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Abstract

The common mechanisms by which members of the G protein–coupled receptor (GPCR) family 

respond to neurotransmitters in the brain have been well studied. However, it is becoming 

increasingly clear that GPCRs show great diversity in their intracellular location, interacting 

partners and effectors, and signaling consequences. Here we will discuss recent studies on the 

diversity of location, effectors, and signaling of GPCRs, and how these could interact to generate 

specific spatiotemporal patterns of GPCR signaling in cells.
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Introduction

Neurotransmission relies heavily on the function of G protein-coupled receptors (GPCRs), 

the largest and most diverse family of signaling receptors in mammals [1]. GPCRs serve 

as receptors for the large majority of known neurotransmitters in the brain. GPCRs are 

“metabotropic” receptors, in that they respond to neurotransmitters typically by initiating 

metabolic changes that result in signaling cascades in neurons. GPCRs differ in many 

ways from “ionotropic” neurotransmitter receptors, which are ion channels that respond to 

neurotransmitters primarily by opening and allowing specific ions to cross the membrane. 

GPCRs recognize and respond to a variety of small molecule, neuropeptide, hormone, 

and lipid neurotransmitters, in contrast to ion channels that respond primarily to small 

molecules. Although GPCRs can couple to their immediate effectors at millisecond and sub-

millisecond timescales [2,3], GPCR signaling outputs are sustained over minutes [4]. This 

is in contrast to ion channels that open and close typically within milliseconds to seconds 

[5]. Many neurotransmitters that activate GPCRs are not restricted to the synaptic cleft and 

stay longer in the extracellular environment which also contributes to prolonged signaling. 

Therefore, GPCR signals primarily set the tone of neuronal responses by regulating overall 
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excitability and contributing to long-term plasticity of neurons, although GPCRs can activate 

ion channels and generate rapid responses [4,6,7].

Our understanding of how GPCR signaling pathways are spatiotemporally organized in 

cells, and the trafficking mechanisms that regulate this organization, is still evolving. 

Traditional studies largely focused on the initial response of GPCRs after they are activated 

by neurotransmitters on the cell surface. However, it is now widely appreciated that GPCRs 

localize to various intracellular locations all over the cell, and that GPCRs can signal from 

arguably all these locations [8-11]. The varied locations allow GPCRs to access a diverse 

repertoire of effectors, as well as specific microenvironments. These differences in the 

immediate effectors and the microenvironment could dictate specific receptor interaction 

patterns, generating enormous spatiotemporal diversity in signaling for any given GPCR 

(Figure 1). By precisely determining the distribution of GPCRs between these different 

locations, membrane trafficking mechanisms could therefore serve as a master regulator of 

signaling.

In this review, we will highlight selected recent studies on the importance of 

diversity in localization, interaction, and signaling profiles of GPCRs, in the context of 

general principles of GPCR function [12]. These are important considerations for both 

understanding specificity in GPCR function and for developing novel strategies to target 

GPCRs for therapeutics.

Diversity in location

GPCRs are localized to a wide variety of subcellular compartments by membrane 

trafficking. GPCR localization to the plasma membrane, endoplasmic reticulum, Golgi, 

mitochondria, nucleus, lysosomes, peroxisomes, and endosomes, have been discussed 

extensively in recent reviews [8-11,13]. The trafficking processes that move GPCRs to 

and from the plasma membrane can be considered under two broad classes of intracellular 

transport - endocytic trafficking, which internalizes and cycles receptors that are activated on 

the surface, and biosynthetic trafficking, which delivers newly synthesized receptors through 

the secretory pathway.

Endocytic trafficking of GPCRs activated on the cell surface has been studied extensively, 

because of the early focus on understanding how GPCRs on the plasma membrane 

are regulated once they are activated by drugs of interest. GPCRs internalize primarily 

via clathrin-mediated endocytosis [14,15]. Some GPCRs, such as the M2 muscarinic 

receptor (M2) in nonneuronal cells [16], can localize to caveolae and internalize via 
clathrin-independent mechanisms under certain conditions [17,18]. However, even for these 

receptors, the main mode of internalization is likely to be clathrin-mediated, as has been 

observed for M2 in neurons [19]. Once internalized, GPCRs can be either recycled to the 

cell surface or sorted to the lysosome to be degraded, based on whether they contain specific 

sequences or modifications. Mutating these sequences or depleting the protein machinery 

that recognize these sequences can disrupt the post-endocytic sorting of receptors, as 

reviewed in detail previously [14,15,20]. This sorting can determine the fate of GPCRs 

and the long-term signaling consequences of receptor activation [10].
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Interestingly, endogenous neurotransmitters might take advantage of this sorting to generate 

diversity in location. One example is in the endogenous opioid system, where there are over 

