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Abstract

:

Bioluminescence and fluorescence resonance energy transfer (BRET and FRET) together with the proximity ligation method revealed the existence of G-protein-coupled receptors, Ionotropic and Receptor tyrosine kinase heterocomplexes, e.g., A2AR–D2R, GABAA–D5R, and FGFR1–5-HT1AR heterocomplexes. Molecular integration takes place through allosteric receptor–receptor interactions in heteroreceptor complexes of synaptic and extra-synaptic regions. It involves the modulation of receptor protomer recognition, signaling and trafficking, as well as the modulation of behavioral responses. Allosteric receptor–receptor interactions in hetero-complexes give rise to concepts like meta-modulation and protein modulation. The introduction of receptor–receptor interactions was the origin of the concept of meta-modulation provided by Katz and Edwards in 1999, which stood for the fine-tuning or modulation of nerve cell transmission. In 2000–2010, Ribeiro and Sebastiao, based on a series of papers, provided strong support for their view that adenosine can meta-modulate (fine-tune) synaptic transmission through adenosine receptors. However, another term should also be considered: protein modulation, which is the key feature of allosteric receptor–receptor interactions leading to learning and consolidation by novel adapter proteins to memory. Finally, it must be underlined that allosteric receptor–receptor interactions and their involvement both in brain disease and its treatment are of high interest. Their pathophysiological relevance has been obtained, especially for major depressive disorder, cocaine use disorder, and Parkinson’s disease.
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1. Introduction


In the early 1980s, the first indications were obtained for the existence of intramembrane receptor–receptor interactions in the central nervous system (CNS) based on the ability of neuropeptides (substance P, neurotensin, chemokine CCK8 and CCK4) to alter the recognition of monoamine receptors in biochemical radio-ligand studies in membrane preparations from the CNS [1]. These results indicated the possible existence of direct physical interactions of different types of receptors in the plasma membrane. Ten years later, it was proposed that the molecular mechanism involved was represented by the existence of different types of G-protein-coupled receptors (GPCRs) heterodimers in balance with GPCR homodimers in the plasma membrane with the potential existence also of higher-order heteromers [2]. A novel molecular integration had been obtained in the plasma membrane, and these heterocomplexes became novel targets for the treatment of neurological and mental diseases [3,4]. In the beginning, the indications obtained were mainly based on studies on GPCRs [5].



Advancements in understanding receptor heterodimerization accelerated with pivotal findings such as the identification of the functional gamma-aminobutyric acid (GABA) B receptor heterodimer [6]. A novel subtype of the GABA B receptor was found, named GABABR2, which formed a receptor interface with GABAR1 based on the yeast two hybrid system [7]. This heterodimer represented the functional GABA B receptor with a receptor interface of a coiled-coil domain. Receptors of the family of taste receptors type 1 (TAS1R) are also a prominent example of GPCR dimerization as they act as obligate functional heteromers: TAS1R1 and TAS1R3 combine to form an umami taste receptor, while the combination of TAS1R2 and TAS1R3 is a sweet taste receptor [8]. While TAS1R taste receptors are known to form functional heteromers, recent evidence suggests that TAS2Rs, which mediate responses to bitter compounds, can also form both homomeric and heteromeric receptor complexes [8,9].



GPCR heteroreceptor complexes may also involve ion channel receptors [10], receptor tyrosine kinases (RTKs) [11], sets of G-protein interacting proteins, receptor activity-modifying proteins (RAMPs) [12] and/or transmitter transporters [13]. The allosteric interactions in such dynamic higher-order receptor complexes occur in an orchestrated spatiotemporal fashion, participating in learning and the formation of molecular engrams for short and long-term memory [3]. In 2000, Fang Liu et al. were the first to demonstrate that GPCR–ionotropic receptor heterocomplexes also exist [14]. Physical protein–protein coupling was observed between dopamine D5R and GABA A receptor. The second intracellular loop of GABA A gamma 2 (short) receptor subunit interacted with the dopamine D5 receptor (D5R) carboxy-terminal domain. Dynamic modulation of synaptic inhibition of the GABA A ion channels was found through inhibitory allosteric receptor–receptor interactions [14]. There exist indications from 1997 that activation of GABA A in membrane preparations reduces the affinity of the high affinity of the dopamine D2 receptor (D2R) agonist binding sites [15] but these results should be validated. It opens the possibility of potential D2R–GABA A interactions. Of special relevance for structural plasticity, for example, in the dendritic tree and its spines, may be the recruitment of RTK to GPCR–RTK heteroreceptor complexes formed, which may result, for example, in synergistic increases in neurite densities and their protrusions in primary neuronal cultures [16,17].



These discoveries underscore the dynamic nature of synaptic excitation/inhibition regulation and hint at the complexity of receptor interactions within the CNS. Allosteric receptor–receptor interactions within GPCR homo- and heteroreceptor complexes further expand the conceptual framework of brain integration and neuropsychopharmacology [18]. These interactions, facilitated by receptor oligomerization, lead to novel receptor dynamics, altering receptor recognition, pharmacology, signaling, and trafficking and potentially giving rise to new allosteric binding sites [19]. Alongside phosphorylation mechanisms, these interactions contribute to fine-tuning receptor function and signaling, providing a basis for diverse physiological responses and potential therapeutic targets. The concept of biased GPCR agonism, which suggests the stabilization of distinct active receptor states leading to selective signaling pathway activation, underscores the importance of receptor diversity and specificity [20,21,22]. The GPCR heterodimer network (GPCR-HetNet) exemplifies how allosteric receptor–receptor interactions amplify GPCR diversity, enhancing signaling specificity and potentially offering novel avenues for drug development in CNS disorders [23]. Moreover, dysfunction within GPCR heteroreceptor complexes may contribute to the pathophysiology of brain diseases, emphasizing the significance of understanding their role in normal brain function [4,24,25].




2. On the Existence of GPCR Homo- and Heteroreceptor Complexes


GPCRs exhibit a diverse range of structural characteristics across their phylogenetic families [26]. Family A, known as the rhodopsin-like family, represents the largest subgroup encompassing receptors for odorants, catecholamines, amines, peptides, and glycoprotein hormones. These receptors exhibit highly conserved amino acids, a disulfide bridge linking the first and second extracellular loops (ECLs), and often a palmitoylated cysteine in the carboxy-terminal tail. In contrast, Family B receptors feature a relatively long amino terminus with cysteines forming disulfide bridges but lack sequence homology with Family A. Hormones such as glucagon and parathyroid hormone serve as ligands for Family B receptors. Family C comprises metabotropic glutamate, Ca2+-sensing, and γ-aminobutyric acid (GABA)B receptors, characterized by a long amino terminus housing a ligand-binding domain resembling a ‘Venus flytrap’. Unlike Families A and B, Family C receptors lack certain key structural features but possess short and conserved third intracellular loops. Despite their structural disparities, a crucial shared characteristic among all GPCRs is their ability to interact and oligomerize [5,27,28,29]. The structural organization of GPCRs presents a complex and dynamic landscape, with evidence suggesting both dimerization and higher-order oligomerization [5,23].



