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The widespread distribution of heteroreceptor complexes with allosteric receptor-receptor interactions in the CNS represents a novel integrative molecular mechanism in the plasma membrane of neurons and glial cells. It was proposed that they form the molecular basis for learning and short-and long-term memories. This is also true for drug memories formed during the development of substance use disorders like morphine and cocaine use disorders. In cocaine use disorder it was found that irreversible A2AR-D2R complexes with an allosteric brake on D2R recognition and signaling are formed in increased densities in the ventral enkephalin positive striatal-pallidal GABA antireward neurons. In this perspective article we discuss and propose how an increase in opioid heteroreceptor complexes, containing MOR-DOR, MOR-MOR and MOR-D2R, and their balance with each other and A2AR-D2R complexes in the striatal-pallidal enkephalin positive GABA antireward neurons, may represent markers for development of morphine use disorders. We suggest that increased formation of MOR-DOR complexes takes place in the striatal-pallidal enkephalin positive GABA antireward neurons after chronic morphine treatment in part through recruitment of MOR from the MOR-D2R complexes due to the possibility that MOR upon morphine treatment can develop a higher affinity for DOR. As a result, increased numbers of D2R monomers/homomers in these neurons become free to interact with the A2A receptors found in high densities within such neurons. Increased numbers of A2AR-D2R heteroreceptor complexes are formed and contribute to enhanced firing of these antireward neurons due to loss of inhibitory D2R protomer signaling which finally leads to the development of morphine use disorder. Development of cocaine use disorder may instead be reduced through enkephalin induced activation of the MOR-DOR complex inhibiting the activity of the enkephalin positive GABA antireward neurons. Altogether, we propose that these altered complexes could be pharmacological targets to modulate the reward and the development of substance use disorders.
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INTRODUCTION
The adenosine A2A receptor (A2AR)-dopamine D2 receptor (D2R) heteroreceptor complexes and their allosteric receptor-receptor interactions in the ventral striatal-pallidal GABA antireward neurons are of high relevance for understanding cocaine reward and cocaine use disorder (Trifilieff et al., 2011; Pintsuk et al., 2016; Borroto-Escuela et al., 2018a; Borroto-Escuela et al., 2018b; Wydra et al., 2020; Zhu et al., 2020). This pathway connects the ventral striatum, mainly nucleus accumbens, with the ventral pallidum and modulates the glutamate drive to the prefrontal cortex from the mediodorsal thalamic glutamate neurons (Groenewegen, 1988). It takes place via the ventral pallidal GABA pathway to the mediodorsal thalamic nucleus (Fuxe et al., 2008). The ventral striatal-pallidal GABA anti-reward pathway is linked to aversion and punishment as found in learning experiments using optogenetic techniques (Kravitz et al., 2013; Soares-Cunha et al., 2016). The concept of antireward neurons was introduced in the work of Koob and Le Moal (Everitt et al., 2008; Koob and Le Moal, 2008). It was found in rat that cocaine self-administration may produce pathological A2AR-D2R complexes having a strong and long-lasting brake on D2R recognition and signaling (Pintsuk et al., 2016; Borroto-Escuela et al., 2017b; Borroto-Escuela et al., 2018a; Borroto-Escuela et al., 2018b; Borroto-Escuela et al., 2020b). It appears to result in a maintained state of antireward and aversion since the D2R in these complexes cannot signal and no longer inhibit the activity of these antireward neurons leading to the development of cocaine use disorders. A new treatment of cocaine use disorder may therefore be represented by receptor interface-interfering peptides that impede the formation of these heteroreceptor complexes (Borroto-Escuela et al., 2018b).
The first indication for the existence of D2R-μ opioid receptor (MOR) complexes in the central nervous system (CNS) was obtained by Dai and colleagues in 2016 who demonstrated coimmunoprecipitation of MOR and D2R in the spinal cord of mice (Dai et al., 2016). Heterodimerization between MOR and D2R, ectopically expressed in HEK 293T and HeLa cells, was supported via several techniques such as BRET1, FRET and functional complementation (Vasudevan et al., 2019) (Figure 1). These findings are of interest since it shows that two major receptors linked to substance use disorders can physically interact. It should be noted that a D2R antagonist can diminish morphine tolerance in mice spinal cord (Dai et al., 2016).
[image: Figure 1]FIGURE 1 | A propose model on the existence of MOR, D2R and A2AR homo-and heteroreceptor complexes in balance with each other in the ventral striatal-pallidal GABA antireward neurons, shown as dimers. The MOR monomer and its intramolecular interactions are shown in the left panel. The orthosteric MOR receptor binding site is indicated in yellow to which e.g., the MOR agonist DAMGO (in green) can bind. The allosteric MOR binding site is shown in yellow. The intermolecular receptor-receptor interactions in adenosine, dopamine and opioid homo-and heteroreceptor complexes, shown as dimers, are indicated in the right panel. The balance between the oligomers is indicated by two arrows perpendicular to each other. It should be noted that A2R-dopamine D4 receptor (D4R) heteroreceptor complexes also exist in the rat forebrain, as demonstrated by the proximity ligation assay (Borroto-Escuela and Fuxe, 2019; Borroto-Escuela et al., 2020a). They were found in substantial densities in the prefrontal cortex, especially in the somatic membrane of the internal pyramidal cell layer V, and in the dorsal hippocampus, especially in the pyramidal cell layer (Borroto-Escuela and Fuxe, 2019). They also exist in high densities in the nucleus accumbens and dorsal striatum including both striosome and matrix compartments. Moreover, the D4Rs in the cortical regions have a role in cognition (Furth et al., 2013) that may be modulated by A2AR through the demonstrated A2AR-D4R heteroreceptor complexes in the prefrontal cortex and the hippocampus. Whether these receptor complexes have a role in cocaine and morphine use disorders, requires further analyses.