25 opioid peptides which can activate four opioid receptors [21]. In the dynorphin family of 

opioid peptides, highly related peptides DynA and DynB activate the kappa opioid receptor 

(KOR) to a similar extent, but induce distinct receptor endocytic trafficking fates. While 

DynA drives KOR to late endosomes and lysosomes, DynB causes recycling of the receptor 

to the plasma membrane [22]. These distinct trafficking itineraries cause marked differences 

in signaling responses from the receptor, as discussed later. Therefore, differential post-

endocytic sorting might be a mechanism by which endogenous neurotransmitters generate 

different spatiotemporal patterns of signaling, even though they activate identical pathways 

at the biochemical level adjacent to the receptor.

The membrane lipid microenvironment is emerging as an important regulator of receptor 

endocytosis. In case of the serotonin1A receptor (5-HT1AR), reduction in membrane 

cholesterol levels by inhibition of cellular cholesterol biosynthesis using statin led to a 

switch in agonist-mediated endocytosis of the receptor from clathrin- to caveolin-mediated 

endocytosis. In addition, the receptor was routed to lysosomes instead of recycling 

[18]. On the other hand, the steady state levels of 5-HT1AR on the plasma membrane 

exhibited reduction along with accumulation of the receptor in late endosomal/lysosomal 

compartments in a cellular model of Smith-Lemli-Opitz syndrome, an autosomal recessive 

defect in cholesterol biosynthesis that leads to the accumulation of the immediate 

biosynthetic precursor of cholesterol called 7-dehydrocholesterol [23]. The role of the 

membrane microenvironment in the subcellular organization of GPCRs is likely driven by 

a combination of the specific interaction of lipids with receptors [24] and the biophysical 

nature of the membrane bilayer in the vicinity of the receptor [25,26]. Quantitation of 

receptor density and membrane curvature in the plasma membrane of neuron-like cells 

showed that the neuropeptide Y2 receptor, and β1- and β2-adrenergic receptors, all class 

A GPCRs, exhibited differential sorting into curved vs. flat regions of the membrane in a 

manner dependent on agonist-induced receptor activation [27].

Unlike endocytic trafficking, whether newly synthesized receptors are localized to specific 

compartments in the biosynthetic pathway, and whether receptor delivery is regulated, are 

much less explored [28]. One family of proteins that plays complex roles in steady-state 

delivery of GPCRs to the surface are Rab GTPases, which cycle between an active 

GTP-bound form and an inactive GDP-bound form. For example, Rab43, likely interacts 

with the intracellular loop 3 of the a2B-adrenergic receptor to drive surface export of the 

receptor [29]. Inhibiting Rab43, using CRISPR-mediated knockout and dominant negative 

mutants that could not bind GTP, impaired anterograde trafficking of the receptor in 

neurons [29]. Another Rab GTPase, Rab11a, which is involved in cargo recycling from 

endosomes to the plasma membrane, is required for exporting newly synthesized platelet-

activating factor receptors from the trans-Golgi network [30]. In this case, however, the 

receptors are transported to the nucleus by a nuclear transport protein, importin-5 [30]. 

In this context, the delta opioid receptor (DOR) provides an interesting example to study 

biosynthetic trafficking, as its surface delivery in neurons is regulated by extracellular 

signaling pathways. Unlike in fibroblasts, DOR is retained in an intracellular compartment 

that roughly overlaps with the Golgi apparatus in neurons, due to a neuron-specific 
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checkpoint that ‘holds’ newly synthesized DOR in the Golgi. In neuroendocrine PC12 

cells, this checkpoint can be activated by nerve growth factor signaling which inhibits the 

activity of the Golgi-specific enzyme, class 2 phosphatidylinositol-3-kinase α (PI3KC2A). 

