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I. INTRODUCTION

1. G-protein coupled receptors.

G-protein coupled receptors (GPCR) or seven transmembrane domain receptors (7-
TM) are the biggest protein superfamily and the most versatile group of membrane receptors
involved in signal transduction. In humans, more than 1% of the genome codes for more
than a thousand of these proteins, 90% of which are expressed in the Central Nervous
System (CNS) (George et al., 2002; Gudermann et al., 1997).

The chemical diversity of the endogenous ligands for these receptors is wide and
include amines, peptides, glucoproteins, lipids, nucleotides and ions (Kolakowski, 1994).
Environment stimuli perception is also mediated by GPCR such as light, taste and smell
(Figure 1). It has been estimated that half of the modern drugs target these receptors
(Flower, 1999). These drugs only target a small proportion of the GPCR superfamily and

the potential finding of new drug therapies in this field is still very large.

Biogenic amines Amino acids and ions
Noradrenaline, Glutamate, Ca?+, Lipids
dopamine, GABA

5-HT, histamine, ~. \
acetylcholing

LPA, PAF, prostaglandins, leukotrienes, anandamine, S1P

Peptides and proteins
Angiotensin, bradykinin, thrombin, bombesin, FSH, LH, TSH, endorphins

" Others
Light, odorants, pheromones, nucleotides, opiates, cannabinoids, endorphins

i

- lon channels, Biological responses
PI3Ky, PLC-B, Proliferation, differentiation,
" adenylyl cyclases development, cell survival,
\'x angiogenesis, hypertrophy,
G-protein-independent ; /o -\\\ \\\.\ \_\ cancer “
effector molecules / \\\ N\
. | S \ \ \
] ) \
. \_\\ \\ \
© © O© @ "
GTP GTP GTP GTP ~ < Garis onsion
Adenylyl cyclases PLC-p. Adenylyl cyclases, RhoGEFs, _ e @ regulation
inhibition of cAMP DAG, increase in cAMP  Rho — & b
production, Ca?* concentration T praay =
ion channels, PKC e w
- ]
phosphodiesterases, — Transcription Nucleus

phospholipases factors

Figure 1. GPCR endogenous ligands and signaling mechanisms. A wide variety of ligands use GPCR to
stimulate 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 (Marinissen and Gutkind, 2001).
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1.1. GPCR function and structure.

GPCR have seven transmembrane domains (TMs). These TMs are between 25 and
35 consecutive amino acids that show a relatively high degree of hydrophobicity and form a
recognizable and an intra-extracellular stimuli transmission-capable unit. You can find the
protein N-terminus in the extracellular space whereas the C-terminus is inside the cell. The
first GPCR crystal structure appeared in 2000 (Palczewski et al., 2000) and it was the high
definition structure of bovine rhodopsin. With a resolution of 2.3 A, it was confirmed that
the o-helical transmembrane domains (TMD) rearranged in a closely packed bundle
forming the transmembrane receptor core. The seven transmembrane helices are connected
by six alternating intracellular (ICL) and extracellular (ECL) loops (Figure 1). In the last 12
years, more than 75 structures of 18 different family A GPCR have been determined in

complex with ligands of varied pharmacology, peptides, antibodies and G-protein

(Venkatakrishnan et al., 2013).

The correct integration and orientation of the polypeptide is done in the
endoplasmic reticulum (ER) and the o-helices are stabilized inside the lipid bilayer due to
the molecule hydrophobicity, facing the polar residues to the receptor core, minimizing the
hydrophobic interactions with the bilayer. Finally, in a second stage, the functional tertiary
structure is formed by the specific interactions between helices leading to the ring-shape
compact structure of the transmembrane domains.

Another characteristic of the GPCR is its interaction with a heterotrimeric G-
protein, a guanine nucleotide-exchanging unit, from which most of the receptor signaling
will be directed. As shown in Figure 1, some signaling mechanisms are dependent on the
receptor-G-protein interaction: after the receptor activation there is a conformational change
that is transmitted to the G-protein a-subunit (G.), which exchanges a GDP nucleotide for

a GTP. This provokes that the G, subunit bound to GTP dissociates from the receptor and
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from the By dimer (G,) (Marinissen and Gutkind, 2001). The two resulting subunits, G.
bound to GTP and G, are capable of activate or modulate different cellular signaling
pathways such as adenylate cyclase activation or inhibition, phospholipase activation or
potassium and calcium channel activity regulation (Hamm, 1998).

However, GPCR action mechanisms are complex and some years ago was proved
that GPCR can produce signals independently of G-protein (Daaka et al., 1998; Lefkowitz,
1998). It has been suggested that agonist-induced receptor phosphorylation through G-
protein receptor kinases (GRK) and the subsequent arrestin and surface receptor recruiting
are not only important mechanisms for decreasing the signaling capacity of the receptor but
also play a key role in switching the receptor from G-protein-coupled-dependent signaling
pathways to G-protein-independent signaling cascades normally associated with growth
factor receptors (Ferguson, 2001; Krupnick and Benovic, 1998; Luttrell and Lefkowitz,
2002; Woehler and Ponimaskin, 2009).

The exposure of GPCR to agonists often results in a rapid attenuation of receptor
responsiveness. This receptor desensitization process is the consequence of a combination of
different mechanisms. These mechanisms include the receptor uncoupling from the
heterotrimeric G-proteins in response to receptor phosphorylation (Ferguson, 2001,
Hausdorff et al., 1989; Lohse et al., 1990), the internalization of cell surface receptors to
various intracellular compartments (Hermans et al., 1997; Marchese et al., 2008; Trejo et al.,
1998), and the down-regulation of the total number of receptors in the cell. The latter of the
three 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). The time range over which these processes occur is from seconds (phosphorylation) to
minutes (endocytosis) and hours (down-regulation of surface receptors) and the amount of
receptor desensitization varies from the complete termination of receptor signaling, as

observed in the visual and olfactory systems, to the attenuation of agonist potency and
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maximal responsiveness, such as observed for the f,-adrenergic receptor (Sakmar, 1998).
The different receptor desensitization is regulated by a number of factors concerning the
receptor structure and cellular environment.

The most rapid means by which GPCR are uncoupled from heterotrimeric G-
proteins is through the covalent modification of the receptor through its phosphorylation by
intracellular kinases (Figure 2). It is generally accepted that both second messenger-
dependent protein kinases (cAMP-dependent protein kinase A and protein kinase C) and
GRK' phosphorylate serine and threonine residues within the intracellular loops and
carboxyl-terminal tails of GPCR (Krupnick and Benovic, 1998; Lefkowitz et al., 1993).
Second-messenger dependent protein kinases not only phosphorylate agonist-activated
GPCR, but also indiscriminately phosphorylate receptors that have not been exposed to
agonist (Hausdorff et al., 1989). In contrast, GRK family members selectively phosphorylate
agonist-activated receptors, thereby promoting the binding of cytosolic cofactor proteins

called arrestins, which uncouple the receptor from heterotrimeric G-proteins (Kang et al,,

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

Ligand bending BARH Dy Endocytoss
A ‘ nteracton fiss
2A0.0.0 S0 P, w D
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E gl

S &

Clathrin
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: gm&g}{"
© D

Nature Reviews | Neuroscience

Figure 2. Desensitization and internalization model proposed for the GPCR. After agonist (A) binding to
GPCR, GRK phosphorylate residues in the third intracellular loop and carboxyl tail of GPCR, leading to the
recruitment of B-arrestins (BARR). The B-arrestins recruit clathrin and the AP-2 complex, which target GPCR
for clathrin-mediated endocytosis (Pierce and Lefkowitz, 2001).
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GPCR internalization following agonist-administration is a commonly observed
response. Over the years, numerous reports have addressed the role of receptor recruitment
in desensitization and resensitization. Indeed, trafficking of an uncoupled receptor to
endosomal compartments allows dephosphorylation and recycling of the receptor to the cell
surface (Krueger et al., 1997). This is in contrast to receptor down-regulation observed after
prolonged agonist exposure, which leads to targeting of the receptors to degradation
pathways (Bohm et al., 1997). Once internalized, receptors are targeted to recycling or
degradation pathways. GRK and f-arrestins appear to be key regulatory molecules for
receptor internalization since these proteins have been shown to interact with components of
the clathrin-coated vesicle pathway (Figure 2). Nevertheless, not all GPCRs necessarily
internalize in a B-arrestin-/clathrin-dependent manner but may also be internalized through
alternative endocytic pathways. Some GPCRs have been found in cholesterol rich plasma
membrane structures termed caveolae (Burguefo et al., 2003a; Chun et al., 1994; Huang et
al., 1997). These domains are also known as signaling domains, but appear to contain
proteins involved in the formation of vesicles such as dynamin. Finally, some receptors seem
to use a third alternative endocytic pathway. No coat or adaptor proteins have been identified
for the generation of these vesicles (Claing et al., 2000). However, GPCR desensitization
and endocytosis can act as molecular switches coupling GPCR to alternative signal
transduction pathways. f-Arrestins not only function in the molecular switch required for
GPCR desensitization and internalization, but also act as scaffolds to transduce and
compartmentalize the alternative signals. In fact, B-arrestins have the ability to interact with
a variety of endocytic and signaling proteins such as c-SRC (Luttrell et al., 1999), MAPK

and Raf (DeFea et al., 2000).
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1.2. GPCR cdlassification.

GPCR do not share any overall sequence homology, the only common feature to all
GPCR is the presence of seven transmembrane-spanning a-helical segments connected by
alternating intracellular and extracellular loops. Two cysteine residues conserved in most
GPCR (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 (Baldwin, 1994; Probst et al., 1992). Aside from wide
sequence variations, GPCRs differ in the length and function of their intracellular N-
terminus domain, their intracellular C-terminus domain, and the six alternating ICL and
ECL.

GPCRs have been classified based on several systems. One of the oldest is the
Kolakowski system (Kolakowski, 1994), in which GPCR are grouped in six families (A-F)
according to its structure and genetic characteristics. In Figure 3 are represented the three
biggest families: A, B and C. The rest of smaller families are D, E (yeast pheromone
receptors) and F, constituted by four cAMP receptors from Dictoyostelium discoideum

(Kolakowski, 1994).
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Figure 3. Schematic representation of the biggest GPCR families. The
transmembrane domains are drawn in blue and the conserved residues are the

red spheres.

Family A is by far the biggest and most studied. It contains 90% of all the GPCR
such as rhodopsin and a lot of hormone and neurotransmitter receptors. There is a low
homology among these receptors and is concentrated in certain key very conserved amino
acidic residues, a fact that suggests that these residues are essential for the structure and
function of the receptors. The only amino acid residue conserved among all family A
receptors is the arginine in the Asp-Arg-Tyr (DRY) motif, which is located on the
cytoplasmic side of the third transmembrane domain (Probst et al., 1992) and is believed to
be involved in G-protein activation. A lot of receptors from this family have a palmiloylated
cysteine in the C-terminus tail that is used for anchoring the receptor to the membrane. The
ligands are usually bound to these receptors through a cavity formed by the transmembrane
domains, although in some cases this interactions takes place in the extracellular loops and in
the N-terminus tail (George et al., 2002; Jacoby et al., 2006). The receptors studied in this

thesis belong to this family.
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Family B receptor includes approximately 20 different hormone and neuropeptide
receptors, such as vasoactive intestinal peptide, calcitonin and glucagon. Except for the
disulfide bond connecting the ECL1 and ECL2, family B receptors do not contain any
structural features in common with family A. The DRY motif is absent. The most
prominent characteristic of family B receptors is a long (of approximately 100 residues)
extracellular N-terminus that contains several cysteine residues (George et al., 2002; Jacoby
et al., 2006), presumably forming a network of bisulfide bridges (Ulrich et al., 1998).

Family C receptors’ main characteristic is an exceptionally long N-terminus tail (500
to 600 amino acids). This family includes metabotropic glutamate, GABA, and calcium
receptors among others. Similarly to the previous families, family C receptor contains two
putative disulfide bonds in ECL1 and ECL2, but do not share any conserved residues. Each
receptor in the family C possesses a very large extracellular domain that shares a low but
significant sequence similarity to bacterial periplasmic binding proteins (PBP). In addition,
these receptors have a short and highly conserved ICL3. As a consequence of the
crystallographic studies performed with glutamate metabotropic receptor bound to
glutamate, it has been proposed that the ligand binding to these receptors takes place in its
extracellular N-terminus tail (Conn and Pin, 1997; O’Hara et al., 1993).

The A-F GPCR classification is widely accepted, however, after performing the first
phylogenetic study of the entire superfamily of GPCR a more accurate classification was
proposed (Fredriksson et al., 2003). According to this classification method, also known as
GRAFS, human GPCR can be divided into five families that share a common evolutionary
origin: glutamate, rhodopsin, adhesion, frizzled/taste2 and secretin. The old A, B, C family
system is compatible with the new system (Attwood and Findlay, 1994), although the two

others are not included.
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1.3. Signaling pathways.

GPCR owe their name to the interaction with heterotrimeric G-proteins,
constituted of o (39-46 kDa), f (37 kDa) and y (8 kDa). Upon ligand activation,
conformational changes are induced that transmit from the receptor to G-protein and make
the o subunit release GDP and bind GTP. This action permits a conformational change
between the G. subunit and the complex G, separating them. Both G, and G,, complex
acting with different effector molecules can activate or inhibit a big variety of second
messengers. The signal terminates when the intrinsic GTPase activity of G, hydrolyzes GTP
to GDP and phosphate (Bourne et al., 1991). Four big families of G. subunits exist in
mammals, characteristic by their primary structure and a signaling cascade that they activate
(Milligan and Kostenis, 2006). G., family stimulates adenylate cyclase, G.s, inhibits
adenylate cyclase, G.q11 activates phospholipase C, (PLC,) and G.12115 regulates Rho proteins.

Two typical examples of signaling cascades initiated by GPCR are those that lead to
formation of inositol-1, 4, 5-triphosphate (IPs/DAG) and cAMP as second messengers. The
effector protein target of G.q subunit is PLC, an enzyme that hydrolyses membrane
phosphoinositols and generates IP; and DAG as second messengers. IP; increases
intracellular concentration of calcium depleting its intracellular deposits meanwhile DAG
activates PKC. The effector molecule of G.; and G, subunits is adenylate cyclase (AC), an
enzyme catalyzing conversion of ATP to cAMP, meanwhile G,, stimulates it and G.; inhibits
it. cAMP activates PKA that as PKC, phosphorylates multitude of diverse proteins
(receptors, ion channels, enzymes or transcription factors) regulating thus cell functions.

Many responses mediated by GPCRs do not consist simply of stimulation of
conventional second messenger, but are a result of integration of different signaling networks
among which MAPK and JNK can be included. Activation of MAPK via a GPCR was
poorly studied up until the last decade. It was known that this mechanism involved a

Bordetella pertussis toxin sensible G-protein (G.i,) and strongly dependent of the G,, complex
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and of not identified tyrosine kinases (van Corven et al., 1993; Faure et al., 1994; Koch et al.,
1994). Thus it was deduced that in the absence of ligands with tyrosine kinase receptor
(TRK) activity the activation of GPCR could induce the stimulation of TRK generating
mitogenic signals. This phenomenon was called transactivation. Once transactivated, TRK

initiates a signaling cascade identical to the one generated by its proper ligand, this means

MAPK activation via Ras, Raf, MEK and ERK1/2 pathway (Figure 3).
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Figure 3. Scheme of multiple pathways linking GPCR to mitogen-activated protein kinase (MAPK).
Abbreviations: EPAC: exchange protein activated by cAMP, GAP: GTPase-activating protein, GRF: guanine-
nucleotide releasing factor, MEK: MAPK kinase, PI3K: phosphoinositide 3-kinase, PKA: protein kinase A,
PLC: phospholipase C, RTK: receptor tyrosine kinase (Marinissen and Gutkind, 2001).

The process is initiated by the G,, subunit resulting in recruitment of Sos towards the
membrane. This activates the GDP/GTP exchange in Ras protein, acting as a mediator
connecting signaling cascades generated by TRK transactivation and ERK1/2
phosphorylation (Marinissen and Gutkind, 2001). Other pathways independent of
transactivation exist that can lead to Ras activation, for example, pathways dependent on
intracellular calcium concentration induced by GPCR coupled to G.q (Figure 3).

Activation of ERK1/2 requires a phosphorylation of two residues, serine and
threonine, separated by only one amino acid and can only be performed by a highly

specialized enzyme. This enzyme, MEK, is considered a rate-limiting step of ERK1/2
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activation. Finally, G, subunit activation can lead to ERK1/2 activation via cAMP-PKA
dependent signaling pathway. Activated ERK1/2 is transferred to the nucleus where it
regulates via phosphorylation other kinases and transcription factors (Davis et al., 1995).
Recently, new data revealed more of the complexity of GPCR signaling showing that GPCR
can signal not only dependently of G-protein but also by G-protein independent mechanism

which probably implicate direct union of Src and/or B-arrestins to the receptors (Daaka et

al., 1998; Lefkowitz, 1998; Luttrell and Lefkowitz, 2002).

1.4. GPCR interacting proteins.

Many GPCRs contain sequence motifs that are known to direct protein-protein
interactions and, therefore, have the theoretical capacity to interact with a wide range of
other proteins. Such interactions might determine receptor properties, like cellular
compartmentalization or signaling, and can promote complexes that integrate their functions
through protein scaffolding (Bockaert et al., 2004).

GPCR topology offers several potential interaction regions. Their extracellular loops
are relatively short causing extracellular interactions to take place in the N-terminus tail. It
looks like these extracellular interactions play a key role in GPCR pharmacology, as an
example we have adenosine deaminase (ADA), a multifunctional protein that can be present
in the cellular surface as an ecto-enzyme, forming heteromeric complexes with adenosine
receptors Aj, Axa and Ajs. These interactions seem to be essential so the receptors can bind
its physiological ligands with a high affinity state (Gracia et al., 2008, 2011; Herrera et al.,
2001; Saura et al., 1996).

However, on the intracellular site of GPCR, both the C-terminus tail and the third
intracellular loop can be of a considerable size. Thus, these regions are more likely to interact
with signaling and other intracellular proteins like cytoskeletal proteins or trafficking-related

proteins. The length of these interactions varies from transitory (i.e. signaling purposes) to
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more stable interactions. Either way, these complexes are considered dynamic (Canals et al.,
2003; Franco et al,, 2003). One classical example of GPCR interacting proteins is
cytoskeletal-anchoring polypeptides. This is the case of o-actinin and adenosine AR
(Burguefio et al., 2003b), a-filamin and dopamine D;R (Lin et al., 2001) and the Shank
family of proteins and several other GPCR including type I metabotropic glutamate receptor
(mGluR:) (Sheng and Kim, 2000).

Protein-protein interactions can also take place in the plasma membrane. Since the
nineties, a great number of studies have shown GPCR oligomerization (George et al., 2002).
Nowadays it is accepted that the formation of homodimers, heterodimers and higher order
oligomers are a common biological characteristic of these receptors (Agnati et al., 2003,
2010; Bouvier, 2001; Carriba et al., 2008; Devi, 2001; Ferré et al., 2009a, 2010a; Ferre and
Franco, 2010; Franco et al., 2003; Prinster et al., 2005; Tadagaki et al., 2012). It is also
assumed that when a GPCR participates in an oligomer, its functional properties can be
modified, conferring new properties to the receptor and therefore establishing new
functional mechanisms that lead to a more complex control over signaling and regulation of

these proteins (Figure 4).
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2. GPCR oligomerization.
2.1. GPCR oligomerization evidence.

Traditionally GPCR ligand-binding and signal-transduction mechanisms were
based on the presumption that these receptors where monomers or independent proteins
that acted with a 1:1 stoichiometry with G-protein. Certain indirect pharmacological
evidence made the scientific community think that maybe GPCRs acted as dimers. Complex
binding competition results, both agonists and antagonists, were interpreted as evidences of a
cooperativity that can be explained as receptor interactions forming dimer or oligomer
complexes (Franco et al., 1996; Wreggett and Wells, 1995).

In 1993, Maggio and collaborators suggested heterodimer formation using .-
adrenergic receptors and Mj muscarinic receptors chimeras, cloning the first five
transmembrane domains of one receptor and the two last of the other one and wvice versa.
With these chimeras, complementation and co-immunoprecipitation studies were
performed. When chimeras were expressed independently no ligand binding or signaling was
observed, otherwise, when they were transfected together, binding and signaling either for
adrenergic and muscarinic ligands were reestablished (Maggio et al., 1993). Hence, GPCR
oligomerization is not limited to homomerization (physical association between two identical
proteins), it is also possible the association of different types of receptors (heteromerization)
forming dimers or higher order oligomers. However, oligomers are frequently treated as
dimers as the simplest functional unit.

The different cross talk observed between neurotransmitter receptors can not be
explained without the possibility of direct GPCR interactions. It has been described higher
levels of organization in which GPCRs not only constitute homomers and heteromers but
supramolecular complexes constituted by more than one receptor-oligomer type and a group
of receptor activity modifying proteins (RAMP). These complexes interact at the plasma

membrane and when activated by hormones or neurotransmitters are redistributed in clusters
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that can be regulated by other receptors and molecules even though there is no direct

physical interaction (Franco et al., 2003).
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Figure 4. Receptor heteromerization properties. The fact that a receptor
heteromerizes can lead to an alteration of its properties in the cell involving
changes in the cellular location (1), ligand modulation (2), pharmacological
diversity (3), signal transduction (4) or internalization (5) (Terrillon and Bouvier,

2004a).

The number and the increasing complexity of the publications in this field made it
necessary to establish new definitions and assign a proper nomenclature to receptor
oligomers and its associated phenomena, as Ferré and colleagues published (Ferré et al.,

2009a).

2.2. Architecture of the heteromers.

To explain GPCR heteromerization we need to consider two possibilities: a direct
interaction where there is physical contact between receptors, or an indirect interaction
where some bridge-proteins are necessary like cytoskeletal proteins.

The case of direct interactions are believed to be formed at the plasma reticulum, due
to this, they are not affected by ligands, meaning that does not affect to the formation or

destruction of the heteromer. With the great structural complexity of the GPCR superfamily
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is not recommendable to think of a single direct interaction mechanism (Bouvier, 2001).
This interaction can be covalent, through disulfide bonds or non-covalent (electrostatic and

hydrophobic forces) between transmembrane domains or intracellular receptors (Figure 5).
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Figure 5. Schematic representation of the different GPCR

interactions (Bouvier, 2001).

In family C GPCR, the large extracellular N-terminus domain has some cysteine
residues that can contribute to dimerization through disulfide bonds. This is the case of
calcium-sensing receptors and metabotropic glutamate receptor (Robbins et al., 1999;
Romano et al., 2001) and the case of some family A GPCR like « - and 0§ -opioid receptors
or dopamine D; receptors (Cvejic and Devi, 1997; Jordan and Devi, 1999). It has also been
described interactions where C-terminus domain is essential, like 6 -opioid receptor
dimerization (Cvejic and Devi, 1997) or coiled-coil interactions between carboxyl tails in the
formation of GABA,; and GABA,; receptor heteromer (Margeta-Mitrovic et al., 2000;

White et al., 1998).
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Finally, direct interactions can be established by electrostatic or hydrophobic
interactions between extracellular or intracellular domains or transmembrane receptors. It
has been demonstrated that ionic interactions take place between peptides in the intracellular
domains containing two or more positive adjacent charges and two or more negative charges
(Woods and Huestis, 2001). One example of this kind of interactions is adenosine AR or
dopamine D;R dimerization (Ciruela et al., 2004) or the interactions between the
heterotrimer formed by adenosine Az, dopamine D, and cannabinoid CB; receptors
(Navarro et al., 2010). Hydrophobic interactions could have a key role in p-adrenergic
dimer receptor formation, more precisely because of certain glycine and leucine residues of
the sixth transmembrane domain (Hebert et al., 1996). It has also been proposed the same
type of interactions for the dimerization of some dopamine receptors (Ng et al., 1996). All
these interaction mechanisms proposed indicate multiple interaction sites involved in the
heteromer assembly and stability.

Computational studies proposed two alternative 3D models that could describe the
GPCR dimer assembly (Figure 6). The first model is a “swapping-domain model”, in which
each functional unit within the dimer is composed by the first five transmembrane domains
of one polypeptide chain and the last two of the second. This model would rationalize the
functional complementation observed when mutant or chimeric receptors were studied
(Maggio et al., 1993; Scarselli et al., 2000). The second model is the “contact model”, in
which each polypeptide forms a receptor unit that is in contact to the other through
interactions involving transmembrane domains five and six (Gouldson et al., 2000).

Validation of these models awaits additional studies, the most direct of which would
come from the resolution of the structure of a GPCR receptor dimer. Oligomeric assembly
of proteins, allowing expanded diversity with a limited number of modular elements, is the
rule rather that the exception in biology. When considering the nervous system, the existence

of homo- and heterodimers of neurotransmitter GPCR raises the hypothesis that could
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underlie the high degree of diversity and plasticity that is characteristic of such highly

organized and complex system.
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Figure 6. Alternative 3D models showing GPCR dimers. “Swapped-domain
model” (a) and “contact model” (b) (Bouvier, 2001).

2.3. Techniques used to identify GPCR dimers.

The first indirect evidence of the existence of GPCR dimers was provided by
pharmacological studies. Complex radioligand binding data demonstrating either positive or
negative cooperativity, hinted at the possibility of physical interactions between receptors
(Mattera et al., 1985). Radioligand binding assays remain to be a very important
experimental tool to identify the presence of heteromers in native tissues after the so-called
“molecular fingerprints” have been discovered from the studies with membrane preparations
of transfected cells.

To demonstrate the formation of heteromers, experiments with chimeric (Maggio et
al., 1993) or dominant-negative receptor mutants were performed. Chimeric a,-adrenergic /
M3 muscarinic receptors were developed composed by the first five transmembrane domains
of one receptor and the last two transmembrane domains of the other receptor. When each

chimera was expressed alone, no binding or signaling could be detected, but coexpression of
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the two different chimeras restores binding and signaling to both muscarinic and adrenergic
ligands. Such functional transcomplementations were interpreted as intermolecular
interactions between inactive receptors in a way that restored both ligand binding and
signaling domains within a heterodimeric complex (Maggio et al., 1993). Also, consistent
with this idea, several receptor mutants behaved as dominant-negative mutants when
expressed together with their cognate wild type receptors (Benkirane et al., 1997; Zhu and
Wess, 1998). In these cases, the observed blunted response was explained by invoking
dimerization between wild type and the inactive receptor. Similar experiment was recently
performed in wvivo using a binding deficient and signaling-deficient luteinizing hormone
receptor in KO mice model background where these receptors could reestablish normal
luteinizing hormonal function through intermolecular functional complementation (Rivero-
Miiller et al., 2010).

To the first commonly used biochemical technique to investigate GPCR
dimerization belongs the coimmunoprecipitation of differentially epitope-tagged receptors.
The first study of this kind was performed in 1996 and demonstrated the specific
interactions between o,-adrenergic receptors (Hebert et al., 1996). Since then, similar
strategies have been used to document the homodimerization of the dopamine D, (Ng et al,,
1996) and D; receptors (George et al., 1998), mGlus receptors (Romano et al., 1996) and
CB: receptors (De Jests et al., 2006) among others. Coimmunoprecipitation experiments
also were able to demonstrate the existence of heterodimers between closely related receptor
subtypes, such as GABAgR1 and GABAgR2 (Jones et al., 1998; Kaupmann et al., 1998;
White et al., 1998) or 8- and K-opioid receptors (Jordan and Devi, 1999), as well as more
distantly related receptors including the adenosine A; and dopamine D; receptors (Ginés et
al., 2000), the adenosine A; and mGlu; receptors (Ciruela et al., 2001), the adenosine Asa

and mGlus receptors (Ferré et al., 2002), or the CB; and D, receptors (Kearn et al., 2005).
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Although coimmunoprecipitation is commonly used to study protein-protein
interactions, it requires their solubilization using detergents, which might be problematic
when studying highly hydrophobic proteins such as GPCR that could form artifactual
aggregates upon incomplete solubilization. So, the general acceptance of these complexes
awaited a direct confirmation of GPCR dimerization and utilization of biophysical methods
based on light resonance energy transfer.

Theodor Forster formulated the theory of resonance energy transfer in 1948. This
phenomenon is based on non-radiative energy transfer from a chromophore in excited state
(donor) to a close molecule that absorbs it (acceptor). Techniques based on resonance energy
transfer are applicable on living cells using a pair of fusion fluorescent or luminescent
proteins cloned, most commonly, to the intracellular C-terminus of GPCR, which are
transiently expressed in the cell of interest.

In FRET (Forster Resonance Energy Transfer) both donor and acceptor are
fluorescent molecules meanwhile in BRET (Bioluminescence Resonance Energy Transfer)
the donor is bioluminescent and the acceptor fluorescent.

Luminescence is a phenomenon occurring naturally in several marine animals such
as jellyfishes like Aequorea wvictoria or sea pansy Renilla reniformis, from which R/uc (Renilla
luciferase) was isolated. So that resonance energy transfer can take place, two requisites have
to be fulfilled. The first is that the emission spectrum of the donor and excitation spectrum
of the acceptor overlay in a manner that the emission energy of the donor can transfer
directly to the acceptor fluorophore that emits light as if it was excited directly. The second
requisite is the close proximity of donor and acceptor in space (equal or less than 100 A or 10
nm). The efficiency of energy transfer decreases with the sixth potency of distance. It has to

be noted that the major part of multiprotein complexes in the cell are constituted between 10

and 100 A (Stryer, 1978).
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Importantly, resonance energy transfer techniques can detect protein dimerization in
living cells without disturbing the cellular environment by this phenomenon. BRET
technique exists in two variants, BRET: and BRET,. In BRET] the substrate of luciferase
Rluc is coelenterazine H, which when catalytically oxidized emits light at 480 nm what
allows excitation of YFP that emits at 530 nm. In BRET, DeepBlueC oxidizes the light
donor R/uc emitting at 400 nm, which excites the acceptor GFP that emitts at 510 nm.

Thanks to RET techniques the existence of different homodimers was discovered,
for example Br-adrenergic homodimer (Angers et al., 2000), d-opioids (McVey et al., 2001),
adenosine A,x receptors (Canals et al., 2004), and heterodimers, for example somatostatin
SSTRza and SSTRiz (Rocheville et al., 2000), adenosine Azx and dopamine D, receptors
(Canals et al., 2003), adenosine A; and Ajx receptors (Ciruela et al.,, 2006a), A;x and
cannabinoid CBs receptors (Carriba et al., 2007), D; and Hj histamine receptors and D, and
H; receptors (Ferrada et al., 2008, 2009) or dopamine D; and Djs receptors (Marcellino et al.,
2008) among others.

It has been developed in the past years a combined resonance energy transfer method
called SRET (sequential resonance energy transfer), which permits identification of
heterotrimers in living cells. In SRET, the oxidation of a Renilla luciferase (R/uc) substrate
by an R/uc-fusion protein triggers acceptor excitation of the second fusion protein by BRET
and subsequent FRET with the third fusion protein. Applying BRET; or BRET) gives rise
to SRET; or SRET,. Briefly, in BRET; using coelenterazine H (485 nm) or BRET) using
DeepBlueC (400 nm) the emission from R/uc allows energy transfer to a nearby YFP or
GFP? acceptor respectively. These acceptors emit at 530 nm (YFP) or 510 nm (GFP?) light,
which can result in a second energy transfer to DsRed or YFP, respectively, and concomitant

emission of light at 590 nm or 530 nm. SRET will only occur between these fusion proteins

if the two coupling pairs, R/uc/GFP? and GFP?/YFP or Rluc/YFP and YFP/DsRed, are at a
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distance less than 10 nm (Navarro et al., 2008). SRET technique allowed for the first time to
identify the existence of A;aR-D,R-CB1R heterotrimer in transiently transfected HEK cells.

Lately more variants of FRET have been developed, like photobleaching FRET and
time-resolved FRET (Pfleger and Eidne, 2005) as well as a series of complementation
resonance energy transfer methods like bimolecular fluorescence complementation (BiFC)
using two fragments of YFP (nYFP, N-terminal fragment and cYFP, C-terminal fragment)
that upon its spontaneous reconstitution when located in proximity (6 nm) becomes
fluorescent (Hu et al., 2002). Similarly, fragments of R/uc that can reconstitute the enzymatic
activity were generated (Paulmurugan and Gambhir, 2003). Finally also a combined
complementation of two fluorescent proteins can be used (Gehl et al., 2009) or combination
of complementation of R/uc and YFP (Gandia et al., 2008). In 2009, Chu and colleagues
designed a red fluorescent protein complentation. It was a more stable mutant of mKate (far-
red fluorescent protein) called mLumin (Chu et al., 2009). The combination of mLumin
with Cerulean- and Venus-based BiFC systems would allow for simultaneous visualization
of three pairs of protein-protein interaction in the same cell (Dai et al., 2012).

The main limitation of these assays is that they are performed in heterologous
expression systems and consequently can produce artifacts. A structural study performed by
Palczewski using atomic force microscopy demonstrated for the first time that rhodopsin
exists as an array of dimers in the native retina, revealing an oligomeric organization of
GPCR in vivo (Fotiadis et al., 2003).

Once proved the possibility of oligomer formation among some GPCR more
techniques are needed in order to prove its existence in native tissues or at least be able to
detect some of its specific characteristics that could be used as oligomerization fingerprints iz

vivo.
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2.3.1. Ligand binding in oligomeric receptors.

Even though it has been proved that the great part of GPCR are found in the
membrane as dimers or oligomers, most of the models used do not take into account this
factor and keep considering them as monomers. Colquhoun (1973) and Thron (1973)
started a series of studies that led to the formulation of different models to explain the
behavior of hormone and neurotransmitter receptors (Colquhoun et al., 1973; Costa and
Herz, 1989; Franco et al., 1996; Hall, 2000; De Lean et al., 1980; Leff, 1995; Lefkowitz et
al., 1993; Lorenzen et al., 2002; Onaran et al., 1993; Samama et al., 1994, 1993; Thron,
1973; Tucek and Proska, 1995; Weiss et al., 1996). All these models have in common that
the basic signaling unit is the receptor in its monomeric state and most of them are based in
the proposed mechanism on 1957 by Del Castillo and Katz for nicotinic receptors, which are
ionic receptors, not GPCR. These authors postulated that the channel was closed in the
absence of acetylcholine and when the ligand was bound to the receptor it became in an
intermediate state but still closed and later on there was a conformational change that
opened the receptor forming the active state of it (Figure 7A).

Later on, a two-state model of receptor activation was proposed where is stated that
receptors have two conformational states and they are in equilibrium, being one of them the
active molecule capable of signaling. In this model there would be an orthosteric site where
agonists would bind to and balance the equilibrium to the active state. This model was able
to explain the constitutive activity of some receptors and introduced the concept of inverse
agonists (Leff, 1995) (Figure 7B). Other complex models stated the existence of allosteric
union sites to explain the existing modulation that some receptors suffer by non-agonist
molecules. The ternary complex model proposed by De Lean et al., 1980 considers the G-
protein as a non-competitive modulator, but it can also be generalized and consider any
allosteric modulator (Figure 7C). Samama et al., 1993 expanded that model adding two

activation states where G-protein only binds to the active state and was named Extended
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ternary complex model (Figure 7D). Finally, Cubic ternary complex model combines ternary

complex models and two-state activation model (Hall, 2000; Weiss et al., 1996) (Figure 7E).
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Figure 7. Different models that consider receptors as monomeric units. R and R* are
receptor and activated receptor (for example coupled to signaling mechanisms), respectively.
A is agonist or antagonist, G is G-protein and M is allosteric modulator that can also be a G-

protein (Casadé et al., 2007).

None of these models is capable to explain the biphasic fitting resulting of some
experimental binding data. In order to solve this problem, the most common approach is
fitting to equations derived from two independent site models considering the existence of
two independent states of receptor (non interconvertible states): a high affinity state (or G-
protein coupled) and a low affinity state (or G-protein uncoupled) (Casadé et al., 1990)

(Figure 7F). Data fitting according to this method allows a calculation of two Kp values: one
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for the high affinity state and other for the low affinity state. Nevertheless, it was observed
that the agonist could induce changes in the proportion of high affinity and low affinity
states, which indicated that these two states cannot exist separately but are interconnected
(Wong et al., 1986). This model could only explain negative-cooperativity phenomena but
not positive-cooperativity, which despite not being so common has been previously described
in muscarinic receptors (Mattera et al., 1985) and opioid receptors (Jordan et al., 2003;
Tomassini et al., 2003) among others. Mattera et al., 1985, when GPCR oligomerization
was not so evident, proposed the existence of a multivalent receptor with more than one
agonist-binding site, which allowed explaining these cooperativity phenomena.

Given that nowadays it is known that GPCR are in the membrane forming dimers
(Angers et al., 2000; George et al., 2002; Terrillon and Bouvier, 2004a) all the previous
models should be reviewed to take this fact into account. In fact, receptors could be found in
the membrane as higher order oligomers whose stoichiometry is not well studied. However,
trimer- or tetramer-based models would be mathematically very complex and would not
improve significantly in terms of error and experimental data accuracy compared to a dimer-
model. For this reason, taking into account all these facts it was developed a model that
considers the dimeric receptor binding in two states (two-state dimer receptor model) in
which cooperativity is explained in a natural way assuming that the first ligand binding to a
monomer can modify the binding equilibrium parameters of a second ligand in the second
monomer of the dimer (Franco et al., 2005a, 2006) (Figure 8). Two-state dimer model is
based on the possibility that conformational changes from one subunit of the dimer can
affect somehow the second subunit, which implies some sort of communication between
them (cross-talk). Hence, this model is considering cooperativity phenomena (positive or
negative), constitutive activity and inverse agonists. Moreover, the model also explains the
duality of some compounds, which could be of interest for the development of new

therapeutic strategies.
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Figure 8. Two-state dimer receptor model scheme and equations. Dimer can
be active or inactive and be empty or occupied by one or two ligand
molecules (A). a) Macroscopic model. b) Simplified model including
macroscopic dissociation constants at the equilibrium (Kp: and Kpz) that
define the first and the second ligand molecule binding to the dimer
respectively. It is shown the equations used for the fitting of the radioligand
binding data (L) to the receptors forming the dimer and the equation used to

calculate the cooperativity index (Dc) (Franco et al., 2008).

It is important to point out that the two-state dimer receptor model besides the
agonist and antagonist macroscopic affinity constants (Kp; and Kpy) for the receptors, allows
you to calculate new parameters like the cooperativity index (Dc) that evaluates the
cooperativity degree produced when the second ligand molecule binds the dimer already
occupied by the first ligand molecule. Essentially, Dc is the induced modification by the first
ligand molecule in the macroscopic equilibrium binding parameters of the second ligand
molecule in the dimeric receptor (Casadé et al., 2007). Additionally, in competition
experiments where there is more than one ligand capable to bind the receptor, the hybrid
equilibrium constant appears (Kpas), which is the dissociation constant that measures the
ligand (B) affinity for a dimeric receptor that is semi-occupied by a different ligand (A). This
parameter becomes important when it comes to cooperativity detection (also known as cross-

talk when we are talking about signaling) in competition experiments.
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2.4. GPCR heteromerization: functional consequences.

The availability of a wide variety of techniques to study GPCR dimers has facilitated
the examination of the functional role of dimerization in these receptors. Dimerization has
been found to play a key role in regulation at different levels, from receptor expression
modulation on the cell surface to acquisition of new pharmacological properties at a ligand
binding level and signaling. This provides a new perspective for future development of drugs
acting through GPCR oligomers.

Even if in many cases the physiological relevance is not completely understood,
several studies performed in heterologous expression systems suggested distinct functional

roles of GPCR oligomerization (Figure 9).

C
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Figure 9. Proposed functional roles of GPCR oligomerization. ER, endoplasmic
reticulum and L, ligand. Taken from Ellis et al., 2004.
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Firstly, oligomerization can be implicated in GPCR ontogenesis, which means in
the protein folding control and membrane targeting of the newly synthetized receptors as
well as their internalization (Breit et al., 2004; Bulenger et al., 2005; Law et al., 2005).
Similarly, in some cases, it was observed that oligomer formation in the plasma membrane
could be regulated by ligand activation. Concerning ligand binding, oligomerization confers
new pharmacological properties to the receptor owing to the phenomena of cooperativity
and cross talk, as stated previously when binding of a ligand can modify the binding
properties of the second receptor of the homo- heterodimer (Ferré et al., 2007a; Franco et
al., 2008). When we focus on signaling via interaction with G-protein, oligomerization can
modify signaling properties of a receptor leading to signaling potentiation, attenuation or
even inverted signaling due to induction of coupling to other G-protein type. Finally,
endocytic pattern was seen to be affected by oligomerization (Terrillon and Bouvier, 2004b).

One of the most significant observations to indicate that GPCR dimerization might
be important in receptor folding and transport to the cell surface came from the studies of
metabotropic GABAgR. Three studies published simultaneously in 1998 (Jones et al., 1998;
Kaupmann et al., 1998; White et al., 1998) demonstrated that coexpression of two isoforms
of GABAgR, GABAgR1 and GABARR2 was a prerequisite for a functional GABAgR
formation at the cell surface. The analysis of this phenomenon showed that the isoform
GABAG3R1 is retained in intracellular compartments as an immature glycoprotein and that,
by contrast, GABAgR2 served as a chaperone that is essential for the proper folding and cell
surface transport of GABApR1. GABAsR1/GABAR2 dimerization masks the ER-
retention signal, thereby allowing ER transport and plasma membrane targeting of the dimer
(Margeta-Mitrovic et al., 2000). These evidences suggested that the functional unit of the
receptor should be the heterodimer (Margeta-Mitrovic et al., 2000). Moreover, taking into
account recent receptor definitions that define the receptor as a macromolecule or group of

macromolecules capable to induce some sort of signaling, and considering that receptors can
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have a quaternary structure we should consider the functional unit of GABAgR1/GABAgR2
as a single heteromeric receptor. In fact, as a single receptor with a certain quaternary
structure and not as a heteromer of GABA receptors (Ferré et al., 2009a).

The paradigm that some GPCR need to form heterodimers to reach the cell surface
stems from the fact that dimers might correspond to the functional GPCR signaling unit, at
least for signaling events involving G-protein activation. Increasing evidence indicates that
class A GPCRS dimer/oligomer biogenesis occurs at an early time point during receptor
biosynthesis and processing in the ER and Golgi, where this could have an important role in
the quality control of newly synthesized receptors (Herrick-Davis et al.,, 2006). Once
receptor oligomers are trafficked to the plasma membrane, both experimental and theoretical
considerations suggest that dimeric GPCR represent the basic functional receptor unit that
engages heterotrimeric G-proteins. In addition, it is becoming increasingly clear that “non-
obligatory” heterodimers that display pharmacological and functional characteristics that
differ from those of their constituent monomers can also exist (Bulenger et al., 2005).

Receptors within heterodimers may have different internalization mechanisms;
heteromerization may also modulate agonist-induced trafficking properties of GPCR. For
example, somatostatin receptor SSTRi-SSTRs heterodimer is internalized despite the
internalization-resistance of SSTR; monomer (Rocheville et al., 2000). Most family A
GPCR respond to agonist challenge by rapidly becoming internalized away from the cell
surface and studies have indicated that the receptor internalizes as a dimer or oligomer
(Yesilaltay and Jenness, 2000).

Radioligand-binding studies have provided some insight into the physiological
relevance of GPCR homodimers and heterodimers, since they can result in the generation of
sites with novel ligand-binding properties. The first report about a heterodimer with distinct
properties from their constituent receptors was the discovery of k-O8-opioid receptors

heterodimer (Jordan and Devi, 1999). k-0-receptor heterodimers show high affinity for
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either k- or 0-opioid receptor-selective ligands but, on the other hand, these heterodimers
show high affinity for partially selective ligands. GPCR heteromerization not only results in
changes in the affinity of receptors for several ligands, but binding of one ligand can be able
to modify the efficacy or potency of another ligand binding to the neighboring receptor. For
instance, in A;-D; receptor heteromer, A;R agonists induced the disappearance of the high
affinity binding sites of DiR (Ginés et al., 2000). In A2aR-D,R heteromer, binding of A;aR
agonist was seen to reduce the efficiency of D,R ligands binding by a negative cross talk
(Ferré et al., 2001), similarly as in A;aR-A;R heteromer, where A;R agonist binding led to
reduction of efficiency of A;aR agonist binding (Ciruela et al., 2006a).

One of the first evidence that dimers formed a complex signaling unit demonstrated
that the disruption of the dimer by a peptide fragment from the sixth transmembrane
domain inhibited the agonist-induced cAMP production. This was seen in the f,-adrenergic
receptor homodimers (Hebert et al., 1996). In addition, heteromerization of two receptors
may enhance the signaling of the first and inhibit the signaling of the second, as happened
with angiotensin AT; and bradykinin B, receptor heterodimer (AbdAlla et al., 2000).
Taking this into consideration, one of the main issues in elucidating the functional role of
GPCR homodimers is to know whether agonist binding to a single subunit of the
homodimer is sufficient for G-protein activation or whether both subunits in a ligand-loaded
state are required. It has been described that agonist occupation of a single subunit in a
dimer is sufficient for G-protein activation, results that are consistent with a number of
studies demonstrating trans-complementation between a receptor defective in ligand binding
and a receptor defective in G-protein activation (Carrillo et al., 2003; Milligan and Bouvier,
2005). Some current views of the physical organization of GPCR and associated G-proteins
favor the model in which GPCR dimers provide for the proper binding of a single
heterotrimeric G-protein (Banéres and Parello, 2003; Fotiadis et al., 2004). Functional

studies using the glutamate receptor demonstrated that only one receptor subunit per
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receptor dimer could reach a fully active state at a time (Goudet et al., 2005; Hlavackova et

al., 2005).
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3. Dopamine receptors.

Dopamine (3,4-dihydroxyphenethylamine, Figure 10) constitutes approximately
80% of the catecholamine present in the brain. Similar to other neurotransmitters, dopamine
is unable to cross the blood brain barrier; however, its precursors, both phenylalanine and

tyrosine readily cross this barrier allowing its subsequent biosynthesis within neurons.

HO
NH

OH

Figure 10. Dopamine. Chemical structure.

Dopamine biosynthesis occurs within the cytosol of the nerve terminal after which
the release of synthesized dopamine into the synaptic cleft leads to the subsequent sequence
of events (Fuxe and Owman, 1965; Levitt et al., 1965). Calcium ion influx, via voltage-
dependent calcium channels, triggers the fusion of the dopamine filled vesicles with the
presynaptic membrane. A pore is formed and dopamine is then released into the synaptic
cleft. Through diffusion it crosses the synapse and binds to dopamine receptors located pre-
and postsynaptically. Upon binding, a conformation change in the receptor is induced and
triggers a complex chain of intracellular events. The final outcome of dopamine release is
either the activation or inhibition of the postsynaptically located neuron. Finally, the
dopaminergic signaling is terminated through the re-uptake of dopamine by specific
dopamine transporters (DAT) from the synaptic cleft to the presynaptic terminal where
dopamine can be stored and subsequently reused (Amara and Kuhar, 1993; Cooper et al.,
1996).

Although the number of neurons that use dopamine as a neurotransmitter is rather
small, this system of neurotransmission plays a very important role in many functions.

Dopamine interacting with its central receptors in mammals influences a wide range of
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functions including movement, motivation, attention, cognition, affect, and control of
pituitary hormone secretion (Missale et al., 1998). The most prominent dopamine mediated
function is motor behavior regulation . In the absence of dopaminergic tone, mammals are
akinetic, or do not move. Increasing dopaminergic stimulation above the basal tone results in
increased locomotion, and further increases the appearance of species-typical stereotyped
motor patterns. In rats, stereotyped patterns take the form of focused sniffing, licking, or
gnawing, and are used to determine overstimulation of dopaminergic signaling pathways. In
recent years the dopaminergic system has become of great interest because of the relationship
between deregulation of this system and several diseases such as Parkinson’s disease,
schizophrenia, Tourette syndrome, hyperprolactinemia and drug addiction (Albin, 2006;
Bankowski and Zacur, 2003; Blum et al., 2012; Fuxe et al., 2001; Missale et al., 1998;

Perreault et al., 2011; Steeves and Fox, 2008; Vallone et al., 2000).

3.1. Dopamine receptor characteristics.

Dopamine exerts its function via interaction with dopamine receptors, which belongs
to GPCR family A: D:R, D;R, D;R, D4R and DsR (Table 1). In 1978 dopamine receptors
were first classified according to their activation or inhibition of adenylate cyclase (Spano et
al., 1978). They were later classified in two subfamilies, Di-like, which comprises D:R and
DsR, and Ds-like, including D;R, D;R and DsR (Figure 11). Di-like receptors produce an
increase of cAMP levels via G, which stimulates AC and their localization is mostly
postsynaptic in synaptic terminals (Civelli et al., 1993). D,-like receptors inhibit AC via G;
coupling, in addition activate potassium channels and reduce calcium entry through voltage-
gated channels (Nicola et al., 2000). D»-like receptors can be located on both presynaptic
and postsynaptic terminals (Sunahara et al., 1993). Di-like receptors contain a

carboxyterminal domain about seven times longer than D,-like receptors, while the latter

48



have a very long third intracellular loop, a common feature in many Gi-coupled receptors

(Missale et al., 1998).