Taken together, these results open the possibility that A2AR-D2R [observed in rat (Borroto-Escuela et al., 2013b; Borroto-Escuela et al., 2017b; Feltmann et al., 2018), mice (Trifilieff et al., 2011) and human (Zhu et al., 2020)] and D2R-MOR [observed in rat (Vasudevan et al., 2019)] heteroreceptor complexes can both exist in the ventral striatal-pallidal GABA antireward neurons in balance with their respective monomers/homomer complexes (Borroto-Escuela et al., 2016; Feltmann et al., 2018; Moller et al., 2020). These neurons are well-known to contain enkephalins that can be released both from their nerve terminals and from soma-dendritic regions (Mongi-Bragato et al., 2016). Thus, there should be a balance between these two types of D2R heteroreceptor complexes in the antireward neurons. In addition, they can also contain MOR-δ opioid receptor (DOR) heteroreceptor complexes which have been observed in rodents and are important targets for morphine [see e.g., (Gomes et al., 2000; Gupta et al., 2010; Borroto-Escuela et al., 2013c; Kabli et al., 2014; Erbs et al., 2016; Derouiche and Massotte, 2019)] (Figure 1). There should also exist a balance between these two types of MOR complexes present in the antireward neurons.
The ventral striatal-pallidal GABA antireward neurons, also known as D2R positive medium spiny neurons of the nucleus accumbens (Kupchik and Kalivas, 2017), express both D2R homo and heteroreceptor complexes (Feltmann et al., 2018). However, the possibility should be considered that D2R-MOR heteroreceptor complexes may only exist in a proportion of the ventral striatal-pallidal GABA antireward neurons. This may also hold true for the A2AR-D2R and MOR-DOR heteroreceptor complexes. In the case of MOR-DOR heteroreceptor complexes, however, we propose that MOR-DOR complexes can also be formed in the GABA antireward neurons possessing D2R-MOR heteroreceptor complexes. This aspect of integration of multiple heteroreceptor complexes remains to be covered in future work. In the current perspective article, we only discuss the integration of multiple heteroreceptor complexes on the basis that they can be formed in the same ventral striatal-pallidal GABA antireward neuron but in a dynamic balance that can be critically altered e.g., in morphine use disorder.
One question that comes out is whether A2AR-D2R complexes may also play a significant role in animal models of morphine use disorder e.g., related to changes in the balance with D2R-MOR complexes and their balance with MOR-DOR complexes. The formation of the heteroreceptor complexes is dependent on several factors like the density of the two receptor protomers and the affinity of the two receptor protomers for each other. The GPCR complexes can also contain ion channel receptors, receptor tyrosine kinases (RTKs), sets of G protein interacting proteins and/or transmitter transporters increasing their integrative capability (Liu et al., 2000; Lee and Liu, 2004; Flajolet et al., 2008; Borroto-Escuela et al., 2012; Borroto-Escuela et al., 2013a). The presence of adaptor proteins in the receptor complex, like sigma 1 receptor, RAMPs, can also be a relevant factor and receptor agonists also modulate the receptor complexes through conformational changes leading to antagonistic or enhancing receptor-receptor interactions (Fuxe et al., 2009). To/day, there is a lack of knowledge on the stoichiometry of the participating receptor protomers in MOR heteroeceptor complexes. However, super-resolution imaging methods (Owen et al., 2013) and spatial intensity distribution analysis (Ward et al., 2015) have been developed which can be used to determine the stoichiometry in cellular models. An important issue is to consider that different receptor complexes can also compete for the same receptor protomer since they exist in balance with each other (Fuxe et al., 2014a; Fuxe et al., 2014b; Borroto-Escuela et al., 2015; Borroto-Escuela et al., 2016; Borroto-Escuela et al., 2017a). This is the case of a heteromer and its corresponding homomers and different heteromers sharing one or two receptor protomers (Borroto-Escuela et al., 2016; Borroto-Escuela et al., 2018a) (Figure 1).
The measure of the balance between these complexes in natural system without genetic modification or overexpression remains a challenge. However, the use of in situ Proximity Ligation Assay (Trifilieff et al., 2011; Borroto-Escuela et al., 2013b; Borroto-Escuela et al., 2016; Fuxe and Borroto-Escuela, 2018; Zhu et al., 2020) or a combination of this method with others (e.g., microscale thermophoresis, biophysical TR-FRET between protomer ligands (Albizu et al., 2010; Ciruela et al., 2014), and chemical crosslinking co-immunoprecipitation followed by SDS-PAGE/MSMS[Borroto-Escuela et al., 2011; Odagaki and Borroto-Escuela, 2019)] provide unambiguous and accurate information.
In this perspective we review literature data on the effects of A2AR agonists and antagonists in morphine self-administration and morphine withdrawal. We will then evaluate to which extent such alterations can be explained by changes in the balance of the A2AR-D2R, D2R-MOR and MOR-DOR heteroreceptor complexes in the ventral striatal-pallidal GABA antireward neurons. As two major receptors involved in addiction, D2R and MOR can form a receptor heteromer (Vasudevan et al., 2019) which likely exists in cocaine and morphine use disorders. We propose that changes in D2R-MOR heteroreceptor complexes may be a marker for development of morphine use disorders. So far, there are indications that the interaction in this heteromer may be antagonistic (Vasudevan et al., 2019). Also, the dopamine D2R antagonist appeared to disrupt the receptor-receptor interaction, leading to a reduction of morphine tolerance (Dai et al., 2016).
MODULATION OF MAINTENANCE OF MORPHINE SELF-ADMINISTRATION BY RECEPTOR PROTOMER AGONISTS AND ANTAGONISTS
In view of the existence of many D2R-MOR heteroreceptor complexes in the ventral striatal-pallidal GABA antireward neurons and their receptor-receptor interactions, it is suggested that they can participate in the modulation of maintenance of morphine self-administration by their receptor protomer activation or inhibition. These two receptors are both coupled to Gi/o proteins and under such conditions the two receptor protomers often interact through antagonistic receptor-receptor interactions (Harfstrand and Fuxe, 1987). In fact, blockade of D2Rs diminishes morphine tolerance in the spinal cord of the mouse (Dai et al., 2016). This implies that in the D2R-MOR complex of these neurons, D2R activation can reduce the MOR internalization and signaling of this complex to avoid excessive inhibition of the anti-reward neurons. In cellular models there also exists evidence that the D2R in this complex can reduce the speed of internalization of MOR by a MOR agonist (Vasudevan et al., 2019). Thus, it may be that the MOR protomer may stay longer in the plasma membrane but with reduced coupling to Gi/o, leading to reduced MOR signaling (Figure 2).