Over the past two decades, dimerization and oligomerization have been observed for nearly all tested GPCR subtypes (239 GPCR protomers, representing approximately 48% of the total number of 519 true non-orphan human GPCR) in both heterologous systems and native tissue [23,30]. The oligomeric status of GPCRs indeed significantly influences receptor activation and function, but it exhibits variability among different receptors and can change at different stages of the receptor’s life cycle [5]. While class C GPCRs typically require dimerization to transduce transmembrane signaling in response to agonists, class A and B GPCRs can activate G proteins and recruit β-arrestins as monomers upon agonist binding [28,31]. Nevertheless, most tested GPCRs form dimers and oligomers, leading to a spectrum of functional consequences. Functional interactions between binding sites in heterodimeric receptors have been observed in various experiments, opening avenues for novel pharmacology and revealing synergistic or antagonistic effects on signaling [32,33,34].



Additionally, oligomerization provides an additional criterion for endoplasmic reticulum quality control and facilitates cell-surface trafficking [35]. GABAB receptor heterodimerization serves roles beyond cell-surface trafficking [36], affecting mechanisms of GABA binding and receptor-G-protein coupling. Notably, differences in the N-terminus between GB2 and GB1 suggest distinct roles in ligand binding and receptor-G-protein coupling. This suggests a form of trans-activation wherein GB1 binds agonist while GB2 couples to G-protein [37,38]. Similar trans-activation mechanisms have been observed in the luteinizing hormone (LH) receptor, a Family A receptor, indicating a broader role for this mechanism beyond GABAB receptors [39,40]. However, it is essential to note that the stability and stoichiometry of GPCR complexes can vary considerably among Family A and B GPCRs, with cis-activation being the most common mechanism, while only class C GPCRs tend to form stable complexes with trans-activation mechanisms.



Plasma membrane homo- and heteroreceptor complexes were mainly identified with coimmunoprecipitation [28], bioluminescence and fluorescence resonance energy transfer (BRET and FRET [41,42,43]), cross-linking, gel filtration, Fluorescence Correlation Spectroscopy [44,45], biomolecular fluorescence complementation, single-molecule microscopy [46,47,48], quantal brightness, and fluorescence fluctuation (SpIDA) [49] primarily using engineered GPCR constructs expressed in heterologous systems. Analyzing GPCR interactions in native environments has posed significant challenges. However, the use of coimmunoprecipitation [17,50,51] and time-resolved Förster resonance energy transfer (FRET) between GPCR ligands has revealed oligomers in native tissues [52,53,54]. It should also be noted that in the period of 2010–2013, it became possible to demonstrate heteroreceptor complexes in the brain at endogenous expression levels of receptors based on a novel technique, in situ proximity ligation assay (PLA), in combination with immunohistochemistry [17,55,56,57]. This important technique (PLA) was developed by Fredriksson, Gullberg, Söderberg and colleagues [58,59]. For recent work on the analysis and quantitation of the GPCR heterocomplexes with in situ PLA (see [57,60,61,62,63,64,65,66,67,68,69,70,71]).



In current procedures, the receptor complexes appear as red blobs with a diameter of 0.5 to 1.5 um and their density in sampled fields is determined using confocal laser microscopy. The assay is performed in combination with a Neuro-ChromPan neuronal marker antibody-Alexa488, giving a green fluorescence to the neurons and enabling the study of the link of the red blobs to the neurons [61,62,63,64,65]. Based on different types of glial markers, the link of the red blobs to glial cells can also be established. Recently, a new method for Boolean analysis at a molecular level has been introduced for protein interactions [59]. The method is called MolBoolean and uses the Boolean operations AND and NOT at the molecular level. Like the PLA method, the pool of protein A and protein B is visualized when they are in sufficient proximity (AND). The difference with the MolBoolean method is that it also visualizes proteins A and B when they do not take part in an interaction with each other (NOT). Thus, the relative quantities of non-interacting protein A and protein B can be determined. It should be considered that the non-interacting components protein A and protein B, at least some of them, interact with other types of proteins or form homomers. This aspect is of high relevance for understanding the complexity and diversity of receptor–receptor interactions.



Quantitative studies aiming to determine the monomeric/oligomeric composition of certain class A and B GPCRs have revealed an equilibrium between monomeric, dimeric and higher-order oligomeric species, suggesting a more complex picture [44,45,47,48,72,73,74,75,76,77,78]. Studies using different approaches have yielded conflicting results regarding the existence and composition of GPCR oligomers, with some suggesting that observed monomers and dimers may represent dissociation products from larger oligomeric complexes [27]. Additionally, limitations in the resolution of certain techniques used to study GPCR oligomerization may fail to capture rapid fluctuations in receptor interactions, while the cellular environment can influence the stability and composition of receptor–receptor interfaces. Evidence indicates that ligand binding can modulate the extent and stability of GPCR interactions, adding another layer of complexity to their quaternary organization [31,79,80]. For example, ligand binding to the dopamine D2 receptor (D2R) stabilizes dimers [74], while the muscarinic acetylcholine M2 receptor (mAChR2) appears to predominantly exist as a monomer but can reversibly form dimers at the plasma membrane under certain conditions [81]. However, studies employing fluorescence correlation spectroscopy (FCS) with photon counting histogram analysis to investigate the oligomer status of six class A GPCRs (serotonin 5-HT2A, alpha-1B adrenergic receptor, beta-2B adrenergic receptor), mAchR1, mAchR2 and dopamine D1R) indicated that these receptors predominantly exist as homodimers within the plasma membrane, with no evidence of tetramers or higher-order oligomers, suggesting a stable configuration unaffected by agonist treatment or receptor expression levels [44]. Frizzled 6 (FZD6), a Class F GPCR involved in WNT protein signaling, has been shown to form dimers regulated by WNT proteins [82]. Live cell imaging techniques revealed that agonist-induced dissociation/re-association of FZD6 dimers is crucial for signaling to extracellular signal-regulated kinases1/2. This discovery of agonist-dependent dynamics of dimers extends our understanding of Class F and other dimerizing GPCRs, presenting novel targets for therapeutic intervention.



An implicit assumption in the ongoing debate about monomer versus dimer status is that the quaternary structure and functional state of all GPCRs remain constant throughout their lifecycle. However, this assumption overlooks the dynamic nature of GPCR behavior from synthesis in the endoplasmic reticulum to internalization and sorting in endosomes. Each GPCR subtype exhibits a unique combination of structural and functional features, including variations in N-termini, cytoplasmic loops and C-termini, as well as differing requirements for phosphorylation and interactions with downstream signaling molecules and lipids, which may be prominent driving factors for oligomerization [83,84,85]. Nevertheless, discrepancies in the quaternary structure and stability of GPCR complexes across different studies underscore the need for further refinement and systematic comparison of methods to monitor GPCR interactions over time.



