Groer, C.E., Tidgewell, K., Moyer, R.A., Harding, W.W., Rothman, R.B., Prisinzano, T.E., and Bohn, L.M. 
(2007). An opioid agonist that does not induce mu-opioid receptor--arrestin interactions or receptor 
internalization. Mol Pharmacol 71, 549-557. 
 
Grote, L., Leissner, L., Hedner, J., and Ulfberg, J. (2009). A randomized, double-blind, placebo 
controlled, multi-center study of intravenous iron sucrose and placebo in the treatment of restless 
legs syndrome. Mov Disord 24, 1445-1452. 
 
Grunewald, S., Haase, W., Reilander, H., and Michel, H. (1996). Glycosylation, palmitoylation, and 
localization of the human D2S receptor in baculovirus-infected insect cells. Biochemistry 35, 15149-
15161. 
 
Guan, X.M., Kobilka, T.S., and Kobilka, B.K. (1992). Enhancement of membrane insertion and function 
in a type IIIb membrane protein following introduction of a cleavable signal peptide. J Biol Chem 267, 
21995-21998. 
 
Gudermann T, Schöneberg T, Schultz G. (1997). Functional and structural complexity of signal 
transduction via G-protein-coupled receptors. Annu Rev Neurosci. 20:399-427. Review.  
 
Guitart, X., Navarro, G., Moreno, E., Yano, H., Cai, N.S., Sánchez-Soto, M., Kumar-Barodia, S., Naidu, 
Y.T., Mallol, J., Cortés, A., 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. 
 
Guo, W., Shi, L., Filizola, M., Weinstein, H., and Javitch, J.A. (2005). Crosstalk in G protein-coupled 
receptors: changes at the transmembrane homodimer interface determine activation. Proc Natl Acad 
Sci U S A 102, 17495-17500. 
 



BIBLIOGRAPHY 

189 
 

Guo, W., Urizar, E., Kralikova, M., Mobarec, J.C., Shi, L., Filizola, M., and Javitch, J.A. (2008). Dopamine 
D2 receptors form higher order oligomers at physiological expression levels. EMBO J 27, 2293-2304. 
 
Gurwitz, D., Haring, R., Heldman, E., Fraser, C.M., Manor, D., and Fisher, A. (1994). Discrete activation 
of transduction pathways associated with acetylcholine m1 receptor by several muscarinic ligands. Eur 
J Pharmacol 267, 21-31. 
 
Hamm HE. (1998). The many faces of G protein signaling. J Biol Chem. Jan 9;273(2):669-72. Review. 
 
Hamdan, F.F., Audet, M., Garneau, P., Pelletier, J., and Bouvier, M. (2005). High-throughput screening 
of G protein-coupled receptor antagonists using a bioluminescence resonance energy transfer 1-based 
beta-arrestin2 recruitment assay. J Biomol Screen 10, 463-475. 
 
Hanlon, C.D., and Andrew, D.J. (2015). Outside-in signaling--a brief review of GPCR signaling with a 
focus on the Drosophila GPCR family. J Cell Sci 128, 3533-3542. 
 
Hansson, E., and Ronnback, L. (1991). Receptor regulation of the glutamate, GABA and taurine high-
affinity uptake into astrocytes in primary culture. Brain Res 548, 215-221. 
 
Harley, C.W. (1987). A role for norepinephrine in arousal, emotion and learning?: limbic modulation 
by norepinephrine and the Kety hypothesis. Prog Neuropsychopharmacol Biol Psychiatry 11, 419-458. 
 
Harley, C.W. (2007). Norepinephrine and the dentate gyrus. Prog Brain Res 163, 299-318. 
 
Hausdorff, W.P., Bouvier, M., O'Dowd, B.F., Irons, G.P., Caron, M.G., and Lefkowitz, R.J. (1989). 
Phosphorylation sites on two domains of the beta 2-adrenergic receptor are involved in distinct 
pathways of receptor desensitization. J Biol Chem 264, 12657-12665. 
 
Hebert, T.E., Moffett, S., Morello, J.P., Loisel, T.P., Bichet, D.G., Barret, C., and Bouvier, M. (1996). A 
peptide derived from a beta2-adrenergic receptor transmembrane domain inhibits both receptor 
dimerization and activation. J Biol Chem 271, 16384-16392. 
 
Hein, L. (2006). Adrenoceptors and signal transduction in neurons. Cell Tissue Res 326, 541-551. 
 
Hein, L., Altman, J.D., and Kobilka, B.K. (1999). Two functionally distinct alpha2-adrenergic receptors 
regulate sympathetic neurotransmission. Nature 402, 181-184. 
 
Hein, P., Rochais, F., Hoffmann, C., Dorsch, S., Nikolaev, V.O., Engelhardt, S., Berlot, C.H., Lohse, M.J., 
and Bunemann, M. (2006). Gs activation is time-limiting in initiating receptor-mediated signaling. J 
Biol Chem 281, 33345-33351. 
 
Hein, P., and Bunemann, M. (2009). Coupling mode of receptors and G proteins. Naunyn 
Schmiedebergs Arch Pharmacol 379, 435-443. 
 
Hermans, E., Vanisberg, M.A., Geurts, M., and Maloteaux, J.M. (1997). Down-regulation of 
neurotensin receptors after ligand-induced internalization in rat primary cultured neurons. 
Neurochem Int 31, 291-299. 
 
Hern, J.A., Baig, A.H., Mashanov, G.I., Birdsall, B., Corrie, J.E., Lazareno, S., Molloy, J.E., and Birdsall, 
N.J. (2010). Formation and dissociation of M1 muscarinic receptor dimers seen by total internal 
reflection fluorescence imaging of single molecules. Proc Natl Acad Sci U S A 107, 2693-2698. 



BIBLIOGRAPHY 
 

190 
 

Herrick-Davis, K., Grinde, E., Cowan, A., and Mazurkiewicz, J.E. (2013). Fluorescence correlation 
spectroscopy analysis of serotonin, adrenergic, muscarinic, and dopamine receptor dimerization: the 
oligomer number puzzle. Mol Pharmacol 84, 630-642. 
 
Herrick-Davis, K., and Mazurkiewicz, J.E. (2013). Fluorescence correlation spectroscopy and photon-
counting histogram analysis of receptor-receptor interactions. Methods Cell Biol 117, 181-196. 
 
Hervé, D. (2011). Identification of a specific assembly of the g protein golf as a critical and regulated 
module of dopamine and adenosine-activated cAMP pathways in the striatum. Front Neuroanat 5, 48. 
 
Hillion, J., Canals, M., Torvinen, M., Casadó, V., Scott, R., Terasmaa, A., Hansson, A., Watson, S., Olah, 
M.E., Mallol, J., et al. (2002). Coaggregation, cointernalization, and codesensitization of adenosine A2A 
receptors and dopamine D2 receptors. J Biol Chem 277, 18091-18097. 
 
Hoffman, B.B., and Lefkowitz, R.J. (1980). Alpha-adrenergic receptor subtypes. N Engl J Med 302, 1390-
1396. 
Hoffmann BB, Lefkowitz RJ (1996) Catecholamines, sympathomimetic drugs, and adrenergic receptor 
antagonists. In: Hardman JG, Limbird LE (eds) Goodman & Gilman’s pharmacological basis of 
therapeutics. McGraw-Hill, New York, pp 199–248 

 
Högl, B., Garcia-Borreguero, D., Kohnen, R., Ferini-Strambi, L., Hadjigeorgiou, G., Hornyak, M., de 
Weerd, A., Happe, S., Stiasny-Kolster, K., Gschliesser, V., et al. (2010). Progressive development of 
augmentation during long-term treatment with levodopa in restless legs syndrome: results of a 
prospective multi-center study. J Neurol 257, 230-237. 
 
Högl, B., Garcia-Borreguero, D., Trenkwalder, C., Ferini-Strambi, L., Hening, W., Poewe, W., Brenner, 
S.S., Fraessdorf, M.,  
Busse, M., Albrecht, S., et al. (2011). Efficacy and augmentation during 6 months of double-blind 
pramipexole for restless legs syndrome. Sleep Med 12, 351-360. 
 
Holmberg, M., Scheinin, M., Kurose, H., and Miettinen, R. (1999). Adrenergic alpha2C-receptors reside 
in rat striatal GABAergic projection neurons: comparison of radioligand binding and 
immunohistochemistry. Neuroscience 93, 1323-1333. 
 
Holmberg, M., Fagerholm, V., and Scheinin, M. (2003). Regional distribution of alpha(2C)-
adrenoceptors in brain and spinal cord of control mice and transgenic mice overexpressing the 
alpha(2C)-subtype: an autoradiographic study with [(3)H]RX821002 and [(3)H]rauwolscine. 
Neuroscience 117, 875-898. 
 
Horn, F. (2003). GPCRDB information system for G protein-coupled receptors. Nucleic Acids Research 
31, 294-297. 
 
Horn, F., Bettler, E., Oliveira, L., Campagne, F., Cohen, F.E., and Vriend, G. (2003). GPCRDB information 
system for G protein-coupled receptors. Nucleic Acids Res 31, 294-297. 
 
Hoyer, J., Distler, A., Haase, W., and Gogelein, H. (1994). Ca2+ influx through stretch-activated cation 
channels activates maxi K+ channels in porcine endocardial endothelium. Proc Natl Acad Sci U S A 91, 
2367-2371. 
 
Hurt, C.M., Feng, F.Y., and Kobilka, B. (2000). Cell-type specific targeting of the alpha 2c-adrenoceptor. 
Evidence for the organization of receptor microdomains during neuronal differentiation of PC12 cells. 



BIBLIOGRAPHY 

191 
 

J Biol Chem 275, 35424-35431. 
 
Hyman, S.E., Malenka, R.C., and Nestler, E.J. (2006). Neural mechanisms of addiction: the role of 
reward-related learning and memory. Annu Rev Neurosci 29, 565-598. 
 
Ihalainen, J.A., and Tanila, H. (2004). In vivo regulation of dopamine and noradrenaline release by 
alpha2A-adrenoceptors in the mouse nucleus accumbens. J Neurochem 91, 49-56. 
 
Inoue, Y., Hirata, K., Hayashida, K., Hattori, N., Tomida, T., Garcia-Borreguero, D., and Rotigotine Study, 
G. (2013). Efficacy, safety and risk of augmentation of rotigotine for treating restless legs syndrome. 
Prog Neuropsychopharmacol Biol Psychiatry 40, 326-333. 
 
Inoue, Y., Hirata, K., Uchimura, N., Kuroda, K., Hattori, N., and Takeuchi, M. (2013). Gabapentin 
enacarbil in Japanese patients with restless legs syndrome: a 12-week, randomized, double-blind, 
placebo-controlled, parallel-group study. Curr Med Res Opin 29, 13-21. 
 
Inoue, Y., Uchimura, N., Kuroda, K., Hirata, K., and Hattori, N. (2012). Long-term efficacy and safety of 
gabapentin enacarbil in Japanese restless legs syndrome patients. Prog Neuropsychopharmacol Biol 
Psychiatry 36, 251-257. 
 
Iversen, S.D., and Iversen, L.L. (2007). Dopamine: 50 years in perspective. Trends Neurosci 30, 188-
193. 
 
Jacoby, E., Bouhelal, R., Gerspacher, M., and Seuwen, K. (2006). The 7 TM G-protein-coupled receptor 
target family. ChemMedChem 1, 761-782. 
 
Jakel, R.J., and Maragos, W.F. (2000). Neuronal cell death in Huntington's disease: a potential role for 
dopamine. Trends Neurosci 23, 239-245. 
 
Jenner, P. (2003). A2A antagonists as novel non-dopaminergic therapy for motor dysfunction in PD. 
Neurology 61, S32-38. 
 
Jiang, L.I., Collins, J., Davis, R., Lin, K.M., DeCamp, D., Roach, T., Hsueh, R., Rebres, R.A., Ross, E.M., 
Taussig, R., et al. (2007). Use of a cAMP BRET sensor to characterize a novel regulation of cAMP by the 
sphingosine 1-phosphate/G13 pathway. J Biol Chem 282, 10576-10584. 
 
Jockers, R., Angers, S., Da Silva, A., Benaroch, P., Strosberg, A.D., Bouvier, M., and Marullo, S. (1999). 
Beta(2)-adrenergic receptor down-regulation. Evidence for a pathway that does not require 
endocytosis. J Biol Chem 274, 28900-28908. 
 