[image: Figure 2]FIGURE 2 | Understanding the role of the A2AR-D2R heteroreceptor complexes in modulating the changes in the activity of the ventral striatal-pallidal GABA antireward neurons induced by chronic morphine treatment or morphine self-administration. (A) Morphine (chronic) is shown to increase the density of D2R-D2R homomers (2 arrows pointing upwards). This causes enhanced inhibition of firing in the antireward neurons leading to a reduction of antireward activity. An increase of morphine self-administration is found. The D2R-MOR complex also becomes increased in density after morphine (chronic) mainly due to inhibition MOR internalization. This event will result in a reduction of MOR cycling, which impairs its signaling, and a reduction of recognition also develops due to antagonistic allosteric receptor-receptor interactions. As a result, an increase in morphine tolerance takes place since higher doses of morphine are needed to induce reward due to the malfunction of the MOR signaling. It is also proposed that an increased density of A2AR-D2R complexes develops upon exposure to chronic morphine as seen from the two red arrows indicated. As a result, the D2R function becomes reduced through an allosteric brake on D2R signaling. The MOR-DOR complex is well known to be increased in density upon chronic morphine treatment or morphine self-administration, shown by 2 arrows. Both receptor protomers remain functional by coupling to Gz protein. However, the morphine activation of the DOR protomer is known to produce a brake on MOR recognition via an allosteric receptor-receptor interaction. Therefore, an increase in morphine tolerance takes place. (B) Modulation of morphine effects by receptor protomer ligands. The D2R antagonist is known to block the inhibitory D2R homomer signaling over Gi/o and produces a marked reduction of morphine self-administration. In the case of the D2R-MOR complex, the D2R antagonist appears to disrupt the complex and set the MOR protomer free from D2R mediated allosteric inhibition. MOR internalization is therefore increased and its function restored, leading to a reduction of morphine tolerance due to enhanced MOR signaling induced by morphine. It is indicated that the A2AR agonist given in vivo should effectively inhibit the function of the D2R protomer of the A2AR-D2R complex, increased in density (see A). Thus, a reduction of the inhibitory Gi/o activity of the D2R protomer develops which results in an increase in the activity of the anti-reward GABA neurons. A reduction of morphine self-administration should develop. The DOR antagonist can target the DOR protomer and remove its allosteric inhibition of the MOR signaling, which reduces morphine tolerance.
It is also likely that MOR-DOR heteromers exist in the GABA antireward neurons since several techniques have demonstrated high densities of these receptor heteromers inter alia in the nucleus accumbens and dorsal striatum, especially after chronic morphine treatment, which increases their formation (Gupta et al., 2010; Erbs et al., 2016) (Figure 2). Bidirectional antagonistic allosteric receptor-receptor interactions between the MOR and DOR protomers have also been demonstrated using an agonist or antagonist for one of the protomers (Gomes et al., 2000; Gomes et al., 2004; Gomes et al., 2011). It was also postulated that the MOR-DOR heteromer no longer signals via the Gi/o proteins since pertussis toxin did not prevent its signaling. It was therefore postulated that this receptor heteromer signals by recruiting the Gz subunit (George et al., 2000). This subunit can be recruited inter alia to the MOR-DOR complex via e.g., morphine treatment, is not down-regulated by chronic treatment with morphine (Kabli et al., 2014) and can be involved in producing morphine use disorder. Furthermore, a MOR-DOR-biased agonist would reduce tolerance as well as physical dependence (Gomes et al., 2013; Portoghese et al., 2017) (Figure 2B).
Naloxone is a competitive MOR antagonist (Nakamura et al., 2020) and known to block MORs leading to reduction of opioid reward and MOR-induced psychological dependence (Nakamura et al., 2020; Reeves et al., 2020). Thus, as indicated in Figure 2, the mechanism in this process can involve the blockade of the MOR protomers in the D2R-MOR and MOR-DOR heterocomplexes located in a postjunctional position in the ventral striato-pallidal GABA anti-reward neurons as well as of MOR monomers/homomers (not shown). As a result of the naloxone-induced blockade of MOR induced inhibition of the GABA antireward neurons, the activity of these GABA antireward neurons is increased which reduces the reward impact of activity in the accumbal GABA reward neurons (Everitt et al., 2008; Koob and Le Moal, 2008).
In addition, it should also be considered that MOR exist also in the type 2 vesicular glutamate transporter positive glutamate neurons modulating opioid reward at the glutamate synapses (Reeves et al., 2020). It therefore seems possible that the cortico-accumbal glutamate neurons that drive the GABA anti-reward neurons possess MOR in their synapses. Thus, MOR may inhibit the GABA anti-reward neurons in two ways, one through inhibition of glutamate release onto these neurons and another through postjunctional inhibition of activity in the GABA anti-reward neurons. Naloxone should therefore be highly efficient in increasing activity in these GABA antireward neurons, leading to a reduction of the impact of the accumbal GABA reward neurons in the emotional circuits (Everitt et al., 2008; Koob and Le Moal, 2008). An advantage of the D2R-MOR heteroreceptor complex operating via Gi/o coupling (Figure 2) is that in this case the naloxone induced blockade of the MOR also removes the antagonistic reciprocal allosteric receptor-receptor interactions in this heterocomplex. Therefore, the inhibitory signaling of the D2R can even become increased helping to maintain a certain degree of increase in the GABA antireward neurons. It is not clear to which degree the DOR protomer operating via Gi/o can take over inhibitory function of the MOR protomer upon treatment with naloxone (Stockton and Devi, 2012; Derouiche and Massotte, 2019).
Furthermore, we should consider the role of large numbers of A2AR-D2R heteroreceptor complexes in the ventral striatal-pallidal GABA antireward neurons. It is suggested that a major mechanism involved could be the A2AR agonist induced activation of the A2AR protomer in the A2AR-D2R complex, leading to enhanced inhibition of the D2R recognition and signaling. Co-injection of an A2AR agonist CGS21680 and morphine for 11 days significantly reduced morphine self-administration. However, if instead the adenosine receptor antagonist DMPX was given prior to morphine infusions, a significant increase in morphine self-administration was observed (Sahraei et al., 1999). Since neither an adenosine A1 receptor (A1R) agonist nor an A1R antagonist altered the morphine self-administration (Sahraei et al., 1999), the conclusion was that the A2AR antagonist properties of DMPX led to the expression and/or development of morphine reinforcement. As a result of the antagonistic allosteric receptor-receptor interaction in the A2AR-D2R heteroreceptor complexes, the activation of the A2A protomer results in a brake of the D2R protomer. Therefore, a reduction of the inhibitory action by the D2R on the firing of the ventral striatal-pallidal GABA antireward neurons pathway can no longer be in operation and antireward activity is increased and morphine self-administration is reduced (Figure 2).
