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Chronic pain affects 20 to 45% of the global population and is often associated with the development of anxio-depressive disorders. Treatment of this debilitating condition remains particularly challenging with opioids prescribed to alleviate moderate to severe pain. However, despite strong antinociceptive properties, numerous adverse effects limit opioid use in the clinic. Moreover, opioid misuse and abuse have become a major health concern worldwide. This prompted efforts to design original strategies that would efficiently and safely relieve pain. Targeting of opioid receptor heteromers is one of these. This review summarizes our current knowledge on the role of heteromers involving opioid receptors in the context of chronic pain and anxio-depressive comorbidities. It also examines how heteromerization in native tissue affects ligand binding, receptor signalling and trafficking properties. Finally, the therapeutic potential of ligands designed to specifically target opioid receptor heteromers is considered.

INTRODUCTION

According to the International Association for the Study of Pain (IASP), pain is an unpleasant sensory and emotional experience associated with actual or potential tissue damage [START_REF] Raja | The revised International Association for the Study of Pain definition of pain: concepts, challenges, and compromises[END_REF]. This complex phenomenon involves sensory, emotional and cognitive dimensions that can be influenced by factors such as emotional state, attention, culture or personal experience. In physiological conditions, pain serves a protective role but becomes pathological when persisting or recuring for more than 3 months [START_REF] Treede | Chronic pain as a symptom or a disease: the IASP Classification of Chronic Pain for the International Classification of Diseases (ICD-11)[END_REF]. Chronic pain is thus a debilitating condition interfering with daily life [START_REF] Breivik | The individual and societal burden of chronic pain in Europe: the case for strategic prioritisation and action to improve knowledge and availability of appropriate care[END_REF] and often coincides with the development of major depressive disorder with a comorbid prevalence around 50% (reviewed in [START_REF] Bair | Depression and pain comorbidity: a literature review[END_REF]). Because it affects between 20 to 45% of the global population [START_REF] Breivik | The individual and societal burden of chronic pain in Europe: the case for strategic prioritisation and action to improve knowledge and availability of appropriate care[END_REF], treating chronic pain is of primary importance. Treatments commonly prescribed to treat acute pain are often minimally effective. Tricyclic antidepressants (e. g. amitryptiline) or selective serotonin-noradrenaline recapture inhibitors (e.g. duloxetine, venlafaxine), but also antiepileptics such as gabapentinoids (e.g. pregabalin or gabapentin) are recommended as first-line treatments. Second-and third-line treatments include weak (e. g. Tramadol) and strong (e. g. oxycodone and morphine) opioids (reviewed in [START_REF] Kremer | Antidepressants and gabapentinoids in neuropathic pain: Mechanistic insights[END_REF]), respectively. However, opioid treatments frequently produce unwanted side effects, resulting from both acute (e. g. respiratory depression, nausea, dizziness, sedation, constipation) and long-term (tolerance, hyperalgesia and dependence) use. In the USA and Canada, the growing need to treat chronic pain increased prescription opioid use, leading to a dramatic rise in misuse, abuse, and drug overdose mortality (reviewed in [START_REF] Busserolles | Replacement of current opioid drugs focusing on MOR-related strategies[END_REF][START_REF] Kremer | Antidepressants and gabapentinoids in neuropathic pain: Mechanistic insights[END_REF]). This so-called opioid crisis (or epidemic) prompted numerous efforts to design innovative strategies that would ally efficient pain relief and safe usage.

Studies using mice deficient in the mu opioid (µ) receptor (Alexander et al., 2019b) revealed that this receptor is the primary molecular target of opioids, mediating both analgesic and unwanted side effects [START_REF] Matthes | Loss of morphine-induced analgesia, reward effect and withdrawal symptoms in mice lacking the mu-opioidreceptor gene[END_REF]. This G protein-coupled receptor (GPCR) not only activates G protein dependent signalling cascades, but also b-arrestin dependent ones. In b-arrestin 2 knockout animals, morphine-induced analgesia was enhanced with a diminution of tolerance, constipation and respiratory depression [START_REF] Bohn | Mu-opioid receptor desensitization by beta-arrestin-2 determines morphine tolerance but not dependence[END_REF][START_REF] Raehal | Morphine side effects in beta-arrestin 2 knockout mice[END_REF] raising hopes that biased agonists favouring G-protein signalling would improve morphine analgesia while decreasing unwanted effects. However, this strategy proved deceptive and the concept of G protein biased strategy and its therapeutic relevance are currently debated. Indeed, constipation and respiratory depression were observed in genetically modified mice with impaired activation of the b-arrestin pathway indicating that these opioid adverse effects depend on activation of G protein dependent signalling cascades [START_REF] Kliewer | Phosphorylationdeficient G-protein-biased mu-opioid receptors improve analgesia and diminish tolerance but worsen opioid side effects[END_REF]. For example, oliceridine (TRV-130), recently approved by the American Food and Drug Administration (FDA Nº 210730) for severe acute pain in medical environments, shows analgesic potency similar to morphine but retains most of the adverse effects [START_REF] Altarifi | Effects of acute and repeated treatment with the biased mu opioid receptor agonist TRV130 (oliceridine) on measures of antinociception, gastrointestinal function, and abuse liability in rodents[END_REF]. Recent studies evidenced that G protein biased agonists such as oliceridine behave as µ partial agonists suggesting that the biased activation of G protein signalling reflects the low intrinsic efficacy of these ligands (reviewed in [START_REF] Gillis | Critical Assessment of G Protein-Biased Agonism at the mu-Opioid Receptor[END_REF][START_REF] Singleton | TRV130 partial agonism and capacity to induce anti-nociceptive tolerance revealed through reducing available mu-opioid receptor number[END_REF]).

In response to the urgent need for alternative therapeutic strategies, several lines of research are explored such as selective activation of peripheral receptors or receptor splice variants, single molecules targeting multiple opioid receptors, or strengthening of endogenous opioid peptide action (reviewed in [START_REF] Gunther | Targeting multiple opioid receptors -improved analgesics with reduced side effects?[END_REF][START_REF] Machelska | Advances in Achieving Opioid Analgesia Without Side Effects[END_REF]). In addition, opioid receptor heteromers have also gained attention. These macromolecular complexes are formed by association of at least two functional receptors with ligand binding, receptor signalling and/or trafficking properties different from those of the individual components. Accordingly, disruption of the close physical proximity between receptors in native tissue drastically alters the specific properties of heteromers [START_REF] Massotte | In vivo opioid receptor heteromerization: where do we stand?[END_REF]. Here, we review current knowledge on the contribution of opioid receptor heteromers to chronic pain states and associated comorbidities, morphine analgesia and side effects. We conclude by examining the therapeutic potential of these compounds.

IN VIVO HETEROMERIZATION

Physical proximity has been demonstrated for a limited number of receptor pairs in the spinal cord, dorsal root ganglia (DRG) and supraspinal structures but also in immune or cancer cells using coimmunoprecipitation, disruption of physical interaction using TAT fused peptides, proximity ligation assay and/or antibodies selective for receptor heteromers (Table 1, Figure 1). In addition, physical association of the µ and vasopressin 1B (V1B) receptors is supported by a loss of functional outcome in mice expressing a C-terminal truncated form of the V1B receptor [START_REF] Koshimizu | Complex formation between the vasopressin 1b receptor, beta-arrestin-2, and the mu-opioid receptor underlies morphine tolerance[END_REF]. Also, physical proximity of the µ and cannabinoid CB1 (CB1) receptors was detected by electron microscopy in striatal synapses [START_REF] Rodriguez | Ultrastructural localization of the CB1 cannabinoid receptor in mu-opioid receptor patches of the rat Caudate putamen nucleus[END_REF]. These two receptor pairs will therefore be discussed here. Other receptor pairs have been reported in co-transfected cells but will not be considered here as, to the best of our knowledge, no information is available regarding in vivo physical proximity (reviewed in [START_REF] Ugur | Heteromerization Modulates mu Opioid Receptor Functional Properties in vivo[END_REF]).