PI3KC2A converts the phosphoinositide lipid PI(4)P to PI(3,4)P2 which normally promotes 

DOR export from the Golgi [31]. Conversely, the opposing enzyme, PI3K phosphatase and 

tensin homolog (PTEN), induces DOR retention in the Golgi [32]. The retention signal 

for DOR was mapped to a conserved dual RXR motif in the receptor C-terminal tail 

[33]. In nociceptive neurons, physiological and pathological cues such as inflammation 

and activation by agonists drive the translocation of newly synthesized receptors from 

intracellular structures that overlap with the Golgi to the plasma membrane [32,34,35]. At 

present, it is not clear if these physiological cues act by modifying the phospholipid balance 

in the Golgi to regulate DOR export.

Diversity in receptor-effector interactions and active states

The diverse locations to which GPCRs traffic could enable diverse and specific interaction 

profiles of receptors and their effectors, separated both in time and space. Taking DOR as 

an example, in HEK293 cells, three different agonists - ARM390, SNC80 and DADLE - 

all activate Gai/o at the plasma membrane, irrespective of their ability to cause receptor 

endocytosis, as measured by enhanced bystander bioluminescence energy transfer (ebBRET) 

changes [36]. However, agonists that induce strong receptor internalization (SNC80 and 

DADLE) engaged the receptor with both Gai/o and β-arrestin at the plasma membrane as 

well as endosomes [36]. The related KOR, which localizes to lysosomes upon stimulation 

with DynA, recruits Nb39 (a conformation-specific nanobody biosensor which recognizes 

the active conformation of opioid receptors through residues conserved across opioid 

receptor subtypes) and causes reduction in cAMP levels [22]. However, upon stimulation 

with DynB, KOR localizes to recycling endosomes and does not recruit Nb39 or reduce 

cAMP levels [22]. A more striking difference in activation was shown for DOR in the 

biosynthetic pathway, using Nb39 and miniGsi, which mimics Gi binding to active DOR 

[37]. When activated by the permeable agonist SNC80, the plasma membrane pool of DOR 

recruited Nb39 as well as miniGsi at the plasma membrane, but the Golgi pool recruited 

only Nb39, although both pools decreased cAMP [37]. These observations raise the 

interesting possibility that the receptor microenvironments could stabilize distinct receptor 

activation states induced by the same ligand.

Local concentrations of effectors, such as cyclic AMP (cAMP), are an important aspect of 

the microenvironment that could regulate GPCR signaling at specific intracellular locations. 

Much of the research on how cAMP is compartmentalized has focused on the local functions 

of effectors and regulators, such as adenylate cyclase enzymes, phosphodiesterases, PKA, 

and kinase anchoring proteins [38-40]. For example, the generation of cAMP at different 

locations was found to be specific to different adenylyl cyclase (AC) subtypes. Both AC1 

and AC9 were activated on the plasma membrane, but only AC9 trafficked to the early 

endosomes and generated cAMP in endosomes upon activation by a Gs-coupled receptor 

[41].
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How gradients of cAMP are maintained in response to compartmentalized activation of 

ACs is still not fully understood. One possibility is that cAMP diffusion is restricted to 

specific domains by cAMP binding sites and phosphodiesterase (PDE) enzymes that degrade 

cAMP [39]. In unstimulated conditions, the diffusion of a fluorogenic cell-permeable 

cAMP analog is “buffered” by cAMP-binding sites, causing low concentrations of free 

cAMP in unstimulated conditions. Genetically encoded FRET-based cAMP sensors tagged 

to phosphodiesterase (PDE) showed “nanodomains” of low cAMP around PDE which 

prevented baseline stimulation of cAMP effectors in these regions [42]. Upon GPCR-

mediated cAMP stimulation, the cAMP binding sites are saturated, increasing free cAMP, 

which floods the cAMP-free zones around PDE and activates effectors [42]. Another 

possibility is that cAMP is sequestered through effector proteins. The regulatory type 

I (RIα) subunit of the cAMP effector protein kinase A (PKA) undergoes liquid-liquid 

phase separation to form biomolecular condensates in a cAMP activity dependent manner. 

These phase-separated compartments are enriched in cAMP and PKA activity [43]. At 

the membrane, biosensors measuring compartment-specific cAMP and Ca2+ oscillations 

revealed a shift in the phase of cAMP oscillations in PKA-recruiting A-kinase anchoring 

protein (AKAP) domains relative to the rest of the plasma membrane [44]. These 

oscillations were found to be regulated by the relative effects of Ca2+-dependent cAMP 

synthesis through AC8 and reduction in cAMP levels through PDE1. Interestingly, AKAP 

and AC8 form nanodomains on the plasma membrane. A computational model revealed 

that these domains are necessary to maintain the oscillatory circuit [44]. Such oscillatory 

changes could encode signaling information in systems such as neurons and pancreatic β 
cells. Overall, the data suggest a model where a highly coordinated network of membrane-

associated and cytosolic assemblies maintain precise concentrations of second messengers to 

spatiotemporally regulate signaling within cells.