Based on the above, it seems possible that morphine self-administration is associated with an increase in the density of D2R-MOR, MOR-DOR heteroreceptor complexes and D2R homoreceptor complexes in the ventral striatal-pallidal GABA antireward neurons (Gomes et al., 2004; Gupta et al., 2010; Dai et al., 2016; Derouiche and Massotte, 2019) (Figure 2A). We now propose that this also holds true for A2A-D2R heteroreceptor complexes in view of the previous evidence obtained in a cocaine self-administration rat model (Pintsuk et al., 2016; Borroto-Escuela et al., 2017b). Thus, it was found that cocaine self-administration produced increases in the A2A-D2R heteroreceptor complexes in the nucleus accumbens with an enhancement of their antagonistic allosteric receptor-receptor interaction. Therefore, a higher contribution of the A2AR-D2R heteroreceptor complexes results in an increase in the activity in the GABA antireward neurons. This proposed mechanism can explain the inhibitory effects of A2AR agonists on morphine self-administration (Sahraei et al., 1999) and may contribute to reducing morphine use disorder.
Based on the reorganization of the homo- and heteroreceptor complexes described above, we should consider the altered modulation of the maintenance of morphine self-administration induced by the receptor protomer ligands of these complexes (Figure 2B). The D2R antagonist, targeting the D2R homomer, will produce an activation of the anti-reward neurons by removal of the inhibitory action of the D2R on the firing of the GABA anti-reward neurons. On the other hand, D2R antagonists will disrupt the D2R-MOR complex and set the MOR protomer free from the D2R protomer. MOR internalization is therefore increased and its function restored, leading to a reduction of morphine tolerance due to enhanced MOR signaling induced by morphine. It is also indicated that an A2AR agonist given in vivo should effectively inhibit the function of the D2R protomer of the A2AR-D2R complex, which will be expected to increase in density (see Figure 2A). Thus, a reduction of the inhibitory Gi/o activity of the D2R protomer develops, which results in an increase in the activity of the anti-reward GABA neurons. A reduction of morphine self-administration should develop. As to the DOR antagonist, it will enhance MOR signaling by removal of the DOR protomer induced inhibitory allosteric modulation of the MOR protomer function. In this way it would reduce morphine tolerance by increasing MOR recognition and signalling (Gomes et al., 2000; Borroto-Escuela et al., 2013c; Gomes et al., 2013; Portoghese et al., 2017; Derouiche and Massotte, 2019).
ON THE ROLE OF THE DYNAMIC BALANCE OF MOR AND D2R HETERORECEPTOR COMPLEXES FOR MORPHINE USE DISORDER DEVELOPMENT
The mechanism for the development of hypersensitive MOR in morphine withdrawal in the ventral striatal-pallidal GABA neurons is unknown. It may, however, be speculated that a compensatory increase in the formation of MOR homomers takes place in morphine withdrawal. As a result, the density of D2R-MOR complexes becomes reduced due to increased formation of hypersensitive MOR homoreceptor complexes. As a result, the density of the D2R-MOR complexes will be reduced since hypersensitive MOR may develop an increased affinity for each other and formation of MOR homoreceptor complexes becomes favored. More D2Rs will therefore be available to bind to A2ARs. This leads to increased formation of A2AR-D2R complexes with enhanced antagonistic A2AR-D2R interactions, which was in fact indicated from the pharmacological analysis. Thus, such a change in the balance between the D2R-MOR, MOR-MOR and A2AR-D2R in morphine withdrawal can also contribute to the development of morphine use disorder. The D2R being under increased allosteric A2AR inhibition can no longer by itself effectively inhibit the activity of the ventral striatal-pallidal GABA antireward neurons.
The major way to reduce anti-reward activity in these GABA neurons in morphine withdrawal is through agonist activation of the hypersensitive MOR involving MOR homoreceptor complexes with morphine or other opioids or enkephalins. This MOR activation leads to inhibition of the antireward neurons.
As discussed above, after chronic morphine treatment there is a marked increase in MOR-DOR complexes in the limbic brain circuits including also the ventral striatal-pallidal GABA antireward neurons (Gupta et al., 2010; Kabli et al., 2014). Instead, in morphine withdrawal, hypersensitive MORs develop which may enhance their affinity for each other and cause an increased formation of MOR-MOR homoreceptor complexes.
This hypothesis on the role of the dynamic balance of A2AR-D2R, D2R-MOR, MOR-MOR and MOR-DOR complexes in the GABA antireward neurons for morphine use disorder development opens up a new approach for understanding and treatment of this brain disease. Like in cocaine use disorder (Borroto-Escuela et al., 2018a), it becomes important to reduce the postulated increased formation of the A2A-D2R heteroreceptor complexes also in morphine use disorder in view of the A2AR brake on D2R signaling causing antireward and aversion. A2AR antagonists can be of help for treatment of morphine use disorder, but like in cocaine use disorder treatment, the design of interface interfering peptides and/or hetero-bivalent compounds with D2R agonist and A2AR antagonist pharmacophors may be necessary to develop (Borroto-Escuela et al., 2018a). By setting the D2R free from the A2AR brake, morphine activation of MOR is no longer the only way to bring down activity in the GABA antireward pathway and morphine use disorder should go away or be reduced.
In the scenario where one didn’t develop morphine use disorder yet but still under a morphine chronic treatment, the goal of pharmacotherapy is instead to reduce its use. As in the case of cocaine use, A2AR agonist treatment can be of help (Listos et al., 2008; Borroto-Escuela et al., 2018a). By reducing D2R signaling in the A2AR-D2R complex in the GABA antireward neurons through the antagonistic allosteric A2AR-D2R interaction the inhibition of the GABA antireward neurons will be reduced. The morphine induced activation of the MOR in these neurons will therefore not be as effective in reducing the firing of the GABA antireward pathway. The rewarding effects of morphine will therefore become weakened.