The heteromerization process remains largely unknown in native environments but involves constitutive association taking place in the endoplasmic reticulum (ER) in co-transfected cells [START_REF] Décaillot | Cell surface targeting of mu-delta opioid receptor heterodimers by RTP4[END_REF][START_REF] Fujita | Regulation of an Opioid Receptor Chaperone Protein, RTP4, by Morphine[END_REF][START_REF] Hasbi | Trafficking of preassembled opioid mu-delta heterooligomer-Gz signaling complexes to the plasma membrane: coregulation by agonists[END_REF][START_REF] Xie | Disruption of Cdk5-associated phosphorylation of residue threonine-161 of the delta-opioid receptor: impaired receptor function and attenuated morphine antinociceptive tolerance[END_REF]. Biochemical studies based on the use of interfering peptides or mutant receptors pointed to a contact interface involving the µ receptor transmembrane domain (TM) TM1 in heteromers between µ and delta opioid (δ) receptors [START_REF] He | Facilitation of mu-opioid receptor activity by preventing delta-opioid receptor-mediated codegradation[END_REF] or TM5 in µ-galanin 1 (GAL1) heteromers [START_REF] Moreno | Functional mu-Opioid-Galanin Receptor Heteromers in the Ventral Tegmental Area[END_REF]. In addition, the C-terminal tail appeared critical in the heteromerization process of µ-δ [START_REF] Fan | A role for the distal carboxyl tails in generating the novel pharmacology and G protein activation profile of mu and delta opioid receptor hetero-oligomers[END_REF][START_REF] Kabli | Antidepressant-like and anxiolytic-like effects following activation of the mu-delta opioid receptor heteromer in the nucleus accumbens[END_REF][START_REF] Law | Heterodimerization of mu-and delta-opioid receptors occurs at the cell surface only and requires receptor-G protein interactions[END_REF][START_REF] O'dowd | Disruption of the mu-delta opioid receptor heteromer[END_REF][START_REF] Walwyn | Delta receptors are required for full inhibitory coupling of mu-receptors to voltage-dependent Ca(2+) channels in dorsal root ganglion neurons[END_REF] or µ-nociceptin (NOP) receptors [START_REF] Wang | Heterodimerization of opioid receptor-like 1 and mu-opioid receptors impairs the potency of micro receptor agonist[END_REF] and the third intracellular loop of the µ or δ receptors in µ-δ heteromerization [START_REF] Law | Heterodimerization of mu-and delta-opioid receptors occurs at the cell surface only and requires receptor-G protein interactions[END_REF]. Physical association with ion channels has also been identified between µ or dopamine D1 and the GluN1 subunit of the NMDA receptors or between NOP receptors and N-type Calcium channels (CaV2.2) (Alexander et al., 2019a) pointing to more complex functional interactions (see section 6)(Table 1).

3.

HETEROMERS AND CHRONIC PAIN Only four heteromers have been clearly identified as participating in the reduction of the nociceptive signal in chronic pain conditions (Figure 2). Three (δ-kappa opioid (κ), δ-CB1, µ-δ) involve the δ receptor whose expression is increased in neuropathic or inflammatory conditions and whose selective targeting alleviates mechanical allodynia [START_REF] Gendron | Recent advances on the delta opioid receptor: from trafficking to function[END_REF][START_REF] Nadal | Involvement of the opioid and cannabinoid systems in pain control: New insights from knockout studies[END_REF]. The fourth heteromer involves association of the µ and CCR5 chemokine receptors.

µ-δ heteromers

µ-δ close physical proximity was evidenced in the DRG [START_REF] Xie | Disruption of Cdk5-associated phosphorylation of residue threonine-161 of the delta-opioid receptor: impaired receptor function and attenuated morphine antinociceptive tolerance[END_REF], spinal cord [START_REF] Gomes | A role for heterodimerization of mu and delta opiate receptors in enhancing morphine analgesia[END_REF][START_REF] He | Facilitation of mu-opioid receptor activity by preventing delta-opioid receptor-mediated codegradation[END_REF], hippocampus [START_REF] Erbs | A mu-delta opioid receptor brain atlas reveals neuronal co-occurrence in subcortical networks[END_REF] and nucleus accumbens (Acb) [START_REF] Kabli | Antidepressant-like and anxiolytic-like effects following activation of the mu-delta opioid receptor heteromer in the nucleus accumbens[END_REF]. However, brain mapping of the receptors using fluorescent knockin mice also revealed coexpression in discrete neuronal populations located in subcortical networks essential for the perception and processing of aversive stimuli [START_REF] Erbs | A mu-delta opioid receptor brain atlas reveals neuronal co-occurrence in subcortical networks[END_REF], suggesting that µ-δ heteromerization could be more widely distributed. The impact of µ-δ heteromerization on ligand binding, receptor signalling, and trafficking has been mostly studied in co-transfected cells (reviewed in (Fujita et al., 2014a)). However, increasing evidence indicates that µ-δ heteromerization indeed affects ligand binding properties and modifies µ receptor signalling and trafficking in native environments. Positive cooperativity reflecting bidirectional positive allosteric modulation was reported in SKNSH neuroblastoma cells where occupation of the binding site of either receptor by an agonist, an antagonist or an inverse agonist increased the affinity of the other receptor for agonists [START_REF] Gomes | Heterodimerization of mu and delta opioid receptors: a role in opiate synergy[END_REF][START_REF] Gomes | A role for heterodimerization of mu and delta opiate receptors in enhancing morphine analgesia[END_REF][START_REF] Gomes | G protein-coupled receptor heteromerization: a role in allosteric modulation of ligand binding[END_REF]. This suggests that the interface between the interacting receptors is dynamic as reported for the neurotensin 1 (NTS1) receptor [START_REF] Dijkman | Dynamic tuneable G protein-coupled receptor monomer-dimer populations[END_REF] and that ligand binding would stabilize the receptor conformation and possibly favour receptor association as observed for class C metabotropic receptors [START_REF] Moller | Oligomerization of a G protein-coupled receptor in neurons controlled by its structural dynamics[END_REF]. In mouse membrane preparations, this positive cooperativity led to a significant increase in the potency and efficacy of µ agonists in terms of G protein signalling [START_REF] Gomes | A role for heterodimerization of mu and delta opiate receptors in enhancing morphine analgesia[END_REF], MAPK phosphorylation [START_REF] Gomes | Heterodimerization of mu and delta opioid receptors: a role in opiate synergy[END_REF] or inhibition of voltage dependent calcium channels [START_REF] Walwyn | Delta receptors are required for full inhibitory coupling of mu-receptors to voltage-dependent Ca(2+) channels in dorsal root ganglion neurons[END_REF]. These effects were lost in membranes from mice lacking the δ receptor [START_REF] Gomes | A role for heterodimerization of mu and delta opiate receptors in enhancing morphine analgesia[END_REF][START_REF] Walwyn | Delta receptors are required for full inhibitory coupling of mu-receptors to voltage-dependent Ca(2+) channels in dorsal root ganglion neurons[END_REF] or in the presence of antibodies specific for µ-δ heteromers [START_REF] Gupta | Increased abundance of opioid receptor heteromers after chronic morphine administration[END_REF]. Bidirectional positive allosteric modulation in µ-δ heteromers could also underlie the increased neuronal hyperpolarisation observed in neurons of the ventral tegmental area (VTA) upon co-application of an antagonist of one receptor and an agonist for the other [START_REF] Margolis | Two delta opioid receptor subtypes are functional in single ventral tegmental area neurons, and can interact with the mu opioid receptor[END_REF].

Ligand selective co-internalization and co-targeting to the lysosomal compartment of µ and δ receptors were observed in primary hippocampal neurons, suggesting that µ-δ heteromerization modifies the µ receptor intracellular fate [START_REF] Derouiche | Heteromerization of Endogenous Mu and Delta Opioid Receptors Induces Ligand-Selective Co-Targeting to Lysosomes[END_REF]. However, phosphorylation by second messenger recruited kinases cannot be entirely excluded. In SKNSH neuroblastoma cells, treatment with DAMGO or deltorphin II led to sustained ERK1/2 phosphorylation that was absent in cells pretreated with a µ siRNA or with a µ or a δ antagonist [START_REF] Rozenfeld | Receptor heterodimerization leads to a switch in signaling: betaarrestin2-mediated ERK activation by mu-delta opioid receptor heterodimers[END_REF]. b-arrestin 2 knockdown also abolished sustained ERK1/2 phosphorylation [START_REF] Rozenfeld | Receptor heterodimerization leads to a switch in signaling: betaarrestin2-mediated ERK activation by mu-delta opioid receptor heterodimers[END_REF]. Because barrestin recruitment initiates receptor internalization in clathrin coated pits, sustained ERK phosphorylation may reflect signalling by co-internalized receptors in agreement with recent advances in the subcellular organization of GPCR activity [START_REF] Eichel | Subcellular Organization of GPCR Signaling[END_REF].