Family Di-like D»-like
Subtype DiR DsR D:R Ds:R D.R
G-protein G, G, Gi Gi Gi
-AC -AC
Mechanism
+AC + PLC +PLC -AC
of signal +AC
+PLC - Ca* channels | - Ca? channels + PLC
transduction
+ K* channels + K* channels
} cAMP
) cAMP
+ cAMP 1 1P ) cAMP
Effector 1 1P;
1+ PKA 1+ cAMP } Ca* 1 arachidonic acid
molecules | Ca*
1 1P; T K+ } Na'/K* exchange
K
} Na'/K* exchange
Affinity for
dopamine 2340 261 2.8-274 4-27 28 - 450
Kb (nM)
Agonist SKF-38393 | NPA Quinpirole Bromocriptine Apomorfine
Ko (nM) 1-150 187 4.8 - 474 5-74 4
Antagonist SCH-23390 | SCH-23390 | Raclopride UH-232 Clozapine
Ko (nM) 0.11-0.35 0.11-0.54 1-5 2.9-9.2 9-42

Table 1. Dopamine receptor characteristics.

49




DiR-like DqR-like

Figure 11. Schematic representation of the structures of Di-like and D»-like dopamine receptors.

The carboxyterminal, in both families, contains phosphorylation and palmitoylation
sites that are believed to play an important role in receptor desensitization and formation of a
fourth intracellular loop, respectively. All of the dopamine receptors subtypes share several
conserved residues within their transmembrane domains, which are believed to be the
minimal requirements for catecholamine binding. The two serine residues in the fifth
transmembrane domain are thought to be involved in recognition of the two hydroxyl groups
of catecholamines, and the aspartic acid residue located within the third transmembrane
domain is thought to act as a counter ion for the amine group in biogenic amines (Hibert et
al., 1991). D;-like receptors contain two glycosylation sites at the amino terminal and the
second extracellular loop, while DR and D;R may have multiple (at least 4) glycosylation
sites in their extracellular domains. To study the pharmacological properties of dopamine
receptor, ligands that easily discriminate between D;-like and D,-like receptors are available,
however, they are not selective for members of each subfamily. A remarkable difference
inside the D;-like receptors subfamily is the affinity for dopamine since the DsR is ten times
more affine than the D;R (Missale et al., 1998). Within the D»-like subfamily, the D;R is
the one with the highest affinity for dopamine (about 20 times higher compared to the

D:R).
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3.2. Dopamine D, receptor.

Dopamine D, receptor (D;R) is primarily found in brain tissue, including the
caudate-putamen, olfactory tubercle and nucleus accumbens, where it is expressed by
GABAergic neurons coexpressing enkephalins. In addition, the mRNA of this receptor is
also found in the substantia nigra (SNr) and in the ventral tegmental area (VTA), the nuclei
that gives rise to the major dopaminergic pathways of the brain, indicating the role of D;R as
one of the main dopamine receptors to directly control the activity of dopamine containing
neurons. However, the D;R is also found outside the central nervous system, in the anterior
and intermediate lobes of the pituitary gland, which indicates that it is also a primary
dopamine receptor for regulating hormone release (Vallone et al., 2000).

The alternative splicing of the sixth exon generates the Dy and Dss isoforms (Figure
12). Studies performed using dopamine DR knock-out mice indicate a preferential
involvement of Dy R in postsynaptic responses while the D,sR appears to be preferentially
expressed by midbrain dopaminergic neurons acting as an inhibitory autoreceptor (Lindgren
et al., 2003; Mercuri et al., 1997; Rouge-Pont et al., 2002). Previous studies have shown that
D2R and DysR bind to distinct G-protein, most likely due to their structural differences.
However, both isoforms function by binding to the pertussis toxin-sensitive G-protein G; or
G,, both of which have an inhibitory effect on adenylate cyclase that seems to be the

predominant signaling pathway used by D,R in the central nervous system (Enjalbert and

Bockaert, 1983; Kebabian and Greengard, 1971; Leck et al., 2006).
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(Pivonello et al,,

2007).

Baik et al. generated the D;R knock-out mice in 1995 (Baik et al., 1995). These

mice showed a striking impairment of motor behavior (parkinsonian-like phenotype)

supporting an essential role for these receptors in the dopaminergic control of movement.

An increase in the density of postsynaptic D2R was observed in schizophrenia (Joyce et al.,

1988) and in Parkinson’s disease patients not treated with L-DOPA (Seeman and Niznik,

1990). In mouse models of Parkinson’s disease, dopamine depletion caused a loss of

endocannabinoid-dependent long-term depression at excitatory synapses onto indirect

pathway medium spiny neurons (Kreitzer and Malenka, 2007; Shen et al., 2008).
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3.3. Basal ganglia and dopaminergic circuitry.
Basal ganglia are located in the telencephalon and consist of several interconnected
nuclei: the striatum, globus pallidus external segment (Gpe), globus pallidus internal

segment (Gpi), substantia nigra (SN) and the subthalamic nucleus (STN) (Figure 13).

g T — 2 —
- g Shabuas paltid asal gasnglia Striatum ]
i~ Latera) I
J . _” - Indirect
il NG T y pathway [
& - . “ I I :_. T?ml_d_lll.li”
f SNeAVIA Direct -
——d pathway
GPe
\ S [GPirsNr|
— Excitation |
—y Inhibithon [Bfllmttml
—e Dopamine
modulation

Copyright £ 2006 Nature Publishing Group
Nature Reviews | Neuroscience

Figure 13. Basal ganglia. Left, anatomy of the human basal ganglia structures and their
localization in the brain. Right, motor circuit of the basal ganglia, direct and indirect

pathway (Yin and Knowlton, 2006).

Striatum is a major component of basal ganglia (Kase, 2001). It can be divided in
dorsal and lateral part. In primates, the dorsal striatum is divided by the internal capsule into
the medially located caudate nucleus and the laterally positioned putamen. The putamen (the
dorso-medial striatum) receives inputs from sensorimotor cortex (Kiinzle, 1975; Liles and
Updyke, 1985). The ventral striatum, or nucleus accumbens, represents a third subdivision of
the striatum (Nicola, 2007). The ventral striatum, like the patches of the dorsal striatum,
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 pars compacta,
SNc (Fields et al., 2007). Dorsal striatum (caudate nucleus and putamen) is implicated in
learning or complex motor behavior, ventral striatum (nucleus accumbens) participates in

conversion of motivation to action. Neurotransmitter receptors can be expressed differently

53



in distinct anatomical parts of striatum: for instance, cannabinoid CB1R are highly expressed
in nucleus accumbens and caudate nucleus, but not in putamen (Herkenham et al., 1991).

Medium spiny projection neurons (MSN) are the most numerous in the dorsal
striatum, with at least 75% of neurons belonging to this type in primates (Graveland and
DiFiglia, 1985; Tepper et al., 2010), and up to 95% in rodents and cats (Graveland and
DiFiglia, 1985; Kemp and Powell, 1971). The second class of neurons present in the dorsal
striatum are interneurons (GABAergic or cholinergic), that are typically spiny, and unlike
the medium spiny neurons, do not send projections outside the striatum (Cowan et al., 1990;
Kawaguchi, 1993; Kawaguchi et al., 1995; Phelps et al., 1985; Tepper et al., 2010; Wu et al.,
2000). Finally, the striatum also contains a small amount of dopaminergic neurons.
Although the amount of these neurons is almost vestigial in normal rodent striatum, it is
more prevalent in primates (Dubach et al., 1987; Ikemoto et al., 1996).

Medium spiny neurons form dendritic spines that make synaptic connections
(Kreitzer, 2009), they are inhibitory as they use GABA as neurotransmitter, express
DARPP-32, are innervated by glutamatergic connections from cortex and dopaminergic
innervations from substantia nigra and have a unique firing pattern (Kreitzer, 2009).

Medium spiny neurons can be divided into two types according to expression of
different peptides and neurotransmitter receptors. Direct pathway MSN express dynorphin
and substance P and dopamine D:;R coupling stimulatory G,. They are also called
striatonigral MSN. They project directly to GPi and SNr. Stimulation of the direct pathway
results in motor activation (Figure 13, right). Cortical glutamatergic synapses connecting to
striatonigral neurons express adenosine A;aR forming, at least in part, heteromers with
adenosine A;R. Indirect pathway MSN express enkephalin and dopamine D,R coupling
inhibitory Gi. They are also called striatopallidal MSN and project to GPe. Stimulation of

indirect pathway MSN results in motor inhibition (Figure 13, right).
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In Huntington’s disease striatopallidal neurons degenerate first and their dysfunction
or degeneration leads to hyperkinetic movements. In striatopallidal MSN dopamine D,R is
coexpressed with adenosine A2aR (Schiffmann and Vanderhaeghen, 1991; Schiffmann et al.,
2003, 2007; Svenningsson et al., 1999) in the postsynaptic site of corticostriatal synapses.
The excitability of both neuronal types is slightly different: D,R-containing MSN are more
excitable and contain more tree branching (Day, 2008).

Direct and indirect pathways converge in GPi/SNr, the main output of basal ganglia
motor circuitry. GPi/SNr neurons are inhibitory, GABAergic and project to the thalamus.
The thalamus projects back to cortex with glutamatergic efferents. According to both inputs
from direct and indirect pathway the final outcome is transmitted back to cortex. Direct
pathway tends to activate voluntary movements and indirect pathway inhibits involuntary
components of movement. An adequate equilibrium between both pathways produces
normal movements. Dopamine, produced by neurons from substantia nigra pars compacta, is
the key regulator for the correct functioning of basal ganglia, it induces motor activation via
activation of dopamine DiR in striatopallidal neurons of direct pathway and inhibition of
dopamine D;R in striatonigral neurons of indirect pathway, which means potentiating the
stimulatory direct pathway and depressing the inhibitory indirect pathway. Dopamine thus
stimulates movement acting upon both pathways. In Parkinson’s disease, due to depletion of
dopamine because of the degeneration of nigrostriatal neurons, movement depression or
hyperkinesia is experienced. 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, but at the end, the subsequent
degeneration of the direct pathway and the nigrostriatal neurons finally leads to
disappearance of movement (Glass et al., 2000).

The classification of MSN projection in direct and indirect pathways belongs to the

classical vision of basal ganglia motor circuitry, as it was defined in mid 80s (Albin et al.,
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1989; DeLong, 1990; Penney and Young, 1986). Recently the vision of basal ganglia
circuitry is tending to change an is not seen as simple go through structure where the
connectivity and functional interactions occur unidirectionally, microcircuits appear and

more extensive reciprocal innervation is observed and the issue becomes more complex

(Obeso and Lanciego, 2011).
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4. Adenosine receptors.
There are four known adenosine receptor subtypes, AiR, AxaR, AxR and AsR (Figure

14), each of which has an unique pharmacological profile, tissue distribution and effector coupling

(Table 2).

AR
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Figure 14. Adenosine receptor scheme. Very long C-terminal tail of the
A2aR  lacking palmitoylation site. Glycosylation sites in the second
extracellular loop of all adenosine receptors. Taken from Dr. F. Ciruela

PhD thesis.
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Subtype AR AcaR AR AsR
G-protein Gi Gi G G
-AC
Mechanism of + PLC +AC +AC -AC
signal transduction - Ca?* channels - Ca?*channels + PLC +PLC
+ K* channels
} cAMP
+ cAMP + cAMP 1+ cAMP
1 1P;
Effector molecules 1 1P; 1 1P; 1 1P;
| Ca?
1 Ca? 1 Ca? 1 Ca?
T K
Affinity for
adenosine 70 150 5100 6500
Kb (nM)
Selective agonist R-PIA CGS-21680 - IB-MECA
Selective
DPCPX ZM-241385 MRS 1706 L-268605
antagonist
Inhibition of
synaptic Facilitates
transmission and neurotransmitter
Calcium channels Ischemic
Physiologic action motor activity. release.
modulation. preconditioning.
Hyperpolarization. Motosensorial
Ischemic integration.
preconditioning.

Table 2. Adenosine receptors characteristics. Taken from Dr. J. Bakesova PhD thesis.

All of the adenosine receptors have glycosylation sites and all but AR a
palmitoylation site near the carboxyl terminus, that would allow another insertion in the
membrane generating a fourth intracellular loop that has been suggested to participate in the
coupling of the receptor to the G-protein (Bouvier et al., 1995). AiR, AxxR and A;R have a
molecular weight of 36.7, 36.4 and 36.6 kDa respectively, whereas, due to its long C-
terminal tail, A2xR has a molecular weight of 45 kDa (Palmer and Stiles, 1995). Originally

only two adenosine receptors were known and were classified on their effect on cAMP levels
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in different tissues; these were AiR (inhibitory) and AR (stimulatory). A;R and AR show
high affinity for their natural agonist adenosine and with major expression profiles in the
central nervous system and periphery. Later, AR and A;R were discovered. Their activation
becomes more relevant in states of notoriously incremented adenosine levels, at micromolar
adenosine concentration (Fredholm et al., 2001) according to their lower affinity for
agonists. A;R and A;R couple to G; and AR and AxR couple G..

Experiments with chimeric A;/Aa receptors indicate that structural elements in both
the third intracellular loop and the carboxyl terminus influence coupling of AR to G;
whereas elements in the third intracellular loop but not the carboxyl terminus contribute to
AsaR coupling to G, (Tucker et al., 2000). The homology between receptor subtypes is quite
low, about 45% (Stehle et al.,, 1992) with areas of high homology located within the
transmembrane regions. These regions, together with the second extracellular loop, were
proposed to be mainly involved in ligand binding (Rivkees et al., 1999), while interaction
with G-proteins occurs within the third intracellular loop. Moreover, adenosine receptors
contain several features common to all G-protein coupled receptors: cysteine residues on the
extracellular loop that may be involved on disulfide bond formation and confer a
conformational stability to receptors after insertion to the plasma membrane (Dohlman et
al., 1990). All the cloned adenosine receptors present a “DRY” motif that has been suggested
to mediate G-protein activation. Each of the adenosine receptors possesses consensus sites
for N-linked glycosylation on their second extracellular loops that is involved in membrane
targeting (Klotz and Lohse, 1986). Intracellular domain phosphorylation sequences
consensus are present and phosphorylation is implicated in receptors desensitization (Palmer

et al., 1994; Saura et al., 1998).
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4.1. Adenosine.

Adenosine is an endogenous nucleoside formed by a purinic base adenine bound to a
ribose by a B-N-glycosilic bond (Figure 15). Adenosine and its derivatives are an essential
constituent for all living cells. It plays a structural role as a building block of nucleic acids, in
cellular metabolism (energy storage: ATP), as intracellular regulators (cofactors: NAD",
NADP*, FAD; second messenger in cellular neuromodulator: cAMP) (Arch and
Newsholme, 1978; Pull and Mcllwain, 1972) and as neuromodulator in the control of
synaptic transmission acting on adenosine receptors (Cobbin et al., 1974).
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Figure 15. Adenosine molecule. Chemical structure

Under normal conditions, adenosine is continuously formed intracellularly as well as
extracellularly. A basal concentration of this nucleoside reflects an equilibrium between
synthesis and degradation (Fredholm et al., 2001). The intracellular production is mediated
by intracellular 5’-nucleotidase, which dephosphorylates AMP (Schubert et al.,, 1979;
Zimmermann et al,, 1998) and by hydrolysis of S-adenosyl-homocysteine (Broch and
Ueland, 1980). Intracellular-generated adenosine is transported to the extracellular space
mainly via equilibrated transporters. Extracellular AMP dephosphorylation to adenosine,
mediated by ecto-5-nucleotidase, is the last step in the breakdown of extracellular adenine
nucleotides, such as ATP to adenosine (Dunwiddie et al., 1997; Zimmermann et al., 1998).
Adenosine can also be released to the extracellular space after neuronal activation with

specific neurotransmitter ligands. Glutamatergic agonists, such as NMDA or kainate, dose-
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dependently increase adenosine levels (Carswell et al., 1997; Delaney et al., 1998).
Dopamine D:R enhance adenosine release via an NMDA receptor-dependent increase in
extracellular adenosine levels (Harvey and Lacey, 1997). Extracellular levels of adenosine are
decreased by specific adenosine transporters and by extracellular adenosine deaminase
(Fredholm et al.,, 1994; Lloyd and Fredholm, 1995). Under physiological conditions,
extracellular adenosine concentrations remain very low (20 to 300 nmol/L) (Delaney and
Geiger, 1996), whereas traumatic or hypoxic events, stressful situations and increased
neurotransmitter release lead to a several 100-fold increase of extracellular adenosine levels
(Latini and Pedata, 2001).

In the brain, which expresses high levels of adenosine receptors, adenosine is
secreted by the majority of cells, including neurons and glia, and neuromodulates the activity
of the central nervous system in both normal and pathophysiological processes, acting on
pre-, post- and/or extra-synaptic sites. Accordingly, adenosine was seen to play a role in the
inhibition of excitatory neurotransmitters release (Ciruela et al., 2006b; Phillis et al., 1979),
inhibition of spontaneous motor activity, neuronal differentiation and migration (Canals et
al., 2005; Rivkees, 1995), memory and learning (Wei et al., 2011), regulation of sleep (Antle
et al., 2001; Carts-Cadavieco and de Andrés, 2012), anxiety (Johansson et al., 2001) and
excitation, and neuroprotection during hypoxia/ischemia (Pedata et al., 2005). It was related
to Alzheimer’s disease (Maia and de Mendonga, 2002), Parkinson’s disease (Schwarzschild
et al., 2002), schizophrenia (Ferré et al., 1997; Shen et al., 2012), epilepsy (Rebola et al.,
2005a), drug addiction (Brown and Short, 2008) and finally Huntington’s disease (Huang et
al., 2011; Reggio et al., 1999) as will be further discussed.

Caffeine is a weak, virtually non-selective adenosine receptor antagonist. It served as
a structural model in organic synthesis of more potent and selective antagonists. So the first
adenosine receptor antagonists were xanthine (caffeine and theophylline) derivatives (to this

group belongs MSX-2 and KW-6002), followed by second class of complex nitric
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heterocycles  (pyrazolo-thiazolo-pyrimidin-like: ZM-241385, SCH-58261 and SCH-
442416, Figure 16), and more recently by structurally unrelated compounds found by library

compound screening (Cristalli et al., 2007; Jacobson and Gao, 2006).
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Figure 16. AR antagonists. Formula of natural A;aR antagonist caffeine and

some selected synthetic compounds. Taken from Dr. J. Bakesovd PhD thesis.

The pharmacology of caffeine is still being investigated (Chen et al., 2013;
Chrosciriska-Krawezyk et al., 2011; Marques et al., 2011; Snel and Lorist, 2011). Studies of
caffeine affinity for adenosine receptors in brain tissue brought variable results: showing no
difference, a preferential affinity for A;aR, or a preferential affinity for AiR. In the studies
using cloned transfected receptors, caffeine displays higher affinity for AR that for A;R
(Ciruela et al., 2006a). Interestingly, it was found that the affinity of caffeine for the AR
depends on the presence of cotransfected receptors. In HEK cells expressing AaR-D:R
heteromer the affinity of caffeine for AxaR was the same as in the cells expressing only A;aR
but considerably decreased in cells expressing AiR-AxR heteromers (of about twelve-fold
less). In AiR-AzR heteromer the affinity of caffeine was the same for both adenosine
receptors (Ciruela et al., 2006a). This discovery supports the fact that the heteromerization

changes receptors’ pharmacology.
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4.2. Adenosine A receptors.

From the first AssR distribution studies performed with autoradiography using ["H]-
CGS-21680 high levels of staining were seen in the striatum, both in dorsal (caudate-
putamen) and ventral striatum (nucleus accumbens), in addition in olfactory tubercle and
globus pallidus externum in rat (Jarvis et al., 1989; Wan et al., 1990) and human brain (Glass
et al., 2000; Martinez-Mir et al., 1991). From northern blot (Fink et al., 1992; Peterfreund
et al, 1996) and in situ hybridization studies (Fink et al., 1992; Schiffmann and
Vanderhaeghen, 1991; Svenningsson et al., 1998, 1999) it was further evident that striatal
AR was almost exclusively expressed in the medium spiny neurons of the indirect pathway
expressing enkephalin and co-expressing dopamine D>R and not (or at best only to a limited
extend) in medium spiny neurons of the direct pathway. By means of more sensible
techniques, like immunohistochemistry or radioligand binding assays, lower levels of Az R
were also detected in other brain regions, as amygdala, hippocampus, hypothalamus,
thalamus and cerebellum (Rebola et al., 2005b; Rosin et al., 1998). It is not only expressed
on neurons, but also on the vessel walls where they mediate vasodilatation (Coney and
Marshall, 1998) and on glial cells. In the peripheral tissues, the AxR can be found in spleen,
thymus, heart, lung, kidney, leucocytes and blood platelets (Moreau and Huber, 1999).

In 2008 crystal structure of the human adenosine A;aR was determined in complex
with its high-selective antagonist ZIM-241385. Not containing the canonical palmitoylation
site found in the majority of GPCR, a small helix that does not cross the cell membrane is
located at the membrane cytoplasm interface (helix VIII) stabilizes the structure by
interacting with helix I. The extracellular surface properties of the AR are largely dictated
by its second extracellular loop, which in A;sR lacks the prominent secondary structural
elements, such as P-sheet and o-helix, as in the rhodopsin and f-adrenergic receptors,
respectively. Instead, the second extracellular loop of the AR is mainly a spatially

constrained random coil having three disulfide linkages with the first extracellular loop. Two
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of the three disulfide bonds (Cys71-Cys159 and Cys74-Cys146) are unique to the AxR; the
third (Cys77-Cys166) is conserved among a lot of class A GPCR. In addition, a fourth
intraloop disulfide bond is formed in the third extracellular loop between Cys259 and
Cys262 with the sequence Cys-Pro-Asp-Cys (CPDC), which creates a link in the loop that
constrains the position of the third extracellular loop and orient His264 at the top of the
ligand-binding site. The extensive disulfide bond network forms a rigid, open structure
exposing the ligand-binding cavity to solvent, possibly allowing free access for small
molecule ligands. Four amino acid residues are crucial for the ligand binding and their
mutation was reported to disrupt antagonist and/or agonist binding, i.e. Glul69 in the
second extracellular loop, His250 and Asn253 in helix VI and Ile274 in helix VII (Jaakola et
al., 2008).

In 2011 a crystal structure of A;aR bound to agonist (UK-432097, “conformational
selective ligand”) was obtained. When compared to the inactive antagonist-bound AR, the
agonist-bound structure displays an outward tilt and rotation of the cytoplasmic half of helix
VI, a movement of helix V and an axial shift of helix III, resembling the changes associated
with the active-state rhodopsin structure. Additionally, a seesaw movement of helix VII and
a shift of the third extracellular loop are likely specific to A,aR and its ligand. The availability
of both agonist- and antagonist-bound A,aR structures now provide the opportunity to solve
the basic question of how ligand binding at the extracellular site of the receptor triggers
conformational changes at the intracellular side, where G-protein and other effectors bind
and initiate the cascade of downstream signaling pathways (Xu et al., 2011).

Adenosine AR can be found both pre- and postsynaptically: presynaptically on the
corticostriatal glutamatergic projections (Hettinger et al., 2001), postsynaptically on the
GABAergic striatopallidal neurons projecting to the globus pallidus, containing the peptide
enkephalin, and enriched with dopamine D;R (Schiffmann and Vanderhaeghen, 1991).

According to a study of Rebola et al., in the striatum, AR are more abundantly located
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outside the active zone and AxR present in nerve terminals were most densely located in the
postsynaptic density fraction, although they could also be identified in the presynaptic active
zone fraction (Rebola et al., 2005b). In addition there is evidence that presynaptic AR are
preferentially localized in cortical glutamatergic terminals that contact striatal neurons of the
direct pathway rather that of indirect pathway (Quiroz et al., 2009), so that there is a
segregation of AR in the corticostriatal synapses, being presynaptic A;aR expressed in
projections of cortical neurons to the medium spiny neurons of the direct pathway and
postsynaptic A;aR expressed in striatopallidal medium spiny neurons of the indirect pathway.
As we will see later, A;aR plays a different role in each location.

The major signal transduction pathway used by AR (Figure 17) includes the
activation of adenylate cyclase by means of G, in general or G in the striatum (Kull et al.,
1999, 2000). Gor activates adenylate cyclase generating cAMP, which activates the AMP-
dependent protein kinase (PKA). PKA regulates the state of phosphorylation of various
proteins, importantly GARPP-32 (dopamine and cAMP regulated phosphoprotein, 32
kDa), which is expressed in very high concentration in the GABAergic efferent neurons
(Kull et al., 1999, 2000). Under basal conditions, DARPP-32 is phosphorylated at Thr75
and inhibits PKA (Nishi et al., 2000). This inhibition can be rescued by dephosphorylation
promoted by protein phosphatase-2A (Nishi et al., 2000). By PKA activation, DARPP-32 is
activated by phosphorylation at Thr34 and it becomes a potent selective inhibitor of protein
phosphatase-1 (PP-1) (Kull et al., 2000). PP-1 inhibits the activation of CREB in the
nucleus. CREB is an important point of convergence of the AR signaling and it can be
activated through pathways activated by G.or G,, subunits, that means by cAMP dependent
or independent pathway and involving ERK signaling or not. In cells expressing B-Raf
(CHO cells or striatum), the cAMP dependent activation of CREB occurs through PKA-
Src-Rap1-B-Raf-MEK-MAPK pathway. Here CREB is only one of many targets of

MAPK. This activation can also occur via activation of Ras-Raf1-MEK-MAPK (Vossler et
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al., 1997). In cells not expressing B-Raf, i.e. HEK cells, activation of MAPK happens via

Ras (Seidel et al., 1999). This signaling pathway is also induced by PLCp activation

(Wirkner et al., 2000) or PI3K-Akt signaling (Lee et al., 2001).

A2AR
)
\_JGs/olf &Sl(‘
us/olf TrkR
* (transactivatior
PP;2A A Cy'clase By
i \cA‘MP

DARPP-32 "= = = = PKA
DARPP-32° 4

\

Ras ————» PI3K

;

B-Raf Rafl =g~ - = = Akt

]

]

MEK 1

]

]

! .

- MAPK .

* Rsk + *
cres 4~ Elk-1 FKHR-L1

o
g
A
'

IR A e e v

——
s
’
’
’
-

Figure 17. AzaR signal transduction. Full lines represent stimulatory effects and dashed line inhibitory effects.

Red lines indicate signaling taking place in nucleus (Fredholm et al., 2007).

ERK1/2 activation in the dorsal striatum is necessary for action-outcome learning
and performance of goal-directed actions. In the ventral striatum, ERK1/2 is necessary for
the motivating effects of reward-associated stimuli on instrumental performance.
Deregulation of ERK1/2 signaling in the striatum by repeated drug exposure contributes to
the development of addictive behavior (Shiflett and Balleine, 2011). ERK1/2 influences gene
expression through its interaction with transcriptional regulators, such as ribosomal s6 kinase

(RSK), mitogen- and stress-activated protein kinase-1 (MSK1) as well as the transcription
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factor Elk-1 (Kelleher et al., 2004). Furthermore, treatments that interfere with ERK
signaling such as the MEK/ERK inhibitors, i.e. U0126, impaired long-term memory
retention (Shiflett and Balleine, 2011). ERK1/2 likely enables corticostriatal plasticity, in
part, through regulation of transcription factors such as cAMP response element binding
(CREB) protein, as disruption of CREB signaling in the striatum prevents striatal LTP and
LTD induction (Pittenger et al., 2006).

Upon agonist stimulation, the AR response “quickly” desensitizes within a time
frame of less than an hour. Desensitization (attenuation of adenylate cyclase stimulation) has
been described in various cellular systems expressing both endogenous and recombinant
AR (Franco et al., 2005b; Mundell and Kelly, 2011; Palmer et al., 1994; Ramkumar et al.,
1991). This rapid desensitization involves A;xR phosphorylation mostly by GRK in the
proximal portion of the C-terminus (Thr298) of AxuR (Palmer et al., 1994). Selective
activation of G-protein by stimulation of the A;sR is predominantly dictated by its third
intracellular loop (in its N-terminal portion) (Olah, 1997). The C-terminal segment seems
to be required for the transition of the AR to the activated state, since its truncation blunts
constitutive activity (Klinger et al.,, 2002). Finally, the C-terminal segment of the AR
seems to be involved in the formation of A;sR-D,R heteromeric complexes and to the
interaction of A;aR with the actin cytoskeleton. A longer agonist exposure induces receptor
internalization, which has been shown to be a necessary step for either resensitization or
down-regulation of AxR through clathrin-coated vesicles (Mundell and Kelly, 2011; Palmer
et al., 1994).

AaR-deficient mice were viable with normal development, suggesting that AR
function may not be critical during neurogenesis. However, they displayed behaviors
reflecting increased anxiety and aggression in males (Ledent et al., 1997). Interestingly,

AR mice were more susceptible than wild type mice to striatal degeneration and weight
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loss caused by a low dosage of 3-nitropropionic acid (3NP) which did not induce glutamate-

related excitotoxicity (Blum et al., 2003).

4.3. Asa receptor heteromer
4.3.1. Postsynaptic A,a receptor heteromers

Postsynaptic AsaR is found in enkephalin medium spiny neurons of the indirect
pathway. It is mainly found perisynaptically to the postsynaptic density in the neck of
dendritic spines, adjacent to dopaminergic synapses (Ferré et al., 2007b) where it can be
found in different populations of heteromers (Figure 18). It can be expressed as A;aR-AzR
homodimer, as A;aR-D,R heterodimer (Ciruela et al., 2006b; Hillion et al., 2002), as AR~
D,R-mGlusR heterotrimer (Cabello et al., 2009) and as A;R-CB;R-D,R heterotrimer
(Navarro et al., 2008).

The antagonistic interactions between the AR and D;R were demonstrated at the
biochemical, functional and behavioral level. The first indication about an antagonist
relationship was obtained from behavioral analysis of Parkinson’s disease animal models
(Fuxe et al., 1974). The use of naturally present AR antagonists like caffeine and
theophylline in combination with L-DOPA and dopamine agonists led to an increase of
motor activity produced by dopaminergic compounds. The first direct clue about the
interaction of AR with D;R was brought by experiments in membrane preparations from
rat striatum, where stimulation of AR produced a decrease in the affinity of DyR for
agonists due to conformational modification in the D,R binding site (Ferre et al., 1991).
This interaction pointed towards the possible existence of AR-D,R heteromer. Similar
results were seen in different cotransfected cell lines (Dasgupta et al., 1996; Kull et al., 1999;
Salim et al., 2000). This was eventually confirmed in 2001 by coimmunoprecipitation and
colocalization experiments in transfected cells and primary neuronal cultures and it was

observed that a prolonged exposition of A>xR and D;R agonists led to co-aggregation, co-
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internalization and co-desensitization of both receptors (Hillion et al., 2002). Finally, in
living co-transfected cells by BRET and FRET experiments it was proved that A;\R and
D:R indeed heteromerized (Canals et al., 2003). From the A;aR and DR negative cross talk,

the use of A;aR antagonists in Parkinson’s disease was proposed.
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forming heteromers with D2R and mGlusR and consequences of these interactions (Muller and Ferre, 2007).

From all the selective A;aR antagonists, KW-6002 was the most interesting
compound. It already underwent full clinical evaluation with hopeful results, by the time this
thesis was written Kyowa Pharmaceutical Inc., the patent owner of KW-6002 under the
name of Istradefylline, has not yet received the marketing approval neither for USA nor for
Japan. After first positive results obtained from animal models, rodents and monkeys (Fenu
et al., 1997; Kanda et al., 1998, 2000), it was started to be taken by patients on clinical trials.
The first, proof of concept trial, with KW-6002 was performed in 2003 (Bara-Jimenez et al.,
2003). Results from first smaller clinical tests (Bara-Jimenez et al., 2003; Guttman et al.,
2007; Hauser et al., 2003) showed certain positive results. KW-6002 alone provided no

antiparkinsonian response in moderately advances Parkinson’s disease patients, in contrast to
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the normalization of locomotor function that had been observed in primates. However,
consistent with primate studies was the observation that the antiparkinsonian response could
be maintained with less dyskinesia by using Istradefylline in combination with lower L-
DOPA doses. In addition, the prolongation of the efficacy half-time following
discontinuation of a L-DOPA infusion suggested that Istradefylline might reduce “off-time”
in patients with motor fluctuations on L-DOPA. “Off-time” refers to periods of the day
when the medication is not working properly, causing worsening of parkinsonian symptoms,
these periods become more frequent as the Parkinson’s disease progresses.

Larger clinical trials brought similar results (Ferndndez et al., 2008; LeWitt et al.,
2008). To resume it, KW-6002 reduced the “off-time” in moderate to advanced Parkinson’s
disease patients already receiving dopaminergic therapy, with an increase in non-troublesome
dyskinesia. However, the effect on motor function has not been statistically significant in all
studies and other side effects were present in some patients (Jenner et al., 2009). Despite the
positive findings, in 2008 Kyowa Pharmaceuticals received a “Not approvable” letter from
the US Food and Drug Administration (FDA), suspended its development in US, but later
on decided to perform further studies in Japan. Importantly, in Parkinson’s disease patients
KW-6002 has yet to be tested under similar circumstances to those that revealed positive
effects in rodent and primate studies. For example, KW-6002 may be co-administrated with
a sub-optimal dose of dopamine agonists or L-DOPA, instead of with the optimal doses
used so far in clinical trials and to be proven in patients with less advanced Parkinson’s
disease. Besides KW-6002, other A;xR antagonists are in clinical trials, for example SCH-
420814 (Merck-Schering), SYN-115 (Roche), vipadenant, ST-1535 (Armentero et al.,
2011).

Similar approaches were used to demonstrate the AR interaction with
metabotropic glutamate receptor type 5 (mGlusR). AxuR co-immunoprecipitates with

mGlusR in co-transfected cells and colocalized in striatal tissue (Ferré et al., 2002).
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Radioligand binding assays in rat striatum membranes showed that stimulation of mGlusR
also produced a decrease in the affinity of D1R for its agonists. Moreover, when A;aR and
mGlusR were simultaneously stimulated the inhibitory effect on DR was stronger that the
reduction induced by stimulation of either receptor alone (Popoli et al., 2001), indicating a
possible existence of A2aR-D>R-mGlusR heteromer.

In addition to the cross talk at the level of ligand binding, there is a strong
antagonistic interaction between A;sR and D,R at the second messenger level, which may
not depend on the heteromerization. Stimulation of D,R, which are coupled to inhibitory
Gyie, counteracts adenylate cyclase activation induced by stimulatory Gge-coupled AR
(Hillion et al., 2002; Kull et al., 1999). Stimulation of AR activates adenylate cyclase with
consequent activation of the protein kinase A (PKA) signaling pathway and induction of the
expression of different genes, such as c-fos and preproenkephalin, by the constitutive
transcription factor CREB (Ferré et al., 1997, 2005). In AMPA receptor phosphorylation
(Hékansson et al., 2006), which is important for the development of plastic changes at
glutamatergic synapses, including recruitment of AMPA receptors to the postsynaptic
density (Song et al., 2002). However, under basal conditions, stimulation of AxR poorly
activates cAMP-PKA signaling or increases gene expression owing to strong tonic inhibition
of adenylate cyclase by D,R stimulation with endogenous dopamine (Ferré et al., 1997,
2005; Lee et al., 2002). In accordance, systemic administration of selective A2aR agonists did
not lead to an increase of striatal c-fos expression in rats (Karcz-Kubicha et al., 2006).
Nevertheless, stimulation of mGlusR agonists did induce an increase in striatal expression of
c-fos (Ferré et al., 2002). mGlusR also activated MAPK in transfected cells and striatal slices
(Ferré et al., 2002) and potentiated AR signaling in a MAPK-dependent manner (Nishi et
al., 2003), so A;xR-mGlusR and possibly A:xR-D;R-mGlusR heteromers are able to

modulate plastic changes in the striatum. Indeed, pharmacological or genetic inactivation of
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AR or mGlusR impaired corticostriatal LTP (d” Alcantara et al., 2001; Gubellini et al.,
2003).

Even if the signaling of A;aR under normal conditions is depressed by endogenous
dopamine levels, it can have an effect upon DR ligand binding as described previously in
this thesis and consequently upon its signaling via PLC implicated in the activation of L-
type voltage dependent L-VDCC channels (Nicola et al., 2000). This in fact is the main role
of AR inhibitory regulation of D;R stimulation in the striatum and is independent of
cAMP-PKA signaling (Dasgupta et al., 1996; Ferré et al., 2008). According to Azdad et al.
the DoR-mediated suppression of NMDA-induced depolarized plateau is mediated by the
suppression of LVDCC calcium channels (type Cavl-3a) current through the D,R
activation of PLC signaling cascade involving the activation of calcineurin and
dephosphorylation of these channels. The AxR is able to counteract this D,R-mediated
suppression of NMDA-induced depolarized plateau via a direct A2aR-D:R interaction at the
membrane level through heteromerization (Azdad et al., 2009). This consequently leads to
firing of the indirect pathway’s medium spiny neurons, that is, to motor inhibition. Thus,
central or local administration of A; R agonists produced a pronounced decrease in motor
activity (Ferré et al., 1997). Furthermore, AR agonists and antagonists selectively
counteract and potentiate, respectively, the motor activation and decrease in neuronal firing
and neurotransmitter release that are induced by dopamine DR agonists (Ferré et al., 1993,
1997; Stromberg et al., 2000). In different behavioral models, mGlusR agonists and
antagonists produced similar effects as A>aR agonists and antagonists, respectively, upon the
DR motor control. So a selective mGlusR agonist preferentially inhibited motor activation
induced by DR agonists (Popoli et al., 2001), whereas mGlusR antagonists counteracted the
effects of D2R antagonists (Ossowska et al., 2001). Furthermore, A;aR and mGlusR agonists
and AR and mGlusR receptor antagonists also showed synergistic effects at the behavioral

level (Ferré et al.,, 2002; Kachroo et al., 2005; Popoli et al., 2001). A;aR-D:R-mGlusR
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receptor interactions provide the rationale for the possible application of mGlusR antagonists
or combined AR and mGlusR antagonists in Parkinson’s disease (Ferré et al., 1992, 1997,

Jenner, 2005; Kachroo et al., 2005; Ossowska et al., 2001).

4.3.2. Presynaptic A,a receptor heteromers.

At presynaptic level AxnR is found in glutamatergic terminals innervating
dynorphinergic medium spiny neurons of the direct pathway (Quiroz et al., 2009; Rosin et
al., 2003). Here it forms heteromers with other presynaptically located receptors, like AR
(Ciruela et al., 2006a) (Figure 19). It was surprising at first to consider a heterodimer
controlled by the same neurotransmitter, adenosine, formed by a stimulatory and an
inhibitory receptor. As A;R and AR are coupled to Gy, and Gye-proteins, respectively
(Fredholm et al., 2001; Kull et al., 1999), stimulation of presynaptic A;R decreases the
probability of neurotransmitter release, whereas activation of presynaptic A;aR enhances
neurotransmitter release (Lopes et al., 2002; O’Kane and Stone, 1998; Quarta et al., 2004;

Whu et al.,, 1997; Yawo and Chuhma, 1993).

Striatal glutamatergic terminal

cAMP-PKA

Figure 19. AR in the presynaptic terminal. A>aR forming heteromers with AiR and regulating glutamate

release in the cortical synapse (Ferré et al., 2007c).
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The evidence for functional antagonistic interactions between A;R and AR
modulating glutamate release in the striatum and hippocampus was provided earlier by many
studies (Lopes et al., 2002; O’Kane and Stone, 1998; Quarta et al., 2004). The physical
interaction was demonstrated by BRET, TR-FRET and co-immunoprecipitation in 2006
(Ciruela et al., 2006a) and it was elucidated that the A;R-AzR heteromer indeed played a
very important role in the glutamate release control in the striatum and that it was the
concentration of extracellular adenosine that decided about the outcome. Because of that, the
role of A;R-A;R heteromer is also called a concentration dependent switch. As mentioned
before, the affinity of AR to adenosine is better (Kp=70 nM) than its affinity to AR
(Kp=150 nM) (Fredholm et al., 2001). The physiological concentration of adenosine lies
between this range (Delaney and Geiger, 1996) and is sufficient to activate both receptors, if
they are abundantly expressed (Fredholm et al., 2007). The extracellular levels of adenosine
increase locally as a function of neuronal firing and synaptic activity (Schiffmann et al,,
2007). So, under basal conditions, the relatively low extracellular levels of adenosine
preferentially bind to and stimulate A;R and this preferential stimulation in the A;R-A; R
heteromer inhibits glutamatergic neurotransmission. Under conditions of dramatic
adenosine release, AR activation in the A;R-AaR heteromer would block Ai;R-mediated
function, with the overall result of a facilitation of the evoked release of glutamate (Ciruela et
al., 2006a).

The inhibitory effect of A;R on striatal glutamate release probably involves
inhibition of N- and P/Q-type VDCC by G,, -protein subunits; this is the most commonly
reported mechanism for inhibition of neurotransmitter release by Gyo,-coupled receptors,
including AiR (Jarvis et al., 2001; Yawo and Chuhma, 1993). The stimulatory effect of A;aR
on striatal glutamate release is probably related to their ability to activate cAMP-PKA
signaling as this mechanism has been shown for AxR induced acetylcholine release in the

striatum, GABA release in the globus pallidus and serotonin release in the hippocampus
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(Gubitz et al., 1996; Okada et al., 2001; Shindou et al., 2002). This effect is related to the
ability of PKA to phosphorylate different elements of the machinery that is involved in
vesicular fusion (Leenders and Sheng, 2005).

The postsynaptic A;aR can also control the glutamate release indirectly, and that
happens in the indirect pathway. In enkephalinergic medium spiny neurons, the postsynaptic
AR can control the endocannabinoids production acting on presynaptic CB:R, which
coupling to G; controls glutamate release in different brain areas (Freund et al., 2003;
Piomelli, 2003). Using targeted whole-cell recordings from direct- and indirect-pathway
medium spiny neurons, Lerner et al. demonstrated that A;sR antagonists potentiated 2-AG
(2-Arachidonoylglycerol) release and induced LTD in indirect-pathway medium spiny
neurons, but not the ones from the direct pathway. This suggested that A;aR antagonists can
produce locomotor activation by disinhibiting a tonic A;aR-mediated inhibition of D,R-

mediated endocannabinoid release in the enkephalinergic medium spiny neurons (Lerner et

al., 2010).

4.4. Adenosine receptor in Huntington’s disease.
4.4.1. Huntington’s disease and huntingtin.

Huntington’s disease (HD) is an autosomally dominant inherited progressive
neurodegenerative disorder characterized by motor, cognitive and psychiatric impairments. It
was named after Dr. George Huntington who first described it in 1872. Patients typically
present motor disturbances as chorea (jerky, random and uncontrollable dance-like
movements), which explains the middle age name for HD, the St. Vitus’ dance (Walker,
2007).

HD affects about 5 individuals per 100.000 and the primary cause is a mutation of
the huntingtin gene that leads to an aberrant amplification of CAG (cytosine, adenine and

guanine) repeats resulting in a longer polyQ_(poliglutamine) in the N-terminus of the
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huntingtin protein, a fact that leads to serious pathological consequences. Normal alleles at
this site contain up to 35 CAG repeats, but when they reach 41 or more, the disease
manifests. With 36 to 40 repeats the disease may or may not manifest. The huntingtin gene
(denominated IT15) is located in the short arm of chromosome 4 (4p16.3) and was found in
1993. HD generally starts to manifest in the fourth life decade, but a juvenile form (onset
before 20 but as early as 1 year of age) also exists and occurs with a very high number of
CAG repeats.

In the prediagnostic phase individuals might become irritable, multitasking becomes
difficult and forgetfulness and anxiety appears. In the diagnostic phase the affected
individuals show distinct chorea, incoordination and motor impersistence. Patients with
early-onset Huntington’s disease might not develop chorea, or it might arise only transiently
during their illness. Most individuals have chorea that initially progresses but then, with later
onset of dystonia and rigidity, it becomes less prominent (Walker, 2007). Cognitive
dysfunction in HD often spares long-term memory but impairs executive functions, such as
organizing, planning, checking or adapting alternatives, and delays the acquisition of new
motor skills. These features worsen over time; speech deteriorates faster than
comprehension. As motor and cognitive deficits become severe, patients eventually die,
usually from complications of falls, inanition, dysphagia or aspiration. Typical latency from
diagnosis to death is 20 years (Walker, 2007). In spite of a unique and known origin of the
HD, a monogenic disease, no effective treatment to influence the onset or the progression is
presently available.

In 1976 the first induced excitotoxic mouse model (Coyle and Schwarcz, 1976) and
in 1996 the first transgenic mouse model (Mangiarini et al., 1996) were developed and
several drugs passed to clinical trials with a large investigation going on. At the laboratory
level HD is usually studied in cell cultures (Lunkes and Mandel, 1998) and in animal models

such as Caenorhabditis elegans (Faber et al., 1999), Drosophila melanogaster (Marsh et al.,
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2003) and rat (von Horsten et al., 2003). The fly and mouse models consistently show
neuronal polyglutamine inclusions and indicate that this pathology is dependent on
polyglutamine length, it has a late onset, is progressive and degenerative and with neuronal
dysfunction followed by neuronal death. The most studied and best-characterized transgenic
mice models up to date are the R6/1 and R6/2 models. R6/1 mice express one copy of N-
terminal fragment of human huntingtin with 115 CAG repeats and R6/2 express three
copies with about 150 CAG repeats. R6/1 are sometimes compared with the adult and R6/2
with the juvenile form of HD (Mangiarini et al., 1996). The last years a simian model (Yang
et al., 2008) and a sheep model were developed (Jacobsen et al., 2010).

Huntingtin is a large completely soluble protein of about 3,144 amino acids and 348
kDa. It is ubiquitously expressed, with the highest levels in the central nervous system
neurons and the testes (Ferrante et al., 1997; Fusco et al., 1999). It is found mostly in the
cytoplasm, although in lesser amounts also in the nucleus (Kegel et al., 2002). In cytoplasm
it is associated with various organelles, endoplasmic reticulum, Golgi complex, both clathrin-
coated and non-coated endocytic and autophagic vesicles, endosomal compartments, plasma
membrane, microtubules and mitochondria (DiFiglia et al., 1995; Kegel et al., 2002). In
neurons is found in soma, dendrites, axons and in nerve terminals (Li et al., 2003b).

The crystal structure of huntingtin is still not known and there are only some
identified motifs in the primary amino acid sequence with a defined function. At the very N-
terminus beginning at the 18™ amino acid it is found the critical polyQ region. In unaffected
individuals, contains from 7 to 35 glutamine residues. Perutz et al. showed that this portion
forms a polar zipper structure, and suggested that its physiological function is to bind
transcription factors that contain a polyQ_region (Perutz et al., 1994). It has now been
shown that wild-type huntingtin interacts with several partners and that the polyQ_tract is a

key regulator of such binding (Harjes and Wanker, 2003; Li and Li, 2004).
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PolyQ_region is followed by a number of prolines, polyQ_stretch, which might help
with solubility (Steffan et al., 2004). Downstream of these regions there are several so-called
HEAT repeats, of about 40 amino acids, which are involved in interactions with other
proteins (Neuwald and Hirano, 2000). There are two targeting sequences: nuclear export
signal and nuclear localization signal (Xia et al,, 2003). Both wild type and mutated
huntingtin can be proteolytically cleaved by caspases and calpains (Gafni and Ellerby, 2002;
Wellington et al., 1998) in different sites, not all well defined yet, and it is known that some
cleavages occur preferentially in striatum and other in cortex (Mende-Mueller et al., 2001).
The contribution of huntingtin proteolysis to cell function is not clear. However,
modification in the activity of caspase and calpain reduce the proteolysis and toxicity of the
mutant protein, and delay disease progression (Wellington et al., 2000).

