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Abstract
Protein to protein interactions leading to homo/heteromerization of receptor is well documented in literature. These interactions leading to dimeric/oligomers formation of receptors are known to modulate their function, particularly in case of G-protein coupled receptors. The opioid receptor heteromers having changed pharmacological properties than the constituent protomers provides preferences for novel drug targets that could lead to potential analgesic activity devoid of tolerance and physical dependence. Heterodimerization of opioid receptors appears to generate novel binding properties with improved specificity and lack of side effects. Further the molecules which can interact simultaneously to both the protomers of the heteromer, or to both the binding sites (orthosteric and allosteric) of a receptor protein could be potential therapeutic molecules. This review highlights the recent advancements in exploring the plausible role of heteromerization of opioid receptors in induction of tolerance free antinociception.
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Core tip: Endogenous opioid peptides are known for their analgesic effects. However their analgesic effect is downplayed by the side-effect of tolerance development. To maintain homeostasis to their effect, other endogenous anti-opioid peptides works parallel to it. The present work highlights the role of anti-opiates in development of tolerance to opiate drugs. 
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OPIOID RECEPTOR HETEROMERIZATION

Introduction

Opioid system comprising endogenous opioid peptides and receptors is mainly expressed in the central nervous system[1]. A prominent role is played by the opioid system in modulation of nociception, neuroendocrine physiology, autonomic functions and reward processing[2]. Opioid receptors are a part of the G-protein coupled receptors (GPCRs) family. There exist three types of homologous opioid GPCRs viz. mu opioid receptor (MOR), delta opioid receptor (DOR) and Kappa opioid receptor (KOR)[3]. Extensive studies have been done to enunciate their implications in pain control, mood disorders and drug abuse[4,5]. GPCRs are seven transmembrane spanning proteins, which represent powerful targets to modulate both, the physiological and pathological states as they are involved in many biological processes. Regulation of GPCR activity is through various mechanisms viz. phosphorylation, endocytosis, desensitization, etc. is substantially evident. Among these, the interactions leading to heteromerization in which one protein receptor interacts with other protein receptor particularly modulates the GPCR function[6]. Decades of research over opioid pharmacology has discovered the complexity underlying the physiology of opioid system[7]. Various homotypic and heterotypic interactions have been revealed among the three types of opioid receptors (, KOR and DOR), when they are expressed in heterologous cells[8-10], which were considered as single units functionally. As a result the ligand binding and signaling properties get altered for these receptors. However occurrences of such interactions in live cells and ex vivo have not been reported until now and even no clue was there whether they were physiologically relevant. Protein complexes give rise to functional interactions within intracellular partners, resulting from shared association or downstream effectors competition. However, these interactions are highly debated whether they occur at neuronal level through signaling pathways or at molecular level exhibiting physical association of receptors by direct contact and with existing tools it is very difficult to claim any specific answer for them. 

Recent reports shed some light over the functional interactions across receptors, by analysing the opioid drug effects for MOR and DOR receptors in vivo[11]. Well known example is of DORs to have implication in opioid tolerance development to morphine[12]. To further explore on this growing notion a “two-state dimer receptor model” has been recently proposed to understand and interpret heteromer operation by binding to lead molecules[13]. A receptor is a cellular macromolecular assembly which specifically transduces chemical signals inside and between cells. Whereas a receptor heterodimer is composed of two units and its biochemical properties may be different from its individual protomers[14]. This could be either due to some sort of intermolecular interaction or allosteric interaction which leads to the changes in binding properties of other protomer upon ligand binding to the first protomer. Thus generating novel pharmacological and signalling properties[15] which when targeted by specific ligands leads to improved efficacy with reduced undesirable effects[16]. Such specific ligands could be dualsteric compounds and may interact simultaneously to both the protomers or to the orthosteric site of one and then allosterically modulating the other protomer. In case of the allosteric interactions receptor subtype-selectivity is achieved and it may also modulate the efficacy as well as intracellular signaling pathway activation. The occurrence of opioid receptor heteromers uncovers a new side of novel drug targets which could be capable of combating a variety of diseases with potentially fewer side effects.

Since all the aspects of receptor physiology, pharmacology, trafficking, signaling, ligand affinities, etc. are affected due to the heteromer formation, it offers a very useful handle to obtain reliable macroscopic dissociation constant (KD) values from binding data for biphasic kinetics. A new parameter, degree of cooperativity (Dc) could quantitatively define the intramolecular communication within the dimer. This new parameter has enabled vision of the occurrence of receptor heterodimers unfolding the new functional and pharmacological perspectives for GPCRs[17].

Initially the opioid receptors heteromerization was studied in artificial cell systems but now the focus has been shifted to its in vivo relevance. Many compounds have been identified that could selectively target the opioid heteromers of DOR with KOR and MOR influencing the opioid analgesic effect and modulating its ethanol consumption side effect. In some cases the differences in receptor trafficking properties have been attributed to the specific physiological response produced by the heteromers in comparison to their homomeric counterparts. For opioid receptor heteromers the easier detection of pharmacological profile modification has been achieved which has enabled the consideration of making opioid drugs like morphine more effective while restricting its side effects[18]. One of the examples is of DOR ligands which have shown potentiation of morphine’s efficiency. Although, the molecular mechanism underlying such observations is still not clear, they have been attributed to the modulation of receptor function due to physical association between them. This hypothesis has been supported by the existence of mu-delta receptors complexes in live cells and the enhancement of their binding and signaling activity by antagonist occupancy of receptors. Thereby suggesting that heterodimeric association of opioid receptors could be used as a model to develop novel drug compounds for pain modulation[19].

An important aspect of opioid pharmacology is the establishment of the side effect, tolerance and dependence[20]. Tolerance may be defined as a phenomenon in which an increased amount of drug is required to produce the same level of drug effect after repeated use of the drug. Development of tolerance involves complex biochemical procedures at the cellular as well as sub-cellular level. Though many mechanisms have been proposed for the same but due to conflicting reports, no mechanism is yet universally accepted. Several lines of evidence propose that development of opioid tolerance may have multiple causes involving complex physiological adaptations, but majorly includes molecular level receptor trafficking. 