Johnston, J.M., Wang, H., Provasi, D., and Filizola, M. (2012). Assessing the relative stability of dimer 
interfaces in g protein-coupled receptors. PLoS Comput Biol 8, e1002649. 
 
Jorg, M., Scammells, P.J., and Capuano, B. (2014). The dopamine D2 and adenosine A2A receptors: 
past, present and future trends for the treatment of Parkinson's disease. Curr Med Chem 21, 3188-
3210. 
 
Joseph, J.D., Wang, Y.M., Miles, P.R., Budygin, E.A., Picetti, R., Gainetdinov, R.R., Caron, M.G., and 
Wightman, R.M. (2002). Dopamine autoreceptor regulation of release and uptake in mouse brain 
slices in the absence of D(3) receptors. Neuroscience 112, 39-49. 
 



BIBLIOGRAPHY 
 

192 
 

Jovanovic, V., Guan, H.C., and Van Tol, H.H. (1999). Comparative pharmacological and functional 
analysis of the human dopamine D4.2 and D4.10 receptor variants. Pharmacogenetics 9, 561-568. 
 
Kanda, T., Jackson, M.J., Smith, L.A., Pearce, R.K., Nakamura, J., Kase, H., Kuwana, Y., and Jenner, P. 
(1998). Adenosine A2A antagonist: a novel antiparkinsonian agent that does not provoke dyskinesia 
in parkinsonian monkeys. Ann Neurol 43, 507-513. 
 
Kasai, R.S., Suzuki, K.G., Prossnitz, E.R., Koyama-Honda, I., Nakada, C., Fujiwara, T.K., and Kusumi, A. 
(2011). Full characterization of GPCR monomer-dimer dynamic equilibrium by single molecule 
imaging. J Cell Biol 192, 463-480. 
 
Kase, H. (2001). New aspects of physiological and pathophysiological functions of adenosine A2A 
receptor in basal ganglia. Biosci Biotechnol Biochem 65, 1447-1457. 
 
Khan ZU, Gutiérrez A, Martín R, Peñafiel A, Rivera A, de la Calle A. (2000). Dopamine D5 receptors of 
rat and human brain. Neuroscience. 100(4):689-99.  
 
Kebabian, J.W., and Calne, D.B. (1979). Multiple receptors for dopamine. Nature 277, 93-96. 
 
Kenakin, T. (2003). Ligand-selective receptor conformations revisited: the promise and the problem. 
Trends Pharmacol Sci 24, 346-354. 
 
Kenakin, T.P. (2003). The secret lives of GPCRs. Drug Discov Today 8, 674. 
 
Kenakin, T., and Miller, L.J. (2010). Seven transmembrane receptors as shapeshifting proteins: the 
impact of allosteric modulation and functional selectivity on new drug discovery. Pharmacol Rev 62, 
265-304. 
 
Kenakin, T., and Christopoulos, A. (2013). Measurements of ligand bias and functional affinity. Nat Rev 
Drug Discov 12, 483. 
 
Kenakin, T., and Christopoulos, A. (2013). Signalling bias in new drug discovery: detection, 
quantification and therapeutic impact. Nat Rev Drug Discov 12, 205-216. 
 
Kerppola, T.K. (2006). Complementary methods for studies of protein interactions in living cells. Nat 
Methods 3, 969-971. 
 
Kerppola, T.K. (2006). Design and implementation of bimolecular fluorescence complementation 
(BiFC) assays for the visualization of protein interactions in living cells. Nat Protoc 1, 1278-1286. 
 
Kilts, J.D., Connery, H.S., Arrington, E.G., Lewis, M.M., Lawler, C.P., Oxford, G.S., O'Malley, K.L., Todd, 
R.D., Blake, B.L.,  
 
Nichols, D.E., et al. (2002). Functional selectivity of dopamine receptor agonists. II. Actions of 
dihydrexidine in D2L receptor-transfected MN9D cells and pituitary lactotrophs. J Pharmacol Exp Ther 
301, 1179-1189. 
 
Klewe, I.V., Nielsen, S.M., Tarpo, L., Urizar, E., Dipace, C., Javitch, J.A., Gether, U., Egebjerg, J., and 
Christensen, K.V. (2008). Recruitment of beta-arrestin2 to the dopamine D2 receptor: insights into 
anti-psychotic and anti-parkinsonian drug receptor signaling. Neuropharmacology 54, 1215-1222. 
 



BIBLIOGRAPHY 

193 
 

Kniazeff, J., Prezeau, L., Rondard, P., Pin, J.P., and Goudet, C. (2011). Dimers and beyond: The 
functional puzzles of class C GPCRs. Pharmacol Ther 130, 9-25. 
 
Kobilka, B.K., Matsui, H., Kobilka, T.S., Yang-Feng, T.L., Francke, U., Caron, M.G., Lefkowitz, R.J., and 
Regan, J.W. (1987). Cloning, sequencing, and expression of the gene coding for the human platelet 
alpha 2-adrenergic receptor. Science 238, 650-656. 
 
Kolakowski, L.F., Jr. (1994). GCRDb: a G-protein-coupled receptor database. Receptors Channels 2, 1-
7. 
 
Koob, G.F. (1992). Drugs of abuse: anatomy, pharmacology and function of reward pathways. Trends 
Pharmacol Sci 13, 177-184. 
 
Koob, G.F., and Volkow, N.D. (2010). Neurocircuitry of addiction. Neuropsychopharmacology 35, 217-
238. 
 
Koob, G.F., and Volkow, N.D. (2016). Neurobiology of addiction: a neurocircuitry analysis. Lancet 
Psychiatry 3, 760-773. 
 
Kravitz, A.V., Freeze, B.S., Parker, P.R., Kay, K., Thwin, M.T., Deisseroth, K., and Kreitzer, A.C. (2010). 
Regulation of parkinsonian motor behaviours by optogenetic control of basal ganglia circuitry. Nature 
466, 622-626. 
 
Kreitzer, A.C., and Malenka, R.C. (2008). Striatal plasticity and basal ganglia circuit function. Neuron 
60, 543-554. 
 
Krupnick, J.G., and Benovic, J.L. (1998). The role of receptor kinases and arrestins in G protein-coupled 
receptor regulation. Annu Rev Pharmacol Toxicol 38, 289-319. 
 
Kunzle, H. (1975). Bilateral projections from precentral motor cortex to the putamen and other parts 
of the basal ganglia. An autoradiographic study in Macaca fascicularis. Brain Res 88, 195-209. 
 
Kurrasch-Orbaugh, D.M., Parrish, J.C., Watts, V.J., and Nichols, D.E. (2003). A complex signaling 
cascade links the serotonin2A receptor to phospholipase A2 activation: the involvement of MAP 
kinases. J Neurochem 86, 980-991. 
 
Kurrasch-Orbaugh, D.M., Watts, V.J., Barker, E.L., and Nichols, D.E. (2003). Serotonin 5-
hydroxytryptamine 2A receptor-coupled phospholipase C and phospholipase A2 signaling pathways 
have different receptor reserves. J Pharmacol Exp Ther 304, 229-237. 
 
Kushida, C.A., Becker, P.M., Ellenbogen, A.L., Canafax, D.M., Barrett, R.W., and Group, X.P.S. (2009). 
Randomized, double-blind, placebo-controlled study of XP13512/GSK1838262 in patients with RLS. 
Neurology 72, 439-446. 
 
Kushida, C.A., Walters, A.S., Becker, P., Thein, S.G., Perkins, A.T., Roth, T., Canafax, D., Barrett, R.W., 
and Group, X.P.S. (2009). A randomized, double-blind, placebo-controlled, crossover study of 
XP13512/GSK1838262 in the treatment of patients with primary restless legs syndrome. Sleep 32, 159-
168. 
 
LaHoste, G.J., Swanson, J.M., Wigal, S.B., Glabe, C., Wigal, T., King, N., and Kennedy, J.L. (1996). 
Dopamine D4 receptor gene polymorphism is associated with attention deficit hyperactivity disorder. 



BIBLIOGRAPHY 
 

194 
 

Mol Psychiatry 1, 121-124. 
 
Lakhlani, P.P., MacMillan, L.B., Guo, T.Z., McCool, B.A., Lovinger, D.M., Maze, M., and Limbird, L.E. 
(1997). Substitution of a mutant alpha2a-adrenergic receptor via "hit and run" gene targeting reveals 
the role of this subtype in sedative, analgesic, and anesthetic-sparing responses in vivo. Proc Natl Acad 
Sci U S A 94, 9950-9955. 
 
Lane, J.R., Donthamsetti, P., Shonberg, J., Draper-Joyce, C.J., Dentry, S., Michino, M., Shi, L., Lopez, L., 
Scammells, P.J., Capuano, B., et al. (2014). A new mechanism of allostery in a G protein-coupled 
receptor dimer. Nat Chem Biol 10, 745-752. 
 
Langer, S.Z. (1997). 25 years since the discovery of presynaptic receptors: present knowledge and 
future perspectives. Trends Pharmacol Sci 18, 95-99. 
 
Le Moine, C., and Bloch, B. (1995). D1 and D2 dopamine receptor gene expression in the rat striatum: 
sensitive cRNA probes demonstrate prominent segregation of D1 and D2 mRNAs in distinct neuronal 
populations of the dorsal and ventral striatum. J Comp Neurol 355, 418-426. 
 
Leduc, M., Breton, B., Gales, C., Le Gouill, C., Bouvier, M., Chemtob, S., and Heveker, N. (2009). 
Functional selectivity of natural and synthetic prostaglandin EP4 receptor ligands. J Pharmacol Exp 
Ther 331, 297-307. 
 
Lehto, J., Hirvonen, M.M., Johansson, J., Kemppainen, J., Luoto, P., Naukkarinen, T., Oikonen, V., 
Arponen, E., Rouru, J., Sallinen, J., et al. (2015). Validation of [(11) C]ORM-13070 as a PET tracer for 
alpha2c -adrenoceptors in the human brain. Synapse 69, 172-181. 
 
Levy, R., Lang, A.E., Dostrovsky, J.O., Pahapill, P., Romas, J., Saint-Cyr, J., Hutchison, W.D., and Lozano, 
A.M. (2001). Lidocaine and muscimol microinjections in subthalamic nucleus reverse Parkinsonian 
symptoms. Brain 124, 2105-2118. 
 
Li, D., Sham, P.C., Owen, M.J., and He, L. (2006). Meta-analysis shows significant association between 
dopamine system genes and attention deficit hyperactivity disorder (ADHD). Hum Mol Genet 15, 2276-
2284. 
 
Li, L., Wright, S.J., Krystofova, S., Park, G., and Borkovich, K.A. (2007). Heterotrimeric G protein 
signaling in filamentous fungi. Annu Rev Microbiol 61, 423-452. 
 
Liles, S.L. (1985). Activity of neurons in putamen during active and passive movements of wrist. J 
Neurophysiol 53, 217-236. 
 
Loening, A.M., Fenn, T.D., Wu, A.M., and Gambhir, S.S. (2006). Consensus guided mutagenesis of 
Renilla luciferase yields enhanced stability and light output. Protein Eng Des Sel 19, 391-400. 
 
Lohse, M.J., Benovic, J.L., Caron, M.G., and Lefkowitz, R.J. (1990). Multiple pathways of rapid beta 2-
adrenergic receptor desensitization. Delineation with specific inhibitors. J Biol Chem 265, 3202-3211. 
 
Lohse, M.J., Nuber, S., and Hoffmann, C. (2012). Fluorescence/bioluminescence resonance energy 
transfer techniques to study G-protein-coupled receptor activation and signaling. Pharmacol Rev 64, 
299-336. 
 
Ma, D., Hossain, M., Rajakumaraswamy, N., Arshad, M., Sanders, R.D., Franks, N.P., and Maze, M. 



BIBLIOGRAPHY 

195 
 

(2004). Dexmedetomidine produces its neuroprotective effect via the alpha 2A-adrenoceptor subtype. 
Eur J Pharmacol 502, 87-97. 
 
Ma, D., Rajakumaraswamy, N., and Maze, M. (2004). alpha2-Adrenoceptor agonists: shedding light on 
neuroprotection? Br Med Bull 71, 77-92. 
 
MacDonald, A., Daly, C.J., Bulloch, J.M., and McGrath, J.C. (1992). Contributions of alpha 1-
adrenoceptors, alpha 2-adrenoceptors and P2x-purinoceptors to neurotransmission in several rabbit 
isolated blood vessels: role of neuronal uptake and autofeedback. Br J Pharmacol 105, 347-354. 
 