It is not well known if HD is caused by the absence of the normal functions of
huntingtin or by acquired pathological functions of the mutated protein (Cattaneo et al.,
2001). Huntingtin protein is essential for normal embryonic development (Nasir et al., 1995;
Wexler et al., 1987), it is also important for neuronal survival (Dragatsis et al., 2000) and
neuroprotection (Cattaneo et al., 2001; Gervais et al., 2002; Humbert et al., 2002; Leavitt et
al., 2006; Rigamonti et al., 2000; Zeron et al., 2002). At synaptic terminals, huntingtin is
involved in the control of synaptic transmission (Smith et al., 2005; Sun et al., 2001; Zeron
et al., 2002). Many of these functions are lost or affected when the mutation is present. In
addition, the mutated huntingtin brings toxicity that cannot be explained by the loss of the
physiological function. The late-onset of the disease reminds Alzheimer’s disease since there
is a production of toxic protein fragments (Temussi et al., 2003). Aggregates of cleaved or
entire mutated protein accumulate in different conformations, together with bound proteases
in the cytoplasm and also in the nucleus (Wellington et al., 1998) of all the cells in the brain
and body. It is not known if these aggregates are toxic (Cooper et al., 1998; Hackam et al.,

1998; Yang et al, 2002), are not harmful (Kuemmerle et al., 1999) or are even
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neuroprotective (Arrasate et al., 2004; Truant et al., 2008), or if the fragments are more or
less toxic than the entire mutated protein. Possibly the smaller fragments but not the larger
aggregates are toxic and have negative effects on synaptic transmission (Li et al., 2003a).

Huntingtin’s mutation leads to neurodegeneration of specific brain areas, as it is
clearly visible in postmortem HD individuals’ brains. These regions comprise the striatum
and, in a lesser extent, cortex, hippocampus and cerebellum (Vonsattel and DiFiglia, 1998).
Interestingly, the first and most affected neurons are the medium spiny neurons (MSN) that
are selectively or preferentially vulnerable in HD (Graveland et al., 1985). It is interestingly
to note that the enkephalinergic MSN are more vulnerable than the dynorphinergic ones
(Albin et al., 1992; Reiner et al., 1988; Richfield et al., 1995) (Figure 20). The primary
dysfunction and latter degeneration of enkephalinergic neurons lead to the manifestation of
typical hyperkinetic symptoms of HD, chorea and dyskinetic movements as it is logically
attributed to the gradual diminution of the inhibitory output of the indirect pathway. Later,
when dynorphinergic MSN and nigrostriatal neurons also degenerate, chorea is replaced by a
lack of movements due to the total dysfunction of basal ganglia circuitry (Glass et al., 2000).
It is important to note that it is not fully elucidated why MSN are the most affected neurons
in HD.

The degenerative process of MSN was described by Ferrante et al. (Ferrante et al,,
1991). Degenerative changes were characterized by truncated dendritic arbors, spine loss and
irregular focal swellings along dendrites. Dendritic arbors are highly dynamic structures,
exhibiting frequent branch additions and retractions and maintenance of synaptic input is
critical for dendritic stability (Coleman and Riesen, 1968; Jones et al., 1962; Sfakianos et al.,
2007). Inversely, lack of synaptic input leads to dendritic loss. Nevertheless, the dendritic
loss can also be caused by an excessive synaptic stimulation. This phenomenon is called
excitotoxicity. Striatal MSN receive a strong glutamatergic input from cortex, and glutamate

receptor agonists reproduced HD symptoms in excitotoxic HD animal models (Beal et al.,
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1986; Popoli et al., 1994). Glutamate sensitivity depends in part on the NMDA receptors.
NMDA receptors from MSN contain higher amounts of NR2B in their subunit compo-
sition than do neurons in other brain regions. This isoform is more susceptible to glutamate
activation. Enkephalin neurons interestingly express even higher amounts of NR2B than the
dynorphin neurons (Cepeda et al., 2001; Jarabek et al., 2004), which could also contribute to

their higher excitotoxicity vulnerability.
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Figure 20. Degeneration of striatal neurons in HD. Gradual degeneration of striatal neurons in the first (grade
0) and late grades (3) of the HD compared with a healthy state (normal). Disappearance of the nervous
projection in a dashed line. Disappearance of the AR, DiR, DR, CBiR receptors staining: (grey boxes).
ENK: enkephalin, SP: substance P, SNc and SNr: Substantia nigra pars compacta and reticulata, respectively
(Glass et al., 2000).

4.4.2. Adenosine A,; receptors in HD.

A comparative study of cannabinoid CB1, dopamine D; and D,, adenosine A,a and
GABAA receptor expression in the basal ganglia of graded HD revealed a complex pattern of
degeneration. While loss in dopamine receptors appears to correlate with cell death
progression, A;aR and CB;R exhibit a much more pronounced reduction in all regions

suggesting that their dysfunction is occurring prior to cell death (Glass et al., 2000).
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From an autoradiography experiment using the AR agonist ["H] CGS-21680
performed in post mortem brain slices of patients in early (grade 0), intermediate (grade 1
and 2) and late (grade 3) neuropathological grades of HD, it was demonstrated that the
expression of A;uR gradually decreases in the basal ganglia of HD patients (Figure 21). In
control brains AR binding was fairly homogeneous within the caudate nucleus and
putamen. A dramatic loss of A;1R binding was observed in grade 0 (35% of controls), it was
a further dramatic decrease in A;aR binding in grade 1 (12% of controls) and more advanced
cases showed no detectable AR binding. As for the dopamine receptors, the binding
appeared to decline in a heterogeneous fashion, with irregular shaped patches of receptors
declining slightly more rapidly that the receptors in the surrounding regions. In the globus
pallidus, A;aR were present only within the globus pallidus externum where a dramatic and
total loss occurred in the very earliest stages of HD (Glass et al., 2000).

*H-CGS21680 (Aza)

CONTROL

C GRADE | D GRADE 3

Figure 21. Az receptors in HD. Gradual disappearance of the AzaR, stained by [*H] cgs-21680 binding, in the
slices of human striatum in gradual states of the progression of the disease; Pu: putamen, GPe and GPi: globus

pallidus externum and internum, CN: caudate nucleus (Glass et al., 2000).
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Similar experiments were performed in transgenic HD mouse model by Cha et al.
(Cha et al., 1999) in brain slices of R6/2 mice in different disease stages (at 2, 4, 8 and 12
postnatal weeks). Compared to the wild type mice, AR levels were normal at two weeks of
age, but significantly decreased by four week and they were only about 10% of the control at
12 week, when R6/2 develop neurological symptoms but without evidence of neuronal loss
(Mangiarini et al., 1996). Similar results were also seen with R6/1 transgenic mice. D2R and
AR binding was decreased as early as three months age, that means before the R6/1
animals became symptomatic (between 15 to 21 weeks of age) (Cha et al., 1999). From the
above mentioned autoradiography experiments it is not possible to discriminate between loss
of agonist binding and loss in agonist affinity. When the A;AR expression was determined
using the AR antagonist ["H] ZM-241385 in saturation binding experiments in R6/2
mouse striatal membrane, an initial increase in B at the postnatal day 9-14, was followed
by a decrease before the postnatal day 21 without differences in the antagonist ZIM-241385
binding affinity (Tarditi et al., 2006). Giving more complexity, Bmwx and ZM-241385
binding affinity was increased in human peripheral blood cells from both symptomatic and
presymptomatic HD patients (Varani et al., 2003). Similar results were observed using the
AsaR antagonist SCH-58261 and striatal cell line expressing a mutant huntingtin (Varani et
al., 2001).

The role of A;aR in HD is being recently investigated. It was demonstrated that
total AR knock-out mice were more susceptible than wild type mice to striatal
degeneration and weight loss caused by a low dosage of 3NP intoxication that did not induce
glutamate-related excitotoxicity (Blum et al., 2003). Very recently, the pathophysiological
consequences of genetic deletion of A;sR in HD have been studied by crossing A;\R
knockout mice with the N171-82Q_HD transgenic model of HD. Knockout of A;aR worsen
moderately but significantly motor performances and survival of N171-82Q_mice and leaded

to a decrease in striatal enkephalin expression. These results supported that early and chronic
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blockade of A2xR might not be beneficial in HD (Mievis et al., 2011) but, with this model, it
cannot be discarded additional alterations in other protein or receptor expression due to

genetic manipulation that can influence the results.

4.4.3. Asa receptor antagonists in HD treatment.

In recent years several works have been published studying the effects of AxnR
antagonists in HD animal models but they did not bring clear results. It was observed that
AsaR agonists (CGS-21680) as well as antagonists (SCH-58261, ZM-241385) were able to
improve the HD pathology. It was observed that the benefit of the effect depended on the
dose used, including absolutely opposing outcome. Heteromers specificity was not
considered in any of the cases and it was concluded that the mixture of pre- and postsynaptic
effects is always present and cannot be eliminated (Chou et al., 2005; Cipriani et al., 2008;
Domenici et al., 2007, 2007; Gianfriddo et al., 2004; Minghetti et al., 2007; Popoli et al.,
2002; Scattoni et al., 2007).

First experiments were made in excitotoxic animal models. A;aR antagonist SCH-
58261 showed neuroprotective effects in an excitotoxic HD rat model. The main mechanism
of its effect was the inhibition of quinolinic acid (QA)-evoked increase in extracellular
glutamate. SCH-58261 administered at low doses, but not at high doses, before the striatal
injection of QA reduced the effects of QA on motor activity, electroencephalographic
changes and striatal gliosis (Popoli et al., 2002). This result was confirmed in transgenic
R6/2 mice, where SCH-58261 administered through microdialysis into the striatum
significantly decreased the glutamate outflow (Gianfriddo et al., 2004). The beneficial effect
of this antagonist was also evaluated in the same mice model but in the presymptomatic
phase. One week treatment with SCH-58261 before the appearance of symptomatic
phenotype prevented emotional/anxious behavior and electrophysiological alterations but

tended to exacerbate the motor coordination impairment in R6/2 mice (Domenici et al.,
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2007). The authors speculate that SCH-58261 administration between the fifth and sixth
week of life might interfere with the modulatory role of A;aR on the activity of other systems
and/or receptors. When the effect of SCH-58261 in R6/2 animal model was studied in
symptomatic phases, after the administration of SCH-58261 for two weeks, R6/2 mice did
not alleviate motor coordination alteration and only led to modest motor improvement in the
inclined plane test (Cipriani et al., 2008).

The AxxR agonist CGS-21680 five-week treatment (starting from the seventh week)
in R6/2 mice improved motor coordination, reduced the loss of brain weight and the size of
neuronal intranuclear inclusions in R6/2 mice (Chou et al., 2005), suggesting that in the
frankly symptomatic phase of the disease the treatment with the AR agonist, rather than
the antagonist, could be beneficial. In agreement with these results, Martire et al. have
shown beneficial effects of CGS-21680 but only in symptomatic phases of HD in R6/2
mice. Interestingly, upon the activation of A;aR opposite modulation of NMDA-induced
toxicity occurred in wild type versus HD mice. In 12 to 13 weeks old animals CGS-21680
treatment helped the recovery from the NMDA-induced toxicity (measuring the recovery of
extracellular field potentials) in the striatum in HD but worsened the recovery in wild type
mice. In early symptomatic (7 to 8 weeks) mice, no differences were observed between wild

type and HD animals in terms of basal synaptic transmission and response to NMDA

(Martire et al., 2007).
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5. Cannabinoid receptors.
5.1. CB; receptors.

Cannabis, or marijuana, has been used for centuries, but its major psychoactive
constituent, A’-tetrahydrocannabinol (A’-THC), was not identified until 1960s (Gaoni and
Mechoulam, 1971). In 1990 the first cannabinoid receptor was identified and named CB;R
(Matsuda et al., 1990) and was followed three years later by CB,R (Munro et al., 1993).
CB:R was initially thought to be expressed mainly in the immune system (Pertwee, 1997)
nevertheless, its presence was later described in glial cells (Nufiez et al., 2004; Sinchez et al.,
2001; Walter et al., 2003). More recently several works reporting its expression in neuronal
cells appeared (Ashton et al., 2006; Brusco et al., 2008a, 2008b; Gong et al., 2006; Steindel
et al., 2013; Winters et al., 2012).

The endogenous agonists of cannabinoid receptors are endocannabinoids. The first
identified endocannabinoid was anandamide, making reference to the Sanskrit name for bliss
or happiness, ananda (Devane et al., 1992). Later described, 2-arachidonoylglycerol (2-AG)
was found to be 200 times more abundant than anandamide (Stella et al., 1997; Sugiura et
al., 1995). Apart from anandamide and 2-AG, other endocannabinoids were identified, as
noladin ether (Hanus et al., 2001), virodhamin (Porter et al., 2002) and N-
arachinodoyldopamine (Huang et al., 2002).

All the endogenous ligands are lipidic and are biosynthesized from distinct
phospholipidic precursors present in cell membranes by Ca*-dependent synthetizing
enzymes also located at the plasma membrane (Bisogno et al., 2003; Okamoto et al., 2004).
The enzymes necessary for the anandamide biosynthesis are the Ca®-dependent N-
acyltransferase and N-acylphosphatidylethanolaminephospholipase D. For the 2-AG
biosynthesis, the main enzymes involved are the Ca**-dependent and Gy-11-coupled receptor-
activated phospholipase C and diacylglycerol lipase (DGL). The fact that the biosynthesis

comes from membrane phospholipids indicates that these compounds are not stored in
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vesicles like other neurotransmitters but upon demand are synthetized, released to the
extracellular space and cross the membrane due to their lipidic nature although there are
several pieces of evidence that both releasing and recapturing transporters exist (Beltramo et
al., 1997; Hillard et al., 1997), but up to now it was not possible to identify them (Ligresti et
al., 2004). Interestingly, activation of D;R in the striatum increases anandamide but not 2-
AG production (Ferrer et al., 2003; Giuffrida et al., 1999). Similarly, activation of NMDA
receptors in cortical neurons was shown to increase 2-AG release whereas only simultaneous
activation of NMDA and a-7 nicotinic receptors led to anandamide release (Stella and
Piomelli, 2001). Endocannabinoids are degradated by presynaptically located
monoacylglycerol lipase (Dinh et al., 2002) and by postsynaptically located fatty acid amide
hydrolase (FAAH) (Egertovi et al., 2003).

Cannabinoid effects include euphoria, relaxation, hypolocomotion or even catalepsy,
tachycardia, vasodilatation, hypothermia, immunosuppression and increase of appetite
(Ameri, 1999; Di Marzo et al., 2004; Piomelli, 2003). The generalized effect of cannabinoid
application in the brain leads to motor suppression.

CB:R belongs to GPRC family A (Figure 22). CB1R is an exception of this receptor
family, as it does not have a disulfide bond in the second extracellular loop, but it does
contain one in the third extracellular loop and it does not have a Pro residue in the fifth
transmembrane domain. It can be glycosylated in three loci and its molecular weight can
differ up to 10 kDa (Nie and Lewis, 2001). Cannabinoid CB1R is the most abundant GPCR
in the brain (Katona and Freund, 2008). Within the central nervous system, CB:R are
densely distributed in the basal ganglia, hippocampus, cerebral cortex and cerebellum, with

low to moderate expression in the diencephalon, brainstem and spinal cord (Glass et al.,

1997; Herkenham et al., 1990).

87



CB1 00OCOC000000G, CB2

..lII.I...........O.I..I..
OO00000C0CT, Extracellular

00/0009960980L, 0
® OO 264
OO0 ooooc.. e io.ooo.t.o... 179

¢!
. nuuo‘

99 00000090009090009000000300000%
9600000008000 0

Figure 22. Human CB: and CB; receptors’ structure. In black are represented conserved amino acids in both

CBiR and CB2R. Glicosylation sites are marked with ¢ (Shire et al., 1996).

The main CB:R signaling pathway is mediated by coupling to inhibitory Gy,
proteins, thus inhibiting adenylate cyclase (Howlett et al., 1986). Interestingly, under some
conditions, CB1R can also couple to stimulatory G, proteins, being a promiscuous G-protein
coupling receptor. This occurs, for example upon pretreatment with PTx (Bonhaus et al.,
1998) or in CB1R-D,R heteromer (Bonhaus et al., 1998; Glass and Felder, 1997; Jarrahian
et al., 2004; Kearn et al., 2005). D;R normally couples to G; as well as CB1R but when they
form heteromers, the receptor pair couples to only one G-protein that is G; (Jarrahian et al.,
2004). This was seen to happen constitutively (Jarrahian et al., 2004) but some works
reported that Gyer protein-dependent adenylate cyclase activation needs co-stimulation of
both receptors (Glass and Felder, 1997; Kearn et al., 2005). CB:R stimulation leads to
activation of ERK1/2 via both PKA dependent (G.,) and independent pathways (via G,, or
independently of G-protein via B-arrestin). In PC12 cells, upon PTx pretreatment, CB:R
signaling was via ERK1/2 even when signaling via G; was blocked. It is interesting to note

that this signaling pattern only occurs with the addition of the agonist HU210 (Scotter et al.,
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2010). Recent work showed that a single amino acid in the second intracellular loop is
responsible for the preferential G; or G, coupling (Chen et al., 2010).

The CB1R-mediated Gyo,-dependent signaling via ERK1/2 seemed neuroprotective
in a HD cellular model. Conversely, G,-mediated signaling induced by a promiscuous
agonist, i.e. HU210 upon PTx pretreatment or by increasing cAMP levels led to an increase
of huntingtin aggregates associated with cellular death (Scotter et al., 2010). The CB:R-
mediated activation of the ERK1/2 pathway, c-Fos and Krox-24 was seen strongly
implicated in the protection against glutamate toxicity (Marsicano et al., 2003). Several in
vivo studies have shown a robust up-regulation of c-Fos and Krox-24 in specific neuronal
populations within the striatum (Glass and Dragunow, 1995; Valjent et al., 2001) and
hippocampus (Derkinderen et al.,, 2003; Marsicano et al., 2003; Valjent et al., 2001)
following cannabinoid treatment. Krox-24 and c-Fos are physiologically regulated by CB:R
in specific neuronal cells and are likely involved in neuronal long-term changes induced by
cannabinoids. Krox-24 has been associated with important biological functions such as the
stabilization of long lasting long-term potentiation (Dragunow, 1996; Hughes et al., 1998),
cell differentiation (Krishnaraju et al., 1995; Pignatelli et al., 1999; Sukhatme et al., 1988), as
well as cell survival or death signal in neuronal cells (Pignatelli et al., 1999, 2003). CB1R also
activate PKB/Akt and phosphoinositols-3-kinase signaling pathways (Bouaboula et al.,
1995; Gémez del Pulgar et al., 2000; Pertwee, 1997). CB:R inhibit voltage dependent
calcium channels of both type N and P/Q_and stimulate rectifying potassium channels
(McAllister and Glass, 2002).

In the striatum, CB:R are mainly localized at synapses established between
glutamatergic terminals and GABAergic (both enkephalinergic and dynorphinergic) neurons
(Martin et al., 2008) and play a pivotal role in the inhibitory control of motor behavior
(Katona and Freund, 2008; Pazos et al., 2008). In the corticostriatal synapse CBiR are

mainly localized presynaptically but in lesser amounts also postsynaptically (Kofalvi et al.,
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2005; Mityis et al., 2006; Pickel et al., 2004, 2006; Rodriguez et al., 2001; Uchigashima et
al., 2007). The main physiological function of cannabinoids at these synapses is to regulate
the neurotransmitters release (Freund et al., 2003; Katona et al., 2006; Marsicano et al.,
2003).

One of the best-studied functions of endocannabinoids is their retrograde signaling
with stimulation of presynaptic CBiR and the consequent inhibition of neurotransmitter
release. In both hippocampus and cerebellum it was shown that activation of postsynaptic
neurons resulted in the release of endocannabinoids from these neurons (Kreitzer and
Regehr, 2001; Ohno-Shosaku et al., 2001; Wilson and Nicoll, 2001). Then, the endogenous
ligands act as retrograde signaling molecules to inhibit presynaptic calcium influx in axonal
terminals and, subsequently, reduce the neurotransmitter release. 2-AG, rather that
anandamide, seems to be mainly responsible for endocannabinoid-mediated retrograde
signaling in the striatum and, probably in other brain areas (Hashimotodani et al., 2007).

Synthetic cannabinoid receptor agonists were classified into four families according
to their chemical structure. The classical agonists, including HU210, show similar structure
to THC. The non-classical agonists, i.e. CP-55,940, are similar to the classical ligands but
they do not contain the anillopyran ring. The aminoalquilindol family agonists, i.e. WIN-
55,212-2, present a different chemical structure and, as it was described, bound to the
receptor in a different binding site compared to the other agonists. The last family of

eicosanoids, i.e. ACEA, bears a very similar structure to endocannabinoids (Lambert and

Fowler, 2005).

5.2. CBi receptor heteromers.
In the striatal MSN, CBiR can be found in different heteromers at the pre- and
postsynaptic level in the corticostriatal synapse. These heteromers are different in the direct

and the indirect pathway according to the differential distribution of the partner receptors,
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namely AR and DyR. To the described CB;R heteromers belong the CB;R-CB:R
homodimers (Wager-Miller et al., 2002), A2xR-CB:R (Carriba et al., 2007), CB;R-D,R
heterodimers (Marcellino et al., 2008) and A;sR-CB;R-D,R heterotrimers (Navarro et al.,
2008).

The exact distribution of these receptor heteromers and their contribution to the
control of motor function is being investigated and is not yet fully elucidated, although many
pieces of partial knowledge are available. As previously mentioned, at the presynaptic level
CB:R activation leads to inhibition of glutamate release via inhibition of calcium channels
thus suppressing the neurotransmission in these synapses. This can theoretically lead to
motor inhibition when suppressing the glutamate release in the direct pathway but could also
lead to motor activation when suppressing the glutamate release in the indirect pathways.
The final motor outcome is a combination of these effects and depends on the
neurotransmitter concentration, i.e. the concentration of endocannabinoids, adenosine and
dopamine, activation receptor levels by these neurotransmitters and importantly on the
heteromerization between receptors that can induce changes in the neurotransmitters
affinity. Importantly, not only presynaptic but also postsynaptic CB1R participate on the
motor control. At the presynaptic level in the direct pathway, CB:R can heteromerize with
AsaR and form CBiR-Ai:R heterodimer (Ferré et al., 2010b). Recent work shoed that
presynaptic AR inhibits the CBiR-mediated synaptic effects and that this occurs probably
via cAMP/PKA pathway (Martire et al., 2011) and may or not be dependent on the
formation of CB1R-A,R heterodimer, as it could also occur at a signaling level.

On the other hand, in neuroblastoma cells endogenously expressing CB:R and AxnR,
CB1R signaling via G.; is dependent on the AR activation (Carriba et al., 2007). The A:\R
antagonist ZM-241385 inhibited the CBiR agonist-induced decrease of forskolin-
stimulated cAMP levels and antagonized the motor depressant effect of CB1R activation,

which seems contradictory to the A;AR-CB1R relationship at the presynaptic level. Another
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recent work described that AR activation, most probably the postsynaptic AxnR,
potentiated the synaptic effects of CB1R (Tebano et al., 2009), and that CB;R-induced
depression of synaptic transmission was prevented by pharmacological or genetic inactivation
of AzaR (Soria et al., 2004; Yao et al., 2006). According to Tebano et al., in this case, the
postsynaptic mechanism would depend on the interaction between A;aR and CBiR in the
enkephalinergic MSN and probably also on the interaction with D;R as some of the effects
of CB1R-AxR interactions seem to depend on D:R function (Andersson et al., 2005).
CBiR-D,R-AR heterotrimers have been detected in HEK cells (Navarro et al., 2008), and
they are likely to occur in the striatum (Ferré et al., 2009b). Thus it seems that distinct
CB:R-containing heteromers differentially located at presynaptic or postsynaptic membranes

can account for the described diverse relationship between adenosine and cannabinoids.

5.3. CBi receptors in Huntington’s disease.

In the autoradiographic studies performed by Glass et al. (2000), caudate nucleus
and putamen showed low levels of cannabinoid CB:R binding in the normal brain. The HD
grade O patients exhibited a moderate decrease in CB;R binding (50% of control) as

compared to controls (Figure 23).
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Figure 23. CBi receptor in Huntington’s disease. Gradual disappearance of CBiR, stained with [’H] CGS-
21680 binding, in the slices of human striatum in gradual states of the progression of the disease. Pu: putamen,
GPe, GPi: globus pallidus externum and internum, SNc, SNr: substantia nigra pars compacta and pars

reticulate, CN: caudate nucleus (Glass et al., 2000).

CB:R binding decreased dramatically in all HD patients with more advanced
pathology, reaching binding values similar to background levels in grade 2 and 3. Very high
densities of CB1R binding sites were seen in globus pallidus from control brains. The highest
desities were present in GPi and moderate densities throughout the rostrocaudal extent of
the GPe. Cannabinoid receptor binding was decreased in both pallidal segments in all cases
of HD (Figure 23). Within the very early stages of HD (grade 0), the loss of CP-55,940
binding was pronounced, being 9% of control level. In contrast, the density of CB1R binding
in GPi was reduced to 19% of control. However, in more advanced cases of HD, CB;R
binding in both segments was decreased to an average from 3% to 7% of control level. CB;R
labeling within substantia nigra was very dense and discreetly localized in the pars compacta.

CB:R binding levels showed a marked decrease in grade 0 (19% of control), and even greater
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decreases in grade 1 (10% of control). In grade 2 patients, binding was undetectable (Glass et
al., 2000).

CB:R expression down-regulation observed in HD patients and animal models
seems to occur at early stages and prior to clinical symptoms appearance, neurodegeneration
and changes in other neurochemical parameters (Maccarrone et al., 2007; Pazos et al., 2008).
The loss of CB:R in mutant huntingtin transgenic mice is brain region-specific, as it occurs
in the lateral striatum and, to a lesser extent, in the medial striatum, but not in the cortex
(Denovan-Wright and Robertson, 2000; McCaw et al., 2004). This early progressive loss
subsequently contributes to the hyperkinesia observed in the initial phases of the disease
(Denovan-Wright and Robertson, 2000). A significant down-regulation of CB:R binding
and messenger RNA levels has been documented in HD basal ganglia patients (Glass et al.,
2000) and animal models (Denovan-Wright and Robertson, 2000; Lastres-Becker et al.,
2002; McCaw et al., 2004).

CB:R activation was protective against mutant huntingtin-induced death via Gy~
mediated inhibition of cAMP and phosphorylation of ERK1/2 in an undifferentiated PC12
cell model of HD transfected with CB1R. Nevertheless, CB:R activation wit some ligands
(HU210, but not WIN-55,212-2 or BAY-59-3074) was in some conditions (upon PTx
pretreatment) also capable of G,-coupling and ¢AMP stimulation, and resulted in enhanced
aggregate formation associated with cell death in this system (Scotter et al., 2010).

In 2011 a double-mutant mouse model expressing human mutant huntingtin exon 1
in a CB:R-null background was developed, so it was possible to study the role of CB:R in
HD (Blazquez et al., 2011). CB1R deletion aggravated the symptoms in R6/2 mouse model.
Administration of THC to R6/2 mice exerted a therapeutic effect and ameliorated
neuropathology and molecular pathology. In vifro and in vive evidence supported the CB1R
control of BDNF expression and the decrease in BDNF levels concomitant with CB:R loss,

which may contribute significantly to striatal damage in HD.
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The impact of CB1R down-regulation on HD pathology is associated, at least in
part, to a loss of wilt type huntingtin function process, and that the huntingtin-mediated
control of CB1R gene expression relies on REST, a transcriptional repressor that regulates
the expression of a large network of neuronal proteins (Johnson and Buckley, 2009). In
addition, several reports support that CBiR confer neuroprotection by enhancing BDNF
expression, although the molecular basis of this connection remains unknown (Galve-
Roperh et al., 2008). It is thus, conceivable that the decrease of BDNF levels concomitant
with CB1R loss contributes significantly to striatal damage in HD (Zuccato et al., 2008) and
CB:R-evoked neuroprotection (Galve-Roperh et al., 2008).

These results support the notion that CB:R down-regulation sensitizes striatal cells
to excitotoxic damage, while enhanced CB1R expression renders striatal cells more resistant
to excitotoxic damage. Besides this pivotal role of CB:R, the participation of other
endocannabinoid system elements in HD pathology might also be considered. Specifically,
the striatal expression of the anandamide degrading enzyme FAAH is upregulated in
symptomatic disease HD-like mice as well as in HD human patients, most likely reflecting a
process of astroglial activation (Benito et al., 2003, 2007). Accordingly, the levels of
anandamide and palmitoylethanolamide (another FAAH substrate) have been shown to
decline in the striatum of symptomatic, but not presymptomatic R6/2 mice (Bisogno et al.,
2008). This decrease in endocannabinoid and endocannabinoid-like messengers might
contribute to the aggravation of HD symptomatology at late stages of the disease.

Pharmacological activation of CBiR in patients with early-stage HD might be
beneficial in attenuating disease progression. The first controlled trial conducted with
cannabis component (cannabidiol) reported no effect on chorea severity in 15 HD patients
(Consroe et al., 1991). However, cannabidiol, although structurally similar to THC, is not a
cannabinoid receptor agonist. The only double-blind, placebo-controlled, cross-over study of

CB:R agonist (nabilone) in HD was reported in 2009 (Curtis et al., 2009). This 44-patient
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trial showed improvements in total motor score, chorea, cognition, behavior and

neuropsychiatric inventory upon cannabinoid treatment, which was safe and well tolerated.
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II. AIMS

G protein coupled receptors were classically considered as individual units capable to
produce an intracellular signal. Nowadays is accepted that these receptors can interact with each
other forming dimers, trimers or oligomers of higher order. These interactions have to be
considered as new entities because they produce important changes in the pharmacology and
functionality of these receptors, which is necessary to take into account to understand processes
like neuronal transmission or in the research for new pharmaceutical compounds. In this frame,
the general aim of this thesis is to investigate the pharmacological and functional consequences
of adenosine A receptor interaction with other receptors. To reach this overall goal, five

particular aims were formulated.

Because of the role of astrocytes in overall GABA transport, a first partial aim was to
clarify whether A;R-A;R heteromers modulate GAT-1 and/or GAT-3-mediated GABA
transport into astrocytes. However, the molecular stoichiometry and dynamics of the formations
of these heteromers and the number of bound G proteins (G; and/or G;) remain unknown, that
is why part of the second aim was to analyze the behavior of the steady-state population of
adenosine A;R-A;\R heteromers at the plasma membrane in the absence of ligands. In order to
shine light on these questions this first aim was:

Aim 1. The involvement of A;R-A;uR heteromer in glial cells and its study at a

molecular level.

From the moment when dopamine receptor D;R and adenosine receptor A;R
heteromer formation was described, these complexes have been of high interest in the
development of new therapies for different pathologies. In the latest years new drugs have been

developed with different affinities for these receptors and have been used for therapy and
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scientific research. These therapies are based on the negative modulation that adenosine A;xR
agonists produce on the dopamine D,R agonists binding, but it is unknown how does this
modulation occur and if the Ajx ligand binding modifies the D,R antagonist binding.
Considering that, the second aim of the Thesis was:

Aim 2. To find evidence for allosteric interactions between partner receptors in the
A2aR-D;R receptor heteromer which confer specific pharmacological characteristics to the

heteromer.

The adenosine AR has emerged as an attractive non-dopaminergic target in the pursuit
of improved therapy for Parkinson’s disease, based in part on its unique distribution in the
central nervous system. It is enriched in striatopallidal neurons and can form functional
heteromeric complexes with other GPCR. Blockade of the adenosine AR in striatopallidal
neuron reduces postsynaptic effects of dopamine depletion, and in turn lessens the motor
deficits of Parkinson’s disease (Schwarzschild et al., 2006). In the other hand, adenosine A;xR
located presynaptically is believed to be the responsible of neuronal death in Huntington’s
disease since in the presence of endogenous adenosine provokes a dramatic release of glutamate
leading the medium spiny neurons in the striatum to die due to its excitotoxicity. With these
hypothesis the third aim was:

Aim 3. Search for selective antagonists of A;sR for presynaptic A;R-AR heteromers
versus postsynaptic A;AR-D;R heteromers that can be useful for treatment of neurological

disorder’s treatment, particularly Huntington’s disease.

In addition to forming heteromers with adenosine A;R and D:R, AsR also interacts
with cannabinoid receptors CB;. CBiR are found pre- and postsynaptically in both the direct
and indirect pathways and might modulate the Asa receptor function in the striatum. The

A;1CB; heteromers were previously described in our research group and, although it was known
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that activation of AR was necessary for CBR signaling in neuroblastoma transfected cell line,
the pharmacological and functional characteristics of the heteromer are not known. With this
background the fourth aim was:

Aim 4. Investigate the pharmacological and functional properties of AR in the

A,,CB, heteromer.

Once it was demonstrated that antagonists can show different preferences for a given
receptor depending on the partner entity present in the heteromer, we were interested to screen
a battery of AR antagonists in the different stable cell lines expressing A;uR in hopes of
identifying a heteromer specific compound. This would be of great interest due to the
involvement of A;aR heteromers in neurodegenerative diseases, addictions, and other disorders.
With this the fifth aim was:

Aim 5. Compound screening of different A;sR antagonists in stable CHO cell

lines expressing A>R, A|R-AzxR, A2aR-D3R or AsR-CB;R heteromers.
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III. METHODS

First aim methods’

Glial cells study.

Ethics statement.

All animal procedures were carried out according to the European Community
Guidelines for Animal Care (European Communities Council Directive — 86/609/EEC).
Throughout the underlying experimental work, care was taken to minimize the number of

animals used.

Drugs.

Adenosine deaminase [ADA; E.C. 3.5.4.4.; 200 U/mg in 50% glycerol (v/v), 10mM
potassium phosphate] was acquired from Roche. GABA was obtained from Sigma, and the
[PH]GABA-specific activity 87.00 Ci/mmol was from PerkinElmer Life and Analytical
Sciences. ["H]R-PIA, 30.5 Ci/mmol was from Moravek Biochemicals. CGS 21680, SCH
58261, CPA, DPCPX, SKF 89976A, SNAP 5114 and U73122 were obtained from Tocris

Bioscience. CADO, PTx, ChTx, forskolin, Rp-cAMPs, and R-PIA were obtained from

Sigma.

Cell lines and primary astrocytic cultures.

The astrocytes were prepared from the cortex of newborn (P1-P2) Wistar rats of
either sex, according to the European guidelines (86/609/EEC). Rat brains were dissected
out of pups, cortex was isolated, and the meninges and white matter were removed. Cortex
was dissociated gently by grinding in DMEM, filtered through a cell strainer, and
centrifuged at 200 X g, 10 min. The pellet was resuspended in DMEM and filtered. The
cells were then seeded and kept for 4 weeks in DMEM containing 10% (v/v) fetal bovine

serum with antibiotic (Sigma) in a humidified atmosphere (5% CO;) at 37°C. CHO cell
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clones expressing AiR, AzaR, or both were obtained and cultures as indicated previously
(Orru et al., 2011). HEK-293T cells were grown in DMEM (Invitrogen) supplemented
with 2mM L-glutamine, 100 U/ml penicillin/streptomycin, and 5% (v/v) heat inactivated
fetal bovine serum (all supplements were from Invitrogen). Cells were maintained at 37°C in
an atmosphere of 5% CO, and were passaged when they were 80-90% confluent (i.e.,

approximately twice a week).

PH]GABA uptake.

Assays were performed in a non-supplemented low-glucose DMEM. The astrocytes
were incubated with ADA for 15 min before the addition of the test drugs; test drugs were
added and incubation continued for an additional 20 min. GABA uptake was initiated by
the addition of 30 uM [PH]GABA (except otherwise specified). The transport was stopped
after 40 seconds with 2 ml of ice-cold PBS. The amount of [PH]JGABA taken up by
astrocytes was quantified by liquid scintillation counting. The GAT-1 and GAT-3 mediated
transports were calculated through the subtraction of the amount of GABA taken up in the
presence of the specific blocker of GAT-3, SNAP 5114 (40 uM), respectively, to the total

transport.

Expression vectors and cell transfections.

Sequences encoding amino acids residues 1-155 and 155-238 of yellow fluorescent
protein (YFP) Venus protein and amino acids residues 1-229 and 230-311 of Rluc8 protein
were cloned in pcDNA3.1 vector to obtain the YFP Venus and Rluc8 hemi-truncated
proteins. The human ¢cDNAs for AR and AsR, cloned into pcDNA3.1, were amplified
without their stop codons using sense and antisense primers harboring unique EcoRI and
BamHI sites to clone AR in Rluc vector and EcoRI and Kpnl to clone AsR in enhanced

YFP (EYFP) vector. The amplified fragments were cloned to be in-frame into restriction

104



sites of pcDNA3.1Rluc (pRluc-N1; PerkinElmer Life and Analytical Sciences) and pEYPF-
N1 (enhanced yellow variant of GFP; Clontech) to give the plasmids that express AiR or
AsaR fused to Rluc or YFP on the C-terminal end of the receptor (A2aR-Rluc and AsR-
YFP). The cDNA encoding the serotonin 5-HTp-YFP fusion protein was kindly provided
by Dr. Irma Nardi (University of Pisa, Pisa, Italy). Human ¢cDNA for A;R was cloned in
pcDNA3.1-nRluc8 or pcDNA3.1-nVenus to give the plasmids that express A1R fused to
either nRluc8 or nYFP Venus on the C-terminal end of the receptor (A;R-nRluc8 and AsR-
nVenus). Expression of constructs was tested by confocal microscopy and the receptor
functionality by second messengers, ERKy, phosphorylation, and ¢AMP production as
described previously (Sarrié et al., 2000; Canals et al., 2003). HEK-293T cells or 2-week
cultured primary astrocytes growing in six-well dishes were transiently transfected with the
corresponding fusion protein cDNA by the polyethylenimine (PEIL; Sigma) method. Cells
were incubated (4 h) with the corresponding cDNA together with PEI (5.47nM in nitrogen
residues) and 150mM NaCl in a serum-starved medium. After 4 h, the medium was
changed to a fresh complete culture medium. Forty-eight hours after transfection, cells were
washed twice in quick succession in HBSS with 10mM glucose, detached, and resuspended
in the same buffer containing ImM EDTA. To control the cell number, sample protein
concentration was determined using a Bradford assay kit (Bio-Rad) using bovine serum
albumin dilutions as standards. Cell suspension (20ug of protein) was distributed into 96-
well microplates; black plates with a transparent bottom were used for fluorescence

determinations, whereas white plates were used for BRET experiments.

Immunocytochemistry.

For immunocytochemistry with primary cultures of astrocytes, cell were incubated
with ADA (1 U/ml) for 15 min, fixed in 4% paraformaldehyde for 20 min, and washed with

PBS containing 20mM glycine to quench the aldehyde groups. Then, after permeabilization
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wit 10% normal goat serum containing 0.3% Triton X-100 for 5 min, cells were treated with
PBS containing 1% bovine serum albumin. After 1 h at room temperature, astrocytes were
incubated with antibodies rabbit anti-GAT-1 (1:100; kindly provided by N. Brecha,
University of California, Los Angeles, Los Angeles, CA) and mouse anti-GFAP (1:800;
Sigma) or rabbit anti-GAT-3 (1:200; kindly provided by N. Brecha) and mouse anti-GFAP
(1:800; Sigma) antibodies for 3 h at room temperature. After washes, astrocytes were stained
with the secondary antibodies for 1.5 h at room temperature FITC-conjugated anti-rabbit
IgG (FI-1000) and TRITC-conjugated anti-mouse IgG (T-2762); Vector Laboratories].
Dishes were then mounted, air dried, and coverslipped using Vectashield mounting medium
(H-1000; Vector Laboratories). For immunocytochemistry with transiently transfected
HEK-293T cells, cells treated as indicated in figure legends were fixed and permeabilized as
indicated above. Cells expressing AR-Rluc were labeled with the primary mouse
monoclonal anti-Rluc antibody (1:100; Millipore Bioscience Research Reagents) for 1 h,
washed, and stained with the secondary antibody Cy3 donkey anti-mouse (1:100; Jackson
ImmunoResearch). AiR-YFP was detected by its fluorescent properties. Samples were rinsed

and observed in a Leica SP2 confocal microscope (Leica Microsystems).

Western blot.

For AiR and AzaR detection, primary astrocytes were rinsed with ice-cold PBS and
lysed in 8 M urea, 2% SDS, 100 mM DTT, 375 mM Tris, pH 6.8, by heating to 37°C for 2
h and resolved by SDS-PAGE. Proteins were transferred to plyvinylidene difluoride
membranes using a semidry transfer system and immunoblotted with the primary antibodies
mouse anti-Asa antibody (1:1000; Millipore) or rabbit anti-A; antibody (1:1000; ABROS5).
The blots were then incubated with a secondary horseradish peroxidase-conjugated rabbit
anti-mouse IgG antibody (1:2500) or goat anti-rabbit IgG antibody (1:60,000). The

immunoreactive bands were developed using a chemiluminescent detection kit. For GAT-1
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and GAT-3 detection, the primary cultures of astrocytes were mechanically lysed with
sucrose-containing buffer (0.32 M sucrose, 1 mM EDTA, 10 mM HEPES, 1 mg/ml bovine
serum albumin, pH 7.4). To clarify, the homogenate was centrifuged (13,000 X g, 10 min),
and the supernatant was collected. After denaturation (by Laemli’s buffer heated at 95°C for
5 min), the extracts were run on a 10% acrylamide gel. Protein was transferred to a
nitrocellulose membrane by electroblotting. Western blotting was performed using the anti-
GAT-1 (1:100) and anti-GAT-3 (1:200) (kindly provided by N. Brecha). After exposure to
secondary antibody (peroxidase anti-rabbit at 1:250; Vector Laboratories), bands were

visualized by Bio-Rad Chemidoc and Quantity One software.

BRET and BRET with bimolecular fluorescence complementation assays.

Primary astrocytes or HEK-293T cells were transiently cotransfected with a constant
amount of the cDNA encoding for receptors fused to Rluc, nRluc8, or cRluc8 and with
increasingly amounts of the cDNA corresponding to receptors fused to YFP, nYFP Venus,
or cYFP Venus. To quantify receptor-YFP expression or receptor-reconstituted YFP Venus
expression, cells (20 ug protein) were distributed in 96-well microplates (black plates with a
transparent bottom), and fluorescence was read in a Fluo Star Optima Fluorimeter (BMG,
Lab Technologies) equipped with a high-energy xenon flash lamp, using a 10nm bandwidth
excitation filter at 400nm reading. Receptor-fluorescence expression was determined as
fluorescence of the sample minus the fluorescence of cells expressing the BRET donor alone.
For BRET or BRET with bimolecular fluorescence complementation (BiLFC)
measurements, the equivalent of 20 ug of cell suspension was distributed in 96-well
microplates (Corning 3600, white plates; Sigma), and 5 (Corning 3600, white plates;
Sigma), and 5uM coelenterazine H (Invitrogen) was added. After 1 min for BRET or after
5 min for BRET with BiLFC of adding coelenterazine H, the readings were collected using

a Mithras LB 940 that allows the integration of the signals detected in the short-wavelength
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filter at 485 nm (440-500nm) and the long-wavelength filter at 530nm (510.590nm). To
quantify receptor-Rluc or receptor-reconstituted Rluc8 expression, luminescence readings
were also performed after 10 min of adding 5 uM coelenterazine H. The net BRET is
defined as [(long-wavelength emission)/(short-wavelength emission)] for the donor

construct expressed alone in the same experiment. BRET is expressed as milli-BRET units

(mBU = net BRET X 1000).

Radioligand binding experiments.

Four-week cultured primary astrocytes were disrupted with a Polytron homogenizer
(PTA 20 TS rotor, setting 3; Kinematica) for three 5-s periods in 10 ml volume of 50 mM
Tris-HCI buffer, pH 7.4, containing a proteinase inhibitor cocktail (Sigma). Cell debris
were eliminated by centrifugation at 1000 X g, and membranes were obtained by
centrifugation at 105,000 X ¢ (40 min, 4°C). Pellet was resuspended and centrifuged under
the same conditions. Membranes were stored at -80°C and were washed once more as
described above and resuspended in 50 mM Tris-HCI buffer for immediate use.
Competition experiments were performed by incubating (120 min) membranes (0.18 mg
protein/ml) at 25°C in 50 mM Tris-HCI buffer, pH 7.4, containing 10 mM MgCl, and 0.2
U/ml adenosine deaminase with 0.8 nM [*’H]R-PIA in the absence or presence of increasing
concentrations of CGS 21680 or SCH 58261. Nonspecific binding was determined in the
presence of 10 uM R-PIA. Free and membrane-bound ligand were separated by rapid
filtration of 500 wl aliquots in a cell harvester (Brandel) through Whatman GF/C filters
embedded in 0.3% polyethylenimine that were subsequently washed for 5 s with 5 ml of ice-
cold Tris-HCI buffer. The filters were incubated with 10 ml of Ecoscint H scintillation
cocktail (National Diagnosis) overnight at room temperature, and radioactivity counts were
determined using a Tri-Carb 1600 scintillation counter (PerkinElmer Life and Analytical

Sciences) with an efficiency of 62% (Ciruela et al., 2004). Radioligand displacement curves
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were analyzed by nonlinear regression using commercial program GRAFIT (Erithacus

Software) as indicated previously (Ciruela et al., 2006).

[PS]GTP- v -8 assay.

For quantification of GTP activity, GDP (10 uM) was added to the primary
astrocytic membranes and incubated on ice for 10 min. Membranes were incubated at 37°C
for 10 min with ADA (1 U/ml) before adding the antagonists. After 10 min, the [*S]GTP-
y -S (1 nM) and the agonists were added and incubated for 30 min at 37 °C. Membranes
were collected and solubilized, and the antibodies were added: 5 ug of anti-G.i.3 (sc-262), 10
ug of anti-G.s (sc-6766), or 10 ug of anti-G.gu (sc-392) for G;, G,, and Gy studies,
respectively. After an overnight incubation at 4°C, protein G-Sepharose was added an
incubated for 90 min at 4°C. The Sepharose was washed five times with the solubilization

buffer, and the incorporation of [*S]GTP- vy -S was measured by scintillation liquid.

Biotinylation assays.

Astrocytes were incubated for 30 min without (control) or with the agonists or
antagonists of A1R or AzaR or both. When antagonist and agonist were tested together, the
antagonist was added 15 min before. Afterward, they were incubated for 1 h with 1 mg/ml
Sulfo-NHS-LC-biotin (Pierce) in PBS-Ca-Mg with gentle shaking. The biotin reaction
was quenched with 100 mM glycine. The astrocytes were mechanically lysed with sucrose-
containing buffer and centrifuged at 14,000 X g, 4°C, 10 min. Biotinylated surface proteins
were immunoprecipitated with avidin beads (Pierce) overnight at 4°C and centrifuged at
14,000 X g, 4°C, 10 min. The pellet (biotinylated fraction) was separated from the
supernatant (intracellular fraction). Then, 150 ul of Laemli’s buffer (70 mM Tris-HCI, pH

6.8, 6% glycerol, 2% SDS, 120 mM DTT, 0.0024% bromophenol blue) was added to the
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pellet and heated to 37°C for 30 min. The avidin beads were removed by filtration. Equal

volumes of each sample were loaded on gel and resolved by SDS-PAGE.

CellKey label-free assays.

The CellKey system provides a universal, label-free, cell-based assay platform that
uses cellular dielectric spectroscopy (CDS) to measure endogenous and transfected receptor
activation in teal time in live cells (Schréder et al., 2010). Changes in the complex
impedance (AZ or dZ) of a cell monolayer in response to receptor stimulation were
measured. Impedance (Z) is defined by the ratio of voltage/current as described by Ohm’s
law (Z=V/I). CHO cell clones stably expressing AiR, AR, or both were grown to
confluence in a CellKey Standard 96-well microplate that contains electrodes at the bottom
of each well. For untreated cells or for cells preincubated (overnight at 37°C) with PTx (10
ng/ml) or ChTx (100 ng/ml), medium was replaced by HBSS buffer (Invitrogen)
supplemented with 20 mM HEPES for 30 min before running the cell equilibration
protocol. A baseline was recorded for 5 min, and then cells were treated with the AR
agonist CPA (10 nM) or with the AzaR agonist CGS 21680 (10 nM), and data were
acquired for the following 10 min. To calculate the impedance, small voltages at 24 different
measurement frequencies were applied to treated or non-treated cells. At low frequencies,
extracellular currents that pass around individual cells in the layer were induced. At high
frequencies, transcellular currents that penetrate the cellular membrane were induced, and
the ratio of the applied voltage/measured current for each well is the impedance. The data
shown refer to the maximum complex impedance induced extracellular currents response to

the ligand addition.
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Data analyses and statistics.

From the indicated number of experiments/ replicates, data are given as mean =
SEM. To test for statistical significance, the data were analyzed by one-way ANOVA,
followed by Bonferroni’s correction for multiple comparisons or by Student’s # test (when
only two means are analyzed). Values of p<0.05 were considered to represent statistical

significance.

Molecular study.

Total internal reflection single-molecule microscopy and single particle data analysis.

Single-molecule imaging and tracking were performed on a Nikon Total Internal
Reflection Fluorescence (TIRF) system. Typically 500 readouts of a 512 x 512 pixels region,
the full array of CCD chip were acquired.

