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The symptomatology of Restless Legs Syndrome (RLS) includes periodic leg movements during sleep (PLMS), dysesthesias, and hyperarousal. Alterations in the dopaminergic system, a presynaptic hyperdopaminergic state, seem to be involved in PLMS, while alterations in glutamatergic neurotransmission, a presynaptic hyperglutamatergic state, seem to be involved in hyperarousal and also PLMS. Brain iron deficiency (BID) is well-recognized as a main initial pathophysiological mechanism of RLS. BID in rodents have provided a pathogenetic model of RLS that recapitulates the biochemical alterations of the dopaminergic system of RLS, although without PLMS-like motor abnormalities. On the other hand, BID in rodents reproduces the circadian sleep architecture of RLS, indicating the model could provide clues for the hyperglutamatergic state in RLS. We recently showed that BID in rodents is associated with changes in adenosinergic transmission, with downregulation of adenosine A1 receptors (A1R) as the most sensitive biochemical finding. It was hypothesized that A1R downregulation leads to hypersensitive striatal glutamatergic terminals and facilitation of striatal dopamine release. Hypersensitivity of striatal glutamatergic terminals was demonstrated by an optogenetic-microdialysis approach in the rodent with BID, indicating that it could represent a main pathogenetic factor that leads to PLMS in RLS. In fact, the dopaminergic agonists pramipexole and ropinirole and the α2δ ligand gabapentin, used in the initial symptomatic treatment of RLS, completely counteracted optogenetically-induced glutamate release from both normal and BID-induced hypersensitive corticostriatal glutamatergic terminals. It is a main tenet of this essay that, in RLS, a single alteration in the adenosinergic system, downregulation of A1R, disrupts the adenosine-dopamine-glutamate balance uniquely controlled by adenosine and dopamine receptor heteromers in the striatum and also the A1R-mediated inhibitory control of glutamatergic neurotransmission in the cortex and other non-striatal brain areas, which altogether determine both PLMS and hyperarousal. Since A1R agonists would be associated with severe cardiovascular effects, it was hypothesized that inhibitors of nucleoside equilibrative transporters, such as dipyridamole, by increasing the tonic A1R activation mediated by endogenous adenosine, could represent a new alternative therapeutic strategy for RLS. In fact, preliminary clinical data indicate that dipyridamole can significantly improve the symptomatology of RLS.
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BID-INDUCED ALTERATIONS IN THE DOPAMINERGIC AND GLUTAMATERGIC SYSTEMS IN RLS

Restless Legs Syndrome (RLS) is a very prevalent neurologic disorder. According to the RLS Epidemiology, Symptoms and Treatment (REST) study, 5% of US and European reported experiencing RLS symptoms at least weekly (Allen et al., 2005). Those symptoms include a periodic, rest-induced, mostly nocturnal, movement-responsive urge to move the legs or periodic leg movements during sleep (PLMS) and hyperarousal (Allen et al., 2010; Ferri et al., 2014; Ferré et al., 2015). Thus, RLS patients do not report sleepiness during daytime, even though the total sleep time averages less than 5.5 h (Allen et al., 2010). The deficits of sensorimotor integration that promote PLMS and hyperarousal are interrelated, but there is no obvious cause-effect relationship between the two phenomena. The interrelation can be demonstrated in polysomnographic studies, which allows measuring the relation between the onset and offset of the arousal events and the concomitant onset and offset of PLMS. These studies have shown that, although it is generally believed that PLMS cause the arousal episodes, these precede the onset of PLMS in more than 40% of cases (Ferré et al., 2015). However, their tight temporal relationship suggests that both events are dependent on a common additional mechanism.

Altered dopaminergic function seems to play an important role in PLMS, which is empirically supported by the significant therapeutic response to L-dopa and dopamine receptor agonists, such as pramipexole and ropinirole (Earley et al., 2014). And it is generally believed that because these drugs have a preferential affinity for dopamine D3 vs. dopamine D2 receptors (D3R and D2R, respectively), that D3R constitute a main target responsible for their therapeutic effects (Varga et al., 2009; Manconi et al., 2011). Nevertheless, there is also evidence of biochemical alterations in the dopaminergic system. The dopaminergic profile in RLS includes abnormally high levels of the dopamine metabolite 3-ortho-methyldopa (3-OMD) in the CSF (Allen et al., 2009), a decrease in the density of striatal D2R and a pronounced increase in tyrosine hydroxylase activity in the striatum and substantia nigra (Connor et al., 2009). This would be mostly compatible with a presynaptic hyperdopaminergic state, with downregulation of D2R being probably an adaptation secondary to an increased basal dopaminergic tone (Earley et al., 2014). The presence of a hyperdopaminergic state in the basal ganglia obviously posits the question about the mechanism involved in the therapeutic effect of dopamine receptor agonists.

On the other hand, glutamatergic mechanisms probably play an important role in the RLS hyperarousal component. A magnetic resonance spectroscopy imaging study in subjects with RLS showed a significant increase in the thalamic concentration of glutamate (measured by the proxy variable Glx, which represents glutamate plus glutamine), which correlated with the time spent awake during the sleep period (Allen et al., 2013b). These findings therefore suggest a presynaptic hyperglutamatergic state in RLS that could underlie the hyperarousal of RLS. In fact, glutamatergic mechanisms play a central role in the therapeutic effects of α2δ ligands, such as gabapentin and pregabalin, which are the main therapeutic alternative to dopaminergic ligands for initial treatment of RLS (Garcia-Borreguero et al., 2013). Thus, α2δ ligands bind to an auxiliary regulatory protein (α2δ) of voltage-dependent calcium channels that preferentially modulate neurotransmitter release from glutamatergic terminals (Dooley et al., 2007). The α2δ ligands are most effective for the sleep disturbances in RLS, but, although less effective than dopaminergic agonists, they are also effective for PLMS, (Garcia-Borreguero et al., 2014). In summary, RLS pathophysiology seems to depend on alterations in two different, but somehow interrelated, neurotransmitter systems, dopamine and glutamate. The dopaminergic system is mostly related to the disturbance in sensorimotor integration with the emergence of PLMS and glutamate seems to be involved with both PLMS and hyperarousal.

Brain iron deficiency (BID) is recognized as a main initial pathophysiological mechanism in the development of RLS (Earley et al., 2014). The association between iron deficiency and RLS was originally described by Nordlander (1953). Further studies showed a high prevalence of RLS symptoms in conditions with compromise of iron availability (Allen and Earley, 2007). The prevalence of RLS in a population of patients with iron-deficient anemia was reported to be as high as 31.5% (Allen et al., 2013a), about six times higher than the prevalence for RLS in the general population (Allen et al., 2005). Nevertheless, most patients with RLS do not have systemic iron deficiency. Although, as already proposed by Nordlander, RLS patients present a specific iron insufficient state in the brain. Thus, all studies of CNS iron have consistently shown BID in RLS (reviewed in Earley et al., 2014). This brain-specific deficit in iron seems to be related to a dysregulation of iron transportation by the blood-brain barrier. Thus, postmortem studies suggest alterations in the expression or function of iron management proteins in the choroid plexus and brain microvasculature (Connor et al., 2011). It would therefore be appropriate to address RLS as a brain iron dyshomeostasis, a functional disorder of iron acquisition by the brain (Connor et al., 2017). Significantly, there is clinical and experimental evidence for a connection between BID and the alterations in the dopaminergic system in RLS. Autopsy analysis have revealed that the immunostaining for iron management proteins is altered in the substantia nigra of RLS brains and the profile of proteins responsible for iron management in the neuromelanin cells of the substantia nigra indicate iron deficiency (Connor et al., 2004). Furthermore, there is significant literature from animal research that indicates a close relationship between brain iron status and the dopaminergic system (for review, see Earley et al., 2014).

In rodents, BID (including in the ventral midbrain) can be consistently induced by providing a severe iron-deficient diet during the post-weaning period. Even though it does not show motor alterations that would imitate PLMS, the post-weaning, diet-induced BID rodent represents a well-accepted pathophysiological model of RLS (Connor et al., 2009; Earley et al., 2014; Unger et al., 2014). In fact, it provides a biological model for the understanding of the connection of the iron and dopamine alterations in RLS, since it reproduces the main alterations in dopaminergic transmission observed in RLS patients. Those include an increase in striatal extracellular concentrations of dopamine, a reduction in the density of striatal D2R and an increased TH activity in the ventral midbrain (Connor et al., 2009; Unger et al., 2014). Although it does not show motor abnormalities, the BID rodent does reproduce the circadian sleep architecture of RLS, showing an increase in wakefulness at the end of the awake period, which corresponds to the circadian time point where RLS symptoms are associated with maximal disruption of sleep (Dean et al., 2006). This implies that this model could also provide clues for the mechanisms involved in the hyperglutamatergic state of RLS or for alterations in other neurotransmitter systems that could underlie the changes in both the glutamatergic and the dopaminergic systems. A possible candidate is adenosine and its two main receptor subtypes in the brain, A1 and A2A receptors (A1R and A2AR). Thus, well-known main functions of adenosine are: first, to exert a brake in the function of the ascending dopaminergic system by presynaptic mechanisms and by postsynaptic mechanisms mediated by receptor complexes of specific adenosine and dopamine receptor subtypes, the A1R-dopamine D1 receptor (D1R) and A2AR-D2R heteromers (Ferré et al., 1997, 2016; Ginés et al., 2000; Hillion et al., 2002; Canals et al., 2003); second, to act as a universal A1R-mediated presynaptic inhibitor of glutamatergic transmission (Wu and Saggau, 1997; Dunwiddie and Masino, 2001; Cunha, 2016); third, to act as a mediator of sleepiness induced by prolonged wakefulness, when adenosine accumulates in the extracellular space and acts mostly on A1R localized in basal forebrain, cortex, and hypothalamus (McCarley, 2007; Ferré, 2010). As here reviewed, adenosine neurotransmission can provide the link between dopamine and glutamate mechanisms in RLS and a hypoadenosinergic state can explain the hyperdopaminergic and hyperglutamatergic state of RLS.

BID-INDUCED ALTERATIONS IN THE ADENOSINERGIC SYSTEM

In view of the established functional and molecular interactions between striatal D2R and A2AR (see below), we first investigated possible alterations in the density or function of striatal A2AR associated with BID in rodents. In fact, in three separate studies we found a consistent upregulation of striatal A2AR in rats and rodents with severe BID, which was behaviorally associated with a higher efficacy of A2AR antagonists to produce locomotor activation (Gulyani et al., 2009; Quiroz et al., 2010, 2016a). The A2AR upregulation could also be reproduced in a mammalian cell line upon exposure to an iron chelator (Gulyani et al., 2009). But, in our most recent study, by analyzing receptor density by Western Blot and by radioligand binding assays, we could also demonstrate a pronounced downregulation of A1R both in the striatum and in the cortex, together with the expected downregulation of striatal D2R (Quiroz et al., 2016a). When administering a less severe iron-deficient diet, still associated with BID (as demonstrated by a significant upregulation of transferrin receptor), the same degree of downregulation of A1R and D2R could be observed, but not the A2AR upregulation (Quiroz et al., 2016a). These results indicate that downregulation of A1R might constitute a more significant clinical correlate of BID in RLS, while changes on A2AR density would be only observed with severe BID.