The remarkable structural and functional diversity of the GPCR superfamily, acquired over billions of years of evolution, suggests that each receptor may function differently in terms of oligomerization state and activity. Furthermore, the efficiency and specificity of GPCR signaling have prompted the suggestion that GPCRs may signal within discrete nanodomains on the plasma membrane or form stable complexes with G proteins and effectors [86,87]. Recent studies utilizing innovative optical methods like FRET [52,54], single-molecule microscopy [46,48,49,75] and in situ PLA [56,57,68] have begun to delve into the organization of GPCR complexes and signaling in living cells on spatial and temporal scales.



Initially, many experiments focused on the binary characterization of interactions between GPCRs, perhaps partly due to technical limitations. However, after compiling a vast amount of experimental evidence, we proposed the broader concept of considering GPCRs as homo- and heteroreceptor complexes. We also emphasized the need to consider the relevance of the balance between the different complexes’ populations within the membrane of cells or nanodomains [88]. These studies reveal a complex and highly dynamic picture wherein GPCRs transiently or stable interact with other membrane proteins/receptors (such as involve ion channel receptors, receptor tyrosine kinases, receptor activity-modifying proteins and/or transmitter transporters), their signaling partners (G proteins, B-arrestin), membrane lipids, and the cytoskeleton to form long-lasting or short-lived receptor complexes and signaling nanodomains both on the plasma membrane and intracellularly.



2.1. GPCR-GPCR Heterocomplexes


As already indicated, the work on neuropeptide-monoamine receptor–receptor interactions in the CNS indicated the existence not only of GPCR monomers [89] but also of GPCR homo and heteroreceptor complexes [5,90,91]. It can include receptor dimers, higher-order receptor complexes and receptor-interacting proteins like different types of adapter proteins and synaptic and/or non-synaptic proteins [18,85,92].



The GPCR heterodimer network (www.gpcr-hetnet.com, last update 2014 [23], accessed on 23 April 2024) provides insight into the direct interactions between GPCRs, revealing a scale-free model where a few protomers dominate connectivity (e.g., adenosine A2A receptor, dopamine D2R and B2-adrenergic receptor). Experimentally verified interactions were reported for 156 GPCR protomers, representing approximately 20% of the total putative human GPCR protomers (a total number of 797 human GPCR exists, including around 300 orphan receptors). Notably, interactions were most incomplete for the rhodopsin-like superfamily despite representing the majority of identified protomers, even though they represented 18–25% of the interactions. The Secretin-like superfamily and metabotropic glutamate receptor-like superfamily exhibited higher interaction rates, with 33% and 60% of putative protomers involved in interactions, respectively. While more than 87% of identified protomers exist as homomers, the balance between homo- and heteromer populations is crucial, potentially influencing pathological diseases where GPCR dimerization plays a role. Intrafamily connections were significantly more prevalent than interfamily connections, possibly due to favorable co-evolution of protomer interfaces within subfamilies and diverse cell and tissue expression patterns. Further research into GPCR heterocomplexes specificities may reveal cross-family heterodimerization or intrafamily specificities, shedding light on the complex landscape of GPCR interactions.



For drug development in CNS disease, it is of particular interest to understand the interface of the GPCR dimers. In 2004, it became possible to demonstrate with mass spectrometry and pulldown techniques to begin to understand the receptor interface based on the findings of direct epitope–epitope electrostatic interactions between the A2AR–D2R protomers involving the third intracellular loop of the D2R and the C-terminal tail of the A2R [93]. In 2010, it was demonstrated by Borroto-Escuela et al. [94] that a serine point mutation in the C-terminal tail of the A2AR diminished the heteromerization and also found for the first time that the transmembrane helices were involved.



In 2018, a structural model of the A2AR–D2R heterodimer was obtained by mapping its interface [95]. A computational and experimental study was performed. The modeling of the regions of the receptor interface was performed by means of peptides from the transmembrane helices and their effects on the A2AR–D2R using BRET and PLA and modulation of the D2R binding. Peptides belonging to TM-IV and TM-V of the A2AR counteracted the heteromer formation and antagonized the A2AR agonist-induced allosteric inhibition of the affinity of the D2R. Protein–protein docking allowed us to provide a model of the A2AR–D2R containing the TM-IV and TM-V interface. The model was improved by molecular dynamic simulation. Mutations in this receptor interface reduced the allosteric inhibition of the D2R protomer and brought down the BRET signal. The results of this approach suggest that it will be useful for building models of other GPCR heterocomplexes. In this way, the receptor interface of GPCR heterocomplexes can be characterized, which will assist in the development of novel drugs for the treatment of neurological and mental diseases.



One-third of the approximately 400 nonodorant GPCRs remain orphans, with unidentified ligands and potential ligand-independent functions [96,97]. Members of the GPCR family often modulate other receptors through heterodimerization. For instance, GPR50, an orphan GPCR, interacts with the melatonin MT1 receptor, influencing their signaling pathways [98]. Similarly, the orphan receptor GPR143 interacts with dopamine receptors D2R and D3R, suggesting implications for neurological conditions such as Parkinson’s disease [97]. GPR18 and GPR55, orphan receptors, heterodimerize with cannabinoid CB1 and/or CB2 receptors, exhibiting negative cross-talk and bidirectional cross-antagonism, suggesting their involvement in neurodegenerative diseases like Alzheimer’s and Parkinson’s [70,71,99,100].



Oligomerization of GPCRs is not exclusive to the CNS, where multiple GPCR subtypes are often expressed within the same neuron or glial cells but is also observed in peripheral tissues. This process is fundamental for fine-tuning cellular responses and coordinating various physiological processes, including reproductive functions, immune system regulation, and cardiovascular homeostasis. In the periphery, both homo- and heteroreceptor complexes of GPCRs are prevalent and play crucial roles in regulating physiological functions. For instance, follicle-stimulating hormone (FSHR) and luteinizing hormone/chorionic gonadotropin (LHCGR) receptors form homodimers and heterodimers, which are essential for folliculogenesis, the process of ovarian follicle development [101]. The activation of these receptor complexes initiates signaling cascades crucial for follicle maturation, ovulation, and subsequent reproductive processes [101]. Moreover, the heterodimerization of angiotensin II type 1 receptor (AT1R) with the bradykinin B2 receptor (B2R) influences cardiovascular regulation, including blood pressure control and vascular tone modulation [102,103]. Additionally, the formation of chemokine receptor heterodimers, such as CXCR4 and CCR5, impacts immune cell migration and inflammatory responses [104,105].




2.2. GPCR-Ion Channels Heterocomplexes


The interactions between ion channels and GPCRs play pivotal roles in cellular signaling and physiological processes. It was demonstrated by Lee et al. (2002) that the NR1 and NR2 subunits of the NMDAR formed a heterodimer with the D1R [10]. It involved two areas of the D1R carboxyl tail and caused a reduction of the NMDAR currents, which brought down excitotoxicity. Currently, interfering peptides are being used to disrupt its operation to study the function of the D1R-NR1 complex [106]. Furthermore, in 2006, the NR2B subunit of the NMDAR was shown to form a heterodimer with the D2R [107]. Their interactions were modulated in response to cocaine, indicating their possible relevance for understanding the actions of cocaine. It has been observed an interaction between neurotensin receptor 1 (NTS1) and NMDA R [108]. Perroy et al. demonstrated a direct physical interaction between mGlu5a and NMDA receptors, leading to reciprocal inhibition of their respective functions. This interaction, observed in hippocampal neurons, implies a higher degree of target-effector specificity and subcellular signaling localization than previously understood. The deletion of the C terminus of mGlu5a abolished this interaction, highlighting the importance of this region in mediating the functional cross-talk between these receptors.