MacDonald, E., Kobilka, B.K., and Scheinin, M. (1997). Gene targeting--homing in on alpha 2-
adrenoceptor-subtype function. Trends Pharmacol Sci 18, 211-219. 
 
MacMillan, L.B., Hein, L., Smith, M.S., Piascik, M.T., and Limbird, L.E. (1996). Central hypotensive 
effects of the alpha2a-adrenergic receptor subtype. Science 273, 801-803. 
 
Maeda, T. (2000). The locus coeruleus: history. J Chem Neuroanat 18, 57-64. 
 
Manglik, A., Kruse, A.C., Kobilka, T.S., Thian, F.S., Mathiesen, J.M., Sunahara, R.K., Pardo, L., Weis, W.I., 
Kobilka, B.K., and 
Granier, S. (2012). Crystal structure of the micro-opioid receptor bound to a morphinan antagonist. 
Nature 485, 321-326. 
 
Manglik, A., Lin, H., Aryal, D.K., McCorvy, J.D., Dengler, D., Corder, G., Levit, A., Kling, R.C., Bernat, V., 
Hubner, H., et al. (2016). Structure-based discovery of opioid analgesics with reduced side effects. 
Nature 537, 185-190. 
 
Marcellino, D., Ferré, S., Casadó, V., Cortés, A., Le Foll, B., Mazzola, C., Drago, F., Saur, O., Stark, H., 
Soriano, A., 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. 
 
Marinissen MJ, Gutkind JS. (2001). G-protein-coupled receptors and signaling networks: emerging 
paradigms. Trends Pharmacol Sci. Jul;22(7):368-76. Review.  
 
Marullo, S., and Bouvier, M. (2007). Resonance energy transfer approaches in molecular 
pharmacology and beyond. Trends Pharmacol Sci 28, 362-365. 
 
Masri, B., Salahpour, A., Didriksen, M., Ghisi, V., Beaulieu, J.M., Gainetdinov, R.R., and Caron, M.G. 
(2008). Antagonism of dopamine D2 receptor/beta-arrestin 2 interaction is a common property of 
clinically effective antipsychotics. Proc Natl Acad Sci U S A 105, 13656-13661. 
 
Matsubara, E., Shoji, M., and Abe, K. (2002). [The treatment of Parkinson's disease--adenosine A2A 
receptor antagonists]. Nihon Rinsho 60, 112-116. 
 
McGeary, J. (2009). The DRD4 exon 3 VNTR polymorphism and addiction-related phenotypes: a 
review. Pharmacol Biochem Behav 93, 222-229. 
 
McVey, M., Ramsay, D., Kellett, E., Rees, S., Wilson, S., Pope, A.J., and Milligan, G. (2001). Monitoring 
receptor oligomerization using time-resolved fluorescence resonance energy transfer and 
bioluminescence resonance energy transfer. The human delta -opioid receptor displays constitutive 
oligomerization at the cell surface, which is not regulated by receptor occupancy. J Biol Chem 276, 



BIBLIOGRAPHY 
 

196 
 

14092-14099. 
 
Mehmood, T., Auerbach, M., Earley, C.J., and Allen, R.P. (2014). Response to intravenous iron in 
patients with iron deficiency anemia (IDA) and restless leg syndrome (Willis-Ekbom disease). Sleep 
Med 15, 1473-1476. 
 
Millan, M.J., Maiofiss, L., Cussac, D., Audinot, V., Boutin, J.A., and Newman-Tancredi, A. (2002). 
Differential actions of antiparkinson agents at multiple classes of monoaminergic receptor. I. A 
multivariate analysis of the binding profiles of 14 drugs at 21 native and cloned human receptor 
subtypes. J Pharmacol Exp Ther 303, 791-804. 
 
Milligan, G. (2004). Applications of bioluminescence- and fluorescence resonance energy transfer to 
drug discovery at G protein-coupled receptors. Eur J Pharm Sci 21, 397-405. 
 
Milligan, G. (2010). The role of dimerisation in the cellular trafficking of G-protein-coupled receptors. 
Curr Opin Pharmacol 10, 23-29. 
 
Milligan, G. (2013). The prevalence, maintenance, and relevance of G protein-coupled receptor 
oligomerization. Mol Pharmacol 84, 158-169. 
Milligan, G., and Bouvier, M. (2005). Methods to monitor the quaternary structure of G protein-
coupled receptors. FEBS J 272, 2914-2925. 
 
Mink, J.W. (2006). Neurobiology of basal ganglia and Tourette syndrome: basal ganglia circuits and 
thalamocortical outputs. Adv Neurol 99, 89-98. 
 
Missale, C., Nash, S.R., Robinson, S.W., Jaber, M., and Caron, M.G. (1998). Dopamine receptors: from 
structure to function. Physiol Rev 78, 189-225. 
 
Monsma, F.J., Jr., McVittie, L.D., Gerfen, C.R., Mahan, L.C., and Sibley, D.R. (1989). Multiple D2 
dopamine receptors produced by alternative RNA splicing. Nature 342, 926-929. 
 
Moreno, E., Moreno-Delgado, D., Navarro, G., Hoffmann, H.M., Fuentes, S., Rosell-Vilar, S., Gasperini, 
P., Rodriguez-Ruiz, M., Medrano, M., Mallol, J., et al. (2014). Cocaine disrupts histamine H3 receptor 
modulation of dopamine D1 receptor signaling: sigma1-D1-H3 receptor complexes as key targets for 
reducing cocaine's effects. J Neurosci 34, 3545-3558. 
 
Mottola, D.M., Brewster, W.K., Cook, L.L., Nichols, D.E., and Mailman, R.B. (1992). Dihydrexidine, a 
novel full efficacy D1 dopamine receptor agonist. J Pharmacol Exp Ther 262, 383-393. 
 
Murchison, C.F., Zhang, X.Y., Zhang, W.P., Ouyang, M., Lee, A., and Thomas, S.A. (2004). A distinct role 
for norepinephrine in memory retrieval. Cell 117, 131-143. 
 
Nagai, T., Ibata, K., Park, E.S., Kubota, M., Mikoshiba, K., and Miyawaki, A. (2002). A variant of yellow 
fluorescent protein with fast and efficient maturation for cell-biological applications. Nat Biotechnol 
20, 87-90. 
 
Nahorski, S.R., Howlett, D.R., and Redgrave, P. (1979). Loss of beta-adrenoceptor binding sites in rat 
striatum following kainic acid lesions. Eur J Pharmacol 60, 249-252. 
 
Nakagawa, T., Sakurai, T., Nishioka, T., and Touhara, K. (2005). Insect sex-pheromone signals mediated 
by specific combinations of olfactory receptors. Science 307, 1638-1642. 



BIBLIOGRAPHY 

197 
 

Navarro, G., Ferré, S., Cordomi, A., Moreno, E., Mallol, J., Casadó, V., Cortés, A., Hoffmann, H., Ortiz, 
J., Canela, E.I., 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. 
 
Navarro, G., Quiroz, C., Moreno-Delgado, D., Sierakowiak, A., McDowell, K., Moreno, E., Rea, W., Cai, 
N.S., Aguinaga, D., 
Howell, L.A., et al. (2015). Orexin-corticotropin-releasing factor receptor heteromers in the ventral 
tegmental area as targets for cocaine. J Neurosci 35, 6639-6653. 
 
Nenasheva, T.A., Carter, T., and Mashanov, G.I. (2012). Automatic tracking of individual migrating cells 
using low-magnification dark-field microscopy. J Microsc 246, 83-88. 
 
Neve K. (2009). Functional Selectivity of G Protein-Coupled Receptor Ligands. New opportunities for 
drug discovery. Ed by Kim Neve. Humana Press. 
 
Neubig, R.R. (1994). Membrane organization in G-protein mechanisms. FASEB J 8, 939-946. 
 
Ng, G.Y., O'Dowd, B.F., Caron, M., Dennis, M., Brann, M.R., and George, S.R. (1994). Phosphorylation 
and palmitoylation of the human D2L dopamine receptor in Sf9 cells. J Neurochem 63, 1589-1595. 
 
Nicholas, A.P., Pieribone, V.A., and Hokfelt, T. (1993). Cellular localization of messenger RNA for beta-
1 and beta-2 adrenergic receptors in rat brain: an in situ hybridization study. Neuroscience 56, 1023-
1039. 
 
Nicholas, A.P., Hokfelt, T., and Pieribone, V.A. (1996). The distribution and significance of CNS 
adrenoceptors examined with in situ hybridization. Trends Pharmacol Sci 17, 245-255. 
 
Nicola, S.M. (2007). The nucleus accumbens as part of a basal ganglia action selection circuit. 
Psychopharmacology (Berl) 191, 521-550. 
 
Nicola SM, Surmeier J, Malenka RC. (2000). Dopaminergic modulation of neuronal excitability in the 
striatum and nucleus accumbens. Annu Rev Neurosci.23:185-215. Review.  
 
Noel, J.P., Hamm, H.E., and Sigler, P.B. (1993). The 2.2 A crystal structure of transducin-alpha 
complexed with GTP gamma S. Nature 366, 654-663. 
 
Obeso, J.A., Rodriguez-Oroz, M.C., Rodriguez, M., Lanciego, J.L., Artieda, J., Gonzalo, N., and Olanow, 
C.W. (2000). Pathophysiology of the basal ganglia in Parkinson's disease. Trends Neurosci 23, S8-19. 
 
Obeso, J.A., Rodriguez-Oroz, M.C., Benitez-Temino, B., Blesa, F.J., Guridi, J., Marin, C., and Rodriguez, 
M. (2008). Functional organization of the basal ganglia: therapeutic implications for Parkinson's 
disease. Mov Disord 23 Suppl 3, S548-559. 
 
O'Dowd, B.F. (1993). Structures of dopamine receptors. J Neurochem 60, 804-816. 
 
O'Dowd, B.F., Hnatowich, M., Caron, M.G., Lefkowitz, R.J., and Bouvier, M. (1989). Palmitoylation of 
the human beta 2-adrenergic receptor. Mutation of Cys341 in the carboxyl tail leads to an uncoupled 
nonpalmitoylated form of the receptor. J Biol Chem 264, 7564-7569. 
 
O'Dowd, B.F., Ji, X., Nguyen, T., and George, S.R. (2012). Two amino acids in each of D1 and D2 
dopamine receptor cytoplasmic regions are involved in D1-D2 heteromer formation. Biochem Biophys 



BIBLIOGRAPHY 
 

198 
 

Res Commun 417, 23-28. 
 
O'Dowd, B.F., Nguyen, T., Ji, X., and George, S.R. (2013). D5 dopamine receptor carboxyl tail involved 
in D5-D2 heteromer formation. Biochem Biophys Res Commun 431, 586-589. 
 
Oertel, W., Trenkwalder, C., Benes, H., Ferini-Strambi, L., Hogl, B., Poewe, W., Stiasny-Kolster, K., 
Fichtner, A.,  
 
Schollmayer, E., Kohnen, R., et al. (2011). Long-term safety and efficacy of rotigotine transdermal 
patch for moderate-to-severe idiopathic restless legs syndrome: a 5-year open-label extension study. 
Lancet Neurol 10, 710-720. 
 
O'Hara, P.J., Sheppard, P.O., Thogersen, H., Venezia, D., Haldeman, B.A., McGrane, V., Houamed, K.M., 
Thomsen, C., Gilbert, T.L., and Mulvihill, E.R. (1993). The ligand-binding domain in metabotropic 
glutamate receptors is related to bacterial periplasmic binding proteins. Neuron 11, 41-52. 
 
Oldham, W.M., and Hamm, H.E. (2006). Structural basis of function in heterotrimeric G proteins. Q 
Rev Biophys 39, 117-166. 
 
Oldham, W.M., and Hamm, H.E. (2008). Heterotrimeric G protein activation by G-protein-coupled 
receptors. Nat Rev Mol Cell Biol 9, 60-71. 
 
O'Malley, K.L., Harmon, S., Tang, L., and Todd, R.D. (1992). The rat dopamine D4 receptor: sequence, 
gene structure, and demonstration of expression in the cardiovascular system. New Biol 4, 137-146. 
 
Ordway, G.A., Jaconetta, S.M., and Halaris, A.E. (1993). Characterization of subtypes of alpha-2 
adrenoceptors in the human brain. J Pharmacol Exp Ther 264, 967-976. 
 
Orrú, M., Bakesova, J., Brugarolas, M., Quiroz, C., Beaumont, V., Goldberg, S.R., Lluís, C., Cortés, A., 
Franco, R., Casadó, V., et al. (2011). Striatal pre- and postsynaptic profile of adenosine A(2A) receptor 
antagonists. PLoS One 6, e16088. 
 