In the brain, the most salient place of interactions of dopamine, glutamate and adenosine is in the striatum, in the striatal GABAergic medium spiny neurons (MSNs), which constitute more than 95% of the striatal neuronal population (Gerfen, 2004). There are two subtypes of MSNs that give rise to the two striatal efferent pathways that connect the striatum with the output structures of the basal ganglia, which are the medial segment of the globus pallidus and the substantia nigra pars reticulata (Gerfen, 2004). The direct MSN constitutes the direct pathway, since directly connects the striatum with the output structures and selectively expresses A1R and D1R, and also D3R in the ventral striatum (Ferré et al., 1996, 1997; Sokoloff and Le Foll, 2017). The indirect MSN connects the striatum with the lateral segment of the globus pallidus and the ventral pallidum, and selectively expresses A2AR and D2R (Ferré et al., 1993, 1997). We have demonstrated that A1R and D1R and A2AR and D2R form specific receptor complexes, the A1R-D1R and A2AR-D2R heteromers (Ferré et al., 1997, 2016; Ginés et al., 2000; Hillion et al., 2002; Canals et al., 2003). The biochemical properties of these heteromers will be analyzed with more detail below, but we can introduce the concept that they act as molecular devices by which endogenous adenosine, by acting on the respective adenosine receptor, tonically inhibits the affinity and signaling of the respective dopamine receptor (see below and Figure 1A).
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FIGURE 1. Adenosine and dopamine receptors in the striatal glutamatergic and dopaminergic terminals and in the dendritic spines of the direct and indirect medium spiny neurons (MSN). (A) With normal brain iron conditions, extracellular concentrations of adenosine keep an inhibitory presynaptic tone of adenosine on glutamate and dopamine transmission, mediated by A1R, which results in a relatively low activation of the direct and indirect MSN. (B) Downregulation of A1R induced by brain iron deficiency leads to hypersensitive glutamatergic terminals, to disinhibition of glutamate and dopamine release, to triatal hyperdopaminergic and hyperglutamatergic states, which leads to an increase and decrease in the activity of the direct MSN and indirect MSN, respectively. DA, dopamine; GLU, glutamate; ADE, adenosine. The equilibrative nucleoside transporter ENT1 (also localized in neurons) is only represented in the astroglial process.



Apart from the postsynaptic striatal A1R-D1R and A2AR-D2R heteromers, adenosine and dopamine receptors are also localized in the terminals of the main striatal afferents, the dopaminergic and the glutamatergic terminals (Bamford et al., 2004; Borycz et al., 2007; González et al., 2012) (Figure 1A). In the glutamatergic terminals, A1R form heteromers with A2AR and D2R form heteromers with D4 receptors (Ciruela et al., 2006; González et al., 2012; Bonaventura et al., 2017) (Figure 1A). The A1R-A2AR heteromer acts as a concentration-dependent switch, since adenosine has more affinity for A1R than A2AR receptors, which activation inhibits and stimulates glutamate release, respectively. Under basal conditions, adenosine tonically activates predominantly A1R, which inhibits glutamate release. A2AR is activated with higher concentrations of adenosine, which would normally occur upon strong glutamatergic input (which is associated to neuronal and glial co-release of ATP and its conversion to adenosine by ectonucleotidases; Cunha, 2016). Activation of A2AR negatively modulates A1R signaling in the heteromers and promotes the opposite, glutamate release (Solinas et al., 2002; Borycz et al., 2007). The D2R and D4R localized in the glutamatergic terminals and possibly forming heteromers also play a significant role in the tonic inhibitory modulation of striatal glutamate release by dopamine (González et al., 2012; Bonaventura et al., 2017) (Figure 1A). A1R and D2R are also found in dopaminergic terminals without forming heteromers, where they also exert a tonic inhibitory modulation of dopamine release. Glutamate also modulates local dopamine release, as we have recently demonstrated with optogenetic-microdialysis experiments (Quiroz et al., 2016b), by a mechanism that seems to be mostly indirect, involving activation of cholinergic interneurons and activation of nicotinic receptors localized in the dopaminergic terminals (in preparation). Finally, we should consider another player, the astrocytic process, which is involved in the indirect production of extracellular adenosine, by releasing ATP, and that clears up adenosine from the extracellular space by nucleoside transporters, particularly ENT1 (Pascual et al., 2005; Parkinson et al., 2011; Dulla and Masino, 2013; Cunha, 2016) (Figure 1A).

A single alteration in the adenosinergic system, downregulation of A1R, could explain the presynaptic hyperdopaminergic and hyperglutamatergic states in RLS. In particular, downregulation of A1R in the corticostriatal glutamatergic terminals could result in an increased sensitivity of those terminals to release glutamate (Figure 1B). These changes recapitulate those observed in A1R knockout mice that show a significant increase in striatal glutamatergic transmission, due to an increased sensitivity of glutamatergic terminals (Salmi et al., 2005). The increased sensitivity of corticostriatal terminals would facilitate stimulated glutamate release and also, secondarily, dopamine release, which could also be potentiated by downregulation of A1R in the dopaminergic terminals (Figure 1B). In the direct pathway MSN, this should result in stronger neuronal activation, also dependent on downregulation of A1R and disinhibition of D1R previously forming heteromers with the A1R (Figure 1B). We have also previously demonstrated that presynaptic A1R activity facilitates postsynaptic A2AR signaling by keeping a low tone of extracellular dopamine release. Thus, co-administration of A1R and A2AR agonists leads to a significant increase in the activity of the indirect MSN, as measured by c-fos and preproenkephalin expression (Karcz-Kubicha et al., 2003, 2006). Therefore, in the indirect MSN, presynaptic A1R downregulation should lead to decreased neuronal activity. The increased dopamine release should then lead to a reciprocal interaction in the A2AR-D2R heteromer, by which D2R activation blocks A2AR-mediated signaling through adenylyl cyclase (see below and Figure 1B). Since increased activation of the direct and indirect MSN leads to increase and decrease in motor activity, respectively (Gerfen and Surmeier, 2011), the concomitant respective increase and decrease in the activation of the direct and indirect MSN, could explain the akatisia-like symptoms of PLMS. In conclusion, one single alteration, A1R downregulation-mediated increased sensitivity of corticostriatal terminals, could produce presynaptic striatal hyperglutamatergic and hyperdopaminergic states, which could be a sufficient pathophysiological mechanism to explain PLMS in RLS. Downregulation of presynaptic D2R localized in glutamatergic and dopaminergic terminals could also be a significant contributing factor.

Consequently, we hypothesized that BID in rodents produces an increased sensitivity of corticostriatal terminals to release glutamate. In that case, corticostriatal terminals could be a main target for the therapeutic effect of drugs clinically successful in RLS. We tested our hypothesis by using the recently introduced optogenetic-microdialysis method, which involves the use of a modified microdialysis probe with an embedded optogenetic fiber. This method allows the delivery of light surrounding the dialysis membrane, around the same discrete area being sampled for extracellular concentrations of glutamate. In addition, the device allows local perfusion by reverse dialysis of drugs (for details, see Quiroz et al., 2016b). In the first optogenetic-microdialysis study, we injected in the rat prefrontal cortex an adeno-associated virus (AAV) encoding channel-rhodopsin 2 (ChR2) fused to the yellow fluorescent protein (YFP), which allows tracking its localization. After several weeks, ChR2 was expressed by the corticostriatal terminals in the ventral striatum and the implanted optogenetic-microdialysis probe allowed measuring glutamate release by those terminals upon light-induced depolarization. We could then demonstrate that blockade of presynaptic A2AR by perfusion with the A2AR antagonist MSX-3 counteracts optogenetically-induced glutamate release (Quiroz et al., 2016b). For the experiments with BID, we aimed at a more motor-involved striatal area, the dorsal striatal area that receives innervation from the agranular motor cortex. This corticostriatal projection has been anatomically well-defined from different studies analyzing striatal neuronal activation upon cortical-electrical stimulation (Sgambato et al., 1998; Gerfen et al., 2002; Quiroz et al., 2006). A significant glutamate release could be obtained in both iron-deprived animals and controls when using a frequency of stimulation of 100 Hz (Yepes et al., 2017), found to be optimal in previous studies of cortical-electrical and striatal optogenetic stimulation (Gerfen et al., 2002; Quiroz et al., 2006, 2016b). But decreasing the frequency of stimulation to 60 Hz did not produce a significant glutamate release in control animals, although a significant glutamate release could still be observed in the rats with BID (Yepes et al., 2017). These results therefore confirmed the hypothesis of a higher sensitivity of corticostriatal terminals to depolarization-induced glutamate release in the rodent brain with BID. As in our previous study, blockade of A2AR with perfusion with MSX-3 counteracted glutamate release, both in controls at 100 Hz and in iron-deprived animals at 60 Hz (Yepes et al., 2017).

If hypersensitive corticostriatal terminals represent a main pathogenetic mechanism of RLS, they could represent a main target for the therapeutic effect of drugs currently used in RLS. As initial treatment for persistent RLS, the Mayo Clinic Recommendations include either non-ergotic dopamine agonists, such as pramipexole and ropinirole, or α2δ ligands, such as gabapentin; for refractory RLS, the recommendations are combination therapy (dopamine agonist + α2δ ligands), replenishment of iron stores or considering opioid treatment (empirically found efficient for PLMS) (Garcia-Borreguero et al., 2013; Silber et al., 2013). In fact, perfusion of either the α2δ ligand gabapentin or the dopamine agonists pramipexole or ropinirole blocked glutamate release induced by optogenetic stimulation, both in controls (at 100 Hz) and in iron-deprived animals (at 60 Hz) (Yepes et al., 2017). To our knowledge, this represents the first example of a convergence of the two different mechanisms of action of dopaminergic and glutamatergic compounds in the BID rodent. Subsequently, we questioned the identity of dopamine receptor subtypes involved in the pharmacological effect of pramipexole and ropinirole. We have recently reported results of the optogenetic-microdialysis technique in knock-in mice expressing the long intracellular domain of D4.7, the product of a polymorphic variant of the D4R gene (DRD4) associated with attention deficit hyperactivity disorder (ADHD) and substance use disorders (SUD) (Bonaventura et al., 2017). When compared with the wild-type mouse D4R, the expanded intracellular domain of the humanized D4R conferred a gain of function, blunting optogenetically-induced corticostriatal glutamate release (Bonaventura et al., 2017). These results confirmed a key role of striatal D4R localized in glutamatergic terminals in the control of corticostriatal glutamatergic transmission. Since previous studies also indicated that D2SR (the short isoform of D2R) is also localized in striatal glutamatergic terminals, probably forming heteromers with D4R (González et al., 2012), we analyzed the effect of different dopamine receptor antagonists on the effect of pramipexole. Co-perfusion with selective D4R or D2R, but not D3R antagonists, counteracted the effect of pramipexole and the optogenetic stimulation could still increase glutamate release both in controls (at 100 Hz) and in iron-deprived animals (at 60 Hz), therefore indicating that D4R and D2R, but not D3R are the main targets of the inhibitory effects of dopamine receptor agonists on striatal glutamate release (Yepes et al., 2017).