Furthermore, Marino et al. [109] showed that muscarinic M1 receptors (M1Rs) potentiate NMDA receptor currents in hippocampal pyramidal cells, suggesting a role in learning and memory processes. They demonstrated colocalization of M1Rs and NR1a NMDA receptor subunits, indicating a spatial relationship that allows for physiological interactions between these receptors. This finding has implications for understanding neurodegenerative diseases like Alzheimer’s [109].



A study by Liu et al. [14] uncovered a selective complex formation between GABA(A) ligand-gated channels and D5 receptors. This interaction occurs through direct binding between the D5 receptor carboxy-terminal domain and the second intracellular loop of the GABA(A) gamma2 (short) receptor subunit. This association facilitates mutually inhibitory functional interactions between these receptor systems, suggesting a previously unknown mechanism for regulating synaptic strength and potential implications for psychomotor disease states.



Additionally, voltage-gated calcium channels, crucial regulators of calcium homeostasis, are finely tuned by cellular signaling pathways, including those activated by GPCRs. GPCRs not only regulate calcium channel activity via second messengers but can also physically associate with calcium channels to directly influence their functions and trafficking [110,111]. Furthermore, specific populations of ion channels are directly controlled by G proteins, while others are modulated indirectly through G-protein-dependent phosphorylation events and lipid metabolism. These diverse modifications affect ion channel activities and spatiotemporally regulate membrane potentials and intracellular calcium concentrations. Moreover, the family of G-protein-gated inwardly rectifying potassium channels (Kir3 or GIRK) expressed in the brain, heart, and endocrine tissues were recently shown to stably associate with several different GPCRs, forming the basis of a macromolecular ion channel–GPCR signaling complex [112,113,114]. The molecular determinants that mediate and maintain GPCR-GIRK channel complexes are currently not well understood; however, these protein–protein interaction processes are crucial in determining both the synaptic response times and the extent of GPCR “crosstalk” in GIRK-mediated inhibitory synaptic transmission [113].



The interactions between nicotinic acetylcholine receptors (nAChRs) and dopamine receptors are another example of GPCR–ion channel heterocomplexes, which reveal complex mechanisms underlying synaptic modulation and neuronal excitability [115]. nAChRs are ligand-gated cationic channels composed of various α and β subunits, existing as α7-containing (α7nAChRs) and non-α7 nAChRs. Dopamine receptors, including D2 dopamine receptors (D2ARs), co-localize with nAChRs in dopamine (DA) neurons within the ventral tegmental area (VTA) and substantia nigra (SN), as observed in soma, axons, terminals, and other neuron types. Specifically, α6-containing nAChRs are highly expressed in midbrain DA neurons, where their activation increases neuron firing, a process antagonized by D2ARs. Quarta et al. [116] demonstrated that nicotine-induced dopamine release in the striatum is modulated by D2 autoreceptors and non-α7 nAChRs. Co-immunoprecipitation experiments revealed physical interactions between β2 subunits of non-α7 nAChRs and D2 autoreceptors, suggesting the formation of heteromeric dopamine autoreceptor complexes that modulate dopamine release. These findings highlight a potent crosstalk between G-protein-coupled receptors and ligand-gated ion channels in dopaminergic nerve terminals. Also, the activation of nAChRs induces morphological remodeling in DA neurons, a process dependent on functional DA D3 receptors (D3Rs). Evidence suggests the existence of D3R-nAChR heteromers [117], with direct interaction between D3R and the β2 subunit of nAChR. Disruption of these heteromers by interfering peptides targeting intracellular loops reduces nicotine-induced neurotrophic effects on DA neurons, emphasizing the functional significance of the D3R-nAChR heteromer in mediating nicotine’s effects.




2.3. GPCR–RTK Heterocomplexes


Flajolet et al. [16] discovered that fibroblast growth factor receptor 1 (FGFR1) can form heteroreceptor complexes with A2AR, a GPCR., based on the yeast two-hybrid method. Coactivation of the two protomers resulted in neurite extension of the cells and enhanced cortico-striatal plasticity. Twelve years later, it was found that A2AR also formed heteroreceptor complexes with tropomyosin receptor kinase B (TrkB) receptors in the dorsal hippocampus using in situ PLA [118]. The complexes were inter alia found in high densities in the pyramidal cell layers of the CA1–CA3 regions but lacked presence in the molecular and granular cell layers of the dentate gyrus. These A2AR–TrkB heteroreceptor complexes may have implications for hippocampal plasticity, which is impaired in aging [118].



The discovery of the FGFR1–5-HT1A heteroreceptor complexes in the dorsal hippocampus was made in 2012 [17] using PLA, followed by observations of their presence in the dorsal raphe. In the dorsal raphe, the FGFR1 forms a complex with the 5-HT1A auto-receptor. It was found that combined 5-HT1AR agonist and FGF2 treatment increased the density of these heteroreceptor complexes in the hippocampus. Furthermore, the enhanced positive allosteric receptor–receptor interactions in these complexes led to improved FGFR1 signaling linked to antidepressant actions [11]. Taken together, these results bring together the serotonin and neurotrophic hypothesis of major depression.



Disturbances have been observed in the FGFR1–5-HT1AR heterocomplexes in the raphe-hippocampal 5-HT neuronal system in a genetic rat model of depression (Flinders sensitive line rat) [25]. Such deficits may involve a failure of combined agonist treatment to uncouple the 5-HT1A auto receptor from the GIRK channels in the raphe 5-HT nerve cells, which increases their hyperpolarization and may reduce their firing. This may be related to a reduced ability of the FGFR1 protomer to reduce the signaling of the 5-HT1A auto-receptor protomer via allosteric receptor–receptor interactions [25]. A neurochemical and electrophysiological analysis demonstrated that astrocytic FGFR1–5-HT1AR heterocomplexes also exist in the hippocampus [119]. Localization of hippocampal FGFR1–5-HT1AR heterocomplexes in astrocytes was found using in situ proximity ligation assay combined with immunohistochemistry using glial fibrillary acidic protein (GFAP) immunoreactivity as a marker for astroglia. Acute i.c.v. treatment with 8-OH-DPAT alone or together with basic fibroblast growth factor (FGF2) significantly increased FGFR1–5-HT1AR heterocomplexes in the GFAP positive cells, especially in the polymorphic layer of the dentate gyrus (PoDG), but also in the CA3 area upon combined treatment. Also, structural plasticity changes were observed in the astrocytes, especially in the PoDG region, upon these pharmacological treatments [119]. FGFR1–5-HT1AR heterocomplexes in astrocytes modulate the structure and function of astroglia in the hippocampus, leading to possible changes in the gamma oscillations.