ON THE ROLE OF ENKEPHALINS IN THE VENTRAL STRIATAL-PALLIDAL GABA ANTIREWARD NEURONS IN MODULATING THE BALANCE OF THEIR MOR AND D2R HETERORECEPTOR COMPLEXES
The MOR and DOR exist in the GABA antireward neurons of the nucleus accumbens and can be activated by enkephalins released from these neurons (Mansour et al., 1995; Mongi-Bragato et al., 2018) involving their soma-dendrites and local collaterals followed by short distance volume transmission (Fuxe et al., 2005). The work of Mongi-Bragato and colleagues (Mongi-Bragato et al., 2016) has clearly demonstrated that the enkephalins play a major role in producing cocaine sensitization at the behavioral and molecular level. They also concluded that the enkephalins can be key players in mediating psychostimulant addiction like cocaine addiction by contributing to the changes in neuronal plasticity with increases in AMPA receptors, phosphorylation of tyrosine receptor kinase B and CREB causing the addiction development (Mongi-Bragato et al., 2018). These findings are of high interest and knockout of the proenkephalin gene abolished the development of cocaine sensitization as did treatment with the opioid receptor antagonist naloxone (Mongi-Bragato et al., 2016).
Based on the current hypothesis on the role of the balance of the A2AR-D2R, MOR-DOR, MOR-D2R, and MOR-MOR complexes in the GABA antireward neurons for the development of morphine use disorder the work by Mongi-Bragato and colleagues (Mongi-Bragato et al., 2016; Mongi-Bragato et al., 2018) implies that this balance is of relevance also for cocaine use disorder. The postulated increase, in the brake of the inhibitory D2R protomer signaling in the A2AR-D2R-Sigma1R complex in the enkephalin positive GABA anti-reward neurons in cocaine use (Borroto-Escuela et al., 2018a), may to begin with be compensated for by extracellular enkephalin release, activating the MOR-DOR complex. Increased met-enkephalin levels have been observed in nucleus accumbens upon cocaine treatment. Thus, via its Gi/o and/or Gαz coupling the MOR-DOR signaling may increase the inhibition of the activity of the GABA anti-reward neurons. However, cocaine use disorder may develop when the MOR-DOR and MOR-MOR complexes are no longer able to cause sufficient inhibition of the GABA anti-reward neurons due to an irreversible and permanent brake on the D2R signaling in the A2AR-D2R-Sigma1R complex and/or insufficient release of enkephalins from these neurons. Thus, the balance of the D2R-MOR, MOR-DOR and A2AR-D2R heteroreceptor complexes as well as of MOR-MOR homoreceptor complexes in the enkephalin positive GABA antireward neurons appears to be critical for understanding both morphine and cocaine use disorders.
CONCLUSION
Establishing the role of the balance of D2R-MOR, MOR-DOR and A2AR-D2R heteroreceptor complexes, including their corresponding homoreceptor complexes, in the GABA antireward neurons appears to be of high relevance for understanding the molecular basis of morphine and cocaine use disorder. Therefore, we should consider these receptor protomers as new targets for novel treatments of these brain diseases. Patients suffering from morphine dependence can become more dependent on morphine actions at MOR protomers in MOR-DOR and MOR-MOR complexes in the antireward GABA neurons in view of increased expression of A2AR-D2R complexes antagonizing inhibitory D2R signaling. As a consequence, morphine may produce inhibition of these neurons mainly through the activation of the Gi/o and Galphaz mediated inhibitory signaling of MOR in a receptor complex with DOR. The integration of signaling in D2R-MOR complex remains to be determined but is proposed to be reduced in density in morphine withdrawal due to a postulated increase in hypersensitive MOR-MOR homoreceptor complexes. Overall, the activation of the A2AR-D2R complex in the ventral striatal-pallidal GABA antireward neurons by favoring antireward and aversion may reduce morphine induced reward produced via activation of the MOR homo- and heteroreceptor complexes, inhibiting activity in these antireward neurons.
AUTHOR CONTRIBUTIONS
All authors listed have made a substantial, direct, and intellectual contribution to the work and approved it for publication.
FUNDING
This work was supported by the Swedish Medical Research Council (Vetenskapsrådet; 62X-00715-50-3) and from Stiftelsen Olle Engkvist Byggmästare to KF. From Hjärnfonden (F02018-0286), Hjärnfonden (F02019-0296) and Karolinska Institutet Forskningsstiftelser to DB-E. From Programa de Apoyo al Personal Académico, (PAPIIT), DGAPA, Universidad Nacional Autónoma de México (grant number IN206820) to MM. DB-E belongs to Academia de Biologos Cubanos.
REFERENCES
 Albizu, L., Cottet, M., Kralikova, M., Stoev, S., Seyer, R., Brabet, I., et al. (2010). Time-resolved FRET between GPCR ligands reveals oligomers in native tissues. Nat. Chem. Biol. 6 (8), 587–594. doi:10.1038/nchembio.396 
 Borroto-Escuela, D. O., Brito, I., Di Palma, M., Jiménez-Beristain, A., Narvaez, M., Corrales, F., et al. (2015). On the role of the balance of GPCR Homo/heteroreceptor complexes in the brain. J. Adv. Neurosci. Res. 2, 36–44. doi:10.15379/2409-3564.2015.02.01.5
 Borroto-Escuela, D. O., Carlsson, J., Ambrogini, P., Narvaez, M., Wydra, K., Tarakanov, A. O., et al. (2017a). Understanding the role of GPCR heteroreceptor complexes in modulating the brain networks in health and disease. Front. Cel. Neurosci. 11, 37. doi:10.3389/fncel.2017.00037
 Borroto-Escuela, D. O., Narvaez, M., Wydra, K., Pintsuk, J., Pinton, L., Jimenez-Beristain, A., et al. (2017b). Cocaine self-administration specifically increases A2AR-D2R and D2R-sigma1R heteroreceptor complexes in the rat nucleus accumbens shell. Relevance for cocaine use disorder. Pharmacol. Biochem. Behav. 155, 24–31. doi:10.1016/j.pbb.2017.03.003 