STRIATAL ADENOSINE RECEPTOR HETEROMERS: THE A2AR-D2R HETEROTETRAMER

It is becoming generally accepted that GPCR receptors form pre-coupled functional complexes that include other receptors with the formation of receptor oligomers. The current definition of receptor oligomer is that of “a macromolecular complex composed of at least two (functional) receptor units (protomers) with biochemical properties that are demonstrably different from those of its individual components” (Ferré et al., 2009). To understand these unique biochemical properties, we need to understand the basis of allosterism, which is currently defined as “the process by which the interaction of a chemical or protein at one location on a protein or macromolecular complex (the allosteric site) influences the binding or function of the same or another chemical or protein at a topographically distinct site” (Smith and Milligan, 2010). An orthosteric agonist, which binds to the same receptor site than the endogenous transmitter, has two main and independent properties: affinity (the avidity with which it binds to the receptor) and intrinsic efficacy (the power with which the agonist produces its functional response). In classical GPCR allosterism, the allosteric ligand binds to a non-orthosteric site and modifies either of the properties of the orthosteric agonist. In this frame, the GPCR has been usually considered as a monomeric entity. However, accumulating convincing evidence indicates that a main GPCR functional unit is constituted by one GPCR homodimer and its cognate G protein (Ferré et al., 2014).

Allosterism in the frame of GPCR homodimers implies the possibility of allosteric interactions between orthosteric ligands, either the same or different ligands. The ligand binding to the first protomer modifies either the affinity or intrinsic efficacy of the second protomer. Cooperativity usually refers to the situation where the ligand binding to the first protomer, decreases the affinity of the same ligand binding to the second protomer. But modulator and modulated ligands can also be different orthosteric ligands, agonists or antagonists (Casadó et al., 2009; Ferré et al., 2014). With GPCR heteromers, with two different protomers, we also have two possibilities: first, the same ligand, when the protomers are two different receptor subtypes, such as dopamine D1R and D3R or D2R and D4R, or adenosine A1R and A2AR; second, two obligatory different ligands, when the two protomers bind different endogenous ligands, such as A2AR and D2R or A1R and D1R (Ferré et al., 2014). One of the first clear clues of this type of allosterism in a GPCR heteromer was obtained from radioligand experiments in membrane preparations from rat striatum, where adenosine A2AR ligands were found to modulate the affinity of D2R ligands in rat striatal membrane preparations (Ferré et al., 1991d). In these experiments, the selective A2AR agonist CGS21680 displaced significantly to the right the competitive inhibition curve of dopamine vs. the D2R antagonist tritiated raclopride, indicating a decrease in the affinity of dopamine for the D2R. This experiment also demonstrated, as simultaneously confirmed by Schiffmann et al. (1991) from in situ hybridization experiments, that A2AR and D2R are highly co-localized in the same striatal neuron, the indirect MSN.

The possibility of real allosteric interactions between A2AR and D2R ligands strongly suggested direct intermolecular interactions between both receptors. This was later demonstrated first in artificial systems, in mammalian cells transfected with receptors fused to biosensors that only interact when in very close proximity. In Bioluminescence Resonance Energy Transfer (BRET), there is a transfer of energy from a bioluminescent donor, Renilla luciferase (Rluc), to a fluorescent acceptor, such as YFP, and this can only occur when both biosensors are closer than 10 nM. In Bimolecular Fluorescence Complementation (BiFC), two complementary halves of the fluorescent sensor separately fused to the putative interacting receptors should complement and reconstitute YFP and, therefore, its ability to produce fluorescence (Canals et al., 2003; Navarro et al., 2010; Bonaventura et al., 2015). These techniques can then be used to determine the biochemical properties of the GPCR heteromer and, indirectly, to allow their identification in the native tissue. Our rationale is to identify and disrupt the heteromerization interface, the domains of the receptors that establish intermolecular interactions. We have in fact found evidence for discrete but strong interactions between intracellular domains and extensive but very specific interactions between transmembrane domains (TMs). From in vitro experiments of peptide interactions with mass spectrometry we found evidence for a very discrete but powerful electrostatic interaction between an arginine-rich domain of the third intracellular loop of the D2R and a phosphate group from a specific serine within the tail of the A2AR (Woods and Ferré, 2005). Transfection of receptors with mutations of either of these residues led to a very significant reduction of BRET (Ciruela et al., 2004; Navarro et al., 2010). In addition, the same mutations led to the loss of the ability of the A2AR agonist CGS21680 to decrease the affinity of the D2R agonist quinpirole, which demonstrated that this is, in fact, an allosteric interaction within the A2AR-D2R heteromer (Bonaventura et al., 2015).

Synthetic peptides with the amino acid sequence of the interacting domains are becoming a very successful tool to selectively disrupt the intermolecular interactions in GPCR heteromers, and not only in vitro, in transfected mammalian cells, but also in situ, in native tissues, and in vivo, in the experimental animal. For instance, in patch-clamp experiments with slices of the ventral striatum of mice selectively expressing green fluorescence protein (GFP) in D2R-expressing neurons (which allowed the identification of the indirect MSN), CGS21680 acted as a D2R antagonist and blocked the decrease in the neuronal excitability induced by the D2R agonist norpropylapomorphine (NPA; Azdad et al., 2009). This D2R antagonist-like effect of CGS 21680 was then completely counteracted by the intracellular application of a small peptide with a sequence of the epitope containing the interacting phosphorylated serine of the tail of the A2AR (Azdad et al., 2009). The efficacy of CGS21680 to counteract the effect of a high concentration of NPA indicated that the A2AR agonist modulates not only the affinity, but also the efficacy of the D2R agonist (Azdad et al., 2009). These results demonstrate the very significant role of the allosteric interaction within the A2AR-D2R heteromer in the modulation of the function of the indirect MSN. More recently we used peptides with amino acid sequences of TMs to explore the involvement of the transmembrane intermolecular interactions. First, we studied which TM-peptides can disrupt A2AR-D2R heteromerization in vitro by BiFC experiments (which were selected over BRET experiments due to the significant interference of Rluc function by the TM-peptides; Guitart et al., 2014). BiFC was selectively disrupted by peptides with the sequence of TM 5 of A2AR and D2R, but not with the corresponding TM7 peptides (Bonaventura et al., 2015). Then, the same specific disrupting peptides were used in experiments with proximity ligation assay (PLA), an antibody-based technique which allows identification of receptor complexes in native tissues (Trifilieff et al., 2011). Notably, the number of complexes was significantly reduced by the specific disrupting peptides, demonstrating the existence of A2AR-D2R heteromers in situ, in the striatum (Bonaventura et al., 2015).

The allosteric interaction in the A2AR-D2R heteromer that determines the ability of A2AR agonists to act D2R antagonists and counteract D2R-mediated decrease in the excitability of the indirect MSN could explain many results of previous behavioral studies, such as the ability of adenosine agonists to reduce the locomotor activity induced by D2R agonists in reserpinized mice or the opposite effect with adenosine receptor antagonists, such as caffeine (Ferré et al., 1991a,b). The effect of adenosine antagonists indicated that endogenous adenosine exerts a tonic influence on D2R signaling through the A2AR-D2R heteromer. It is now becoming accepted that the psychostimulant effects of caffeine (a non-selective A1R and A2AR antagonist) and selective A2AR antagonists depend on the blockade of the tonic effect of endogenous adenosine mediated by the A2AR-D2R heteromer (Ferré, 2016). Not surprisingly, we also found that A2AR agonists produce catalepsy, which was counteracted by adenosine antagonists, like theophylline (Ferré et al., 1991c). But it was also counteracted by D2R agonists, indicating the existence of a possible reciprocal interaction, by which D2R activation decreases the effect of A2AR activation (Ferré et al., 1991c). In fact, A2AR and D2R are respectively coupled to Gs/olf (Gs for short) and Gi/o proteins (Gi for short) and we would expect an antagonistic interaction at adenylyl cyclase level, the canonical interaction by which activation of a Gi-coupled receptor counteracts adenylyl cyclase activation, cAMP accumulation, induced by activation of a Gs-coupled receptor (Gilman, 1987). We explored this possibility in mammalian cells transfected with A2AR and D2R and found that this is the case, that the D2R agonist quinpirole completely antagonizes CGS21680-induced cAMP accumulation and the concomitant downstream signaling, such as an increase in the expression of the immediate-early gene c-fos (Kull et al., 1999). This reciprocal D2R-A2AR interaction could also explain the ability of non-selective adenosine receptor antagonists like caffeine and theophylline, as well as selective A2AR antagonists, to counteract the behavioral effects of D2R antagonists, such as catalepsy induced by haloperidol (Casas et al., 1988; Kanda et al., 1994; Shiozaki et al., 1999; Morelli and Wardas, 2001). This would also imply the existence of a tone of endogenous dopamine mediated by D2R that counteracts the effects of a tone of endogenous adenosine mediated by A2AR. The blockade of D2R releases A2AR signaling and it is then endogenous adenosine that produces catalepsy upon haloperidol administration. This has been demonstrated in several ex vivo studies, where the increase in striatal expression of c-fos induced by a D2R antagonist is blocked by non-selective adenosine receptor antagonists and by selective A2AR, but not A1R antagonists (see for instance Pardo et al., 2013).