Receptor function could become specialized even on the same membrane compartments, 

generating diversity in function. One interesting example of this diversity is seen with the 

dopamine D2 receptor. The short and the long isoforms of this receptor were initially 

thought to localize to presynaptic and postsynaptic terminals respectively, based on 

functional assays [45,46]. However, later studies showed that these isoforms might play 

overlapping roles at both presynaptic and postsynaptic terminals in basal conditions, but that 

upon cocaine treatment, these receptors show different functions in the presynaptic terminal 

[47-49]. The exact downstream components that allow for functional specialization of these 

receptors is still not fully understood.

The dynamic and selective nature of receptor-effector interactions and diverse receptor 

activation states can be appreciated even at the ‘sub-organellar’ scale. Single molecule 

imaging of receptor dynamics and interactions on the plasma membrane at a high 

spatiotemporal resolution revealed ‘hot spots‘ for the interaction of receptors and G proteins 

that were defined by the actin cytoskeleton and clathrin-coated pits [50]. In the endosome, 

although the β2-adrenergic receptor (β2AR) is present in an active conformation all over 

the endosomal membrane, it activates Gαs only on specialized actin/sorting nexin/retromer 

tubular (ASRT) microdomains [51,52]. Exploring the molecular nature of such ‘active 

domains’ on organelles could uncover previously unidentified or underappreciated factors 

in receptor-effector interactions and receptor and effector activation states.
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Diversity in signaling outcomes: how can we leverage it?

The diversity in GPCR localization, interaction with effectors, and location-based signaling 

outcomes raises the exciting possibility that we can manipulate signaling at specific 

locations to fine-tune specific outcomes in therapeutics. For instance, activation of DOR 

in endosomes of nociceptors was found to be necessary for sustained DOR-mediated 

antinociception. Delivering the DOR agonist DADLE specifically to its endosomal pool 

by encapsulating it in a liposomal formulation enhanced DOR-mediated antinociception 

in dorsal root ganglion neurons from DOR-eGFP knock-in mice [36]. In the case of 

the parathyroid hormone (PTH) receptor type 1 (PTHR), distinct cAMP-mediated cellular 

responses were generated from PTHR activation on the plasma membrane and endosomes 

[53]. Receptor-mediated homeostatic control of serum calcium and vitamin D required 

sustained endosomal signaling, while cAMP generated from the plasma membrane receptor 

pool contributed to reduction in serum phosphate levels by PKA-dependent phosphorylation 

of Na+/H+ exchanger regulatory factor-1 (NHERF1). An engineered location-biased peptide 

ligand for PTHR caused sustained cAMP signaling from the plasma membrane, but not 

from endosomes [53]. This is unlike activation of PTHR by endogenous PTH that induces 

cAMP production transiently from the plasma membrane and a sustained cAMP response 

from endosomes. In protease activated receptor 2 (PAR2)-muGFP knock-in mice with 

colitis, endocytosis of PAR2, induced by receptor activation by proinflammatory proteases, 

mediated sustained colonic inflammation and pain [54]. This was possibly due to the 

formation of an endosomal signaling complex of the receptor with Gαq, Gαi and β-arrestin. 

Restricting endosomal signaling by PAR2 by specifically targeting endosomal PAR2 could 

therefore serve as a potential therapeutic strategy in this case [54]. Similar paradigms might 

also apply to the biosynthetic pathway. As described earlier, the phosphatase PTEN imposes 

a ‘hold’ on the biosynthetic traffic of DOR in the Golgi. Disengaging this hold using PTEN 

inhibitors improved the availability of the receptor at the plasma membrane of trigeminal 

ganglion neurons allowing effective DOR-mediated antihyperalgesia [32]. Overall, targeting 

the subcellular localization of GPCRs in cells could provide exciting therapeutic avenues in 

the future.

