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Abstract

The mu opioid receptor (MOR) is a diversely regulated target for the alleviation of pain in the
clinical setting. However, untoward side effects such as tolerance, dependence, respiratory
suppression, constipation, and abuse liability detract from their usefulness. Studies in genetically
modified rodent models suggest that activating G protein signaling pathways while avoiding
phosphorylation of the receptor or recruitment of Barrestin scaffolding proteins could preserve the
analgesic properties of MOR agonists while avoiding certain side effects. With the development of
novel MOR “biased” agonists, which lead to preferential activation of G protein pathways over
receptor phosphorylation, internalization or interaction with other effectors, this hypothesis can be
tested in a native, physiological setting. Overall, it is clear that the MOR is not a simple on and off
switch and that the diverse means by which the receptor can be regulated may present an
opportunity to refine therapeutics for the treatment of pain.
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Introduction

Agonists of the mu opioid receptor (MOR) are clinically indispensable for their pain
relieving properties but their deleterious effects including tolerance to the pain blocking
effects, dependence, constipation, respiratory suppression, and abuse liability often give rise
to serious medical complications, including death (1). From 1999 to 2017, there has been a
six-fold increase in opioid-related deaths up to nearly 50,000 per year (2). Additionally, the
economic burden associated with complications associated with opioid medications has been
estimated to be over $78 billion (3). Given the severity of the complications and the ensuing
epidemic, much of the MOR research has focused on reducing the aforementioned side
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effects. One promising mechanism by which this might be possible is via the concept of
functional selectivity, also known as ligand bias.

The MOR is a seven transmembrane spanning, G-protein coupled receptor (GPCR) that
signals via Gajj to suppress cyclic adenosine monophosphate (CAMP) formation by
adenylyl cyclase (AC). The MOR also interacts with other cellular effectors including GPCR
kinases (GRKs) that phosphorylate the receptor in a manner that facilitates binding of
Barrestin proteins. GPCR-Barrestin interactions can lead to desensitization of receptor
signaling through G proteins, as there may be steric hindrance for further coupling when the
Barrestin is bound (4, 5) (Figure 1, top). However, as the multifunctional scaffolding
proteins, Parrestin interactions can lead to other favorable interactions with signaling
effectors, including G proteins and other regulators of receptor function (6, 7). Given that the
mu opioid receptor resides in different neuronal populations and at different sites throughout
the body, it will have opportunities to interact with different effectors upon activation. For
example, a receptor expressed in a synaptic bouton will see different scaffolding partners
than a receptor expressed in a dendritic spine. It is this concept that can be daunting for our
attempts to understand receptor function in vivo; but simultaneously, it offers the
opportunity to harness receptor signaling in a functionally selective manner (see Figure 1,
bottom, for examples of how GPCRs signaling and regulation can be affected by where they
are expressed). This concept is called “biased agonism” or “functional selectivity” of
receptor signaling, and it refers to the ability to drive preferred signaling pathways and avoid
adverse signaling pathways in a ligand-dependent manner. The challenge arises in the
identification of which signaling pathways will be preserved in vivo and which should be
avoided. In this review we will discuss some of the evidence supporting potential
physiological pathways that may be harnessed to improve opioid analgesia and those that
may be avoided to improve the side effect profile.

Genetically modified mouse models as indicators of physiological MOR regulation

Antinociception—The idea of pursuing biased signaling at the MOR has been inspired by
work using genetically modified mouse models that lack parrestin2. Constitutive deletion of
Barrestin2 resulted in viable mice on a S129/C57BL6 background, and initial experiments
with morphine revealed both enhanced potency and extended duration of action in the hot
plate assay, a measure of supraspinally-mediated antinociception (8-10) as well as in the
warm water tail immersion assay, a measure of spinal reflex to nociceptive stimuli (11, 12).
These behavioral results have also been observed in mice treated intracerebroventricularly
with via antigene RNA inhibition of Barrestin2 (13). Mice injected with siRNA to parr2 but
not Barrl into the PAG showed enhanced and prolonged antinociception while
overexpression of Barr2, but not parrl, inhibited morphine-induced antinociception in the
hot plate test (14). In a study using rats intrathecal infusion of siRNA silencing parrestin2
expression acutely showed enhanced and prolonged antinociception in the tail flick assay
(15).