Next obvious question is how two apparently incompatible interactions, the allosteric and the canonical interactions, coexist, and if the canonical interaction also depends on heteromerization. That took us to reconsider the quaternary structure of the A2AR-D2R heteromer, since, just because of steric hindrance, a heterodimer cannot bind simultaneously two G proteins. We therefore established the following hypotheses: first, that heteromers are often heterotetramers, heteromers of homodimers coupled to their preferred G protein; second, that the heterotetramer enables the canonical antagonistic Gs-Gi interaction; third, that the heterotetramer gives the frame for the pre-coupling of the two receptors involved in the canonical interaction, their respective G proteins and the effector adenylyl cyclase (Ferré, 2015) (Figure 2A). Using a double complementation assay, with both BiFC and Rluc complementation, fusing the complementary halves of the BRET biosensors to different molecules of A2AR and D2R, we could demonstrate that such a quaternary structure is in fact possible in transfected cells (Bonaventura et al., 2015). Subsequently, we have used all possible 14 TM-peptides corresponding to the seven TMs of A2AR and the seven TMs of D2R and studied the interface of not only A2AR and D2R, but also the A2AR and D2R homodimers in BiFC experiments. Significantly, only one peptide, TM6 of A2A, disrupted A2AR dimerization, and only one peptide, TM6 of D2R, disrupted D2R dimerization. Furthermore, again TM5, but also TM4, of both A2AR and D2R disrupted A2AR-D2R heteromerization (Navarro et al., submitted). Importantly, taking into account these results, as well as the crystal structure of the A2AR, the D3R (as homologous to the D2R) and the β2 adrenergic receptor in complex with Gs, computerized modeling allowed only one solution, a linear quaternary structure of the A2AR-D2R heterotetramer, with two internal protomers that provide the heteromeric interface and two external protomers that couple to the alpha subunits of their respective G protein (Navarro et al., submitted).
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FIGURE 2. Adenosine Gs-Gi-coupled heterotetramers. (A) The A2AR-D2R heterotetramer, constituted by homodimers of the Gs-coupled A2AR and the Gi-coupled D2R, enables two types of reciprocal antagonistic interactions: an allosteric interaction, by which A2AR ligands modulate the affinity and intrinsic efficacy of D2R ligands, and a canonical interaction at the adenylyl cyclase (AC) level, by which D2R agonists inhibit A2AR agonists-mediated AC activation. (B) The A1R-A2AR heterotetramer, constituted by homodimers of the Gs-coupled A2AR and the Gi-coupled A1R, enables an allosteric interaction, by which A2AR ligands modulate the affinity and intrinsic efficacy of A1R ligands, but does not enable a canonical interaction at the AC level; A1R signals independently through voltage-dependent Ca2+ channels. (C) The A1R-D1R heterotetramer, constituted by homodimers of the Gs-coupled D1R and the Gi-coupled A1R, enables unidirectional nonreciprocal allosteric and canonical antagonistic interactions, with A1R ligands modifying the ligand binding properties and adenylyl cyclase activation induced by D1R agonists.



We have then addressed the possible dependence on heteromerization of the A2AR-D2R canonical interaction in striatal cells in culture, where we previously showed that quinpirole counteracts cAMP accumulation induced by CGS21680 (Navarro et al., 2014). First, we could demonstrate the existence of the A2AR-D2R heteromers in the striatal cultures with PLA. Thus, TM4 and TM5, but not TM6 or TM7, of both A2AR and D2R disrupted the A2AR-D2R complexes (Navarro et al., submitted). Then, only the peptides that disrupted heteromerization disrupted the canonical interaction. Therefore, we could confirm that the canonical interaction is a biochemical property of the A2AR-D2R heterotetramer. In conclusion, both the allosteric and the canonical interactions are biochemical properties of the A2AR-D2R heterotetramer, which acts as a molecular device that integrates the adenosinergic and dopaminergic signals in the indirect MSN. The output is mostly determined by the dopaminergic input (high and low for positive and negative reward prediction errors; Ferré, 2017) and amplified by the wining A2AR-D2R interaction, either allosteric or canonical (Ferré, 2016, 2017). In addition, from experiments with BRET and BiFC, fusing the biosensors to the A2AR or D2R and to adenylcyl cyclase type 5 (AC5), we obtained evidence for the pre-coupling of the A2AR-D2R heterotetramer, Gs and Gi proteins and the effector adenylyl cyclase subtype 5 (AC5). Taking into account our results with TM peptides corresponding to the putative TMs of adenylyl cyclase, computer modeling (now also including Gs in complex with the catalytic domains of adenylyl cyclase) suggested that one heterotetramer can bind two molecules of AC and that one molecule of AC can bind two heterotetramers, allowing the formation of high-order oligomers with alternative links of heterotetramers and AC (Navarro et al., submitted).

STRIATAL ADENOSINE RECEPTOR HETEROMERS: THE A1R-A2AR AND A1R-D1R HETEROTETRAMERS

The A2AR-D2R heterotetramer is the most studied and best characterized GPCR heteromer. Therefore, it can then be used as a model for establishing similarities and differences in the biochemical properties of other GPCR heteromers. Apart from the A2AR-D2R heteromer, the same tetrameric quaternary structure has been observed for four additional striatal Gs-Gi-coupled heteromers which could also be involved in the pathophysiology of RLS: the A1R-A2AR heterotetramer (Ciruela et al., 2006; Navarro et al., 2016) and the A2AR-CB1R heterotetramer (in preparation), both localized in the striatal glutamatergic terminals, and the D1R-D3R heterotetramers (Fiorentini et al., 2008; Marcellino et al., 2008; Guitart et al., 2014) and the A1R-D1R heterotetramer (in preparation), both localized in the direct MSN. The D2SR-D4R heteromer, on the other hand, is only coupled to Gi proteins and, so far, we do not know if its predominant quaternary structure is dimeric or tetrameric. As mentioned above, the A2AR-D2R heteromer is probably indirectly involved in the dysregulation of striatal function that leads to PLMS symptoms, related to a predominant canonical interaction, the D2R-mediated inhibition of A2AR-mediated signaling, associated to the presynaptic hyperdopaminergic state. But, as also mentioned above, BID-induced downregulation of A1R seems could be a main pathogenetic mechanism in RLS, which should imply a more direct involvement of the A1R-A2AR and A1R-D1R heteromers. Interestingly, the analysis of the structure (homo and heteromeric interfaces) and biochemical properties of the different heterotetramers discloses differences that differ from those of the A2AR-D2R heterotetramer. Significantly, those biochemical differences closely relate to their properties as modulators of neuronal function (excitability, neurotransmitter release).

As mentioned above, the A1R-A2AR heterotetramer acts as a concentration-dependent switch, since adenosine has more affinity for the A1R than for the A2AR, allowing low concentrations of adenosine to inhibit and high concentrations to stimulate striatal glutamate release, by activating A1R and A2AR, respectively (Ciruela et al., 2006). Different from postsynaptic receptors (see above), studies with selective antagonists indicate that striatal presynaptic A2AR are not tonically activated by adenosine while presynaptic A1R are tonically activated, particularly in specific striatal compartments. Thus, A1R antagonists increase, while A2AR antagonists do not modify, the striatal extracellular concentration of glutamate (Solinas et al., 2002; Borycz et al., 2007). This might be related to the higher density of postsynaptic receptors and also indicates that presynaptic A1R are more sensitive than presynaptic A2AR to the variations of endogenous adenosine. Clearly, the A1R-A2AR heteromer-mediated concentration-dependent switch mechanism cannot be explained in the frame of a canonical interaction at the level of adenylyl cyclase, where the result of the activation of a Gi-coupled receptor depends on its ability to counteract adenylyl cyclase activation by a Gs-coupled receptor. In fact, we have obtained evidence for the lack of existence of canonical interaction in the A1R-A2AR heterotetramer (Navarro et al., submitted) (Figure 2B). Thus, in the glutamatergic terminals, A1R can signal independently of A2AR within the A1R-A2AR heteromer, most probably by a βγ-dependent-mediated inhibition of presynaptic voltage-dependent Ca2+ channels (Wu and Saggau, 1997; Gonçalves and Queiroz, 2008). Yet, when reaching the right concentration to bind A2AR, adenosine inhibits A1R function by a negative allosteric interaction and promotes glutamate release by activating adenylyl cyclase (Ciruela et al., 2006; Gonçalves and Queiroz, 2008) (Figure 2B). The same mechanism has also been described in cortical astrocytes in culture, where A1R-A2AR heteromers modulate GABA uptake (Cristóvão-Ferreira et al., 2013). In addition, evidence for A2AR-D2R heteromers that modulate glutamate release has recently been obtained in striatal astrocytes in culture (Cervetto et al., 2017). The presence and functional significance of these astrocytic adenosine receptor heteromers need still to be determined.

Soon after the discovery of specific pharmacological interactions between A2AR and D2R, similar antagonistic interactions were observed with A1R and D1R ligands, with A1R agonists and antagonists promoting the specific inhibition and facilitation of D1R agonist-mediated locomotor activation, respectively (Ferré et al., 1994, 1996). Similarly, specific biochemical and possibly intermolecular interactions were reported which pointed to the existence of A1R-D1R heteromers (Ferré et al., 1998; Ginés et al., 2000), and which would selectively modulate the function of the direct MSN (Ferré et al., 1994, 1997, 1999). The initial studies in mammalian transfected cells indicated the existence of both allosteric and canonical interactions, but, different to those in the A2AR-D2R heteromer, not reciprocal, with A1R ligands modifying the ligand binding properties and adenylyl cyclase activation induced by D1R agonists (Ferré et al., 1998) (Figure 2C). Using TM peptides, BiFC and PLA experiments, we have now obtained experimental evidence for the tetrameric structure of A1R-D1R, for the dependence on heteromerization for the canonical interaction and for the presence of the heteromer in striatal tissue (Moreno et al. in preparation) and the spinal motoneuron (Rivera-Oliver et al., submitted). The spinal A1R-D1R heterotetamer can explain the recently demonstrated spinally-generated caffeine-induced locomotor activation in rats (Acevedo et al., 2016), and we put forward the hypothesis that it can represent a mechanism involved in the spinal component of RLS (Trenkwalder and Paulus, 2010).

TARGETING ADENOSINE NEUROTRANSMISSION IN RLS: THE EQUILIBRATIVE TRANSPORTER ENT1

Apart from the striatum, which could represent a main locus for the alteration of sensory-motor integration in RLS, involved in PLMS symptoms, hypoadenosinergic transmission should also occur in other brain areas. In fact, as mentioned above, we could also demonstrate downregulation of A1R in the cortex of mice with severe and less severe BID (Quiroz et al., 2016a). As mentioned above, adenosine is a main mediator of sleepiness following prolonged wakefulness, which determines its extracellular accumulation in the basal forebrain, cortex, and hypothalamus. Upon activation of A1R, this accumulation leads to inhibition of the cells of origin of the corticopetal basal forebrain system (McCarley, 2007; Ferré, 2010) and the prefrontal corticofugal neurons that innervate the cells of origin of the pontine ascending arousal systems (Van Dort et al., 2009). Upon activation of both A1R and A2AR, adenosine also inhibits the hypothalamic histaminergic and orexinergic ascending arousal systems (McCarley, 2007; Ferré, 2010). BID-mediated A1R downregulation in the basal forebrain, cortex, and hypothalamus, could then be the main pathophysiological mechanism responsible for the hyperarousal and sleep disturbances of RLS. In fact, experimental data strongly suggest that A1R is a marker of the homeostatic sleep response, of the need for recovery of lack of sleep. This includes the rebound sleepiness and the cumulative sleepiness after acute and chronic sleep deprivation, respectively (Bjorness et al., 2009, 2016; Kim et al., 2012). It has in fact been demonstrated that acute and chronic sleep deprivation lead to A1R upregulation in the brain, including both cortex and striatum (Elmenhorst et al., 2007, 2009; Kim et al., 2012, 2015). Finally, as mentioned above, spinal A1R downregulation, and particularly in the motoneuron, could decrease the D1R inhibition, by decreasing the stoichiometry of D1R forming heteromers with D1R.