Perspectives for the future

Our understanding of GPCR signaling has come a long way from the initial linear views of 

a receptor activating an effector to generate one outcome. We now know that each receptor 

can generate a variety of signaling outcomes, and that the outcome generated depends on 

the alignment of a number of factors, regulated by complex cellular dynamics. For any 

combination of GPCR and ligands, the signaling output generated depends on interactions 

with effectors, subcellular localization of interacting partners, and the microenvironment 

enabling these interactions. Interestingly, these factors are constantly remodeled by cellular 

dynamics through changes in expression, changes in relative localization and changes in 

physicochemical nature of the microenvironment. Although such diversity, complexity, and 

individuality discourages a simple generalization across the GPCR family, one way to 

visualize a simplified model is to consider transmission of light through a series of rotating 

discs with holes that allow light to pass (Figure 2). An output is generated only if a 

combination of holes on all the discs align with the incident light beam, and the location 
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of the output depends on the position of the holes. As our knowledge of receptor-effector 

interactions and expression profiles across different cell types, subcellular locations, and 

sub-organellar microenvironments evolves, the number and identity of holes on each wheel, 

their relative motion, and feedback regulation will be refined in the future.

In this context, while recent work has illuminated membrane-specific receptor activation 

and compartmentalized cAMP domains adjacent to the GPCR, whether other signaling 

outputs downstream of GPCRs also show a similar level of spatial regulation is still 

being investigated. For example, opioid receptors can activate a variety of other outputs, 

including G protein-coupled inwardly-rectifying potassium (GIRK) channels [7,55], and 

Ca2+ channels [56]. While activation of GIRK channels is likely to be restricted to the 

surface, opioid receptors can differentially inhibit voltage-gated Ca2+ channels on the 

surface and activate intracellular (store-operated) Ca2+ channels [57,58]. Opioid receptors 

can also activate ERK either directly or via arrestin [59-61], presumably on the plasma 

membrane [62,63]. However, the mechanism of activation of ERK might dictate the final 

site of action, as arrestin-mediated activation of ERK causes nuclear translocation [64]. The 

functional significance of location-based activity of many of these outputs are still not fully 

understood.

One aspect of GPCR biology that remains poorly understood is the interaction of 

GPCRs with membrane lipids at different organelles [65,66]. Although these are likely 

transient and low affinity interactions, they could have significant influence on receptor 

conformation and interactions. For example, GPCRs show specific requirements of 

membrane phosphoinositides as an allosteric modulator of receptor-β-arrestin interaction 

[67]. Understanding these low affinity and transient interactions is critical to fully 

understand location-based diversity in GPCR trafficking and signaling.

A second aspect that is less explored is the differential cellular expression profiles of GPCR 

isoforms [68] and receptor variants [69]. Receptor isoforms arising from tissue-specific 

alternative splicing of a gene encoding any given GPCR can generate distinct trafficking and 

signaling outcomes. Traditional views suggested that cells expressed a predominant GPCR 

with minor ‘alternate’ isoforms. However, recent large scale bioinformatics studies of tissue-

specific expression have shown that the extent of expression of multiple isoforms is much 

higher than anticipated, especially in some tissues. Importantly, combinatorial expression 

of multiple GPCR isoforms in cells generates different patterns of signaling, compared to 

expression of single isoforms [68]. Moreover, single nucleotide polymorphisms are widely 

prevalent, but how these variations change modalities of receptor and effector localization, 

trafficking, and signaling is still not well studied [69]. Between isoforms and variants, a 

single gene could therefore generate many functional versions of the same receptor. These 

are important considerations not just for understanding GPCR function, but also for drug 

development, as a significant fraction of GPCRs that are drug targets have more than one 

isoform expressed in different tissues [68].

Overall, defining the mechanistic basis of how location determines specificity of receptor-

effector interactions is the next frontier in understanding GPCR signaling. GPCRs are the 

major stakeholders in the current drug market [70,71]. However, significant knowledge 
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gaps remain in our understanding of the complexity and diversity of their function that 

limit our ability to utilize their full potential in therapy. In this context, it is important 

to understand the spatiotemporal organization of signaling pathways that is maintained by 

the distribution and behavior of GPCRs, their effectors, their isoforms, and environments 

in cells. Understanding this is challenging, as receptor-effector interactions are highly 

dynamic, with differing degrees of transience or persistence based on the microenvironment, 

which could affect cellular physiology. The development and application of highly sensitive 

tools such as live cell imaging and conformation-specific biosensors [37], ebBRET 