At the behavioural level, µ-δ heteromers may contribute to both thermal and mechanical nociception. In keeping with this, intrathecal (i.t.) administration of DPDPE, deltorphin II or DAMGO induced thermal antinociception and reduced mechanical sensitivity in wild type mice but not in mice deficient for the µ receptor [START_REF] Van Rijn | Emergence of functional spinal delta opioid receptors after chronic ethanol exposure[END_REF]. Moreover, the enhanced thermal analgesia induced by a submaximal dose of the µ agonist morphine in the presence of the δ antagonist TIPPy is in line with the positive allosteric modulation in ligand binding and receptor signalling [START_REF] Gomes | A role for heterodimerization of mu and delta opiate receptors in enhancing morphine analgesia[END_REF]. Co-administration of equal amounts of the µ agonist DAMGO and δ agonist deltorphin II in the rostral ventromedial medulla (RVM) of naive rats resulted in a synergistic increase in paw withdrawal latencies [START_REF] Sykes | Mechanisms responsible for the enhanced antinociceptive effects of micro-opioid receptor agonists in the rostral ventromedial medulla of male rats with persistent inflammatory pain[END_REF]. This effect may result from µ-δ heteromer activation, although interactions taking place at the cellular or circuit levels cannot be excluded. In chronic morphine treated animals, coadministration of DAMGO and deltorphin II directly in the RVM synergistically increased the GABAergic inhibitory control via a phospholipase A2 dependent mechanism that may, or not, involve µ-δ activation [START_REF] Zhang | Synaptic mechanism for functional synergism between delta-and mu-opioid receptors[END_REF]. A recent study also showed increased pain hypersensitivity in a cisplatininduced neuropathic pain model and in a post-surgical inflammatory pain model following i.t. injections of a disrupting peptide corresponding to the δ C-terminus, indicating that µ-δ heteromers may control latent pain sensitization [START_REF] Inyang | The micro-delta opioid heteromer masks latent pain sensitization in neuropathic and inflammatory pain in male and female mice[END_REF]. An antinociceptive role of µ-δ heteromers is also supported by data collected using ligands designed to selectively target µ-δ heteromers (see below section 7). Of note, functional interactions between µ and δ also take place in the enteric nervous system and may include a µ-δ contribution as the two receptors are co-localized in a subset of neurons [START_REF] Dicello | Mu and Delta Opioid Receptors Are Coexpressed and Functionally Interact in the Enteric Nervous System of the Mouse Colon[END_REF] and can be detected in close physical proximity (Fujita et al., 2014b).

δ-CB1 heteromers

Similar to δ receptors, CB1 receptors are critically involved in pain, anxiety and depression (reviewed in [START_REF] Nadal | Involvement of the opioid and cannabinoid systems in pain control: New insights from knockout studies[END_REF][START_REF] Yin | Integrating endocannabinoid signaling in the regulation of anxiety and depression[END_REF]). The abundance of δ-CB1 heteromers is increased in the cortex, hypothalamus and midbrain of neuropathic rats following spinal nerve ligation (Bushlin et al., 2012) or in the spinal cord of mice in a model of chemotherapy-induced peripheral neuropathy [START_REF] Sierra | Targeting Cannabinoid 1 and Delta Opioid Receptor Heteromers Alleviates Chemotherapy-Induced Neuropathic Pain[END_REF]. Increased δ-CB1 heteromerization was also observed in postmortem spinal cords of patients suffering from chemotherapy-induced peripheral neuropathy [START_REF] Sierra | Targeting Cannabinoid 1 and Delta Opioid Receptor Heteromers Alleviates Chemotherapy-Induced Neuropathic Pain[END_REF].

In cortical membranes from naïve mice deficient for the δ receptor, basal and agonist induced G protein signalling of the CB1 receptor increased, suggesting that δ receptors act as negative allosteric modulators of the CB1 activity [START_REF] Rozenfeld | Receptor heteromerization expands the repertoire of cannabinoid signaling in rodent neurons[END_REF]. Reciprocally, activation of the CB1 receptor allosterically inhibited δ ligand binding [START_REF] Kathmann | Cannabidiol is an allosteric modulator at mu-and delta-opioid receptors[END_REF][START_REF] Vaysse | Modulation of rat brain opioid receptors by cannabinoids[END_REF]. However, in cortical membranes from neuropathic rats, DPDPE binding and signalling were increased by a non-signalling dose of the CB1 agonist Hu-210 or by the CB1 antagonist PF-514273. The effect was blocked by δ-CB1 heteromer selective antibodies, suggesting positive allosteric modulation of δ in δ-CB1 heteromers in these conditions [START_REF] Bushlin | Dimerization with cannabinoid receptors allosterically modulates delta opioid receptor activity during neuropathic pain[END_REF]. In a mouse model of chemotherapy-induced peripheral neuropathy, a combination of non-effective doses of agonists for the CB1 (Hu210) and δ (SNC80) receptors, reduced mechanical allodynia. The increase in mechanical thresholds was counteracted by the use of δ-CB1 selective antibodies, supporting the involvement of δ-CB1 heteromers in this antiallodynic effect [START_REF] Sierra | Targeting Cannabinoid 1 and Delta Opioid Receptor Heteromers Alleviates Chemotherapy-Induced Neuropathic Pain[END_REF].

δ-κ heteromers

δ-κ physical proximity was established in trigeminal ganglia [START_REF] Berg | Allosteric interactions between delta and kappa opioid receptors in peripheral sensory neurons[END_REF] whereas knockout subtraction autoradiography suggested that δ-κ heteromerization in the brain is restricted to the periaqueductal gray (PAG), amygdala, and thalamus; all three are part of the nociceptive circuit [START_REF] Yoo | Knockout subtraction autoradiography: a novel ex vivo method to detect heteromers finds sparse KOP receptor/DOP receptor heterodimerization in the brain[END_REF]. In cultures from rat trigeminal ganglia, κ antagonists differentially regulated δ dependent adenylate cyclase activity [START_REF] Berg | Allosteric interactions between delta and kappa opioid receptors in peripheral sensory neurons[END_REF], suggesting allosteric modulation between the two receptors. At the behavioural level, the κ antagonist nor-BNI potentiated the analgesic effect of a noneffective dose of DPDPE. This effect was enhanced in the presence of δ-κ specific antibodies [START_REF] Berg | Allosteric interactions between delta and kappa opioid receptors in peripheral sensory neurons[END_REF] pointing to a contribution of δ-κ heteromers. Similarly, the δ antagonist naltrindole, allosterically increased the analgesic potency of a non-effective dose of the κ agonist ICI-199441 in a model of inflammatory pain [START_REF] Jacobs | Signaling characteristics and functional regulation of delta opioid-kappa opioid receptor (DOP-KOP) heteromers in peripheral sensory neurons[END_REF], indicating bidirectional positive allosteric modulation.

µ-CCR5 heteromers

Close physical proximity between the µ and the chemokine CCR5 receptors was first established by co-immunoprecipitation in human lymphocytes [START_REF] Suzuki | Interactions of opioid and chemokine receptors: oligomerization of mu, kappa, and delta with CCR5 on immune cells[END_REF]. Neuronal co-expression of µ and CCR5 receptors was then detected in the PAG [START_REF] Heinisch | Interactions between chemokine and mu-opioid receptors: anatomical findings and electrophysiological studies in the rat periaqueductal grey[END_REF], a key region with both inhibitory and facilitatory functions in the descending modulation of pain. Furthermore, increased µ receptor expression was observed in neurons from the PAG of mice deficient for the CCR5 receptor [START_REF] Lee | Decreased pain responses of C-C chemokine receptor 5 knockout mice to chemical or inflammatory stimuli[END_REF], suggesting that physical interaction could also take place in the brain and contribute to pain processing. In both neuronal and immune cells, activation by either the CCL5 chemokine or a µ agonist induced phosphorylation and desensitization of the other receptor, respectively [START_REF] Szabo | Heterologous desensitization of opioid receptors by chemokines inhibits chemotaxis and enhances the perception of pain[END_REF] [START_REF] Grimm | Opiates transdeactivate chemokine receptors: delta and mu opiate receptor-mediated heterologous desensitization[END_REF]. These observations are consistent with a bidirectional allosteric modulation leading to functional pronociceptive µ-CCR5 heteromers, but heterologous desensitization involving the recruitment of PKCz by second messengers has also been evidenced [START_REF] Song | Protein kinase Czeta mediates micro-opioid receptor-induced cross-desensitization of chemokine receptor CCR5[END_REF]. At the behavioural level, acute analgesia induced by the µ agonist DAMGO in the rat PAG was decreased in the presence of CCL5 [START_REF] Szabo | Heterologous desensitization of opioid receptors by chemokines inhibits chemotaxis and enhances the perception of pain[END_REF]. In addition, chemically induced visceral and inflammatory pain were decreased in mice lacking the CCR5 receptor or following injection of the CCR5 antagonist DAPTA [START_REF] Lee | Decreased pain responses of C-C chemokine receptor 5 knockout mice to chemical or inflammatory stimuli[END_REF], both consistent with µ-CCR5 heteromerization and/or heterologous desensitization. However, i.t. injections of the bivalent ligand MCC22 linking a µ agonist and a CCR5 antagonist in models of inflammatory pain increased analgesia suggesting the presence of µ-CCR5 heteromers in the spinal cord (see below section 7).