Data processing was performed using Matlab (MathWorks, Natick, MA, USA). By
correlation analysis between consecutive images the two dimensional trajectories of
individual molecules in the plane of focus were reconstructed by determining the probability
and setting a high-confidence threshold that each step in a trajectory was from the same
particle (or particle complex) and not interrupted by a photobleaching event or if another
particle were not entering in the area. The average length of a trajectory for measured
fluorophores was 10 to >100 steps. Multiple data sets were produced for every receptor type
and for the existing complexes of the receptors separately. In brief, trajectories were then
analyzed as described previously (Lommerse et al., 2004). For the analysis of the (7, #4,)
plots, a positional accuracy of each molecule 14 + 3 nm in our measurements was considered
(Thompson et al., 2002).

The lateral diffusion of Brownian particles in a medium characterized by a diffusion
constant D is described by the cumulative probability distribution function for the square

displacements, 7 (Schitz et al., 1997):
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[Eq.1] P(¥, tuy) = 1 — exp(-/7)

P(7, ti,) presents the probability that the Brownian particle starting at the origin will
be found within a circle or radius r at time #,. Provided that the system under study
segregates into two components, characterized by mean-square displacements ;° and 7,7,
and relative fractions o and (1- @), respectively, Equation 1 becomes (Schiitz et al., 1997,
Lommerse et al., 2004):

[Eq.2] P(7, tuy) = 1 —[ o exp(- 7/r7) + (1- a) exp(-/r7)]

The cumulative probability distributions P(r7, #4,) were constructed for each time lag
from the single-molecule trajectories by counting the number of square displacements with
values <77, and subsequent normalization by the total number of data points (Schitz et al.,
1997). Probability distributions with » >1000 data points were least-square fitted to
Equation 2, resulting in a parameter set {r;° (fuy), 72°(tu), 0}, for each time lag, #,. This
approach of fitting leads to a robust estimation of the mean-square displacements 7;° even
when the mobility is not purely random (Lommerse et al., 2004).

For mobility analysis, the diffusional behavior of the respective populations of
molecules was revealed by plotting the mean square displacement (7:°) versus #,,. The (7:7,
tiy) data sets were fitted by a free diffusion model,

[Eq.3] 7(tug) = 4D: t1s,

where 7;? is proportional to time #,,. When diffusion is hindered by obstruction or
trapping in such a way that the mean square displacement is proportional to some power of
time <1 (r;? ~ #, a < 1), it is called anomalous subdiffusion, and the diffusion constant
becomes (Lommerse et al., 2004):

[Eq.4] D =Tz,

If a = 1, then .7 ~ 1, D = T is constant, and diffusion is normal. When the MSD
does increase with time but leves of to a constant value for longer time lags, this was

described with a confined diffusion model. The confined diffusion model assumes that
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diffusion is free within a square of side length L, surrounded by an impermeable, reflecting
barrier. Then the mean-square displacement depends on L and the initial diffusion
coefficient Dy, and varies with #,, as (Lommerse et al., 2004; Kusumi et al., 2005):

[Eq.5] 77(¢ig) = L?/3 [1-exp(-12Dot1e/ L7)]

In stoichiometry analysis, achievements of single molecule sensitivity by fluorescence
permit a detailed analysis of local stoichiometries directly on the surface of the live cells.
Fluorescence distribution can predict and assay higher fluorescence levels of molecular
clusters to determine local stoichiometry (Schmidt et al., 1996; Harms et al., 2001). The
fluorescence image of small fluorophores clusters does not vary from an image of single
fluorophores, apart that it shows higher intensity. However, fluorophore photobleaching or
blinking has a significant impact on an average intensity of a fluorophore cluster, reducing it
and this way making a direct fluorescence intensity count more complicated. The probability
density function of the fluorescence intensity displays a discrete structure and could be fitted
with a sum of multiple Gaussians to indicate the stoichiometry of many clusters. In the

analysis it was calculated the stoichiometry of A;R and AR within the receptor complex

combined of mixture of AR and AsaR.

Computational model of the A:R-A»4R tetramer in complex with G;and G..

The crystal structure of the A;aR (PDB code 4EIY) (Liu et al., 2012) was used for
the construction of AsaR and A;R molecular models. The C-terminus tails of A;R, formed
by 16 amino acids (Pro311-Asp326), and AR, formed by 102 amino acids (Gln311-
Ser412), were considered to follow the same direction as the C-terminal tail of squid
rhodopsin (Murakami and Kouyama, 2008). The active conformations of A;R bound to G;
and AR bound to G, were modeled from the crystal structure of B,-adrenergic receptor in
complex with G, (Rasmussen et al., 2011). The globular a-helical domain of the o-subunit

was modeled in the closed conformation (Chung et al., 2011), using the crystal structure of
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[AIF,] activated G; (PDB code 1AGR). The structures of Rluc, nRluc, cRluc (PDB code
2PSD) (Loening et al., 2007), Venus, nVenus, cVenus (PDB code IMYW) (Rekas et al.,
2002) and/or YFP (PDB code 2RH7) (Loening et al., 2007) were fused to the C-terminus
of AiR and AR, and to the N-terminus of the a- and y-subunits of G; and G.. Although
the exact conformation of the C-tail of A;R and AzaR cannot unambiguously be determined,
it has been shown that the C-terminal domain of the OXE receptor expands intracellularly
toward the N-terminal of both the B- and y-subunits (Blittermann et al., 2012).
Accordingly, YFP fused to the C-terminal tail of the receptor was positioned near the N-
terminus of the gamma subunit as described in the OXE receptor. Cysteine cross-linking
experiments have suggested that receptor oligomerization involves the surfaces of TMI1,
TM4 and/or TM5 (Guo et al., 2008). Recently, the crystal structure of the w-opioid receptor
has revealed crystallographic two-fold axis through the TM1 and TMS interfaces (Maurice
et al., 2010), while the crystal structure of the histamine Hi-receptor shows a parallel dimer
through TM4 (Shimamura et al., 2011). Thus, the structures of adenosine receptor
dimerization, both homo- and hetero-dimerization, were modeled either via TM1, TM4 or
TMS5 interfaced using the structures of the w-opioid receptor and histamine HiR as
template. However, it is important to note that in order to accommodate Rluc and YFP
tused to the N-terminal a-helix of the a-subunits of G; and G respectively, it is necessary to
modify the TMS5 interface midway between the interface observed in the u-opioid receptor
(Maurice et al., 2010) and the proposal reported by Cys-crosslinking (Guo et al., 2008).
Thus, in the proposed molecular model of the tetrameric A;R-AzaR heteromer in complex
with G; and G, a small shit in the TMS5 interface between Ai1R and AzaR was performed,
which results in a large change in the orientation of G; and G..

Expression vectors.

Sequences encoding YFP Venus, Rluc8, AsaR and AiR were cloned as explained

above. G, cloned in SFVI vector, G, cloned in the pcDNA3.1 vector or G, cloned in
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PEYFP-C1 vector, were amplified without their stop codons using sense and antisense
primers harboring unique HindIII and BamHI sites to clone them into the pcDNA3.1-Rluc
vector or EcoRI and Kpnl to clone G into the pEYFP-NI vector. The amplified fragments
were subcloned to be in-frame with restriction sites of pcDNA3.1Rluc or pEYFP-NI vectors
to give the plasmids that express proteins fused to Rluc or YFP on the C-terminal end. The
human ¢cDNA for AiR was cloned into pcDNA3.1-nRluc8 or pcDNA3.1-nVenus to give
plasmids that express AiR fused to either nRluc8 or n-YFP Venus on the C-terminal end of
the receptor. The human cDNA for AssR was cloned into pcDNA3.1-cRluc8 or
pcDNA3.1-cVenus to give plasmids that express AzaR fused to either cRluc8 or cYFP
Venus on the C-terminal end of the receptor. Expression of constructs was tested by
confocal microscopy and the receptor-fusion protein functionality by second messengers,
ERKi» phosphorylation and ¢cAMP production as described previously (Navarro et al.,

2010).

Cell culture and transient transfection.

HEK-293T cells were grown in DMEM (Gibco) supplemented with 2mM L-
glutamine, 100U/ml penicillin/streptomycin, and 5% (v/v) heat inactivated FBS (all
supplements were from Invitrogen, Paisley, Scotland, UK). Cells were maintained at 37°C in
an atmosphere of 5% CO,, and were passaged when they were 80-90% confluent, i.e.
approximately twice a week. Cells growing in 6-well dishes were transiently transfected with
the PEI method as described above. For single-molecule imaging, cells were seeded into six-
well plates containing glass coverslips (No. 1, round, 24 mm; Assistant, Sodheim, Germany)
or into Lab-Tek Chambered #1.0 Borosilicate Coverglass System (Nunc, Thermo Fisher
Scientific, Scwerte, Germany). Cell transient transfections were performed with
Lipofectamine™2000 (Invitrogen, Life Technologies, Darmstadt, Germany) or FuGENE 6

(Roche Applied Science, Indianapolis, IN, USA) and application of 0.1-0.2 ug plasmid
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DNA per well (A;-GFP, AzaR-mCherry). Before each experiment cells were washed three
times with 200 uL. phenol red-free DMEM. During measurements cells were kept in 200

uL air buffer (Ohrt et al., 2011).

Energy Transfer Assays.

BRET and BRET with BiLFL assays were performed as described above.

Second aim methods’

Moutant A24R and fusion proteins.

Human ¢cDNAs of the A»1R and DR cloned in pcDNA3.1 were used. The Sersz4 in
the C-terminal domain of the human AR was mutated to Ala to obtain the Ax™"R
cloned in pcDNA3.1. Mutations were performed by site-directed mutagenesis
(Cellogenetics, Tjamsville, MD, USA). AR, Ax™7R and D,R ¢DNA’s were amplified
without their stop codons using sense and antisense primers harboring unique EcoRI and
BamHI sites to clone AR and AR in the Rluc corresponding vector or D;R in the
EYFP corresponding vector. The amplified fragments were cloned to be in-frame into
restriction sites of the multiple cloning sites of pcDNA3.1-Rluc or pEYFP-N1 (Clontech,
Heidelberg, Germany) to give the plasmids corresponding to Asa-Rluc, Axa™"*-Rluc or D,-
YFP receptor fusion proteins. The fusion proteins were expressed at the membrane level,

were not highly over-expressed and were quantitatively expressed in similar amounts

(Carriba et al., 2008).

Cell culture and transient transfection.
CHO cell lines were maintained in a-MEM medium without nucleosides

containing 5% FBS, 50 ug/mL penicillin, 50 ug/mL streptomycin, and 2 mM L-glutamine
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(300 ug/mL). Cells were maintained at 37°C in an atmosphere of 5% CO,, and were
passaged when they were 80-90% confluent, twice a week. For transient transfection, human
cDNAs of the AnR, A;*™R and D;R cloned in pcDNA3.1 were used. CHO cells
growing in 150 cm? dishes at 70-80% confluence were transiently transfected with 2 ug of
D:R cDNA or double transfected with 2 ug of D;R ¢cDNA and 3 ug of AxR or Axx™™R
cDNA with lipofectamine (Invitrogen™, Carlsbad, USA), as described by the supplier.
After 4 hours, the medium was changed to a fresh complete culture medium. Forty-eight
hours after transfection, cells were washed twice in quick succession in PBS, detached, and
resuspended in the same buffer, Sample protein concentration was determined as indicated

above to control cell number.

BRET assays.
CHO cells growing in 6-well plates were transiently transfected with the indicated
amounts of plasmid ¢cDNAs corresponding to the indicated fusion proteins by the same

procedure described above. BRET assays were also performed as described above.

Brain samples.

Sheep brain samples were obtained from the local slaughterhouse 5 to 10 hours after
death and striatum were rapidly dissected on ice. Human brain samples were obtained at
autopsy in the Basque Institute of Legal Medicine (Bilbao, Spain) from male subjects
without a history of neuropathological or psychiatric disorders and who had died suddenly,
mainly by car accident. Toxicological screening was negative for all these subjects and brain
samples were histologically determined as normal. Samples from caudate nucleus of each
subject were dissected at the time of autopsy, stored at -70°C until assay and encoded in

order to identify the subject. The time interval between death and autopsy (postmortem
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delay at 4°C) was 26x4hours. All tissue samples were collected in accordance with protocols

approved by the Human Studies Committee of each of the institutions involved.

Membrane preparation and protein determination.

Membrane suspensions from brain samples or CHO cells were disrupted with a
Polytron homogenizer (PTA 20 TS rotor, setting 3; Kinematica, Basel, Switzerland) for two
periods of 5 second in 10 ml of 50mM Tris-HCI buffer, pH 7.4 containing a proteinase
inhibitor cocktail (Sigma, St. Louis, MO, USA). Cell debris was removed by centrifugation
at 1,500 g for 5 min at 4°C and membranes were obtained by centrifugation at 105,000 g (40
min, 4°C). Membranes were resuspended and centrifuged under the same conditions. The
pellet was stored at -20°C, washed once more as described above and resuspended in 50 mM
Tris-HCIl buffer for immediate use. Membrane protein was determined by the bicinchoninic
acid method (Pierce Chemical Co., Rockford, IL, USA) using bovine serum albumin

dilutions as standard.

Radioligand binding assays.

Membrane suspensions (0.5 mg of protein/ml) were incubated for 2 h at 25°C in
incubation buffer with the indicated free concentration of the dopamine D,R antagonist
[*H]raclopride (GE Healthcare, UK) the dopamine D,R agonist [’H]quinpirole (NEN
PerkinElmer, Wellesley, MA, USA) or the A;aR antagonist [*H]ZM 241385 (American
Radiolabelled Chemicals, St. Louis, MO, USA), in the absence or in the presence of
increasing concentrations of the adenosine AR ligands CGS 21680 (Sigma) or caffeine
(Sigma) or increasing concentrations of the adenosine AR ligands R-PIA (Sigma), CCPA
(Sigma) or DPCPX (Tocris). The incubation buffer was 50 mM Tric-HCI buffer, pH 7.4
supplemented with 10 mM MgCl,, 120 mM NaCl and 5 mM KClI for [*H]raclopride or

[PH]ZM 241385 binding. To determine the affinity constants for AR, competition
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experiments were performed with [*'H]ZM 241385 (2 nM) and increasing concentrations of
CGS 21680, caffeine or DPCPX were added to the incubation medium. To determine
affinity constants for D;R, competition experiments were performed with [*H]raclopride (2
nM) or [*H]quinpirole (6 nM) and increasing concentrations of raclopride or quinpirole in
the absence or in the presence of the indicated concentrations of AaR ligands. Non-specific
binding for D,R was determined in the presence of 50 uM raclopride and non-specific
binding for A;aR was determined in the presence of 50 uM CGS 21680. In all cases, free
and membrane-bound ligand were separated by rapid filtration of 500 ul 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 Tris-
HCI 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 1600 scintillation counter (PerkinElmer, Boston,

MA, USA) with an efficiency of 62% (Sarri6 et al., 2000).

Binding data analysis.

Radioligand competition curves were analyzed by non-linear regression using the
commercial Grafit curve-fitting software (Erithacus Software, Surrey, UK), by fitting the
binding data to the mechanistic two-state dimer receptor model (Franco et al., 2005; Casadé
et al., 2009). Since there is now abundant evidence for GPCR oligomerization, including
AiR, AsaR and D;R (Ciruela et al., 1995; Canals et al., 2004; Guo et al., 2008) and the
minimal functional unit of GPCRs in biological tissues seems to imply dimerization (Guo et
al., 2008), this model considers a homodimers as the minimal structural unit of the receptor.
Here, we also consider the possibility of a homodimers as the minimal structural unit of a

receptor forming homomers or forming heteromers with another receptor. To calculate the
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macroscopic equilibrium dissociation constants the following equation for a competition
experiment deduced previously (Casadé et al., 2007, 2009) was considered:

Acotatbound = (KpazA + 2A% + KpaAB / Kpag) Rr / (KpaiKpaz + KpaxA + A? + Kpa,AB
/ Kpas + KpaiKpa:B/ Kpei + KpaiKpa:B? / (Kpp1Kps2)) + Anon-specific bound

where A represents free radioligand (the adenosine AR or Az jR od dopamine D,R
antagonist ["H]DPCPX, [PH]ZM 241385 or [*H]JYM 09151-2, respectively or the AR
agonist ["’H]R-PIA) concentration, Rr is the total amount of receptor dimers and Kpa: and
Kpaz are the macroscopic equilibrium dissociation constants describing the binding of the
first and the second radioligand molecule (A) to the dimeric receptor; B represents the
assayed competing compound concentration, and Kps: and Kps; are, respectively, the
macroscopic equilibrium dissociation constants for the binding of the first ligand molecule
(B) to a dimer and for the binding of the second ligand molecule (B) to the semi-occupied
dimer; Kpag is the hybrid equilibrium radioligand/competitor dissociation constant, which is
the dissociation constant of B binding to a receptor dimer semi-occupied by A.

When the radioligand A shows non-cooperative behavior, the previous equation can
be simplified to this next equation due to the fact that Kpas = 4Kpa: (Casadé et al., 1990,
2007) and, therefore, Kpai is enough to characterize the binding of the radioligand A:

Al bound = (4KpatA + 2A% + 4KpaiAB / Kpas) Rr / (4Kpar® + 4KparA + A +
4Kpa1AB / Kpag + 4Kpar®B / Kpgi + 4Kpai?B? / (KpsiKpg2)) + Anon-specific bound

Binding to GPCRs quite often displays negative cooperativity. Under these
circumstances Kpy/Kpi1>4 and then Kp: and Kp, represent the high-affinity and the low-
affinity binding sites, respectively. On the other hand, for positive cooperativity, Kp./Kpi<4
and then Kp; represents the high-affinity and Kp; represents the low-affinity binding sites
(Casadé et al.,, 1990). The two-state dimer model also introduces a cooperativity index
(Dcg). The dimer cooperativity index for the competing ligand B is calculated as (Casadé et

al., 1990, 2007):
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Dcs = log (4Kpg: / Kpza)

The way the index is defined is such that its value is “0” for non-cooperative binding,
positive values of D¢ indicate positive cooperativity, whereas negative values imply negative
cooperativity (Ferré et al., 2007; Casadd et al., 2009).

In experimental conditions when both the radioligand A and the competitor B (i.e.,
most adenosine AzaR antagonists tested in the study) show non-cooperativity, it results that
Kpaz = 4Kpa1 and Kpss = 4Kpsi, and the first equation showed can be simplified to:

Aot bound = (4KpatA + 2A% + 4KpaAB / Kpas) Rr / (4Kpar® + 4KpaiA + A +
4Kpa1AB / Kpag + 4Kpai®B / Kppi + Kpar?B? / Kpgi?) + Ason-specific bound

When both the radioligand A and the competitor B (DPCPX, ZM 241385, SCH
23390 or YM 09151-2) are the same compound and the binding is non-cooperative, the
previous equation simplifies to:

Acottbound = (4KpatA + 2A% + AB) Rr/ (4Kpar® + 4KpaiA + A? + AB + 4KpaiB + B?)
+ Anon—speciﬁc bound

Goodness of fit was tested according to reduced * value given by the non-linear
regression program. The test of significance for two different population variances was based
upon the F-distribution. Using this F' test, a probability greater than 95% (p<0.05) was
considered the criterion to select a more complex equation to fit binding data over the
simplest one. In all cases, a probability of less than 70% (p>0.30) resulted when one equation
to fit binding data was not significantly better than the other. Results are given as parameter

values = S.E.M. of three-four independent experiments.
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Third aim methods’

Ethics statement.

All animals used in the study were handled in accordance with the National
Institutes of Health Animal care guidelines. The animal research conducted to perform this
study was approved by NIDA IRP Animal Care and Use Committee (under the auspices of

protocol 09-BNRB-73) on 12/07/2009.

Animals.

Male Sprague-Dawley rats (Charles River Laboratories, Wilmington, MA)
weighting between 300-350 g were used in these experiments. Rats were housed 2 per cage
and they maintained at a temperature of 22+2°C on a regular 12 h light-dark cycle. Food

and water were available ad /ibitum.

Adenosine AuR antagonists. The following AaR antagonists were used: SCH
442416, SCH 58261, SCH 420814, ZM 241385, KW 6002, MSX 2, MSX 3. MSX 3 is a
water-soluble phosphate pro-drug of MSX 2 (Sauer et al., 2000). For their systemic
administration, the compounds were prepared as follows: SCH 442416 and SCH 58261
were suspended in a solution of 5% dimethyl-sulfoxyde (DMSO) (Sigma-Aldrich, St. Louis,
MI), 5% TWENS8O (Sigma-Aldrich, St. Louis, MI) and 90% ddH.O; SCH 420814 was
suspended in a solution of 20% PEG400, 40% f-cyclodextrin and 40% Lutrol 1% (in
ddH,O); ZM 241385 was suspended in a solution of 15% DMSO, 10% TWEENS0 and
75% ddH,O; KW 6002 was suspended in a solution of 8% TWEENS0 and 92% ddH,O;
MSX 3 was dissolved in sterile saline (with 3 ul/ml saline of 1 M NaOH solution, final pH
7.4). All drugs but MSX 3 (Sigma-Aldrich, St. Louis, MI) were provided by CHDI

Foundation Inc. (Los Angeles, CA, US). SCH 420814 was administered subcutaneously
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(s.c.) at 1 ml/kg and the other drugs were administered via intraperitoneal (i.p.) injection at

volume of 2 ml/kg.

Locomotor activity.

Locomotor activity was measured by placing the animals individually in motility
soundproof chambers (50 X 50 centimeters; Med Associates Inc., VT). Locomotion was
measured by counting the number of breaks in the infrared beams at noon on the day of
testing. A lamp inside each chamber remained lit during this period. Following 90 min of
habituation, the rats were injected i.p. with different doses of each compound or vehicle and
locomotor activity was recorded for 90 min after the drug or vehicle administration. All the
animals were tested only once. The effect of different doses of the AR antagonists on
locomotor activity were analyzed using a one-way analysis of variance (ANOVA), followed

by Newman-Keuls’ posz-hoc test.

Surgical procedures.

Rats were anesthetized with 3 ml/kg of Equithesin (4.44 g of chloral hydrate, 0.972
g on Na pentobarbital, 2.124 of MgSO., 44.4 ml of propylene glycol, 12 ml of ethanol and
distilled H,O up to 100 ml of final solution; NIDA Pharmacy, Baltimore, MD) and
implanted unilaterally with bipolar stainless steel electrodes, 0.15 mm in diameter (Plastics
One, Roanoke, VA), into the orofacial area of the lateral agranular motor cortex (3 mm
anterior, 3 and 4 mm lateral, and 4.2 mm below bregma). The electrodes and a head holder
(connected to a swivel during stimulation) were fixed on the skull with stainless steel screws
and dental acrylic resin. For the experiments with electromyographic (EMG) recording,
electrodes were also implanted in mastication muscles (during the same surgical procedure).
Two 5 mm-long incisions were made in the skin on the upper and lower jaw areas to expose

the masseter and the lateral pterygoid muscles. Two silicon rubber-coated coiled stainless
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steel recording electrodes (Plastics One, Roanoke, VA) were slipped below the skin from the
incision in the skull until the tips showed up from the incisions in the jaw. The bare tips of
the electrodes were then held in contact with the masseter and the lateral pterygoid muscles
and the skin was closed with surgical staples. The other end of the recording electrodes was
encased in a model plastic pedestal with a round threaded post, which was attached to an
electrical swivel and then to a differential amplifier (Grass LP511, Grass Instruments,
Warwick, RI). The pedestal was secured to the skull with dental cement together with the
stimulation electrodes. For the iz vivo microdialysis experiments, concentric microdialysis
probes with 2-mm long dialysis membranes (Eicom Corp. Tokio, Japan) were implanted

respectively into the striatum ipsilateral to the stimulation electrodes (0.0 mm AP, 4.5 ML

and 7.0 mm DV)

EMG recording and power correlation analysis.

Rats were placed in individual bowl chambers. Both stimulation electrodes and
recording electrodes were attached using flexible shielded cabling to a four channel electrical
swivel. Stimulation electrodes were connected to two-coupled constant current isolation
units (PSIU6X, Grass Instruments Wes Warwick, RI) driven by an electrical stimulator
(Grass s88X; Grass Instruments). The recording electrodes were connected to a differential
amplifier (GrassLP511, West Warwick, RI). This configuration allows the rat to move freely
while the stimulation and EMG recordings are taking place. After 60 min of habituation,
biphasic current pulse trains (pulse of 0.1 ms at 120-200uA; 100Hz, 160 ms trains repeating
once per 2 seconds) were delivered. The current intensity was adjusted to the threshold level,
defined as the minimal level of current intensity allowing at least 95% of the stimulation
pulses to elicit a positive EMG response. Positive EMG response was defined as at least
100% increase of the peak amplitude respect to the background tonic EMG activity lasting

more that 100 ms or at least 70% increase in the power of the EMG signal respect to the
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baseline. Positive EMG responses always matched observable small jaw movements. The
threshold level was different for each animal but it was very stable and reproducible once
established. The threshold level was in the 100 to 150 uA range for most cases and it
reached 200 pA in a few (6) animals. Animals that failed to show a positive EMG response
with electrical cortical stimulation intensities of 200 wA were discarded from the
experimental procedure (less than 10%). Both stimulator monitoring and the amplified and
filtered EMG signal (20,000 times gain, bandwidth from 10 to 1,000 Hz with a notch filter
set at 60 Hz) were directed to analog-to-digital converter for recording (Lab-Trax-4, World
Precision instruments, Sarasota, FL) and backup (NI 9215, National Instruments, Austin,
TX) and digitized at a sampling rate of 10,000 samples/second. Recordings of the digitized
data were made using the software Data Trax2 software (World Precision Instruments) and
LabVIEW SignalExpress (National Instruments). A power correlation analysis was used to
quantify the correlation between the stimulation pulses of current delivered into the orofacial
motor cortex (input signal; wA) and the elicited EMG response in the jaw muscles (output
signal; wV). Decrease in the power correlation coefficient (PCC) between these two signals
is meant to describe a decrease in the efficacy of the transmission in the neural circuit. Off-
line, both signals were rectified and the root mean square (RMS) over each period of the
stimulation pulses was calculated in the recorded signals using Data Trax2 software. The
transformed data (RMS) from the stimulator monitor and the EMG were then exported
with a time resolution of 100 samples/second to a spreadsheet file. The stimulation signal
values were used as a reference to select data in a time window of 320 ms starting at the
beginning of each train of pulses. This time window was chosen to ensure the analysis of any
EMG response whose occurrence or length was delayed from the onset of the stimulation
trains and to maximize the exclusion from the analysis of spontaneous jaw movements not
associated with the stimulation. Pearson’s correlation between RMS values from the

stimulation and EMG signals was then calculated for each experimental subject. PCC was
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calculated using the data recorded 40 min after the administration of the dose of any
compound or vehicle. The effects of the different doses of A2aR antagonists on PCC were

analyzed by a one-way ANOVA, followed by Dunnett’s posz-hoc test.

In vivo microdialysis.

The experiments were performed on freely moving rats 24 h after probe
implantation. An artificial cerebrospinal solution of (in mM) 144 NaCl, 4.8 KCl, 1.7 CaCl,,
and 1.2 MgCl, was pumped through the microdialysis probe at a constant rate of 1 ul/min.
After a washout period of 90 min, dialysate samples were collected at 20.min intervals. After
60 min of collecting samples for baseline, the rats were injected either with the AzR
antagonists KW 6002 or SCH 442416. Both compounds were compared to vehicle controls
(5% DMSO, 5% of TWEENS0 and 90% of ddH,O). After 20 min from drug or vehicle
injection, electrical stimulation pulses were applied through the electrodes implanted in the
orofacial motor cortex for 20 min (pulse of 0.1 ms at 50-150 uA; 100 Hz, 160 ms trains
repeating once per second) and samples were collected for 2 additional hours. Glutamate
content was measured by reverse-phase HPLC coupled to a fluorimetric detector (Shimadzu
Inc., Tokio, Japan) (Quarta et al., 2004). Glutamate values were transformed as percentage
of the mean of the three values before the drug or vehicle injection and transformed values
were statistically analyzed. The effect of KW 6002, SCH 442416 and vehicle were analyzed

using a one-way ANOVA for repeated measures followed by a Turkey’s posz-hoc test.

Cell clones.

To obtain CHO cells expressing single receptors or coexpressing AzaR and AiR or
AzaR and D3R, the human ¢cDNAs for AiR or D;R cloned in pcDNA3.1 vector (containing
a geneticin resistance gene) were used. The human AR was cloned into a

pcDNA3.1/Hygro vector with a hygromycin resistance gene. For single transfections, CHO
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cells were transfected with the cDNA corresponding to AR, AiR or DR using
lipofectamine (Invitrogen, Carlsbad, USA) method following the instructions of the
supplier. 24 h after transfection the selection antibiotic was added at a concentration that was
previously determined by a selection antibiotic test. Antibiotic resistant clones were isolated
in the presence of the selection antibiotic (1,200 ug/ml geneticin or 1,000 ug/ml
hygromycin). After an appropriate number of days/passages, several stable lines were selected
and cultured in the presence of the selection antibiotic (600 ug/ml geneticin or 300 ug/ml
hygromycin). To obtain clones co-expressing A>aR and AiR or AR and DR, CHO cells
expressing high affinity AaR (obtained as above described) were transfected with the human
cDNAs for AiR or DR cloned in pcDNA3.1 vector using lipofectamine. After an
appropriate number of days/passages stable lines were selected and cultured in the presence
of the selection antibiotic. The receptor(s) expression in the cell clones was first detected by
dot-blot of cell lysates using commercial available antibodies and wild-type CHO cells
lysates as negative basal staining. Positively moderated stained clones were grown to obtain
membranes in which the receptor expression was quantified by radioligand-binding

experiments.

Bioluminescence Resonance Energy Transfer (BRET) assays.

The fusion proteins A;sR-Rluc, A;R-YFP and D,R-YFP were prepared and
characterized as described elsewhere (Navarro et al., 2009). The cDNA encoding serotonin
SHT,s-YFP receptor was kindly provided by Dr. Irma Nardi (University of Pisa, Italy).
CHO cells were transiently transfected with the corresponding fusion protein cDNA using
lipofectamine. Cells were incubated (4 h) with the corresponding cDNA together with
lipofectamine and Opti-MEM medium (Invitrogen). After 4 hours, the medium was
changed to a fresh complete culture medium. Twenty-four hours after transfection, cells

were washed twice in quick succession in HBSS with 10 mM glucose and scraped in 0.5 ml
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of the same buffer. To control the cell number, sample protein concentration was
determined using a Bradford assay kit (Bio-Rad, Munich, Germany) using bovine serum
albumin dilutions as standards. To quantify fluorescence proteins, cells (20 ug protein) were
distributed in 96-well microplates (black plates with a transparent bottom) and fluorescence
was read at 400 nm in a Fluo Star Optima Fluorimeter (BMG Labtechnologies, Offenburg,
Germany) equipped with a high-energy xenon flash lamp, using a 10 nm bandwidth
excitation filter. Receptor-fluorescence expression was determined as fluorescence of the
sample minus the fluorescence of cells expressing protein-Rluc alone. For BRET
measurements, the equivalent of 20 ug of cell protein were distributed in 96-well plates
(Corning 3600, white plates; Sigma) and 5 uM coelenterazine H (Molecular Probes,
Eugene, OR) was added. After 1 minute of adding coelenterazine H, the readings were
ceollected using a Mithras LB 940, which allows the integration of the signals detected in
the 485 nm-short- (440-500 nm) and the 530 nm-long- (510-590 nm) wavelength filters.
To quantify receptor-Rluc expression luminescence readings were performed after 10
minutes of adding 5 uM coelenterazine H. The net BRET is defined as [(long-wavelength
emission)/(short-wavelength emission)]-Cf where Cf corresponds to [(long-wavelength
emission)/(short-wavelength emission)] for the Rluc construct expressed alone in the same

experiment.

Radioligand binding experiments.

Cell membranes were disrupted and prepared as described above. The competition

experiments were also performed as described above.
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Fourth aim methods’

Receptor ligands.

The following AR antagonists were used: ZM 241385 (Tocris, Bristol, UK), SCH
442416 (Tocris, Bristol, UK), KW 6002 (Axon Medchem, Groningen, Netherlands) and
VER 7835 (Kindly provided by Dr. Sergi Ferré). As AxaR agonists CGS 21680 (Sigma, St.

Louis, MO, USA) was used. As CB1R agonist CP 55,940 (Tocris, Bristol, UK) was used.

Cell clones and cell culture.

CHO cell lines were obtained and maintained as described above. To obtain CHO
cells co-expressing A>aR and CBiR, the human ¢cDNA of CBiR cloned in pcDNA3.1 was
amplified without its codon stop using sense and antisense primers harboring unique BamHI
and EcoRI. The amplified fragment was subcloned to be in-frame into restriction sites of the
multiple cloning sites of pEYFP-NI vector, with a geneticin resistance gene (Clontech,
Heidelberg, Germany), to give the plasmids corresponding to CB1-YFP receptor fusion
protein. CHO-Aua cells were transfected with the cDNA for CB:YFP receptor construct
using the lipofectamine method. After an appropriate number of days/passes, stable lines
were selected and cultured in the presence of the selection antibiotic (300 pug/ml hygromycin,
1200 ug/ml geneticin). Expression of CBiR was first detected by monitoring its own
fluorescence emission at 530 nm in a fluorescent microscope Zeiss Axiovert 25 (Gottingen,
Germany) and fluorescent clones were cultured in presence of the selection antibiotic (300
ug/ml hygromycin, 600 ug/ml geneticin). Moderately fluorescent clones (500 — 5,000
fluorescent units in 0.2 mg/ml protein solution), were selected by fluorescence reading in a
Fluostar Optima Fluorimeter (BMG Labtechnologies, Offenburg, Germany) equipped with
a high-energy xenon flash lamp, using an excitation filter at 485 nm and emission filter at
530 nm. The selected clone (CHO Azs-CB; cells) was grown to obtain membranes in which

the receptor expression was quantified by radioligand-binding experiments.
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ERK.» phosphorylation assay.

CHO Az or CHO As-CB; cells were cultured in serum-free medium containing
0.2 U/ml of ADA for 16 h before the addition of any agent. Cells were stimulated at 37°C
in the same fresh medium for 5 min with the indicated concentrations of AzaR agonist CGS
21680 and/or the CB1R agonist CP 55,940. Cells were washed with ice-cold PBS and lysed
by the addition of 500 ul of ice-cold lysis buffer [50 mM Tris-HCI pH 7.4, 50 mM NaF,
150 mM NaCl, 45 mM 2-glycerolphosphate, 1% Triton X-100, 20 uM phenyl-arsine oxide,
0.4 mM sodium orthovanadate and protease inhibitor cocktail]. Cell debris was removed by
centrifugation at 13,000 g for 5 min at 4°C and the protein was quantified using the BCA
method using BSA dilutions as standards. To determine the level of ERKj;
phosphorylation, equivalent amounts of protein (15 ug) were separated by electrophoresis on
denaturing SDS-PAGE (10% acrylamide gels) and transferred on to PVDF-FL membranes.
Odyssey blocking buffer (LI-COR Biosciences) was then added, and membranes were
rocked for 60 min. Membranes were then probed with a mixture of a mouse anti-(phosphor-
ERKj5) antibody (1:2,500 dilution; Sigma) and rabbit anti-ERK», antibody (1:40,000
dilution; Sigma) overnight. Bands were visualized by the addition of a mixture of IRDye 800
(anti-mouse) antibody (1:10,000 dilution; Sigma) and IRDye 680 (anti-rabbit) antibody
(1:10,000 dilution; Sigma) for 1 h, washed with PBS and scanned by the Odyssey scanner
(LI-COR Biosciences). Bands densities were quantified using the scanner software and
exported to Excel (Microsoft). The level of phosphorylated ERKj/; isoforms was normalized

for differences in loading using the total ERKj/, protein band intensities.

CellKey label-free assays.

These assays were performed and analyzed as described above.
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Radioligand binding experiments.

Cells were disrupted and cell membranes obtained as described above. Competition
experiments were performed as described above with the difference that for CB:R the Tris-
HCI buffer contained 1 mg/ml fatty acid free BSA (Sigma, St. Louis, MI, USA), with the
indicated free concentration of the AR antagonist [PH]ZM 241385, A;aR agonist
[PH]CGS 21680 or the CB4R agonist [’'H]CP 55,940 (NEN PerkinElmer, Welleskey, MA,
USA) and increasing concentrations of ZM 241385, CGS 21680, SCH 442416, KW 6002
or VER 7835 in the absence or, when indicated , in the presence of a constant concentration
of the compound acting as a modulator. Non-specific binding was determined in the
presence of 11 uM of the corresponding non-radiolabelled ligand. Free and membrane
bound ligand were separated by rapid filtration of 500 ul aliquots in a cell harvester (Brandel,
Gaithersburg, MD, USA) through Whatman GF/C filters embedded in 0.3%
polyethylenimine containing 1 mg/ml fatty acid free BSA for CB;R binding, that were
subsequently washed (or washed twice for CB1R binding) for 5 s with 5 ml of ice-cold 50
mM Tris-HCl buffer containing 1 mg/ml fatty acid free BSA for CB1R binding. The filters

were incubated and counted as described above.

Binding data analysis.

Binding data was analyzed as described above.

Fifth aim methods’

Radioligand binding experiments.
Cells were seeded, disrupted and processed as described above.
Binding data analysis.

Binding data was analyzed as described above.
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IV. RESULTS AND DISCUSSION

CHAPTER 1

1.1. A;R-AsaR heteromers coupled to G, and Gy proteins modulate GABA transport into

astrocy tes.

Astrocytes modulate synaptic transmission because they can release and uptake
neurotransmitters (Hamilton and Attwell, 2010) and, therefore, fine tune the balance
between excitation and inhibition. GABA is the main inhibitory neurotransmitter in the
CNS, in which it plays a crucial role in the control of excitability (Schousboe and
Waagepetersen, 2007), plasticity (Artola and Singer, 1987), and network synchronization
(Blatow et al., 2003). These actions depend on changes in the extracellular concentrations of
GABA, which are under control of GABA transporters (GATs) expressed in both neurons
and astrocytes (Minelli et al., 1995, 1996). Cortical astrocytes express GAT-1 and GAT-3
subtypes, and it has been estimated that approximately 20% of extracellular GABA may be
taken up into astrocytes (Hertz et al., 1992).

Astrocytes release large amounts of ATP, which is then hydrolyzed into adenosine
by the action of ecto-nucleotidases (Hamilton and Attwell, 2010). Extracellular adenosine
operates through GPCRs. In the case of neural cells, the A;R and AzaR subtypes are those
that are most likely activated by basal levels of extracellular adenosine. The AiR is often
inhibitory and couple Gy, proteins, whereas the AzaR is usually coupled to G, proteins,
enhancing cAMP accumulation and PKA activity (Fredholm et al., 2001). A;R and AR
may closely interact in such a way that activation of AzaR can lead to inhibition of A;R-
mediated responses (Correia-de-S4 and Ribeiro, 1994; Cunha et al., 1994; Lopes et al.,

1999). Some interactions may occur at the functional and transducing system levels
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(Sebastido and Ribeiro, 2000), but energy transfer assays in the form of bioluminescence
(BRET) and fluorescent (FRET) resonance energy transfer have identified the presence of
A;R-AzaR heteromers in immortalized transfected cells (Ciruela et al., 2006). Together,
these data strongly suggest a putative role of AjR-AaR heteromers in neurons. However,
direct evidence for A;R-A,aR heteromerization in neural cells is still lacking.

Due to the role of astrocytes in overall GABA transport, a first aim of the present
work was to clarify whether A;R and A;aR modulate GAT-1 and/or GAT-3-mediated
GABA transport into astrocytes. We detected a tight interaction between A;R and AxR,
including evidence of cross-antagonism, a biochemical property often demonstrated for
receptor heteromers (Ferré et al., 2001). In addition we found A;R-A;\R heteromers in
astrocytes. We found these heteromers couple to two different G proteins, G, and Gy, both
regulating GABA transport in an opposite way, with the A;R protomer mediating inhibition
of GABA transport and the A;AR protomer mediating facilitation of GABA transport into
astrocytes. This A;R-A;aR functional unit may, therefore, operate as a dual amplifier to

control ambient GABA levels at synapses.
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1.1.1. Endogenous adenosine tonically modulates GABA uptake.

To assess the role of adenosine during GABA uptake, we first incubated the
astrocytes with different concentrations of CADO, an adenosine analog with similar affinity
for AR and AR that is resistant to hydrolysis or uptake by the cells. At a relatively low
CADO concentration (0.3 uM), there was an inhibition of total GABA taken up by
astrocytes, whereas at higher concentrations (3-10 uM), CADO facilitated total GABA
uptake (Fig. 1A). This biphasic influence on GABA transport could be either attributable to
activation of different adenosine receptors, namely AR and AzaR, or a differential influence
over the two GATs present in astrocytes, GAT-1 and GAT-3 (Fig. 1F,G). Hence, GAT-1
or GAT-3 activity was independently assayed. The removal of endogenous adenosine with
ADA (1 U/ml) led to a decrease in GABA transport, and this decrease was highly significant
when transport was mediated by either GAT-1 (Fig. 1B) or GAT-3 (Fig. 1C), suggesting
that extracellular adenosine is tonically facilitating GAT-1 and GAT-3 activity. When
endogenous adenosine had not been removed by pre-incubation with ADA, CADO at a low
conecntration (1 uM) already enhanced GABA transport (33 = 9%, n=3, p<0.05), most
probably because the effect of endogenous and the exogenous agonists is additive; at a higher
concentration (10 uM) CADO caused a pronounced decrease in GABA transport (46 + 3%,
n=3, p<0.05), comnpatible with receptor internalization due to receptor overstimulation. To
control occupation of adenosine receptors with known agonist concentrations and to avoid
variability due to differences in endogenous adonosine in different cultures (Vaz et al., 2011),

all subsequent transport assays were performed in cells preincubated with ADA (1 U/ml).
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Figurel. Adenosine receptor activation modulates [PH]JGABA uptake in astrocytes. Astrocytes were
incubated with medium or with increasing CADO concentrations (a) or 1 U/ml ADA (b,c) and the total
[*H]JGABA uptake (a) or GAT-1 —mediated (b) or GAT-3-mediated (c) uptake was determined. In (d) and
(e), uptake was determined using increasing [PH]JGABA concentrations. The AaR agonist CGS 21680 (30
nM, squares) enhanced and the AR agonist CPA (30 nM, triangles) decreased the GAT-1-mediated (d)
and GAT-3-mediated (e) uptake (control uptake: circles) (Vimax of GAT-1: 25.1 + 1.7 pmol GABA/min vs
14.9 = 0.9 pmol GABA/min of control, *p<0.01, n=6; and Vi of GAT-3: 30.9 = 1.6 pmol GABA/min vs
22.5 = 1.6 pmol GABA/min of control, *p<0.001, n=6). In (f), for immunohistochemistry analysis of GAT-
1 (green, top row) and GAT-3 (green, bottom row) expression by astrocytes, GFAP (red) was used as
astrocyte marker. In (g), solubilized astrocytes were analyzed by SDS-PAGE and immunoblotted using
rabbit anti-GAT-1 antibody (1:100) or rabbit anti-GAT-3 antibody (1:200) (M: molecular mass markers).
Results in a-e are shown as mean = SEM of four to six independent experiments. Statistical significance was
calculated by one-way ANOVA, followed by Bonferroni’s multiple comparison test; *p<0.001 compared

with control (white bars).
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1.1.2. A;R activation decreased and AxaR activation enhanced GABA uptake.

Selective agonists of A;R and AaR were used to assess the influence of the
adenosine receptors on GABA transporters. The selective AiR agonist CPA (30 nM)
decreased maximal velocity (Vi) of GABA transport mediated by GAT-1 (Fig. 1D) or
GAT-3 (Fig. 1E), whereas the selective agonist for A;aR, CGS 21680 (30 nM), enhanced
Vi for GAT-1 (Fig. 1D) and GAT-3 (Fig. 1E), without affecting transport Ku values
(p>0.05, n = 6). These data indicate that adenosine receptor activation modified maximum
transport capacity rather that in the affinity of the transporters for GABA and that
inhibition of GAT-1 and GAT-3 is mediated by AiR, whereas facilitation requires AxaR
activation. To further confirm that AiR and AzaR affect GABA transport in opposite ways,

we used combinations of agonists and antagonists selective for either receptor (Table 1).

Tablel. Binding affinity of agonists and antagonists of adenosine receptors [KD values with 95% confidence

intervals (in parentheses) or + SEM].

Drug AlR AZAR AzBR A3R
34,400°

CPA 2.3* 790 43*
21,000¢

CGS 21680  290° 27° 361,000° 67
50°

DPCPX 3.9* 129° 4,000°
514

SCH 58261  290¢ 0.6 >10,000¢

*(Klotz et al., 1998), ® (Linden et al., 1999), ¢(Ongini et al., 1999) and ¢ (Ji and Jacobson, 1999).

Results are summarized in Figure 2. CPA and CGS 21680 effect were measured in
the presence of the A;R-selective antagonist DPCPX (50 nM) or the AsaR-selective
antagonist SCH 58261 (50 nM). Surprisingly, the effect of the A:R agonist was fully

prevented not only by previous blockade of the A;R with DPCPX but also by the blockade
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of AzaR with SCH 58261. For these experiments, the concentration of each compound was

chosen to act in a selective way. Analogously, facilitation of GABA transport by the AR

agonist CGS 21680 was completely abolished by the blockade of either A;aR or AiR. These

results strongly indicate that A;R and A,aR are tightly interacting and represent a clear

example of cross antagonism between the two receptors. Such antagonism may be

attributable to heteromerization (Callén et al., 2012; Ferrada et al., 2009; Moreno et al.,

2011); thus, we decided to test whether A1R and A;aR may form heteromers in astrocytes.
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Figure 2. Inhibition of [*H]JGABA uptake is
promoted by AiR, whereas facilitation is mediated
by Az2aR. Astrocytes were treated for 15 min with 1
U/ml ADA before the addition of medium, the
AR antagonist DPCPX (50 nM), or the AR
antagonist SCH 58261 (50 nM). After 20 min, the
AR agonist CPA (30 nM) (a-d) or the AR
agonist CGS 21680 (30 nM) (e-h) were added,
and the GAT-1 (a, b, ¢, f) or GAT-3 (¢, d, g, h)
mediated [PH]JGABA uptake was measured as
indicated in Methods. Results are mean + SEM of
six  independent experiments. Statistical
significance was calculated by one-way ANOVA
followed by Bonferroni’s multiple comparison test;
*p<0.001 compared with control (white bars); NS,
p>0.05.



1.1.3. A1R-AzaR heteromers in astrocytes.

The BRET approach was used to evaluate the ability of A;R to heteromerize with
AzaR in astrocytes. First, the endogenous AjR and AaR expression in astrocytes was
investigated by Western blot (Fig. 3A, B). AiR and AzaR expression is relatively low at 2
weeks of cell culture but increases later, BRET measurements were performed using 2-week
cultured astrocytes transiently cotransfected with a constant amount of A;aR-Rluc (7.5 ug of
cDNA) and increasing amounts of A;R-YFP (4-15 ug of cDNA). Fusion of Rluc to AzaR
or YFP to AiR did not modify receptor function as determined by cAMP assays (Canals et
al., 2003). A positive and saturable BRET signal was found for the pairs AzaR-Rluc and
A;R-YFP (Fig.3C). From the saturation curve, a BRET . of 94 + 15 mBU and a BRETs
of 16 = 2 were calculated. As a negative control, the AxaR-Rluc and serotonin 5-HT2xR-
YFP pair was used. As shown in Figure 3C, the negative control gave a linear nonspecific
between AzaR-Rluc and A;R-YFP in astrocyte primary cultures.

Ligand binding assays to receptor heteromers in isolated membranes usually reveal a
“biochemical fingerprint”, which consists of changes in ligand binding characteristics of one
receptor when the partner receptor is occupied by agonist (Ferré et al., 2009). No
intracellular crosstalk can occur in disrupted membranes, and therefore it can be assumed
that the “fingerprint” results from intramembrane receptor-receptor interactions. Although
an indirect approach, it is accepted as identifier of receptor heteromers in native tissues or in
cells expressing the natural non-heterologous receptors (Ferré et al.,, 2009). Therefore,
binding experiments were performed to identify native AijR-AzaR heteromers in 4-week
cultured astrocytes. As shown in Figure 3D, the displacement of AiR agonist ['H]R-PIA
binding by the AyaR agonist CGS 21680 (but not by the AR antagonist SCH 58261) was
significantly (p<0.01) better represented by a biphasic than by a monophasic curve. It is not
expected that the AaR agonist, at concentrations lower that 500 nM, would significantly

bind to AiR (<1% binding to AiR, according to the know Kp value). However, 500 nM
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CGS 21680 significantly (p<0.05) displaced the binding of the selective AR agonist ["H]R-
PIA, with an ICso value of 90 = 30 nM. Obviously, higher concentrations of CGS 21680
caused an additional displacement of [’H]R-PIA binding that, according to its ICsq value (8
+ 4 uM), reflects the binding of CGS 21680 to the A1R. As expected, the AzaR antagonist
SCH 58261 only displaced AR agonist binding (ICso of 500 + 120 nM) at concentrations
known to lose AzaR selectivity and to bind to A1R (Fig. 3D). Together, these data indicate
that the biphasic [’H]R-PIA binding displacement curve observed in the presence of the
AsaR agonist constitutes a fingerprint of the A;R-AR heteromer in non-transfected
primary cultured astrocytes.