 Borroto-Escuela, D. O., Correia, P. A., Romero-Fernandez, W., Narvaez, M., Fuxe, K., Ciruela, F., et al. (2011). Muscarinic receptor family interacting proteins: role in receptor function. J. Neurosci. Methods 195 (2), 161–169. doi:10.1016/j.jneumeth.2010.11.025 
 Borroto-Escuela, D. O., Ferraro, L., Narvaez, M., Tanganelli, S., Beggiato, S., Liu, F., et al. (2020a). Multiple adenosine-dopamine (A2A-D2 like) heteroreceptor complexes in the brain and their role in Schizophrenia. Cells 9 (5), 1077. doi:10.3390/cells9051077
 Borroto-Escuela, D. O., Romero-Fernandez, W., Wydra, K., Zhou, Z., Suder, A., Filip, M., et al. (2020b). OSU-6162, a Sigma1R ligand in low doses, can further increase the effects of cocaine self-administration on accumbal D2R heteroreceptor complexes. Neurotox Res. 37 (2), 433–444. doi:10.1007/s12640-019-00134-7 
 Borroto-Escuela, D. O., Flajolet, M., Agnati, L. F., Greengard, P., and Fuxe, K. (2013a). Bioluminescence resonance energy transfer methods to study G protein-coupled receptor-receptor tyrosine kinase heteroreceptor complexes. Meth. Cel. Biol. 117, 141–164. doi:10.1016/B978-0-12-408143-7.00008-6
 Borroto-Escuela, D. O., Romero-Fernandez, W., Garriga, P., Ciruela, F., Narvaez, M., Tarakanov, A. O., et al. (2013b). G protein-coupled receptor heterodimerization in the brain. Meth. Enzymol. 521, 281–294. doi:10.1016/B978-0-12-391862-8.00015-6
 Borroto-Escuela, D. O., Romero-Fernandez, W., Rivera, A., Van Craenenbroeck, K., Tarakanov, A. O., Agnati, L. F., et al. (2013c). On the g-protein-coupled receptor heteromers and their allosteric receptor-receptor interactions in the central nervous system: focus on their role in pain modulation. Evid. Based Complement. Alternat Med. 2013, 563716. doi:10.1155/2013/563716 
 Borroto-Escuela, D. O., and Fuxe, K. (2019). Adenosine heteroreceptor complexes in the basal ganglia are implicated in Parkinson’s disease and its treatment. J. Neural Transm. 126 (4), 455–471. doi:10.1007/s00702-019-01969-2 
 Borroto-Escuela, D. O., Hagman, B., Woolfenden, M., Pinton, L., Jiménez-Beristain, A., Oflijan, J., et al. (2016). “Situ proximity ligation assay to study and understand the distribution and balance of GPCR homo- and heteroreceptor complexes in the brain,” in Receptor and ion channel detection in the brain ed . Editors R. Lujan, and F. Ciruela (Berlin, Germany: Springer), 109–126.
 Borroto-Escuela, D. O., Romero-Fernandez, W., Mudo, G., Perez-Alea, M., Ciruela, F., Tarakanov, A. O., et al. (2012). Fibroblast growth factor receptor 1-5-hydroxytryptamine 1A heteroreceptor complexes and their enhancement of hippocampal plasticity. Biol. Psychiatry 71 (1), 84–91. doi:10.1016/j.biopsych.2011.09.012 
 Borroto-Escuela, D. O., Wydra, K., Filip, M., and Fuxe, K. (2018a). A2AR-D2R heteroreceptor complexes in cocaine reward and addiction. Trends Pharmacol. Sci. 39 (12), 1008–1020. doi:10.1016/j.tips.2018.10.007 
 Borroto-Escuela, D. O., Wydra, K., Li, X., Rodriguez, D., Carlsson, J., Jastrzebska, J., et al. (2018b). Disruption of A2AR-D2R heteroreceptor complexes after A2AR transmembrane 5 peptide administration enhances cocaine self-administration in rats. Mol. Neurobiol. 55 (8), 7038–7048. doi:10.1007/s12035-018-0887-1 
 Ciruela, F., Jacobson, K. A., and Fernandez-Duenas, V. (2014). Portraying G protein-coupled receptors with fluorescent ligands. ACS Chem. Biol. 9 (9), 1918–1928. doi:10.1021/cb5004042 
 Dai, W. L., Xiong, F., Yan, B., Cao, Z. Y., Liu, W. T., Liu, J. H., et al. (2016). Blockade of neuronal dopamine D2 receptor attenuates morphine tolerance in mice spinal cord. Sci. Rep. 6, 38746. doi:10.1038/srep38746 
 Derouiche, L., and Massotte, D. (2019). G protein-coupled receptor heteromers are key players in substance use disorder. Neurosci. Biobehav Rev. 106, 73–90. doi:10.1016/j.neubiorev.2018.09.026 
 Erbs, E., Faget, L., Ceredig, R. A., Matifas, A., Vonesch, J. L., Kieffer, B. L., et al. (2016). Impact of chronic morphine on delta opioid receptor-expressing neurons in the mouse hippocampus. Neuroscience 313, 46–56. doi:10.1016/j.neuroscience.2015.10.022 
 Everitt, B. J., Belin, D., Economidou, D., Pelloux, Y., Dalley, J. W., and Robbins, T. W. (2008). Review. Neural mechanisms underlying the vulnerability to develop compulsive drug-seeking habits and addiction. Philos. Trans. R. Soc. Lond. B Biol. Sci. 363 (1507), 3125–3135. doi:10.1098/rstb.2008.0089 
 Feltmann, K., Borroto-Escuela, D. O., Ruegg, J., Pinton, L., de Oliveira Sergio, T., Narvaez, M., et al. (2018). Effects of long-term alcohol drinking on the dopamine D2 receptor: gene expression and heteroreceptor complexes in the striatum in rats. Alcohol. Clin. Exp. Res. 42 (2), 338–351. doi:10.1111/acer.13568 
 Flajolet, M., Wang, Z., Futter, M., Shen, W., Nuangchamnong, N., Bendor, J., et al. (2008). FGF acts as a co-transmitter through adenosine A(2A) receptor to regulate synaptic plasticity. Nat. Neurosci. 11 (12), 1402–1409. doi:10.1038/nn.2216 
 Furth, K. E., Mastwal, S., Wang, K. H., Buonanno, A., and Vullhorst, D. (2013). Dopamine, cognitive function, and gamma oscillations: role of D4 receptors. Front. Cel. Neurosci. 7, 102. doi:10.3389/fncel.2013.00102
 Fuxe, K., Agnati, L. F., and Mora, F. (2008). The basal ganglia-from neuronal systems to molecular networks. Preface. Brain Res. Rev. 58 (2), 247–248. doi:10.1016/j.brainresrev.2008.05.002 
 Fuxe, K., and Borroto-Escuela, D. O. (2018). Receptor-receptor interactions in the central nervous system. New York, NY: Humana Press.