The classical approach attributes opioid tolerance development and physical dependence in the body to the changes that occur at the receptor level viz. desensitization, down-regulation or internalization of opioid receptors. But it could not completely explain all the aspects of tolerance and physical dependence which gave rise to an alternative model, the “anti-opioid model”[21], shown in Figure 1. This model postulates the existence of an anti-opioid system within the body which works parallel to the endogenous opioid system, to neutralize the antinociceptive opioid effects upon chronic treatment. Certain endogenous neuropeptides such as Phe-Met-Arg-Phe-NH2 (FMRFa), Phe-Leu-Phe-Gln-Pro-Gln-Phe-NH2 (NPFF), Tyr-Pro-Leu-Gly-NH2 (Tyr-MIF-1) and orphanin FQ/nociceptin, exhibits anti-opioid effects. These peptides mediate their biological effects through a different set of receptors, distinct from opioid receptors[22] which are also G protein-coupled receptors[23,24]. Together these peptides and their receptors are known to have role in the development of tolerance and physical dependence upon chronic administration of opioids.

Taking for example, morphine chronic treatment should increase the release of anti-opioid peptides which thereby will lead to attenuation of the morphine antinociceptive effects. Further opioid treatment will cause more release of anti-opioid which will induce tolerance to the opioid effects. The residual excess of anti-opioid left after termination of opioid administration, is partially responsible for the withdrawal syndrome. This model suggest the participation of NPFF in modulation of opioid effects and therefore present them as important targets for novel pharmacological agents which can intensify the opioid antinociceptive effects by modulating endogenous opioid function. In view of this point, the agonists of the anti-opioid system would block the opioid effect whereas their antagonists are expected to potentiate it. Such hypothesis broadens the vision to describe the role of NPFF system in the control of opioid function mainly in supraspinal regions. In particular, NPFF exhibiting anti-opioid effects emerges as a modulator of the opioid effects along with having significant role in the development of opioid tolerance and physical dependence.

This story has another side to be viewed, where experimental evidences have shown that NPFF exhibits opioid-like effects and it also potentiates in both the spinal as well as supraspinal regions the analgesic effect of morphine. Earlier NPFF has been placed in the anti-opioid category inspite of demonstration of both pro- and anti-opioid effects because the underlying mechanisms were not clear. However, recent studies are revealing the complexities of NPFF effects on opioid analgesic activity and thereby limiting the use of anti-opioid term to describe the physiological role of NPFF[25].
Evidences for opioid receptor heteromerization

Opioid GPCRs appear to form homo/heteromers having altered ligand binding and activation of G-protein[26,27]. The opioid receptor heteromerization was believed to occur intracellularly, where the two receptors may have physical association, thereby operating as homo/heteromers with distinct signaling and trafficking pro​perties as compared to their monomeric counterparts[11]. The concept of homo/heteromers prevails from the reports on heteromerization of many GPCRs including MOR and DOR[8,9]. The first example of role of heteromerization in pharmacological diversity was observed in studies on DOR and KOR receptors[28]. These studies exhibited the ligand binding, functional and trafficking properties of DOR/KOR complex that are distinct from those of each individual receptor[8]. In vivo operation of these mechanisms indeed is still unresolved in GPCR research[11]. Until now, there is very little evidence supporting the in vivo co-expression of MOR/DOR receptors. Few examples have been reported in dorsal root ganglia[29], spinal cord[19], rostroventral medulla[11] and in a limited number of brain areas which are tested by specific antibodies raised particularly against these heteromers[30]. Various studies viz. coimmunoprecipitation and bioluminescence resonance energy transfer studies suggest physical association between MOR and DOR receptors upon co-expression[19,31], although their distinct localization and activation have been recently reported in studies on mice[32]. It is revealed from one of the study that chronic administration of morphine upregulates the MOR/DOR dimers[30] and during this the activation of the DOR subunit in the dimer results in degradation of MOR and cellular response[33].

A study supporting MOR/DOR heteromer formation demonstrating oligomerization of MOR receptor dimers into heteromer complex formation with DOR receptor following prolonged morphine treatment, and the influence on these interactions of DOR receptors. The changes in association were measured by förster resonance energy transfer (FRET), the mobility of receptors by fluorescence correlation spectroscopy and the degree of oligomerization by number analysis. Moreover the structural interpretation was done via computational modelling. With morphine there was little effect on the diffusion properties and interaction with G proteins of MOR. On the other hand, presence of DOR increases the oligomerization along with association of MOR receptors with G-proteins upon morphine treatment, indicating correlation of functional properties of MOR with its oligomerization[34].

Amongst the GPCR heteromers studied so far, opioid receptors were the first to be exhaustively studied via functional (changes in pharmacology), biochemical (immunoprecipitation, cross linking) and biophysical (FRET, BRET) methods. The affinity for heteromer formation is same for all the opioid receptors[35]. For example DOR can heteromerize with either MOR[36] or/and KOR[37]. Taking a deep insight into the heteromers formed could reveal the presence of opioid receptor subtypes that have been pharmacologically defined, but not ascribed as splice variants. This could be exemplified by delta opioid receptor subtype 1 (DOR1) [preferred (D-Pen2,D-Pen5)enkephalin (DPDPE) and 7-Benzylidenenaltrexone (BNTX)] and DOR2 (preferred deltorphin Ⅱ and naltriben), as DOR1 forms DOR/KOR heteromer and DOR2 forms DOR/MOR heteromer. Conversely in other study more pronounced affinity was observed for DOR/MOR heteromer by DOR1 (BNTX) ligand[10]. Supporting the previous observations, some behavioural effects viz. ethanol consumption, of DOR1 ligands are affected by disruption of MOR, partially confirming involvement of DOR1 in DOR/MOR heteromer[38]. Similarly exists the subtypes of MOR and KOR receptors. MOR antagonist naloxonazine inhibits MOR1 only out of the two MOR1 and MOR2. In case of KOR three subtypes have been pharmacologically identified out of which KOR1 binds arylacetamides, KOR2 does not, while KOR3[39] is insensitive to KOR (U50,488) ligand. Interestingly the subtypes being classified for various opioid receptors may be same, e.g., MOR2 may be DOR2[40], whereas DOR1 and KOR2 may be the same DOR/KOR heteromer[41]. 

Another example includes the co-immunoprecipitation of MOR1 and DOR1 in the central nervous system tissue[19] which have been selectively recognized by the antibodies for DOR/MOR heteromer in vitro and in vivo as well[42]. Furthermore, only a single ligand, 6’-guanidinonaltrindole (6’-GNTI), has been identified that selectively activates a heteromer in vitro and produces a biological effect in vivo[43]. Although there is ongoing debate over the in vivo role of DOR/MOR or DOR/KOR heteromers, some evidences do exist for their existence in vivo.