BArrestins will bind to GPCRs upon phosphorylation by GRKSs and it is postulated that the
differential phosphorylation patterns, particularly in the C-terminus, may predict subsequent
receptor fate (desensitization, down regulation, signaling, etc.) (16, 17). Unlike parrestin2
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knockout models, deletion of GRK3, GRK4, GRKS5, and GRKG6 did not display enhanced
morphine antinociception (18-20). In the study by Gliick et al. (19), GRK5-KO mice
displayed less antinociception in response to morphine. Recently, generation of a mice
expressing phosphorylation deficient mutations in the C-terminal of MOR revealed
enhanced morphine and fentanyl antinociception in the hot plate test (21). A comprehensive
study examining the role of the C-terminus (potential sites for phosphorylation and parrestin
interactions) using mice expressing MOR variants with truncated C-termini, revealed no
enhancement of morphine antinociception overall (22).

Antinociceptive Tolerance: Upon repeated dosing, parr2-KO mice developed less
tolerance to the antinociceptive effects of morphine in the hot plate assay (9) (23). However,
when tested in the warm water tail withdrawal assay, a measure of spinally-mediated reflex
to nociception, morphine produced tolerance in both genotypes of mice although the onset
of tolerance in the parr2-KO mice was delayed (11). Moreover, a nonselective protein kinase
C (PKC) inhibitor, chelerythrine, injected systemically, restored morphine sensitivity in the
tolerant cohort of Barr2-KO mice but had no significant impact on the WT mice. Both
studies suggest that parrestin2 regulates MOR sensitivity to morphine in the spinal cord,
although it is clear that other regulatory proteins can also impact receptor function.
Knockdown of siRNA for Barrestin2 but not parrestinl prevented morphine tolerance in
mice in the hot plate assay (14).

In the hot plate test, GRK6-KO mice displayed equivalent tolerance as compared to WT
mice when tested for tolerance development to morphine (20), as were GRK5-KO mice (19).
GRK3-KO mice showed no improvement of tolerance upon chronic daily morphine
administration, although fentanyl-treated mice exhibited significantly less tolerance relative
to wild type controls in the hot plate test (24). In separate study, GRK3-KO mice were
equivalently tolerant to morphine, but less tolerant to etonitazene (19), suggesting potential
roles of efficacy and/or potency of agonists as a determinant of MOR-mediated tolerance in
mice lacking GRK3.

A mouse line expressing MOR with a mutation at Ser 375 to Ala exhibited diminished
tolerance to fentanyl and etonitazine but not morphine, indicating agonist specific regulation
of MOR tolerance (25). In the C-termini truncation of exon7 deletion MOR mice, morphine
tolerance was significantly attenuated in a radiant heat tail flick assay (22). The MOR
phosphorylation deficient mutants (S375A, 10 or 11 Ser/Thr residues mutated to Ala)
developed less tolerance to fentanyl, but only the multiple site mutants displayed less
tolerance to morphine (21). Less morphine tolerance in the tail withdrawal assay was
observed in rats treated with SiRNA to Barrestin2 (22).

Physical dependence and withdrawal—Following implantation of a morphine pellet
(75 mg pellet, 3 days), WT and parr2-KO mice displayed the same extent of withdrawal in
response to naloxone (9). Continuous infusion of lower concentration of morphine (24
mg/kg/day, subcutaneous minipump infusion over 6 days) resulted in fewer signs of
naloxone-precipitated withdrawal observed in parr2-KO mice relative to the WT mice (23).
GRK®6-KO mice displayed equivalent morphine dependence as WT mice (20); while GRK5-
KO mice displayed less signs of withdrawal although these mice also responded less to
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morphine in pain assays (19). Phosphorylation deficient mutant MOR mice still displayed
naloxone-precipitated morphine withdrawal signs (21). The deletion of exon4-encoded C-
terminus of MOR attenuated morphine dependence, while the exon7 C-terminal deletion did
not (the opposite of what was found for tolerance) (22).

It is important to note that the benefits observed in the Barrestin2-KO mice were somewhat
uniquely observed for morphine as the opioid agonist (Bohn et al., 2004; Raehal and Bohn,
2011). Other opioids including fentanyl, oxycodone, methadone, and etorphine did not
produce the separation in potency between the Barrestin2 genotypes for both supraspinal and
spinal antinociception (11) (23). Moreover, no differences in the degree of tolerance or
dependence developed between Barrestin2 null and wild type mice for oxycodone,
methadone, and fentanyl were observed (23), suggesting differential regulation of morphine
induced MOR signaling relative to the other tested opioids. Subsequent studies in cell based
signaling assays suggest that morphine is better at recruiting Barrestin2 over parrestinl (10,
26, 27) and it was proposed that the elimination of Barrestin2 would therefore have the
greatest impact on morphine-mediated events. In mouse studies of mice lacking parrestinl
morphine-induced antinociception did not differ from WT mice (18). It is also possible that
the impact of the removal of Barrestin2 is most revealed for agonists, such as morphine,
which produce very little Barrestin2 recruitment and little receptor internalization (28, 29).