Ovchinnikov Yu, A., Abdulaev, N.G., and Bogachuk, A.S. (1988). Two adjacent cysteine residues in the 
C-terminal cytoplasmic fragment of bovine rhodopsin are palmitylated. FEBS Lett 230, 1-5. 
 
Pak, Y., O'Dowd, B.F., Wang, J.B., and George, S.R. (1999). Agonist-induced, G protein-dependent and 
-independent down-regulation of the mu opioid receptor. The receptor is a direct substrate for 
protein-tyrosine kinase. J Biol Chem 274, 27610-27616. 
 
Palczewski, K., Kumasaka, T., Hori, T., Behnke, C.A., Motoshima, H., Fox, B.A., Le Trong, I., Teller, D.C., 
Okada, T., Stenkamp, R.E., et al. (2000). Crystal structure of rhodopsin: A G protein-coupled receptor. 
Science 289, 739-745. 
 
Papay, R., Gaivin, R., Jha, A., McCune, D.F., McGrath, J.C., Rodrigo, M.C., Simpson, P.C., Doze, V.A., and 
Perez, D.M. (2006). Localization of the mouse alpha1A-adrenergic receptor (AR) in the brain: 
alpha1AAR is expressed in neurons, GABAergic interneurons, and NG2 oligodendrocyte progenitors. J 
Comp Neurol 497, 209-222. 
Paris, A., Mantz, J., Tonner, P.H., Hein, L., Brede, M., and Gressens, P. (2006). The effects of 
dexmedetomidine on perinatal excitotoxic brain injury are mediated by the alpha2A-adrenoceptor 
subtype. Anesth Analg 102, 456-461. 
 



BIBLIOGRAPHY 

199 
 

Park, J.Y., Lee, S.Y., Kim, H.R., Seo, M.D., and Chung, K.Y. (2016). Structural mechanism of GPCR-
arrestin interaction: recent breakthroughs. Arch Pharm Res 39, 293-301. 
 
Patel, H.H., Murray, F., and Insel, P.A. (2008). G-protein-coupled receptor-signaling components in 
membrane raft and caveolae microdomains. Handb Exp Pharmacol, 167-184. 
Patowary, S., Alvarez-Curto, E., Xu, T.R., Holz, J.D., Oliver, J.A., Milligan, G., and Raicu, V. (2013). The 
muscarinic M3 acetylcholine receptor exists as two differently sized complexes at the plasma 
membrane. Biochem J 452, 303-312. 
 
Penney, J.B., Jr., and Young, A.B. (1986). Striatal inhomogeneities and basal ganglia function. Mov 
Disord 1, 3-15. 
 
Perez, D.M., and Karnik, S.S. (2005). Multiple signaling states of G-protein-coupled receptors. 
Pharmacol Rev 57, 147-161. 
 
Pfleger, K.D., and Eidne, K.A. (2003). New technologies: bioluminescence resonance energy transfer 
(BRET) for the detection of real time interactions involving G-protein coupled receptors. Pituitary 6, 
141-151. 
 
Pfleger, K.D., and Eidne, K.A. (2005). Monitoring the formation of dynamic G-protein-coupled 
receptor-protein complexes in living cells. Biochem J 385, 625-637. 
 
Pfleger, K.D., Dalrymple, M.B., Dromey, J.R., and Eidne, K.A. (2007). Monitoring interactions between 
G-protein-coupled receptors and beta-arrestins. Biochem Soc Trans 35, 764-766. 
 
Philipp, M., Brede, M., and Hein, L. (2002). Physiological significance of alpha(2)-adrenergic receptor 
subtype diversity: one receptor is not enough. Am J Physiol Regul Integr Comp Physiol 283, R287-295. 
 
Philipp, M., and Hein, L. (2004). Adrenergic receptor knockout mice: distinct functions of 9 receptor 
subtypes. Pharmacol Ther 101, 65-74. 
 
Pike, L.J. (2009). The challenge of lipid rafts. J Lipid Res 50 Suppl, S323-328. 
 
Pin, J.P., Neubig, R., Bouvier, M., Devi, L., Filizola, M., Javitch, J.A., Lohse, M.J., Milligan, G., Palczewski, 
K., Parmentier, M., et al. (2007). International Union of Basic and Clinical Pharmacology. LXVII. 
Recommendations for the recognition and nomenclature of G protein-coupled receptor 
heteromultimers. Pharmacol Rev 59, 5-13. 
 
Pin, J.P., Comps-Agrar, L., Maurel, D., Monnier, C., Rives, M.L., Trinquet, E., Kniazeff, J., Rondard, P., 
and Prezeau, L. (2009). G-protein-coupled receptor oligomers: two or more for what? Lessons from 
mGlu and GABAB receptors. J Physiol 587, 5337-5344. 
 
Pisani, A., Bonsi, P., Centonze, D., Martorana, A., Fusco, F., Sancesario, G., De Persis, C., Bernardi, G., 
and Calabresi, P. (2003). Activation of beta1-adrenoceptors excites striatal cholinergic interneurons 
through a cAMP-dependent, protein kinase-independent pathway. J Neurosci 23, 5272-5282. 
 
Prabhu, Y., and Eichinger, L. (2006). The Dictyostelium repertoire of seven transmembrane domain 
receptors. Eur J Cell Biol 85, 937-946. 
 
Probst, W.C., Snyder, L.A., Schuster, D.I., Brosius, J., and Sealfon, S.C. (1992). Sequence alignment of 
the G-protein coupled receptor superfamily. DNA Cell Biol 11, 1-20. 



BIBLIOGRAPHY 
 

200 
 

Qiu, Y., Loh, H.H., and Law, P.Y. (2007). Phosphorylation of the delta-opioid receptor regulates its beta-
arrestins selectivity and subsequent receptor internalization and adenylyl cyclase desensitization. J 
Biol Chem 282, 22315-22323. 
 
Raehal, K.M., and Bohn, L.M. (2005). Mu opioid receptor regulation and opiate responsiveness. AAPS 
J 7, E587-591. 
 
Raehal, K.M., Lowery, J.J., Bhamidipati, C.M., Paolino, R.M., Blair, J.R., Wang, D., Sadee, W., and Bilsky, 
E.J. (2005). In vivo characterization of 6beta-naltrexol, an opioid ligand with less inverse agonist 
activity compared with naltrexone and naloxone in opioid-dependent mice. J Pharmacol Exp Ther 313, 
1150-1162. 
 
Raehal, K.M., Walker, J.K., and Bohn, L.M. (2005). Morphine side effects in beta-arrestin 2 knockout 
mice. J Pharmacol Exp Ther 314, 1195-1201. 
 
Ragsdale, C.W., Jr., and Graybiel, A.M. (1981). The fronto-striatal projection in the cat and monkey 
and its relationship to inhomogeneities established by acetylcholinesterase histochemistry. Brain Res 
208, 259-266. 
 
Rainbow, T.C., Parsons, B., and Wolfe, B.B. (1984). Quantitative autoradiography of beta 1- and beta 
2-adrenergic receptors in rat brain. Proc Natl Acad Sci U S A 81, 1585-1589. 
 
Rajagopal, K., Whalen, E.J., Violin, J.D., Stiber, J.A., Rosenberg, P.B., Premont, R.T., Coffman, T.M., 
Rockman, H.A., and 
Lefkowitz, R.J. (2006). Beta-arrestin2-mediated inotropic effects of the angiotensin II type 1A receptor 
in isolated cardiac myocytes. Proc Natl Acad Sci U S A 103, 16284-16289. 
 
Rankin, M.L., and Sibley, D.R. (2010). Constitutive phosphorylation by protein kinase C regulates D1 
dopamine receptor signaling. J Neurochem 115, 1655-1667. 
 
Rasmussen, S.G., Choi, H.J., Rosenbaum, D.M., Kobilka, T.S., Thian, F.S., Edwards, P.C., Burghammer, 
M., Ratnala, V.R.,  
 
Sanishvili, R., Fischetti, R.F., et al. (2007). Crystal structure of the human beta2 adrenergic G-protein-
coupled receptor. Nature 450, 383-387. 
 
Rekas, A., Alattia, J.R., Nagai, T., Miyawaki, A., and Ikura, M. (2002). Crystal structure of venus, a yellow 
fluorescent protein with improved maturation and reduced environmental sensitivity. J Biol Chem 
277, 50573-50578. 
Robbins, T.W., and Roberts, A.C. (2007). Differential regulation of fronto-executive function by the 
monoamines and acetylcholine. Cereb Cortex 17 Suppl 1, i151-160. 
 
Rocheville, M., Lange, D.C., Kumar, U., Patel, S.C., Patel, R.C., and Patel, Y.C. (2000). Receptors for 
dopamine and somatostatin: formation of hetero-oligomers with enhanced functional activity. 
Science 288, 154-157. 
Rohrer, D.K. (1998). Physiological consequences of beta-adrenergic receptor disruption. J Mol Med 
(Berl) 76, 764-772. 
Rohrer, D.K., and Kobilka, B.K. (1998). Insights from in vivo modification of adrenergic receptor gene 
expression. Annu Rev Pharmacol Toxicol 38, 351-373. 
 
Rommelfanger, K.S., Mitrano, D.A., Smith, Y., and Weinshenker, D. (2009). Light and electron 



BIBLIOGRAPHY 

201 
 

microscopic localization of alpha-1 adrenergic receptor immunoreactivity in the rat striatum and 
ventral midbrain. Neuroscience 158, 1530-1540. 
 
Rose, S., Ramsay Croft, N., and Jenner, P. (2007). The novel adenosine A2a antagonist ST1535 
potentiates the effects of a threshold dose of l-dopa in unilaterally 6-OHDA-lesioned rats. Brain Res 
1133, 110-114. 
 
Roth, N.S., Lefkowitz, R.J., and Caron, M.G. (1991). Structure and function of the adrenergic receptor 
family. Adv Exp Med Biol 308, 223-238. 
 
Salahpour, A., Angers, S., Mercier, J.F., Lagace, M., Marullo, S., and Bouvier, M. (2004). 
Homodimerization of the beta2-adrenergic receptor as a prerequisite for cell surface targeting. J Biol 
Chem 279, 33390-33397. 
 
Sánchez-Soto, M., Bonifazi, A., Cai, N.S., Ellenberger, M.P., Newman, A.H., Ferré, S., and Yano, H. 
(2016). Evidence for Noncanonical Neurotransmitter Activation: Norepinephrine as a Dopamine D2-
Like Receptor Agonist. Mol Pharmacol 89, 457-466. 
 
Sano, H., Yasoshima, Y., Matsushita, N., Kaneko, T., Kohno, K., Pastan, I., and Kobayashi, K. (2003). 
Conditional ablation of striatal neuronal types containing dopamine D2 receptor disturbs coordination 
of basal ganglia function. J Neurosci 23, 9078-9088. 
 
Sara, S.J., and Bouret, S. (2012). Orienting and reorienting: the locus coeruleus mediates cognition 
through arousal. Neuron 76, 130-141. 
 
Saunders, C., and Limbird, L.E. (1999). Localization and trafficking of alpha2-adrenergic receptor 
subtypes in cells and tissues. Pharmacol Ther 84, 193-205. 
 
Scheibner, J., Trendelenburg, A.U., Hein, L., and Starke, K. (2001). Alpha2-adrenoceptors modulating 
neuronal serotonin release: a study in alpha2-adrenoceptor subtype-deficient mice. Br J Pharmacol 
132, 925-933. 
 
Scheinin, M., Lomasney, J.W., Hayden-Hixson, D.M., Schambra, U.B., Caron, M.G., Lefkowitz, R.J., and 
Fremeau, R.T., Jr. (1994). Distribution of alpha 2-adrenergic receptor subtype gene expression in rat 
brain. Brain Res Mol Brain Res 21, 133-149. 
Scholz, H., Trenkwalder, C., Kohnen, R., Riemann, D., Kriston, L., and Hornyak, M. (2011). Dopamine 
agonists for restless legs syndrome. Cochrane Database Syst Rev, CD006009. 
 
Seeman, P., Lee, T., Chau-Wong, M., and Wong, K. (1976). Antipsychotic drug doses and 
neuroleptic/dopamine receptors. Nature 261, 717-719. 
 
Seeman, P., Wilson, A., Gmeiner, P., and Kapur, S. (2006). Dopamine D2 and D3 receptors in human 
putamen, caudate nucleus, and globus pallidus. Synapse 60, 205-211. 
 