Taking together the synergism between DOR and KOR receptor agonists and the reports on co-localization of opioid receptors from spinal region, DOR receptor agonist DPDPE was proposed to interact with DOR recognition site in an allosteric DOR/KOR heteromer. This heteromer is said to be allosteric because this model considers that upon norBNI binding to KOR recognition site induces conformational changes in the other protomer of the heteromer, DOR which results in antagonism of DPDPE antinociception. Another support for this observation came from a study on porcine ileum where DOR and KOR receptors were found co-localized and norBNI significantly antagonized the DOR selective agonists[44]. Thus reinforcing the existence of DOR1 receptor as DOR/KOR heteromer in the mouse spinal cord and that the two subunits are allosterically coupled[45].

In another study the DOR agonist deltorphin-Ⅱ has been reported as functional agonist of the MOR/DOR heteromer, which not only induced desensitization but also inhibited the adenylyl cyclase through a pertussis toxin-insensitive G-protein. Stimulation of the heteromer MOR/DOR lead to the activation of Gz, which was demonstrated by the incorporation of GTP35S, whereas, individual activation of separate MOR and DOR receptors activated Gi preferably. This specific behaviour has been attributed to the shared involvement of both receptors distal carboxyl tails, so that truncation of distal carboxyl tail of one of the receptor modified the selective ligand-binding pocket of the other. The significance of the role of distal carboxyl tails in the receptor interaction could be viewed from the reduction in their co-immunoprecipitation upon truncation of the carboxyl tails of both the receptors. Thereby suggesting the occurrence of interaction upon co-expression only, indicating the generation of MOR/DOR heteromer by a co-translational mechanism[46].

One of the studies further provides new understandings of the MOR/DOR receptor heteromer trafficking via clathrin and dynamin endocytic machinery. The insight of this mechanism was that MOR/DOR receptor heteromers internalization by DOR agonists needed the modification of MOR agonist binding to MOR/DOR heteromer caused by the DOR agonists which occupied both the receptors binding pockets and remained intact in a morphine tolerance model[47]. Another study suggested the existence of DOR/KOR heteromers in the sensory neurons of rat and the modulation of DOR agonist responses via KOR antagonists through the allosteric interaction of the protomers[48].

Opioid receptors are known for modulation of all levels of brain function including autonomic, sensory, emotional and cognitive processing. A very recent study has provided a proof-of-principle brain atlas using the MOR/DOR interacting model for the co-expression of GPCRs in vivo[11]. And now it has become an established fact that MOR and DOR receptors have functional interactions in vivo but still the underlying mechanism is still unresolved. To gain an insight of the existence of MOR/DOR heteromer in brain a double knock-in, redMOR/greenDOR (red protein mcherry tagged and green fluorescent protein tagged) mice model was generated. The data has been reported for the mapping of both receptors throughout the nervous system and is accessible online offering subcellular level visualization of opioid receptor atlas with associated MOR/DOR. Further where co-immunoprecipitation revealed heteromerization of receptors, high-order processing of forebrain suggested system-level interactions between MOR and DOR receptors as they were detected in separate neurons. On the contrary, subcortical networks highlighted co-localization which is crucial for eating, perception, sexual behaviours and response to aversive stimuli[11].

Although in literature all the three possible receptor heterodimer formations have been reported for the three known opioid receptors viz. KOR/MOR, MOR/DOR and KORDOR, the most importantly known and proven till date has been the heteromer MOR/DOR. Apart from this there is another interesting possibility of opioid receptors forming heteromers with other receptors outside their family having distinct pharmacological properties, different affinities for ligands as well as different signaling and receptor trafficking.

Astonishingly recent reports have identified and proposed the presence of some sort of association within the cell membrane between opioid and anti-opioid NPFF receptors. A study performed on rats revealed strong and long-lasting antinociceptive effects induced by NPFF when administered intrathecally along with potentiation of the morphine-induced analgesia[49]. This model proposed NPFF as a functional DOR/opioid autoreceptor antagonist causing an increase in the release of endogenous opioid peptides in spinal cord[50].

Another in vitro study done on SH-SY5Y cells showed a physical interaction between NPFF2 and MOR receptors, explaining the anti-opioid activity of NPFF2 receptors. By promoting a heteromeric association with MOR receptors, NPFF agonists cause changes in the diffusion properties of MOR receptors, as if they are moving MOR receptors away from their signaling associates. As a consequence, the response to opioids is reduced. The modulation of the delivery and trafficking of DOR/opioid receptors at the cell surface is assumed to be a means for regulating MOR receptor function, hence opioid analgesia and tolerance[51]. Likewise, the molecular mechanism described here for NPFF, comparable to the diffusion-trap system of the synapse, could represent another way to modulate the opioid response. 

NPFF2 receptors exert a nonreciprocal antagonism on opioid receptors. Although, many other peptides including the opioid peptides, have been known to modulate the opioid receptors activity but it is only NPFF which exerts the antiopioid activity. To study this, a model SH2-D9 has been provided which enables the characterization of the molecular mechanisms involved in NPFF and opioid receptors interaction[52]. 

It is clearly evident at various, behavioural and receptor levels that NPFF and opioid systems interact. Though the most extensively studied physiological function is nociception, others like reward, locomotion, feeding, and intestinal motility are also affected. The two reciprocate each other as endogenous opioids are implied in analgesia upon spinal injection of NPFF and upon chronic opioid treatment, the endogenous NPFF peptides results in analgesic tolerance/hyperalgesia. These pharmacological modifications could be explained by the cellular anti-opioid effect of NPFF which has been attributed to the heteromerization mediated direct cross-talk between the two types of receptors studied in model cell lines. The validation of this hypothesis on endogenous receptors in neurons is a great challenge which will unveil some new perspectives for pain modulation and tolerance development[53]. This review focuses on the latest developments in the field of opioid receptor heteromerization and role in tolerance development. 

PHARMACOLOGY AND THERAPEUTIC POTENTIAL OF OPIOID RECEPTOR HETEROMERS

Previously opioid receptors were considered as monomers and the selection of ligands binding to these receptors was based on observed pharmacological parameters. However, recent evidence from converging methodologies suggests that opioid receptors are expressed as homo/heterodimers. Opioid receptors homo/heteromerization is assumed to play a role in the activation of receptors and their internalization. This review focuses on advancements in the field of opioid receptor heteromerization and its impact on their pharmacological behaviour, and is summarised in Table 1. Since the theory behind heteromerization is still unknown, various models have been devised to identify the neurotransmitters binding to opioid receptors and their activation mediated by the allosteric interactions taking place between the protomers. Although there is a lack of a model predicting heteromerization signalling, functional data supports their occurrence as well as effects produced by them in response to a single neurotransmitter[54].