If A1R downregulation-dependent hypoadenosinergic transmission represents a significant pathogenetic factor in RLS and is directly or indirectly involved in the symptoms of both PLMS and hyperarousal, administration of A1R agonist should represent a successful therapeutic strategy. Unfortunately, A1R agonists cannot be used as direct targets, since they produce very significant peripheral effects, namely pronounced bradycardia and hypotension (Schindler et al., 2005). An alternative strategy would be to increase the adenosine tone below the limit of activation of presynaptic A2AR, with inhibitors of adenosine transporters or adenosine metabolism. Our initial choice is focusing on equilibrative nucleoside transporters. Nucleoside transporters are not only important as a mechanism to salvage extracellular nucleosides for intracellular synthesis of nucleotides, but they are also important as regulators of the extracellular levels of adenosine and as providers of an endogenous tone of adenosinergic neurotransmission mediated by adenosine receptors. In mammals, there are two types of nucleoside transporters, equilibrative and concentrative, which mediate a bidirectional equilibrative transport driven by chemical gradient and a unidirectional concentration transport driven by sodium electrochemical gradient, respectively (Parkinson et al., 2011). Adenosine uptake in the brain occurs primarily by facilitated diffusion via equilibrative transporters, which pharmacological blockade is associated with an accumulation of adenosine in the extracellular space (Parkinson et al., 2011; Dulla and Masino, 2013; Cunha, 2016). From the four types of equilibrative transporters so far identified (ENT1, ENT2, ENT3, and ENT4), ENT1 and ENT2 are the most expressed in the brain, both by neurons and astrocytes (Parkinson et al., 2011). Nevertheless, some studies suggest that ENT1 has a more salient role in determining the concentration of extracellular adenosine in the brain and its dependence on glutamate receptor activation (Alanko et al., 2006; Bicket et al., 2016). Furthermore, of importance for the present discussion, ENT1 (but not ENT2) shows a regional co-localization with A1R, which supports an important role of ENT1-mediated transport of adenosine in the control of the neuromodulatory actions mediated by A1R in the human brain (Jennings et al., 2001).

We can therefore deduce that ENT1 inhibitors could be useful therapeutic agents in RLS. Importantly, some non-selective ENT1/ENT2 inhibitors such as dipyridamole are already being medically used for other clinical purposes. Dipyridamole is used as an inhibitor of platelet aggregation to decrease the risk of thromboembolic complications and recurrence of stroke in patients known to have atherosclerotic cerebrovascular disease. Its effect depends on a combination of mechanisms, including cAMP accumulation in platelets induced by phosphodiesterase inhibition and activation of A2AR by an increased extracellular adenosine secondary to ENT1/2 inhibition in microvascular endothelial cells (Kim and Liao, 2008). However, the possible use of dipyridamole (and other ENT1/ENT2 inhibitors) as a central nervous system agent remains uncertain in view of its reported low ability to cross the blood-brain barrier (Sollevi, 1986; Parkinson et al., 2011) and, to our knowledge, it is not well-established if systemic administration of dipyridamole in the experimental animal leads to behaviorally significant increases in the extracellular levels of adenosine.

Using the classical reserpinized mice model, we evaluated the ability of the systemic administration of dipyridamole to promote an increase in the adenosinergic tone in the brain. In that case, dipyridamole should counteract the locomotor activating effects of D1R and D2R, by acting on striatal A1R-D1R and A2AR-D2R heteromers (Ferré et al., 1991a,b, 1994), and the effect of dipirydamol should then be counteracted by a non-selective A1R/A2AR antagonist, like caffeine. This model, in fact, has been very useful for the discovery of the specific antagonistic interactions between adenosine and dopamine receptor ligands that led to the discovery the A2AR-D2R and A1R-D1R heteromers. As shown in Figure 3, dipyridamole, at a minimal dose of 30 mg/kg, significantly decreased the locomotor-activating effect of equipotent doses of the D1R agonist SKF81297 and the D2R agonist quinpirole (5 mg/kg in both cases). As expected, caffeine (30 mg/kg) did not produce a significant effect on its own but significantly potentiated the locomotor activation induced by either agonist. In both cases, the depressant effect of dipyridamole was totally counteracted by caffeine (Figure 3). The results, therefore, can entirely be explained by the ability of systemically administered dipyridamole to promote an increase in the basal extracellular levels of striatal adenosine than normally exert a tonic activating effect on postsynaptic A1R-D1R and A2AR-D2R heteromers. Also, such an increase should be expected to increase the activation of presynaptic A1R and hopefully restore the hyperdopaminergic and hyperglutamatergic state in RLS patients. Optogenetic-microdialysis experiments are in progress to demonstrate the ability of dipyridamole to inhibit glutamatergic neurotransmission in hypersensitive corticostriatal terminals in BID rats.
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FIGURE 3. Adenosine-dependent modulation by dipyridamole on the locomotor activation induced by dopamine receptor agonists in reserpinized mice. Locomotor activity in male C57BL/6J mice (20–30 g) 20 h after administration of reserpine (5 mg/kg, s.c.; method described in detail in Marcellino et al., 2008) induced by the D1R agonist SKF81297 (5 mg/kg, i.p.; SKF; A) or the D2R agonist quinpirole (5 mg/kg, i.p.; QUIN; B), with or without the previous administration of dipyridamole (10, 30 or 100 mg/kg, i.p., 15 min before SKF or QUIN; 10DIP, 30DIP, or 100DIP) or caffeine (30 mg/kg, i.p., 30 min before SKF or QUIN; CAFF). All animals received three i.p. injections, with either drugs or the corresponding vehicle. One reserpinized group also received caffeine without dipyridamole or dopamine agonists. The dashed line represents the average locomotor activity of reserpinized mice receiving only vehicle administrations. Statistical differences were analyzed by one-way ANOVA followed by Newman-Keuls post-hoc test; *, **, and ***: p < 0.05, p < 0.01 and p < 0.001, respectively, as compared with either SKF or QUIN.



In view of the evidence for the central adenosinergic effect of dipyridamole in reserpinized mice, we explored the possible clinical efficacy of dipyridamole in a prospective 2-month open trial in 13 previously untreated patients diagnosed with idiopathic RLS (García-Borreguero et al., submitted). Therapeutic response was defined as at least a 50% improvement in the “International RLS Scale” and the “Multiple Suggested Immobilization Tests.” Sleep efficiency (SE%), sleep latency and other standard scales were used to evaluate sleep dysfunction and hyperarousal. Dipyridamole was well-tolerated and only two patients had to discontinue at the beginning of the trial due to dizziness. Six and four out of the thirteen patients were full and partial responders, respectively, and only three patients had no significant response. Importantly, not only there was a significant effect of subjective symptoms, but also of PLMS and sleep complaints. These are, of course, preliminary results which could be influenced by a placebo effect and, therefore, await confirmation by a more extensive double-blind clinical trial. Confirmation of the therapeutic effect of dipyridamole in RLS would bring ENT1 inhibition as a new therapeutic approach for RLS, offering an alternative to dopaminergic drugs and, therefore, to their long-term complications, mainly augmentation. This is an overall increase in symptom severity and intensity and represents a common complication of all dopaminergic drugs, with prevalence rates of nearly 50%, and is a common cause of treatment failure (Earley et al., 2014; Ferré et al., 2017). Furthermore, our preliminary results suggest that, in contrast to dopaminergic agonists, ENT1 inhibitors should be effective not only for the treatment of dysesthesias and PLMS, but also for sleep complaints and hyperarousal in RLS. In addition to dipyridamole, there are other marketed compounds with ENT1 inhibitory activity already used at the clinical level for their vascular relaxation and platelet inhibition (ticagrelor, dilazep) or their anti-inflamatory effects (sulindac). The challenge would nevertheless be to obtain new potent and selective ENT1 (or ENT1/ENT2) inhibitors with significant brain penetration.

It conclusion, the main tenet of this essay is that a main mechanism responsible for PLMS and hyperarousal in RLS can be a BID-induced hypoadenosinergic state, with downregulation of A1R. This mechanism may disrupt the adenosine-dopamine-glutamate balance uniquely controlled by adenosine and dopamine receptor heteromers in the striatum and also the A1R-mediated inhibitory control of glutamatergic neurotransmission in the cortex and other non-striatal brain areas and in the spinal cord. We then provide preclinical and clinical evidence for a possible new alternative therapeutic strategy for RLS, increasing the adenosinergic tone in the CNS with ENT1 inhibitors.

ETHICS STATEMENT

All animals used in the study were maintained in accordance with the guidelines of the National Institutes of Health Animal Care and the animal research conducted to perform this study was approved by the NIDA IRP Animal Care and Use Committee (protocol #: 15-BNRB-73).

AUTHOR CONTRIBUTIONS

WR, AS, and DG-B performed the experiments; SF, XG, AS, WR, and DG-B analyzed data; SF, WR, and DG-B designed the experiments; SF, CQ, WR, EM, VC-A, MD-R, VC, SC, RA, CE, and DG-B wrote the manuscript.

ACKNOWLEDGMENTS

Work supported by the intramural funds of the National Institute on Drug Abuse, RLS Foundation, “Ministerio de Economía y Competitividad,” MINECO/FEDER (SAF2014-54840-R), Generalitat de Catalunya (2014-SGR-1236), and Fundació la Marató de TV3 (20140610).