Other heteromers of potential relevance to chronic pain

In proestrous female rats, spinal morphine antinociception necessitated µ and κ co-activation for maximal efficiency and was strongly reduced by i.t. administration of the κ antagonist nor-BNI or anti-dynorphin antibodies, suggesting that co-activation of the two receptors was required in these animals for morphine to reach its maximal effect [START_REF] Chakrabarti | Formation of mu-/kappa-opioid receptor heterodimer is sex-dependent and mediates female-specific opioid analgesia[END_REF][START_REF] Liu | Sexually dimorphic recruitment of spinal opioid analgesic pathways by the spinal application of morphine[END_REF]. These observations were paralleled with an estrogen-dependent increase of µ-κ heteromers in proestrous female rats compared to males or diestrous females [START_REF] Chakrabarti | Formation of mu-/kappa-opioid receptor heterodimer is sex-dependent and mediates female-specific opioid analgesia[END_REF]Liu et al., 2011a) pointing to the contribution of µ-κ heteromers to sex-based differences in the acute antinociceptive response to morphine. However, whether µ-κ heteromers play a role in chronic pain conditions or influence the development of morphine tolerance remains to be investigated.

Physical proximity has also been identified in pain related areas for 6 additional receptor pairs (Figure 1), which represent an additional pool of potential targets. δ-somatostatin sst4 heteromers were observed in the striatum, cortex and spinal cord [START_REF] Somvanshi | delta-opioid receptor and somatostatin receptor-4 heterodimerization: possible implications in modulation of pain associated signaling[END_REF] and κ-NTS1 heteromers were detected in primary striatal neurons [START_REF] Liu | Heterodimerization of the kappa opioid receptor and neurotensin receptor 1 contributes to a novel beta-arrestin-2-biased pathway[END_REF]. These heteromers deserve further investigation because δ and sst4 receptors have established roles in chronic pain [START_REF] Kantas | Novel Drug-Like Somatostatin Receptor 4 Agonists are Potential Analgesics for Neuropathic Pain[END_REF][START_REF] Nadal | Involvement of the opioid and cannabinoid systems in pain control: New insights from knockout studies[END_REF] and activation of κ or NTS1 [START_REF] Brouillette | Cellpenetrating pepducins targeting the neurotensin receptor type 1 relieve pain[END_REF] receptors in the spinal cord improves the nociceptive threshold in chronic pain conditions. Heteromers formed by µ and somatostatin sst2 receptors were identified in human pancreatic and breast cancerous cells [START_REF] Jorand | Molecular signatures of mu opioid receptor and somatostatin receptor 2 in pancreatic cancer[END_REF][START_REF] Kharmate | Inhibition of tumor promoting signals by activation of SSTR2 and opioid receptors in human breast cancer cells[END_REF] and could also play a role in migraine as both receptors are critically involved in this chronic trigeminal pain condition [START_REF] Lambert | Does somatostatin have a role to play in migraine headache?[END_REF][START_REF] Menon | The human mu-opioid receptor gene polymorphism (A118G) is associated with head pain severity in a clinical cohort of female migraine with aura patients[END_REF]. Hypertension is a frequent comorbidity of chronic pain [START_REF] Sacco | The relationship between blood pressure and pain[END_REF] and hypertensive conditions increase expression of µ-adrenoceptor α2A and µ-AT1 angiotensin heteromers [START_REF] Sun | GPCR dimerization in brainstem nuclei contributes to the development of hypertension[END_REF][START_REF] Sun | Angiotensin II inhibits DDAH1-nNOS signaling via AT1R and muOR dimerization to modulate blood pressure control in the central nervous system[END_REF] in the nucleus of the tractus solitaris (Sol). This region is an important relay in the transmission of somatic and visceral nociceptive information (reviewed in [START_REF] Berthoud | Functional and chemical anatomy of the afferent vagal system[END_REF]) pointing to their relevance in the context of chronic pain. However, the functional consequences of µ-α2A adrenoceptor heteromerization are difficult to anticipate because they seem to differ across regions. Bidirectional allosteric desensitization was reported in the spinal cord [START_REF] Jordan | Functional interactions between mu opioid and alpha 2A-adrenergic receptors[END_REF] and in primary DRG cultures [START_REF] Tan | p38 MAPK and beta-arrestin 2 mediate functional interactions between endogenous micro-opioid and alpha2A-adrenergic receptors in neurons[END_REF] but unidirectional allosteric activation of the µ receptor was described in neurons from the locus coeruleus (LC) [START_REF] Illes | Blockade of alpha 2-adrenoceptors increases opioid mu-receptormediated inhibition of the firing rate of rat locus coeruleus neurones[END_REF]. Finally, heteromers involving δ and the chemokine CXCR4 receptors were identified in primary monocytes and brain tissue and could therefore play a role in inflammation and pain sensitization [START_REF] Burbassi | Alterations of CXCR4 function in mu-opioid receptordeficient glia[END_REF][START_REF] Pello | Ligand stabilization of CXCR4/delta-opioid receptor heterodimers reveals a mechanism for immune response regulation[END_REF].

4.

HETEROMERS AND ANXIO-DEPRESSION Chronic pain is associated with a high prevalence of anxiodepressive symptoms The µ receptor is critically involved in the rewarding properties of natural stimuli and anhedonia is a hallmark of depression [START_REF] Bair | Depression and pain comorbidity: a literature review[END_REF]. Therefore, the role of µ receptor heteromers in the emotional processing of pain has been investigated in the Acb and VTA, two key regions of the reward system where the µ receptor is highly expressed (Figure 2). In the rat VTA, bidirectional negative allosteric modulation took place upon coadministration of the µ agonist endomorphin 1 and galanin. It reduced ERK1/2, Akt and cAMP response element-binding protein (CREB) phosphorylation and was abrogated in the presence of a disrupting peptide corresponding the µ TM5 supporting the existence of functional µ-GAL1 heteromers [START_REF] Moreno | Functional mu-Opioid-Galanin Receptor Heteromers in the Ventral Tegmental Area[END_REF]. In addition, a unilateral negative allosteric modulation of the GAL1 receptor by the opioid antagonist CTOP was also abolished in the presence of the TM5 peptide whereas the galanin antagonist M40 did not affect endomorphin 1 activity [START_REF] Moreno | Functional mu-Opioid-Galanin Receptor Heteromers in the Ventral Tegmental Area[END_REF]. Reduced ERK1/2 phosphorylation was associated with a decrease in dopamine release in the VTA [START_REF] Moreno | Functional mu-Opioid-Galanin Receptor Heteromers in the Ventral Tegmental Area[END_REF] suggesting that activation of µ-GAL1 heteromers would be associated with less reinforcing properties than activation of µ receptors. Activation of µ-GAL1 heteromers might therefore contribute to the anhedonic state.