It has been very recently known that heterodimerization of opioid receptors modulates their pharmacology. The variation in the opioid receptor number, their distribution and the post-translational modifications may have great impact on the various adaptive changes following the acute (e.g., desensitization) and chronic (e.g., tolerance and down-regulation) opioid administration. Although each protomer of the heteromer is distinct, the heteromer too on the whole represents a distinct entity. Therefore depending on the heteromer different affinities and efficacies are expected for compounds. Thus the existence of opioid receptors heteromers open up a new field for the identification of compounds with improved specificity and reduced undesirable effects as they generate novel pharmacological and signaling properties. 

Several laboratories have indeed started using this interesting therapeutic approach to design such compounds which may act on two receptors of the heteromer. In doing so, there arise two possibilities for the development of “dual” compounds. In first the dual compounds have moderate affinity for the two receptors whereas in second case the “dimeric” compounds would activate simultaneously both the receptors of the heterodimer. Out of these the second would serve to be an excellent tool for detection of heteromerization in natural tissues. Many such heteromer specific compounds do exist which have been identified serendipitously. These rationally designed dualsteric GPCR agonists have allowed the simultaneous exploitation of favourable characteristics of orthosteric and allosteric receptors and prove to be a promising new approach for the achievement of fine-tuned GPCR modulation[55]. Following this approach it is expected that more rational (perhaps modelling based) approaches will emerge in the future.

The dualsteric ligands would enable both in vivo heteromer localization as well as their dynamics. Moreover, tissue-selective expression of opioid receptors would also enable prevention of the opioid induced side-effects viz. constipation and respiratory depression. In addition, the alteration of heteromers expression during morphine tolerance development could represent unexplored and selective targets for the pain modulation and reversing the development of tolerance and physical dependence[56]. 

LIGANDS TARGETING OPIOID HETEROMERS

Out of the ligands identified so far that are selective for the opioid receptor types, some may exhibit selectivity towards the heteromer in a differential manner in comparison to the individual receptors. In this context, various studies have been initiated to evaluate the classical MOR and DOR ligands selectivity towards MOR/DOR heteromer and also some MOR/DOR heteromer selective compounds have been identified and synthesized.

Given below are some examples of ligands targeting opioid receptor heteromers having analgesic effects in vivo and their possible role in side-effects, e.g., tolerance.

Classical MOR agonists

Morphine has long been known as one of the choice analgesic used to treat chronic pain, but its usage is restricted due to the development of tolerance and physical dependence. To overcome this shortcoming, various strategies have been considered to enhance the potency of morphine while limiting its abuse. The most important out of them is using a combination of drugs, to increase the effectiveness of morphine.

Measurement of intracellular calcium release via chimeric G proteins or GTPS binding has enabled the examination of the signaling properties of both the classical and clinically used MOR agonists (DAMGO, morphine, fentanyl and methadone) which is done in the cells stably expressing homo/heteromeric opioid receptors[57]. The potencies of these agonists increased to almost 7-12 folds higher in MOR/DOR heteromers than in MOR homomers and showing no significant results in DOR homomers. Whereas the DOR selective antagonist, naltrindole, antagonized the morphine, fentanyl and methadone mediated signaling exclusively in MOR/DOR heteromers expressing cells and also the antinociceptive effects of these drugs in monkeys[58]. Thus, suggesting MOR/DOR heteromers as prime targets for exhibiting antinociception and in tolerance development of these drugs.

Studies have shown that selective ligands activate distinct signaling pathways in cells expressing MOR/DOR heteromers in comparison to the cells expressing MOR homomers. As for example, DAMGO activates Gi/o-mediated signaling in MOR alone expressing cells while -arrestin mediated signaling is activated in MOR/DOR heteromers expressing cells[59]. Since the -arrestin mediated signaling is known for involvement in tolerance development, the MOR/DOR heteromers are suggested to play a role in the same[60]. 

Various in vivo studies have revealed that modulation of morphine-mediated antinociception involves MOR/DOR heteromers like morphine antinociception is enhanced by endogenous DOR agonist, Leu-enkephalin, by synthetic analog of enkephalin, FK33824 or by DOR opioid antagonist, TIPP[19]. 

Further studies have promoted the DOR involvement in morphine tolerance development. Like in one study DOR receptor antagonist, naltrindole have been shown to block the morphine tolerance development[61] and in other study the DOR knockout mice did not developed the antinociceptive tolerance to morphine[62,63].

Recent reports have shown increased levels of MOR/DOR heteromers in brain and spinal regions following the morphine chronic treatment, using heteromer selective antibodies[30]. Another study using (transactivator of transcription) peptide (GRKKRRQRRRPQ) (TAT) peptide which targets the transmembrane 1 of MOR, preventing its heteromerization, demonstrated prevention of morphine tolerance development upon pretreatment with TAT[33]. Thus clearly indicating the crucial role of MOR/DOR heteromers in morphine induced anti​nociceptive tolerance.

Further studies have shown that MOR subunits interactions or interactions with other G-proteins are not disturbed by the morphine treatment rather it destabilizes the MOR/DOR heteromers. This could be seen in a recent study which shows that activation of the DOR protomer in MOR/DOR heteromer causes degradation of MOR protomer rather than recycling and thus decreasing its cellular response[33]. This is explained on the basis of sizes where MOR/DOR heteromers can be easily transferred to the lysosomal pathway as compared to MOR homomers which are larger in size, through more accessible sites for proteolysis or modifications, such as ubiquitination. Finally, proposing MOR/DOR heteromer as a suitable example to demonstrate the role of GPCR heteromerization causing differences in the cellular responses[34]. 

Classical DOR agonists

The antinociceptive effects of DOR selective agonist SNC80 have clearly depicted the involvement of MOR/DOR heteromers. It was also shown in cells co-expressing a chimeric G-protein with either opioid receptor heteromers or individual receptor homomers that SNC80 induced intracellular calcium release only in cells expressing MOR/DOR heteromers[64]. Additionally MOR knockout animals did not showed the antinociceptive effect of SNC80 which was right shifted by almost 3-fold and with DOR knockouts the right shift was almost 6-fold[64]. Combining these results emphasized on the necessary presence of both MOR and DOR for the antinociceptive activity of SNC80. Further in a study combination of highly selective MOR agonists with DOR antagonists (and vice versa) were used to explore MOR/DOR heteromer mediated signaling. 
As for example reversal of the MOR mediated signaling from -arrestin-mediated into Gαi/o-mediated, in cells co-expressing MOR/DOR heteromers by blocking of the DOR by its selective antagonist which also resulted to enhancement of morphine-mediated antinociception[19,59].