Constipation: Morphine causes constipation by directly activating MOR in the enteric
nervous system and indeed, the development of peripherally restricted antagonists have
proven useful for reversing morphine-induced constipation (30). Within the gastrointestinal
system, the MOR is expressed in enteric neurons located in both the myenteric and
submucosal plexi and within different intestinal sections, thus there is potential for
differential regulation (31, 32). The parr2-KO mice displayed less delay in colonic bead
expulsion and overall fecal accumulation in response to morphine; but ileum transport of a
charcoal gavage was the same between the genotypes (33). In additional studies, both
Barrestin2 and MOR were shown to be co-localized in neurons dissociated from the
myenteric plexus of ileum and colon (34), and that parrestin2 may play differential roles in
morphine-sensitive neurons from the ileum versus the colon (35). In contrast, the
phosphorylation site mutant mice displayed no protection from morphine-induced
constipation (21), while mice lacking the exon4 (but not exon7) C-terminus of MOR were
less responsive to morphine as well (22). GRK6-KO mice also displayed less constipation
than WT mice while other GRK-KO mice have not been tested (20).

Respiratory suppression: In response to morphine, mice display decreases in breathing
frequency and subsequent decreases in arterial oxygen saturation (%05). The Barr2-KO
mice displayed less morphine-induced respiratory suppression than WT mice (33). No
benefit was seen in the MOR phosphorylation-site mutants (21). Respiration studies have not
been reported in the other mutant strains at this time.

Running behaviors and reward: Although parr2-KO mice showed smaller increases in
locomotor stimulation relative to WT mice, dopamine release in striatum was similar to WT
mice (36, 37). Mice lacking arrestinl responded to morphine similar to WT mice in
locomotor activity (37). The Barr2-KO mice also displayed robust CPP in response to
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morphine that was slightly enhanced relative to WT mice (36). Mice lacking GRKS5,
however, did not develop CPP in response to morphine than their WT littermates while
GRK3-KO and S375A mutant mice did (19). The exon7 C-terminal truncation MOR mice
also showed decreased running behaviors in response to morphine however, these animals
also displayed less morphine-induced conditioned place preference (CPP) (22). Morphine-
stimulated locomotor activity was not affected in the C-terminal phosphorylation sites
mutant mice (21). Further evaluations of abuse potential was not pursued in the global parr2-
KO mice as most GPCRs, including dopamine receptors, utilize these proteins (37).
Extensive studies have been done to evaluate dopaminergic and serotonergic signaling (38)
(39, 40) and more refined models and chemical probes will be necessary to understand the
impact of these signaling modalities to opioid abuse potential.

Summary of the animal models: The studies in the genetically modified mouse models
point to an opportunity to avoid parrestin (or parrestin-associated) pathways as a means to
improve the therapeutic outcome of opioid pain therapies. A summary of the models
discussed in this section are presented in Supplemental Table 1. Importantly, removal of a
particular GRK did not always recapitulate the removal of a Barrestin, and deletion of
individual phosphorylation sites could also have disparate outcomes. This emphasizes that
these signaling events may not be linearly exclusive. Phosphorylation at a particular site may
have other biochemical and physiological consequences apart from Barrestin recruitment.
Moreover, the GRK family of proteins may affect functionality in addition to
phosphorylating receptors (41). This view is further complicated by the realization that these
interactions are likely present in some cells where they can be important for some receptor-
mediated physiologies but not others. Altogether, it evident that MOR is differentially
regulated in a region-dependent and agonist-dependent manner. Cellular model systems have
been essential for understanding the basics of MOR signaling and regulation; however, these
models are often only providing a limited snapshot of signaling potential. As studies
continue, we become more aware that signal transduction is product of the local
environment. While it was once thought that receptor internalization was synonymous with
turning receptors off, it is now known that internalization can lead to down regulation,
recycling or even permit persistent receptor signaling (42). The question remains as to how
the MOR signals in the different cells that control the different physiological responses
opioid analgesics. Overall, there is an opportunity to attempt to capitalize on these
differences as genetic model evidence suggests that avoiding the initial interaction with
Barrestins might be a means to avoid certain adverse effects. However, it must be recognized
that mouse models may not recapitulate the same signaling paradigms that are present across
species. Therefore, the development of ligands that can promote or exclude the events
suggested by the genetic models, will provide the opportunity to assess how divergence in
receptor signaling can impact diverse physiological systems across species, and ultimately in
humans. The following section will describe recent efforts towards the development of
opioid analgesics with these properties.
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Development of agonists that promote G protein signaling over Barrestin recruitment (G
protein biased agonists)