Selbie, L.A., and Hill, S.J. (1998). G protein-coupled-receptor cross-talk: the fine-tuning of multiple 
receptor-signalling pathways. Trends Pharmacol Sci 19, 87-93. 
 
Shekhawat, S.S., and Ghosh, I. (2011). Split-protein systems: beyond binary protein-protein 
interactions. Curr Opin Chem Biol 15, 789-797. 
 
Shenoy, S.K., and Lefkowitz, R.J. (2011). beta-Arrestin-mediated receptor trafficking and signal 



BIBLIOGRAPHY 
 

202 
 

transduction. Trends Pharmacol Sci 32, 521-533. 
 
Sibley, D.R. (1999). New insights into dopaminergic receptor function using antisense and genetically 
altered animals. Annu Rev Pharmacol Toxicol 39, 313-341. 
 
Simon, M.I., Strathmann, M.P., and Gautam, N. (1991). Diversity of G proteins in signal transduction. 
Science 252, 802-808. 
 
Simonneaux, V., and Ribelayga, C. (2003). Generation of the melatonin endocrine message in 
mammals: a review of the complex regulation of melatonin synthesis by norepinephrine, peptides, 
and other pineal transmitters. Pharmacol Rev 55, 325-395. 
 
Smith, Y., and Villalba, R. (2008). Striatal and extrastriatal dopamine in the basal ganglia: an overview 
of its anatomical organization in normal and Parkinsonian brains. Mov Disord 23 Suppl 3, S534-547. 
 
Smotrys, J.E., and Linder, M.E. (2004). Palmitoylation of intracellular signaling proteins: regulation and 
function. Annu Rev Biochem 73, 559-587. 
 
Snyder, S.H., Taylor, K.M., Coyle, J.T., and Meyerhoff, J.L. (1970). The role of brain dopamine in 
behavioral regulation and the actions of psychotropic drugs. Am J Psychiatry 127, 199-207. 
 
Sokoloff, P., Giros, B., Martres, M.P., Andrieux, M., Besancon, R., Pilon, C., Bouthenet, M.L., Souil, E., 
and Schwartz, J.C. (1992). Localization and function of the D3 dopamine receptor. 
Arzneimittelforschung 42, 224-230. 
 
Sondek, J., Bohm, A., Lambright, D.G., Hamm, H.E., and Sigler, P.B. (1996). Crystal structure of a G-
protein beta gamma dimer at 2.1A resolution. Nature 379, 369-374. 
 
Sprang, S.R. (1997). G protein mechanisms: insights from structural analysis. Annu Rev Biochem 66, 
639-678. 
 
Sprang, S.R. (1997). G proteins, effectors and GAPs: structure and mechanism. Curr Opin Struct Biol 7, 
849-856. 
Spreng, M., Cotecchia, S., and Schenk, F. (2001). A behavioral study of alpha-1b adrenergic receptor 
knockout mice: increased reaction to novelty and selectively reduced learning capacities. Neurobiol 
Learn Mem 75, 214-229. 
 
Srivastava, A., Gupta, B., Gupta, C., and Shukla, A.K. (2015). Emerging Functional Divergence of beta-
Arrestin Isoforms in GPCR Function. Trends Endocrinol Metab 26, 628-642. 
 
Starke, K. (2001). Presynaptic autoreceptors in the third decade: focus on alpha2-adrenoceptors. J 
Neurochem 78, 685-693. 
 
Stoof, J.C., and Kebabian, J.W. (1981). Opposing roles for D-1 and D-2 dopamine receptors in efflux of 
cyclic AMP from rat neostriatum. Nature 294, 366-368. 
 
Strosberg, A.D. (1993). Structure, function, and regulation of adrenergic receptors. Protein Sci 2, 1198-
1209. 
 
Sulzer, D. (2011). How addictive drugs disrupt presynaptic dopamine neurotransmission. Neuron 69, 
628-649. 



BIBLIOGRAPHY 

203 
 

Summers, R.J., and Molenaar, P. (1995). Autoradiography of beta 1- and beta 2-adrenoceptors. 
Methods Mol Biol 41, 25-39. 
 
Summers, R.J., Papaioannou, M., Harris, S., and Evans, B.A. (1995). Expression of beta 3-adrenoceptor 
mRNA in rat brain. Br J Pharmacol 116, 2547-2548. 
 
Surmeier, D.J., Plotkin, J., and Shen, W. (2009). Dopamine and synaptic plasticity in dorsal striatal 
circuits controlling action selection. Curr Opin Neurobiol 19, 621-628. 
 
Svingos, A.L., Periasamy, S., and Pickel, V.M. (2000). Presynaptic dopamine D(4) receptor localization 
in the rat nucleus accumbens shell. Synapse 36, 222-232. 
 
Swanson, J.M., Kinsbourne, M., Nigg, J., Lanphear, B., Stefanatos, G.A., Volkow, N., Taylor, E., Casey, 
B.J., Castellanos, F.X., and Wadhwa, P.D. (2007). Etiologic subtypes of attention-deficit/hyperactivity 
disorder: brain imaging, molecular genetic and environmental factors and the dopamine hypothesis. 
Neuropsychol Rev 17, 39-59. 
 
Syrovatkina, V., Alegre, K.O., Dey, R., and Huang, X.Y. (2016). Regulation, Signaling, and Physiological 
Functions of G-Proteins. J Mol Biol 428, 3850-3868. 
 
Szentkiralyi, A., Volzke, H., Hoffmann, W., Trenkwalder, C., and Berger, K. (2014). Multimorbidity and 
the risk of restless legs syndrome in 2 prospective cohort studies. Neurology 82, 2026-2033. 
 
Tadagaki, K., Jockers, R., and Kamal, M. (2012). History and biological significance of GPCR 
heteromerization in the  
neuroendocrine system. Neuroendocrinology 95, 223-231. 
Tarazi, F.I., Campbell, A., Yeghiayan, S.K., and Baldessarini, R.J. (1998). Localization of dopamine 
receptor subtypes in corpus striatum and nucleus accumbens septi of rat brain: comparison of D1-, 
D2-, and D4-like receptors. Neuroscience 83, 169-176. 
 
Tolkovsky, A.M., and Levitzki, A. (1978). Mode of coupling between the beta-adrenergic receptor and 
adenylate cyclase in turkey erythrocytes. Biochemistry 17, 3795. 
 
Trejo, J., Hammes, S.R., and Coughlin, S.R. (1998). Termination of signaling by protease-activated 
receptor-1 is linked to lysosomal sorting. Proc Natl Acad Sci U S A 95, 13698-13702. 
 
Trendelenburg, A.U., Cox, S.L., Schelb, V., Klebroff, W., Khairallah, L., and Starke, K. (2000). Modulation 
of (3)H-noradrenaline release by presynaptic opioid, cannabinoid and bradykinin receptors and beta-
adrenoceptors in mouse tissues. Br J Pharmacol 130, 321-330. 
 
Trendelenburg, A.U., Philipp, M., Meyer, A., Klebroff, W., Hein, L., and Starke, K. (2003). All three 
alpha2-adrenoceptor types serve as autoreceptors in postganglionic sympathetic neurons. Naunyn 
Schmiedebergs Arch Pharmacol 368, 504-512. 
 
Trenkwalder, C., Stiasny, K., Pollmacher, T., Wetter, T., Schwarz, J., Kohnen, R., Kazenwadel, J., Kruger, 
H.P., Ramm, S., 
Kunzel, M., et al. (1995). L-dopa therapy of uremic and idiopathic restless legs syndrome: a double-
blind, crossover trial. Sleep 18, 681-688. 
 
Trenkwalder, C., Hening, W.A., Walters, A.S., Campbell, S.S., Rahman, K., and Chokroverty, S. (1999). 
Circadian rhythm of periodic limb movements and sensory symptoms of restless legs syndrome. Mov 



BIBLIOGRAPHY 
 

204 
 

Disord 14, 102-110. 
 
Trenkwalder, C., Collado Seidel, V., Kazenwadel, J., Wetter, T.C., Oertel, W., Selzer, R., and Kohnen, R. 
(2003). One-year treatment with standard and sustained-release levodopa: appropriate long-term 
treatment of restless legs syndrome? Mov Disord 18, 1184-1189. 
 
Trenkwalder, C., Benes, H., Grote, L., Garcia-Borreguero, D., Hogl, B., Hopp, M., Bosse, B., Oksche, A., 
Reimer, K., Winkelmann, J., et al. (2013). Prolonged release oxycodone-naloxone for treatment of 
severe restless legs syndrome after failure of previous treatment: a double-blind, randomised, 
placebo-controlled trial with an open-label extension. Lancet Neurol 12, 1141-1150. 
 
Trenkwalder, C., Winkelmann, J., Inoue, Y., and Paulus, W. (2015). Restless legs syndrome-current 
therapies and management of augmentation. Nat Rev Neurol 11, 434-445. 
 
Trifilieff, P., Rives, M.L., Urizar, E., Piskorowski, R.A., Vishwasrao, H.D., Castrillon, J., Schmauss, C., 
Slattman, M., Gullberg, M., and Javitch, J.A. (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. 
 
Uhlen, S., Lindblom, J., Tiger, G., and Wikberg, J.E. (1997). Quantification of alpha2A and alpha2C 
adrenoceptors in the rat striatum and in different regions of the spinal cord. Acta Physiol Scand 160, 
407-412. 
 
Ulrich, C.D., 2nd, Holtmann, M., and Miller, L.J. (1998). Secretin and vasoactive intestinal peptide 
receptors: members of a unique family of G protein-coupled receptors. Gastroenterology 114, 382-
397. 
 
Urizar, E., Yano, H., Kolster, R., Gales, C., Lambert, N., and Javitch, J.A. (2011). CODA-RET reveals 
functional selectivity as a result of GPCR heteromerization. Nat Chem Biol 7, 624-630. 
 
Usiello, A., Baik, J.H., Rouge-Pont, F., Picetti, R., Dierich, A., LeMeur, M., Piazza, P.V., and Borrelli, E. 
(2000). Distinct functions of the two isoforms of dopamine D2 receptors. Nature 408, 199-203. 
 
Valentino, R.J., and Van Bockstaele, E. (2008). Convergent regulation of locus coeruleus activity as an 
adaptive response to stress. Eur J Pharmacol 583, 194-203. 
 
Vallone, D., Picetti, R., and Borrelli, E. (2000). Structure and function of dopamine receptors. Neurosci 
Biobehav Rev 24, 125-132. 
 
Van Tol, H.H., Bunzow, J.R., Guan, H.C., Sunahara, R.K., Seeman, P., Niznik, H.B., and Civelli, O. (1991). 
Cloning of the gene for a human dopamine D4 receptor with high affinity for the antipsychotic 
clozapine. Nature 350, 610-614. 
 
Van Tol, H.H., Wu, C.M., Guan, H.C., Ohara, K., Bunzow, J.R., Civelli, O., Kennedy, J., Seeman, P., Niznik, 
H.B., and  
Jovanovic, V. (1992). Multiple dopamine D4 receptor variants in the human population. Nature 358, 
149-152. 
 
Violin, J.D., and Lefkowitz, R.J. (2007). Beta-arrestin-biased ligands at seven-transmembrane 
receptors. Trends Pharmacol Sci 28, 416-422. 
 



BIBLIOGRAPHY 

205 
 

Vishnivetskiy, S.A., Gimenez, L.E., Francis, D.J., Hanson, S.M., Hubbell, W.L., Klug, C.S., and Gurevich, 
V.V. (2011). Few residues within an extensive binding interface drive receptor interaction and 
determine the specificity of arrestin proteins. J Biol Chem 286, 24288-24299. 
 
Volkow, N.D., Fowler, J.S., and Wang, G.J. (2003). The addicted human brain: insights from imaging 
studies. J Clin Invest 111, 1444-1451. 
 
von Zastrow, M., Link, R., Daunt, D., Barsh, G., and Kobilka, B. (1993). Subtype-specific differences in 
the intracellular sorting of G protein-coupled receptors. J Biol Chem 268, 763-766. 
 
Vonend, O., Habbel, S., Stegbauer, J., Roth, J., Hein, L., and Rump, L.C. (2007). Alpha(2A)-
adrenoceptors regulate sympathetic transmitter release in mice kidneys. Br J Pharmacol 150, 121-127. 
 
Waeber, C., Rigo, M., Chinaglia, G., Probst, A., and Palacios, J.M. (1991). Beta-adrenergic receptor 
subtypes in the basal ganglia of patients with Huntington's chorea and Parkinson's disease. Synapse 
8, 270-280. 
 