 Fuxe, K., Borroto-Escuela, D. O., Romero-Fernandez, W., Palkovits, M., Tarakanov, A. O., Ciruela, F., et al. (2014a). Moonlighting proteins and protein-protein interactions as neurotherapeutic targets in the G protein-coupled receptor field. Neuropsychopharmacology 39 (1), 131–155. doi:10.1038/npp.2013.242 
 Fuxe, K., Guidolin, D., Agnati, L. F., and Borroto-Escuela, D. O. (2014b). Dopamine heteroreceptor complexes as therapeutic targets in Parkinson’s disease. Expert Opin. Ther. Targets 19, 1–22. doi:10.1517/14728222.2014.981529
 Fuxe, K., Marcellino, D., Leo, G., and Agnati, L. F. (2009). Molecular integration via allosteric interactions in receptor heteromers. A working hypothesis. Curr. Opin. Pharmacol. 10 (1), 14–22. doi:10.1016/j.coph.2009.10.010 
 Fuxe, K., Rivera, A., Jacobsen, K. X., Hoistad, M., Leo, G., Horvath, T. L., et al. (2005). Dynamics of volume transmission in the brain. Focus on catecholamine and opioid peptide communication and the role of uncoupling protein 2. J. Neural Transm. 112 (1), 65–76. doi:10.1007/s00702-004-0158-3
 George, S. R., Fan, T., Xie, Z., Tse, R., Tam, V., Varghese, G., et al. (2000). Oligomerization of mu-and delta-opioid receptors. Generation of novel functional properties. J. Biol. Chem. 275 (34), 26128–26135. doi:10.1074/jbc.M000345200 
 Gomes, I., Fujita, W., Gupta, A., Saldanha, S. A., Negri, A., Pinello, C. E., et al. (2013). Identification of a μ-δ opioid receptor heteromer-biased agonist with antinociceptive activity. Proc. Natl. Acad. Sci. USA 110 (29), 12072–12077. doi:10.1073/pnas.1222044110 
 Gomes, I., Gupta, A., Filipovska, J., Szeto, H. H., Pintar, J. E., and Devi, L. A. (2004). A role for heterodimerization of mu and delta opiate receptors in enhancing morphine analgesia. Proc. Natl. Acad. Sci. USA 101 (14), 5135–5139. doi:10.1073/pnas.0307601101 
 Gomes, I., Ijzerman, A. P., Ye, K., Maillet, E. L., and Devi, L. A. (2011). G protein-coupled receptor heteromerization: a role in allosteric modulation of ligand binding. Mol. Pharmacol. 79 (6), 1044–1052. doi:10.1124/mol.110.070847 
 Gomes, I., Jordan, B. A., Gupta, A., Trapaidze, N., Nagy, V., and Devi, L. A. (2000). Heterodimerization of mu and delta opioid receptors: a role in opiate synergy. J. Neurosci. 20 (22), RC110. doi:10.1523/jneurosci.20-22-j0007.2000 
 Groenewegen, H. J. (1988). Organization of the afferent connections of the mediodorsal thalamic nucleus in the rat, related to the mediodorsal-prefrontal topography. Neuroscience 24 (2), 379–431. doi:10.1016/0306-4522(88)90339-9 
 Gupta, A., Mulder, J., Gomes, I., Rozenfeld, R., Bushlin, I., Ong, E., et al. (2010). Increased abundance of opioid receptor heteromers after chronic morphine administration. Sci. Signal. 3 (131), ra54. doi:10.1126/scisignal.2000807 
 Harfstrand, A., and Fuxe, K. (1987). Simultaneous central administration of adrenaline and neuropeptide Y leads to antagonistic interactions in vasodepressor responses in awake male rats. Acta Physiol. Scand. 130 (3), 529–531. doi:10.1111/j.1748-1716.1987.tb08172.x 
 Kabli, N., Fan, T., O’Dowd, B. F., and George, S. R. (2014). μ-δ opioid receptor heteromer-specific signaling in the striatum and hippocampus. Biochem. Biophys. Res. Commun. 450 (1), 906–911. doi:10.1016/j.bbrc.2014.06.099 
 Koob, G. F., and Le Moal, M. (2008). Addiction and the brain antireward system. Annu. Rev. Psychol. 59, 29–53. doi:10.1146/annurev.psych.59.103006.093548 
 Kravitz, A. V., Owen, S. F., and Kreitzer, A. C. (2013). Optogenetic identification of striatal projection neuron subtypes during in vivo recordings. Brain Res. 1511, 21–32. doi:10.1016/j.brainres.2012.11.018 
 Kupchik, Y. M., and Kalivas, P. W. (2017). The direct and indirect pathways of the nucleus accumbens are not what you think. Neuropsychopharmacology 42 (1), 369–370. doi:10.1038/npp.2016.160 
 Lee, F. J., and Liu, F. (2004). Direct interactions between NMDA and D1 receptors: a tale of tails. Biochem. Soc. Trans. 32 (6), 1032–1036. doi:10.1042/BST0321032 
 Listos, J., Talarek, S., and Fidecka, S. (2008). Involvement of adenosine receptor agonists on the development of hypersensitivity to acute dose of morphine during morphine withdrawal period. Pharmacol. Rep. 60 (5), 679–685.
 Liu, F., Wan, Q., Pristupa, Z. B., Yu, X. M., Wang, Y. T., and Niznik, H. B. (2000). Direct protein-protein coupling enables cross-talk between dopamine D5 and gamma-aminobutyric acid A receptors. Nature 403 (6767), 274–280. doi:10.1038/35002014 
 Mansour, A., Fox, C. A., Akil, H., and Watson, S. J. (1995). Opioid-receptor mRNA expression in the rat CNS: anatomical and functional implications. Trends Neurosci. 18 (1), 22–29. doi:10.1016/0166-2236(95)93946-u 
 Moller, J., Isbilir, A., Sungkaworn, T., Osberg, B., Karathanasis, C., Sunkara, V., et al. (2020). Single-molecule analysis reveals agonist-specific dimer formation of micro-opioid receptors. Nat. Chem. Biol. 16 (9), 946–954. doi:10.1038/s41589-020-0566-1 
 Mongi-Bragato, B., Avalos, M. P., Guzman, A. S., Bollati, F. A., and Cancela, L. M. (2018). Enkephalin as a pivotal player in neuroadaptations related to psychostimulant addiction. Front. Psychiatry 9, 222. doi:10.3389/fpsyt.2018.00222 
 Mongi-Bragato, B., Zamponi, E., Garcia-Keller, C., Assis, M. A., Virgolini, M. B., Masco, D. H., et al. (2016). Enkephalin is essential for the molecular and behavioral expression of cocaine sensitization. Addict. Biol. 21 (2), 326–338. doi:10.1111/adb.12200 
 Nakamura, A., Yasufuku, K., Shimada, S., Aritomi, H., Furue, Y., Chiba, H., et al. (2020). The antagonistic activity profile of naloxone in μ-opioid receptor agonist-induced psychological dependence. Neurosci. Lett. 735, 135177. doi:10.1016/j.neulet.2020.135177 
 Odagaki, Y., and Borroto-Escuela, D. O. (2019). Coimunoprecipitation methods for brain tissue. New York, NY: Humana Press.