[72], protein fragment complementation [73], and proximity labeling proteomics [74], 

as well as molecular dynamics simulations and modeling [75], have allowed real time, 

compartment-specific and high throughput analysis of receptor localization and interaction 

with effectors. These methods could lead us to a more complete understanding of the subtle 

but important differences in expression, location, and microenvironments that harbor and 

stabilize receptor interactions that are critical for diversity in receptor signaling, physiology, 

and pharmacology.
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Figure 1. 
Diversity in location, interaction, signaling, and functional outcomes in GPCRs. GPCRs 

exhibit enormous diversity in their localization and interaction profiles, and consequently 

generate spatiotemporally distinct signaling outcomes. This figure highlights a few 

examples. (a) The subcellular location of DOR determines receptor active states. Although 

receptors at both the Golgi and the plasma membrane (PM) inhibit cAMP upon activation by 

a cell permeable agonist, receptors at the PM recruit Nb39 (biosensor for active DOR) 

as well as miniGsi (biosensor for Gi binding to active DOR), but only Nb39 at the 

Golgi. (b) KOR signaling is selectively modulated by different dynorphin peptides in a 

compartment-specific manner. DynA sorts KOR to the lysosomal pathway and induces 

sustained cAMP signaling from lysosomal compartments, while DynB drives recycling of 

KOR without activating receptors on the endosome. Therefore, DynA predominantly drives 

signaling from endosomes, while DynB predominantly drives signaling from the surface. 

(c) Sub-organellar microdomains accessed by β2AR allow distinct spatiotemporal control 

over signaling. Active β2AR (marked by Nb80) is present on bulk as well as receptor 

C-terminal sequence-dependent recycling tubules marked by actin/sorting nexin/retromer 

tubular (ASRT) microdomains. However, the receptor stimulates Gs (visualized by Nb37) 

only on ASRT microdomains. PKA-driven localization of β2AR on ASRT domains biases 

downstream transcriptional responses to genes controlled by signals from endosomes. (d) 
Multiple mechanisms operate to maintain spatiotemporally confined responses from the 

highly dynamic second messenger cAMP. In an unstimulated state, most of the cAMP is 
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sequestered allowing the generation of cAMP-free nanodomains around phosphodiesterase 

(PDE) which ‘protect’ cAMP effectors. Upon stimulation the high concentrations of cAMP 

saturate their binding sites and ultimately deplete the ‘protected’ zone around PDE thereby 

exposing cAMP effectors. Parallelly, under stimulated conditions, cAMP is sequestered 

by the RIa subunit of PKA in biomolecular condensates formed by liquid-liquid phase 

separation. In oscillatory circuits triggered by Ca2+, the relative phase of cAMP and Ca2+ 

are maintained by the formation of adenylyl cyclase 8 (AC8) and PKA recruiting A-kinase 

anchoring protein (AKAP) nanoclusters on the plasma membrane. (e) Activation of the 

parathyroid hormone receptor type I (PTHR) triggers distinct cAMP mediated physiological 

responses based on receptor localization. Prior to endocytosis, transient activation of the 

receptor on the PM leads to Na+/H+ exchanger regulatory factor-1 (NHERF1)-dependent 

reduction in serum phosphate levels. On the other hand, sustained activation of the receptor 

in endosomes upon endocytosis leads to increase in serum vitamin D and Ca2+ levels. Unlike 

PTH that activates PTHR at both locations with a transient PM response and a sustained 

endosomal response, a PM-biased ligand could generate sustained cAMP signals from the 

plasma membrane thus biasing the physiological outcome.
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Figure 2. 
A simple visual model for diversity and specificity in GPCR signaling. The cascade 

of events required for signal transduction via GPCRs could be considered analogous to 

transmission of light through a series of rotating discs with holes. Each disc represents a 

diverse set of factors in each family (indicated by holes on the discs) that contribute to 

effective signal transduction. The discs are set in motion by dynamic cellular factors (motors 

rotating the discs). Each set of factors could influence the dynamics of the other sets (for 

example, effectors depend on the subcellular location, and lipid dynamics could change 

trafficking). The diversity in factors depend on the size and position of the holes. Akin to 

light passing through the discs when a set of holes across each disc aligns, for a combination 

of receptor and ligand inputs, a given signaling output is generated if specific combinations 

of effectors at the optimal subcellular location and microenvironment ‘align’.
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