Wall, M.A., Coleman, D.E., Lee, E., Iniguez-Lluhi, J.A., Posner, B.A., Gilman, A.G., and Sprang, S.R. 
(1995). The structure of the G protein heterotrimer Gi alpha 1 beta 1 gamma 2. Cell 83, 1047-1058. 
 
Walters, A.S., Wagner, M., and Hening, W.A. (1996). Periodic limb movements as the initial 
manifestation of restless legs syndrome triggered by lumbosacral radiculopathy. Sleep 19, 825-826. 
 
Wang, E., Ding, Y.C., Flodman, P., Kidd, J.R., Kidd, K.K., Grady, D.L., Ryder, O.A., Spence, M.A., Swanson, 
J.M., and Moyzis, R.K. (2004). The genetic architecture of selection at the human dopamine receptor 
D4 (DRD4) gene locus. Am J Hum Genet 74, 931-944. 
 
Ward, R.J., Pediani, J.D., and Milligan, G. (2011). Heteromultimerization of cannabinoid CB(1) receptor 
and orexin OX(1) receptor generates a unique complex in which both protomers are regulated by 
orexin A. J Biol Chem 286, 37414-37428. 
 
Wei, H., Ahn, S., Shenoy, S.K., Karnik, S.S., Hunyady, L., Luttrell, L.M., and Lefkowitz, R.J. (2003). 
Independent beta-arrestin 2 and G protein-mediated pathways for angiotensin II activation of 
extracellular signal-regulated kinases 1 and 2. Proc Natl Acad Sci U S A 100, 10782-10787. 
 
Weiner, D.M., Levey, A.I., Sunahara, R.K., Niznik, H.B., O'Dowd, B.F., Seeman, P., and Brann, M.R. 
(1991). D1 and D2 dopamine receptor mRNA in rat brain. Proc Natl Acad Sci U S A 88, 1859-1863. 
 
Wess J. (1997). G-protein-coupled receptors: molecular mechanisms involved in receptor activation 
and selectivity of G-protein recognition. FASEB J. Apr;11(5):346-54. Review.  
 
Wettschureck, N., and Offermanns, S. (2005). Mammalian G proteins and their cell type specific 
functions. Physiol Rev 85, 1159-1204. 
 
White, F.J., Bednarz, L.M., Wachtel, S.R., Hjorth, S., and Brooderson, R.J. (1988). Is stimulation of both 
D1 and D2 receptors necessary for the expression of dopamine-mediated behaviors? Pharmacol 
Biochem Behav 30, 189-193. 
 
Winder, D.G., Martin, K.C., Muzzio, I.A., Rohrer, D., Chruscinski, A., Kobilka, B., and Kandel, E.R. (1999). 
ERK plays a regulatory role in induction of LTP by theta frequency stimulation and its modulation by 
beta-adrenergic receptors. Neuron 24, 715-726. 



BIBLIOGRAPHY 
 

206 
 

Winkelmann, J., Wetter, T.C., Collado-Seidel, V., Gasser, T., Dichgans, M., Yassouridis, A., and 
Trenkwalder, C. (2000). Clinical characteristics and frequency of the hereditary restless legs syndrome 
in a population of 300 patients. Sleep 23, 597-602. 
 
Winkelmann, J., Muller-Myhsok, B., Wittchen, H.U., Hock, B., Prager, M., Pfister, H., Strohle, A., 
Eisensehr, I., Dichgans, M., Gasser, T., et al. (2002). Complex segregation analysis of restless legs 
syndrome provides evidence for an autosomal dominant mode of inheritance in early age at onset 
families. Ann Neurol 52, 297-302. 
 
Wise, R.A. (1996). Neurobiology of addiction. Curr Opin Neurobiol 6, 243-251. 
 
Wolf, M.E., and Roth, R.H. (1990). Autoreceptor regulation of dopamine synthesis. Ann N Y Acad Sci 
604, 323-343. 
 
Wood, M., Dubois, V., Scheller, D., and Gillard, M. (2015). Rotigotine is a potent agonist at dopamine 
D1 receptors as well as at dopamine D2 and D3 receptors. Br J Pharmacol 172, 1124-1135. 
 
Woods, A.S., and Ferré, S. (2005). Amazing stability of the arginine-phosphate electrostatic 
interaction. J Proteome Res 4, 1397-1402. 
 
Wu, B., Chien, E.Y., Mol, C.D., Fenalti, G., Liu, W., Katritch, V., Abagyan, R., Brooun, A., Wells, P., Bi, 
F.C., et al. (2010).  
Structures of the CXCR4 chemokine GPCR with small-molecule and cyclic peptide antagonists. Science 
330, 1066-1071. 
 
Xu, H., Partilla, J.S., Wang, X., Rutherford, J.M., Tidgewell, K., Prisinzano, T.E., Bohn, L.M., and 
Rothman, R.B. (2007). A comparison of noninternalizing (herkinorin) and internalizing (DAMGO) mu-
opioid agonists on cellular markers related to opioid tolerance and dependence. Synapse 61, 166-175. 
 
Xu, T.X., Sotnikova, T.D., Liang, C., Zhang, J., Jung, J.U., Spealman, R.D., Gainetdinov, R.R., and Yao, 
W.D. (2009). Hyperdopaminergic tone erodes prefrontal long-term potential via a D2 receptor-
operated protein phosphatase gate. J Neurosci 29, 14086-14099. 
 
Yin, H.H., and Knowlton, B.J. (2006). The role of the basal ganglia in habit formation. Nat Rev Neurosci 
7, 464-476. 
 
Yu, A.J., and Dayan, P. (2005). Uncertainty, neuromodulation, and attention. Neuron 46, 681-692. 
 
Zhai, P., Yamamoto, M., Galeotti, J., Liu, J., Masurekar, M., Thaisz, J., Irie, K., Holle, E., Yu, X., 
Kupershmidt, S., et al. (2005). Cardiac-specific overexpression of AT1 receptor mutant lacking G alpha 
q/G alpha i coupling causes hypertrophy and bradycardia in transgenic mice. J Clin Invest 115, 3045-
3056.



 

 
 

 
 

  



 

 
 

  



 

 
 

 

 

 

 

 

 

 

 

 

 

 

VIII. RESUM EN CATALÀ 

 



 

 
 



RESUM EN CATALÀ 

211 
 

 

 

VIII. RESUM EN  CATALÀ 

 

 

Activació dels receptors de catecolamines per 

neurotransmissors no canònics 
 

 

Capítol 1: Evidència de l’activació per neurotransmissors no canònica: la 

noradrenalina com agonista del receptor D2 de dopamina.  

 

INTRODUCCIÓ 

La dopamina és un important neurotransmissor implicat en la regulació d’aspectes importants 

de la funció cerebral que inclouen el moviment, la motivació, la memòria i l’addicció. S’uneix 

i activa dos famílies de receptors acoblats a proteïnes G (G protein-coupled receptors, GPCRs): 

els receptors D1-like i els D2-like. Els D1-like estan formats pels receptors D1 i D5 mentre que 

els receptors D2-like estan formats per D2, D3 i D4. En general, la innervació dopaminèrgica 

coincideix amb la distribució dels receptors de dopamina, però no és sempre cert. El còrtex 

cerebral rep una gran innervació noradrenèrgica i malgrat que les terminacions 

dopaminèrgiques estan més concentrades al còrtex (Descarries et al., 1987; Séguéla et al., 

1990), la localització dels receptors de dopamina excedeix la de les terminacions 

dopaminèrgiques. Una possible explicació ja descrita pel receptor D4 de dopamina (D4R) és 

la possibilitat de que els receptors dopaminèrgics puguin ser activats per noradrenalina 

(Lanau et al., 1997; Newman-Tancredi et al., 1997; Rivera et al., 2008; Cummings et al., 2010; 

Root et al., 2015). Tot i així, no hi ha evidències de que això sigui cert pels altres receptors D2-
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like. El D4R té un gran nombre de polimorfismes en la seva seqüència, un d’ells al tercer exó 

que codifica pel tercer loop intracellular del receptor. Es tracta d’un variable number of 

tandem repeats (VNTR), una seqüència de 48 bp que es repeteix de 2 a 11 vegades. Les tres 

variants al·lèliques més freqüents a la població humana són les variants amb 2, 4 i 7 

repeticions en tàndem (D4.2R, D4.4R i D4.7R). Una d’aquestes variants, la D4.7, s’ha associat 

repetidament amb desinhibició, la qual és un endofenotip de TDAH (transtorn per dèficit 

d’atenció i hiperactivitat) i abús de drogues. Tot i així, no s’han trobat diferències clares en els 

productes de les variants polimòrfiques del gen del D4R. Per aquestes raons es va formular el 

següent objectiu: 

Objectiu 1: estudiar la possible activació dels receptors D2-like (incloent les tres 

variants més prevalents del D4R) per noradrenalina mitjançant estudis d’unió de 

radiolligands i assajos funcionals basats en BRET. 

 

RESULTATS 

Mitjançant assajos d’unió de radiolligands en cèl.lules HEK-293 transfectades establement es 

van comparar les afinitats de la dopamina (DA) i la noradrenalina (NE) pels següent receptors: 

D2SR (D2-short), D2LR (D2-long), D3R i D4.4R. Els resultats obtinguts d’assajos de competició 

entre [3H]7-OH-DPAT i DA o NE demostren que no només el D4R sinó que també els altres 

receptors dopaminèrgics tenen bona afinitat per la NE, amb una separació respecte la DA de 

només 4 (D2L) a 15 (D3R) vegades. 

Els receptors D2-like s’acoblen a Gi i inhibeixen l’adenilat ciclasa (AC) produint una baixada en 

l’AMPc. Per tal de comprovar els resultats d’unió de radiolligands, vam decidir estudiar la 

inhibició de l’AC mitjançada pels receptors D2-like quan són activats per NE. Per fer això es va 

utilitzar el CAMYEL, un biosensor basat en BRET que permet mesurar els nivells d’AMPc 

intracel·lulars. Es van transfectar cèl·lules amb un dels receptors (D2SR, D2LR, D3R, D4.2R, 

D4.4R o D4.7R) juntament amb CAMYEL i es va comparar l’efecte de la DA i la NE en la inhibició 

de l’AC i conseqüent baixada de l’AMPc. Molt similar als experiments d’unió de radiolligands, 

tant la DA com la NE produeixen baixades d’AMPc i proporcionen valors de EC50 més baixos 

per D3R comparats amb D2LR o D2SR i lleugerament menors per D2SR que per D2LR. No es 
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van trobar diferències en els valors de EC50 per DA o NE en cèl·lules transfectades amb D4.2R, 

D4.4R o D4.7R. 

Les proteïnes Gi es divideixen en 5 subtipus: Gi1, Gi2, Gi3 i les splice variants Go1 i Go2. 

Utilitzant BRET d’activació de proteïna G vam comparar la capacitat de DA i NE per activar els 

diferents subtipus de proteïnes Gi mitjançant l’activació de receptors D2-like. Aquest assaig 

de BRET consisteix en l’ús de subunitats alfa de la G proteïna fusionades amb Rluc i subunitat 

gamma fusionada amb Venus (variant de la YFP). Quan el receptor és activat, produeix un 

canvi conformacional en la proteïna G que dóna lloc a una baixada en els valors de BRET. 

Utilitzant aquest sistema es va analitzar l’efecte de la DA i la NE en l’activació dels receptors 

D2SR, D2LR, D3R, D4.2R, D4.4R i D4.7R. En general les EC50 de la DA i la NE estan en el rang 

de submicromolar per a la majoria de proteïnes G i receptors i són relativament més altes que 

les obtingudes per AMPc. La DA és més potent que la NE per la majoria de receptors i 

proteïnes G, però es van trobar algunes diferències significatives. Per exemple, pels receptors 

D4R i D2R, la DA és 10 vegades més potent que la NE quan s’acobla a Gi1 però només 2 

vegades quan s’acobla a Go1. D3R és el receptor amb més afinitat per la DA i les tres variants 

de D4R presenten una afinitat i eficàcia molt similar tant per la DA com per la NE.  

Per comprovar que diferències en afinitat no siguin degudes a una expressió diferencial dels 

receptors, es van dur a terme experiments de FACS (fluorescence activated cell sorter) 

utilitzant un anticós Anti-Flag per mesurar el nivell d’expressió dels receptors a la membrana. 

L’anàlisi de FACS demostra que no hi ha diferències significatives en l’expressió de les 

isoformes D2SR i D2LR i les variants de D4R. 