There also exist indications for the existence of muscarinic acetylcholine receptor, mAChR–FGFR1 heteroreceptor complexes, which should be linked to the cholinergic neurons [120], which is of high interest. It was associated with the enhancement of neuritis outgrowth in neural hippocampal cultures.



Our recent report on the complex network of interactions between different GPCR–RTK pairs, comprising around 181 GPCR–RTK receptor–receptor interactions (https://www.gpcr-hetnet.com/, accessed on 23 April 2024), highlights the extensive crosstalk and signal integration occurring between these signaling pathways. This GPCR–RTK heteroreceptor complexes diversity sheds light on the intricate ways in which cells coordinate responses to various stimuli, offering valuable insights into the complexities of cellular signaling. Such findings could have significant implications for drug development and therapeutic strategies aimed at modulating GPCR–RTK interactions to treat various diseases and disorders.





3. Molecular Integrations through Allosteric Receptor–Receptor Interactions in Heteroreceptor Complexes of Synaptic and Extra-Synaptic Regions


3.1. From Modulation of Receptor Protomer Recognition, Signaling and Trafficking to Functions in the CNS, including Behavioral Studies


Early on there have been many studies on the existence of allosteric receptor–receptor interactions in brain dopamine (DA) transmission belonging to the basal ganglia. It is based on biochemical binding studies [121], especially with regard to A2AR–D2R interactions but also to A2AR–D3R complexes [122] and the potential existence of A2AR–D4R complexes [123]. The dopamine (DA) receptors are mainly located in extra-synaptic regions, which is likely also true for these heterocomplexes. In 1998, antagonistic A1R–D1R interactions were also observed in binding studies in the basal ganglia, likely reflecting allosteric receptor–receptor interactions in the extra-synaptic regions. Later, in 2003 and 2008 [124], studies on BRET and FRET on the existence of A2AR–D2R and A1R–D1R heterocomplexes with the A2AR–D2R complexes mainly modulating the striatal-pallidal GABA neurons, known to inhibit the initiation of movements and the A1R–D1R complexes mainly modulating the direct GABA pathway, known to enhance movements. The DA receptor subtypes also interact with each other to form, e.g., D2R–D4R [55] and D1R–D2R [125] heteroreceptor complexes, especially in the basal ganglia. The available evidence suggests that the allosteric receptor–receptor interactions can involve bi-directional modulation of both receptor recognition, signaling and trafficking [123], and include high-order heteroreceptor complexes.



Furthermore, the richness of 5-HT receptor subtypes in the brain is well-known [126], and they form a large number of 5-HT heteroreceptor complexes among themselves like 5-HT1AR–5-HT2AR heterocomplexes [34] and with other types of receptors like the DA receptor subtypes. The DA and serotonin nerve terminal networks are also known to overlap with each other in multiple brain regions. It is, therefore, of substantial interest that D2R–5-HT2AR and D2R–5-HT1A heteroreceptor complexes have been identified in the brain [127,128]. And that only the hallucinogenic 5-HT2AR agonists could enhance the Bmax values and the affinity of the high-affinity component of the D2R protomers through allosteric receptor–receptor interactions in the dorsal and ventral striatum with the D2R signaling also becoming increased [129]. One molecular mechanism for the ability of atypical antipsychotic drugs to diminish psychosis can, therefore, be by blocking the allosteric enhancement of D2R protomer signaling through, e.g., 5-HT2AR antagonism.



It should also be considered that the 5-HT2AR forms a heterocomplex with the oxytocin receptor (OXTR), but in this receptor complex, it exerts an allosteric antagonistic action on the oxytocin receptor signaling [65]. In view of the importance of oxytocin for social behavior and for reward, this action of the 5-HT2AR agonist will contribute to its known depressant actions [24]. The OXTR represents a key hub in the GPCR heteroreceptor network with significant relevance for brain and behavior, and even stronger antagonistic allosteric actions are exerted on the oxytocin receptor protomer by the 5-HT2CR protomer in OXTR–5-HT2CR heterocomplexes [64].



We should also consider the DA and serotonin heteroreceptor complexes as key hubs in the integration of DA and serotonin transmission [23]. It is of substantial interest that D2R–5-HT1AR heterocomplexes also have been discovered [130]. The method was based on the FRET principle and fluorescence lifetime imaging microscopy. These complexes were found to a high degree in the medial prefrontal cortex while found to a much lower extent in the striatum. In 2018, it was found that the atypical antipsychotic drug risperidone in a low dose which can reduce both D2R and 5-HT1AR protomer signaling, increased the D2R–5-HT1AR heteromerization, using in situ PLA, in the prefrontal cortex of the mouse [128]. It may reflect an enhancement in the affinity of the two receptor protomers for each other in the prefrontal cortex that may, e.g., lead to enhanced inhibition of the D2R and /or 5-HT1AR protomer signaling, which should be further investigated.



There also exist 5-HT1AR–5-HT2A heteroreceptor complexes in the anterior cingulate cortex and the hippocampus [34]. It should therefore be tested if also higher-order D2R–5-HT1A–5-HT2A exist in a dynamic balance with D2R–5-HT1A and D2R–5-HT2AR heterocomplexes, also including the corresponding homo-, isomeric complexes and monomers. These results underline the fundamental role the various DAR–5-HTR heterocomplexes can have in the integration of the DA and 5-HT signaling in the dopamine and serotonin nerve terminal networks [131].




3.2. Expanding the Concept of Meta-Modulation (Second-Order Modulation) and Protein Modulation Based on the Existence of Allosteric Receptor–Receptor Interactions in Heteroreceptor Complexes


The modulation of volume transmission [132,133,134,135] was described by Agnati et al. [136] to show multiple ways to modulate volume transmission through metabolic signals, temperature gradients and pressure waves. In a book on “Beyond Neurotransmission” from 1999, edited by Paul Katz, the term meta-modulation was given to “the control and modulation of neuromodulation [137]. Furthermore, the term “meta-plasticity” was introduced in this book to describe the “plasticity of synaptic plasticity” [138].



It should be noted that the discovery of GPCR receptor–receptor interactions in the plasma membrane was made already in the early 1980ies with the hypothesis in 1993 that these receptor–receptor interactions were caused by the formation of homo and hetero receptor dimers and higher-order homo- and heteroreceptor complexes [2]. Thus, it seems clear that the concept of meta-modulation builds on the existence of physical receptor–receptor interactions in heteroreceptor complexes in synaptic and extra-synaptic membranes [10,23] (Figure 1). The molecular integrative receptor mechanisms are in operation both in extra-and presynaptic and extra-and postsynaptic locations. They play a major role in modulating pre -and extra-synaptic release of neurotransmitters [134,135]. In the extra-and postsynaptic places, the integration in and between multiple heteroreceptor complexes will lead to significant alterations in recognition, signaling and trafficking of the extra-and postsynaptic heteroreceptor complexes. The introduction of receptor–receptor interactions [139] was the origin of the concept of meta-modulation provided by Katz and Edwards [137]. Meta-modulation in 1999 stood for the fine-tuning or modulation of nerve cell transmission through receptors of different types located in the same nerve cell and with functional interactions.