These results highlight the functioning of DOR ligands in allosteric modulation of MOR (protomer) activity among the MOR/DOR heteromer. Moreover, in a report loss of the antidepressant and anxiolytic effects of the DOR agonist, UFP-512, were shown using a fusion of TAT peptide to the peptide corresponding to the distal C-tail of DOR to disrupt MOR/DOR heteromers signifying their potential role in anxiety and depression[65].

Heteromer specific ligands

Many studies have reported that receptor heteromerization leads to new binding properties[8-10], suggesting that heteromerization induces an alteration in the conformation of the ligand-binding site. The identification of an agonist, 6′-GNTI [6′-guanidinyl-17-(cyclopropylmethyl)-6,7-dehydro-4,5a-epoxy-3,14-dihydroxy-6,7-2′,3′ indolomorphinan], an analgesic showing relative selectivity for DOR/KOR heteromers, supports the notion that receptors within a heteromer are capable of adopting active conformations that are absent in their homomeric counterparts[43]. 6′-guanidinonaltrindole precisely activates only the opioid receptor heteromers and not homomers[43]. Occurrence of heterodimers is tissue-specific as can be seen from the example of 6-GNTI which upon administration to spinal region induces analgesia but not in the brain. This study has given a proof-in-principle for the compounds targeting opioid heterodimers that they could be a better probe with increased analgesia and lesser side effects.

Another example is of a DOR1 selective agonist, 2-methyl-4 alpha alpha-(3-hydroxyphenyl)-1,2,3,4,​4a,5,12,12 alpha alpha-octahydro-quinolino​[2,3,3-g]isoquinoline (TAN-67), which is known for reducing ethanol consumption in mice. The study reveals that its activity depends on presence of both the DOR and MOR receptors suggesting DOR1 to be a DOR/MOR heteromer which exhibited reduced ethanol consumption without dysphoria production. One more such example is of CYM51010 which is a MOR/DOR heteromer selective agonist[66]. The biasing of CYM51010 towards the MOR/DOR heteromer was determined by the tail-flick antinociception assay which demonstrated analgesic activity comparable to morphine and during chronic administration it resulted in lesser tolerance development in comparison to morphine[66]. Further the MOR/DOR heteromer selective antibody treatment although partially but significantly blocked CYM51010-induced -arrestin recruitment, GTPS binding and intrathecal antinociception[66] reinforcing the result that CYM51010 exhibited its effect mainly through activation of MOR/DOR heteromer. Thereby, proposing CYM51010 as potent analgesic with lesser tolerance development as compared to morphine.

In addition, drug “cocktails” targeting homo/heteromers could be therapeutically valuable. As for example an opioid cocktail comprising of morphine and either methadone or DAMGO enhances the morphine induced endocytosis. It is benefitted by the homomeric MOR resulting into reduced development of tolerance and dependence[67]. 

Dualsteric/dual ligands (allosteric ligands)

Dualsteric ligands represent a novel mode of targeting GPCRs as they can bind simultaneously to both, the orthosteric and allosteric sites of a receptor protein or two receptors present in the near vicinity or heterodimers[68], as shown in Figure 2. This approach facilitates the exploitation by a single compound, of both the orthosteric and the allosteric sites. The orthosteric interaction on one hand provides high affinity for binding and activation of receptors, the allosteric interaction on the other hand results in receptor subtype-selectivity thereby modulating both the efficacy and the activation of intracellular signaling pathway. With the increase in reports on allosteric interactions for GPCRs and the insight of spatial geometry of ligand/GPCR/complexes, the rational design of dualsteric ligands promises the achievement of finely tuned GPCR modulation.

GPCRs physical interaction is becoming progressively more recognized. The mechanism behind allosteric modulation of receptor function may possibly be provided through these interactions. Such allosteric interactions are expected to occur in a way that when a ligand binds to one protomer, it behaves as an allosteric enhancer of the other protomer[69]. Apart from allosteric modulations, heteromerization also affects the ligand recognition, G protein-coupling and trafficking. One such example is of opioid receptor heteromers having difference in ligand recognition at the receptor heteromer. According to recent models only one G protein binds to two receptor units meaning that in case of a heteromer it will have to select a particular G protein it should bind to as these receptors are usually coupled to different G proteins[70].

Following this rational the attempts of synthesizing heteromer selective ligands has given rise to the generation of dual ligands viz. the mu-delta agonist-antagonist (MDAN) series of ligands linked by a spacer of variable length. Out of these the ligand MDAN21 consists of two pharmacophores, MOR agonist MA19 and DOR antagonist DN20, which are separated by a 21-atom spacer[71]. In comparison to morphine, MDAN21 exhibited 100-times greater potency without significant development of tolerance and dependence[71]. Furthermore, this ligand also immobilized the heteromer at the cell surface possibly by bridging both the protomers and thereby inhibiting the MOR receptor internalization in cells expressing MOR/DOR heteromers[72]. More examples of such ligands are ENTI, which comprises of oxymorphone (high affinity -agonist) linked by a spacer arm to a low affinity DOR antagonist and DM-SNC80, containing naltrexone (high affinity -antagonist) joined by a spacer arm to a low affinity DOR agonist[73]. Though, the analgesic activity and the side effects of these ligands have not yet been adequately evaluated. These studies altogether, projects dual ligands crucial role in the examination of both the in vitro and in vivo properties of MOR/DOR heteromers. 

Certain endogenously occurring amphiactive peptides as MERF, containing overlapping opioid and anti-opioid peptide sequences represent important molecules to study these protein-protein interactions that modulate endogenous opioid function[74]. Also anti-opioid peptides which bind to specific anti-opioid receptors attenuate opioid analgesia and are also involved in tolerance development and physical dependence. Thus in accordance to anti-opioid hypothesis, if the anti-opioid receptors can be blocked by a suitably designed peptide which can block or act as an antagonist at anti-opioid receptors, then the tolerance development and physical dependence might be reduced or attenuated.