Functional interactions between the µ and cannabinoid CB1 receptors in the Acb are known to modulate social play [START_REF] Manduca | Interacting Cannabinoid and Opioid Receptors in the Nucleus Accumbens Core Control Adolescent Social Play[END_REF]. Bidirectional negative allosteric modulation that reduced the generation of field-excitatory postsynaptic potentials was observed in Acb slices from rodents [START_REF] Manduca | Interacting Cannabinoid and Opioid Receptors in the Nucleus Accumbens Core Control Adolescent Social Play[END_REF]. In SKNSH neuroblastoma cells and rat striatal membranes, co-activation of the two receptors decreased G protein signalling [START_REF] Rios | mu opioid and CB1 cannabinoid receptor interactions: reciprocal inhibition of receptor signaling and neuritogenesis[END_REF][START_REF] Vaysse | Modulation of rat brain opioid receptors by cannabinoids[END_REF]. These data suggest that µ-CB1 heteromers could form in the Acb and contribute to the hedonic process. However heterologous desensitization and signalling cross talk between the two receptors cannot be ruled out. Because activation of δ receptors has anxiolytic properties [START_REF] Filliol | Mice deficient for delta-and mu-opioid receptors exhibit opposing alterations of emotional responses[END_REF], the role of µ-δ heteromers in anxiety and depression was also investigated. The use of a disrupting peptide corresponding to the C-terminus of the δ receptor or pretreatment with the µ antagonist CTOP or the δ antagonist naltrindole reversed the anxiolytic and antidepressive properties resulting from the microinjection in the rat Acb of UFP-512, a ligand proposed to be µ-δ selective [START_REF] Kabli | Antidepressant-like and anxiolytic-like effects following activation of the mu-delta opioid receptor heteromer in the nucleus accumbens[END_REF]. These observations are consistent with a possible involvement of µ-δ heteromers in anxio-depressive behaviours. However, UFP-512 efficiently activates δ receptors [START_REF] Aguila | In vitro and in vivo pharmacological profile of UFP-512, a novel selective delta-opioid receptor agonist; correlations between desensitization and tolerance[END_REF][START_REF] Vergura | Anxiolytic-and antidepressant-like activities of H-Dmt-Tic-NH-CH(CH2-COOH)-Bid (UFP-512), a novel selective delta opioid receptor agonist[END_REF] suggesting possible alternative explanations.

5.

HETEROMERS AND CHRONIC MORPHINE Morphine analgesia is dependent on µ1, the most abundant µ splice variant. Similarly, morphine side effects seem to engage heteromers of the µ1 variant with the exception of morphine-induced itching (Figure 2). The latter is mediated by the µ1D variant heteromerized with the bombesin BB2 (also called gastrin-releasing peptide receptor (GRPR)) receptor in the spinal cord (Liu et al., 2011b) through a mechanism involving allosteric activation of the BB2 receptor (Liu et al., 2011b).

Inhibition or lack of functional δ receptors reduces the development of morphine tolerance (reviewed in [START_REF] Gendron | Recent advances on the delta opioid receptor: from trafficking to function[END_REF]). Moreover, chronic morphine administration enhances δ expression at the plasma membrane in a µ dependent manner [START_REF] Erbs | Impact of chronic morphine on delta opioid receptor-expressing neurons in the mouse hippocampus[END_REF][START_REF] Gendron | Recent advances on the delta opioid receptor: from trafficking to function[END_REF] possibly through increased expression of the receptor transporter protein (RTP) 4 chaperone [START_REF] Fujita | Regulation of an Opioid Receptor Chaperone Protein, RTP4, by Morphine[END_REF]. This was associated with long-lasting increase in neuronal colocalization of µ and δ receptors [START_REF] Pierre | Morphine-dependent and abstinent mice are characterized by a broader distribution of the neurons co-expressing mu and delta opioid receptors[END_REF] as well as µ-δ heteromerization [START_REF] Gupta | Increased abundance of opioid receptor heteromers after chronic morphine administration[END_REF] in neuronal circuits that tightly connect autonomous/visceral functions with emotional/aversive processing. This indicates dynamic regulation of µ-δ expression. In the presence of a peptide corresponding to the δ 2 nd intracellular loop [START_REF] Xie | Disruption of Cdk5-associated phosphorylation of residue threonine-161 of the delta-opioid receptor: impaired receptor function and attenuated morphine antinociceptive tolerance[END_REF] or to the µ TM1 [START_REF] He | Facilitation of mu-opioid receptor activity by preventing delta-opioid receptor-mediated codegradation[END_REF]) that both disrupt µ-δ physical contact, morphine analgesia was increased, and morphine tolerance decreased, demonstrating the implication of µ-δ heteromers. Activation of µ-δ heteromers therefore appears to generate opposite effects. In animals chronically treated with morphine, they reduce morphine potency by mechanisms that remain to be determined whereas, in chronic pain conditions, µ-δ activation exerts antinociceptive effects (see section 3).

Heteromerization of the µ and V1B receptors in the RVM could also contribute to the development of morphine tolerance and physical dependence [START_REF] Koshimizu | Complex formation between the vasopressin 1b receptor, beta-arrestin-2, and the mu-opioid receptor underlies morphine tolerance[END_REF]. Indeed, these side effects were decreased in mice deficient for the V1B receptor or upon injection of a V1B antagonist in the RVM, suggesting functional µ-V1B interactions in this region [START_REF] Koshimizu | Complex formation between the vasopressin 1b receptor, beta-arrestin-2, and the mu-opioid receptor underlies morphine tolerance[END_REF]. Accordingly, morphine tolerance was reduced in mutant mice expressing a dimerization-defective V1B receptor lacking C-terminal amino acids [START_REF] Koshimizu | Complex formation between the vasopressin 1b receptor, beta-arrestin-2, and the mu-opioid receptor underlies morphine tolerance[END_REF].

Finally, activation of µ-cholecystokinin CCK2 heteromers antagonizes morphine effects. Indeed, negative allosteric modulation of µ, upon µ-CCK2 heteromerization, was observed in co-transfected cells and disruption of µ-CCK2 physical proximity in the spinal cord by i.t. injection of the µ TM3 prevented CCK-8 antagonism of morphine analgesia [START_REF] Yang | Heteromerization of mu-opioid receptor and cholecystokinin B receptor through the third transmembrane domain of the mu-opioid receptor contributes to the anti-opioid effects of cholecystokinin octapeptide[END_REF], consistent with a µ-CCK2 contribution to the pronociceptive action of the cholecystokinin system.

HETEROMERS INVOLVING ION CHANNELS

Physical association is not restricted to interactions between GPCRs but can also involve ion channels. This observation points to the need to adapt our current view to encompass more complex interactions taking place upon association of more than two proteins. Heterocomplexes involving the µ and dopamine D1 receptors together with the GluN1 subunit of the NMDA channels (µ-D1-GluN1) represent a first example. In cotransfectred cells, both µ-D1 and D1-GluN1 heteromers form in the ER through contacts involving their C-termini [START_REF] Juhasz | Mu-opioid receptor heterooligomer formation with the dopamine D1 receptor as directly visualized in living cells[END_REF][START_REF] Pei | Regulation of dopamine D1 receptor function by physical interaction with the NMDA receptors[END_REF]. D1-GluN1 heteromerization enhanced D1 signalling in the hippocampus [START_REF] Pei | Regulation of dopamine D1 receptor function by physical interaction with the NMDA receptors[END_REF] whereas negative allosteric modulation of the µ receptor activity by D1 antagonists in µ-D1 heteromers located in the Acb decreased locomotor sensitization to morphine [START_REF] Tao | Heteromers of mu opioid and dopamine D1 receptors modulate opioid-induced locomotor sensitization in a dopamine-independent manner[END_REF]. Physical proximity between µ and GluN1 was identified in the mouse PAG where µ-GluN1 activation by NMDA negatively regulated µ activity by promoting dissociation of the heteromer and subsequent µ receptor phosphorylation and desensitization [START_REF] Rodriguez-Munoz | The muopioid receptor and the NMDA receptor associate in PAG neurons: implications in pain control[END_REF]. In addition, µ-GluN1 interaction was disrupted by morphine resulting in the development of tolerance [START_REF] Rodriguez-Munoz | The muopioid receptor and the NMDA receptor associate in PAG neurons: implications in pain control[END_REF]. Considering the broad distribution of µ, D1 and GluN1, µ-D1-GluN1 complexes are likely to form in the nervous system and contribute to the modulation of nociception as well as anxio-depressive symptoms.