Ribeiro and Sebastiao, based on a series of papers, provided strong support for their view that adenosine can meta-modulate (fine-tune) synaptic transmission through adenosine receptors [140,141,142]. They also cite the work of Fields and Burnstock [143] on the relevance of ATP and adenosine as fine-tune modulators since these authors underline the role of ATP and adenosine in glia–neuron cross-talk. Based on the existence of multiple A2AR and A1R heteroreceptor complexes in the brain [144,145], the mechanism for the ability of adenosine to fine-tune or meta-modulate synaptic and extra-synaptic complexes lies in different types of adenosine heteroreceptor complexes formed in various brain circuits [146,147]. The formation of heteroreceptor complexes is, in fact, a general integrative CNS mechanism involving, among others, GPCR, RTK and ionotropic receptors [18,23]. The physical receptor–receptor interactions make possible the allosteric receptor–receptor interactions with fine-tuning of the participating receptor protomers in terms of recognition, signaling and trafficking as well as transmitter release [88]. It is an essential integrative mechanism that plays a major role in meta-modulation by modulating presynaptic and extra-synaptic transmitter release and postsynaptic and extra-synaptic neuronal activity, including firing.
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Figure 1. Functional Interaction of GPCR Heteroreceptor Complexes in striato-palidal GABA neurons. This figure illustrates the intricate functional interplay and roles of GPCR homo- and heterocomplexes within GABAergic neurons, including those involving receptor tyrosine kinases (RTKs) and ion channels. The balance between these complexes and their allosteric receptor–receptor interactions is depicted, with the nature of these interactions indicated in the top part of each receptor complex. Antagonistic allosteric modulation is denoted as (−), while facilitatory allosteric modulation is represented as (+). Dopamine D2R heteroreceptor complexes are proposed to primarily localize in extrasynaptic regions but may also be found in synaptic locations. These complexes are suggested to modulate synaptic glutamate transmission in striato-palidal GABA neurons. Additionally, the potential existence of NMDAR–D2R heterocomplexes in striato-palidal GABA neurons could contribute to the reduction of glutamate drive through D2R protomer-mediated inhibition of NMDA receptors. These molecular integrative receptor mechanisms operate both in extra- and presynaptic locations, significantly modulating neurotransmitter release. Integration among multiple heteroreceptor complexes within extra- and postsynaptic sites leads to notable alterations in recognition, signaling, and trafficking. The concept of meta-modulation, introduced in 1999, describes the fine-tuning or modulation of nerve cell transmission through receptors of different types located within the same nerve cell and exhibiting functional interactions. This depiction extends the concept of meta-modulation (second-order modulation) based on the existence of physical receptor–receptor interactions in heteroreceptor complexes and their allosteric receptor–receptor interactions within synaptic and extrasynaptic membranes. The following depicted GPCR homo- and heteroreceptor complexes are illustrated: adenosine A2AR [73], dopamine D2R [74] and serotonin 5HT2AR [44,148] homoreceptor complexes, A2AR–D2R [149,150], D2R–5HT2AR [127], 5HT2AR–mGluR5 [151], D2R-NMDA [107] heteroreceptor complexes and the putative FGFR1A–A2AR–D2R heteroreceptor complexes [11,16,41]. Other glutamate receptors, such as α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPA) and kainate receptors, may also be present on striato-palidal GABA neurons, playing crucial roles in enhancing glutamate activation, thereby increasing glutamate drive and activity in mesolimbic DA reward neurons. 
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Ribeiro and Sebastiao [140] have discussed the fine-tuning of interactions between A2AR and calcitonin gene-related peptide (CGRP), A2AR and α7nAChRs and A2AR and TrkB interactions. The fine-tuning of these interactions can reflect the formation of heteroreceptor complexes with direct allosteric receptor–receptor interactions [118,146,147]. The A2AR can also potentially directly interact with the adenosine transporter and GABA transporter proteins, leading to the enhancement of adenosine and GABA transport [140].



Not only adenosine receptor subtypes but also, e.g., serotonin and dopamine receptors, representing GPCRs, participate in many heteroreceptor complexes, while other types of GPCRs can have low participation in forming heterocomplexes (Figure 1). GPCRs also form heterocomplexes with ionotropic receptors like NMDAR and AMPAR and RTK like TrkB and FGFR1. They perform the integration of signals both in synaptic and volume transmission [134]. The term meta-modulation can be used to describe integration through direct allosteric receptor–receptor interactions in heterocomplexes, including presynaptic and postsynaptic regions, as well as extra-synaptic regions [134,152]. It can involve e.g., presynaptic release-regulating metabotropic glutamate receptors [153].



Meta-modulation mechanisms have also been described in relation to release-regulating presynaptic receptors based on the use of synaptosomes that lack the post-synaptic connection [154]. However, in the future, it will be important to develop techniques to understand the link between the pattern of presynaptic transmitter release and the pattern of activation and inhibition of the postsynaptic receptors and their allosteric receptor–receptor interactions, a process which can be best described as receptor reorganization through protein modulation.



The existence of heteroreceptor complexes in the presynaptic and extra-synaptic nerve terminal regions should also be considered to fine-tune through protein modulation of receptors and transporters, the transmitter release from the presynaptic and extra-synaptic terminal regions, often forming varicosities. Together with signals from the postsynaptic surface, the pattern of neurotransmitter release from the synaptic terminal can reach the state required to mediate the firing pattern that should be learned through the reorganization of multiple heteroreceptor complexes on the postsynaptic side. In this way, learning is accomplished [155].



The work of Pittaluga et al. [156] gives indications that the neuropeptide somatostatin modulates presynaptic glutamate release and signaling that may involve somatostatin receptor-glutamate receptor interactions in the glutamate nerve terminal. It can be associated with protein modulation (fine-tuning) of presynaptic glutamate receptor activity with alterations of glutamate release increasing synaptic strength through the activation of postsynaptic glutamate receptors protomers participating in postsynaptic heteroreceptor complexes.



In addition, it should be underlined that the reorganization of the postsynaptic heteroreceptor complexes with altered synaptic receptor–receptor interactions can represent the molecular basis of learning and their consolidation through the formation of novel adapter proteins that bind to and stabilize these heteroreceptor complexes. These molecular changes can lead to long-term memory with the formation of the molecular engram [3,157,158]. The major role of dynamic synaptic heteroreceptor complexes lies in their ability to accomplish learning through their reorganization via protein modulation. It is followed, if the change is relevant, by the transformation of the new complexes into long-term memories by causing transcription of novel types of adaptor proteins that bind to the reorganized heteroreceptor complexes in the plasma membrane. They are stabilized by linking the modulated receptor complexes together and linking them also to synaptic plasma membrane proteins like cell adhesion proteins and master scaffolding proteins.