In this connection, based on MERF and well known modulation of opioid system by NPFF/FMRFa peptides a chimeric peptide, of Met-enkephalin (YGGFM) and FMRFa, YFa (YGGFMKKKFMRFamide) was previously designed by our group[75]. The tetrapeptide (YGGF) sequence is a common endogenous opioid peptides allosteric (message) sequence that activates the receptor and cascades the intracellular signaling pathways. Whereas, the (FMRFamide) sequence is a positive allosteric modulator of anti-opioid receptors and here is orthosteric (address) sequence having role in opioid effect modulation and development of tolerance. YFa can bind to opioid receptors through its N-terminus Tyr-Gly-Gly-Phe (YGGF), (allosteric, message) sequence and to anti-opioid receptors through its C-terminus Phe-Met-Arg-Phe (FMRFamide), (orthosteric, address) sequence, which are separated by 3-lysine residues based on Schwyzer compartment theory[76].

YFa induced naloxone-reversible antinociception suggesting opioid receptors mediated analgesia it potentiated morphine induced antinociception and attenuated tolerance development to morphine analgesia, upon intraperitoneal administration[77]. Antagonist and protein expression studies revealed that YFa produces tolerance free KOR specific antinociception[77] may be due to its ability to adopt a helical conformation. In addition, it induced after 4 d pretreatment, cross tolerance to 20 mg/kg morphine analgesia with 80 mg/kg YFa[78] and these results have been further substantiated by forskolin-stimulated cAMP inhibition and Eu-GTP-S binding studies[79]. Moreover, smooth muscle contraction study performed on ileum of guinea pig and vas deferens of mouse revealed role of anti-opioid receptors in normalizing the effects mediated by opioid receptors[80]. These observations proposed the role of this amphiactive peptide in pain modulation.

OPIOID RECEPTOR HETEROMER TRAFFICKING

Opioid receptor heteromerization has lead to the alteration of opioid ligand properties and it also affects the trafficking of receptors in the cell culture model systems[19,81-83]. A number of studies have reported the heteromers trafficking from an intracellular compartment to the cell surface. On the other hand a few studies have examined the MOR/DOR heteromers trafficking from the cell surface to an intracellular compartment (endocytosis) among which some conflicts about their presence only at the cell surface while others presume their pre-assembling in the endoplasmic reticulum prior being trafficked to the cell surface. To exemplify this one of study was done with MOR expressing cells in which DOR expression could be induced and it was revealed that the two receptors form heteromers only when present at the cell surface as this required the interactions with G proteins. Another study reported MOR/DOR heteromers presence in the endoplasmic reticulum where they were associated with Gz protein, using BRET in combination with cell fractionation[84]. These two conflicting results having differences in the detection of heteromerization site is due to the disparity of the experimental conditions. The first study used induction of DOR expression in MOR expressing cells which is staggered receptor expression while the other study specifically picked up co-expressing MOR/luciferase and DOR/GFP.

Another twist arises with the studies claiming heteromer endocytosis to be probe selective, by showing that some of the agonists (damgo, Deltorphin Ⅱ, SNC80, methadone) induces the MOR/DOR heteromers endocytosis but others (DPDPE, DSLET) do not[42]. Furthermore, studies report blocking of MOR selective agonist induced endocytosis by the DOR selective antagonists[81]. Additionally, endocytosed MOR/DOR heteromers were found to be targeted for degradation whereas the MOR homomers were found to be recycled back to the cell surface[81]. Overall these studies proposed that changes in receptor trafficking properties are due to heteromerization, as shown in Figure 3.

Further studies using a MOR/DOR heteromer selective dual ligand, MDAN21, revealed blocking of heteromer endocytosis, it was successfully induced by the combination of individual monovalent pharmacophores (DN20 and MA19). This observation highlighted the importance of the 21-atom spacer in MDAN21 joining the two pharmacophores, which has effectively bridged the protomers, thereby immobilizing the MOR/DOR heteromer and preventing its internalization. Further studies are still required for the characterization of the underlying mechanisms involved in the differential trafficking of MOR/DOR heteromers.

In one of the study it was shown that chaperone proteins are required for the efficient cell surface expression of MOR/DOR heteromers while examination of their biosynthesis and maturation. Therefore in MOR and DOR co-expressing cells the heteromer was found to localize in the Golgi apparatus significantly, clearly indicating the requirement of presence of receptor transport protein 4 for cell surface expression of the heteromer[42]. The heteromer was protected from ubiquitination and proteasomal degradation by this chaperone during folding and maturation[42]. Although the role of this chaperone in the unique binding and signaling properties of the MOR/DOR heteromer is not clear.

Taking the other side of the story and looking at the antibodies which have been classically used as analytical tools for the identification, localization and quantification of different antigens including hormones and pathogens. Last decade has seen their usage as therapeutic agents in experimental and clinical medicine[85]. They have significant advantage of electivity, potency and efficacy over the conventional chemical drug-based therapies which makes them more effective in the treatment of various conditions viz. cancer and immune disorders. Additionally they have shown direct impact on signaling pathways within the targeted cells either by binding to the cell surface proteins or acting on their intracellular targets. A study on generation of heteromer specific antibody reported a MOR-DOR heteromer selective antibody that enabled examination of up-regulation of the heteromer in endogenous tissue upon chronic morphine treatment. This subtractive immunization strategy could be used for the generation of MOR-DOR heteromer selective antibodies and also to generate other antibodies selective for other GPCR heteromers. This would then help in studying the physiological and pathophysiological conditions and the role of GPCR heteromers in them[30].

Screening for ligands targeting the MOR/DOR heteromer and their pharmacology in pain-regulation

The above mentioned studies put forward the MOR/DOR heteromers as potential targets for the development of novel therapeutics in treatment of pain with lesser side-effects due to their unique pharmacological and signaling properties. Since this would require high-throughput screening (HTS) of a large number of compounds leading to the identification of MOR/DOR heteromer selective ligands, suitable screening assays have to be determined[86]. 

All the observations of this study points towards the anti-analgesic role of the DOR/MOR heteromer in case of thermal nociception. The anti-analgesic effect exhibited by the combined treatment of methadone and naltriben was dependent DOR dependent, as it was not present in the DOR knockout mice. Moreover, reversal of the anti-analgesic effect was demonstrated which may be either due to the increase in degradation of DORs or by selective blocking of signaling only from the DOR/MOR heteromers but not MORs[87]. Thus below we describe a few of the HTS assays suitable for the heteromer selective ligand screening.