REFERENCES

 Acevedo, J., Santana-Almansa, A., Matos-Vergara, N., Marrero-Cordero, L. R., Cabezas-Bou, E., and Díaz-Ríos, M. (2016). Caffeine stimulates locomotor activity in the mammalian spinal cord via adenosine A1 receptor-dopamine D1 receptor interaction and PKA-dependent mechanisms. Neuropharmacology 101, 490–505. doi: 10.1016/j.neuropharm.2015.10.020

 Alanko, L., Porkka-Heiskanen, T., and Soinila, S. (2006). Localization of equilibrative nucleoside transporters in the rat brain. J. Chem. Neuroanat. 31, 162–168. doi: 10.1016/j.jchemneu.2005.12.001

 Allen, R. P., Auerbach, S., Bahrain, H., Auerbach, M., and Earley, C. J. (2013a). The prevalence and impact of restless legs syndrome on patients with iron deficiency anemia. Am. J. Hematol. 88, 261–264. doi: 10.1002/ajh.23397

 Allen, R. P., Barker, P. B., Horská, A., and Earley, C. J. (2013b). Thalamic glutamate/glutamine in restless legs syndrome: increased and related to disturbed sleep. Neurology 80, 2028–2034. doi: 10.1212/WNL.0b013e318294b3f6

 Allen, R. P., Connor, J. R., Hyland, K., and Earley, C. J. (2009). Abnormally increased CSF 3-Ortho-methyldopa (3-OMD) in untreated restless legs syndrome (RLS) patients indicates more severe disease and possibly abnormally increased dopamine synthesis. Sleep Med. 10, 123–128. doi: 10.1016/j.sleep.2007.11.012

 Allen, R. P., and Earley, C. J. (2007). The role of iron in restless legs syndrome. Mov. Disord. 18, S440–S448. doi: 10.1002/mds.21607

 Allen, R. P., Stillman, P., and Myers, A. J. (2010). Physician-diagnosed restless legs syndrome in a large sample of primary medical care patients in western Europe: prevalence and characteristics. Sleep Med. 11, 31–37. doi: 10.1016/j.sleep.2009.03.007

 Allen, R. P., Walters, A. S., Montplaisir, J., Hening, W., Myers, A., Bell, T. J., et al. (2005). Restless legs syndrome prevalence and impact: REST general population study. Arch. Intern. Med. 165, 1286–1292. doi: 10.1001/archinte.165.11.1286

 Azdad, K., Gall, D., Woods, A. S., Ledent, C., Ferré, S., and Schiffmann, S. N. (2009). Dopamine D2 and denosine A2A receptors regulate NMDA-mediated excitation in accumbens neurons through A2A-D2 receptor heteromerization. Neuropsychopharmacology 34, 972–986. doi: 10.1038/npp.2008.144

 Bamford, N. S., Zhang, H., Schmitz, Y., Wu, N. P., Cepeda, C., Levine, M. S., et al. (2004). Heterosynaptic dopamine neurotransmission selects sets of corticostriatal terminals. Neuron 42, 653–663. doi: 10.1016/S0896-6273(04)00265-X

 Bicket, A., Mehrabi, P., Naydenova, Z., Wong, V., Donaldson, L., Stagljar, I., et al. (2016). Novel regulation of equlibrative nucleoside transporter 1 (ENT1) by receptor-stimulated Ca2+-dependent calmodulin binding. Am. J. Physiol. Cell Physiol. 310, C808–C820. doi: 10.1152/ajpcell.00243.2015

 Bjorness, T. E., Dale, N., Mettlach, G., Sonneborn, A., Sahin, B., Fienberg, A. A., et al. (2016). An adenosine-mediated glial-neuronal circuit for homeostatic sleep. J. Neurosci. 36, 3709–3721. doi: 10.1523/JNEUROSCI.3906-15.2016

 Bjorness, T. E., Kelly, C. L., Gao, T., Poffenberger, V., and Greene, R. W. (2009). Control and function of the homeostatic sleep response by adenosine A1 receptors. J. Neurosci. 29, 1267–1276. doi: 10.1523/JNEUROSCI.2942-08.2009

 Bonaventura, J., Navarro, G., Casadó-Anguera, V., Azdad, K., Rea, W., Moreno, E., et al. (2015). Allosteric interactions between agonists and antagonists within the adenosine A2A receptor-dopamine D2 receptor heterotetramer. Proc. Natl. Acad. Sci. U.S.A. 112, E3609–E3618. doi: 10.1073/pnas.1507704112

 Bonaventura, J., Quiroz, C., Cai, N. S., Rubinstein, M., Tanda, G., and Ferré, S. (2017). Key role of the dopamine D(4) receptor in the modulation of corticostriatal glutamatergic neurotransmission. Sci. Adv. 3:e1601631. doi: 10.1126/sciadv.1601631

 Borycz, J., Pereira, M. F., Melani, A., Rodrigues, R. J., Köfalvi, A., Panlilio, L., et al. (2007). Differential glutamate-dependent and glutamate-independent adenosine A1 receptor-mediated modulation of dopamine release in different striatal compartments. J. Neurochem. 101, 355–363. doi: 10.1111/j.1471-4159.2006.04386.x

 Canals, M., Marcellino, D., Fanelli, F., Ciruela, F., de Benedetti, P., Goldberg, S. R., et al. (2003). Adenosine A2A-dopamine D2 receptor-receptor heteromerization: qualitative and quantitative assessment by fluorescence and bioluminescence energy transfer. J. Biol. Chem. 278, 46741–46749. doi: 10.1074/jbc.M306451200

 Casadó, V., Ferrada, C., Bonaventura, J., Gracia, E., Mallol, J., Canela, E. I., et al. (2009). Useful pharmacological parameters for G-protein-coupled receptor homodimers obtained from competition experiments. Agonist-antagonist binding modulation. Biochem. Pharmacol. 78, 1456–1463. doi: 10.1016/j.bcp.2009.07.012

 Casas, M., Ferré, S., Guix, T., and Jane, F. (1988). Theophylline reverses haloperidol-induced catalepsy in the rat. Possible relevance to the pharmacological treatment of psychosis. Biol. Psychiatry. 24, 642–648. doi: 10.1016/0006-3223(88)90138-2

 Cervetto, C., Venturini, A., Passalacqua, M., Guidolin, D., Genedani, S., Fuxe, K., et al. (2017). A2A-D2 receptor-receptor interaction modulates gliotransmitter release from striatal astrocyte processes. J. Neurochem. 140, 268–279. doi: 10.1111/jnc.13885

 Ciruela, F., Burgueño, J., Casadó, V., Canals, M., Marcellino, D., Goldberg, S. R., et al. (2004). Combining mass spectrometry and pull-down techniques for the study of receptor heteromerization. Direct epitope-epitope electrostatic interactions between adenosine A2A and dopamine D2 receptors. Anal. Chem. 76, 5354–5363. doi: 10.1021/ac049295f

 Ciruela, F., Casadó, V., Rodrigues, R. J., Luján, R., Burgue-o, J., Canals, M., et al. (2006). Presynaptic control of striatal glutamatergic neurotransmission by adenosine A1-A2A receptor heteromers. J. Neurosci. 26, 2080–2087. doi: 10.1523/JNEUROSCI.3574-05.2006

 Connor, J. R., Patton, S. M., Oexle, K., and Allen, R. P. (2017). Iron and restless legs syndrome: treatment, genetics and pathophysiology. Sleep Med. 31, 61–70. doi: 10.1016/j.sleep.2016.07.028

 Connor, J. R., Ponnuru, P., Wang, X. S., Patton, S. M., Allen, R. P., and Earley, C. J. (2011). Profile of altered brain iron acquisition in restless legs syndrome. Brain 134, 959–968. doi: 10.1093/brain/awr012

 Connor, J. R., Wang, X. S., Allen, R. P., Beard, J. L., Wiesinger, J. A., Felt, B. T., et al. (2009). Altered dopaminergic profile in the putamen and substantia nigra in restless leg syndrome. Brain 132, 2403–2412. doi: 10.1093/brain/awp125

 Connor, J. R., Wang, X. S., Patton, S. M., Menzies, S. L., Troncoso, J. C., Earley, C. J., et al. (2004). Decreased transferrin receptor expression by neuromelanin cells in restless legs syndrome. Neurology 62, 1563–1567. doi: 10.1212/01.WNL.0000123251.60485.AC

 Cristóvão-Ferreira, S., Navarro, G., Brugarolas, M., Pérez-Capote, K., Vaz, S. H., Fattorini, G., et al. (2013). A1R-A2AR heteromers coupled to Gs and G i/0 proteins modulate GABA transport into astrocytes. Purinergic Signal. 9, 433–449. doi: 10.1007/s11302-013-9364-5

 Cunha, R. A. (2016). How does adenosine control neuronal dysfunction and neurodegeneration? J. Neurochem. 139, 1019–1055. doi: 10.1111/jnc.13724

 Dean, T. Jr., Allen, R. P., O'Donnell, C. P., and Earley, C. J. (2006). The effects of dietary iron deprivation on murine circadian sleep architecture. Sleep Med. 7, 634–640. doi: 10.1016/j.sleep.2006.07.002

 Dooley, D. J., Taylor, C. P., Donevan, S., and Feltner, D. (2007). Ca2+ channel alpha2delta ligands: novel modulators of neurotransmission. Trends Pharmacol. Sci. 28, 75–82. doi: 10.1016/j.tips.2006.12.006

 Dulla, C. G., and Masino, S. A. (2013). “Physiology and metabolic regulation of adenosine: mechanisms,” in Adenosine. A Key Link Between Metabolism and Brain Activity, eds S. Masino and D. Boison (New York, NY: Springer), 87–107.

 Dunwiddie, T. V., and Masino, S. A. (2001). The role and regulation of adenosine in the centralnervous system. Annu. Rev. Neurosci. 24, 31–55. doi: 10.1146/annurev.neuro.24.1.31

 Earley, C. J., Connor, J., Garcia-Borreguero, D., Jenner, P., Winkelman, J., Zee, P. C., et al. (2014). Altered brain iron homeostasis and dopaminergic function in Restless Legs Syndrome (Willis-Ekbom Disease). Sleep Med. 15, 1288–1301. doi: 10.1016/j.sleep.2014.05.009

 Elmenhorst, D., Basheer, R., McCarley, R. W., and Bauer, A. (2009). Sleep deprivation increases A(1) adenosine receptor density in the rat brain. Brain Res. 1258, 535–538. doi: 10.1016/j.brainres.2008.12.056

 Elmenhorst, D., Meyer, P. T., Winz, O. H., Matusch, A., Ermert, J., Coenen, H. H., et al. (2007). Sleep deprivation increases A1 adenosine receptor binding in the human brain: a positron emission tomography study. J. Neurosci. 27, 2410–2415. doi: 10.1523/JNEUROSCI.5066-06.2007

 Ferré, S. (2010). Role of the central ascending neurotransmitter systems in the psychostimulant effects of caffeine. J. Alzheimers Dis. 20, S35–S49. doi: 10.3233/JAD-2010-1400

 Ferré, S. (2015). The GPCR heterotetramer: challenging classical pharmacology. Trends Pharmacol. Sci. 36, 145–152. doi: 10.1016/j.tips.2015.01.002

 Ferré, S. (2016). Mechanisms of the psychostimulant effects of caffeine: implications for substance use disorders. Psychopharmacology 233, 1963–1979. doi: 10.1007/s00213-016-4212-2

 Ferré, S. (2017). “Adenosine control of striatal function. Implications for the treatment of apathy in basal ganglia disorders,” in Adenosine Receptors in Degenerative Diseases, eds D. Blum and L. V. Lopes (Amsterdam: Elsevier), 231–255.