Heterocomplexes involving µ and NOP receptors as well as voltage gated N-type calcium channels (µ-NOP-CaV2.2) have also been identified in DRGs where NOP-CaV2.2 association resulted in a tonic inhibition of the channels likely due to the constitutive activity of the NOP receptor. The agonist nociceptin also caused G protein dependent inhibition of CaV2.2 and promoted receptor-channel cointernalization to the lysosomal compartment, both mechanisms contributing to reduce Ca 2+ entry [START_REF] Altier | ORL1 receptormediated internalization of N-type calcium channels[END_REF][START_REF] Evans | Heterodimerization of ORL1 and opioid receptors and its consequences for N-type calcium channel regulation[END_REF]. Physical proximity also exists between NOP and µ in the DRGs [START_REF] Evans | Heterodimerization of ORL1 and opioid receptors and its consequences for N-type calcium channel regulation[END_REF] where µ activation led to co-internalization of CaV2.2 and NOP [START_REF] Evans | Heterodimerization of ORL1 and opioid receptors and its consequences for N-type calcium channel regulation[END_REF]. The broad overlap in µ and NOP expression [START_REF] Ozawa | Knock-In Mice with NOP-eGFP Receptors Identify Receptor Cellular and Regional Localization[END_REF] and large distribution of CaV2.2 (reviewed in [START_REF] Kamp | Diversity of presynaptic calcium channels displaying different synaptic properties[END_REF]) in the nervous system suggest that such complexes likely form at the supraspinal level and contribute to the nociceptive response.

These examples suggest that the heteromerization process may initiate broader functional interactions than currently envisaged, by generating signalling platforms in which physical proximity between two or more receptor types and ion channels may constitute dynamic hot spots regulating neuronal activity.

LIGANDS TARGETING OPIOID RECEPTOR HETEROMERS

Exploiting the therapeutic potential of heteromers depends on the availability of selective ligands, whose design represents a major challenge (Table 2, Figure 3). Bivalent ligands consist of two ligands, each selective for one receptor type and linked together by a spacer of defined length. MDAN (µ δ agonist antagonist) ligands bridging the µ agonist oxymorphone to the δ antagonist naltrindole were the first to be designed. Acute and chronic intracerebroventricular (i.c.v.) administration of MDAN19 or MDAN21 showed increased thermal antinociceptive potency compared to morphine with no development of tolerance and low withdrawal in mice (Daniels et al., 2005b). However, intramuscular injection of MDAN21 led to variable thermal antinociception in rhesus monkeys [START_REF] Aceto | MDAN-21: A Bivalent Opioid Ligand Containing mu-Agonist and Delta-Antagonist Pharmacophores and Its Effects in Rhesus Monkeys[END_REF]. Intravenous administration of MDAN19 or MDAN 21 failed to induce conditioned place preference and reinstatement in morphine treated mice suggesting no rewarding properties [START_REF] Lenard | Absence of conditioned place preference or reinstatement with bivalent ligands containing mu-opioid receptor agonist and delta-opioid receptor antagonist pharmacophores[END_REF]. The selectivity of these ligands, however, remains controversial because naltrindole only shows moderate selectivity with a 10-100-fold higher affinity for δ compared to µ receptors [START_REF] Corbett | Selectivity of ligands for opioid receptors[END_REF][START_REF] Toll | Standard binding and functional assays related to medications development division testing for potential cocaine and opiate narcotic treatment medications[END_REF]. Therefore, binding of the MDAN compounds to two physically close µ receptors exerting antagonistic effects could not be ruled out [START_REF] Harvey | Tuned-Affinity Bivalent Ligands for the Characterization of Opioid Receptor Heteromers[END_REF]. More recently, D24M, a bivalent ligand linking the δ antagonist Tyr-Tic-OH to the low affinity µ antagonist (H-Tyr-Pro-Phe-D1Nal-NH2) with a 24-atom linker, showed about 100-fold increase in µ-δ selectivity compared to δ alone and had virtually no affinity for the µ receptor in co-transfected cells [START_REF] Olson | Synthesis and Evaluation of a Novel Bivalent Selective Antagonist for the Mu-Delta Opioid Receptor Heterodimer that Reduces Morphine Withdrawal in Mice[END_REF]. In vivo, this compound dose-dependently blocked the thermal analgesia induced by CYM51010 or deltorphin II that both target endogenous µ-δ heteromers [START_REF] Derouiche | Heteromerization of Endogenous Mu and Delta Opioid Receptors Induces Ligand-Selective Co-Targeting to Lysosomes[END_REF][START_REF] Gomes | Identification of a mudelta opioid receptor heteromer-biased agonist with antinociceptive activity[END_REF][START_REF] Morgan | Use of home cage wheel running to assess the behavioural effects of administering a mu/delta opioid receptor heterodimer antagonist for spontaneous morphine withdrawal in the rat[END_REF][START_REF] Olson | Synthesis and Evaluation of a Novel Bivalent Selective Antagonist for the Mu-Delta Opioid Receptor Heterodimer that Reduces Morphine Withdrawal in Mice[END_REF][START_REF] Tiwari | Activation of micro-delta opioid receptor heteromers inhibits neuropathic pain behavior in rodents[END_REF]. D24M also reduced naloxone induced withdrawal symptoms associated with acute and chronic morphine administration [START_REF] Olson | Synthesis and Evaluation of a Novel Bivalent Selective Antagonist for the Mu-Delta Opioid Receptor Heterodimer that Reduces Morphine Withdrawal in Mice[END_REF].

Two series of bivalent ligands were also generated to target δ-κ heteromers by bridging the δ antagonist naltrindole with the κ agonist ICI-199441 in the KDAN (κ δ agonist antagonist) series (Daniels et al., 2005a) or with the κ antagonist 5'-guanidinonaltrindole (5'-GNTI) in the KDN series [START_REF] Bhushan | A bivalent ligand (KDN-21) reveals spinal delta and kappa opioid receptors are organized as heterodimers that give rise to delta(1) and kappa(2) phenotypes. Selective targeting of delta-kappa heterodimers[END_REF]. KDAN18 exhibited thermal analgesic properties whereas KDN21 i.t. administration partially blocked DPDPE induced thermal analgesia [START_REF] Ansonoff | Consequences of opioid receptor mutation on actions of univalent and bivalent kappa and delta ligands[END_REF]. KDAN18 potency was reduced in δ knockout mice and abolished in κ or δ/κ knockout animals and KDN21 antagonistic properties were abolished in κ knockout mice [START_REF] Ansonoff | Consequences of opioid receptor mutation on actions of univalent and bivalent kappa and delta ligands[END_REF] suggesting that these compounds bind, at least in part, to δ-κ heteromers.

Bivalent ligands targeting µ and κ receptors that explored both the length of the spacer and the conformation of the ligand moieties were also generated. (-) (-) MCL 144 and (+) (-) MCL193 were synthetized by linking 2 molecules of MCL-101, an analogue of the agonist cyclorphan, with a linker corresponding to a 10 carbon chain ester. (-) (-) MCL 144 contained two active levorotary enantiomers whereas (+) (-) MCL193 combined one active (-) and one inactive (+) pharmacophores. Injection (i.c.v.) of either compound increased the threshold of thermal antinociception that was antagonized by a µ or κ but not a δ antagonist [START_REF] Mathews | In vivo characterization of (-)(-)MCL-144 and (+)(-)MCL-193: isomeric, bivalent ligands with mu/kappa agonist properties[END_REF]. Accordingly, these ligands did not affect morphine antinociception. However, selective binding to heteromers remains to be established.

Bivalent ligands were also developed to target receptors outside the opioid family by bridging the µ receptor with a cannabinoid or a chemokine receptor. The µ agonist a-oxymorphamine tethered to the CB1 antagonist rimonabant by a 20-atom spacer induced potent thermal analgesia and weak tolerance after 24 hours when administered i.c.v. or i.t. (Le [START_REF] Naour | Bivalent ligands that target mu opioid (MOP) and cannabinoid1 (CB1) receptors are potent analgesics devoid of tolerance[END_REF]. Compound 19 linking the non-selective cannabinoid agonist JWH-018 with the µ agonist oxycodone induced mechanical antiallodynia when injected i.t. in a chronic osteoarthritis pain model in rats [START_REF] Dvoracsko | Preparation of bivalent agonists for targeting the mu opioid and cannabinoid receptors[END_REF]. However, in both cases, selective targeting of µ-CB1 heteromers remains to be established.