HTS using calcium signaling

Out of the several assays viz. adenylyl cyclase/cAMP, phospholipase C/Ca2+, or Rho, that are used to measure the G-protein mediated signaling which could be used for HTS, the one measuring the intracellular Ca2+ release is commonly used for the screening of ligands to Gαq coupled receptors. Furthermore, measuring the intracellular Ca2+ release could also be used in the screening of ligands for Gαi or Gαs coupled receptors, because of the development of chimeric G-proteins (Gαqs or Gαqi) which provide for these receptors the calcium readout, that do not normally signal via the Gαq pathway[88]. Therefore by monitoring the release of intracellular Ca2+, the activation of opioid receptors co-expressed with chimeric Gαqi protein can be detected.

Recently, a screening assay has been reported which uses the terminal-carboxyl truncated GPCRs fused to chimeric Gαqi proteins for the detection of heteromer-mediated signaling. These fused receptors do not induce the intracellular Ca2+ release upon agonist binding; it is only observed upon their co-expression with the wild-type receptors[88]. The co-expression of wild-type MOR and Gαqi-fused DOR receptor allowed the detection of Ca2+ release for MOR/DOR heteromers[88]. The most important advantage of this method is it detects only the heteromer mediated signaling in heteromers expressing cells. To exemplify, this assay has been used with a compound ADL5859 which exhibited weak signals in case of MOR/DOR heteromers as compared to DOR homomers[88]. Thus proving that Ca2+ signaling based assays could be very useful in the identification of heteromer-selective compounds.

HTS using -arrestin signaling

The two subtypes of -arrestin (1 and 2) exhibit 78% homology and contain binding sites for clathrin and the 2-adaptin subunit in their C-terminal tail which allows them to function as adaptor proteins and target GPCRs to clathrin coated pits for endocytosis[89,90]. The different opioid receptor subtypes exhibit different requirements for binding -arrestin (type 1 and 2)[91] that could lead to different signaling outcomes[92,93], as shown in Figure 4. Glutathione S-transferase pull down assays show that the third intracellular loop and the C-terminal tail of DOR and only the C-terminal tail of KOR can interact with -arrestin 1 or -arrestin 2[91]. These studies did not observe any interaction between -arrestin 1/2 and MOR. However, studies in HEK-293 cells using -arrestin 2 tagged to GFP or in striatal neurons using dominant negative -arrestin 2 show that agonist activated MOR can recruit -arrestin 2[94,95] although the efficacy of recruitment is agonist dependent[96]. Interestingly, mice lacking -arrestin 2 potentiated and increased duration of the analgesic effect induced by morphine underscoring the importance of -arrestin 2 in mediating MOR function[97]. In the case of DOR, a BRET assay suggested that receptor phosphorylation promoted receptor selectivity for -arrestin 2 over -arrestin 1 without affecting the stability of the receptor--arrestin complex[98]. However, another study used fluorescence and co-immunoprecipitation to show that agonist treated DOR bound and recruited -arrestin (1 and 2) to the plasma membrane[99]. In addition, it has been shown that over expression of type 1 -arrestin leads to an attenuation of DOR and KOR but not MOR mediated activation of G-proteins and inhibition of cAMP levels[100].

In addition to being involved in the attenuation of G protein mediated signaling, studies have shown that -arrestins can induce a sustained extracellular signal-regulated kinases (ERK) phosphorylation that is distinct from the transient G-protein mediated ERK phosphorylation[101]. A recent study showed that MOR ligands such as etorphine and fentanyl, but not morphine or methadone, induced phosphorylation of ERK through a -arrestin dependent pathway. This led to the translocation of phosphorylated ERK to the nucleus leading to an increase in the activity of Elk-1 and in the transcription of G-protein coupled receptor kinases 2 and -arrestin 2[102]. More recently, a study showed that heterodimerization between MOR and DOR promotes the recruitment of type 2 -arrestin onto the plasma membrane thereby changing the spatio-temporal dynamics of ERK mediated signaling that are quite distinct from those observed with the MOR homodimer. Altogether, these studies show that -arrestins plays crucial role in mediating opioid receptor signaling by serving as a switch between G protein dependent and independent signaling mechanisms[103].

Role of anti-opioid compounds in tolerance development

Recent researches have though made somewhat clear the mechanism underlying pain, but still the opioids are the most powerful analgesics, inspite of their limitation of tolerance development and dependence following chronic exposure. To overcome this, a hypothesis has been proposed according to which the chronic administration of opioids is counteracted by anti-opioid system that produces opposite effects[21]. This hypothesis has been supported by a number of experimental and clinical data which clearly shows that opiates activate anti-opioid systems, producing opposite and long-lasting effects which results in opioid induced hyperalgesia (OIH) thereby reducing the analgesic effects (tolerance)[104]. Since the molecular mechanisms that underlie OIH are not clear, this phenomenon is attributed to the sensitization of pronociceptive pathways in response to opioid treatment. Some other adverse effects viz. dependence and abstinence syndrome, may also involve the activation of anti-opioid systems[21]. Therefore it is assumed that compounds that can block the stimulation of anti-opioid systems could lead to the prevention of opioid tolerance development and thus limit the side effects developing due to chronic opioid exposure. This may be due to some sort of physical association between the opioid and anti-opioid receptors[105].

Looking at the other side of the story the discovery of a potent NPFF receptors (anti-opioid) selective antagonist, upon systemic administration prevents the hyperalgesia development which consequently opposes the associated decrease in analgesic effect induced by heroin. This observation reinforces the hypothesis that opioid tolerance development is not only due to a reduction in cellular responsiveness but could also be arising from the secondary up-regulation of the antiopioid systems having pronociceptive properties which renders long-lasting enhancement in pain sensitivity[106].

Looking at the other side of the story suggests that NPFF plays an important role in pain modulation, opioid tolerance development and several other physiological processes[106]. Recent reports proposed the discovery of a potent NPFF receptors (anti-opioid) selective antagonist, RF9 which upon systemic administration prevents the OIH development which consequently opposes the associated decrease in analgesic effect induced by heroin. These observations clearly mark NPFF receptors as part of anti-opioid system and put forward their antagonists as useful therapeutic agents for the improvement of opioids efficacy during chronic pain treatment[23].