A continuació, es va analitzar la capacitat dels receptors D2-like per reclutar arrestines quan 

són activats per DA i NE. Es va fer servir un assaig de BRET en el qual el receptor està fusionat 

a Rluc a la part C-terminal i la β-arrestina 2 està fusionada a Venus. Mitjançant aquest sistema 

es va comprovar que el rang de potència observat en els experiments anteriors es mantenia 

també en aquest assaig: D3R>D4R>D2; tant per DA com per NE.  

Per últim, es van comparar els resultat dels receptors D2-like amb els del receptor adrenèrgic 

α2A (α2AR). Es va escollir aquest receptor ja que està també acoblat a proteïna G inhibitòria i 

es troba molt expressat al còrtex cerebral juntament amb D2R i D4R (Missale et al., 1998). Es 

van dur a terme experiments d’inhibició d’adenilat ciclasa, activació de proteïna Gαi1 i 
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reclutament de β-arrestina. Els valors d’EC50 de la NE per l’inhibició d’adenilat ciclasa i 

activació de proteïna Gαi1 es troben al voltant de nanomolar i són només uns 20 cops més 

baixos que per D3R i D4R. La potència de la NE per α2AR a l’assaig de reclutament d’arrestines 

és uns 4 cops més alta que pels receptors D2-like. 

 

DISCUSSIÓ 

Fins ara, només el D4R s’havia descrit com un receptor “promiscu” que s’activa tant per DA 

com per NE i pot funcionar com un receptor adrenèrgic al cervell (Lanau et al., 1997; Newman-

Tancredi et al., 1997; Czermak et al., 2006; Cummings et al., 2010; Root et al., 2015). Els 

nostres resultats indiquen que tot els receptors D2-like poden unir i activar-se amb alta afinitat 

per NE i que les seves potències, especialment per D3R i D4R no són molt diferents de les del 

receptor adrenèrgic α2AR. L’aplicació de BRET de proteïna G ha permès mesurar l’activació 

de subtipus de proteïnes G específics i comparar l’efecte de les dues catecolamines. En 

general, sembla que la potència de la DA i NE depèn del subtipus de proteïna Gαi/o i del 

receptor. 

Els valors de potència obtinguts amb els diferents assajos són en general consistents. A més, 

les variants de D4R no presenten diferències en cap dels assajos funcionals emprats mentre 

que les isoformes de D2R podrien tenir diferències en la seva capacitat d’acoblar-se a 

proteïnes G específiques. 

Tenint en compte aquests resultats, el fenomen de reactivitat creuada (cross reactivity) entre 

DA i NE (Guiard et al., 2008; González et al., 2012a; Lei, 2014) podria ser explicat a nivell 

d’activació directa dels receptors i dels seus efectors i podria ser considerat com un fet 

biològic probable. 
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CONCLUSIONS 

Per tant, les conclusions extretes d’aquest primer capítol són: 

 La noradrenalina s’uneix i activa receptors D2-like amb alta afinitat com s’ha 

demostrat amb experiments d’unió de radiolligands, inhibició d’adenilat ciclasa, 

activació de proteïna G i reclutament de β-arrestines. 

 Les variants del receptor D4 són funcionalment similars per tant podem hipotetitzar 

que les diferències es trobarien en la interacció amb altres receptors. 

 L’aplicació de tècniques de BRET que permeten mesurar l’activació de subtipus de 

proteïnes Gi específics mostren una dependència de la proteína Gαi/o en la capacitat 

de la dopamina i la noradrenalina per activar els receptors D2-like. 
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Capítol 2: Els receptors 2A- i 2C adrenèrgics són dianes de la dopamina i de 

lligands dopaminèrgics 

 

INTRODUCCIÓ 

La noradrenalina és un important neurotransmissor implicat en atenció, aprenentatge, 

memòria i estrés. S’uneix i activa tres famílies de GPCR: α1 (α1A, α1B, α1D), α2 (α2A, α2B, α2C) i β 

(β1, β2, β3). El receptor α2A (α2AR) és el subtipus més important en moltes zones cerebrals i 

està molt enriquit a l’estriat, juntament amb el receptor α2C (α2CR). El receptor α2B té una 

distribució més limitada i s’expressa preferentment al tàlem (Nicholas et al., 1993; Scheinin 

et al., 1994). Els baixos nivells de noradrenalina que es troben a l’estriat donen peu a la 

pregunta sobre quina és la funció dels receptors adrenèrgics (α2AR i α2CR) a l’estriat. S’ha 

descrit prèviament que la dopamina podria ser el neurotransmissor endogen dels receptors 

α2 estriatals, tot i que amb resultats contradictoris, deixant la pregunta sense una resposta 

clara. Per aquestes raons es va formular el següent objectiu: 

Objectiu 2: estudiar l’activació de α2AR i α2CR per dopamina i lligands dopaminèrgics 

mitjançant estudis d’unió de radiolligands, activació de diferent subtipus de proteïna 

G i inhibició d’adenilat ciclasa. 

 

RESULTATS 

El mètode de BRET de proteïna G descrit anteriorment es va emprar per determinar la 

potència i l’eficàcia de la DA i altres lligands dopaminèrgics per activar els receptors α2A (α2AR) 

i α2C (α2CR) i comparar els diferents subtipus de proteïna Gi. A banda de DA i NE, en aquest 

estudi també es van incloure els següents lligands: l’agonista D2R-D3R-D4R quinpirole, 

l’agonista selectiu de D3R 7-OH-PIPAT i els agonistes selectius de D4R RO-105824 i PD-168077. 

Tant per α2AR com per α2CR, la DA mostra una gran potència i eficàcia comparat amb la NE. 

Tot i que la DA sempre és menys potent que la NE, la separació entre aquests dos lligands 

depèn de la proteïna G. La NE és més potent per α2AR que per α2CR, excepte per Gαi2 i Gαi3. 

La DA presenta una afinitat similar pels dos receptors, excepte per Gαi2 i Gαo1. En resum, 

utilitzant el mètode de BRET de G proteïna, podem concloure que la DA té alta afinitat per 
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α2AR i α2CR amb uns valors molt similars a les potències observades per alguns receptors D2-

like (capítol 1).  

La clonidina (agonista α2 selectiu) té més potència per α2AR que per α2CR activant les 

proteïnes Gαo1 i Gαo2. Una altra diferència important és que la clonidina es comporta com 

un agonista total de α2AR i com agonista parcial de α2CR, excepte per activar Gαi2 i Gαi3. 

Molt interessant és la variabilitat en el nivell d’eficàcia de la clonidina pel α2CR que passa 

d’una alta eficàcia sobre Gαi2 a una molt baixa eficàcia sobre Gαo1. L’agonista D3R 7-OH-

PIPAT i l’agonista D2R-D3R-D4R quinpirole també activen α2AR i α2CR però amb perfils 

diferents. En general, 7-OH-PIPAT es comporta com un agonista total per α2CR i α2AR tot i 

que amb algunes excepcions. El quinpirole té poca afinitat per ambdós receptors 

(submicromolar) i funciona com un agonista parcial o total depenent de la proteïna G. 

L’especificitat del senyal produït pel quinpirole i el 7-OH-PIPAT es demostra utilitzant 

l’antagonista selectiu d’α2 yohimbina. Finalment, els agonistes D4R selectius RO-105824 i PD-

168077 no produeixen cap activació significativa dels receptors α2AR i α2CR. 

Sorprenentment, RO-105824 és capaç de competir amb l’agonista α2 selectiu clonidina lo qual 

indicaria que RO-105824 podria actuar com antagonista/agonista parcial dels receptors α2AR 

i α2CR. 

A continuació es van dur a terme experiments d’unió de radiolligands per tal de trobar una 

correlació amb els experiments d’activació de proteïna G. Es van fer assajos de competició 

entre l’antagonista d’α2 adrenèrgic [3H]RX821002 i els lligands emprats en l’apartat anterior, 

utilitzant preparacions de membranes de còrtex i estriat de xai. Els valors obtinguts es van 

ajustar al model dimèric “two-state dimer model” (Casadó et al., 2007) que considera els 

receptors com a dímers i no com a monòmers. Els valors de Bmax (número total de receptors) 

obtinguts demostren que la densitat dels receptors α2 adrenèrgics és 3 vegades més gran al 

còrtex, el qual està majoritàriament representat per α2AR, mentre que a l’estriat s’expressen 

tant α2AR com α2CR. 

Els resultats obtinguts per unió de radiolligands coincideixen en general amb els valors 

d’afinitat obtinguts en els experiments d’activació de proteïna G si considerem que els valors 

del còrtex representen α2AR mentre que els de l’estriat representen una combinació de α2AR 

i α2CR. En ambdós teixits NE, DA i clonidina presenten una alta afinitat amb un ordre de 
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potències de clonidina>NE>DA. L’afinitat de la NE és més gran al còrtex que a l’estriat mentre 

que l’afinitat de la DA és molt similar en ambdós teixits. Tots dos lligands presenten 

cooperativitat negativa en la seva unió al receptor adrenèrgic, la qual cosa vol dir que la unió 

de la molècula d’agonista al primer protòmer del homodímer de α2R disminueix l’afinitat del 

propi agonista per unir-se al segon protòmer. L’afinitat de la clonidina també és més alta al 

còrtex que a l’estriat, el que indica una major afinitat per α2AR que per α2CR. En resum, les 

altes afinitats de la NE i la clonidina al còrtex i les afinitats similars de la DA trobades als dos 

teixits correlacionen amb les diferències per α2AR i α2CR trobades en els experiments 

d’activació de proteïna G. 

Els lligands sintètics 7-OH-PIPAT i quinpirole també desplacen la unió de [3H]RX821002 amb 

afinitats de nanomolar i submicromolar, respectivament, lo qual correlaciona amb els 

experiments de BRET. Finalment, RO-105824 i PD-168077 mostren afinitats de subnanomolar 

i submicromolar, respectivament. Els experiments d’unió de radiolligands confirmen l’alta 

afinitat de l’agonista de D4R RO-105824 pels receptors α2 adrenèrgics. 

Els receptors α2 adrenèrgics estan acoblats a proteïnes Gi i per tant la seva activació dóna lloc 

a la corresponent disminució d’AMPc. Estudis previs suggerien que els receptors α2 podrien 

activar tant Gi com Gs (Fraser et al., 1989; Jones et al., 1991; Eason et al., 1992, 1994, 1995). 

Per tal d’estudiar l’efecte de la DA i la NE en l’inhibició de l’adenilat ciclasa, es va mesurar 

AMPc en cèl·lules transfectades amb α2AR i α2CR juntament amb CAMYEL. L’activació d’α2AR 

i α2CR amb DA i NE produeix a baixes concentracions, un efecte d’inhibició de la forskolina 

mitjançat per l’activació de Gi, i a altes concentracions, un efecte estimulador de l’adenilat 

ciclasa mitjançat per Gs. L’efecte inicial de disminució de l’AMPc proporciona valors d’EC50 

que són qualitativament i quantitativa similars als observats en els BRETs d’activació de 

proteïna G on la NE era més potent que la DA. Cal remarcar que aquest efecte dual Gi/Gs pot 

ser bloquejat utilitzant l’antagonista selectiu d’α2 yohimbina. Finalment, el tractament de les 

cèl·lules amb toxina Pertussis inhibeix l’efecte Gi, però manté l’aparent efecte mitjançat per 

Gs. 
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DISCUSSIÓ 

Aquest estudi demostra que la DA s’uneix i activa α2AR i α2CR. La prova més concloent prové 

dels experiments de BRET d’activació de proteïna G, on les potències de la DA per α2AR i α2CR 

són similars o inclús més altes que per alguns subtipus de receptors D2-like (Sánchez-Soto et 

al., 2016; Capítol 1). Per tant, podem hipotetitzar que irrespectivament de la concentració 

extracel·lular de NE a l’estriat, la concentració de DA hauria de ser prou alta com per activar 

α2AR i α2CR. La possibilitat d’una activació de α2AR i α2CR per DA a altres zones fora de 

l’estriat s’ha de tenir també en compte. Per exemple, el còrtex prefrontal rep certa quantitat 

de DA que podria unir-se i activar els receptors α2AR que es troben altament expressats. 