To evaluate whether A;R-AsaR heteromerization could be influenced by agonist or
antagonist binding, a series of experiments were performed in transiently cotransfected
HEK-293T cells using a constant amount of AsaR-Rluc (1.5 ug of cDNA) and increasing
amounts of AjR-YFP (1-8 ug of cDNA). In agreement with previous results (Ciruela et al.,
2006), a positive and saturable BRET signal was found. Stimulation (20 min) with the AsaR
agonist (CGS 21680, 30 nM) (Fig. 3E) or with the A;R agonist (CPA, 30 nM) (Fig. 3F)
did not promote any consistent (p>0.05) change in BRET . or BRETS) values. Similar
BRET values were also obtained in the presence or absence of AxaR (Fig. 3G) or AiR (Fig.
3H) antagonists, indicating that neither agonist nor antagonist binding affected the receptor

oligomerization state.
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Figure 3. AiR-A:aR heteromers in astrocytes. In (a), the expression of AiR an AzaR in astrocytes after
different weeks of culture was detected by Western blot as indicated in Methods using a-tubulin as loading
control. Averaged (n = 3) densitometric analysis of immunoblots is shown in (b). In (c) and (e-h), BRET
saturation experiments were performed using 2-weeks cultured astrocytes (c¢) or HEK-293 cells (e-h)
cotransfected with 1.5 ug (c) or 1 ug (e-h) cDNA corresponding to A»aR-Rluc and increasing amounts of
cDNA corresponding to AiR-YFP (squares) or 5-HT:s-YFP (triangles, as negative control) constructs. In
(e-h), cells were treated for 10 min with medium (squares, solid line) or with 30 nM CGS 21680 (e), 30 nM
CPA (f), 50 nM SCH 58261 (g), or 50 nM DPCPX (h) (circles, solid line). The BRETww and BRETs0
values are shown in the insets. Both fluorescence and luminescence for each sample were measured before
every experiment to confirm similar donor expressions (~100,000 luminescent units) while monitoring the
increase acceptor expression (500-10,000 fluorescent units). Data are means = SD of three different
experiments grouped as a function of the amount of BRET acceptor. In (d), competition experiments of 0.8
nM [*H]R-PIA versus increasing concentrations of the A2aR agonist CGS 21680 (solid line) or the AzaR
antagonist SCH 58261 (dotted line) were performed using astrocytic membranes (0.18 mg protein/ml).

Data are mean + SEM of a representative experiment (n = 3) performed in triplicate.
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1.1.4. AiR or A;sR activation, but no its blockade, leads to internalization of the
heteromers.

Heteromerized receptors are expected to internalize together. To test this possibility,
agonist-mediated internalization of A;R and AR was studied in astrocytes. Western blot
data clearly showed that A;R immunoreactivity at the cell surface did not only decrease after
the incubation with the AzaR agonist (Fig. 4A). This decrease was accompanied by an
increase in AR immunoreactivity in the intracellular fraction (Fig. 4B). No significant
changes in surface (Fig. 4C) or intracellular (Fig. 4D) A;R immunoreactivity were detected
during incubation with either A1R or AR antagonists. Interestingly, when the AR agonist
was added after previous blockade of either Ai1R or AzaR by the selective antagonists, it was
no longer able to modify A;R immunoreactivity at the cell surface (Fig. 4E) or in the
intracellular fraction (Fig. 4F). Similarly, adding the AzaR agonist after a previous blockade
of AiR or AR did not promote any modification of A;R immunoreactivity at the cell
surface (Fig. 4E) or in the intracellular fraction (Fig. 4F). It therefore becomes clear that
blockade of either A1R or AzaR prevent AR internalization induced by exposure to AiR or
AzaR agonists.

Cointernalization of A;1R and AxaR after incubation with AiR or A;aR agonists was
also assessed by confocal microscopy analysis of HEK-293T cells coexpressing A;R-YFP
and A R-Rluc. After exposure to either AiR- or AsaR-selective agonists, intracellular A;R-
YFP fluorescence and AzaR-Rluc immunoreactivity markedly increased; a similar
phenomenon was observed after exposure to an A;R agonist but not after exposure to AR or
AoaR antagonists (Fig. 5). Collectively, these results indicate that A;R and AzaR do

internalize together in response to A;R- or AsaR-selective agonists.
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Figure 4. A1R or AzR activation (but not
blockade)

its in astrocytes

of AiR

promotes
internalization and AaR.
Astrocytes were incubated for 30 min with
the AiR agonist CPA (30 nM) or with the
AR agonist CGS 21680 (30 nM), alone
(a, b) or in the presence of either the A;R
antagonist DPCPX (50 nM) or the A:aR
antagonist SCH 58261 (50 nM) (e, f) or
only with DPCPX (50 nM) or SCH
58261 (50 nM) (c, d), before starting the
Biotinylation protocol. When testing the
action of agonists in the presence of
antagonists, the antagonists were added 15
min before the agonists. AiR expression at
membranes and

surface

(left panels)

intracellular fraction (right panels) was

determined as indicated in Methods.
Results are mean = SEM of five
independent  experiments. Statistical

significance was calculated by one-way

ANOVA  followed

by  Bonferroni’s

multiple  comparison  test; *p<0.001

compared with control (100%, white bar).
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Figure 5. AiR and AR are
internalized together during exposure
to either AiR or AzaR agonists. HEK-
293 cells were transfected with 1 ug of
cDNA corresponding to AzaR-Rluc
(red) or 1 ug of cDNA corresponding
to AiR-YFP (green) (a, ¢, e, g, i) or
both (b, d, f, h), and 48 h after
transfection cells, were treated for 60
min with medium (a, b), 100 nM AzaR
agonist CGS 21680 (¢, d), 1 uM
performed as indicated in Methods,
and AzaR-Rluc was labeled with the
anti-Rluc antibody, and AiR-YFP was
detected by its fluorescence properties.
Colocalization was shown in yellow.
The  quantification of  receptor
internalization after the exposure to
ligands was determined by analyzing,
for each condition, 40 — 50 cells from
different fields in three independent
preparations by confocal microscopy.

Values are expressed as mean = SEM.



1.1.5. The Ai1R-AzaR heteromer is coupled to Gy, and G; proteins.

To figure out which G proteins are coupled to the A;R-AzR heteromer, assays of
[*S]GTP-y binding followed by immunoprecipitation using antibodies against different G
proteins (G, Gyo, and Ggn1) were performed (Rashid et al., 2007). As illustrated in Figure
6A (left), the AiR-selective agonist CPA (30 nM) but not the AsaR-selective agonist CGS
21680 (30 nM) significantly increased the Gy, activity, an effect unpredictably prevented by
the AzaR-selective antagonist. In what concerns G, activity (Fig. 6A, middle), it was
enhanced by the AzaR-selective agonist CGS 21680 (30 nM) but not by the AiR agonist
CPA (30 nM); again, and unpredictably, the effect of the A;aR agonist was fully abolished
by the AsR antagonist DPCPX (50 nM). None of the adenosine receptor agonist affected
Gy activity, which was enhanced by acetylcholine (10 uM), used as a positive control in the
same batch of astrocytic membranes (Fig. 6C, right). These data suggests that A;R-AzR
heteromers are coupled to both Gy, and G proteins and not to a unique Gy protein.

G protein activity may be permanently modified by the binding of several toxins,
thus these are useful tools to dissect out a differential receptor-G protein coupling in intact
cells and to evaluate the functional consequences of G protein-mediated-signaling blockade.
GABA uptake assays were therefore performed using ChTx, which uncouples G, from the
receptors as a result of ADP-ribosylation and permanent activation of the o, subunit (Gill
and Meren, 1978), as well as using PTx, which catalyzes the ADP-ribosylation of the Gou
subunit and locks it in the GDP-bound inactive state, thus preventing Gy, protein activation
(Bokoch and Gilman, 1984). Inhibition of either GAT-1- or GAT-3-mediated GABA
uptake induced by the A;R agonist CPA was fully prevented by PTx, but, interestingly, this
toxin also prevented A;aR-mediated facilitation of GAT-1- and GAT-3-mediated GABA
uptake (Fig. 6B). Similar results were obtained in the reciprocal experiment using ChTx. In
fact, the toxin prevented not only the facilitation of GAT-1- and GAT-3-mediated

transport caused by the AxaR agonist CGS 21680 but also the inhibition of GABA transport
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mediated by the A;R agonist CPA (Fig. 6C). The ChTx and PTx data strongly suggests
that the AiR-AzR heteromer is coupled to both G, and Gi proteins. The results also
indicate that, if one G protein (G, or Gi) is blocked or receptor uncoupled, both A;R and
AuaR agonists lose their effect on GABA uptake. It seems that the AjR-AR heteromer is
the mediator of both the inhibitory and the excitatory effects triggered by, respectively, CPA
and CGS 21680.

As a further approach, Gys, G, or G4 activity was also measured by the CellKey
label-free assay in intact CHO cells stably transfected with AiR, AzaR, or both. In A;R-
transfected cells, the signaling obtained during A;R activation with the agonist CPA (10
nM) showed a G; profile (increases in impedance) that was completely blocked when cells
were treated with PTx. Impedance did not significantly change when cells were treated with
ChTx (Fig. 6D, left). In A,zR-transfected cells, the AsR agonist CGS 21680 (10 nM)
induced a G; profile (decreases in impedance) that was completely blocked when cells were
treated with ChTx but not significantly modified during PTx treatment (Fig. 6D, middle).
Interestingly, in cells coexpressing A;aR and Ai;Rm the impedance profiles obtained by
activation with CPA (G; profile) or CGS 21680 (G; profile) were fully blocked by either
PTx or ChTx (Fig. 6D, right). These results strongly reinforce the notion that the A;R-

AzaR heteromer is coupled to both G, and G; proteins.
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Figure 6. AiR-AxaR heteromers in astrocytes is coupled to both G. and Gi. In (a), [**S]GTP-y assays were
performed as described in Methods to test Giso activity (left), G activity (middle), or G activity (right)
using membranes from astrocytes treated for 10 min with medium, the A2aR antagonist SCH 58261 (50
nM), or the AiR antagonist DPCPX (50 nM) before the activation with A»aR agonist CGS 21680 (30 nM)
or AiR agonist CPA (30 nM) or Ach (10 uM) as positive control. In (b) and (c), astrocytes were treated
with medium, PTx (b, 5 ug/ml), or ChTx (¢, 5 ug/ml) before stimulation with CPA (30 nM) or CGS
21680 (30 nM), and GAT-1- and GAT-3-mediated [*H]JGABA uptake was measured as indicated in
Methods. Toxins were preincubated with the astrocytes for 4 h and then removed before uptake assays. (d),
CellKey label-free assays were performed in CHO cells stably expressing AiR (left), A2aR (middle), or both
(right), treated with medium, PTx (10 ng/ml), or ChTx (100 ng/ml), and stimulated or not with CGS
21680 (10 nM) or CPA (10 nM). Results are as mean = SEM from four to eight independent experiments.
Statistical significance was calculated by one-way ANOVA followed by Bonferroni’s multiple comparison
test; *p<0.001 compared with control (100%, white bar), **p<0.001 compared with cells treated only with the

agonist. NS, p>0.05.

147



1.1.6. A transducing unit constituted by an A;R-A,sR heterotetramer.

The above-described data strongly support the notion that the heteromer is, at least,
in an A1R-A;R-AzaR-AxaR tetrameric form and is coupled to Gy, and G, but not to Ggai.
This arrangement predicts that the transducing system operated by adenosine receptors to
modulate  GABA transport into astrocytes is centered in the adenylate cyclase
AC/cAMP/PKA cascade. To address the question of whether a single cAMP/PKA-
centered transducing unit is able to both inhibit and facilitate GABA transport, we tested
the influence of drugs known to interfere with this transducing pathway on the effect of A;R
and AR receptor agonists on GABA transport. In addition, we also tested the blocker of
phospholipase C (PLC) to evaluate a putative transducing pathway classically associated with
Gy

The inhibitory action of AiR agonist on GAT-1 (Fig. 7A) and GAT-3 (Fig. 7C)
still occurred in the presence of PLC blocker U73122 (3 uM; (Smith et al., 1990)), but it
was totally abolished by the blockade of PKA by Rp-cAMPs (100 uM; (Wang et al., 1991)).
The activation of AC with a supramaximal concentration of forskolin (10 uM; (Awad et al.,
1983)) increased GABA transport and occluded the inhibitory effect of the AiR agonist
(CPA) during GABA transport (Fig. 7A, C). The facilitatory effect of the AzaR agonist
CGS 21680 was not affected by the PLC inhibitor U73122 but was totally impaired by the
PKA blocker Rp-cAMPs. The AC activator forskolin mimicked the action of the AR
agonist, and its facilitatory effect was not additive with that of CGS 21680, indicating a

common mechanism (Fig. 7B, D).
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Figure 7. AiR-AzaR heteromer signaling. Astrocytes were treated for 15 min with 1 U/ml ADA before the
addition of medium, the PLC inhibitor U73122 (3 uM), the PKA inhibitor Rp-cAMPs (100 uM), or the
AC enhancer forskolin (10 uM). After 20 min, the AiR agonist CPA (30 nM) (a, c) or the A2aR agonist
CGS 21680 (30 nM) (b, d) were added, and the GAT-1-mediated (a, b) or GAT-3-mediated (c, d)
mediated [*H]JGABA uptake was measured as indicated in Methods. Results are mean + SEM from 4 - 10
independent experiments. Statistical significance was calculated by one-way ANOVA followed by
Bonferroni’s multiple comparison test; *p<0.001 versus control (100%, white columns), p<0.001 versus cells
treated with the agonist alone. (e), Schematic representation of Ai1R-AaR heteromer function. At low
levels, adenosine binds preferentially to the AiR promoter of the heteromer, which will activate G, protein,
and through a mechanism that involves AC and PKA activity, leads to a decrease (-) in GABA uptake
mediated by GAT-1 and GAT-3. At higher concentrations, adenosine activates the A2aR promoter of the
heteromer inhibiting AiR and, through G; protein, couples to the AC/cAMP/PKA pathway, leading to an
enhancement (+) of GABA uptake.
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1.1.8. Discussion.

This work clearly shows that GABA uptake by astrocytes is under modulation by
extracellular adenosine, which, by interacting with a functional unit constituted by AiR-
AzaR heteromers coupled to two distinct G-proteins, Gy, and G, can either boost or depress
the amount of inhibitory neurotransmitter available to neurons.

Using an adenosine analog, CADO, with high structural similarity to adenosine but
with the advantage of not being taken up by the cells nor metabolized by ecto-enzymes, we
observed that submicromolar concentrations of this agonist inhibit GABA uptake, whereas
at low micromolar concentrations, there is an enhancement of GABA transport.
Considering that the affinity of adenosine for the AiR is slightly higher than for the AxaR
(Fredholm et al., 2001), it is likely that the inhibition was mediated by AiR and facilitated
by AzaR. Accordingly, the AiR-selective agonist CPA inhibited GABA uptake into
astrocytes, whereas the AsaR-selective agonist CGS 21680 facilitated it. Unexpectedly, the
blockade of either receptor with selective antagonists prevented the effects mediated by
either agonist, a strong indication that A;R and A,aR are interacting at the molecular level in
primary cortical astrocytes. Abundant evidence of A;R-AR functional crosstalk has been
described, namely, AxaR activation attenuates A;R-mediated responses in the hippocampus
((Cunha et al., 1994; Lopes et al., 1999), at the neuromuscular junction (Correia-de-Sa and
Ribeiro, 1994), and in transfected cells (Ciruela et al., 2006); however, no attempt has been
made to unequivocally and directly identify AiR-AzaR heteromerization in neural cells.
Thus, we looked for energy transfer in primary cultures of astrocytes transfected with
cDNAs for AzaR-Rluc and A;R-YFP. In these assays, a positive, specific, and saturable
BRET signal for the energy transference between AxaR-Rluc and AiR-YFP was detected in
living primary astrocytes. Moreover, the heteromer in native astrocytes was detected by

looking for a fingerprint that consists of changes in ligand binding characteristics of A;R
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when the AzaR is activated. These results complemented and strengthened the evidence for
AiR-AzR  heteromerization in non-transfected astrocytes. Evidence for A;R-AnR
heteromers in living tissues awaits further development of the already-available BRET-
FRET near-infrared dot technology for in vivo imaging (Xiong et al., 2012), not yet
developed for nervous system analysis.

As it is the case from GABA transporters in astrocytes (Vaz et al., 2011), membrane
proteins usually recycle, being internalized and sent back to the membrane in a controlled
way. Biotinylation assays showed that exposure to either AiR or AR agonists led to similar
decreases in surface expression of AiR, and to similar increases in the AiR levels in
intracellular fractions. It then appears that binding of a single ligand to the heteromer is
sufficient to promote internalization of the two receptors. The previous blockade of AiR or
AzaR prevents the heteromer internalization mediated by both A;R and AzaR agonists,
suggesting that internalization of heteromer in response to agonists is a consequence of
heteromer activity. Confocal imaging of transfected HEK-293T cells confirmed that
exposure to an AiR agonist led to internalization of not only A;R but also AR and,
conversely, exposure to an AzaR agonist led to internalization of not only AzaR but also AiR.
Thus, in this aspect, AiR-AzaR heteromers behaved as the P2-adrenoreceptor-d-opioid
(Jordan et al., 2001) and w-opioid-tachykinin NK; (Pfeiffer et al., 2003) receptor heteromers
but different from other heteromers whose promoters do not co-internalize (Smith and
Milligan, 2010). It is technically difficult to know to what extent adenosine receptor
internalization affects GABA transport in astrocytes. In fact, GABA transport into
astrocytes is itself affected by inhibitors of arrestin-dependent endocytosis (Vaz et al., 2011)
that would be required to prevent adenosine receptor internalization.

Agonist exposure did not affect BRET, suggesting that agonist binding does not
induce pronounced allosteric modifications in the receptors. It therefore appears that the

A1R-A3R heteromer in astrocytes mostly works as an integral entity, leaving and probably
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also reaching the cell surface as a heteromeric structure. Furthermore, because antagonists
did not modify the receptor levels at the membrane or the BRET signal, the loss of effect of
one agonist on previous blockade of the other receptor cannot be attributed to heteromer
disruption or formation. Cross-antagonism, which is considered a heteromer fingerprint
(Ferré et al., 2009), is likely attributable to conformational changes induced by the
antagonist and leads to a nonfunctional state of the signaling receptor by uncoupling it from
G protein-mediated signaling.

Heteromers may couple to G proteins different from those to which each individual
receptor partner usually couple. This is indeed the case of the dopamine D:-D, receptor
heteromer, which couples to G4 (Rashid et al., 2007) in a clear shift from the canonical D,
coupling to G, and D, coupling to Gy,. To identify the transducing system operated by the
A1R-AzR heteromer in astrocytes, we first used an approach similar to that used by Rashid
et al. (2007), i.e., [*S]GTP-y binding followed by differential immunoprecipitation. Data
obtained allowed to conclude that the A;R-AaR heteromer in astrocytes seems to be
coupled to both Gy, and G; proteins. Interestingly, the crossantagonism was also evident in
these assays. Thus, the AiR agonist, but not the A2aR agonist, increased Gy, activity, but the
enhancement was also prevented when the A;aR antagonist was present. Reciprocally, G,
activation, which was restricted to the AaR agonist, was prevented when the AiR was
blocked with the antagonist. Similar conclusions could be drawn from GABA uptake assays
because toxin-induced prevention of coupling of receptors to either G, or Gy, led to
reciprocal impaired function of AiR or AsaR agonists to modulate GABA transport. The
crossinhibition of heteromer function by the toxins was observed in both cultured astrocytes
and heterologous cells coexpressing AjR and AaR but not in cells expressing only one
receptor subtype. Altogether, these data provide strong evidence for a heteromeric functional
entity regulating GABA uptake by astrocytes. This functional unit consists of an A;R-AzR

heteromer/Gy,-G complex, which signals through G, when the AsR protomer is activated
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and through G; when the AiR protomer is activated. Most importantly, the blockade of a
single partner in the complex led to adjustments in the whole unit. Since two GPCR
molecules cannot bind to more than a single G protein (Han et al., 2009), A:R-A:R
heteromers in astrocytes may be expressed as heteromers of homomers with a minimal
structure consisting of an A;R-A;R-A;3R-AxnR complex, making possible to accommodate
two different G proteins (Figure 7E). The transducing system operated by the heteromer
seems to involve the AC, consistent with the G protein data and the data obtained in the
presence of forskolin or the inhibitor of the PKA (Rp-cAMPs), both of which occluded the
effects of the A1R- or AzaR-selective agonists during GABA uptake.

A ten-fold rise in concentration of the non-selective ligand CADO was enough to
gate AR activation and engage a completely opposite modulation of GABA uptake.
Assuming a near 10-fold higher potency of CADO compared with adenosine (Ribeiro and
Sebastido, 1987), the shift from inhibition to enhancement of GABA uptake might occur at
low micromolar concentrations of extracellular adenosine. These concentrations are easily
attained at a tripartite synapse, in which astrocytes and neurons release considerable amounts
of ATP, which are degradated into ADP, AMP, and adenosine by ecto-5-nucleotidases.
The higher the release of ATP, as at high neuronal firing rated in reciprocal neuron-to-
astrocyte communication at the tripartite synapse (Fields and Burnstock, 2006), the higher
the expected concentration of extracellular adenosine. It is therefore likely that sustained
neuronal firing promotes activation of the AR protomer of the A;R-AaR heteromer,
leading to facilitation of GABA uptake. Activation of GABA uptake by astrocytes will lead
to a decrease in ambient GABA and a subsequent depression of tonic GABAergic
inhibition, resulting in enhanced excitatory tonus. Conversely, at submicromolar adenosine
concentrations, there is a preferential activation of the A;R protomer of the A;R-AzR
heteromer, and GABA uptake by astrocytes would be inhibited and tonic inhibition by

GABA would be enhanced. Thus, through an adenosine action on A;R-AzaR heteromers,
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astrocytes might behave as dual amplifiers, facilitating excitation at intense astrocytic to
neuronal signaling and increasing inhibition at low neuronal firing rates. This switch in
neural activity may require a highly efficient control to avoid sudden state transition, and this
seems to be the main advantage of heteromerization of A;R and AzaR in astrocytes. Indeed,
overstimulation of just one of the receptor protomers leads to internalization of the whole
functional unit, therefore allowing a double brake in the system and avoiding an abrupt
inhibitory signaling and a sudden switch from excitation to inhibition as a consequence of

desensitization of only the excitatory protomer.
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1.2. Adenosine A;R and AyaR heteromers form dynamic but stable tetrameric complexes

with two different G proteins.

The once controversial idea of GPCR dimerization is now heavily supported by
recent biochemical and structural data (Guo et al., 2005; Fung et al., 2009; Albizu et al.,
2010; Maurice et al., 2010; E1 Moustaine et al., 2012; Manglik et al., 2012). This debate has
now moved to the question of heterocomplexes, where a number of studies point to the
presence of heterodimers and higher order heteromers in a broad spectrum of GPCRs
(Gurevich and Gurevich, 2008; Sohy et al., 2009; van Rijn et al., 2010; Décaillot et al., 2011;
Kamal and Jockers, 2011; Callén et al., 2012). A well-characterized example is the adenosine
AiR-Az R heteromer, first described as a concentration sensing device in striatal
glutamatergic neurons (Ciruela et al., 2006). The A;R-A;aR heteromer is thought to
function as a switching mechanism by which low and high concentrations of adenosine
inhibit and stimulate, respectively, glutamate release (Ciruela et al., 2006; Orru et al., 2011).
However, the molecular stoichiometry and dynamics of the formation of these A;R-AzR
heteromers and the number of bound G proteins (G; and/or G;) remain unknown.

Numerous biochemical studies have attempted to identify the G protein receptor
stoichiometry (Seifert et al., 1999; Nobles et al., 2005; Bayburt et al., 2007; Whorton et al.,
2007; Dorsch et al., 2009; Han et al., 2009; E1 Moustaine et al., 2012; Orban et al., 2012)
and the influence of ligand binding to the dynamics of oligomerization (Dorsch et al., 2009;
Fung et al., 2009; Birdsall, 2010; Kasai et al., 2011; Scarselli et al., 2012). For instance,
single-molecule imaging techniques have shown that the ionotropic kainate receptors,
known to oligomerize, can form with a 2:2 stoichiometry (Reiner et al., 2012), while
fluorescence recovery after photobleaching (FRAP) techniques have been used to investigate
homomeric interactions in living cells (Dorsch et al., 2009; Calebiro et al., 2013). The

present study aims to shed light, by a combination of single-molecule microscopy, molecular
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modeling and energy transfer assays, on the steady-state population of adenosine A;R-AzR
heteromers at the plasma membrane (PM) in the absence of ligands. We found that co-
expressed A1R-AzaR organizes mostly into heterotetramers containing two protomers of

A1R and two protomers of AzaR bound simultaneously to G; and G proteins.

1.2.1. Individual adenosine receptors form stable heteromers with restricted diffusion in the
plasma membrane of living cells.

To examine how stable A;R-AzaR heteromers are in the PM of a living cell, we
performed a Single Particle Tracking (SPT) analysis of the receptors tagged with fluorescent
proteins in HEK 293 cells. eGFP was fused to the C-terminus of AjR (A1R-eGFP) and
mCherry to the C-terminus of AR (A2aR-mCherry). Previously, we have shown that
fusion to the C-terminus does not affect function of these receptors (Canals et al., 2003).
Trajectories and intensities of the individual fluorescent particles over time were recorded by
Total Internal Reflection (TIRF) microscopy using an electron multiplying (EMCCD)
camera (Fig. 1A, 1B, 1D and 1E). An example of a cell and the individual receptor
trajectories tracked in its analysis are shown in Fig. S1. The SPT mobility analysis in cells
expressing A1R-eGFP alone (Fig. 1A) led to a linear relationship between the mean square
displacement (MSD) versus time lag in the trajectories of up to 1,600 single molecules (Fig.
1C). These results demonstrate that A;R-eGFP molecules have no restrictions and,
therefore, follow a Brownian motion. Co-expression of A;aR-mCherry (Fig. 1B) led to a
reduction on lateral mobility, with the diffusion coefficient changing from 0.381 = 0.002
um?/s to 0.291 = 0.003 um?/s, and to a change in the type of diffusion, now confined to
regions of 0.461 + 0.004 um in diameter (Fig. 1C). Thus, the presence of A»aR dramatically
alters the mobility of AiR, a result that strongly supports the formation of receptor
heteromers. Importantly, when the reverse comparison was made, analysis of cells expressing

only A2aR-mCherry (Fig. 1D) versus the double transfected cells (Fig. 1E), a change in
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mobility was also observed (Fig. 1F). AR alone had diffusion coefficient of 0.317 + 0.002
wum?/s and in the presence of A;R their mobility was reduced to 0.143 = 0.005 um?s. A>aR
alone displayed confined motion within a circle of 0.941 + 0.007 um in diameter that was
reduced to 0.360 + 0.001 um when both receptor types were co-expressed.

Although comparing the mobility of receptors in the presence or absence of the
partner receptor is meaningful, observing the behavior of the heteromers themselves would
be more informative. Consequently, only particles where both AjR and AR colocalized
(vellow dots in Fig. 1G) were analyzed. More that 70% of the Colocalization cases were
stable on the cell membrane for over 1 min of the acquisition time for the individual movies
(Fig. 1H). These more stable complexes exhibited movement confined to a square of a side
length of 0.291 + 0.003 um and with a diffusion coefficient of 0.232 + 0.001 um?*'s (Fig. 11
and Fig. S2A). We also observed a small subpopulation of transiently colocalized A1R-AzR

agglomerations (Fig. S2B), which lasted less than 200 ms (Fig. 1H).
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Figurel. Lateral mobilities of AiR and AzaR change substantially when both receptor subtypes are
simultaneously expressed on the cell surface. Examples of individual trajectories for A1-eGFP (A and B) or
Aza-mCherry (D and E) were analyzed on HEK 293 cells expressing A1-eGFP (A) or Aza-mCherry (D) or
both (B and E). Scale bar: 100 nm. The average motion of receptors was determined by plotting mean
square displacement (MSD) of A;-eGFP (C) alone (black line) or in the presence of Aza-mCherry (blue
line) or Aza-mCherry (F) alone (black line) or in the presence of Ai1-eGFP (blue line) versus time lag. Data
sets were fitted to mathematical models of free and confined diffusion, for AiR and AsaR respectively. In
(G) Colocalization of A;-eGFP and Asa-mCherry is observed (yellow dots). 70% of the colocalized
receptors correspond to the stable complexes on the cell membrane (lasting >1 min) and the rest show
transient behavior (lasting <200 ms) (H). In (I) the MSD versus time lag for stable complexes was examined
and more than 1,600 stably colocalized receptors were considered. Error bars, S.E. of each MSD data point

for each particular lag time.
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Figure S2. Stable and transient receptor colocalization. In (A) individual
trajectories of receptors stably colocalized (>1 min) on HEK 293 cell surface
expressing A1-eGFP and Aza-mCherry is shown. Scale bar: 100 nm. In (B),
four time-lapse images exhibiting colocalization dynamics of two receptors,

A1-eGFP and Asa-mCherry colocalizing transiently.
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1.2.2. A1R-AzR heteromers organize as tetramers formed by two protomers of A;R and
two protomers of AzaR.

The brightness distribution of individual fluorescent particles permits a detailed
analysis of local stoichiometry directly on the surface of living cells (Schmidt et al., 1996;
Harms et al,, 2001). We analyzed the probability density function of the fluorescence
intensity first on clusters form cells expressing single A;AR-mCherry or A;R-GFP, we found
the majority of clusters to consist of either two (~50%) or four (~30%) receptors, and a small
portion of clusters with 1 or 3 receptors (~10% in both cases) (Fig. 2A and B black bars). In
cells expressing A;aR-mCherry, receptors were mostly expressed as trimers (~45%) with
dimers and tetramers the second most common populations (Fig. 2C and D black bars). In
cells coexpressing AiR and AR, the overall stoichiometry distribution of the receptor
particles was indeed affected (Fig. 2B and D blue bars and Fig. S3), which suggests the
formation of dynamic but stable complexes. Interestingly, the dimer population significantly
increased and became the predominant species.

The molecular composition of the stable heteromers was analyzed by calculating the
stoichiometry of A;R-GFP and A;a-mCherry receptor complexes (Fig. 2E and Fig. S4).
Interestingly, in ~1.000 analyzed clusters, a dimer of A;R and a dimer of A;aR was the most
prevalent form (Fig. S4), with 75% of the clusters containing A;R dimers and 75% of the
clusters containing AR dimers (Fig. 2E). These results strongly suggest that the most
common species is a tetramer consisting of two Aj;R and two AjR. There were also
significant populations of clusters that contained A;R monomers (~22%) and AaR trimers
(~19%), suggesting the existence of Ai;R:A;aR (1:3) heteromers. It is difficult to estimate
their significance, but one possibility is that they are remnants of the AsaR trimers found in
the cells expressing this receptor alone. Alternatively, they could indicate the coexistence of
minor species formed during the dynamic organization of the heterotetramers, which are

expected to exist in reversible equilibrium.
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Figure S3. Stoichiometry analysis of the receptor
distribution. In (A and B), the theoretical intensity
distribution measured for a population of individual
spots over time was modeled as the sum of four
Gaussian terms, corresponding to complexes with 4,
3, 2 and 1 molecules for eGFP (A) or for mCherry
(B). In (C and D), the intensity distribution was
measured in HEK 293 cells expressing both Ai-
eGFP and Aza.mCherry. The stoichiometry analysis
was performed for A;-eGFP (C) and Asa-mCherry
(D). Curves show approximate amount of
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Figure S4. Stoichiometry analysis of the stably colocalized receptors.

Distribution of the fluorescence signal and the stoichiometry of A; —eGFP (A)

and Aza-mCherry (B) within the stably colocalized receptors in HEK 293 cells

expressing both Ai-eGFP and Aza-mCherry. Curves represent approximate

amounts of monomers, dimers, or trimers within the colocalized complex.



b
w

% occurence

monomer dimer trimer tetramer BO

o

100

% occurence
]

8o
B0 monomer dimer trimer tetramer

40

% occurence

monomer dimer trimer tetramer

Figure 2. Analysis of the fluorescence signal intensity indicates that AiR and AzaR exist in a heterotetramer
composed of two receptors of each type. In (A and C), the fluorescence signal intensity distribution (grey
area) detected from more than 7,000 independent observations is given for HEK 293 cells expressing AiR-
GFP (A) or A2aR-mCherry (C). Curves showing approximate amounts of monomers, dimers, trimers and
tetramers were also displayed in green for AiR-GFP (A) and in red for A2aR-mCherry (C). The occurrence
of monomers, dimers, trimers and tetramers for AiR-GFP (B) expressed alone (black bars) or in the
presence of A;aR-mCherry (blue bars) or A2aR-mCherry (D) alone (black bars) or in the presence of AiR-
GFP (blue bars) on the cell surface was calculated by stoichiometry analysis from results shown in (A) or (C)
regarding the single transfection or from Fig. S4 C-D for the co-transfection. In (E) the stoichiometry
analysis was performed for stably colocalized AiR-GFP and A>aR-mCherry receptors co-expressed in HEK
293 cells. Green corresponds to AiR-GFP and red to A2aR-mCherry.
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1.2.3. G protein binding can stabilize receptor dimerization.

To date, it is not fully understood whether GPCR dimerization is induced and/or
stabilized by scaffolding proteins. Various studies have raised the possibility that non-
receptor proteins, like G proteins, could influence receptor dimerization (Whorton et al.,
2007; Mary et al., 2012). To gain insight into this issue and taking into account that A;R
selectively couples to G; and AzR to G (Fredholm et al., 2001), we used BRET assays to
monitor receptor homo- and hetero-dimerization, in the presence and absence of pertussis or
cholera toxins. BRET experiments in cell expressing AiR fused to Rluc (AiR-Rluc) and
fused to YFP (A:1R-YFP) led to a saturable curve (Fig. 3A, black line), along with AsaR-
Rluc and A;aR-YFP (Fig. 3B, black line), indicating homodimers formation. Cells treated
with the Gi-specific pertussis toxin (Fig. 3A and B, green line), specifically reduced the value

of BRET i for A2aR-AzaR homodimers by 45%.
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Figure 3. Influence of G protein on AiR or A2aR homodimerization. BRET saturation experiments were
performed in HEK 293 cells transfected with 0.3 ug cDNA corresponding to AjR-Rluc (A) or 0.2 ug of
c¢DNA corresponding to A2aR-Rluc (B) and increasing amounts of cDNA corresponding to AiR-YFP (A,
0.1 to 1.5 ug cDNA) or A2aR-YFP (B, 0.1 to 1.0 ug cDNA). Cells were treated for 16 h with medium
(black lines) or with 10 ng/ml of pertussis toxin (green lines) or 100 ng/ml cholera toxin (red lines) prior
BRET determination. Both fluorescence and luminescence of each sample were measured before every
experiment to confirm similar donor expressions (approximately 100,000 bioluminescence units) while
monitoring the increase in acceptor expression (1,000 to 40,000 fluorescence units). The relative amount of
BRET is given as a function of 100 X the ratio between the fluorescence of the acceptor (YFP) and the
luciferase activity of the donor (Rluc). BRET is expressed as mili BRET units (mBU) and is given as the
mean = SEM of four to six different experiments grouped as a function of the amount of BRET acceptor.
At the top of each panel, a schematic representation of the components of the complex is shown in which
Rluc is fused to the C-terminal domain of one receptor protomer and YFP is fused to the other protomer in

the homodimer.

These results indicate that G; and G, are bound to their respective receptor

homodimers in the absence of ligands. Moreover, since the value of BRET ..« is a function of

the number of homodimers formed, the decrease observed here suggests the binding of the

G protein may induce and/or stabilize receptor homodimerization.
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1.2.4. G, and G; can bind and stabilize adenosine A;R-AR heteromers.

Our single molecule microscopy data supports the hypothesis that A;R-AzR
heteromers mainly exist as tetrameric complexes formed by two homodimers of AR and
AzaR. To study the role of G proteins on A1R-Az1R heteromer formation we performed
BRET experiments. Cells transfected with A;R-Rluc and A; R-YFP show a saturable
BRET curve indicating that A;R and AaR form heteromers (Fig. 4A, black line). Notably,
the presence of either pertussis or cholera toxin led to a decrease in BRET mna (Fig. 4A, green
and red lines), indicating that both G; and G proteins are bound and either induce and/or
stabilize A;R-AR heteromerization. Nevertheless, these experiments do not give
information on the stoichiometry of the stabilized complexes.

To study the role of G proteins on tetramer formation we combined BiFC with
BRET (Kerppola, 2006; Robitaille et al., 2009). For this purpose the N-terminal fragment
Rluc8 was fused to AR (A;R-nRluc8) and its C-terminal domain to AzaR (A2aR-cRluc8),
which only upon complementation can act as BRET donor (Rluc8) (Fig. 4B). The BRET
acceptor protein was obtained upon complementation of the N-terminal fragment of YFP
Venus protein fused to A1R (A1R-nVenus) and its C-terminal domain fused to AR (A2aR-
cVenus) (Fig. 4B). When all four receptor constructs are transfected in the cell we obtain a
positive and saturable BRET signal with a BRET 1 of 35 = 2 mBU and BRETs, of 16 + 3
(Fig. S5) that shows heterotetramer formation. Remarkably, pre-incubating the cells with
either pertussis or cholera toxins decreased the BRET . by 35% (Fig. 4B). These findings
reinforce our previous observations and strongly suggest that both G; and G; proteins bind to
the A1R-AzR heterotetramer. This was further explored by analyzing the energy transfer
between the a-subunit of G; protein (Gi-Rluc, Rluc fused to the N-terminal domain of the
o-subunit of G;) and AsaAR-YFP in cells co-expressing or not AjR. A BRET saturation
curve was observed only in the presence of A;R (Fig. 4C, black line), but not in its absence

(Fig. 4C, blue line) and the BRET . was reduced by cell treatment with pertussis toxin (Fig.
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4C, green line). These results indicate that G; is bound to the A;R homodimer and in

complex with the A;R-AzaR heterotetramer.

YFP/Rluc

m

YFP/Rluc

Figure 4. Influence of g protein on AiR and AzaR heteromerization. Experiments were performed using
HEK 293 cells treated for 16 h with medium (black lines in A and C or — toxin in B) or with 10 ng/ml of
pertussis toxin (green lines in A and C or + PTx in B) or 100 ng/ml of cholera toxin (red lines in A or +
ChTx in B) prior to BRET determination. In (A) BRET saturation curves were performed in cells
transfected with 0.3 ug of cDNA corresponding to AiR-Rluc and increasing amounts of cDNA
corresponding to A2aR-YFP (0.1 to 1.0 ug cDNA). In (B) BiFC with BRET experiments were performed
in cells transfected with 1.5 ug of cDNA corresponding to AiR-cRluc8 and A2aR-nRluc8 and 1.5 ug of
c¢DNA corresponding to AiR-nVenus and A2aR-cVenus. Negative control corresponds to cells transfected
with 1 ug of cDNA corresponding to nRluc8 and 1.5 pg of cDNA corresponding to A2aR-nRluc8, AiR-
nVenus and AzaR-cVenus. In (C) BRET saturation curves were performed in cells transfected with 2 ug of
c¢DNA corresponding to a-subunit of Gi fused to Rluc, increasing amounts of cDNA corresponding to
AaR-YFP (0.1 to 0.5 ug cDNA) and 0.5 pg cDNA corresponding to AiR. Control BRET curves were
performed in the absence of Ai-R expression (blue curve). In BRET curves, both fluorescence and
luminescence of each sample were measured before every experiment to confirm similar donor expressions
(approximately 50,000 bioluminescence units) while monitoring the increase in acceptor expression (1,000 to
10,000 fluorescence units). The relative amount of BRET is given as a function of 100 X the ratio between
the fluorescence of the acceptor (YFP) and the luciferase activity of the donor (Rluc). BRET is expressed as
mili BRET units (mBU) and is given as the mean = SEM of five to eight different experiments grouped as a
function of the amount of BRET acceptor. At left, a schematic representation of the components of the
complex indicating the protomer to which Rluc and YFP (A and C) or the hemi luminescent or fluorescence

proteins (B) were fused is shown.
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1.2.5. Molecular model of the A;aAR homodimer in complex with G..

To identify the orientation of the G protein in the receptor homodimer we analyzed
the energy transfer between the a-subunit if the G, protein (G.-Rluc, Rluc fused to the N-
terminal domain of the o-subunit of G;) and A;aR-YFP (Fig. 5A). A BRET saturation
curve was observed (Fig. 5B, black line) and the BRET ..« was reduced by cell treatment with
ChTx (fig. 5B, red line). These results indicate a close proximity between the N-tail of G
and the C-tail of AsaR. Constructing a molecular model of the A;aR-G; complex taking
into account the recently described crystal structure of Br-adrenergic receptor in complex
with G, (Rasmussen et al., 2011), shows that Rluc attached to the N-terminal aN helix of
G, and YFP attached to the C-terminal domain of A;aR point toward distant positions in
space (Fig. 5C). Therefore, the observed BRET might occur between G,-Rluc and a second
AAR-YFP protomer in the homodimer that is not bound to G.. To understand these effects
at the molecular level, we constructed hypothetical arrangements of A>aR homodimers using
the transmembrane (TM) 1 (Fig. 5SE), TM4 (Fig. 5D), and TMS5 (Fig. 5F) interfaces taken
from crystal structures featuring such contacts. Clearly, the TM4 interface would favor
BRET between G,-Rluc and the second (G,-unbound) A;aR-YFP protomer. We, thus,

propose that receptor homodimerization occurs via the TM4 interface.
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Figure 5. Molecular models of G. bound to the A;aR. In (A), schematic of Rluc fused to the N-terminal
domain of the a-subunit of Gs and YFP to the N-terminal domain of AzaR. In (B) BRET saturation
experiments were performed in HEK 293 cells transfected with 2 pg of cDNA corresponding to o-
subunit of G fused to Rluc and increasing amounts of A;aR-YFP (0.1 to 0.5 ug) cDNA. Cells were
treated for 16 h with medium (black line) or with 100 ng/ml of ChTx (red line) prior BRET measure.
Both fluorescence and luminescence of each sample were measured before every experiment to confirm
similar donor expressions (approximately 50,000 bioluminescence units) while monitoring the increase in
acceptor expression (1,000 to 10,000 fluorescence units). The relative amount of BRET is given as a
function of 100 X the ratio between the fluorescence of the acceptor (YFP) and the luciferase activity of
the donor (Rluc). BRET is expressed as mili BRET units (mBU) and is given as the mean + SEM of four
to five different experiments grouped as a function of the amount of BRET acceptor. In (C), molecular
model of the A>aR-G; complex, constructed from the recently described crystal structure of B2-adrenergic
receptor in complex G.. Rluc (in blue) is attached to the N-terminal aN helix of G. (in gray) and YFP (in
yellow) is attached to the C-terminal domain of AzaR (in light green). Although the exact conformation
of the AxaR C-tail cannot unambiguously be determined, the C-tail of A2aR was ambiguously modeled in
the direction found in the C-tail of squid rhodopsin and YFP positioned near the N-terminus of the y-
subunit as described in the OXE receptor. In (D-F), hypothetical arrangements of A2aR homodimers
using the experimentally proposed TM1 (E), TM4 (D), and TMS5 (F) interfaces. TM helices 1, 4, and 5
involved in receptor dimerization are highlighted in dark blue, and gray, respectively. A2aR protomers
bound to G; are shown in dark green. Only the molecular model depicted in panel D would favor the

observed high-energy transfer (see panel B) between Gi-Rluc and A2aR-YFP.
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1.2.6. Molecular model of G, and G; bound to the A;R-A,R heterotetramer.

To model the AjR-AzR heterotetramer, A;R and A;aR homodimers were initially
using the TM4 interface for homodimers and the TM5 (Fig. S6A) or the TM1 (Fig. S6B)
interface for the heteromer. To discern between these two structures we took advantage of
the BiFC experiments (Fig. 4B). From the schemes depicted in Fig. S6A, it is deduced that
A;R-nRluc 8 and A;aR-cRluc8, as well as A;R-nVenus and AzsR-cVenus, can only
complement if A;R-A,aR heteromerization occurs via the TM5 interface.

We next evaluated, by computational tools, whether the proposed A;R-AR
heterotetramer could simultaneously bind G; and G proteins. Clearly, G; and G, binding to
the inner protomers of the A1R-A,aR tetramer is not feasible due to a steric clash between
a-subunits (Fig. S6C). In contrast, there is not steric clash between any of the two G
proteins when G; and G; bind the A;R-AR heterodimer via the external protomers (Fig.
S6D and Fig. 6). This binding mode positions the y-subunits of G; and G; facing the inside

of the tetrameric complex.

Figure S6. Molecular model of G, and Gi bound

A J B to the adenosine A1R-A2aR heterotetramer. In
S s
A 1 01\1 %) oAZAO (A and B), schematic representation of the AiR-
@ A
ocg A pq OAZAo AxnR tetramer. AR and AcaR
A2A
() O ] homodimerization were modeled via the TM4

interface and Ai1R-2aR Heterodimerization was
modeled either via TM1 (B) or TM5 (A)
interfaces. nRluc8 and cRluc8 are shown in blue
and nVenus and cVenus in dark yellow. In (C
and D), molecular models of the AiR-AzaR
heterotetramer, constructed as in panel A, in
complex with Gi and G; proteins. Gi and G bind
either the inner (C) or the outer (D) protomers
of the A1R-AzaR tetramer. The color code of the
proteins is depicted in the adjacent schematic

representations. TIM helices 1, 4, and 5 involved

in receptor dimerization are highlighted in dark

blue, light blue, and gray, respectively.
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Figure 6. Molecular model of tetrameric AiR-A;aR heteromer in
complex with Gi and G. proteins. In (A), BRET experiments were
performed in HEK 293 cells 48 h post-transfection with 0.2 ug of

c¢DNA corresponding to AiR, 0.15 ug of cDNA corresponding to A2aR

and 2 pg of cDNA corresponding to a-subunit of Gi fused to Rluc and
increasing amounts of cDNA corresponding to a-subunit of G; fused to
YFP (white column) or 0.3 ug of cDNA corresponding to y-subunit
fused to Rluc and increasing amounts of cDNA corresponding to y-
subunit fused to YFP (black column). Maximum BRET, expressed as
mBU, was represented and is given as the mean = SEM of four different
experiments. In (B — C), molecular models of the A1R-A»R tetramer in
complex with Gi and G, are presented. AR and AuaR
homodimerization was modeled via the TM4 interface, A1R-A2aR
heteromerization was modeled via the TM5 interface, and G; and G;
bind to the external protomers of the A1R-A2aR heterotetramer. The
color code of the depicted proteins is: AiR bound to Gi is shown on
orange, Gi-unbound AiR in red, A2aR bound to G is dark green, G.-
unbound A»aR in light green, the a-, -, and y-subunits of Gi and G in
dark grey, light gray and purple, respectively, Rluc in blue, and YFP in

yellow. TM helices 4 and 5 involved in receptor dimerization are
highlighted in light blue and gray, respectively. B, Rluc and YFP fused
to the o-subunit s of Gi and G, respectively, point toward different
positions in space in agreement with the low energy transfer between
them shown in panel A white columns. C, Rluc and YFP fused to the y-
subunits of Gi and G, are close in space in agreement with the high

energy transfer between then shown un the panel A (black column).
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1.2.7. G, and G; can bind simultaneously to the external protomers of A;R-A;R
heterotetramers.

In order to experimentally test whether both G; and G, bind simultaneously to the
external protomers of the A;R-AzaR tetramer, two complementary BRET experiments were
performed. First, Rluc and YFP were respectively fused to the N-terminal domains of the -
subunit of G; (ou-Rluc) and G, (0-YFP). Second, Rluc and YFP were respectively fused to
the N-terminal domains of the y-subunit of G; (y-Rluc) and G (y-YFP). The cDNAs of the
corresponding pair of constructs were cotransfected with the cDNA of AiR and AzaR and
BRET was measured. The significant energy transfer between y-Rluc and y-YFP (Fig. 6A)
confirms our hypothesis of simultaneous G; and G, binding to the A;R-AzR
heterotetramer. Comparison of this value of BRET . with the observed low energy transfer
between oi-Rluc and o,-YFP (Fig. 6A) indicates that the distance between Rluc and YFP is
larger when fused to the N-terminal aN helix domains of the o-subunit of both G proteins
than when fused to the N-terminal domain of their y-subunits. This is in agreement with
the molecular model of the tetrameric A;R-AaR heteromer in complex with G; and G, (Fig.
6B and 6C). Finally, the model is also compatible with the large BRET signal between Gi-
Rluc and A2aR-YFP found in the presence of AiR (Fig. 4C). Thus, heteromers consists of a
non-square displaced tetramer, using the TM4 interface for homodimerization and the TM5
interface for heteromerization (Fig. S6A) and both G; and G bound to the external

protomers of the A;R and AR homodimers (Fig. S6D), respectively.
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1.2.8. Discussion.