Based on certain endogenous amphiactive peptides as MERF, which represent important molecules to study presence of homo/heteromer as well as their interactions that modulate endogenous opioid function[74] a chimeric peptide YFa (YGGFMKKKFMRFamide-YFa) was designed by our group. YFa can bind to opioid receptors through its N-terminus Tyr-Gly-Gly-Phe (YGGF), (allosteric, message) sequence and to anti-opioid receptors through its C-terminus Phe-Met-Arg-Phe (FMRFamide), (orthosteric, address) sequence, separated by 3-lysine residues based on Schwyzer compartment theory. 

Following the same lines of scrutiny presently in our group another dualsteric ligand NPYFa (YGGFM​KKKPQRFamide) based on YFa, having mammalian anti-opioid sequence in order to achieve a more potent and tolerance free chimeric peptide. NPYFa contains both endogenous opioid (YGGFM; Met-enkephalin) at N-terminus and anti-opioid (NPFF-endogenous mammalian peptide)[107] at C-terminus (C-terminal modified analogue of YFa), separated by 3 lysine residues. Pharmacological profiling of dualsteric ligand NPYFa is in progress.

CONCLUSION
Decades of research over opioid receptors has recently discovered heteromers existence, opening new ways of investigating the functioning of opioid receptors. This has also given insight to how heteromerization affects the receptor trafficking and vice versa. This review highlighted the dualsteric ligand approach targeting opioid heteromers with improved analgesic efficacy and less tolerance development. Rationally designed dualsteric GPCR agonists targeting opioid receptors heteromers allows exploitation of binding, orthosteric or orthosteric and allosteric sites of two distinct receptors simultaneously. This could be due to orthosteric receptor activation which may be followed by the allosteric subtype-selectivity further leading to intracellular signaling pathway selectivity. Further understanding of such mechanisms enables the selection of ligands with enhanced intrinsic efficacy and lesser side effects.
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Figure 1  Anti-opioid model for tolerance and physical dependence.
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Figure 2  Dualsteric ligand mediated activation of the heteromer.
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Figure 3  Dualsteric ligand induced regulation of opioid receptors heteromer. Without agonist treatment, about 15% of the receptors are intracellular and G protein trimers are associated with each other with GDP bound to G subunits. Upon exposure to agonist, the receptor is activated and coupled to G proteins, triggering the exchange of GDP with GTP and dissociation of G from G subunits, which in turn activate down-stream effectors. Activation of the receptor also causes translocation and activation of GRKs, which phosphorylated the receptor in intracellular domains. Receptor phosphorylation enhances binding of -arrestins, leading to uncoupling of receptors from G proteins. -arrestins bind to clathrin and initiate movement of receptors into clathrin-coated pits, which are pinched by dynamin to become endosomes. Low pH in endosomes facilitates dissociation of agonists from the receptor and dephosphorylation of the receptor is believed to occur here. Internalized receptors are routed to two different pathways. Some are sorted to recycling endosomes and returned to plasma membranes. Alternatively, the receptors lead to degradation forming lysosomes. GRK: G-protein coupled receptor kinase; GDP: Guanosine-5'-diphosphate; GTP: Guanosine-5'-triphosphate.
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Figure 4  Hypothesis about the role of receptor internalization in the development of opioid tolerance. A: In the presence of “non-internalizing” opioids, exemplified by morphine, receptor signaling is rapidly terminated by receptor phosphorylation and -arrestin binding. The desensitized receptors remain inactivated in the plasma membrane leading to signaling desensitization and opioid tolerance; B: In contrast, “internalizing” opioids such as DAMGO [D-Ala2, N-MePhe4, Gly-ol]-enkephalin lead to receptor desensitization by phosphorylation and -arrestin binding but also to rapid receptor internalization and resensitization counteracting signaling desensitization and opioid tolerance.
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Table 1  Alteration of receptor properties by heteromerization over the years


Year of study


�
Receptors involved


�
Mode of study 


�
Possible mechanism 


for interaction�
Changes in 


binding properties�
Heteromer 


specific ligands�
Changes in G-protein 


activation and coupling�
Possible therapeutic implications


�
Ref.


�
�
2000


�
MOR/DOR 


�
In vivo


�
Direct interaction (heterodimers are preferred)


�
Decrease in affinity for selective agonists


�
�
�
Pain relief


�
George et al[9]


�
�
2000


�
MOR/DOR


�
In vivo


�
Direct interaction (heterodimers are preferred)


�
Allosteric effect of DOR ligands on MOR binding


�
�
�
Pain relief


�
Gomes et al[10]


�
�
2004


�
MOR/DOR


�
In vivo


�
Direct interaction (heterodimers are preferred)


�
�
�
Decrease in G protein coupling


�
Pain relief


�
Gomes et al[19]


�
�
2000


�
MOR/DOR


�
In vivo


�
Direct interaction (heterodimers are preferred)


�
�
�
Allosteric effect of DOR ligands on MOR coupling; signaling through a -arrestin2-mediated pathway


�
Pain relief


�
Rozenfeld et al[6]


�
�
2007


�
MOR/DOR


�
�
�
�
�
Shift in coupling from Gαi to Gαz


�
Pain relief


�
Hasbi et al[84]


�
�
2005


�
MOR/DOR 


�
COS-7 and CHO-K1 cells


�
Direct interaction (heterodimers are preferred)


�
�
�
�
Pain relief, tolerance development


�
Fan et al[46]


�
�
2003


�
KOR/DOR


�
Mouse spinal cord


�
Direct interaction (heterodimers are preferred)


�
�
�
�
Pain relief


�
Portoghese et al[45] 


�
�
2001


�
KOR/DOR


�
Porcine ileum


�
Direct interaction (heterodimers are preferred)


�
�
�
�
Pain relief


�
Poonyachoti et al[44] 


�
�
2010


�
MOR/DOR


�
HEK-293 cells


�
Direct interaction (heterodimers are preferred)


�
�
�
�
Pain relief


�
Yekkirala et al[57]


�
�
2005


�
MOR/DOR


�
In vivo


�
Direct interaction (heterodimers are preferred)


�
�
Specific heteromer activation by the agonist 6-GNTI


�
�
Pain relief


�
Waldhoer et al[43]


�
�
2014


�
DOR/KOR


�
In vivo (rat trigeminal ganglia)


�
Allosteric interactions


�
�
�
�
Thermal allodynia


�
Erbs et al[11] 


�
�
MOR: Mu homologous opioid G-protein coupled receptors; DOR: Delta homologous opioid  G-protein coupled receptors; KOR: Kappa homologous opioid G-protein coupled receptors.