 Ferré, S., Baler, R., Bouvier, M., Caron, M. G., Devi, L. A., Durroux, T., et al. (2009). Building a new conceptual framework for receptor heteromers. Nat. Chem. Biol. 5, 131–134. doi: 10.1038/nchembio0309-131

 Ferré, S., Bonaventura, J., Tomasi, D., Navarro, G., Moreno, E., Cortés, A., et al. (2016). Allosteric mechanisms within the adenosine A2A-dopamine D2 receptor heterotetramer. Neuropharmacology 104, 154–160. doi: 10.1016/j.neuropharm.2015.05.028

 Ferré, S., Casadó, V., Devi, L. A., Filizola, M., Jockers, R., Lohse, M. J., et al. (2014). G protein-coupled receptor oligomerization revisited: functional and pharmacological perspectives. Pharmacol. Rev. 66, 413–434. doi: 10.1124/pr.113.008052

 Ferré, S., Earley, C., Gulyani, S., and Garcia-Borreguero, D. (2017). In search of alternatives to dopaminergic ligands for the treatment of restless legs syndrome: iron, glutamate, and adenosine. Sleep Med. 31, 86–92. doi: 10.1016/j.sleep.2016.08.019

 Ferré, S., Fredholm, B. B., Morelli, M., Popoli, P., and Fuxe, K. (1997). Adenosine-dopamine receptor-receptor interactions as an integrative mechanism in the basal ganglia. Trends Neurosci. 20, 482–487. doi: 10.1016/S0166-2236(97)01096-5

 Ferré, S., Herrera-Marschitz, M., Grabowska-Andén, M., Ungerstedt, U., Casas, M., and Andén, N. E. (1991a). Postsynaptic dopamine/adenosine interaction: I. Adenosine analogues inhibit dopamine D2-mediated behaviour in short-term reserpinized mice. Eur. J. Pharmacol. 192, 25–30.

 Ferré, S., Herrera-Marschitz, M., Grabowska-Andén, M., Ungerstedt, U., Casas, M., and Andén, N. E. (1991b). Postsynaptic dopamine/adenosine interaction: II. Postsynaptic dopamine agonism and adenosine antagonism of methylxanthines in short-term reserpinized mice. Eur. J. Pharmacol. 192, 31–37.

 Ferré, S., O'Connor, W. T., Fuxe, K., and Ungerstedt, U. (1993). The striopallidal neuron: a main locus for adenosine-dopamine interactions in the brain. J. Neurosci. 13, 5402–5406.

 Ferré, S., O'Connor, W. T., Svenningsson, P., Bjorklund, L., Lindberg, J., Tinner, B., et al. (1996). Dopamine D1 receptor-mediated facilitation of GABAergic neurotransmission in the rat strioentopenduncular pathway and its modulation by adenosine A1 receptor-mediated mechanisms. Eur. J. Neurosci. 8, 1545–1553. doi: 10.1111/j.1460-9568.1996.tb01617.x

 Ferré, S., Popoli, P., Giménez-Llort, L., Finnman, U. B., Martínez, E., Scotti de Carolis, A., et al. (1994). Postsynaptic antagonistic interaction between adenosine A1 and dopamine D1 receptors. Neuroreport 6, 73–76. doi: 10.1097/00001756-199412300-00020

 Ferré, S., Rimondini, R., Popoli, P., Reggio, R., Pèzzola, A., Hansson, A. C., et al. (1999). Stimulation of adenosine A1 receptors attenuates dopamine D1 receptor-mediated increase of NGFI-A, c-fos and jun-B mRNA levels in the dopamine-denervated striatum and dopamine D1 receptor-mediated turning behaviour. Eur. J. Neurosci. 11, 3884–3892. doi: 10.1046/j.1460-9568.1999.00810.x

 Ferré, S., Rubio, A., and Fuxe, K. (1991c). Stimulation of adenosine A2 receptors induces catalepsy. Neurosci. Lett. 130, 162–164.

 Ferré, S., Torvinen, M., Antoniou, K., Irenius, E., Civelli, O., Arenas, E., et al. (1998). Adenosine A1 receptor-mediated modulation of dopamine D1 receptors in stably cotransfected fibroblast cells. J. Biol. Chem. 273, 4718–4724. doi: 10.1074/jbc.273.8.4718

 Ferré, S., von Euler, G., Johansson, B., Fredholm, B. B., and Fuxe, K. (1991d). Stimulation of high-affinity adenosine A2 receptors decreases the affinity of dopamine D2 receptors in rat striatal membranes. Proc. Natl. Acad. Sci. U.S.A. 88, 7238–7241.

 Ferri, R., Cosentino, F. I., Manconi, M., Rundo, F., Bruni, O., and Zucconi, M. (2014). Increased electroencephalographic high frequencies during the sleep onset period in patients with restless legs syndrome. Sleep 37, 1375–1381. doi: 10.5665/sleep.3934

 Ferré, R., Rundo, F., Zucconi, M., Manconi, M., Bruni, O., Ferini-Strambi, L., et al. (2015). An evidence-based analysis of the association between periodic leg movements during sleep and arousals in Restless Legs Syndrome. Sleep 38, 919–924. doi: 10.5665/sleep.4740

 Fiorentini, C., Busi, C., Gorruso, E., Gotti, C., Spano, P., and Missale, C. (2008). Reciprocal regulation of dopamine D1 and D3 receptor function and trafficking by heterodimerization. Mol. Pharmacol. 74, 59–69. doi: 10.1124/mol.107.043885

 Garcia-Borreguero, D., Kohnen, R., Silber, M. H., Winkelman, J. W., Earley, C. J., Högl, B., et al. (2013). The long-term treatment of restless legs syndrome/Willis-Ekbom disease: evidence-based guidelines and clinical consensus best practice guidance: a report from the International Restless Legs Syndrome Study Group. Sleep Med. 14, 675–684. doi: 10.1016/j.sleep.2013.05.016

 Garcia-Borreguero, D., Patrick, J., DuBrava, S., Becker, P. M., Lankford, A., Chen, C., et al. (2014). Pregabalin versus pramipexole: effects on sleepdisturbance in restless legs syndrome. Sleep 37, 635–643. doi: 10.5665/sleep.3558

 Gerfen, C. R. (2004). “Basal ganglia,” in The Rat Nervous System, eds G. Paxinos (Amsterdam: Elsevier Academic Press), 445–508.

 Gerfen, C. R., Miyachi, S., Paletzki, R., and Brown, P. (2002). D1 dopamine receptor supersensitivity in the dopamine-depleted striatum results from a switch in the regulation of ERK1/2/MAP kinase. J. Neurosci. 22, 5042–5054.

 Gerfen, C. R., and Surmeier, D. J. (2011). Modulation of striatal projection systems by dopamine. Annu. Rev. Neurosci. 34, 441–466. doi: 10.1146/annurev-neuro-061010-113641

 Gilman, A. G. (1987). G proteins: transducers of receptor-generated signals. Annu. Rev. Biochem. 56, 615–649. doi: 10.1146/annurev.bi.56.070187.003151

 Ginés, S., Hillion, J., Torvinen, M., Le Crom, S., Casadó, V., Canela, E. I., et al. (2000). Dopamine D1 and adenosine A1 receptors form functionally interacting heteromeric complexes. Proc. Natl. Acad. Sci. U.S.A. 97, 8606–8611. doi: 10.1073/pnas.150241097

 Gonçalves, J., and Queiroz, G. (2008). Presynaptic adenosine and P2Y receptors. Handb. Exp. Pharmacol. 184, 339–732. doi: 10.1007/978-3-540-74805-2_11

 González, S., Rangel-Barajas, C., Peper, M., Lorenzo, R., Moreno, E., Ciruela, F., et al. (2012). Dopamine D4 receptor, but not the ADHD-associated D4.7 variant, forms functional heteromers with the dopamine D2S receptor in the brain. Mol. Psychiatry 17, 650–662. doi: 10.1038/mp.2011.93

 Guitart, X., Navarro, G., Moreno, E., Yano, H., Cai, N. S., Sánchez-Soto, M., et al. (2014). Functional selectivity of allosteric interactions within G protein-coupled receptor oligomers: the dopamine D1-D3 receptor heterotetramer. Mol. Pharmacol. 86, 417–429. doi: 10.1124/mol.114.093096

 Gulyani, S., Earley, C. J., Camandola, S., Maudsley, S., Ferré, S., Mughal, M. R., et al. (2009). Diminished iron concentrations increase adenosine A(2A) receptor levels in mouse striatum and cultured human neuroblastoma cells. Exp. Neurol. 215, 236–242. doi: 10.1016/j.expneurol.2008.10.007

 Hillion, J., Canals, M., Torvinen, M., Casado, V., Scott, R., Terasmaa, A., et al. (2002). Coaggregation, cointernalization, and codesensitization of adenosine A2A receptors and dopamine D2 receptors. J. Biol. Chem. 277, 18091–18097. doi: 10.1074/jbc.M107731200

 Jennings, L. L., Hao, C., Cabrita, M. A., Vickers, M. F., Baldwin, S. A., Young, J. D., et al. (2001). Distinct regional distribution of human equilibrative nucleoside transporter proteins 1 and 2 (hENT1 and hENT2) in the central nervous system. Neuropharmacology 40, 722–731. doi: 10.1016/S0028-3908(00)00207-0

 Kanda, T., Shiozaki, S., Shimada, J., Suzuki, F., and Nakamura, J. (1994). KF17837: a novel selective adenosine A2A receptor antagonist with anticataleptic activity. Eur. J. Pharmacol. 256, 263–268. doi: 10.1016/0014-2999(94)90551-7

 Karcz-Kubicha, M., Ferré, S., Díaz-Ruiz, O., Quiroz-Molina, C., Goldberg, S. R., Hope, B. T., et al. (2006). Stimulation of adenosine receptors selectively activates gene expression in striatal enkephalinergic neurons. Neuropsychopharmacology 31, 2173–2179. doi: 10.1038/sj.npp.1301035

 Karcz-Kubicha, M., Quarta, D., Hope, B. T., Antoniou, K., Müller, C. E., Morales, M., et al. (2003). Enabling role of adenosine A1 receptors in adenosine A2A receptor-mediated striatal expression of c-fos. Eur. J. Neurosci. 18, 296–302. doi: 10.1046/j.1460-9568.2003.02747.x

 Kim, H. H., and Liao, J. K. (2008). Translational therapeutics of dipyridamole. Arterioscler. Thromb. Vasc. Biol. 28, s39–s42. doi: 10.1161/ATVBAHA.107.160226

 Kim, Y., Bolortuya, Y., Chen, L., Basheer, R., McCarley, R. W., and Strecker, R. E. (2012). Decoupling of sleepiness from sleep time and intensity during chronic sleep restriction: evidence for a role of the adenosine system. Sleep 35, 861–869. doi: 10.5665/sleep.1890