In learning and memory, modulated receptor–receptor-protein interactions in high order synaptic heteroreceptor complexes lead to marked changes in their structure and function that can be described as protein modulation. A suitable name for studies on learning and memory at the molecular level would be again protein modulation, which could be a general name to study receptor–receptor interactions and receptor-ligand interactions at the molecular level, also including studies on protein phosphorylation and de-phosphorylation.





4. Learning, Memory, and Synchrony at the Molecular Level


A key role is given to multiple pre- and postsynaptic high-order heteroreceptor complexes in learning and memory [3]. The molecular basis of learning and memory can be based on the receptor reorganization, through protein modulation, of the homo and heteroreceptor complexes in the postsynaptic membrane [134,155,158]. It also leads to changes in the presynaptic receptor complexes in order to facilitate the altered pattern of transmitter release to be learned [135]. The temporal pattern of release of transmitters leads to a transient reorganization of the postsynaptic homo and heteroreceptor complexes. It reflects a learning process that can be transformed into a short-term memory. As a result of the homo and heteroreceptor complexes signaling and their impact on gene expression and chromatin reorganization, novel adapter proteins are formed that lead to a consolidated generation of the pre-and postsynaptic heteroreceptor complexes. Such stabilized heteroreceptor complexes become a long-term memory, a so-called molecular engram. It takes place through the stabilization of the synaptic heteroreceptor complexes brought about by multiple novel adapter proteins that bind and link the multiple synaptic heteroreceptor complexes together with each other and postsynaptic proteins, like cell adhesion proteins and master scaffolding proteins, enabling the consolidation.



To understand how the synchrony [159] between neuronal cell populations can be established, it is proposed that the neurons with novel memories can play a role through volume transmission [135], involving their release of exosomes containing the novel types of adapter proteins used for long term memory, can play a role. Such novel adaptor proteins may favor synchrony development upon their internalization by making it possible to form some similar synaptic heteroreceptor complexes as found in the original nerve cell population. Through their original adapter proteins, the possibility of forming similar memories in other neurons may develop via unique adapter proteins containing exosomes that can enter other nerve cells via volume transmission and internalization. Such molecular events leading to the selection of similar heteroreceptor complexes in additional and close-by nerve cells should help the development of synchrony with the improvement of the functional events needed, like the addition of complementary movements and cognitive functions. Complementarily, the novel transcription factors and activator proteins formed in the first nerve cell population can, at least in part via VT through exosomes, also be internalized into the second nerve cell populations to help them reach coordination with the first neural population. A key gene may be triggered by adapter proteins, transcription factors and/or activator proteins to reach such a coordination with a similar neural synchrony as in the first nerve cell population, which allows context to develop between first and second nerve cell populations to develop.




5. Allosteric Receptor–Receptor Interactions and Their Involvement in Brain Disease and Its Treatment


5.1. Pathophysiological Relevance for Major Depressive Disorder and Potential Drug Development


Certain central 5-HT heteroreceptor complexes in the brain have been indicated to become dysfunctional in models of major depressive disorder and can represent new targets for treatment not only of major depressive disorder but also of anxiety disorder [11,25,160]. Currently, the aim is to identify the most vulnerable 5-HT heteroreceptor complexes. Recent work indicates that the 5-HT1AR–R5-HT2AR [34] and FGFR1–5-HT1AR heterocomplexes [17,25,119] are of special interest. The FGFR1–5-HT1A auto-receptor complex in the dorsal raphe nerve cells should also be mentioned, with the FGFR1 protomer reducing the inhibitory 5-HT1AR auto-receptor protomer function by diminishing the 5-HT1AR auto-receptor agonist-induced opening of the GIRK channel. The 5-HT1A auto-receptor reduces the activity of the raphe-limbic serotonin neurons, which can be enhanced in a genetic rat model of depression [25]. In FSL rats compared to Sprague-Dawley (SD) rats, reductions can develop in the ability of the 5-HT1AR agonist 8-OH-DPAT and combined FGFR1 and 5-HT1AR agonist treatment to increase the density of FGFR1–5-HT1AR heteroreceptor complexes in the dorsal raphe nucleus. It was proposed that such deficits in FSL rats may lead to a failure of such agonist treatments to uncouple the 5-HT1AR auto-receptors from the GIRK channels. Such events may contribute to the failure of producing antidepressant-like effects in the FSL rat with such combined agonist treatment as found in the SD rat. On the other hand, the activation of the serotonin auto-receptor enhances the trophic activity of the FGFR1 protomer, increasing the survival of the dorsal raphe serotonin neurons with improvement of their dendritic and nerve terminal networks [11,17].



It has become increasingly clear that oxytocin and its receptor play a significant role in the emotional networks of the brain, including the limbic regions and the hypothalamus [161,162,163]. It is therefore of high interest that oxytocin receptors can form heteroreceptor complexes with D2R [33,164], 5-H2AR [65] and 5-HT2CR [64] in the central nervous system. Facilitatory allosteric receptor–receptor interactions were observed in the D2R–OXTR complexes, enhancing the functions of the two receptor protomers. This D2R–OXTR complex could therefore be a new target for improving the emotional networks through enhanced oxytocin receptor signaling in the two regions studied, the dorsal and ventral striatum In contrast, the molecular, biochemical and behavioral evidence obtained in the studies on the 5-HT2AR–OXTR and 5-HT2CR–OxytocinR heterocomplexes indicated that especially the 5-HT2AR and 5-HT2CR agonists had a significant and substantial ability to inhibit the Gq signaling of the oxytocin receptor. In view of the ability of 5-HT2AR and 5-HT2CR activation to enhance depressive actions [64,65], it is possible that this mechanism can involve an inhibitory allosteric modulation of the oxytocin receptor protomer signaling.



Other evidence also suggests that there are functional or physical interactions between serotonin (5-HT2AR) receptors and metabotropic receptors (mGluRs), which play significant roles in neuropsychiatric disorders such as schizophrenia and depression [165,166]. The 5-HT2A receptor is known to interact with various metabotropic glutamate receptors (mGluRs), particularly mGluR2 [167,168,169]. Studies have demonstrated the formation of functional complexes between 5-HT2ARs and mGluR2 in the brain cortex [169]. González-Maeso et al. [166] identified specific transmembrane helix domains involved in the interaction between mGluR2 and 5-HT2ARs. Disruption of these complexes has been associated with alterations in cellular signaling and behavioral responses, particularly psychosis-like effects induced by hallucinogenic drugs. Post-mortem brain analysis of untreated schizophrenic subjects revealed dysregulated expression of 5-HT2AR and mGluR2 receptors, suggesting their involvement in schizophrenia pathology [166]. The mGlu5 receptor has also been implicated in interactions with 5-HT2ARs, particularly in the regulation of locomotor activity. Halberstadt et al. [151] demonstrated that loss of mGlu5 receptor activity, either through pharmacological means or gene deletion, led to locomotor hyperactivity in mice. Gene deletion of mGlu5 receptors increased the behavioral response to the 5-HT2AR agonist DOM, suggesting a functional interaction between these receptors in modulating locomotor activity. These findings indicate a potential role for mGlu5 receptors in mitigating the behavioral effects of 5-HT2AR agonists or modulating sensitivity to these agonists [151] (Figure 1). Recent studies by Burnat et al. [170] suggest that interactions between mGlu4 and 5-HT1AR receptors may represent another signaling pathway involved in the development and treatment of psychiatric disorders such as schizophrenia or depression. These findings highlight the importance of understanding the interactions between serotonin and metabotropic receptors in the context of neuropsychiatric diseases and their potential as therapeutic targets.