It has become generally accepted that GPCRs can form homomers. Crystallographic
studies support this concept including the recent demonstration that u-opioid receptor
crystalizes as a two-fold symmetrical homodimer (Manglik et al., 2012). Although GPCR
can also form heteromers, the molecular architecture of heteromers has been poorly studied.
One interesting observation from the SPT experiments is that AR and AzaR are forming
dynamic but stable heteromers at the PM in which the most common complex is a tetramer
consisting of two AjR and two A;aR. Due to the penetration limit of the evanescent wave (<
100 nm) used to excite the sample in the TIRF microscopy experiments, it is clear that these
complexes are able to occur at or near PM. SPT technology was also used to detect receptor
homomer for muscarinic M receptors and for the N-formyl peptide receptor (Hern et al.,
2010; Kasai et al., 2011). Recently, the same technique was used to shown that Gluk2 and
Gluk5 ionotropic kainate receptors assemble with 2:2 stoichiometry (Reiner et al., 2012).
This is in line with our results and supports the general idea that heteromers tend to
organize as dimers of dimers. Moreover, these A;R and AxaR heterotetramers appear to be
very stable, most of them remaining associated at least in the order of minutes. To our
knowledge, this is the first time that the expression at the PM and the stability of GPCR
heteromers has been assessed.

A variety of experiments using different techniques have shown the functional
relevance of GPCR asymmetry within dimers in ligand binding, ligand-induced
conformational changes and G protein coupling (Han et al., 2009; Maurice et al., 2010;
Gomes et al., 2011). Dimers can provide more regulatory and signaling flexibility (Canals et
al., 2011; Maurice et al., 2011). Considering A1R-AaR heteromers as stable tetramers, as
shown by our single molecule tracking experiments, four fundamental questions immediately

rise: Is there a role of G proteins in stabilizing the receptor heterotetramer? Can two
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different G proteins simultaneously bind this heterotetramer? What is the orientation of the
G proteins in the complex that gives rise to the asymmetry in the heterotetramer? What is
the molecular architecture of the signaling unit? To answer these questions we took
advantage of previous analysis of the interfaces between homomers, showing symmetric
interfaces between TMs 1, 4 or 5 depending on the technique used (Guo et al., 2003, 2008;
Lopez-Gimenez et al., 2007; Gorinski et al., 2012; Hu et al., 2012). In the case of tetramers,
their association requires that there is more than one interaction interface per protomer.
BRET assays to monitor receptor homo- and hetero-dimerization, together with molecular
models of receptor oligomerization, indicate that the homomerization interface is TIM4
whereas the TM5 interface is used for heteromerization. Another interesting aspect reported
here is that the heteromer is able to bind G proteins in the absence of extracellular ligands.
Thus, the previously described concept of “pre-coupling” of G proteins prior to receptor
stimulation (Galés et al., 2005) is supported by the decrease of energy transfer between
protomers in both homomers (A1R-AiR and A;aR-Az1R) and heteromers (A1R-AzR) in
the presence of the Gi-specific PTx or the Gi-specific ChTx. Since the maximum energy
transfer is a function of the number of protomers formed, our results indicate that G proteins
may induce and/or stabilize receptor dimerization. Importantly, BRET assays to monitor G
protein binding shows that both G; and G; can be recruited simultaneously in the A;R-AzaR
heterotetramer. To avoid the steric clash between both G proteins, G; and G, binding to the
A1R-AjR heterotetramer occurs via the external protomers. This binding mode positions
the Py-subunits of G; and G, facing towards the inner portion of the tetrameric complex.
Interestingly, the two surfaces for G protein binding constituted by the two homodimers in
the displaced tetramer resemble the ones modeled for the u-opioid receptor bound to two G;
proteins (Manglik et al., 2012), with the exception that the external protomers in the u-

opioid tetramer interact via the TM1 interface.
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CHAPTER 2

2. Agonist and antagonist allosteric interactions between receptors in the A;aR-D,R

heteromer.

Dopamine is one of the most important neurotransmitters in the brain and exerts its
functions by interacting with dopamine receptors that are GPCRs. Signaling through the
D:-like receptor family (D1 or Ds receptors) or Ds-like receptor family (D,, D3 and Ds
receptors), translates into activation/inhibition of specific neurons and circuitries. D;-like
receptors are known to stimulate adenylate cyclase activity via a G, mechanism and D,-like
receptors are known to stimulate adenylate cyclase activity via a G; mechanism (Missale et
al., 1998). D; and D, dopamine receptors are mainly segregated in the two GABAergic
striatal efferent neurons that constitute more that 95% of the striatal neuronal population.
GABAergic dynorphinergic neurons, in the direct pathway, express the peptide dynorphin
and dopamine D; receptors and GABAergic enkephalinergic neurons, in the indirect
pathway, express the peptide encephalin and dopamine D, receptors. Interestingly,
adenosine AR are also segregated in the striatal efferent neurons and are mainly expressed
in the indirect pathway where they colocalize with dopamine D;R (Rosin et al., 1998;
Schiffmann et al., 2007). In fact, D;R are under the control of adenosine A sR. At least in
part, such control is through formation of a receptor heteromer (Bulenger et al., 2005; Ferré
et al., 2007; Smith and Milligan, 2010; Terrillon and Bouvier, 2004; Waldhoer et al., 2005).
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 (Ferré et al., 2009). Heteromers of adenosine AzaR and D;R were one
of the first GPCR heteromer to be described (Hillion et al., 2002). A close physical

interaction between both receptors was shown using co-immunoprecipitation and co-
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localization assays (Hillion et al., 2002) and FRET and BRET techniques (Canals et al.,
2003; Ciruela et al., 2004; Kamiya et al., 2003). The existence of A;aR-D,R heteromers in
lamb striatum has also been recently inferred based on the effects of bivalent ligands (Soriano
et al., 2009) and the expression of these heteromers in mouse striatum was based on the
proximity ligation assays (Trifilieff et al., 2011). The A;aR-D:R heteromers in the striatum
are very relevant for motor activity control since it is generally accepted that stimulation of
the direct and indirect pathway results in motor activation and motor inhibition, respectively,
and that smooth motor drive results from the counterbalanced influence of the direct and
indirect pathways on the neural activity of the output structures (Obeso et al., 2002).
Allosteric interaction is a common biochemical property of receptor heteromers, and
it is defined as an intermolecular interaction by binding of a ligand to one of the receptor
units in the receptor heteromer changes the binding properties of another receptor unit
(Ferré et al., 2009). Understanding how different ligands for the partner receptors regulate a
GPCR within a heterodimer through allosteric effects between the two protomers of the
dimer is crucial in the development of new therapeutic strategies. Allosteric interactions in
the A2aR-D;R heteromer have received a lot of attention but have been restricted to agonist-
agonist allosteric interactions. It has been considered as a main mechanism responsible for
the antiparkinsonian effect of AxaR antagonists (Ferré et al., 2004, 2008; Muller and Ferré,
2007) and it seems that by means of this phenomenon, A;aR counteracts the D; receptor-
mediated inhibitory modulation of the effects of NMDA receptor stimulation in the indirect
striatal efferent neurons (Azdad et al., 2009; Higley and Sabatini, 2010). Allosteric
interactions have also been suggested to be mostly responsible for the locomotor depressant
and activating effects of A2aR agonist and antagonists, respectively (Ferré et al., 2008). In all
cases, the AzaR antagonists were considered as an agonist displacer. However, the direct
effect on the modulation of D;R pharmacological properties exerted by the antagonist

binding to AzaR has never been considered. In this study we demonstrate that not only the
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agonist CGS 21680, but also the non-selective AxaR antagonist caffeine decreased the
binding of both the D;R agonist [’H]quinpirole and the D,R antagonist ["H]raclopride in
membrane preparations from transfected cells and from sheep striatum by allosteric
interactions between both receptors in the AaR-D:R heteromer. Using these allosteric
interactions as a heteromer fingerprint, we demonstrated the AaR-D;R heteromer

expression in human brain striatum.

2.1. CGS 21680 and caffeine binding to AsR decrease dopamine D,R agonist and
antagonist binding by an allosteric interaction in the A;aR-D;R heteromer.

To evaluate the modulatory role of AxaR agonists and antagonists on D;R agonist
and antagonist binding, CHO cells expressing A2aR-D1R heteromers were used. First of all,
as previously shown in HEK 293 cells (Canals et al., 2003), the ability of AzaR to form
heteromers with D;R was demonstrated by BRET experiments in CHO cells transiently co-
expressing AaR-Rluc and D,R-YFP. A positive BRET signal for the energy transfer was
obtained (Fig. 1). The BRET signal increased reaching as a hyperbolic function of the
concentration of the YFP-fusion construct added reaching an asymptote. As a negative
control the BRET pair formed by A,aR-Rluc and 5SHT,3R-YFP was used. As shown in Fig.
1, the negative control was fit in a linear non-specific BRET signal. The hyperbolic BRET
signal found for these fusion proteins indicates that the intermolecular interaction between

AzaR and D2R in CHO cells is specific.
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Figure 1. Identification of A2aR-D:R heteromers in CHO cells by BRET experiments. BRET saturation
curves were performed with CHO cells co-transfected with increasing amount of cDNA (0.2 to 0.5 ug)
corresponding to D2R-YFP and 0.5 ug of cDNA corresponding to A2aR-Rluc (circles). Both fluorescence
and luminescence of each sample were measured before every experiment to confirm similar donor
expressions (about 100,000 luminescent units) while monitoring the increase acceptor expression (10,000 —
25,000 fluorescent units). As a negative control, linear BRET was obtained in cells expressing equivalent
luminescence and fluorescence amounts corresponding to A;aR-Rluc (0.5 pug cDNA transfected) and
serotonin SHT2sR-YFP (0.5 to 8 ug cDNA transfected) receptors (triangles). The relative amount of
receptor is given as 100 X the ratio between the fluorescence of the acceptor minus the fluorescence of cells
expressing the donor alone (YFP) and the luciferase activity of the donor (Rluc). BRET data are expressed

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

Using CHO cells transiently transfected with AsaR and D,R we first tested if the
selective AzaR agonist CGS 21680 and the non-selective adenosine receptor caffeine were
able to modulate ["H]raclopride (4 nM) binding to D,R. Both CGS 21680 (Fig. 2A) and
caffeine (Fig. 2C) nor caffeine (Fig. 2D) were able to modulate [*H]raclopride (4 nM)
binding in membranes from cells only expressing D,R. Only the highest concentration of
caffeine (10 mM) slightly but significantly reduced ["H]raclopride binding, which cannot be
attributed to the binding of caffeine to the AsaR (see below the affinity constant of AsaR for
caffeine). These results indicated that agonist and antagonist binding to AzaR negatively
modulate the antagonist binding to D,R. Similarly, the D,R agonist ["H]quinpirole (10 nM)
binding to membranes from cells expressing A;aR and DR significantly decreased in the
presence of increasing concentrations of CGS 21680 (Fig. 2E) or caffeine (Fig. 2F), an effect
that was not observed using membranes from cells only expressing D;R. Interestingly, CGS

21680 and caffeine were more potent at displacing the D2R agonist [’H]quinpirole that the
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D,R antagonist [*H]raclopride binding. These results indicate that binding of any ligand
(agonist or antagonist) to the AzaR decreased the binding of any ligand (agonist or

antagonist) to the D,R.
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Figure 2. Effect of A2aR ligands on the raclopride and quinpirole binding to cells expressing
D2R or AzaR and DzR. CHO cells were transfected with 2 ug of the cDNA corresponding to D2R (c
and d) or co-transfected with 3 ug of the cDNA corresponding to AzaR and 2 ug of the cDNA
corresponding to D2R (a, b, e and f). ["H]raclopride (4 nM) binding (a to d) of [*H]quinpirole (10
nM) binding (e and f) to cell membranes (0.5 mg of protein/ml) was performed in the absence or in
the presence of increasing concentrations of the A2aR agonist CGS 21680 (a, ¢ and e) or the A2aR
antagonists caffeine (b, d and f). Specific binding is represented as percentage respect to the sample
in absence of A24aR ligands. Data are mean = SEM of triplicates. Significant differences respect to the

samples in absence of A2aR ligands were calculated by Student’s t test (* p<0.05 and ** p<0.01).

To test if these interactions are a consequence of allosteric interactions between both
receptors in the AR-D;R heteromer and constitute biochemical properties of the
heteromer, we analyzed if they can be modified by alterations of the quaternary structure of
the heteromers. It has been recently shown that an electrostatic interaction between
intracellular domains of the two receptor-units in the AxaR-D:R heteromer is essential for

the establishment of its quaternary structure (Navarro et al., 2010). This electrostatic
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interaction involves an arginine-rich domain of the third intracellular loop of the D,R and a
phosphorylated serine (Ser-374) in the C-terminus of the A;aR. Mutation of this critical
phosphorylated serine (substitution to alanine) leads to a significant decrease in BRET
values (Navarro et al., 2010). We therefore disrupted the electrostatic interaction (with
mutation of Ser-374 of the AR to Ala-374; A,x*7*R) and tested the ability of A,™*7*R-
Rluc to form heteromers with DoR-YFP. As expected, the BRET between Rluc and YFP
was reduced when compared with BRET values obtained with non-mutated receptors (Fig.
3), indicating a change in the quaternary structure that increases the distance between Rluc

and YFP, which are placed at the C-terminal part of the receptors.
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Figure 3. Identification of A:a**"*R-D:R heteromers in CHO cells by BRET experiments. BRET
saturation curves were performed with CHO cells co-transfected with increasing amounts of cDNA (0.2
to 5 ug) corresponding to D2R-YFP and 0.5 ug cDNA corresponding to A2a*37*R-Rluc (solid line). Both
fluorescence and luminescence of each sample were measured before every experiment to confirm similar
donor expressions (about 100,000 luminescence units) while monitoring the increase acceptor expression
(10,000 - 25,000 fluorescent units). The relative amount of acceptor is given as 10 X the ratio between
the fluorescence of the acceptor minus the fluorescence of cells expressing the donor alone (YFP) and the
luciferase activity of the donor (Rluc). BRET data are expressed as means + SD of four to six different

experiments grouped as a function of the amount of BRET acceptor.

Using membranes from CHO cells expressing this structurally different Ax*"*R-

D:R heteromer, we tested the effect of AzaR ligands on agonist and antagonist binding to
D:R. Radioligand binding experiments were performed incubating cell membranes with the
D:R antagonist [’H]raclopride (4 nM, Fig. 4A and B) or D,R agonist [’H]quinpirole (10

nM, Fig. 4C and D) and increasing concentrations of the A;aR agonist CGS 21680 (Fig.
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4A and C) of the AR antagonist caffeine (Fig. 4B and D). Compared with cells transfected
with the wild-type A;aR and D,R (see Fig. 2), a significantly lower potency in the ability of
both CGS 21680 and caffeine to decrease [*H]raclopride and [*H]quinpirole binding was
observed. These results therefore strongly suggest that these interactions are a consequence

of allosteric interactions between both receptors in the A;aR-D;R heteromer and constitute

biochemical properties of the heteromer.

a b
@ 1004 ) 1004
28 28
so 5 go ™5
S £ oc
® 2 50 e 2 50
T's T's
2 25 T 25
ol L ol B B .
0 001 01 1 3 0 001 01 1 3
[CGS21680] (uM) [caffeine] (mM)
c d
o o 100
33 33
a3 -aé 754
£2 £2
g% G2 50
s T's
o u 254
"0 001 01 1 3 "0 001 01 1 3
[CGS21680] (M) [caffeine] (mM)

Figure 4. Effect of a serine point mutation in the A2aR C-terminal domain in the A2aR receptor-
mediated modulation of ligand binding to D:R. CHO cells were co-transfected with 3 ug of the
cDNA corresponding to A2a*7“R and 2 ug of the cDNA corresponding to D2R. [*H]raclopride (4
nM) binding (a and b) or [*H]quinpirole (10 nM) binding (¢ and d) to cell membranes (0.5 mg of
protein/ml) was performed in the absence or in the presence of increasing concentrations of the
AR agonist CGS 21680 (a and ¢) or the AR antagonist caffeine (b and d). Specific binding is
represented as percentage respect to the samples in absence of A»aR ligands. Data are mean = SEM
of triplicates. Significant differences respect to the samples in absence of AR ligands were

calculated by Student’s t test (* p<0.05 and ™ p<0.01).
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2.2. Allosteric modulations in the A;aR-D;R heteromer in native tissue.

To test the effect of ligand binding to A2aR on the agonist or antagonist binding to
D;R in a native tissue, Radioligand binding experiments were performed using sheep brain
striatal membranes were both AAR and DsR are highly co-expressed and where they form
heteromers (Soriano et al., 2009). We first analyzed the effect of ligand binding to A2aR on
the antagonist binding to D1R in sheep striatal membranes. As shown in Figure 5, both
CGS 21680 (Fig. 5A) and caffeine (Fig. 5C) significantly decreased [’H]raclopride (2 nM)
binding to DR with the same potency that in co-transfected cells. To test if the agonist and
antagonists affinity for AzaR correlates with ligand concentration able to significantly
decrease the ["H]raclopride binding to DR, affinity constants of AxaR for CGS 21680 and

caffeine were determined at the same experimental conditions.
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Figure 5. Effect of A2aR agonist and antagonist on the raclopride binding to sheep brain striatum DsR.
In (a) and (c¢) 2 nM [PH]raclopride binding to sheep striatal membranes (0.5 mg of protein/ml) was
performed in the absence or in the presence of increasing concentrations of the A»aR agonist CGS 21680
(a) or the AzaR antagonist caffeine (c). Specific binding is represented as percentage respect to the
samples in absence of A2aR ligands. Data are mean = SEM of triplicates. Significant differences respect to
the samples in absence of AaR ligands were calculated by Student’s t test (* p<0.05 and ** p<0.01). In (b)
and (d) competition experiments of 2 nM [*H]ZM 241385 binding versus increasing concentrations of
the AzaR agonist CGS 21680 (b) or the AzaR antagonist caffeine (d) were performed in 50 mM Tris-
HCI buffer, pH 7.4 containing 10 mM MgCL, 120 mM NaCl and 5 mM KCI using sheep striatal
membranes (0.5 mg protein/ml). Data are mean + SEM from a representative experiment (n = 3)

performed in triplicate.
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As shown in Fig. 5, the competition curve with the antagonist (Fig. 5D) was
monophasic (Dc = 0, see Methods) according to a non-cooperative behavior described for
the AzaR antagonists, whereas the competition to an antagonist/agonist modulation (Kpas =
32 = 8 nM, see Methods) (Casad¢ et al., 2009a). Data fitting to equation 2 did not improve
data fitting to equation 3; thus, equilibrium constants were calculated by fitting data to
equation 3. The dissociation equilibrium constant (Kps:) value for CGS 21680 and caffeine
binding to AzaR were 45 + 5 nM and 25 = 2 ubM, respectively (mean = SEM of three
different assays). Thus, at these experimental conditions the agonist and antagonist affinity
for AR correlates with ligand concentration able to significantly decrease the
[PH]raclopride binding to D,R. The AR ligand-induced decrease in the [*H]raclopride
binding is consistent with an AR receptor-mediated increase of DR antagonist affinity
constant. In fact, competition experiments of [*H]raclopride (4 nM) binding versus
raclopride (0.01 nM to 3 uM) performed in the absence or in the presence of 3 uM CGS
21680 or 3 mM caffeine gave monophasic competition curves (Dc = 0, see Methods). The
Kpai values obtained by fitting binding data to equation 4 (see Methods) appear in Table 1
and indicate that CGS 21680 and caffeine significantly decrease the affinity of striatal DoR

for ["H]raclopride.

Table 1. Equilibrium dissociation constant (Kpa1) for [*H]raclopride or [*H]quinpirole binding

to D2R in the absence (control) or in the presence of AaR ligands.

[*H]raclopride binding  [*H]quinpirole binding

Treatment

Kpai (nM) Kpai (nM)
Control 1.8+0.7 5£2
CGS 21680 (3 pM) 42+0.7 10 £ 2%
Caffeine (3 mM) 3.7+0.7 14 + 3*

Data are means = SEM values of three experiments. * p < 0.05 compared to control.
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The experiments in co-transfected cells demonstrated that the caffeine-mediated
modulation of antagonist and agonist binding to D2R is dependent on its ability to bind to
AzaR. However, in the striatum, the non-selective adenosine antagonist caffeine also binds
to AiR. Therefore, we also tested the role of AjR ligands in D,R antagonist binding.
Competition experiments of [’H]raclopride (2 nM) versus increasing concentrations of the
AR agonists r-PIA (Fig. 6A) or CCPA (Fig. 6B) showed that A;R agonists do not
modulate D,R antagonist biding. When the AR antagonist DPCPX was used as
competitor, concentrations of DPCPX up to 100 nM, able to produce a >99% AiR
saturation, did not affect [*H]Jraclopride binding (Fig. 6C). Nevertheless, higher
concentrations of this ligand significantly decreased [*H]raclopride binding (Fig. 6C), which
was due to the ability of high concentrations of DPCPX to bind to AsR. In fact, high
concentrations of DPCPX also displace ['H]ZM 241385 (Fig. 6D) and fitting binding data
to equation 3 gave a Kpp = 50 = 4 nM. These demonstrate that ligands (agonist and

antagonist) binding to AsaR but not AiR act as modulators of antagonist binding to D2R.
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Figure 6. Ligand binding to adenosine AR does not affect the raclopride binding to sheep brain striatum
D:R. In (a), (b) and (c) 2 nM [*H]raclopride binding to sheep striatal membranes (0.5 mg of protein/ml)
was performed in the absence or in the presence of increasing concentrations of the AiR agonists R-PIA (a)
or CCPA (b) or the A; receptor antagonists DPCPX (c). Specific binding is represented as percentage
respect to the samples in absence of AiR ligands. Data are mean = SEM of triplicates. Significant
differences respect to the samples in absence of AiR ligands were calculated by Student’s t test (** p<0.01).
In (d) competition experiments of 2 nM [PH]ZM 241385 binding versus increasing concentrations of
DPCPX in sheep brain striatal membranes are shown. Data are mean + SEM from a representative

experiments performed in triplicate.

To test the effect of AR ligands on D,R agonist binding, experiments were
performed incubating sheep striatal membranes with the DR agonist [’H]quinpirole (6 nM)
and increasing concentrations of CGS 21680 (Fig. 7A) or caffeine (Fig. 7B). Both ligands
significantly decreased ["H]quinpirole binding to D;R. Furthermore, as with the experiments
in co-transfected cells, CGS 21680 and caffeine were more potent at modulating
[PH]quinpirole than [’H]raclopride binding. To test if the decrease in agonist binding is
consistent with an AaR receptor-mediated increase of D,R agonist affinity constant,
competition experiments of ["H]quinpirole (6 nM) binding versus quinpirole (0.01 nM to 3
uM) were performed in the absence or in the presence of CGS 21680 (3 uM) or caffeine (3

mM). At low concentrations of [’H]quinpirole , competition curves were monophasic (D¢ =

0) due to the extremely low [’H]quinpirole binding to the second protomer of the
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homodimer, so binding data was fitted to equation 4. The Kpa: values obtained appear in

Table 1 and indicate that CGS 21680 and caffeine significantly decrease the affinity of

striatal D,R for [PH]quinpirole.
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Figure 7. Effect of agonist and antagonist binding to A2aR on the quinpirole binding to sheep brain
striatum D:R. 6 nM [PH]quinpirole binding to sheep striatal membranes (0.5 mg of protein/ml) was
performed in the absence or in the presence of increasing concentrations of the A2aR agonist CGS 21680
(a) or the AxaR antagonist caffeine (b). Specific binding is represented as percentage respect to the
samples in absence of AzaR ligands. Data are mean = SEM of triplicates. Significant differences respect

to the samples in absence of A2aR ligands were calculated by Student’s t test (** p<0.01).
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2.3. A2aR-D;R heteromer in human brain caudate nucleus.

As recently established, the identification of a biochemical property of a receptor
heteromer can be used as a biochemical fingerprint of their presence in native tissues (Ferré
et al., 2009). Since, as described above, the allosteric interactions between AzaR and D,R in
the A2aR-D;R heteromer constitute biochemical properties of the heteromer. We used these
allosteric modulations as a biochemical fingerprint to detect A;AR-D2R heteromer in human
brain striatum (caudate nucleus). Experiments were performed incubating human caudate
nucleus membranes with [’H]raclopride (2 nM) and increasing concentrations of CGS
21680 (Fig. 8A), caffeine (Fig. 8B) or the AR agonist CCPA (Fig. 8C). Both the AzaR
agonist and caffeine significantly decreased [*H]raclopride binding to D,R with exactly the
same potency than in membranes from sheep striatum and co-transfected cells. As expected,
the AiR agonist did not modulate the antagonist binding to D,R (Fig. 8C). These results

provide the first evidence for the existence of A;AR-D.R heteromers in human striatum.

a Figure 8. Effect of agonist and antagonist binding
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2.4. Discussion.

One important property of receptors heteromers is the capacity to establish allosteric
interactions between partner receptors in the receptor oligomer that confers the specific
pharmacological and functional characteristics of the heteromer (Casado et al., 2007, 2009a).
In this work we focused on this property for A;aR-D,R heteromers. We first demonstrated
that binding of any ligand (agonist or antagonist) to the A2aR decreases the binding of any
ligand (agonist or antagonist) to the D,R. Second, we established that these interactions are
a consequence of allosteric interactions between both receptors in the A2aR-D:R heteromer
and constitute biochemical properties of the heteromer. Third, we demonstrated that
adenosine AR but not A;R agonist and antagonist decreases both agonist and antagonist
affinity for D;R in sheep brain striatal membranes were AxaR-D:R heteromer have been
described (Soriano et al., 2009). Finally, using these allosteric interactions as the heteromer
fingerprint, we demonstrated the A;aR-D,R heteromer expression in human brain striatum.

Both the AR agonist CGS 21680 or the non-selective adenosine receptor
antagonist caffeine, the most consumed psychoactive drug in the world, decreased the
affinity of the D;R for the selective tritiated agonist and antagonist [’H]quinpirole and
[PH]raclopride. Here we demonstrated that these interactions between AzaR and D,R are
allosteric interactions between the different receptor units in the A;aR-D1R heteromer that
constitute a biochemical property of the heteromer. In fact, it has been described that finding
a correlation between significant changes in the quaternary structure of the heteromer with
significant changes in receptor pharmacology or function, allows establishing the
biochemical properties of the heteromer (Ferré et al., 2009). Following this concept, we have
taken profit of the use of an A,aAR mutant with a mutation of a key serine residue localized in
its C-terminus (A;2**"*R). We previously demonstrated that such as mutation results in a

decrease in BRET values that implies a significant change in the quaternary structure of the
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AaR-Ds1R heteromer by disrupting the intracellular intermolecular electrostatic interaction
of the heteromer (Borroto-Escuela et al., 2010; Navarro et al., 2010). As expected, here we
observed a decrease in BRET for the A;2*¥*R- Rluc — D;R-YFP pair compared to AzR-
Rluc — D2R-YFP pair and this change in the quaternary structure of the heteromer also
resulted in the counteraction of allosteric interactions in the heteromer. Therefore, the
allosteric interactions in the A;aR-D;R heteromers here described constitute a biochemical
characteristic of the receptor heteromer.

A biochemical property of the receptor heteromer can be used as a heteromer
biochemical fingerprint to demonstrate its presence in native tissues (Ferré et al., 2009). As
we demonstrated that the allosteric interactions in the A;aR-D,R heteromer constitute
biochemical properties of the receptor heteromer, we used these allosteric interactions to
detect and characterize AaR-D;R heteromers in sheep brain striatum and, more
importantly, in human brain caudate nucleus. In human brain caudate nucleus membranes,
CGS 21680 and caffeine decreased the affinity of the D,R for [’H]raclopride with practically
the same dose-response range we found in membrane preparations from CHO cells
expressing AaR-D;R heteromers. Consequently, we were able to find the heteromer
biochemical fingerprint using these membranes that gives, for the first time, a demonstration
of the existence of A;aR-D,R heteromers in the human brain. These findings are relevant
considering that both A;aR and DR in the striatum are targets for many therapeutic drugs
and neurodegenerative disorders and remain a primary focus of many biomedical and
pharmaceutical research (Cristalli et al., 2009; V. Lopes et al., 2011; Millan, 2010; Pinna,
2009; Thaker, 2007). In fact, receptor heteromers possess unique biochemical characteristics
that are demonstrably different from those of its individual units (Ferré et al., 2009). Those
properties, including allosteric modulations between units here described, can be
fundamental in drug discovery, since the pharmacological parameters of a drug selected for

instance by HTS (High-throughput screening) strategies using receptors expressed alone in a
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cell line can be very different from the actual pharmacological parameters in native tissues
expressing the receptor forming heteromers with another receptor and in the presence or in
the absence of ligands for the partner receptor (Casadé et al., 2009a, 2009b; Ferré et al.,
2009). In this frame, one interesting aspect is that an allosteric interaction between
protomers in a heteromer must be interpreted as an intermolecular interaction by which
binding of a ligand to one of the receptor units in the receptor heteromer changes the
binding properties of the other receptor unit (Ferré et al., 2009). Some findings initially
demonstrated that the AR agonist decreases the agonist binding to D2R and suggested that
this allosteric interaction between AR and DR was a key mechanism involved in the
motor depressant effects of AzaR agonists and the motor stimulant effects of AzR
antagonists including caffeine (Ferré et al., 2008) or in the AzaR agonist-induced depletion
of the D,R receptor-mediated inhibition of NMDA-induced neuronal firing (Schiffmann et
al., 2007). Also agonist-agonist allosteric interaction has been considered as a main
mechanism responsible for the antiparkinsonian effect of AR antagonists (Ferré et al,,
2004, 2008; Muller and Ferre, 2007). Since now, AxaR antagonists were not considered to
induce direct allosteric interactions in the A;aR-D;R heteromer and were only considered as
molecules able to displace the agonist binding and, consequently, block the agonist-agonist
allosteric interactions in the AzaR-D;R heteromer. Our results demonstrate than an
allosteric interaction in the Az;aR-D;R heteromer not also includes agonist-agonist
interactions but also agonist-antagonist, antagonist-agonist and antagonist-antagonist
interactions in cell and brain tissue membranes including human striatum. Thus, antagonist
binding to AaR unit in the receptor heteromer also decreases the agonist and antagonist
binding to the D,R unit. This behavior must be taken into account when analyzing the
functional and pharmacological role of AR ligands, in particular A;aR antagonist on D;R
functionality and point out that not only allosteric interactions but also complex cross-talk

between receptors in the heteromer at the signaling level must be taken into account to
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explain the role of AR ligands on DR modulation. Another important aspect, our results
can also have implications in the field of human PET neuroimaging. In PET,
["'Clraclopride is often used as a marker of DR, and caffeine intake is usually not controlled
when using the ligand. A few studies of the effect of caffeine on [''C]raclopride PET have
been performed, and they already indicated a caffeine-induced decrease in the D,R
antagonist binding (Kaasinen et al., 2004a, 2004b). Taking into account the results here
described, this decrease in [''C]raclopride binding can be interpreted by caffeine acting on
AaR-D3R heteromers in the human brain. However in PET studies was only evaluated the
effect of an oral dose of caffeine on habitual coffee drinkers after 24 hours of caffeine
abstinence (Kaasinen et al,, 2004a, 2004b) and results are difficult to interpret, as
[""Clraclopride binding is only significantly modified in thalamic areas and the effects of
caffeine could sometimes be reproduced by placebo (Kaasinen et al., 2004a, 2004b).
Nevertheless, the results here described strongly suggest that the A;aR-D;R heteromer-
mediated effect of caffeine on raclopride binding have to be taken into account in
["'Clraclopride PET experiments and point out that parameters such as tendecy to drink
coffee, periods of coffee abstinence or different doses of caffeine must be take into

consideration.
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CHAPTER 3

3. Striatal pre- and postsynaptic profile of adenosine A,AR antagonists.

The striatum is the major input structure of the basal ganglia (Gerfen, 1992). More
than ninety five percent of striatal neurons are y-aminobutyric-acidergic (GABAergic)
medium spiny neurons (MSNs). These neurons receive two main inputs: glutamatergic
afferents from cortical, thalamic and limbic areas and dopaminergic afferents from the
substantia nigra pars compacta and the ventral tegmental area (Gerfen, 1992). MSNs are
efferent neurons that give rise to the two efferent pathways (Gerfen, 1992). It is generally
accepted that stimulation of the direct and indirect pathways results in motor activation and
motor inhibition, respectively, and that smooth motor drive results from the counterbalanced
influence of the direct and indirect pathways on the neural activity of the output structures
(DeLong and Wichmann, 2007; Obeso et al., 2002). Direct MSNs express dopamine
receptors predominantly of the DiR subtype, whereas indirect MSNs are known for their
high expression of dopamine DR and adenosine AR (Ferré et al., 2008; Gerfen, 1992;
Quiroz et al., 2009).

There is clear evidence for the existence of postsynaptic mechanisms in the control
of glutamatergic neurotransmission to the indirect MSN by at least two reciprocal
antagonistic interactions between AR and DR (Ferré et al., 2008). In one type of
interaction, A;aR and D;R are forming heteromers and, by means of an allosteric
interaction, AR counteracts the D;R-mediated inhibitory modulation of the effects of
NDMA receptor stimulation in the indirect MSN, which includes Ca** influx, transition to
the up-state and neuronal firing in the up-state (Azdad et al., 2009; Higley and Sabatini,
2010). This interaction has been suggested to be mostly responsible for the locomotor

depressant and activating effects of AzaR agonist and antagonists, respectively (Ferré et al.,
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2008). The second type of interaction involves A2aR and DR that do not form heteromers,
but most probably homomers (Ferré et al., 2008). In this interaction, which takes place at
the level of adenylyl-cyclase (AC), stimulation of Gi-coupled D,R counteracts the effects of
G.-coupled AzaR (Ferré et al., 2008). Due to a strong tonic effect of endogenous dopamine
on striatal D1R, this interaction keeps AxaR from signaling through AC. However, under
conditions of dopamine depletion or with blockade of DR, A;aR-mediated AC activation is
unleashed. This is biochemically associated with a significant increase in the phosphorylation
of PKA-dependent substrates, which increases gene expression and the activity of the
indirect MSN, producing locomotor depression (Ferré et al., 2008). This interaction seems
to be the main mechanism responsible for the locomotor depression induced by D,R
antagonists. Thus the motor depressant and most biochemical effects induced by genetic or
pharmacologic blockade of D3R are counteracted by the genetic or pharmacological blockade
of A2aR (Chen et al., 2001; Hakansson et al., 2006; Svenningsson et al., 2000).

Striatal AsaR are not only localized postsynaptically but also presynaptically, in
glutamatergic terminals, where they heteromerize with A;R and where their stimulation
facilitates glutamatergic neurotransmission (Ciruela et al.,, 2006; Quiroz et al., 2009).
Interestingly, presynaptic AxaR are preferentially localized in glutamatergic terminals of
cortico-striatal afferents to the direct MSN (Quiroz et al., 2009). According to the widely
accepted functional basal circuitry model (DeLong and Wichmann, 2007; Obeso et al.,
2002), blockade of postsynaptic AzaR localized in the indirect MSN should produce motor
activation (by potentiating DR mediated effects by means of A;R-D;R receptor
interactions). On the other hand, according to the same model, blockade of presynaptic
AzaR localized in the cortico-striatal glutamatergic terminals that make synaptic contact
with the direct MSN should decrease motor activity (by inhibiting glutamate release). The
preferential locomotor-activating effects of systemically administered A;aR antagonists can

be explained by a stronger influence of a tonic adenosine and AR receptor-mediated
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modulation of the indirect pathway versus the direct pathway under basal conditions. In any
case, the potency at inducing locomotor activation can be used as an iz vivo measure of the
ability of an AzaR antagonist to block postsynaptic striatal AxaR. Recently it was established
an in wvivo model that evaluated the efficacy of cortico-striatal glutamatergic
neurotransmission to the direct MSN, by quantifying the correlation between the current
delivered into the orofacial premotor cortex and the concomitant electromyographic response
elicited in the jaw muscles (Quiroz et al., 2009). In this model, A;aR or D:iR antagonists
were able to counteract the motor output induced by cortical electrical stimulation, which
can only be explained by blockade of striatal presynaptic AzaR or postsynaptic D:R,
respectively (Quiroz et al., 2009, 2010).

Receptor heteromers are defined as a macromolecular complex composed by at least
two (functional) receptor units with biochemical properties that are demonstrably different
from those of its individual components (Ferré et al.,, 2009). Specific ligand binding
characteristics are one of those properties (Ferré et al., 2007, 2009). The aim of the present
study was as stated in Aims, first, to investigate the possible existence of different pre- and
postsynaptic profiles of several A;aR antagonists. The potency at blocking the motor output
and striatal glutamate release induced by cortical electrical stimulation and the potency at
inducing locomotor activation were used as in vivo measures of pre- and postsynaptic
activities, respectively. Second, we wanted to evaluate if the different pre- and postsynaptic
profiles could be related to different affinities that AaR could have for those compounds
when forming heteromers with either AR or D;R. In fact, the results strongly suggest that

heteromerization plays a key role in the pre- and postsynaptic profile of A2aR antagonists.
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3.1. Striatal pre- versus postsynaptic profile of A»aR antagonists.

Dose-response experiments with the six AaR antagonists indicated that four
compounds (SCH 420814, SCH 58261, MSX 3 and ZM 241385) had similar potency
(similar minimal significant effective doses) at inducing locomotor activation (Fig. 1) and at
reducing the power correlation coefficient (PCC) (Fig. 2). The other two compounds had a
very different profile: KW 6002 produced a strong locomotor activation already at the dose
of 0.3 mg/kg i.p., while it did not reduce PCC at the highest tested dose (10 mg/kg i.p.). On
the other hand, SCH 442416 produced a very weak locomotor activation, only significant at
doses higher that 3 mg/kg i.p., while it significantly decreased PCC already at the dose of

0.1 mg/kg i.p.
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Figure 1. Locomotor activation in rats induced by A2aR antagonists. Data represent means + SEM of the
locomotor activity (distance traveled, in cm, of total accumulated counts) in habituated rats (90 min) during
90 min following the drug administration (n = 6 — 8 per froup). * and **: p<0.05 and p<0.01, respectively in
comparison to vehicle-treated animals (0 mg/kg); ANOVA with post-hoc Newman-Keul's comparisons, p<0.5

and p<0.01, respectively.
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Figure 2. Blockade by AzaR antagonists of the motor output induced by cortical electrical stimulation. Dose-
dependent decrease in the power correlation coefficient (PCC) induced by the administration of different
AuaR antagonists. Results represent means + SEM (n = 5 — 6 per group). * and **: p<0.05 and p<0.01,
respectively in comparison to vehicle-treated animals (0 mg/kg); ANOVA with post-hoc Dunnett’s

comparisons, p<0.5 and p<0.01, respectively.

In vivo microdialysis with cortical electrical stimulation was used as an additional in
vivo evaluation of the preferential pre- and postsynaptic activity of SCH 442416 and KW
6002, respectively. SCH 442416 significantly counteracted striatal glutamate release induced
by cortical stimulation at a dose that strongly reduced PCC but did not induce locomotor
activation (1 mg/kg i.p.; Fig. 3). On the other hand, KW 6002 did not modify striatal
glutamate release induced by cortical stimulation at a dose that produced a pronounced

locomotor activation but did not reduce PCC (1 mg/kg i.p.; Fig.3).
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Figure 3. Blockade by A:aR antagonists of striatal glutamate release induced by cortical electrical
stimulation. (a) Representative coronal sections of a rat brain, stained with crystal violet, showing the tracks
left by the bipolar stimulation electrode in the orofacial area of the lateral agranular motor cortex (top) and
by the microdialysis probe in the lateral striatum (bottom). (b) Effect of systemic administration of the
AuaR antagonists SCH 442416 and KW 6002 (1 mg/kg i.p., in both cases) on the increase in glutamate
extracellular levels in the lateral striatum induced by cortical electrical stimulation. Results are expressed as
means + SEM of percentage of the average of the three values before the stimulation (n = 5 — 7 per group).
Time ‘0’ represents the values of the samples previous to the stimulation. The arrow indicates the time of
systemic administration. The train of vertical lines represents the period of cortical stimulation. *: p<0.05
compared to value of the last sample before the stimulation (repeated-measures ANOVA followed by

Tukey’s test).
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3.2. Development of CHO cell-lines expressing A1R-AzaR or A;aR-D;R heteromers.

Cell clones expressing AR, A1R-AzaR heteromers or A;aR-D2R heteromers and

control clones expressing A1R or DR were generated (See Methods). First of all, the ability

of A»R to form heteromers with A;R or D;R in CHO cells was demonstrated by BRET

experiments in cells transiently co-expressing AzaR-Rluc and AiR-YFP or A;aR-Rluc and

D;R-YFP. A positive BRET signal for energy transfer was obtained (Fig. 4). The BRET

signal increased as a hyperbolic function of the concentration of the YFP-fusion construct

added reaching an asymptote. As a negative control the BRET pair formed by A;aR-Rluc

and 5-HT3R-YFP was used. As shown in Figure 4, the negative control gave a linear non-

specific BRET signal. The significant and hyperbolic BRET signal found for these fusion

proteins indicates that the intermolecular interaction between AzaR and AiR or AR and

DR in CHO cells is specific.
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Figure 4. Identification of receptor heteromers in CHO
cells by BRET saturation curve. BRET experiments were
performed with CHO cells co-expressing A»2aR-Rluc and
AR-YFP (a) or A;aR-Rluc and D:R-YFP (b). Co-
transfections were performed with increasing amounts of
plasmid-YFP (0.25 to 4 ug cDNA corresponding to AiR-
YFP and 0.5 to 8 ug corresponding to D2R-YFP) whereas
the AzaR-Rluc construct was maintained constant (0.5 ug
cDNA). Both fluorescence and luminescence were
measured before every experiment to confirm similar donor
expressions (about 100,000 luminescent units) while
monitoring the increase acceptor expression (10,000 —
25,000 fluorescent units). As a negative control, linear
BRET was obtained in cells expressing equivalent
luminescence and fluorescence amounts corresponding to
AzaR-Rluc, (0.5 ug transfected cDNA) and serotonin 5-
HT2R-YFP (0.5 to 8 ug transfected cDNA). The relative
amount of acceptor is given as the ratio between the
fluorescence of the acceptor minus the fluorescence value of
cells expressing the donor expressed as means + SD of four
to 6 different experiments grouped as a function of the

amount of BRET acceptor.
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AzaR-D;R and AiR-AzR heteromerization in stably transfected CHO cells was
shown by ligand binding experiments. This is an indirect approach for the identification of a
receptor heteromer in native tissues or cells (Ferré et al., 2009). In the A;aR-D:R heteromer,
an allosteric interaction between both receptors in the heteromer has been described, in
which the dopamine D;R agonist affinity decreases in the presence of an AsaR agonist (Ferré
et al., 2007). In CHO cells stably expressing A2aR and DR, the affinity of the D2R for the
dopamine was determined by competition experiments of the D,R antagonist ["H]YM
09151-2 versus dopamine in the presence (Fig. 5A) or in the absence (Fig. 5B) of the A;aR
agonist CGS 21680 (200 nM). By fitting data obtained in the absence of CGS 21680 to
equation 3 (see Methods; considering Kpai = 2.9 nM see below) the calculated Kpp; was 9 =
2 uM. In the presence of CGS 21680, 5 uM of dopamine was unable to decrease the
Radioligand bound and more than 50% of radioligand bound was found in the presence of
100 uM of dopamine (Fig. 5B). A Kpg: > 30 uM was estimated and it was shown that CGS

21680 induced a decrease in the dopamine affinity for D,R.
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Figure 5. Allosteric interaction between A2aR and
D:R in AzaR-D:R CHO cells. Competition
experiments were performed in  membrane
preparations from CHO cells expressing A2aR and
D:R with 0.5 nM [PH]YM 09151-2 and increasing
concentrations of dopamine (from 0.1 nM to 30
uM) in the absence (a) or in the presence (b) of 200
nM CGS 21680 as indicated in Methods. Data
represent means *= SEM of a representative

experiment performed with triplicates.

An allosteric interaction in the A;R-A;sR heteromer has also been described, in

which the AjR agonist affinity decreases in the presence of an AR agonist (Ciruela et al.,

2006). As shown in Figure 6A, the displacement of the AiR agonist ["H]R-PIA by CGS

21680 was significantly (p<0.001) better fitted by a biphasic that by a monophasic curve. At

low CGS 21680 concentrations, when it binds preferentially to A2aR (at concentrations of

CGS 21680 <500 nM, the direct binding of CGS 21680 to AiR is <1%, according to the

calculated affinity of AiR for CGS 21680), CGS 21680 decreased the binding of ["H]R-PIA

to the A1R with an ICsq value of 386 + 35 nM (n = 3). At high concentrations (>10 uM), the

[PH]R-PIA binding displacement reflects the binding of CGS 21680 directly to the AiR and

the competition between CGS 21680 and R-PIA for the binding to the AiR. In fact, in the

control clone expressing only AjR, the displacement by CGS 21680 of [H]R-PIA only

occurred at CGS 21680 concentrations higher that 10 uM (Fig. 6B).
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A pharmacological characterization of selected cell clones was performed with
competition experiments of radiolabeled antagonists of AiR, AxaR and D,R wersus selective
agonists or antagonists. In all cases, the competition curves of the A;aR antagonist "H]ZM
241385 (2 nM) wversus ZM 241385 (0.1 nM to 11 uM), the D2R antagonist ["H]YM 09151-
2 (0.2 nM) versus YM 09151-2 (0.01 nM to 11 uM) or the AiR antagonist PH]DPCPX (2
nM) wersus DPCPX (0.1 nM to 11 uM), were monophasic, indicating the absence of
cooperativity (see Methods). By fitting the data to equation 4 (see Methods), the Kp (Kp1)
values obtained for the antagonists ZM 241385 or YM 09151-2 were 8 + 3 nM and 2.9 =
0.3 nM, respectively, for the chosen A2aR-D:R clone. The Kp value obtained for A;R and
AaR antagonists were 8 = 2 nM (DPCPX) and 1.8 + 0.4 nM (ZM 241385), respectively,
for the chosen AjR-AzR cell clone and the Kp value obtained for AR antagonist (ZM
241385) was 0.9 = 0.3 nM for the chosen AzaR cell clone. Also by fitting the binding data to
equation 4, the Kp value obtained for the A;R antagonist (DPCPX) was 8.6 = 0.9 nM for

the AiR cell clone and the Kp value obtained for the DR antagonist (YM 09151-2) was
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0.23 =+ 0.08 nM for the DR cell clone. These values were then used to determine the affinity
constants showed in Tables 1 and 2. The agonists affinity in each selected clone was
determined by competition experiments using the AzaR antagonist ['H]ZM 241385 (2 nM)
versus the agonist CGS 21680 (1 nM to 50 uM), the D;R antagonist ["H]YM 09151-2 (0.2
nM) wersus the agonist quinpirole (0.1 nM to 30 uM), or the AR antagonist PH/DPCPX
(2 nM), versus the agonist R-PIA (1 nM to 50 uM). As it is shown in Tables 1 and 2, the
agonist affinity for A2aR in AR, A;aR-D:R or in A;aR-A1R cells is in the same range as
that reported for brain striatum or for cells expressing human AzR (between 30 and 250
nM) (Higley and Sabatini, 2010). Nevertheless, the affinity of the AzaR for the selective
agonist CGS 21680 was slightly but significantly lower when co-expressed with DR (see
Table 2). AiR (but not AzaR or D;R) agonist binding showed negative cooperativity

(negative Dcg values, see Methods), both in cells expressing A:R and in cells co-expressing

AiR and AR (Tables 1 and 2)

Parameters AxaR cells AiR cells D2R cells
Kbg1 90 + 30 nM 13 +3nM 120 = 60 nM
Kbg> 360 + 120 nM 1+03 mM 480 = 240 nM
Dcs 0 -1.3 0

Bso 180 = 60 nM 110 + 30 nM 240 = 120 nM

Table 1. Pharmacological parameters for agonist binding to Ai1R, A2aR and D:R in AiR,
A2aR and D2R CHO cells.