 Kim, Y., Elmenhorst, D., Weisshaupt, A., Wedekind, F., Kroll, T., McCarley, R. W., et al. (2015). Chronic sleep restriction induces long-lasting changes in adenosine and noradrenaline receptor density in the rat brain. J. Sleep Res. 24, 549–558. doi: 10.1111/jsr.12300

 Kull, B., Ferré, S., Arslan, G., Svenningsson, P., Fuxe, K., Owman, C., et al. (1999). Reciprocal interactions between adenosine A2A and dopamine D2 receptors in Chinese hamster ovary cells co-transfected with the two receptors. Biochem. Pharmacol. 58, 1035–1045. doi: 10.1016/S0006-2952(99)00184-7

 Manconi, M., Ferri, R., Zucconi, M., Clemens, S., Giarolli, L., Bottasini, V., et al. (2011). Preferential D2 or preferential D3 dopamine agonists in restless legs syndrome. Neurology 77, 110–117. doi: 10.1212/WNL.0b013e3182242d91

 Marcellino, D., Ferré, S., Casadó, V., Cortés, A., Le Foll, B., Mazzola, C., et al. (2008). Identification of dopamine D1-D3 receptor heteromers. Indications for a role of synergistic D1-D3 receptor interactions in the striatum. J. Biol. Chem. 283, 26016–26025. doi: 10.1074/jbc.M710349200

 McCarley, R. W. (2007). Neurobiology of REM and NREM sleep. Sleep Med. 8, 302–330. doi: 10.1016/j.sleep.2007.03.005

 Morelli, M., and Wardas, J. (2001). Adenosine A(2a) receptor antagonists: potential therapeutic and neuroprotective effects in Parkinson's disease. Neurotoxicol. Res. 3, 545–556. doi: 10.1007/BF03033210

 Navarro, G., Aguinaga, D., Moreno, E., Hradsky, J., Reddy, P. P., Cortés, A., et al. (2014). Intracellular calcium levels determine differential modulation of allosteric interactions within G protein-coupled receptor heteromers. Chem. Biol. 21, 1546–1556. doi: 10.1016/j.chembiol.2014.10.004

 Navarro, G., Cordomí, A., Zelman-Femiak, M., Brugarolas, M., Moreno, E., Aguinaga, D., et al. (2016). Quaternary structure of a G-protein-coupled receptor heterotetramer in complex with Gi and Gs. BMC. Biol. 14:26. doi: 10.1186/s12915-016-0247-4

 Navarro, G., Ferré, S., Cordomi, A., Moreno, E., Mallol, J., Casadó, V., et al. (2010). Interactions between intracellular domains as key determinants of the quaternary structure and function of receptor heteromers. J. Biol. Chem. 285, 27346–27359. doi: 10.1074/jbc.M110.115634

 Nordlander, N. B. (1953). Therapy in restless legs. Acta Med. Scand. 145, 453–457. doi: 10.1111/j.0954-6820.1953.tb07042.x

 Pardo, M., López-Cruz, L., Valverde, O., Ledent, C., Baqi, Y., Müller, C. E., et al. (2013). Effect of subtype-selective adenosine receptor antagonists on basal or haloperidol-regulated striatal function: studies of exploratory locomotion and c-Fos immunoreactivity in outbred and A(2A)R KO mice. Behav. Brain Res. 247, 217–226. doi: 10.1016/j.bbr.2013.03.035

 Parkinson, F. E., Damaraju, V. L., Graham, K., Yao, S. Y., Baldwin, S. A., Cass, C. E., et al. (2011). Molecular biology of nucleoside transporters and their distributions and functions in the brain. Curr. Top. Med. Chem. 11, 948–972. doi: 10.2174/156802611795347582

 Pascual, O., Casper, K. B., Kubera, C., Zhang, J., Revilla-Sanchez, R., Sul, J. Y., et al. (2005). Astrocytic purinergic signaling coordinates synaptic networks. Science 310, 113–116. doi: 10.1126/science.1116916

 Quiroz, C., Gomes, C., Pak, A. C., Ribeiro, J. A., Goldberg, S. R., Hope, B. T., et al. (2006). Blockade of adenosine A2A receptors prevents protein phosphorylation in the striatum induced by cortical stimulation. J. Neurosci. 26, 10808–10812. doi: 10.1523/JNEUROSCI.1661-06.2006

 Quiroz, C., Gulyani, S., Ruiqian, W., Bonaventura, J., Cutler, R., Pearson, V., et al. (2016a). Adenosine receptors as markers of brain iron deficiency: implications for Restless Legs Syndrome. Neuropharmacology 111, 160–168. doi: 10.1016/j.neuropharm.2016.09.002

 Quiroz, C., Orrú, M., Rea, W., Ciudad-Roberts, A., Yepes, G., Britt, J. P., et al. (2016b). Local control of extracellular dopamine levels in the medial nucleus accumbens by a glutamatergic projection from the infralimbic cortex. J. Neurosci. 36, 851–859. doi: 10.1523/JNEUROSCI.2850-15.2016

 Quiroz, C., Pearson, V., Gulyani, S., Allen, R., Earley, C., and Ferré, S. (2010). Up-regulation of striatal adenosine A(2A) receptors with iron deficiency in rats: effects on locomotion and cortico-striatal neurotransmission. Exp. Neurol. 224, 292–298. doi: 10.1016/j.expneurol.2010.04.004

 Salmi, P., Chergui, K., and Fredholm, B. B. (2005). Adenosine-dopamine interactions revealed in knockout mice. J. Mol. Neurosci. 26, 239–244. doi: 10.1385/JMN:26:2-3:239

 Schiffmann, S. N., Jacobs, O., and Vanderhaeghen, J. J. (1991). Striatal restricted adenosine A2 receptor (RDC8) is expressed by enkephalin but not by substance P neurons: an in situ hybridization histochemistry study. J. Neurochem. 57, 1062–1067. doi: 10.1111/j.1471-4159.1991.tb08257.x

 Schindler, C. W., Karcz-Kubicha, M., Thorndike, E. B., Müller, C. E., Tella, S. R., Ferré, S., et al. (2005). Role of central and peripheral adenosine receptors in the cardiovascular responses to intraperitoneal injections of adenosine A1 and A2A subtype receptor agonists. Br. J. Pharmacol. 144, 642–650. doi: 10.1038/sj.bjp.0706043

 Sgambato, V., Pagès, C., Rogard, M., Besson, M. J., and Caboche, J. (1998). Extracellular signal-regulated kinase (ERK) controls immediate early gene induction on corticostriatal stimulation. J. Neurosci. 18, 8814–8825.

 Shiozaki, S., Ichikawa, S., Nakamura, J., Kitamura, S., Yamada, K., and Kuwana, Y. (1999). Actions of adenosine A2A receptor antagonist KW-6002 on drug-induced catalepsy and hypokinesia caused by reserpine or MPTP. Psychopharmacology 147, 90–95. doi: 10.1007/s002130051146

 Silber, M. H., Becker, P. M., Earley, C., Garcia-Borreguero, D., and Ondo, W. G. (2013). Willis-Ekbom Disease Foundation revised consensus statement on the management of restless legs syndrome. Mayo Clin. Proc. 88, 977–986. doi: 10.1016/j.mayocp.2013.06.016

 Smith, N. J., and Milligan, G. (2010). Allostery at G protein-coupled receptor homo- and heteromers: uncharted pharmacological landscapes. Pharmacol. Rev. 62, 701–725. doi: 10.1124/pr.110.002667

 Sokoloff, and Le Foll, B. (2017). The dopamine D3 receptor, a quarter century later. Eur. J. Neurosci. 45, 2–19. doi: 10.1111/ejn.13390

 Solinas, M., Ferré, S., You, Z. B., Karcz-Kubicha, M., Popoli, P., and Goldberg, S. R. (2002). Caffeine induces dopamine and glutamate release in the shell of the nucleus accumbens. J. Neurosci. 22, 6321–6324.

 Sollevi, A. (1986). Cardiovascular effects of adenosine in man; possible clinical implications. Prog. Neurobiol. 27, 319–349. doi: 10.1016/0301-0082(86)90005-5

 Trenkwalder, C., and Paulus, W. (2010). Restless legs syndrome: pathophysiology, clinical presentation and management. Nat. Rev. Neurol. 6, 337–346. doi: 10.1038/nrneurol.2010.55

 Trifilieff, P., Rives, M. L., Urizar, E., Piskorowski, R. A., Vishwasrao, H. D., Castrillon, J., et al. (2011). Detection of antigen interactions ex vivo by proximity ligation assay: endogenous dopamine D2-adenosine A2A receptor complexes in the striatum. Biotechniques 51, 111–118. doi: 10.2144/000113719

 Unger, E. L., Bianco, L. E., Jones, B. C., Allen, R. P., and Earley, C. J. (2014). Low brain iron effects and reversibility on striatal dopamine dynamics. Exp. Neurol. 261, 462–468. doi: 10.1016/j.expneurol.2014.06.023

 Van Dort, C. J., Baghdoyan, H. A., and Lydic, R. (2009). Adenosine A(1) and A(2A) receptors in mouse prefrontal cortex modulate acetylcholine release and behavioral arousal. J. Neurosci. 29, 871–881. doi: 10.1523/JNEUROSCI.4111-08.2009

 Varga, L. I., Ako-Agugua, N., Colasante, J., Hertweck, L., Houser, T., Smith, J., et al. (2009). Critical review of ropinirole and pramipexole – putative dopamine D(3)-receptor selective agonists - for the treatment of RLS. J. Clin. Pharm. Ther. 34, 493–505. doi: 10.1111/j.1365-2710.2009.01025.x

 Woods, A. S., and Ferré, S. (2005). Amazing stability of the arginine-phosphate electrostatic interaction. J. Proteome Res. 4, 1397–1402. doi: 10.1021/pr050077s

 Wu, L. G., and Saggau, P. (1997). Presynaptic inhibition of elicited neurotransmitter release. Trends Neurosci. 20, 204–212. doi: 10.1016/S0166-2236(96)01015-6

 Yepes, G., Guitart, X., Rea, W., Newman, A. H., Allen, R. P., Earley, C. J., et al. (2017). Targeting corticostriatal terminals in Restless Legs Syndrome. Ann. Neurol. 82, 951–960. doi: 10.1002/ana.25104

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2018 Ferré, Quiroz, Guitart, Rea, Seyedian, Moreno, Casadó-Anguera, Díaz-Ríos, Casadó, Clemens, Allen, Earley and García-Borreguero. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) or licensor are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fnins-11-00722-g003.gif





OPS/images/fnins-11-00722-g001.gif





OPS/images/fnins-11-00722-g002.gif
o





OPS/images/cover.jpg
' frontiers
in Neuroscience

Pivotal Role of Adenosine
Neurotransmission in Restless Legs
Syndrome









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
’ frontiers
in Neuroscience