5.2. Pathophysiological Relevance for Cocaine Use Disorder and Potential Drug Development


It is of substantial interest that A2AR–D2R heterocomplexes play a major role in cocaine reward and addiction [150]. It was found that the A2AR agonist CGS21680 reduced cocaine reinforcement under a progressive ratio schedule, indicating that the A2AR activation diminishes the motivational effects of cocaine. Furthermore, upon disruption of the A2AR–D2R heterocomplex in the nucleus accumbens through a microinjection of A2AR transmembrane 5 peptide, an A2AR–D2R interface interfering peptide, the cocaine self-administration was enhanced by the ability of this peptide to set free the D2R protomer from allosteric A2AR-mediated inhibition [171,172]. In this way, evidence was obtained that A2AR–D2R heteroreceptor complexes, through their antagonistic allosteric receptor–receptor interactions, can be highly relevant targets for the treatment of cocaine self-administration. In agreement, the A2AR transmembrane 2 peptide, which is not part of the A2AR–D2R interface, failed to interfere with the A2AR–D2R heterocomplex as indicated by in situ PLA and lacked effects on the rat cocaine self-administration [171]. Thus, cocaine addiction development may depend on enhanced inhibition of D2R protomer signaling through increased allosteric A2AR protomer-mediated inhibition of the D2R protomer in the A2AR–D2R heteroreceptor complex. It is mainly located in the accumbens–pallidal GABA antireward neurons [150].



Furthermore, there exist indications that cocaine can recruit the intracellular Sigma1R to the plasma membrane [173], where it forms a heterocomplex with the D2R to which several Sigma1 R molecules can bind [174,175]. It was proposed that a trimeric complex of A2AR–D2R-Sigma1R can be formed in cocaine use disorder. It may be processed into a permanent irreversible molecular engram, which can strongly inhibit D2R protomer recognition and signaling in a long-lasting way, leading to cocaine addiction [150]. It takes place through a marked reduction of inhibitory D2R signaling in the GABA antireward neurons, leading to excess GABA antireward activity. In support of this hypothesis, combined treatment in cells expressing A2AR, D2R and Sigma 1R with cocaine and an A2AR agonist resulted in a dramatic reduction in the D2R agonist-induced activation of the Gi/o-mediated signaling as studied through inhibition of the activity of cAMP response element binding proteins (CREB) [150].



This concept is also supported by experiments on OSU-6162, a selective Sigma 1R ligand in low doses [176]. This Sigma1R ligand produced in the nucleus accumbens shell substantial increases in the density of the D2R–Sigma1R and A2AR–D2R heterocomplexes, supporting the existence of A2AR–D2R–Signa1R trimeric complexes in which the Sigma1R agonist can strongly enhance the antagonistic allosteric A2AR–D2R interaction. This mechanism may mediate the enhanced antagonistic A2AR–D2R interaction, causing marked inhibition of cocaine reward, leading to cocaine addiction.




5.3. Pathophysiological Relevance for Parkinson’s Disease and Drug Development


The A2AR–D2R and A1–D1R heterocomplexes modulating the key indirect and direct pathways of the basal ganglia are strongly implicated in Parkinson’s disease and its treatment [147]. These homo- and heteroreceptor complexes, including their antagonistic allosteric receptor–receptor interactions, play a key role in the basal ganglia. The A2AR–D2R complex modulates motor inhibition mediated by the indirect pathway, and the A1R–D1R complex modulates the motor initiation of the direct pathway. Ionotropic and metabotropic glutamate receptor protomers in heterocomplexes also participate in the regulation of these pathways. It has led to potentially improved treatment of Parkinson’s disease [147].



It is also suggested that A2AR and their heteroreceptor complexes, including the A2AR-alpha-synuclein complex ([177] and Borroto-Escuela et al. unpublished data), can have a relevant role in potentially increasing the propagation of alpha-synuclein monomers/dimers into oligomers and fibrils. Such events may also interfere with the function of various A2A heteroreceptor complexes including A2AR–D2R, A2AR–mGluR5, A2AR–mGluR1and A2AR-NMDAR contributing to deficits in learning and memory and enhanced neurodegeneration [134], involving especially the mGluR1 protomer [178,179]. It is proposed that the A2AR agonist, through activation of the A2AR protomer of the alpha-synuclein–A2AR homo and heterocomplex, may increase the alpha-synuclein propagation and produce disturbances in the A2A homo and heteroreceptor complexes interfering with learning and memory and increasing neurodegeneration through their dysfunction. In contrast, the A2AR antagonists like istradefylline can exert neuroprotective actions and improve cognition by, e.g., reducing the formation of alpha-synuclein–A2AR heterocomplexes and blocking the actions of A2AR agonists leading to reduced dysfunction [177].



Aggregates of misfolded alpha-synuclein are a hallmark of Parkinson’s disease. Misfolding is caused by mutations of the alpha-synuclein [180] and its degree likely enhances it. It should be investigated if the misfolding of the alpha-synuclein due to mutations will increase the formation of alpha-synuclein–A2AR heterocomplexes, which may enhance the disturbances they may induce in multiple A2A heteroreceptor complexes in the dorsal striatopallidal GABA neurons which upon their activation inhibit movements [181,182].



The alpha-synuclein complexes of various types may also be internalized into surrounding DA nerve terminals from, e.g., their release from dorsal striatal-pallidal GABA neurons via the vesicle mode of volume transmission. These events may start the degeneration of the striatal DA nerve terminals of the nigro-striatal DA neurons in Parkinson’s disease [147,177,183,184]. These neurons are highly vulnerable to Parkinson’s disease.





6. Conclusions and Future Aspects


One issue is to find the optimal nomenclature to describe the consequences of allosteric receptor–receptor interactions in the plasma membrane. The terms fine tuning or meta-modulation have been introduced to characterize receptor–receptor interactions in, e.g., heteroreceptor dimers or higher-order heteroreceptor complexes. However, in this article, the term protein modulation was introduced since the receptor complexes usually also contain not only receptor proteins but also other types of proteins like adaptor proteins. In future work, with increasing knowledge of the molecular composition of the heteroreceptor complexes and their associated allosteric receptor–receptor-protein interactions, it should be possible to find out if protein modulation would be a suitable term to describe the molecular changes in receptors and other proteins linked to changes in, e.g., cognition, signaling and/or trafficking.



Another issue will be to find the heteroreceptor complexes that are the most vulnerable in distinct CNS diseases like major depressive disorder, cocaine addiction and Parkinson’s disease, including the use of animal models of such diseases. It is proposed that it can lead to the development of novel treatment, provided distinct vulnerability can be identified in models of Parkinson’s disease.
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