Binding data from competition experiments were fitted assuming that receptors from
homodimers, and cooperativity (Dcp = 0, fitting to equation 2; Methods) or non-
cooperativity (Dcp = 0, fitting to equation 3; Methods) in competitor ligand binding were
statistically tested (F test). Kpp1 and Kps: are, respectively, the equilibrium dissociation
constants of the first and second binding of the ligand B, and Bso is the concentration

providing half saturation for B. Data are mean = SEM values of three experiments.
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AzaR-D:R cells AzaR-A1R cells

Parameters

AxR D:R AxR AR
Kbg1 200 + 40 nM 1.2 0.6 uM 70 = 10 nM 0.7+ 0.3 nM
Kbg: 0.8 £ 0.4 uM 4.8 £2.4uM 280 + 40 nM 1.1+0.5 uM
Dcs 0 0 0 -2.6
Bso 0.4 +0.008 uM 24+12uM 140 + 20 nM 30 +10 nM

Table 2. Pharmacological parameters for agonist binding to A1R-AzaR and A2aR-D:R CHO cells.

Binding data from competition experiments were fitted assuming that receptors (also when heteromerizing) from
homomers, and cooperativity (Dcs = 0, fitting to equation 2; Methods) or non-cooperativity (Dcs = 0, fitting to
equation 3; Methods) in competitor ligand binding was statistically tested (F test). Kpp: and Kpp: are,
respectively, the equilibrium dissociation constants of the first and second binding of B (the AiR, AzaR, or D:R
agonists: R-PIA, CGS 21680 or quinpirole, respectively) to the dimer. Dcg is the “dimer cooperativity” index for
the binding of the ligand B, and Bso is the concentration providing half saturation for B. Data are mean + SEM
values of three experiments.

*: p<0.05 compared to Kppi values in AiR-AzaR and AzaR cells (Table 1); one-way ANOVA, followed by

Newman-Keuls test.
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3.3. Screening of AR antagonists on cells expressing A1R-AaR or A2aR-D;R heteromers.

To test of selected AxaR antagonists display different selectivity for A1R-AzR or
AzaR-D;R heteromers, competition experiments with these ligands were performed using
CHO cells expressing AzaR, A1R-AzaR or A;aR-D2R. We found that none of the six AzaR
antagonists first tested in the iz vive models were able to bind with moderate affinity to AiR
or to D;R in CHO cells expressing AiR or D;R (data not shown), indicating that these
compounds are specific ligands for AsaR. Competition experiments of ["H]ZM 241385 (2
nM) binding wversus increasing concentrations of each AR antagonist (1 nM to 100 uM)
were performed as indicated in Methods and binding data from competition experiments
were fitted assuming that receptors are dimers and statistically (F test, see Methods) testing
whether the competitor (A2aR antagonists) binding was cooperative (biphasic competition
curves; fitting to equation 2) or non-cooperative (monophasic competition curves; fitting to
equation 3). Since the screened compounds are AzaR antagonists, competition curves were
expected to be monophasic, assuming that antagonist binding is not cooperative. In fact, in
all cell clones, MSX 2, KW 6002, SCH 420814, ZM 241385 and SCH 58261 gave
monophasic competition curves (fitting binding data to equation 2 was not better that fitting
to equation 3; see Methods and Fig. 7 A-C as an example). Accordingly, the
pharmacological characterization for these compounds gave Dcg = 0 and Kpgsz = 4Kpg: (see
Table 3). For all compounds, co-transfection with A;R did not significantly modify their
affinity for AxaR. On the other hand, co-transfection with D,R significantly reduced the
affinity of AzaR for MSX 2, SCH 420814, SCH 58261 and ZM 241385, from two to about

nine times, and did not significantly modify the affinity of AR for KW 6002 (Table 3).
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Kp1 (nM) AzaR cells AiR-AzaR cells AzaR-DsR cells

ZM 241385 0.9+0.3 1.8+0.4 8+ 3*
SCH 58261 3.3=x03 4.7+ 0.6 23 + 8*
MSX 2 32x02 4.2 =03 7+ 2F
KW 6002 100 = 10 100 = 20 160 = 70
SCH 420814 0.5+0.1 1.1+0.1 2.7 £0.8*

Table 3. Pharmacological parameters for A;aR antagonist binding to A2aR, AiR-A»R and A>aR-D:R CHO
cells.

Competition experiments of [PH]ZM 241385 (2 nM) binding wersus increasing concentrations of AzaR
antagonists were performed as indicated in Methods in membrane preparations from CHO cells expressing A2aR
or A1R and AzaR or A»aR and D:R. Binding data were fitted assuming that receptors (also when heteromerizing)
form homodimers, and cooperativity (Dcs = 0, fitting to equation 2; Methods) or non-cooperativity (Dcp = 0,
fitting to equation 3; Methods) for competitor ligand binding was statistically tested (F test). Only Kpp1 values
(equilibrium dissociation constant of the first binding of B: ZM 241385, MSX 2, SCH 58261, SCH 420814 or
KW 6002) are shown, since the analysis demonstrated non-cooperativity for the five A>aR antagonists. Data are
means = SEM values of three experiments.

*: p<0.05 compared to Kpsi1 values in AzaR cells; one-way ANOVA, followed by Newman-Keuls test.

For SCH 442416, a careful statistically-based analysis of the monophasic or biphasic
nature of the competition curves led to an unexpected finding: in Az-DoR cells,
competitions curves of [PH]ZM 241385 (2 nM) binding wversus SCH 442416 in cells
expressing AzaR, Ai1R-AaR and AzaR-D2R. In AzaR and AiR-AzaR cells the curves were
monophasic. Accordingly, the pharmacological characterization gave a Dcg values of 0 and
Kbps: = 4Kpsi1. In contrast, as mentioned above, in cells expressing AaR-D;R, competition
curves were biphasic, and binding data were obtained (Table 4). Thus, in a A;aR-D:R cells,
SCH 442416 binding showed a strong negative cooperativity and, consequently, with a
marked loss of affinity (an increase of 600 times in Kpg,) respect to cells expressing AzaR.
This is reflected by the Bso value (concentration competing 50% of radioligand binding),

which was more than 40 times higher in A;aR-D:R cells than A1R-AzaR cells or AzaR cells.
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Parameters AxaR cells Ai1R-AzaR cells A2aR-D:R cells
Kbs1 2.0 +0.3 nM 2.4+ 0.4 nM 7 =4 M

Kbg2 8 +£2nM 10 £ 2 nM 5+ 2 uM**
Dcs 0 0 -23

Bso 4.0 = 0.6 nM 4.8 = 0.8 nM 190 + 80 nM**

Table 4. Pharmacological parameters for SCH 442416 binding to A2aR, A1R-AzaR and A2aR-D:2R CHO cells.
Competition experiments of [PH]ZM 241385 (2 nM) binding wversus increasing concentrations of SCH 442416

were performed as indicated in Methods in membrane preparations from CHO cells expressing A2aR or AiR and

AaR or AR and DiR. Results were fitted assuming that receptors (also when heteromerizing) form

homodimers, an cooperativity (Dcp = 0, fitting to equation 2; Methods) or non-cooperativity (Dcs = 0, fitting to

equation 3; Methods) of SCH 442416 binding was statistically tested (F test). Kpp: and Kpg. are, respectively,

the equilibrium dissociation constants of the first and second binding of B (SCH 442416) to the dimer. Dcs is

the “dimer cooperativity” index for the binding of the ligand B, and Bso is the concentration providing half

saturation for B. Data are means = SEM values of three experiments.

**: p<0.01, respectively compared to the Kps: and Bso values in A2aR and AiR-AuaR cells; Kruskal-Wallis,

follored by Dunn’s test.
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Figure 7. Binding of the A»aR antagonists KW 6002 and SCH 442416 to AiR-A:zaR and A2aR-D:R CHO
cells. Competition experiments of [PH]ZM 241385 (2 nM) wversus increasing concentrations of KW 6002 (a
and ¢) or SCH 442416 (b and d) were performed as indicated in Methods in membrane preparations from
CHO cells expressing AiR and AaR (a and b) or A2aR and DiR (¢ and d). Data are means + SEM of a

representative experiment performed with triplicates.
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3.4. Pharmacological characterization of adenosine A;R, A;AR and dopamine DR on
striatum tissue from rats with Huntington’s disease.

In order to contrast all the previous results observed in cellular and animal models, a
pharmacological characterization in rat striatum tissue of all the involving receptors was
performed. The rat brains were provided by Dr. S. Ferré’s laboratory. Six different types of
rat brain were sent; wild type rats, Huntington’s disease rat models genetically heterozygotes
and Huntington’s disease rat models genetically homozygotes. From each type six months
old and twelve months old rats were provided. Ten brains of each type were available. All the
brains were dissected and the striatum was isolated and processed as detailed in Methods.

The first step was determining the pharmacological parameters of adenosine AR,
AR and dopamine DR (Table 5). It was characterized both agonist and antagonist
dissociation constants as well as the Bmw. These first tests did not reveal big differences
among the different samples. The only changes worth mentioning were observed in DR
were the constant affinity of the agonist quinpirole slightly worsened (increased) in 12
months old homozygotes. When focusing on the constants of the agonist dopamine we
firstly observed that the parameters were better fitted to a two center binding equation than
one center. The high affinity dissociation constant decreased 2-fold in 6 months old
heterozygotes and homozygotes when compared to wild types. However the low affinity
dissociation constant increased 3-fold in the same brain samples. The antagonist YM 09151-

2 dissociation constant seemed to have a slight tendency to increase.

WT HETEROZIGOTS HOMOZIGOTS
smonths 12months smonths 12months smonths 12months

Ka 36+04nM 47+05nM] 37+05nM| 4.6+0.15nM] 52+0.6nM| 54+05nM
R Bumax 1.5 pmol 1.3 pmol 1.1 pmol 1.2 pmol 1.8 pmol 1.3 pmol
A Ka 29+0.5nM 21x02nMJ 1.2+0.1nM 23+0.1nM 1+01nM| 23:02nM
DFCR Bumax 2.5 pmol 1.6 pmol 1.4 pmol 2.1 pmol 1 pmol 1.6 pmol

Ka 22x11nM NA. 47 + 14nM NA. 6.6 £ 6 nM NA.

oo Bmax 1.2 pmol NA 2.2 pmol NA. 0.8 pmol NA.
Az Ka|] 1.3+0.15nM 31+03nM] 25+04nM 3+03nM] 21+03nM| 4.8%09nM
o Bmax 1.7 pmol 1.1 pmol 2.2 pmol 1 pmol 1.8 pmol 0.8 pmol
Quinpirole Ka N.A. 83+12uM N.A. 84+08uM N.A. 14+2uM

K 365+ 7 nM NA 133+3.5nM N.A. 148 +3.9 nM N.A.

Dopamina

D2 Kaz| 36+10uM NA 90 + 32 uM NA. 98 + 28 uM NA.
Ka NA. 1.3+0.1nM N.A. 2.1+0.2nM NA. 2.5+ 0.4nM
YM Bmax N.A. 0.8 pmol N.A. 1 pmol NA. 0.7 pmol

Table 5. Pharmacological parameters of the typical agonists and antagonists of the adenosine AR, AR and
dopamine D:R. R-PIA, CGS, Quinpirole and Dopamine are agonists and DPCPX, ZM and YM are

antagonists. N.A.: not analyzed.
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When comparing the allosteric interaction observed in the heteromer A;R-AzR we

observed that this interaction was increased 8-fold in heterozygotes and homozygotes

compared to wild type samples in 6 months old rats and about 6-fold in 12 months old rats

(Table 6).

WT
6 months 12 months
ECso 67 + 32 nM 88 + 25 nM
Kb 3+1uM 3.8+ 1.5uM
Heterozygotes
6 months 12 months
ECso 9 +4nM 23 +12nM
Kb 0.9 0.2 uM 1.3+0.3 uM
Homozygotes
6 months 12 months
ECso 7 £3nM 11.6 £ 0.6 nM
Kb 0.9 0.1 uM 1.4+ 0.4 uM

Table 6. Allosteric interactions between AR and AR in the A1R-AzaR heteromer. ECso is the effect
due to the presence of CGS. Kb is the dissociation constant of CGS when it is in competition with ["H] R-PIA.

Interestingly, when comparing the cross talk of A2aR-D:R heteromer in the different

brain samples we observed a clear negative cross talk in wild type 6 months old rats, a

positive cross talk in heterozygotes and no cross talk in homozygotes. In 12 months old rats

the tendency is the same as well. These differences could be due to the different severity of

the disease in heterozygotes and homozygotes. The constitutive way of acting of the A;\R-

D:R heteromer is by a negative cross talk of the D;R over AnR. In heterozygotes rats

suffering from not so severe Huntington’s disease, the heteromer is somehow affected

shifting its cross talk from negative to positive. In the other hand, in homozygotes rats

suffering form severe Huntington’s disease, the heteromer could be disrupted, thus, no cross

talk can be observed (Table 7).
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WT
6 months 12 months
Quinpirole - + - +
Kbp: 6.6 = 3 nM 25 +7nM 0.6 = 0.2 uM 1+0.2uM
Kb 0.3+0.1uM 1.2+ 0.7 uM %) 9]
Heterozygotes
6 months 12 months
Quinpirole - + - +
Kbp: 11.8 + 6 nM 1.8 +0.9 nM 3+1uM 1.6 + 0.6 uM
Kb2 240 = 90 nM 121 + 25 nM %) 9]
Homozygotes
6 months 12 months
Quinpirole - + - +
Kbp: 9.8 + 3 nM 78+25nM | 025+0.1uM | 0.73 +0.45 uM
Kb2 348 + 120 nM 360 + 150 nM %) %]

Table 7. Cross talk A2aR-D:R. Competition experiment using the A2aR antagonist [°'H] ZM 241385
and the A»aR agonist CGS 21680 in the presence or absence of the dopamine D2R agonist quinpirole. The
changes observed with or without quinpirole correspond to a positive (in the case of a decrease in the Kp1) or
negative (when the Kpi increases) cross talk between receptors. &: Better fit with a one-center equation.
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3.5. Discussion.

An important finding of this study is that several A,aR antagonists previously
thought as being pharmacologically similar present different striatal pre- and postsynaptic
profiles. Six compounds already known as selective AxaR antagonists were first screened for
their ability to block striatal pre- and postsynaptic A2aRs with in vive models. Locomotor
activation was used to evaluate postsynaptic activity while PCC reduction was used to
evaluate presynaptic activity. Two compounds, SCH 442416 and KW 6002, showed
preferential pre- and postsynaptic profiles, respectively, and four compounds, MSX 3, SCH
420814, SCH 58261 and ZM 241385, showed mixed pre-postsynaptic profiles. Combining
in vivo microdialysis with cortical electrical stimulation was used as an additional in vivo
evaluation of presynaptic activity of SCH 442416 and KW 6002. In agreement with its
preferential presynaptic profile, SCH 442416 significantly counteracted striatal glutamate
release induced by cortical stimulation at a dose (1 mg/kg i.p.) that strongly reduced PCC
but did no induce locomotor activation. On the other hand, according to its preferential
postsynaptic profile, KW 6002 did not modify striatal glutamate release induced by cortical
stimulation at a dose (1 mg/kg i.p.) that produced a pronounced locomotor activation but
did not counteract PCC. In a previous study, we reported that intrastriatal perfusion of MSX
3 almost completely counteracted striatal glutamate release induced by cortical electrical
stimulation (Quiroz et al., 2009), which agrees with its very effective reduction of PCC
shown in this study.

Another important finding of this study is that at least part of these pharmacological
differences between A,sR antagonists can be explained by the ability of pre- and
postsynaptic AzaR to form different receptor heteromers, with A;R and D:R, respectively
(Azdad et al., 2009; Ciruela et al., 2006; Ferré et al., 2007, 2008; Quiroz et al., 2009).

Radioligand-binding experiments were performed in CHO cells stably expressing AzaR,
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AsaR-D1R heteromers or AiR-AzaR heteromers to determine possible differences in the
affinity of these compounds for different A;aR heteromers. Co-expression with AiR did not
significantly modify the affinity of AR for the different ligands, but co-expression with
D3R decreased the affinity of all compounds, with the exception of KW 6002. The structural
changes in the AaR induced by heteromerization with the D;R could be detected not only
by antagonists but also by agonists. Indeed, the affinity of the selective A2aR agonist CGS
21680 was reduced in cells co-transfected with D,R. When trying to explain the differential
action of SCH 442416 observed in vivo, it is interesting to note that SCH 442416 showed a
much higher affinity for the A,aR in a presynaptic-like than in a postsynaptic-like context.
The binding of SCH 442416 to the A;aR-D:;R heteromer displayed a strong negative
cooperativity, phenomenon that was not observed for the binding of SCH 442416 to the
Ai1R-AzR heteromer. This negative cooperativity explains the pronounced decrease in
affinity of AR in cells expressing A2aR-D;R heteromers (Bso values 40 times higher in cells
expressing A2aR-D;R than A;aR-D;R heteromers).

The loss of affinity of AzaR upon co-expression of D,R was much less pronounced
for ZM 241385, SCH 58261, MSX 2 or SCH 420814, for which the affinity was reduced
from two to about nine fold. Taking into account that these AzaR antagonists behave
similarly than the AsR agonist CGS 21680 in terms of binding to A;R-AsR and AsR-
D;R heteromers, it is expected that these four compounds compete equally for the binding of
the endogenous agonist at pre- and at postsynaptic sites. This would fit with the in vivo
data, which shows that these compounds have a non-preferred pre-postsynaptic profile. Yet,
KW 6002 was the only antagonist whose affinity was not significantly different in cells
expressing AzaR, A1R-A;R heteromers or A;aR-D;R heteromers. Thus, KW 6002 showed
the best relative affinity for A,aAR-D2R heteromers of all compounds, which can at least

partially explain its preferential postsynaptic profile.
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The present results support the notion that receptor heteromers may be used as
selective targets for drug development. The main reasons are the specific neuronal
localization of receptor heteromers (even more specific that for receptor subtypes), and a
differential ligand affinity of a receptor depending on its partner (or partners) in the receptor
heteromer. In the striatum, AR provides a particularly interesting target, eventually useful
for a variety of neuropsychiatric disorders. A;aR-D,R and A;R-AaR heteromers are
segregated in different striatal neuronal elements. While A2aR-D;R heteromers are located
postsynaptically in the dendritic spines of the indirect MSNs (Azdad et al., 2009; Ferré et
al., 2007, 2008; Quiroz et al., 2009), A1R-AR heteromers are located presynaptically in
glutamatergic terminals contacting the MSNs of the direct pathway (Ciruela et al., 2006;
Ferré et al., 2007; Quiroz et al., 2009). Blocking postsynaptic AzaR in the indirect MSN
should potentiate D,R-mediated motor activation, which is a strategy already used in the
development of anti-parkinsonian drugs (Jenner, 2003; Schwarzschild et al., 2006; Stacy et
al., 2008). However, blocking AzaR in glutamatergic terminals to the direct MSN could
potentially be useful in dyskinetic disorders such as Huntington’s disease and maybe in
obsessive-compulsive disorders and drug addiction (Quiroz et al., 2009). This results give a
mechanistic explanation to the already reported anti-parkinsonian activity of KW 6002
(Jenner, 2003; Mizuno et al., 2010; Pourcher et al., 2012; Stacy et al., 2008) and suggest that
SCH 442416 could be useful in dyskinetic disorders, obsessive-compulsive disorders and in
drug addiction. Medicinal chemistry and computerized modeling should help understanding
the molecular properties that determine the particular pharmacological profile of SCH
442416 and KW 6002, which may be used as lead compounds to obtain more effective anti-
dyskinetic and anti-parkinsonian compounds, respectively. It will also be of importance to
take into account potential changes in the expression of pre- and postsynaptic A>aRs and in
their respective heteromers that can occur in those mentioned neuropsychiatric disorders.

For instance, dopamine denervation seems to differentially modify the expression of striatal
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AaR-A:R and D3R (Kaasinen et al., 2000; Pinna et al., 2002; Stacy et al., 2008; Varani et
al., 2010). This could be addressed by applying the in vivo methodology here described to
animal models.

Besides these conclusions, we found evidence that the heteromer A;aR-D,R is
affected in rat models of Huntington’s disease. There is a direct correlation between the
severity of the disease and the affection in this heteromer, as the heterozygotes models have a
shifted cross talk between the A;aR and the DR meanwhile the homozygotes apparently did
not express the heteromer itself.

This results point out that those neurons expressing this heteromer might be more

vulnerable to the disease.
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Figure S1. Competition curves corresponding to the values of displacement of [PH]ZM 241385 with ZM
241385 and SCH 420814 stated in Table 3.
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A3 42 41 10 9 8 7 £ 5
log [VER 7835] (M)
Kp1 (nM) AvaR cells A1R-AzaR cells AsaR-DsR cells
VER 7835 1.1 +0.15 nM 1.5 +0.22 nM 2.7+0.10 nM

Supplementary Table 1. Binding of A2aR antagonist VER 7835 to A2aR, AiR-AzaR and A2aR-D:R CHO cells.
Competition experiments oh [PH]ZM 241385 (2 nM) binding wersus increasing concentrations of AzaR
antagonists were performed as indicated in Methods in membrane preparations from CHO cells expressing A2aR
or A1R and AzaR or A»aR and D:R. Binding data were fitted assuming that receptors (also when heteromerizing)
form homodimers, and cooperativity (Dcs = 0, fitting to equation 2; Methods) or non-cooperativity (Dcp = 0,
fitting to equation 3; Methods) for competitor ligand binding was statistically tested (F test). Only Kpp1 values
(equilibrium dissociation constant of the first binding of B: VER 7835) are shown, since the analysis
demonstrated non-cooperativity for the five AzaR antagonists. Data are mean = SEM values of three

experiments. One-way ANOVA, followed by Newman-Keuls test.
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CHAPTER 4

4. Pharmacological and functional characterization of A>AR-CB;R heteromer.

Adenosine AR are the most abundant subtype of adenosine receptors present in the
striatum (Albin et al., 1989; Svenningsson et al., 1999) where they influence dopaminergic
and glutamatergic neurotransmission, regulate motor activity and modulate excitotoxic
mechanisms (Cunha, 2005; Fredholm et al., 2005; Popoli et al., 2004, 2007a, 2007b;
Schiffmann et al., 2007; Svenningsson et al., 1999). AR can be found both post- and
presynaptically. Postsynaptically, A>aR are found in the striatal efferent GABAergic neurons,
also called the medium spiny neurons (MSN). These neurons constitute more that 95% of
the striatal neuron population (Gerfen, 1992) and are classified in two main subtypes, the
encephalin MSNs projecting to the globus pallidus (the indirect pathway), expressing
adenosine A;aR and the dynorphin MSNs (the direct pathway) expressing adenosine
receptors of the A;R but no AxnR subtype (Agnati et al,, 2003; Ferré et al., 1997).
Presynaptically, AzaR are found on the corticostriatal glutamatergic projections (Hettinger et
al., 2001). There is recent evidence that presynaptic A;\R are preferentially localized in
cortical glutamatergic terminal that contact striatal neurons of the direct pathway rather then
that of the indirect pathway (Quiroz et al., 2009). At the postsynaptic level in the indirect
pathway, the activation of A;aR leads to counteraction of D,R-mediated suppression of
NMDA-induced depolarization increasing the action of the indirect pathway leading to
motor depression (Azdad et al., 2009). This phenomenon was demonstrated to occur
through A;aR-D1R heteromer formation where via the heteromer AR agonists decreased
the affinity of DR for dopamine (Azdad et al., 2009). At the presynaptic level in the direct

pathway, the activation of AR increases glutamate release enhancing the glutamatergic
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neurotransmission and inducing motor activation (Ciruela et al., 2006). This phenomenon
was demonstrated to occur through A;R-AR heteromers (Ciruela et al., 2006).
Cannabinoid CB1R are the most abundant G protein in the brain (Katona et al.,
2006) and are densely distributed in the striatum (Glass and Felder, 1997; Herkenham et al.,
1990). In the striatum CBiR are localized in both types of MSNs, in enkephalinergic and
dynorphinergic neurons of indirect and direct pathways respectively (Fusco et al., 2004;
Herkenham et al., 1990). At this postsynaptic localization, CB1R negatively modulate
locomotion (Ferré et al., 2010; Monory et al., 2007). Furthermore, striatal CB:R are
localized in parvalbumin-expressing GABAergic interneurons (Fusco et al., 2004; Hohmann
and Herkenham, 2000) and presynaptically are found in glutamatergic and GABAergic
terminals (Kofalvi et al., 2005; Maityis et al., 2006; Pickel et al., 2004, 2006; Rodriguez et
al., 2001). The major physiological function of presynaptic CB1R is to regulate the release of
various neurotransmitters (Freund et al., 2003; Katona et al., 2006; Marsicano et al., 2003).
High expression of A;aR and CBiR in the striatum suggests that direct or indirect
interactions between AR and CBiR are involved in the modulation of motor activity and
goal-directed behaviors. It is known that A;R regulate CB:R action on both pre- and
postsynaptic levels (Andersson et al., 2005; Martire et al., 2011; Tebano et al., 2009). A
recent work showed that presynaptic AR inhibit the CB;R-mediated synaptic effects and
that this occurs probably via the cAMP-PKA pathway (Martire et al., 2011), and may be or
not dependent on a physical interaction between both receptors, as it could also occur at the
level of signaling. It seems that interactions between AR and CBiR localized in
glutamatergic terminals that contact dynorphinergic MSNs are primarily involved in the
hypolocomotor and rewarding effects of THC. However, it has been also suggested that
postsynaptic mechanisms are involved in striatal A;aR-dependent CB1R function (Andersson
et al., 2005; Tebano et al., 2009). In fact, we have previously demonstrated that A;\R and

CBiR form heteromers in HEK cells and in human neuroblastoma (Carriba et al., 2008) and
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CB:R co-localize and co-immunoprecipitate with AR in the rat striatum (Carriba et al.,
2007). In a human neuroblastoma cell line, CBiR signaling was found to be completely
dependent on AR activation. Accordingly, blockade of AR counteracted the motor
depressant effects produced by the intrastriatal administration of a cannabinoid CBiR
agonist (Carriba et al., 2007). Although the effect of AR activation on CB:R function was
studied, the effect of CB1R on AR function is not known. As heteromerization with CB;R
can exert a fine tuned modulation of the AR pre- and postsynaptic behavior, in this work
we wanted to characterize the A;AR-CB:R heteromers in order to know whether CB:R

modulated the pharmacological and functional characteristics of the AsaR.

4.1. Pharmacological characterization of cells expressing A2aR or A;aR-CBiR.

Using energy transfer experiments and co-immunoprecipitation, it was previously
described that A;aR and CB;R form heteromers when expressed in cells or in the brain
striatum (Carriba et al., 2007, 2008). To compare the functional characteristics of AR
when expressed alone or forming heteromers with CB1R, we first generated CHO cell clones
expressing A2xR (CHO AxR) or A2aR-CB:1R (CHO AR-CB1R) as indicated in Methods.
The pharmacological characterization of AR in these cells was performed by radioligand
binding experiments. Competition experiments of the AR antagonist ["H]ZM 241385 (1.5
nM) wversus ZM 241385 (0.01 nM to 11 mM) or the AR agonist [PH]JCGS 21680 (19 nM)
versus CGS 21680 (0.1 nM 100 uM) using CHO AR cell membranes gave the
competition curves shown in Figure 1. Binding data were fitted assuming that receptors are
dimers and statistically (F test, see Methods) testes whether the competitor (A2aR antagonist
or agonist binding was cooperative (biphasic competition curves; fitting to equation 2) or
non-cooperative (monophasic competition curves; fitting to equation 5). Fitting data from

Figure 1 A or B to equation 2 was not better that fitting data to equation 5 according to the
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monophasic nature of both competition curves and indicating that agonist and antagonist

binding to AR in non-cooperative.

Ligand CHO AR CHO A,AR-CB:R
CGS 21680 90 = 20 nM 60 = 20 nM
100 = 40 nM (treated with CP 55,940)
ZM 241385 2.8+0.6 nM 4+1nM
CP 55,940 2=1oM

2.3 £ 0.7 nM (treated with CGS 21680)

Table 1. Equilibrium dissociation constant (Kpai) of ligand binding to CHO AR or CHO AuaR-
CBiR cell membranes. Data are means + SEM (n = 3-5).

The equilibrium dissociation constant (Kpai) values for the antagonist ZM 241385
and the agonist CGS 21680 appears in Table 1. The AR ligand binding parameters were
also determined as described above using CHO A R-CB:iR cell membranes. Competition
curves of [PH]ZM 241385 (1.6 nM) wversus ZM 241385 (0.01 nM to 11 mM) or PH]CGS
21680 (19 nM) wversus CGS 21680 (0.1 nM to 100 uM) are shown in Figure 2. Using CHO
AR-CBiR cell membranes competition curves were also monophasic and Kpa: values
(Table 1) were obtained by fitting data to non-cooperative binding equation 5. The agonist
and antagonist dissociation constants were very similar in both cell lines and are comparable

with the data obtained from analogous experiments performed using native tissues (Cristalli

et al., 2007).
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Figure 1. A2aR agonist and antagonist binding to CHO AzaR cell membranes. Competition experiments
were performed in membranes preparations (0.2 mg protein/ml) from CHO AzaR cells using 1.5 nM of the
AuaR antagonist [PH]ZM 241385 and increasing concentrations (0.01 nM to 10 uM) of non-radiolabeled
ZM 241385 (a) or 19 nM of the AaR agonist PH]CGS 21680 and increasing concentrations (0.1 nM to 100
uM) of non-radiolabeled CGS 21680 (b) as described in Methods. Data are means + SEM of a

representative experiment performed with triplicates.

The pharmacological characterization of CBiR was performed by competition
experiments using CHO A;sR-CB; R cell membranes. The competition curve of 0.7 nM
PH]CP 55,940 wversus CP 55,940 (0.001 nM to 10 uM) appears in Figure 2C. Data fitting
to equation 2 (cooperative binding) was not better than fitting data to equation 5 (non-
cooperative binding) according to the monophasic nature of the curve and indicating that
agonist binding to CB1R is non-cooperative. The equilibrium dissociation constant (Kpa1)
value for the CP 55,940 binding obtained by fitting data to equation 5 appears in Table 1.

The dissociation constant is comparable to the data obtained form native tissues (Pertwee,

1997).
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Figure 2. A2aR and CBiR ligand binding to CHO A»1R-CB:iR cell membranes. Competition experiments
were performed in membrane preparations (0.2 mg protein/ml) from CHO A21R-CBiR cells using 1.6 nM
of AR antagonist [PH]ZM 241385 and increasing concentrations (0.01 nM to 10 uM) of non-radiolabeled
ZM 241385 (a), 19 nM  of AR agonist [PHJCGS 21680 and increasing concentrations (0.1 nM to 100
uM) of non-radiolabeled CGS 21680 (b) or 0.7 nM of CBiR agonist PH]CP 55,940 and increasing
concentrations (0.001 nM to 10 uM) of non-radiolabeled CP 55,940 (c), as described in Methods. Data are

means = SEM of a representative experiment performed with triplicates.

4.2. Functional characteristics of A;AR-CBiR heteromers.

One of the reported specific characteristics of A22aR-CB1R heteromers is that CB;R
signaling via cAMP pathway is dependent on AR activation (Carriba et al., 2007). We
used this characteristic as a fingerprint to check the A;aR-CB1R heteromerization in CHO
A, R-CB1R cells and to further characterize the heteromer signaling. Since cAMP is a signal
pathway under G protein activation, we looked for the heteromer fingerprint measuring the
cross-talk between AxR and CBiR on G protein activation by the CellKey label free assay

(see Methods) induced a G; profile (decreases in impedance) that was completely blocked
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when cells were treated with cholera toxin (ChTx) but not significantly modified upon
pertussis toxin (PTx) treatment (Figure 3A) according to AR coupling to a G, protein
(Fredholm et al., 2001; Kull et al., 1999, 2000). Surprisingly, in CHO A, R-CB1R cells the
AR agonist CGS 21680 (10 nM to 1 uM) produced a moderate increase in impedance
corresponding to a G; profile only at high CGS 21680 concentrations, but did not produce
decreases in impedance. According to a G; profile, the impedance increase was reverted by
PTx treatment (Figure 3B). These results indicate that A;\Rs are poorly coupled to Gi
protein in these cells. As expected for a receptor coupled to a G; protein, like CBiR,
activation of CHO A;1R-CBiR cells with the CB1R agonist CP 55,940 (10 nM to 1 uM)
showed increases in impedance corresponding to a G; profile that were completely blocked
when cells were treated with PTx (Figure 3B). Interestingly, in CHO A;R-CB:R cells co-
activated with a suboptimal concentration of CGS 21680 (100 nM) and a suboptimal
concentration of CP 55,940 (100 nM), a synergistic increase in impedance was observed and
was blocked by PTx. On one hand, the synergistic cross-talk between both receptors
indicates that A;AR and CB;R form heteromers in CHO A;4R-CBiR cells and on the other
hand, the G protein profile and moreover its blockade by PTx indicates that both receptors

are coupled to G protein in the heteromer.
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Apart from G protein-mediated signaling, many GPCRs are able to signal in a G
protein-independent way (Beaulieu et al., 2005; DeWire et al., 2007; Shenoy and Lefkowitz,
2003; Shenoy et al., 2006; Valjent et al., 2000). ERK1/2 phosphorylation is one of the
MAPK pathways that has been described to be activated in a G protein-independent and
arrestin-dependent mechanism (DeWire et al., 2007). In this context, we sought to study if
heteromer formation might also influence A;aR- or CB;R-mediated ERK1/2 signaling.
CHO AR or CHO A;»R-CBiR cells were activated for 5 minutes with 200 nM of AR
agonist CGS 21680, 100 nM of CB:R agonist CP 55,940 or both and ERK1/2
phosphorylation was determined as indicated in Methods. As it can be seen in Figure 4 and
as expected, CP 55,940 only induced ERK1/2 phosphorylation in CHO A R-CB:R cells.
Activation with CGS 21680 induced ERK1/2 phosphorylation in CHO AR cells and only
a moderate effect in CHO A;»R-CBiR cells. Interestingly, when CHO A R-CBiR cells
were co-activated with both agonists, ERK1/2 phosphorylation was not significantly
different from the signaling induced by CP 55,940 alone, indicating that CB1R is controlling

ERK1/2 signaling under the heteromer.

Figure 4. AaR-CBiR heteromer-mediated
ot ERK1: phosphorylation. CHO AR or CHO
:// A>1R-CBiR cells were stimulated with the A2aR
/ agonist CGS 21680 (200 nM, black columns) or
/ the CB:iR agonist CP 55,940 (100 nM, white

7

74 ek

ERK 1/2 activation [AU]
-

DL

3_ *hk x /
2 ; columns) alone or in combination (dashed
14 [j I % column) and ERK1/2 phosphorylation was
Z
CGS-Z‘ISSCO 3 _ % _ % determined as indicated in Methods. Values are
CP-55,940 = * e * g2 represented in-fold respect to basal levels in
CHO-A2a CHO-A2A-CB1 absence of agonist and are means = SEM of
three independent experiments. On the bottom a
pERK1/2 ———— representative Western blot is shown for samples

tERK 1/2 “:::::::::‘ in duplicates.  Statistical ~significance was

CGS-21680 - + + — — + + + + - calculated by one way ANOVA followed by

CP-55940 - - - + + - — + + + + -
Dunnett multiple comparison test; *p<0.05,

CHO-A2a CHO-A2A-CB1 **p<001, ***p<0.005

compared with the

respective basal.
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4.3. Pharmacological characteristics of A;AR-CB1R heteromers.

A receptor heteromer is defined as a macromolecular complex composed by at least
two receptor units with biochemical properties that are demonstrably different from those of
its individual components (Ferré et al., 2009). Often times a property of a heteromer can be
seen in specific ligand binding characteristics or in functional properties , as described above,
(Ferré et al., 2007, 2009). For a receptor heteromer, the ligand binding to one protomer can
induce changes in the ligand binding to the other protomer through an allosteric
phenomenon driven by a molecular interaction between protomers in the heteromer (Ferré et
al., 2009). To this end, we investigated the effect of agonist binding to CB:R on the agonist
affinity for AxxR and vice versa (the effect of agonist binding to AxR on agonist affinity for
CB:R) in CHO A;\R-CBiR cell membranes. Competition experiments of the AR agonist
PH]CGS 21680 (19 nM) wversus CGS 21680 (0.1 nM to 100 uM) were performed in the
presence of the CB:R agonist CP 55,940 (300 nM) and competition experiments of the
CB:R agonist PH]CP 55,940 (0.7 nM) wersus CP 55,940 (0.001 nM to 10 uM) were
performed in the presence of CGS 21680 (100 nM). In both cases, competition curves
(Figure 5) were monophasic and Kpai values (Table 1) were obtained by fitting data to non-
cooperative binding equation 5. Since no significant changes were observed in Kpa1 values in
the presence or in the absence of the agonist for the partner receptor we can conclude that

there is not an allosteric effect on ligand binding for A;aAR-CB1R heteromers.
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Figure 5. Lack of allosteric interaction between A2aR and CBiR in A2aR-CBiR heteromers. Competition
experiments were performed in membranes preparations (0.2 mg protein/ml) from CHO A2R-CBiR cells
using 19 nM of AzaR agonist PH]CGS 21680 and increasing concentrations (0.1 nM to 100uM) of non-
radiolabeled CGS 21680 in the presence (triangles, solid line) or in the absence (dotted line) of CB:1R agonist
CP 55,940 (300 nM) (a) or using 0.7 nM [PH]CP 55,940 and increasing concentrations (0.001 nM to 10
uM) of non-radiolabeled CP 55,940 in the presence (triangles, solid line) or in the absence (dotted line) of
100 nM CGS 21680 (b), as described in Methods. Data are means + SEM of a representative experiment

performed with triplicates.
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4.4. Discussion.

G protein-coupled receptors cannot only be considered as single functional units, but
as forming part of multi-molecular aggregates localized in the plane of the plasma
membranes (Bouvier, 2001; Ferré et al., 2009; Marshall, 2001; Pin et al., 2007). In fact, it
seems that most members of this family can exist as homomers or heteromers (Albizu et al.,
2010; Birdsall, 2010; Fuxe et al., 2010). 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 (Ferré et al., 2009). We
reported that cannabinoid CB: and adenosine Ajareceptors form heteromers in co-
transfected cells and rat striatum where they co-localize in fibrilar structures (Carriba et al.,
2007). Although it was known that activation of AsxR was necessary for CB1R signaling in a
human neuroblastoma cell line where the heteromers were expressed (Carriba et al., 2007),
the pharmacological and functional characteristics of these heteromers are far from being
completely studied. Here we report several major conclusions on the biochemical
characteristics of A;AR-CB1R heteromers. First, by measuring G protein activation by the
CellKey label-free assay, we demonstrated that AxxR and CBiR are coupled to G; protein in
the heteromer. Second, we observed a synergistic cross-talk in G protein activation when
both receptors are co-activated it is mainly the CB:R controlling the ERK1/2 signaling
under the heteromer. Third, we demonstrated that there is not an allosteric effect on ligand
binding for AaR-CBiR heteromers.

A receptor unit in the heteromer can display several biochemical properties that can
be dependent on the presence of the other unit or on co-stimulation of the two receptors in
the heteromer. Changes in G protein coupling only by the presence of the partner receptor
are a common characteristic of neurotransmitter receptor heteromers. In opioid receptors

dOR-uOR heteromer, the receptor units in the heteromer couple to other G proteins than
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those usually associated with the individually expressed receptors. Thus, signaling by
stimulating the receptor units in the dOR-uOR heteromer (which causes inhibition of
adenylate cyclase) is not sensitive to PTx, suggesting a G protein switch from G; to G,
(George et al., 2000; Levac et al., 2002). There are examples of changes in G protein
coupling that are dependent on co-activation of the receptor units in the receptor heteromer.
Dopamine D,R normally couples to Gy, proteins, but in the dopamine D;R-D,R heteromer
it switches to Gg11 when DiR is co-activated. In this way, the D;R-D;R heteromer provides
a selective mechanism by which dopamine activates phospholipase C-mediated calcium
signaling (Rashid et al., 2007). Here we demonstrated that adenosine AR, coupled to G
protein when expressed alone, switch to G; protein in A2xaR-CBiR heteromers in the absence
or in the presence of CBiR agonists. Thus A;aR-CBiR heteromer provides a selective
mechanism by which cannabinoid receptor blocks the A;aR-mediated cAMP production.
Frequently, activation of one receptor unit in the heteromer implies intermolecular
cross-talk involving conformational changes sensed by the other receptor unit in the
heteromer. These conformational changes lead to modulation of ligand binding and/or
signaling of the partner receptor. In some cases, stimulation of one receptor unit decreases
the affinity and signaling of the other receptor unit as it has been described for adenosine
A;R-AzR and AxR-D2R heteromers, that show antagonistic allosteric interactions and a
negative cross-talk (Canals et al., 2003; Ciruela et al., 2006; Ferre et al., 1991; Hillion et al.,
2002). In other cases stimulation of one receptor unit increases the signaling and the affinity
of the other receptor unit for endogenous or exogenous ligands as occurs for dopamine D,-
somatostatine SST5 receptor heteromer in which stimulation of D;R significantly increases
the affinity of SSTS5 receptors for agonists (Rocheville et al., 2000). For the A,2R-CB:R
heteromers, ligand binding to CB:R did not modify the ligand binding to AR and vice
versa, indicating a lack of allosteric interactions for this heteromer. However, a synergistic

increase in G; protein activation was observed when both receptors were co-activated. This is
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in accordance with the fact that activation of A;AR was necessary for CBsR signaling in
neuroblastoma cell line previously described (Carriba et al., 2007). Our results imply a
processing of information, at the membrane level, of the signals impinging on the A;\R-
CB:R heteromers. In this case, the neurotransmitter receptor heteromer functions as a
processor of computations that modulates G protein-mediated signaling because quantitative
or qualitative aspects of the signaling generated by stimulation of either receptor unit in the
heteromer are different from those obtained during co-activation. Apart from G protein-
mediated signaling, many GPCRs are able to signal in a G protein-independent way
(Beaulieu et al., 2005; DeWire et al., 2007; Shenoy and Lefkowitz, 2003; Shenoy et al.,
2006; Valjent et al., 2000). ERK1/2 phosphorylation is one of the MAPK pathways that has
been described to be activated on a G protein-independent and arrestin-dependent
mechanism (DeWire et al., 2007). Looking at the ERK1/2 phosphorylation when both
receptors in the A;AR-CBiR heteromers are co-activated it seems that is mainly the CB:R
controlling the ERK1/2 signaling under the heteromer. Since ERK1/2 phosphorylation is
related to plasticity (Shiflett and Balleine, 2011) it seems that cannabinoids are controlling
changes in ERK1/2 -mediated plasticity in cells where the heteromers are present.

Striatal adenosine A;aR are highly expressed in MSNs of the indirect efferent
pathway and are also localized presynaptically in cortico-striatal glutamatergic terminals
contacting MSNs of the direct efferent pathway and in both localizations AR co-
distributed with CBiR. It has been hypothesized that postsynaptic A;aR antagonists might
be useful in Parkinson’s disease, while presynaptic A;aR antagonists could be beneficial in
dyskinetic disorders, such as Huntington’s disease, obsessive-compulsive disorders and drug
addiction (Armentero et al., 2011; Blum et al., 2003; Orru et al., 2011). Thus, in the near
future it would be of interest to look for an A;sR antagonist selectively targeting AxR or

A,z R-CB1R heteromers due to its relevancy for therapeutic purpose.
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CHAPTER 5

5. Compound screening of different AysR antagonists in stable CHO cell lines expressing

AR, AiR-AR, A;aR-D;R or A»uR-CB;R heteromers.

It has been widely proven the importance of adenosine receptor in different diseases
such as epilepsy, Parkinson’s disease, Huntington’s disease and other diseases and
dysfunctions (Boison, 2012; Hickey and Stacy, 2012; Kumar et al., 2010; Stone et al., 2009).
Additionally, when considering the possibility of heteromer formation as we have discussed
in the previous chapters, it is particularly interesting the possibility of having characterized a
battery of antagonists that are differentially selective for the adenosine A;1R depending on
the partner that is present in the heteromer. Because of the different involvement of the
different A;aR heteromers in these diseases and dysfunctions these antagonists would be
perfect candidates for the treatment.

To test the compounds the stable cell lines used in the previous chapters were
analyzed, these are CHO-A\R, CHO A;R-AR, CHO A;uR-D2R and CHO A\R-CBiR.
Competition experiments were performed using [PH] ZM 241385 and the compounds
tested. We compared the dissociation constants between the different cell membranes.

Fourteen compounds were tested until the writing of this thesis (Table 1).
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AR AiR-A2aR | AR-D;R | A;R-CBiR Selectivity

Compound 1 4.8 uM 2.8 uM 6.6 UM 2.3 uM No
Compound 2 62 nM 42 nM 219 nM 79 nM No
Compound 3 321 nM 524 nM >10 uM 7 uM Aza=A1A24>A2aCB1=A2D:
Compound 4 16 nM 366 nM >10 uM 232nM  |A2a>A1A2a=A2aCB1>AD:
Compound 5 | 1.6 M (Kpr) | >10 uM »10 uM 1.8 nM (Kor)

Compound 6 >10 uM >10 uM >10 uM >10 uM No
Compound 7 2.5 uM 2.3 uM 3 uM 2 uM No
Compound 8 200 nM 118 nM 5.5 uM 135nM | Asa=A1A2a=A2aCBi>AnD;
Compound 9 962 nM 1.2 uM 473 nM 1.8 uM A2aDo=An=A1A222A21CB4
Compound 10 | 134nM 157 nM 1.1uM 98 M |A=AiA=A:CBi>AsD;
Compound 11 14.7 uM 1.3 uM 15 uM 7.5 uM No
Compound 12 300 nM 301 nM 3.2 uM 253 nM Aza=A1A20=A2aCB1>A2D:
Compound 13 1.35 uM 870 nM 3 uM 651 nM No
Compound 14 58 nM 63 nM 245 nM 62 nM No

ZM 241385 8 nM 5nM 80 — 200 nM 8 nM -

Table 1. Dissociation constants of the compounds for AzaR. [PH] ZM 241385 was used as radioligand.
In grey background all the Kp values higher that 1 uM.
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5.1. Discussion

When comparing all the Kp values, two compounds showed interesting results
among the others. The first one, compound number 4, showed about 20-fold better affinity
for A;aR when compared with AjR-AR or A2R-CB:R and more than 1000-fold than
A;xR-D;R. The second interesting compound was number 9. Adenosine AR forming
A, R-D;R heteromer had a surprising value of dissociation constant 3 to 4-fold lower when
compared to A;R-AxaR and A;aR-CBiR. This is remarkable because when comparing these
differences with other compounds, the AR involved in the A;AR-D;R heteromer always

showed higher affinities that the rest of the heteromers.
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V. CONCLUSIONS

Conclusions derived from the first aim: The involvement of A;R-A;4R heteromer in

glial cells and its study at a molecular level.

% Upon GABA uptake, adenosine has a biphasic effect, which is mediated by
AR-AR heteromers coupled to both Gip and G; proteins. Extracellular
adenosine acting on these A;R-Ax;R functional units operates in a concerted
way to balance a PKA-dependent action on GABA uptake. The neural output

would thus be inhibitory at low firing rates and facilitatory at high firing rates.

% Adenosine by acting on adenosine receptors in astrocytes may significantly
contribute to neurotransmission in a dual manner, which depends on the
concentration of the nucleoside that is in turn dependent on neuronal firing

activity.

% BRET and single molecule tracking with TIRF microscope show that the
minimal GPCR heteromer unit may consist of four protomers and two G
proteins. The strong similarity between GPCRs suggests that the molecular

model proposed could apply to other receptors.

¢ These heteromers can be formed in the plasma membrane and are stable on the

order of minutes. Such stability suggests that designing ways to target these

heteromers may indeed be a viable strategy.
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¢ The orientation of the a-subunits of the G proteins is on the distal receptors,
suggesting that G proteins cross-talk could occur via receptors across the

heteromer complex.

¢ The heteromeric unit described, with its dynamic and structural limitations,
provides the molecular framework to understand why heteromers are
functionally distinct units and not merely the aggregation of two entities with

independent functions.

Conclusions derived from the second aim: To find an evidence for allosteric
interactions between partner receptors in the A;R-D:R receptor heteromer which confer
specific pharmacological characteristics to the heteromer.

% In cell culture, the agonist and antagonist binding to the adenosine A;\R

diminish the affinity of dopamine D,R agonists and antagonists.

% Those negative interactions between ligands are consequence of allosteric
interactions between both receptors conforming the A;aR-D;R heteromer and

constitute a unique biochemical property of this heteromer.

% In ex vivo tissue, using these allosteric interactions as a heteromer fingerprint, it

has been demonstrated the expression of AjR-D:R heteromer in human

striatum.
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% The fact that the AR antagonists are able to modulate dopamine D,R
pharmacology has to be taken into account to understand pathologies such as

Parkinson’s disease or for human PET neuroimaging.