El següent resultat obtingut d’aquest segon estudi és que α2AR i α2CR podrien ser també 

dianes de lligands prèviament caracteritzats com específics de D2-like. Cal remarcar la 

capacitat dels agonistes selectius de D3R i D4R, 7-OH-PIPAT i RO-105824, respectivament, per 

unir-se i activar amb alta afinitat α2AR i α2CR. RO-105824 es comporta com un lligand molt 

potent per α2AR i α2CR amb una eficàcia intrínseca molt baixa, mentre que 7-OH-PIPAT es 

comporta de forma diferent depenent del receptor i el subtipus de proteïna Gi. De fet, tant la 

potència com l’eficàcia dels neurotransmissors endògens i dels lligands exògens semblen 

dependre tant del receptor com de la proteïna G. Aquest fet també es troba en l’estudi de 

receptors D2-like descrits en el capítol anterior i sembla que es podria extendre a altres GPCRs 

i lligands. Tot i que les proteïnes G de la família Gαs-Gαolf mostren un patró d’expressió 

diferencial (Hervé et al., 2011), no tenim prou evidències per les proteïnes Gαi. Per tant, la 

caracterització del patró d’expressió dels diferents subtipus de proteïna Gαi és crucial per 

entendre la seva funció en l’activació de α2AR i α2CR així com l’estudi de lligands selectius de 

proteïna G.  

 

CONCLUSIONS 

Les conclusions extretes del segon capítol són: 

 L’α2AR i α2CR són dianes importants per a la dopamina. Sorprenentment, les 

potències de la DA pels receptors α2AR i α2CR són molt similars o inclús més altes 

que per alguns subtipus de receptors D2-like. Això pot tenir implicacions 
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importants per entendre la funció dels receptors α2 a l’estriat i la seva possible 

activació per DA. 

 L’α2AR i α2CR són també dianes per compostos prèviament descrits com agonistes 

dels receptors D2-like. Particularment interessant és la capacitat dels agonistes de 

D3R i D4R, 7-OH-PIPAT i RO-105824 per unir i activar amb una alta afinitat els 

receptors α2AR i α2CR. 

 Tant la potència com l’eficàcia dels lligands depèn del receptor i del subtipus de 

proteïna G tal i com s’ha demostrat també al capítol 1. 

 La NE i la DA produeixen corbes dosi-resposta amb forma d’U-invertida tant per 

α2AR com per α2CR. Aquesta activació dual Gi/o-Gs depèn de la concentració de 

lligand: a concentracions baixes es produeix un efecte Gi mentre que a 

concentracions altes es produeix un efecte Gs. 
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Capítol 3: Els receptors D4 de dopamina resultants de les dues variants 

polimòrfiques més comunes formen diferents complexes funcionals amb 

altres receptors de catecolamines 

 

INTRODUCCIÓ 

Actualment està acceptat que els receptors acoblats a proteïna G  poden formar homo i 

heterooligòmers a la membrana plasmàtica. Aquestes interaccions entre proteïnes donen lloc 

a importants canvis farmacològics i funcionals dels receptors, per tant caracteritzar-les és 

important per entendre el seu rol al cervell i les seves implicacions terapèutiques. La funció 

específica del D4R al cervell no era del tot coneguda fins que experiments duts a terme al 

nostre laboratori in vivo han demostrat la funció del D4R en la transmissió cortico-estriatal. 

Cal destacar que la variant D4.7, que dóna lloc al D4.7R, produeix un guany de funció del 

receptor comparat amb el D4.4R que es considera el receptor D4 wild-type. Evidències 

sortides del nostre i altres laboratoris suggereixen que la funció del D4R pot dependre de la 

seva interacció amb altres receptors ja que sembla que en cèl·lules transfectades el D4.7R té 

menys avidesa per establir interaccions intramoleculars i funcionals amb el receptor D2 de 

dopamina (D2R) (Borroto-Escuela et al., 2011; González et al., 2012). De forma similar al D4R, 

el gen que codifica pel receptor α2A-adrenèrgic (α2AR) conté molts polimorfismes que s’han 

associat amb el TDAH i la impulsivitat (Roman et al., 2003; Park et al., 2005; Stevenson et al., 

2005). Degut a que tant D4R com α2AR estan involucrats epidemiològicament i farmacològica 

d’una forma similar en impulsivitat i la seva aparent promiscuïtat per ser activats per 

dopamina i noradrenalina, es va formular el tercer objectiu d’aquesta tesi: 

Objectiu 3: comparar la capacitat dels receptors D4.4 i D4.7 per formar complexes amb 

els receptors D2 i alfa2A i activar proteïna G utilitzant diferents lligands que inclouen la 

dopamina i la noradrenalina.  
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RESULTATS 

Primer vam voler estudiar l’efecte de lligands en diferents homo i heteròmers utilitzant la 

tècnica de CODA-RET (Complemented Donor-Acceptor resonance energy transfer). Aquest 

mètode biofísic permet l’estudi funcional de complexos formats per dos GPCRs definits i una 

subunitat de la proteïna G heterotrimèrica (Urizar et al., 2011). En aquest assaig, dos meitats 

complementàries de la Rluc es troben fusionades a cada un dels receptors mentre que la YFP 

es troba localitzada en una subunitat alfa de la proteïna G específica. Quan els dos receptors 

oligomeritzen la luciferasa pot reconstituir-se donant lloc a un donant funcional per la 

transferència d’energia cap a l’acceptor YFP. Utilitzant aquest mètode vam comparar 

l’activació de D4.4R-D2R amb D4.7R-D2R i vam analitzar l’efecte de DA, NE i també lligands 

dopaminèrgics (D2-like) que s’empren actualment per al tractament de Restless leg syndrome 

(RLS) i la malaltia de Parkinson: pramipexole, ropinirole i rotigotina. 

Els resultats obtinguts amb aquest mètode mostren com la NE i la DA activen D4.4R-D2R i 

D4.7-D2R amb potències similars a les de l’homodímer D2R-D2R. Comparant amb D2R-D2R, 

la potència de la DA en l’heteròmer D4.7R-D2R és major i la seva eficàcia relativa comparada 

amb la NE és més alta en l’heteròmer D4.4R-D2R. A continuació vam analitzar l’activació de 

proteïna G pels homòmers de D4R. En general, tant per D4.4R-D4.4R com per D4.7R-D4.7R la 

potència de la DA era major i la de la NE menor. Per tal de confirmar que els valors d’afinitat 

i eficàcia no eren producte d’una senyalització aberrant dels homodímers, es van fer 

experiments d’activació de proteïna G utilitzant receptors fusionats a Rluc (sense 

complementació). Similar als resultats anteriors, el D4.4R i D4.7R tenen una afinitat similar 

per la DA. 

Finalment, per tal d’entendre quina era la contribució de cada receptor formant un heteròmer 

en l’activació de proteïna G per DA i NE, es va utilitzar l’antagonista selectiu de D2R-D3R 

raclopride i l’antagonista selectiu de D4R L745-870. Tant per DA com per NE, 100 nM de 

raclopride produeix una disminució quasi total en l’activació de D4.4R-D2R i D4.7R-D2R. En 

contra, L745-870 disminueix l’efecte de la DA i la NE en l’heteròmer D4.4R-D2R però no en el 

D4.7R-D2R. 

 A continuació es va analitzar l’efecte dels lligands dopaminèrgics en l’activació dels 

heteròmers D4R-D2R. Qualitativament, pramipexole, ropinirole i rotigotina es comporten de 
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manera similar en D4.7R-D2R i D2R-D2R: el pramipexole té alta eficàcia mentre que el 

ropinirole i la rotigotina són molt més parcials i amb un ordre de potència de 

rotigotina>pramipexole>ropinirole. Similar als experiments amb DA, els lligands 

dopaminèrgics tenen una major afinitat i eficàcia per D4.7R-D2R que D2R-D2R. Per altra 

banda, el pramipexole té major afinitat que la DA per l’heteròmer D4.4R-D2R, mentre que els 

altres dos lligands són totalment inefectius.  

La tècnica de CODA-RET també es va utilitzar per estudiar la capacitat de D4R per 

interaccionar amb 2AR i comparar l’efecte dels diferents lligands endògens i exògens entre 

D4.4R-2AR i D4.7R-2AR. En l’homodímer 2AR-2AR, la DA té una potencia similar a la de 

la NE, tot i que mostra menor eficàcia. L’eficàcia de la DA augmenta quan 2AR interacciona 

amb D4.4R o D4.7R; a més, l’afinitat de la DA incrementa en el dímer D4.4R-2AR. 

La contribució de cada receptor en els complexes D4.4R-2AR i D4.7R-2AR  en la 

senyalització per DA i NE es va analitzar utilitzant l’antagonista de D4R L745-870 i 

l’antagonista selectiu de 2 yohimbina. Molt similar als experiments anteriors amb D2R, la 

yohimbina produeix una inhibició casi total de l’activació, mentre que L745-870 només 

disminueix l’efecte de la DA i la NE en la parella D4.4R-2AR. 

Finalment es va analitzar la possible activació dels complexes D4.4R-2AR i D4.7R-2AR pels 

lligands D2-like pramipexole, ropinirole i rotigotina i el seu efecte es va comparar amb 

l’homodímer 2AR-2AR. Tant en el dimer D4.7R-2AR com en l’homòmer 2AR-2AR el 

pramipexole produeix una activació mínima (baixa eficàcia) mentre que ropinirole i rotigotina 

no produeixen cap efecte. Per altra banda, els tres lligands mostren una major afinitat amb 

una molt baixa eficàcia per D4.4R-2AR. 

 

DISCUSSIÓ 

Aquest estudi indica que les variants de D4R no presenten diferències funcionals quan són 

activades per DA o NE. Això s’ha estudiat tant amb possibles “monòmers” com homodímers i 

va d’acord amb els experiments obtinguts en el capítol 1. Per altra banda, és l’associació de 

D4R amb d’altres receptors, D2R and 2AR, el que dóna lloc a diferències entre les variants 

de D4R. 



RESUM EN CATALÀ 
 

224 
 

Els lligands dopaminèrgics pramipexole, ropinirole i rotigotina són actualment teràpies pel 

tractament de RLS i del Parkinson. En aquest estudi es van utilitzar per dues raons, primer 

volíem comprovar si la promiscuïtat de la DA cap als receptors adrenèrgics era una propietat 

del neurotransmissor o també d’altres lligands dopaminèrgics. Segon, com s’ha dit 

anteriorment, els D4Rs, probablement formant heteròmers amb D2Rs controlen la 

transmissió glutamatèrgica cortico-estriatal i podrien ser dianes de la malaltia de RLS. 

Experiments de CODA-RET en heteròmers D4R-D2R i monòmers/homodímers D4R i D2 

mostren que la rotigotina presenta diferències en la seva potència I eficàcia per les variants 

de D4R. A més, té una potència molt alta per l’heteròmer D4.7R-D2R, la qual cosa podria tenir 

implicacions funcionals. 

Gràcies a l’ús del CODA-RET també hem pogut estudiar la capacitat de D4R d’interaccionar 

amb 2AR en cèl·lules transfectades. Similar als resultats anteriors, hem trobat algunes 

diferències entre els complexes D4.4R-2AR i D4.7R-2AR. 

Les variants de D4R poden interaccionar amb D2R i 2AR però gràcies a l’ús d’antagonistes 

selectius per a cada receptor hem pogut descobrir que tot i físicament connectats, D4.7R 

sembla no ser functional. Aquests resultats es troben en la línia de treballs previs del nostre 

laboratori que suggerien que D4.7R no forma heteròmers funcionals amb D2R (González et 

al., 2012). Més experiments caldran en un futur per demostrar si aquest també és el cas del 

2AR. 

 

CONCLUSIONS 

Les conclusions extretes del tercer capítol són: 

 No hi ha diferències en la potència o l’eficàcia dels neurotransmissors endògens 

dopamina i noradrenalina en els monòmers o dímers D4.4R i D4.7R però l’associació 

d’aquests amb D2R or 2AR dóna lloc a diferències entre les dues variants de D4R. 

 

 Per primer cop hem establert diferències en lligands exògens entre D4.4R i D4.7R. A 

més, l’associació amb D2R proporciona altres modulacions al·lostèriques en els 

heteròmers D4R-D2R. 
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 La rotigotina és un potent agonista de D4.7R-D2R comparat amb D4.4R-D2R or D2R-

D2R. Això podria tenir implicacions pel tractament de RLS i de Parkinson. 

 

 Hem demostrat l’existència d’interaccions intermoleculars i funcionals entre 2AR 

and D4R, els quals sembla que estan involucrats en la patofisiologia i el tractament de 

TDAH i addicció a drogues. 

 

 El receptor 2A forma complexes funcionals amb D4.4R però no amb D4.7R, aquest 

darrer associat amb el TDAH. 
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