 Owen, D. M., Magenau, A., Williamson, D. J., and Gaus, K. (2013). Super-resolution imaging by localization microscopy. Methods Mol. Biol. 950, 81–93. doi:10.1007/978-1-62703-137-0_6 
 Pintsuk, J., Borroto-Escuela, D. O., Pomierny, B., Wydra, K., Zaniewska, M., Filip, M., et al. (2016). Cocaine self-administration differentially affects allosteric A2A-D2 receptor-receptor interactions in the striatum. Relevance for cocaine use disorder. Pharmacol. Biochem. Behav. 144, 85–91. doi:10.1016/j.pbb.2016.03.004 
 Portoghese, P. S., Akgün, E., and Lunzer, M. M. (2017). Heteromer induction: an approach to unique pharmacology?ACS Chem. Neurosci. 8 (3), 426–428. doi:10.1021/acschemneuro.7b00002 
 Reeves, K. C., Kube, M. J., Grecco, G. G., Fritz, B. M., Munoz, B., Yin, F., et al. (2020). Mu opioid receptors on vGluT2‐expressing glutamatergic neurons modulate opioid reward. Addict. Biol. 2020, e12942. doi:10.1111/adb.12942 
 Sahraei, H., Motamedi, F., Khoshbaten, A., and Zarrindast, M. R. (1999). Adenosine A(2) receptors inhibit morphine self-administration in rats. Eur. J. Pharmacol. 383 (2), 107–113. doi:10.1016/s0014-2999(99)00613-5 
 Soares-Cunha, C., Coimbra, B., David-Pereira, A., Borges, S., Pinto, L., Costa, P., et al. (2016). Activation of D2 dopamine receptor-expressing neurons in the nucleus accumbens increases motivation. Nat. Commun. 7, 11829. doi:10.1038/ncomms11829 
 Stockton, S. D., and Devi, L. A. (2012). Functional relevance of mu-delta opioid receptor heteromerization: a role in novel signaling and implications for the treatment of addiction disorders: from a symposium on new concepts in mu-opioid pharmacology. Drug Alcohol Depend. 121 (3), 167–172. doi:10.1016/j.drugalcdep.2011.10.025 
 Trifilieff, P., Rives, M. L., Urizar, E., Piskorowski, R. A., Vishwasrao, H. D., Castrillon, J., et al. (2011). Detection of antigen interactions ex vivo by proximity ligation assay: endogenous dopamine D2-adenosine A2A receptor complexes in the striatum. Biotechniques 51 (2), 111–118. doi:10.2144/000113719 
 Vasudevan, L., Borroto-Escuela, D. O., Huysentruyt, J., Fuxe, K., Saini, D. K., and Stove, C. (2019). Heterodimerization of mu opioid receptor protomer with dopamine D2 receptor modulates agonist-induced internalization of mu opioid receptor. Biomolecules 9 (8), 368. doi:10.3390/biom9080368
 Ward, R. J., Pediani, J. D., Godin, A. G., and Milligan, G. (2015). Regulation of oligomeric organization of the serotonin 5-hydroxytryptamine 2C (5-HT2C) receptor observed by spatial intensity distribution analysis. J. Biol. Chem. 290 (20), 12844–12857. doi:10.1074/jbc.M115.644724 
 Wydra, K., Gawlinski, D., Gawlinska, K., Frankowska, M., Borroto-Escuela, D. O., Fuxe, K., et al. (2020). Adenosine A2AReceptors in substance use disorders: a focus on cocaine. Cells 9 (6), 1372. doi:10.3390/cells9061372
 Zhu, Y., Dwork, A. J., Trifilieff, P., and Javitch, J. A. (2020). Detection of G protein-coupled receptor complexes in postmortem human brain by proximity ligation assay. Curr. Protoc. Neurosci. 91 (1), e86. doi:10.1002/cpns.86 
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2021 Borroto-Escuela, Wydra, Fores-Pons, Vasudevan, Romero-Fernandez, Frankowska, Ferraro, Beggiato, Crespo-Ramirez, Rivera, Rocha, Perez de la Mora, Stove, Filip and Fuxe. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/xhtml/nav.xhtml
Contents

		Cover

		The Balance of MU-Opioid, Dopamine D2 and Adenosine A2A Heteroreceptor Complexes in the Ventral Striatal-Pallidal GABA Antireward Neurons May Have a Significant Role in Morphine and Cocaine Use Disorders		Introduction

		Modulation of Maintenance of Morphine Self-Administration by Receptor Protomer Agonists and Antagonists

		On the Role of the Dynamic Balance of MOR and D2R Heteroreceptor Complexes for Morphine Use Disorder Development

		On the Role of Enkephalins in the Ventral Striatal-Pallidal GABA Antireward Neurons in Modulating the Balance of Their MOR and D2R Heteroreceptor Complexes

		Conclusion

		Author Contributions

		Funding

		References









OPS/images/cover.jpg
‘ frontiers
in Pharmacology

The Balance of MU-Opioid,
Dopamine D2 and Adenosine
A2A Heteroreceptor Complexes
in the Ventral Striatal-Pallidal
GABA Antireward Neurons May
Have a Significant Role in
Morphine and Cocaine Use
Disorders





OPS/images/fphar-12-627032-g001.gif





OPS/images/fphar-12-627032-g002.gif









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Materials