Conclusions derived from the third aim: Search for selective antagonists of AR for
presynaptic A;R-A;uR heteromers versus postsynaptic A»R-D;R heteromers that can be

useful for neurological disorder’s treatment, particularly Huntington’s disease.

% The physical presence of dopamine D,R in the AxR-DR heteromer induced a
strong negative cooperativity in the AR that was detected by SCH-442416.
This cooperativity indicates that A;R-AR homodimers are present in the

AuR-D5R heteromer.

% Based on in vitro and in vivo approaches, the compound SCH-442416 was
classified as a preferential presynaptic A;aR antagonist, and the compound
KW-6002 was classified as a preferential postsynaptic AR antagonist.
Considering this, SCH-442416 can be used as a lead compound in the
development of antidyskinetic drugs in Huntington’s disease; meanwhile KW-

6002 can be beneficial in Parkinson’s disease.
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Conclusions derived from the fourth aim: Investigate the pharmacological and

functional properties of A2sR in the A;R-CB;R heteromer.

% Adenosine AR changes its G-protein coupling from stimulatory G, to

inhibitory G; when it forms heteromer with CBR and a synergistic cross-talk

in G-protein activation is observed when both receptors are coactivated.

% CB:R mainly controls the ERK,/; signaling under the A;4R-CB\R heteromer.

% The AuR-CBiR heteromer does not show allosteric effects at the ligand

binding level.

Conclusions derived from the fifth aim: Compound screening of different AR
antagonists in stable CHO cell lines expressing A»R, A;R-AxR, A;R-D2R or AxR-CB;R

heteromers.

% Compound number 9 could be a good candidate to treat Parkinson’s disease

due to its preferential binding to AR forming A;yR-D;R heteromer.
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VI.RESUM DE LA TESIDOCTORAL

Els receptors acoblats a proteina G han estat classicament classificats coma unitat
individuals capaces de produir una senyal intracellular. Avui en dia és acceptat que aquests
receptors poden interaccionar entre ells formant dimers, trimers o oligomers de major ordre.
Aquestes interaccions han de ser considerades com a noves entitats ja que produeixen canvis
importants a la farmacologia i funcionalitat d’aquests receptors, el qual s’ha de tenir en
compte a 'hora d’entendre processos com la transmissié neuronal o de cara a la recerca de
nous compostos en la indudstria farmacéutica. En aquest context, 'objectiu general d’aquesta
tesi és investigar les conseqiiéncies farmacologiques i funcionals de la interaccié del receptor
d’adenosina A2A amb altres receptors. Per tal d’assolir aquest objectiu, cinc objectius
particulars van ser formulats.

Degut al paper que juguen els astrocits en el transport de GABA, un primer objectiu
parcial va ser clarificar si els heteromers A1R-A2AR modulaven els transportadors de
GABA GAT-1 i/o GAT-3 als astrocits. Ja que l'estequiometria molecular i la dinamica de
formacié d’aquests heteromers i el nombre de proteines G unides romanen desconeguts un
segon objectiu parcial va ser analitzar el comportament de les poblacions d’heteromers A1R-
A2AR a la membrana plasmatica en abséncia de lligands. Per tal de trobar una resposta a
aquestes preguntes el primer objectiu va ser:

Objectiu 1. Implicacions de T'heteromer AIR-A2AR a les cel'lules glials i el seu

estudi a nivell molecular.

En el moment en el que la formacié de 'heterdomer entre els receptors de dopamina
D2 i el receptor d’adenosina A2A va ser descrit, aquests complexes han estat de gran interés
en el desenvolupament de noves terapies per a diferents patologies. En els ultims anys s’han

desenvolupat nous farmacs amb diferents afinitats per aquests receptors i han estat usats com
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a terapia i en recerca cientifica. Aquestes terapies estan basades en la regulacié negativa que
els agonistes del receptor d’adenosina A2A produeixen sobre la unié d’agonistes en els
receptors de dopamina D2, pero no es coneix com aquesta modulacié es porta a terme i si la
unié de lligands als receptors A2A modifiquen la unié d’antagonistes al receptor D2.
Considerant aquests antecedents, el segon objectiu de la tesi va ser:

Objectiu 2. Trobar evidéncies de modulacions allostériques entre receptors a
I'heteromer A2AD-D2R que confereixen caracteristiques farmacologiques especifiques a

I'heteromer.

Els receptors dadenosina A2A han emergit com a atractives dianes no-
dopamineérgiques en la recerca d'una millorada terapia per a la malaltia de Parkinson, basat
en part per la seva caracteristica distribucié al sistema nerviés central. Es molt abundant en
neurones estriato-palidals i poden formar complexes heteromerics amb altres GPCR. El
bloqueig de A2AR a neurones estriato-palidals redueix els efectes postsinaptics de la manca
de dopamina, i a la seva vegada redueix els déficits motos de la malaltia de Parkinson. D’altra
banda, els receptors d’adenosina A2A localitzats presinapticament es creu que poden ser
responsables de la mort neuronal a la malaltia de Huntington ja que la preséncia d’adenosina
endogena provoca un alliberament massiu de glutamat que porta a la mort per exitotoxicitat
de les neurones espinoses mitjanes de 'estriat. Amb aquestes hipotesi, el tercer objectiu és:

Objectiu 3. Recerca d’antagonistes selectius de A2AR per a heteromers presinaptics
A1R-A2AR versus heteromers postsinaptics A2AR-D2R que poden ser dtils en el

tractament de malalties neurologiques, particularment en la malaltia de Huntington.

A més de formar heteromers amb A1R i D2R, el receptor d’adenosina A2A també
interacciona amb els receptors de cannabinoids CB1. CB1R es troben pre- i

postsinapticament tant en la via directa com indirecta dels circuits estriatals i és possible que
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siguin els responsables de modular les funcions del receptor A2A a lestriat. Els heteromer
A2AR-CBI1R van ser préviament descrits en aquest grup de recerca i tot i que se sabia que
lactivacié de A2AR era necessaria per tal de que CB1R fos capag de senyalitzar en linies
cel-lulars de neuroblastomes transfectats, les caracteristiques farmacoldgiques i funcionals de
I'heteromer sén desconegudes. Amb aixo el quart objectiu és:

Objectiu 4. Investigar les propietats funcionals i farmacologiques de A2AR en

I'heterdmer A2AR-CB1R.

Una vegada demostrat que els antagonistes poden mostrar diferents comportaments
davant un receptor depenent de amb quin altre receptor es troba oligomeritzat, és de gran
interés testar una bateria d’antagonistes del receptor A2A a les diferents linies cel'lulars
estables usades en els anteriors objectius per tal de trobar compostos especifics per a diferents
heteromers. Aixd seria de gran interés donada la implicacié dels heteromers de receptors
d’adenosina A2A en malalties neurodegeneratives, adiccions i altres desordres. Per tant, el
cinque objectiu va ser:

Objectiu 5. Analisi de diferents compostos antagonistes de A2AR en linies cellulars

estables CHO expressant A2AR, A1R-A2AR, A2AR-D2R o A2AR-CBI1R.
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RESULTATS I DISCUSSIO.
CAPITOL 1.1.
Heteromers A1R-A2AR acoblats a proteines Gs i Gi/o modulen el transport de

GABA als astrocits.

Els astrocits modulen la transmissié sinaptica ja que poden alliberar i capturar
neurotransmissors i, per tant, regular amb precisié la balanca entre excitacié i inhibicid.
GABA és el neurotransmissor inhibidor principal al SNC, a on juga un paper clau en el
control d’excitabilitat, plasticitat i sincronitzacié. Aquestes accions depenen de canvis en les
concentracions extracellulars de GABA, les quals estan sota el control de transportadors de
GABA (GATs) expressats a ambdues neurones i als astrocits. Els astrocits corticals
expressen GAT-1 1 GAT-3 i ha estat estimat que aproximadament el 20% de GABA
extracel-lular és capturada pels astrocits.

Els astrocits alliberen gran quantitats d’ATP, el qual és llavors hidrolitzat en
adenosina per accié de les ecto-nucleotidases. L’adenosina extracel-lular opera a través de
GPCR. En el cas de les cél-lules neurals, els subtipus A1R i A2AR sén els que s’activen a
nivells basals d’adenosina extracel'lular. E1 AIR és sovint inhibitori i s’acobla a proteines
Gi/o, mentre que A2AR normalment s’acobla a proteines Gs, estimulant I'acumulacié
d’AMPc i lactivitat de PKA. A1R i A2AR podrien interaccionar de manera que lactivacié
de A2AR porta a la inhibicié de respostes mediades per A1R. Algunes interaccions podrien
océrrer a nivell funcional i de sistema de transducci6 pero assajos de transferéncia d’energia
han identificat la preséncia d’heteromers AIR-A2AR en linies cel'lulars transfectades.
Aquestes dades suggereixen un possible rol dels heteromers A1R-A2AR a les neurones. De
tota manera encara manquen evidéncies directes d’heteromeritzacié de A1R-A2AR a

cél-lules neurals.
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Donat el paper que juguen els astrocits en tot el transport de GABA, el primer
objectiu va ser clarificar si A1R i A2AR modulaven el transport de GABA mediat per GAT-
1 i/o GAT-3 als astrocits. Es va detectar una forta interaccié entre A1R i A2AR, a més
d’evidéncies de cross-antagonisme, una propietat bioquimica que s'utilitza sovint per
demostrar la preséncia d’heteromers. A més es va trobar la preséncia d’heteromers 1IR-A2AR
en astrocits. Es va trobar que aquests heteromers s’acoblen a dues proteines G diferents, Gs i
Gi/o, totes dues regulant els transport de GABA de forma oposada, amb A1R mediant la
inhibicié del transport de GABA i A2AR mediant el transport de GABA per part dels
astrocits. Aquesta unitat funcional A1R-A2AR, opera com un amplificador dual controlant

els nivells de GABA a les sinapsi.

Discussié.

Aquest treball clarament demostra que la captacié de GABA per part dels astrocits
esta sota la modulacié de I'adenosina extracel'lular, la qual, interaccionant amb la unitat
funcional constituida per A1R-A2AR acoblats a dues proteines G diferents, Gi/o i Gs,
poden tant incrementar com reduir la quantitat de neurotransmissor inhibidor disponible a
Iespai sinaptic.

Utilitzant analegs d’adenosina, CADO, es va observar que a concentracions
submicromolar hi ha un increment de transport de GABA. Considerant que lafinitat de
I'adenosina per A1R és lleugerament superior que per A2AR probablement la inhibicié es
mediada per AIR i facilitada per A2AR. D’acord amb aixd, I'agonista selectiu de A1R CPS
va inhibir el recaptament de GABA als astrocits, mentre que I'agonista selectiu de A2AR
CGS 21680 el va facilitar. Sorprenentment, el bloqueig de qualsevol dels dos receptors amb
antagonistes selectius va prevenir els efectes mediats per qualsevol dels dos agonistes, una
forta evideéncia de que A1R i A2AR es troben interaccionant a nivell molecular en els

astrocits. Es va detectar transferéncia d’energia en astrocits transfectats amb els DNAc A2A-
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Rluc i AIR-YFP. En aquests assajos es va detectar una senyal de BRET positiva i saturable
en astrocits. A més aquest heteromer es va detectar en els mateixos astrocits amb meétodes
d’unié de radiolligand a on les propietats d’'unié dels lligands de A1R canviaven quan el
receptor A2AR estava activat. Aquests resultats complementen i enforteixen la evidéncia
d’heteromeritzacié a astrocits no transfectats.

Assajos de biotinilitzacié van mostrar que en preséncia d'un dels dos agonistes
especifics de 'heterdomer era suficient per provocar la internalitzacié d’ambdés receptors. El
bloqueig previ amb un dels dos antagonistes de l'heteromer evitava aixi mateix la
internalitzaci6 de I'heteromer. Imatges de confocal de ceél'lules HEK-293T transfectades van
confirmar aquests experiments.

La unié d’agonista no afectava als resultats de BRET, suggerint que la unié
d’agonista no indueix modificacions al-lostériques als receptors. D’aquesta manera sembla
que I'heterdomer citat es comporta com a una entitat integrada que probablement arribi a la
membrana extracel'lular ja com a heteromer. A més a més, com que els antagonistes no van
modificar els nivells de recptor a la membrana o la senyal de BRET, la pérdua d’efecte d'un
agonista amb el bloqueig previ de l'altre receptor no pot ser atribuit a la disrupcié de
I'heteromer . El cross-antagonisme és considerat una empremta bioquimica, i és atribuible a
canvis conformacionals induits per antagonistes que porten a un estat no-funcional de
aparell senyalitzador del receptor desacoblant-lo de la proteina G senyalitzadora.

Com que els heteromers poden acoblar-se a diferents proteines G de les que
originalment es trobarien units en forma monomerica es va realitzar assajos label-free en
combinacié amb toxines que especificament bloquegen proteines G. Amb aquests
experiments es va arribar a la conclusié que sota I'heteromer A1R-A2AR s’hi troben unides
dues proteines G, Gs i Gi/o, que en preseéncia d’agonista de A1R senyalitza a través de Gi/o i
en preséncia d’agonista de A2AR senyalitza mitjangant Gs, i sorprenentment el fet de

bloquejar una de les unitats de I'heteromer aconseguia bloquejar I'activitat de tot I'heteromer.
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Com que dos GPCR no poden trobar-se units a més d’una proteina G per motius
estequiometrics, aquest heteromer ha de trobar-se en forma de tetraimer A1R-A1R-A2AR-
A2AR. Fent possible que s’hi acomodin dues proteines G.

A Tincrementar 10 vegades la concentracié del lligand no selectiu CADO va ser
suficient per canviar la modulacié de recaptacié de GABA. Assumint aixd es pot aproximar
que el canvi de inhibicié a potenciacié del recaptament de GABA pot océrrer a
concentracions d’adenosina extracel'lular de U'ordre de micromolar. Aquestes concentracions
s6n facilment aconseguibles a les sinapsi neuronals a on s’alliberen grans quantitats ’ATP.
Com més gran és l'alliberament d’ATP, més gran és la concentracié d’adenosina a l'espai
sinaptic. Per tant és esperable que després de grans activacions neuronals es promogui
lactivacié de A2AR en Theteromer facilitant el recaptament de GABA. L’activacié del
recaptament de GABA per part dels astrocits portara a una disminucié de GABA
extracel'lular. D’altra banda, a concentracions submicromolar d’adenosina, hi ha una
activacié preferent de A1R en T'heteromer, i el recaptament de GABA pels astrocits sera
inhibit. Per tant I'accié de 'adenosina a aquests heteromers és com la d’'un amplificador dual,
facilitant I'excitacié o inhibint-la. Aquest mecanisme necessita un control eficient per evitar
canvis sobtats en la transicié. De fet, amb una sobreestimulacié de només un dels dos
receptors promou la internalitzacié de tot I'heteromer, essent aixi un sistema de frenada per

evitar canvis bruscos entre excitacié i inhibicié.
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CAPITOL 1.2.
Heteromers d’adenosina A1R-A2AR formen complexes tetramérics dinamics pero

estables amb dues proteines G diferents.

La idea controvertida de dimeritzacié de GPCR esta avui dia recolzada per moltes
dades bioquimiques i estructurals. Aquest debat s’ha mogut a la questi6 dels
heterocomplexes, a on un gran nombre d’estudis contemplen la preséncia d’heterodimers i
heteromers d’ordre superior en una gran quantitat de GPCR. Un exemple molt estudiat és la
de I'heteromer A1R-A2AR. De tota manera l'estequiometria i les dinamiques de formacié

d’aquest heterdmer no han estat encara estudiades.

Discussié.

Una observacié interessant dels experiments de “single particle tracking (SPT)” va ser
que A1IR i A2AR formen complexes dinamics perd estables a la membrana plasmatica a on
la forma més comu és el tetramer consistent en dos AIR i dos A2AR. A més aquests
complexes semblen ser molt estables al llarg del temps poden arribar a l'ordre de minuts.

Considerant aquests heteromers com a tetramers estables es va voler saber com
s'estabilitzaven les proteines G en aquest tetramer, com s’orientaven aquestes proteines i com
seria 'arquitectura d’aquesta unitat senyalitzadora. En el cas dels tetramers requereix que hi
hagi més d’un lloc d’interaccié per protomer. Assajos de BRET juntament amb models
moleculars d’oligomeritzacié de receptors indiquen que el lloc dinteraccié per a
I'homodimeritzacié és el TM4, mentre que per a 'heteromeritzacié és el TM5. Un altre
aspecte interessant és la preséncia de les proteines G unides constitutivament al tetramer.
Aquest concepte de pre-acoblament de les proteines G abans de que es produeixi unié de
lligand estd reforcada per la davallada de transferéncia d’energia en experiments de

BRETamb la preséncia de toxines especifiques de les diferents proteines G. Com que la
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maxima transferéncia d’energia és una funcié del nombre de protomers formats, aquests
resultats indiquen que les proteines G podrien induir i/o estabilitzar la dimeritzacié dels

receptors.
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CAPITOL 2.
Interaccions al-lostériques entre receptors a 'heteromer A2AR-D2R induides per

agonistes i antagonistes.

Els receptors D2 de dopamina s’'expressen a les neurones estriatals GABAérgiques
encefalinérgiques on també s’expressen els receptors A2A d’adenosina i on ambdés
col'localitzen. De fet, els receptors D2 estan sota el control dels receptors A2A i, almenys en
part, aquest control s'exerceix a través d’un fet altament descrit en els darrers anys que és la
modulaci6 de la funcié a través de la formacié d’hereromers de receptors. Un heteromer és un
complex macromolecular format almenys per dos receptors funcionals i que mostra propietats
bioquimiques que sén diferents de les dels receptors individuals. Els heteromers entre els
receptors A2A d’adenosina i D2 de dopamina van ser uns dels primers heteromers de GPCR
descrits. La interaccié molecular entre ambdés receptors es va demostrar mitjangant estudis
de coimmunoprecipitacié i col-localitzacié, i per tecniques de FRET i BRET. L'existéncia
dels heteromers A2A-D2 a lestriat de xai ha estat recentment descoberta emprant lligands
bivalents i l'expressié d’aquests heterdomers a l'estriat de ratoli s’ha descrit en estudis de PLA.
Els heteromers de receptors A2A-D2 sén molt rellevants per al control de I'activitat motora
ja que estan presents en la via indirecta estriatal i el balang en I'estimulacié de les vies directa i
indirecta resulta en el control del moviment.

La interacci6 allostérica és una de les propietats habituals dels heteromers de
receptors i es defineix com una interaccié intramolecular per la qual la unié d’un lligand a un
receptor de lheteromer canvia les propietats d’unié de lligands a laltre receptor de
I'heteromer. Les interaccions al-lostériques en I'heteromer A2A-D2 han rebut molta atencié
de la comunitat cientifica perd aquesta s’ha restringit a les interaccions allostériques
agonista-agonista. Aquestes shan considerat com el principal responsable dels efectes

antiparkinsonians dels antagonistes del receptor A2A i sembla que mitjancant heteromers els

310



agonistes dels receptors A2A contraresten la inhibicié produida pels agonistes del receptor
D2 de la estimulacié mitjancada per receptors NMDA en neurones estriatals de la via
indirecta. La interaccié al-lostérica també s’ha suggerit com el principal mecanisme
responsable dels efectes de depressié o activacié motora que causen els agonistes o
antagonistes del receptor A2A, respectivament. En tots aquests casos, els antagonistes del
receptor A2A juguen només un paper com a desplacant de l'agonista endogen. De totes
maneres, mai ha estat considerat el possible efecte exercit directament pels antagonistes del
receptor A2A en la modulacié de les propietats farmacologiques dels receptors D2. En
aquest capitol s’ha demostrat que, mitjangant interaccions al-lostériques no només 'agonista
del receptor A2A CGS 21680 siné també I'antagonista no-selectiu cafeina redueixen la unié
tant de I'agonista ([3H]quinpirole) com de l'antagonista ([3H]raclopride) del receptor D2
en membranes tant de cellules transfectades com d’estriat de xai. Emprant aquestes
interaccions al'lostériques com a empremta dactilar de I'heteromer A2A-D2, hem demostrat

Pexpressi6 del heteromer a I'estriat huma.

Discussié.

Una propietat important dels heteromers de receptors és la capacitat per establir
interaccions al-lostériques entre els monomers i aquesta capacitat confereix caracteristiques
farmacologiques i funcionals especifiques de U'heteromer. En aquest estudi ens hem focalitzat
en aquestes propietats per als heterdmers de receptors d’adenosina i de dopamina A2A-D2.
En cultius cel'lulars, primer s’ha demostrat que la unié de qualsevol lligand (agonista o
antagonista) al receptor A2A pot fer disminuir la unié de qualsevol lligand (agonista o
antagonista) al receptor D2. En segon lloc, s’ha establit que aquestes interaccions sén
consequéncia de les interaccions al-lostériques entre ambdés receptors en 'heteromer A2A-
D2 i que constitueixen propietats bioquimiques caracteristiques d’aquest heteromer.

Seguidament en teixits ex vivo, sha demostrat que la unié dels agonistes i els antagonistes del
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receptor A2A —pero no del receptor Al- redueixen l'afinitat tant dels agonistes com dels
antagonistes del receptor D2 en membranes estriatals de xai on préviament s’havia descrit
I'heteromer A2A-D2 i usant aquestes interaccions al-lostériques com a empremta dactilar de
I'heteromer, s’ha demostrat U'expressié de I'heteromer de receptors A2A-D2 a I'estriat huma.
Tant l'agonista del receptor A2A CGS 21680 com l'antagonista no selectiu cafeina,
la droga psicoactiva més consumida del mén, redueixen l'afinitat del receptor D2 per als seus
agonista o antagonista tritiats [3H]quinpirole i [3H]raclopride. En aquest estudi s’ha
demostrat que aquestes interaccions entre els receptors A2A i D2 sén interaccions
al'losteriques entre les diferents unitats en 'heteromer A2A-D2 i que en constitueixen una
propietat bioquimica. De fet, s’ha descrit que trobar una correlacié entre canvis significatius a
Pestructura quaternaria de 'heterdomer i canvis significatius en la farmacologia o la funcié del
receptor permet establir les propietats bioquimiques d’aquest heteromer. Seguint aquest
concepte, s’ha usat el receptor A2AA374 (amb una mutacié puntual de la Ser374 localitzada
al seu domini C-terminal). Aquesta mutacié comporta una disminucié en els valors de
BRET que implica un canvi significatiu en l'estructura quaternaria de 'heteromer A2A-D2
disrompent la interaccié electrostatica intracel-lular de heteromer. Tal com s’esperava, s’ha
observat un descens en el BRET per a la parella A2AA374-RLuc/D2-YFP comparada a la
parella la parella A2A-RLuc/D2-YFP i aquest canvi en 'estructura quaternaria ha resultat en
la inhibicié6 de les interaccions allostériques a l'heteromer. Per tant, les interaccions
al'losteriques que s’han descrit en aquest estudi constitueixen una caracteristica bioquimica de
I'heteromer de receptors A2A-D2. En aquest estudi hem usat aquesta caracteristica per a
detectar i caracteritzar els heteromers A2A-D2 a lestriat cerebral de xai, i el que és més
important, al nucli caudat del cervell huma. En les membranes del nucli caudat huma, el
CGS 21680 i la cafeina redueixen l'afinitat del receptor D2 per al [3H]raclopride amb
practicament el mateix rang concentracié-resposta trobat en les preparacions de membranes

de cel'lules CHO que expressen els heteromers A2A-D2. T per tant, el fet de trobar aquest

312



fingerprint en aquestes membranes déna, per primer cop, una prova de lexisténcia dels
receptors heteromerics A2A-D2 al cervell huma.

Els resultats anteriorment comentats sén rellevants considerant que els receptors
A2A i D2 de Testriat s6n diana de molts farmacs per combatre afeccions neurologiques
humanes, com ara desordres psiquiatrics, addicci6 a les drogues, o malalties
neurodegeneratives i que sén el focus primari de molta recerca biomedica i farmacéutica. De
fet, els heteromers tenen caracteristiques bioquimiques tniques que sén diferents de les de les
seves unitats individuals. Aquestes propietats, incloent les modulacions al-lostériques entre
unitats que es descriuen aqui, poden ser fonamentals en el descobriment de nous farmacs ja
que els parametres farmacologics d’un farmac seleccionat, per exemple per estrategies HTS
(High-throughput screening o cribratge d’alt rendiment) usant receptors expressats
individualment en una linia cel-lular, poden ser molt diferents dels parametres farmacologics
reals del receptor en teixits natius on el receptor s'expressa formant heteromers amb un altre
receptor i en preséncia o en abséncia de lligands d’aquest altre receptor. En aquest marc, un
aspecte interessant és que una interaccié al-lostérica entre protomers d’un heterdmer s’ha
d’interpretar com una interaccié intramolecular en la que la unié d’un lligand a una de les
unitats de receptor del heteromer canvia les propietats de la unié a l'altra unitat de receptor.
Algunes troballes anteriors demostraven que I'agonista del receptor A2A disminuia la unié
d’agonistes al receptor D2 i es va suggerir que aquesta interaccié al'losterica podia ser un
mecanisme clau involucrat en els efectes depressius de l'aparell motor dels agonistes del
receptor A2A i dels efectes estimulants dels antagonistes del receptor A2A com la cafeina o
en la deplecié induida pels agonistes del receptor A2A de la inhibicié que media el receptor
D2 sobre l'excitacié neuronal per NMDA. Aquest interacci6 al'lostérica agonista-agonista
també s’ha considerat com el mecanisme principal responsable dels efectes antiparkinsonians
dels antagonistes del receptor A2A. Fins ara, els antagonistes del receptor A2A no s’havien

considerat capagos d’'induir interaccions al-lostériques directes en I'heteromer A2A-D2 i eren

313



considerats només com a molécules que podien desplagar la unié dels agonistes endogens i,
conseqientment, bloquejar les interaccions al-lostériques agonista-agonista a I'heteromer
A2A-D2. Els nostres resultats demostren, per primer cop, que una interaccié allostérica a
I'heteromer no només implica unes interaccions agonista-agonista siné també interaccions
agonista-antagonista i antagonista-antagonista en membranes cel-lulars i cerebrals, incloent
les d’estriat huma. Per tant, la unié d’'un antagonista a la unitat A2A del heteromer també
redueix la unié dels agonistes i antagonistes a la unitat D2. Aquest comportament, ha de ser
tingut en compte quan sanalitzen els efectes funcionals i farmacologics dels lligands del
receptor A2A, i en particular els dels antagonistes, en la funcionalitat dels receptors D2. A
pesar d’aixo cal no oblidar que no només hi ha les interaccions al-lostériques siné que també
s’ha de tenir en compte un complex cross-talk molecular entre receptors en T'heteromer que
pot tenir conseqiéncies a nivell de senyalitzacié que poden ser independents de les
interaccions al-lostériques i poden explicar, al menys en part, el paper dels lligands del
receptor A2A en la modulacié del receptor D2.

D’altra banda, un altre aspecte important d’aquests resultats és que poden tenir
implicacions en el camp de la neuroimatge humana per PET (Positron Emission
Tomography). En la técnica de PET, sovint s'usa el [11C]Jraclopride com a marcador dels
receptors D2 i el consum de cafeina no acostuma a ser controlat quan s’usa aquest lligand.
S’han realitzat alguns estudis de l'efecte de la cafeina en el PET amb [11C]raclopride i ja
indicaven un descens en la unié de 'antagonista al receptor D2 induida per la cafeina. Tenint
en compte els resultats que es descriuen aqui, aquest descens en la unié de [11C]Jraclopride
pot ser interpretat com una accié de la cafeina sobre els receptors heteromérics A2A-D2 al
cervell huma. De totes maneres, en els estudis de PET només s’avaluava I'efecte d’una dosi
oral de cafeina en bevedors habituals de café després de 24 hores d’abstinéncia de cafeina i els
resultats son dificils d'interpretar en quan que la unié de [11C]raclopride només es veu

significativament modificada en arees talamiques i els efectes de la cafeina en alguns casos

314



poden ser reproduits per placebo. De totes maneres, els resultats descrits en el nostre estudi
indiquen que s’ha de tenir en compte l'efecte de la cafeina mediat pels heteromers de
receptors A2A-D2 en els experiments de PET amb [11C]Jraclopride i ressalten que
parametres com el consum habitual de cafe, els periodes d’abstinéncia o les diferents dosis de

cafeina han de ser tingudes en consideracié quan es realitzin aquest tipus d’estudis.
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CAPITOL 3.

Perfil pre- i postsinaptic d’antagonistes del receptor d’adenosina A2A estriatal.

Més d’'un 95% de les neurones estriatals sén neurones espinoses mitjanes (IMSN)
GABAergiques. Aquestes neurones reben dues senyals principals: eferents glutamateérgics
provinents del cortex, tialem i arees limbiques i eferents dopaminergics provinents de la
substancia nigra pars compacta i de l'area tegmental ventral. Les MSN sén neurones eferents
que donen lloc a dues vies, la directa i la indirecta. Esta acceptat que l'estimulacié de la via
directa i indirecta déna lloc a I'activacié motora i inhibicié motora respectivament. Les MSN
de la via directa expressen receptors de dopamina D1, mentre que MSN de la via indirecta
tenen nivells alts d’expressié de D2R i adenosina A2AR. Hi ha evidéncies clares de
lexisténcia de mecanismes de control postsinaptic de neurotransmissié glutamatérgica en
MSN de la via indirecta per part d’interaccions antagonistiques entre A2AR i D2R. En un
tipus d’'interaccié, A2AR i D2R formen heteromers i mitjancant interaccions al-lostériques,
A2AR contraresta la modulacié inhibitoria mediada per D2R dels efectes de la estimulacié
de receptors NMDA a les MSN de la via indirecta. Aquesta interaccié ha estat suggerida que
sigui la responsable dels efectes locomotors repressors i efectes activadors dels agonistes i
antagonistes de A2AR respectivament.

A2AR estriatals no estan unicament localitzats postsinapticament, també es troben
presinapticament a terminals glutamatérgics, a on heteromeritzen amb A1R i a on la seva
estimulacié facilita la transmissié glutamatérgica. Aquest A2AR presinaptic es troba
preferentment localitzat a terminals eferents de la via directa. El bloqueig mitjancant
antagonistes de A2AR postsinaptic localitzat a MSN de la via indirecta hauria de produir
activacié6 motora (potenciant efectes mediats per D2R mitjangant les interaccions en
I'heteromer A2AR-D2R). Per altra banda, el bloqueig de A2AR presinaptics localitzats a

MSN de la via directa hauria de reduir l'activitat motora (inhibint l'alliberament de
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glutamat). La poténcia en la induccié d’activacié motora pot ser utilitzada con una mesura in
vivo de la capacitat d'un antagonista de A2AR per bloquejar A2AR estriatal postsinaptic.
Recentment s’ha establert un model in vivo que evalua leficacia de la neurotransmissi6
cortico-estriatal glutamatérgica de les MISN de la via directa quantificant la correlacié entre
el corrent subministrat al cortex premotor orofacial i la resposta electromiografica de la
musculatura de les mandibules. En aquest model, antagonistes de A2AR o D1R eren
capagos de contrarestar I'activitat motora induida per I'estimulacié eléctrica cortical, cosa que
només pot ser explicada pel bloqueig de A2AR estriatal presinaptic o D1R postsinaptic
respectivament.

Els receptors d’heteromers es defineixen com a complexes macroestructurals formats
per almenys dos receptors funcionals, les propietats bioquimiques dels quals sén diferents de
quan es troben en components individuals. En aquest capitol s’investiga lexisténcia
d’antagonistes que uneixin preferentment pre- o postsinapticament els A2AR i si aquestes
diferéncies venen determinades per la formacié d’heteromers amb AI1R i D2R

respectivament.

Discussié.

El primer resultat important en aquest estudi és el fet de que diferents antagonistes
de A2AR que es creia que tenien caracteristiques farmacolodgiques similars presenten perfils
pre- i postsinaptics similars. Sis compostos diferents van ser testats en models in vivo.
L’activacié locomotora va ser utilitzada per avaluar I'activitat postsinaptica, mentre que la
reduccié en lactivitat de la musculatura mandibular (PCC) va ser utilitzada per avaluar
lactivitat presinaptica. Dos compostos, SCH 442416 i KW 6002, van mostrar perfils
preferencialment pre- i postsinaptics, respectivament, i quatre compostos, MSX 3, SCH

420814, SCH 58261 i ZM 241385, van mostrar perfils mixtes.
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Experiments d’uni6 de radiolligands van ser realitzats amb cél'lules CHO expressant
establement A2AR, A2AR-D2R heteromers o A1R-A2AR heterdomers per determinar
possibles diferéncies en afinitat per aquests compostos pels diferents heteromers de A2AR.
La co-expressié amb A1R no va modificar significativament l'afinitat, pero la co-expressi6
amb D2R va disminuir l'afinitat de tots els compostos, amb exepcié de KW 6002. Els canvis
estructurals a A2AR induits per 'heteromeritzacié amb D2R pot ser detectada tant amb
antagonistes com amb agonistes. De fet, l'afinitat de l'agonista selectiu de A2AR CGS
21680 es va veure reduida en cellules co-transfectades amb D2R. En testar les afinitats de
SCH 442416 és interessant assenyalar que va mostrar una afinitat molt més alta per A2AR
presinaptic que postsinaptic. La unié de SCH 442416 a I'heteromer A2AR-D2R va mostrar
una forta cooperativitat negativa, fenomen no observat a la uni6 de SCH 442416 a
I'heteromer A1R-A2AR. Aquesta cooperativitat negativa explica el pronunciat descens en
afinitat de A2AR a les cel'lules que expressen heteromers A2AR-D2R.

La pérdua d’afinitat de A2AR davant la seva co-expressié amb D2R va ser menys
pronunciada amb ZM 241385, SCH 58261, MSX 2 o SCH 420814, amb els quals l'afinitat
es va reduir entre dues i nou vegades. KW 6002 va ser I'inic antagonista I'afinitat del qual no
va ser significativament diferent en cél'lules que expressen A2AR, A1R-A2AR heterdomers o
A2AR-D2R heteromers. D’aquesta manera, KW 6002 va mostrar la millor afinitat relativa
pels heteromers A2AR-D2R, cosa que pot explicar en part el seu perfil preferentment
postsinaptic.

Aquest estudi defensa la idea de que els heteromers poden ser usat com a dianes
selectives de farmacs. Les principals raons per fer-ho son la seva localitzacié neuronal
especifica i la seva afinitat diferencial depenent de qui és el seu receptor acompanyant en
I'heteromer. A lestriat, A2AR es una diana particularment interessant i eventualment util
donada la seva implicacié en varis desordres neuropsiquiatrics. Els heteromers A2AR-D2R i

A1R-A2AR es troben segregats en diferents elements neuronals estriatals. Mentre
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I'heteromer A2AR-D2R es troba localitzat postsinapticament a les espines dendritiques de
les MSN de la via indirecta, els heteromers A1R-A2AR es troben presinapticament a les
terminals glutamatergiques contactant les MSN de la via directa. El bloqueig postinaptic de
A2AR a les MSN de la via indirecta hauria de potenciar I'activacié motora mediada per
D2R, el qual es aprofitat per al desenvolupament de farmacs anti-parkinsonians. Pel contrari,
el bloqueig de A2AR a terminals glutamatérgiques de MSN de la via directa podria ser
potencialment util en desordres discinétics com la malaltia de Huntington i potser en
desordres obsessiu-compulsius i en addiccié a les drogues. Aquests resultats donen una
explicacié mecanistica a la ja reportada activitat anti-parkinsoniana de KW 6002 i
suggereixen que SCH 442416 podria ser util en un tractament contra la malaltia de

Huntington.
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CAPITOL 4.

Caracteritzaci6 farmacologica i funcional de 'heteromer A2AR-CB1R.

El receptor de cannabinoids CB1R és el GPCR més abundant del cervell i es troba
densament distribuit a I'estriat. Alla es troba distribuit a totes dues classes de MSN, neurones
encefalinérgiques i dinorfinérgiques de la via indirecta i directa, respectivament. En aquesta
localitzacié postsinaptica, CB1R modula negativament la locomocié. A més, CB1R estriatal
es troba també localitzat a interneurones GABAérgiques i presinapticament a terminals
GABAe¢rgiques i glutamatergiques. La funcié fisiologica més important del CBI1R
presinaptic és la de regular l'alliberament de neurotransmissors. L'elevada expressié de A2AR
i CB1R a lestriat suggereix que interaccions directes o indirectes entre aquests receptors
poden estar involucrades en la modulacié de lactivitat motora. Es ja conegut que A2AR
regula l'accié de CB1R tant a nivell pre- com postsinaptic. Treballs recents demostren que
A2AR presinaptic inhibiex efectes mediats per CB1R probablement via AMPc-PKA.
Sembla ser que interaccions entre A2AR i CB1R localitzats a terminals glutamatergics que
estan en contacte amb MSN dinorfinérgiques es troben involucrades en els efectes
hipolocomotors i de recompensa de THC. De tota manera també ha estat suggerit que
mecanismes post-sinaptics estan involucrats en la funcié estriatal de CB1R depenent de
A2AR. Ha estat demostrat previament que A2AR i CB1R formen heteromers a cel'lules
HEK i a neuroblastomes humans. També s’ha observat que tots dos receptors co-localitzen i
co-immunoprecipiten en teixit estriatal de rata. Als neuroblastomes humans, la senyalitzacié
de CB1R es va trobar que era completament depenent de 'activacié de A2AR. D’acord amb
aixd, el bloqueig de A2AR contrarestava els efectes motor-repressius produits per
I'administracié d’agonistes de CB1R. Tot i que l'efecte de l'activacié de A2AR sobre la
funcié de CB1R va ser estudiat, I'efecte de CB1R sobre la funcié de A2AR no ha estat

estudiada.
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Discussié.

Els GPCR no es poden considerar com a unitats singulars de senyalitzacid, si no que
formen part d’agregats multimoleculars localitzats a la membrana plasmatica. Un heteromer
de recpeotrs és un complex macromolecular format per almenys dues unitats de receptor
funcionals amb propietats bioquimiques diferents dels seus receptors individuals. En aquest
capitol shan reportat algunes conclusions sobre les caracteristiques bioquimiques dels
heteromers A2AR-CB1R. Primer de tot, mesurant l'activacié de la proteina G mitjancant
assajos “label-free” a on s’ha demostrat que tant A2AR com CBI1R es troben acoblats a
proteina Gi en 'heterdomer. Segon, s’ha observat un “cross-talk” a I'activacié de la proteina G
quan els dos receptors es troben co-activats i és majoritariament el CB1R qui controla la
senyalitzaci6 via ERK1/2. Finalment, s’ha demostrat que no hi ha cap efecte al‘losteéric en la
unié de lligands a I'heteromer A2AR-CB1R.

En aquest capitol també s’ha demostrat que A2AR quan es troba expressat sol es
troba acoblat a proteina Gs, mentre que quan es troba co-expressat amb CBI1R canvia a
proteina Gi tant en abséncia com en preséncia d’agonistes de CB1R. Aixi, I'heteromer
A2AR-CB1R d’alguna manera el CB1R bloqueja la produccié de AMPc mediada pel
A2AR.

Freqiientment, l'activacié d’una unitat del receptor a I'heteromer implica un “cross-
talk” intermolecular que inclou canvis conformacionals que afecten a l'altra unitat de
I'heteromer. Aquests canvis conformacionals provoquen una modulacié en la unié de lligands
i/o senyalitzacié en laltra unitat de I'heteromer. En el cas de I'heteromer A2AR-CBIR, la
unié de lligand a CB1R no modificava la unié de lligands a A2AR i viceversa , indicant una
manca d’interaccions allostériques per aquest heteromer. De tota manera, es va observar un
increment sinergistic en l'activacié de proteina Gi quan els dos receptors es trobaven co-

activats. Aquests resultats estan en concordanga amb el fet de que l'activacié de A2AR és
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necessaria per a la senyalitzaci6 de CB1R a les linies cel'lulars de neuroblastoma descrit
anteriorment. Aquests resultats impliquen un processament d’informacié, a nivell de
membrana, dels senyals implicats en els heteromers A2AR-CB1R. En aquest cas, aquest
heteromer de receptors funciona com a un processadir que modula la senyalitzacié mediada
per proteina G ja que la senyalitzacié tant quantitativa com qualitativament generada per
lestimulacié de qualsevol de les unitats de receptor en l'heterdmer sén diferents de les
obtingudes amb la co-activacio.

A part de la senyalitzacié mediada per proteina G, molts GPCR s6n capagos de
senyalitzar per vies alternatives. La fosforilacié de ERK1/2 es una de les vies de les MAPK
que ha estat descrita com a via alternativa de senyalitzacié independent de proteina G.
Comprovant la fosforilacié de ERK1/2 quan els dos receptors de I'heteromer es troben co-
activats sembla que CB1R és qui controla principalment la senyalitzacié. Donat que la
fosforilaci6 de ERK1/2 es troba implicada en la plasticitat neural, sembla ser que els
cannabinoids podrien controlar canvis en la plasticitat neuronal a les cel'lules a on es trobi
present aquest heterdomer.

Els receptors d’adenosina A2AR estriatals es troben altament expressats a MSN de la
via indirecta eferent aixi com també presinapticament a teminals glutamatérgics cortico-
estriatals que contacten amb MSN de la via directa eferent i a totes dues localitzacions
A2AR es troba co-distribuit amb CB1R. S’ha hipotetitzat que antagonistes postsinaptics de
A2AR podrien ser utils per al tractament de la malaltia de Parkinson, mentre que
antagonistes presinaptics de A2AR podrien ser beneficiosos en desordre discinétics com la
malaltia de Huntington, desordres obsessius-compulsius i addiccions a drogues. D’aquesta
manera seria interessant en un futur proper trobar un antagonista selectiu per A2AR o per a

A2AR en 'heteromer A2AR-CBI1R degut a la seva rellevancia com a element terapéutic.
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CAPITOL 5.
Analisi d’antagonistes de A2AR en linies cel'lulars estables que expressen A2AR,

A1R-A2AR, A2AR-D2R 0 A2AR-CBI1R.

Esta ampliament provada la implicacié dels receptors d’adenosina en diferents
malalties i desordres com l'epilépsia, malaltia de Parkinson, Huntington i altres disfuncions.
A més, quan es té en compte 'heteromeritzacié tal i com s’ha discutit en capitols anteriors, és
particularment interessant la possibilitat de tenir caracteritzats una bateria d’antagonistes que
siguin diferencialment selectius per A2AR depenent de qui sigui el receptor acompanyant en
I'heteromer. Degut a les diferent implicacions d’aquests heteromers en diferents malalties i
disfuncions, aquests antagonistes serien candidats potencials per al seu tractament.

Per tal de testar aquests compostos es varen utilitzar les linies cellulars estables
utilitzades per al desenvolupament dels capitols anteriors. Aquestes sén cél-lules CHO que
expressen A2AR, heteromer A1R-A2AR, heteromer A2AR-D2R o heteromer A2AR-
CB1R. Els experiments de competicié per tal de trobar les constants de dissociacié dels
compostos candidats es van realitzar usant 'antagonista tipic de A2AR, [3H] ZM 241385, el
qual en els diferents assajos de competicié era desplagat pels diferents compostos. En total

fins a la data d’escriptura d’aquesta tesi, catorze compostos van ser provats.

Discussié.

Al comparar totes les constants de dissociacié obtingudes, dos compostos
sobresortien en interes per sobre dels altres. El primer, el compost nimero quatre, mostrava
una afinitat vint vegades millor per A2AR quan es trobava expressat en solitari a les cél-lules
que quan es trobava co-expressat en forma d’heteromer amb A1R-A2AR o amb A2AR-

CB1R, i més de mil vegades millor que quan es trobava co-expressat amb A2AR-D2R.

323



El segon compost interessant va ser el compost nimero nou. La unié d’aquest
compost a A2AR quan es troba formant heterdomers amb D2R (A2AR-D2R) va ser
sorprenentment bona, de fins a quatre vegades millor que al comparar-la amb A1R-A2AR i
amb A2AR-CB1R. Aquesta diferéncia tot i no ser tant marcada com l'anterior compost és
de molta importancia ja que al comparar aquest resultats amb els dels altres compostos, el
receptor A2A quan es troba unit al receptor D2 (i tal com es va discutir al capitol 3) mostra
sempre afinitats molt pitjors que amb la resta d’heteromers degut a la interaccié al-losterica
negativa produida pel receptor de dopamina D2 sobre el receptor d’adenosina A2A.

Aquest compost numero nou podria ser un bon candidat per a tractar malalties
parkinsonianes al ser selectiu per a I'heteromer A2AR-D2R tal i com s’ha discutit tant en el
capitol 3 com 4. Seria interessant buscar compostos de caracteristiques quimiques similars
per mirar de trobar un compost que idealment fos encara més selectiu per aquest heteromer i

poder augmentar aixi l'eficiéncia del potencial tractament.
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CONCLUSIONS.

Les conclusions derivades del primer objectiu sén:

* En la recaptaci6 de GABA, l'adenosina te un efecte bifasic, el qual esta mediat
pels heteromers A1R-A2AR que es troben acoblats a proteines Gi/o i Gs.
L’adenosina extracel-lular actuant sobre aquests heteromers opera en el balang de
recaptacié de GABA depenent de l'activitat PKA. La senyalitzacié neural sera
inhibitoria a baixa activacié neuronal i facilitadora a alta activitat neuronal.

e D’adenosina, actuant a través de receptors d’adenosina als astrocits, podria
contribuir a la neurotransmissié de manera dual, depenent la concentraci6
d’adenosina extracellular, que a la seva vegada depén del nivel d’activacio
neuronal.

e BRET i experiments de “single molecule tracking” amb microscopi TIRF
demostren que l'expressié minima d’aquest heterdmer consta de quatre protomers
i dues proteines G. La gran similitud entre GPCR suggereix que aquest model
molecular podria ser aplicable a altres receptors.

* Aquests heteromers poden formar-se a la membrana plasmatica i sén estables
durant minuts. Aquesta estabilitat suggereix que el disseny de farmacs dirigits
contra aquests heteromers és una estratégia viable.

e LDorientaci6 de les subunitats o de les proteines G es troba a la part distal dels
receptors, suggerint que el “cross-talk” de les proteines G podria océrrer a través
dels receptors en el complex heteromeric.

* La unitat heteromeérica descrita, amb les seves limitacions dinamiques i
estructurals, proporciona un nou marc molecular per entendre perque els
heterdomers son unitats funcionals diferents i no Unicament un agregat de dues

entitats amb funcions independents.
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Les conclusions derivades del segon objectiu sén:

En cultius cel'lulars, la unié d’agonistes i antagonistes a A2AR fa disminuir
lafinitat d’agonistes i antagonistes per al D2R.

Aquestes interaccions negatives entre lligands sén conseqiiéncia d’interaccions
al-lostériques entre ambdds receptors que conformen 'heteromer A2AR-D2R i
constitueixen una unitat bioquimica.

En teixit ex vivo, utilitzant aquestes interaccions allostériques com a empremta
bioquimica, ha estat demostrada 'expressié de 'heteromer A2AR-D2R a estriat
huma.

El fet de que els antagonistes de A2AR sén capagos de modular la farmacologia
de D2R ha de ser tingut en compte per poder entendre patologies com la

malaltia de Parkinson i per a la neuroimatge per PET.

Conclusions derivades del tercer objectiu:

La preséncia fisica de D2R en Theteromer A2AR-D2R indueix una forta
cooperativitat negativa a A2AR la qual va ser detectada per SCH 442416.
Aquesta cooperativitat indica que el homodimers A2AR-A2AR es troben
presents a Iheteromer A2AR-D2R.

Basant-nos en experiments in vitro i in vivo, el compost SCH 442416 va ser
classificat com a preferentment antagonista de receptor A2A presinaptic, i el
compost KW 6002 va ser classificat com a antagonista preferentment
postsinaptic. Considerant aixd, SCH 442416 pot ser utilitzat per al
desenvolupament de farmacs antidiscinétics per al tractament de la malaltia de
Huntington, mentre que KW 6002 pot ser beneficids per a tractar la malaltia de

Parkinson.



Consclusions derivades del quart objectiu:

* A2AR canvia el seu acoblament a protein Gs per Gi quan passa a formar
heteromers amb CB1R i un “cross-talk” sinergisitc en activacié de protein G
s'observa quan tots dos receptors es troben co-activats.

* CBIR controla principalment la senyalitzacié a través de ERK1/2 en
I'heteromer A2AR-CB1R.

*  DL’heteromer A2AR-CB1R no mostra interaccions al-lostériques a nivell d’'unié

de lligands.

Conclusions derivades del cinqué objectiu:
* El compost nimero nou podria ser un bon candidat per tractar la malaltia de

Parkinson degut a la seva uni6é preferencial al receptor A2A present a

Iheterdmer A2AR-D2R.
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