When injected i.t., MCC22, a bivalent ligand bridging the µ agonist oxymorphone with the chemokine CCR5 antagonist TAK-220 using a 22-atom linker, strikingly increased thermal antinociceptive potency in models of inflammatory pain with no tolerance measured after 24h [START_REF] Akgun | Inhibition of Inflammatory and Neuropathic Pain by Targeting a Mu Opioid Receptor/Chemokine Receptor5 Heteromer (MOR-CCR5)[END_REF]. Similarly, MCC22 (i.p. or i.t.) reduced mechanical hypersensitivity without pharmacological tolerance in a model of spontaneous inflammatory arthritis [START_REF] Dutta | A bivalent compound targeting CCR5 and the mu opioid receptor treats inflammatory arthritis pain in mice without inducing pharmacologic tolerance[END_REF] or in a model of chemotherapy induced peripheral neuropathy [START_REF] Cataldo | The bivalent ligand MCC22 potently attenuates hyperalgesia in a mouse model of cisplatin-evoked neuropathic pain without tolerance or reward[END_REF]. MCC22 systemic administration (i.p.) did not appear to have rewarding properties as it failed to induce conditioned place preference [START_REF] Cataldo | The bivalent ligand MCC22 potently attenuates hyperalgesia in a mouse model of cisplatin-evoked neuropathic pain without tolerance or reward[END_REF]. Expression of µ-CCR5 in Iba1 positive cells of the spinal cord, and strong reduction of the antinociceptive effect in the presence of the inhibitor of microglial activation minocycline or of an antagonist of the complement system both support MCC22 binding to µ-CCR5 heteromers expressed in glial cells [START_REF] Akgun | Inhibition of Inflammatory and Neuropathic Pain by Targeting a Mu Opioid Receptor/Chemokine Receptor5 Heteromer (MOR-CCR5)[END_REF][START_REF] Akgun | Combined Glia Inhibition and Opioid Receptor Agonism Afford Highly Potent Analgesics without Tolerance[END_REF][START_REF] Cataldo | The bivalent ligand MCC22 potently attenuates hyperalgesia in a mouse model of cisplatin-evoked neuropathic pain without tolerance or reward[END_REF]. Interestingly, the higher potency of i.t injection in inflammatory conditions compared to naïve mice may indicate higher level of µ-CCR5 heteromers in the spinal cord, although this remains to be established.

Although bivalent ligands combining an agonist for one receptor with an antagonist of the other such as MDAN (µ-δ), KDAN (µ-k) or MCC22 (µ-CCR5) induce antinociceptive responses, the molecular mechanisms remain elusive. Whether these ligands provide a mixed response corresponding to the effect of each ligand separately, i.e. activation of one receptor and inactivation of the other, or generate a different signalling output remains to be established. Moreover, occupancy of one receptor by an agonist or an antagonist results in positive (µ-δ, µ-k) or negative (µ-CCR5) allosteric modulation of the other (see above) introducing additional levels of complexity. Instead, bivalent ligands bridging two antagonists, such as D24M, should offer less ambiguous interpretation and may be useful to reduce heteromer dependent adverse effects. Bivalent ligands share a limited capacity to cross the blood brain barrier. This likely explains the absence of rewarding effects when administered systemically, which can be viewed as an advantage over small opioid molecules. However, restricted targeting to peripheral receptor pairs may not provide maximal antinociception and limited central bioavailability hampers modulation of central sensory mechanisms involved in emotional and cognitive aspects, thereby limiting their potential in the clinic.

In contrast, small molecules efficiently cross the blood brain barrier. Among them, bifunctional or mixed ligands were designed that simultaneously target two receptors (reviewed in [START_REF] Gunther | Targeting multiple opioid receptors -improved analgesics with reduced side effects?[END_REF]). Cebranopadol for example is a mixed non selective opioid/NOP ligand in phase 3 clinical trial for the treatment of severe chronic pain (reviewed in [START_REF] Kiguchi | Nociceptin/Orphanin FQ Peptide Receptor-Related Ligands as Novel Analgesics[END_REF]). It combines potent analgesia with reduced abuse liability and respiratory depression. SRI22141 is a dual agonist of µ and δ receptors. It shows efficient analgesic properties with reduced tolerance and dependence in two models of neuropathic pain [START_REF] Lei | A Novel Mu-Delta Opioid Agonist Demonstrates Enhanced Efficacy With Reduced Tolerance and Dependence in Mouse Neuropathic Pain Models[END_REF]. Although of therapeutic interest, these ligands can bind to individual receptors as well as receptors engaged in heteromer formation. Attempts were thus made to develop small molecules that would selectively target heteromers. CYM51010 [START_REF] Gomes | Identification of a mudelta opioid receptor heteromer-biased agonist with antinociceptive activity[END_REF], and eluxadoline, recently approved by the FDA for the treatment of the irritable bowel syndrome (FDA Nº206940) showed reduced signalling in the presence of µ-δ selective antibodies (Fujita et al., 2014b;[START_REF] Gomes | Identification of a mudelta opioid receptor heteromer-biased agonist with antinociceptive activity[END_REF][START_REF] Tiwari | Activation of micro-delta opioid receptor heteromers inhibits neuropathic pain behavior in rodents[END_REF][START_REF] Wade | Modulation of gastrointestinal function by MuDelta, a mixed micro opioid receptor agonist/ micro opioid receptor antagonist[END_REF] and lower efficacy in δ knockout mice (Fujita et al., 2014b;[START_REF] Tiwari | Activation of micro-delta opioid receptor heteromers inhibits neuropathic pain behavior in rodents[END_REF] suggesting that these compounds bind to µ-δ heteromers. However, both CYM51010 and eluxadoline can activate the δ [START_REF] Derouiche | Heteromerization of Endogenous Mu and Delta Opioid Receptors Induces Ligand-Selective Co-Targeting to Lysosomes[END_REF]Fujita et al., 2014b) or µ [START_REF] Gomes | Identification of a mudelta opioid receptor heteromer-biased agonist with antinociceptive activity[END_REF][START_REF] Tiwari | Activation of micro-delta opioid receptor heteromers inhibits neuropathic pain behavior in rodents[END_REF] receptors expressed alone. Nonetheless, CYM51010 induced efficient thermal analgesia with lower physical dependence and tolerance compared to morphine [START_REF] Gomes | Identification of a mudelta opioid receptor heteromer-biased agonist with antinociceptive activity[END_REF]. In the spinal nerve ligation model, CYM51010 relieved mechanical and thermal allodynia even in animals chronically treated with morphine [START_REF] Tiwari | Activation of micro-delta opioid receptor heteromers inhibits neuropathic pain behavior in rodents[END_REF]. Very recently, MP135, a derivative of the µ agonist carfentanyl showed higher selectivity for µ-δ heteromers and produced efficient acute thermal antinociception. Unfortunately, MP135 retained the side effects of the parent molecule as it exhibited rewarding properties and induced respiratory depression [START_REF] Faouzi | Synthesis and Pharmacology of a Novel mu-delta Opioid Receptor Heteromer-Selective Agonist Based on the Carfentanyl Template[END_REF].

N-naphthoyl-β-naltrexamine (NNTA) produced strong thermal antinociception devoid of tolerance, physical dependence, or reinforcing properties upon i.t. injection that was abolished in µ deficient mice [START_REF] Yekkirala | Nnaphthoyl-beta-naltrexamine (NNTA), a highly selective and potent activator of mu/kappa-opioid heteromers[END_REF]. Aversion was observed with doses 10 times higher than the antinociceptive ED50 consistent with the reported dysphoric effects of mixed κ agonist-µ antagonist ligands. However, NNTA's strong µ antagonism suggests limited selectivity towards µ-κ heteromers.

Intrathecal administration of 6-guanidinonaltrindole (6'GNTI) [START_REF] Waldhoer | A heterodimerselective agonist shows in vivo relevance of G protein-coupled receptor dimers[END_REF] or its local (i.pl.) administration in a model of inflammatory pain [START_REF] Jacobs | Signaling characteristics and functional regulation of delta opioid-kappa opioid receptor (DOP-KOP) heteromers in peripheral sensory neurons[END_REF] induced thermal antinociception. This effect was reduced by a pretreatment with a δ antagonist or in mice deficient for the δ or κ receptor [START_REF] Berg | Allosteric interactions between delta and kappa opioid receptors in peripheral sensory neurons[END_REF][START_REF] Jacobs | Allosterism within delta Opioid-kappa Opioid Receptor Heteromers in Peripheral Sensory Neurons: Regulation of kappa Opioid Agonist Efficacy[END_REF] and was abolished in double knockout animals [START_REF] Ansonoff | Consequences of opioid receptor mutation on actions of univalent and bivalent kappa and delta ligands[END_REF] or in the presence of a peptide corresponding to the δ TM1 [START_REF] Jacobs | Allosterism within delta Opioid-kappa Opioid Receptor Heteromers in Peripheral Sensory Neurons: Regulation of kappa Opioid Agonist Efficacy[END_REF]. In addition, knocking down δ or κ receptors blocked 6'GNTI signalling in cultures from rat trigeminal ganglia [START_REF] Jacobs | Allosterism within delta Opioid-kappa Opioid Receptor Heteromers in Peripheral Sensory Neurons: Regulation of kappa Opioid Agonist Efficacy[END_REF] where δ and κ receptors were co-immunoprecipitated [START_REF] Berg | Allosteric interactions between delta and kappa opioid receptors in peripheral sensory neurons[END_REF]. When administered i.c.v., no thermal antinociception was observed, consistent with the reported low levels of δ-κ heteromers in the brain [START_REF] Yoo | Knockout subtraction autoradiography: a novel ex vivo method to detect heteromers finds sparse KOP receptor/DOP receptor heterodimerization in the brain[END_REF]. Collectively, these data support 6'GNTI activation of δ-κ heteromers but the selectivity towards δ-κ heteromers appears only partial as this ligand is also a potent κ agonist [START_REF] Rives | 6'-Guanidinonaltrindole (6'-GNTI) is a G proteinbiased kappa-opioid receptor agonist that inhibits arrestin recruitment[END_REF][START_REF] Schmid | Functional selectivity of 6'guanidinonaltrindole (6'-GNTI) at kappa-opioid receptors in striatal neurons[END_REF] and, can activate µ-κ heteromers although to a lesser extent [START_REF] Waldhoer | A heterodimerselective agonist shows in vivo relevance of G protein-coupled receptor dimers[END_REF].

To date, small molecules targeting heteromers retain affinity and activity for the receptor monomers, at least to some extent. Improving their selectivity constitutes a major pharmacological challenge to overcome.

PERSPECTIVES

More than 20 years after the first report in co-transfected cells [START_REF] Jordan | G-protein-coupled receptor heterodimerization modulates receptor function[END_REF], studying opioid receptor heteromers in vivo remains extremely challenging due to discrete distribution in the nervous system, low expression level, co-existence with individual parent receptors, not to mention splice variants. In addition, physical association may also be dynamically regulated resulting in transient physical association. The limited amount of data collected so far to support the functional impact of heteromers in vivo highlights the lack of selective tools to identify their properties and distinguish them from receptor cross talk taking place at the level of signalling cascades or neural circuits.

Deciphering heteromer signalling and trafficking in native environments, however, is increasingly recognized as essential for improving our understanding of the molecular mechanisms governing their pathophysiological contribution. Indeed, information collected in co-transfected cells should be considered with caution because of the high receptor expression levels often achieved but also due to the difference in cellular contents. Specific antibodies or nanobodies, selective ligands, whether agonists or antagonists, are needed to probe receptor induced conformational changes and/or manipulate heteromer activity in native cellular environment [START_REF] Che | Nanobody-enabled monitoring of kappa opioid receptor states[END_REF][START_REF] Livingston | Measuring ligand efficacy at the mu-opioid receptor using a conformational biosensor[END_REF]. Crystal or NMR based 3D structure determination [START_REF] Garcia-Recio | DIMERBOW: exploring possible GPCR dimer interfaces[END_REF] and in silico approaches (reviewed in [START_REF] Barreto | Prediction and targeting of GPCR oligomer interfaces[END_REF]) may also provide useful clues about contact interface and help in designing ligands. The reported allosteric modulation taking place within heteromers suggests that this interface is dynamic and sensitive to small conformational changes [START_REF] Dijkman | Dynamic tuneable G protein-coupled receptor monomer-dimer populations[END_REF][START_REF] Manglik | Crystal structure of the micro-opioid receptor bound to a morphinan antagonist[END_REF], which may include a yet unrecognized contribution of the lipidic environment in shaping receptor conformation [START_REF] Provasi | Preferred supramolecular organization and dimer interfaces of opioid receptors from simulated self-association[END_REF][START_REF] Zheng | Cholesterol level influences opioid signaling in cell models and analgesia in mice and humans[END_REF].

Better understanding of the dynamics of receptor association at the plasma membrane, but also during export and internalization, implies further technological developments. This could be achieved by combining recent approaches to tag receptors and improved imaging techniques. For example, selective tagging using ligand directed fluorescent labelling of endogenous receptors [START_REF] Arttamangkul | Visualizing endogenous opioid receptors in living neurons using ligand-directed chemistry[END_REF], infrared fluorescent conjugated ligands [START_REF] Ast | Super-resolution microscopy compatible fluorescent probes reveal endogenous glucagon-like peptide-1 receptor distribution and dynamics[END_REF] and nanobodies [START_REF] Gormal | Modular transient nanoclustering of activated beta2-adrenergic receptors revealed by single-molecule tracking of conformation-specific nanobodies[END_REF][START_REF] Moller | Single-molecule analysis reveals agonist-specific dimer formation of micro-opioid receptors[END_REF][START_REF] Sungkaworn | Single-molecule imaging reveals receptor-G protein interactions at cell surface hot spots[END_REF], or (infra)red fluorescent receptor fusion proteins [START_REF] Prangsma | Quantitative Determination of Dark Chromophore Population Explains the Apparent Low Quantum Yield of Red Fluorescent Proteins[END_REF] represent new options. The latter could be used to visualize receptor close proximity by single molecule (dual-color photoactivatable dyes and localization microscopy (PD-PALM) [START_REF] Jonas | Single molecule analysis of functionally asymmetric G protein-coupled receptor (GPCR) oligomers reveals diverse spatial and structural assemblies[END_REF], super-resolution (STED) [START_REF] Mitronova | High-Affinity Functional Fluorescent Ligands for Human beta-Adrenoceptors[END_REF]) and/or dynamic (fluorescence intensity fluctuation spectrometry [START_REF] Stoneman | A general method to quantify ligand-driven oligomerization from fluorescence-based images[END_REF]) imaging.

The increased expression and broader distribution reported for several heteromers in pathological conditions suggest that this aspect is essential when exploring the functional role of heteromers and their therapeutic relevance. Genetically modified animals such as inducible conditional knockin or knockout promoting or ablating expression of one receptor in a subset of cells expressing the other receptor would enable spatio-temporal control of their co-occurrence. This would make it possible to interrogate the contribution of heteromer formations in selected cell populations and/or neuronal circuits at various timepoints to better grasp their role in pathological states.

Heteromers should also be envisaged in the larger context of signalosomes as allosteric modulation of the receptor activity is likely to modify or engage novel interactions with intracellular partners. To date, only canonical signalling pathways have been explored, and only to a limited extent. Changes in µ trafficking for example suggest modifications in interactions with scaffold proteins [START_REF] Civciristov | Liganddependent spatiotemporal signaling profiles of the mu-opioid receptor are controlled by distinct protein-interaction networks[END_REF]. Identifying the interactome associated with heteromers by a proteomic approach would allow exploration of novel intracellular cascades. In addition, heteromerization may also reflect larger signalling platforms in which several receptor types and ion channels are present in physical proximity to dynamically regulate the cellular activity.

In conclusion, our understanding of endogenous opioid receptor based heteromers is still poor. Further technological developments will be instrumental for in-depth assessment of their functional role in vivo. In addition, highly selective ligands with good bioavailability are urgently needed to explore and exploit their potential as drug targets for improved therapeutic strategies in the clinic.

FIGURE LEGENDS

FIGURE 1: Distribution of opioid receptor heteromers in rodents. Close physical proximity between receptors was established in basal (black) or in pathological (chronic pain or chronic morphine (blue) conditions. Other receptor pairs have been postulated for which information about the physical proximity in the region is still missing (red). DRG, dorsal root ganglia; PAG, periaqueductal gray; RVM, rostral ventromedial medulla; Sol, nucleus of the tractus solitaris; TG, trigeminal ganglia; VTA, ventral tegmental area. FIGURE 2: Opioid receptor heteromers modulate chronic pain and associated comorbidities. Activation of some opioid receptor heteromers is associated with antinociceptive properties and potential improvement of anxiodepressive comorbidities (receptor pairs on blue background) whereas, for others, activation results in increased pain perception and side effects (receptor pairs on red background). Additional opioid receptor heteromers have been identified in structures relevant to nociception and/or involve receptors with known contribution in pain perception but their contribution has not yet been clearly identified (receptor pairs on grey background). FIGURE 3: Chemical structures of ligands targeting opioid receptor heteromers. For bivalent ligands, the number of elementary units (n) defining the length of the linker and the receptor targeted by each moiety are indicated.
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