The first published MOR agonist that appeared to have functional selectivity for recruiting
G-proteins over Barrestin2 was herkinorin (43)(Figure 2). Herkinorin has limited
bioavailability and is predicted to have a very short half-life and brain penetrance based on
its close structural similarity to the kappa opioid receptor agonist, salvinorin A. While a
local administration of herkinorin to paw pads produced potent antinociception in rats with
limited tolerance upon repeated dosing in the formalin test, it is difficult to know whether
this dosing strategy is sufficient to lead to receptor desensitization (44). Cellular
immunoprecipitation studies demonstrated reduced phosphorylation at serine 375 of MOR
and less internalization (by confocal microscopy and cell surface biotinylation studies) and
Barrestin recruitment as determined by confocal microscopy. In these same studies, ERK1/2
posphorylation was still induced by herkinorin. Herkinorin was later shown to be 10X less
potent than DAMGO in GTPyS binding assays although overexpression of GRK2 was
insufficient to promote Barrestin2 recruitment (45). These early studies applied no
mathematical modeling to compare relative potencies and efficacies and relied primarily on
the presence or absence of an effect. Later studies utilizing an enzyme complementation
assay to assess Parrestin2 recruitment show that the compound can induce recruitment (46),
but no calculation of bias was presented.

These early studies highlight the importance of what we term as “biased” and what cellular
assays we consider to be a surrogate for detecting relevant signaling differences. As new
compounds are developed, it is increasingly apparent that cellular contexts can greatly
impact on how ligands induce MOR signaling and will influence the perception of bias.
Ultimately it will be important to understand which signaling profiles in which cellular
assays will correlate with physiological responses. Herein we will discuss some of the more-
studied compounds that have been reported to produce preference for G protein signaling
over Barrestin2 recruitment. It should be recognized that while these compounds have been
called “biased agonists” the criteria for calculating “bias” and the assay systems used vary
between the studies. A summary of compounds discussed here are presented in
Supplemental Tables 2 (in vitro studies) and 3 (in vivo studies).

Oliceridine (or TRV-130) was the first clinically pursued biased MOR agonist (47).
Preclinical results suggested a modest selectivity (approximately 3 fold) for cAMP
inhibition over Parrestin2 recruitment (48), Figure 2. MOR internalization was also
markedly reduced relative to the full agonist DAMGO, in alignment with loss of Barrestin2
recruitment. In mouse and rat models oliceridine maintained the typical mu opioid
attenuation of pain-like responses while demonstrating reductions in gastrointestinal and
respiratory side effects (48). Other studies suggested that oliceridine could produce
constipation at higher doses (49). In abuse liability assays, oliceridine was self-administered
by rats (50) and potentiated intracranial self-stimulation responding (49), consistent with the
expected abuse potential of MOR agonists. Oliceridine also evoked tolerance in an assay of
spinal antinociception as well as somatic signs of withdrawal, although to a lesser degree
than morphine treated mice (51). In clinical trials for post-operative pain, oliceridine
exhibited some tangible benefit in safety profile in regard to respiration as compared to
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morphine (52-56) although this benefit was lost with higher doses of oliceridine. In trials, it
produced opioid-like subjective effects in humans (52), suggesting a potential for abuse
liability. These results taken together suggest that the development of compounds that have
lower efficacy for recruiting parrestin2 in vitro may be a means to separate pain relief from
some but not all adverse events.

Another novel biased MOR agonist, PZM21, was designed utilizing the crystal structure of
the MOR, specifically to find novel molecules that would mimic the binding pose of
oliceridine docked in the inactive state MOR (46) (Figure 2). When cAMP accumulation
versus Parrestin2 recruitment enzyme fragment complementation (EFC) assays were
conducted, only a weak activation of pBarrestin2 was observed, while PZM21 was potent and
efficacious for activating G protein-mediated inhibition of cAMP accumulation. The dose
response curve for PZM21 overlays that of oliceridine presented in the manuscript (46); in
prior studies, the potency of oliceridine (TRV130) in the parrestin2 EFC assays were
reported as 80 nM (48). Within the supplemental data of the Manglik et al., manuscript,
PZM21 is shown to activate Barrestin2 in the TANGO assay (~900 nM potency), but not in a
Barrestin2 bioluminescence resonance energy transfer (BRET) assay. However, no
calculations were made to determine bias factors for this compound (46).

In mouse models, PZM21 suppressed hot plate affective responses but not reflexive paw
removal, which is unusual for a MOR agonist (46). It had no effect in the warm water tail
immersion test but did produce efficacy in both phases of the formalin paw test. Initial
measures of tolerance and abuse liability seemed promising for PZM21 where the compound
produced no CPP or locomotor stimulation (46). When another assay was used to study the
compound in vitro, PZM21 was a low efficacy agonist for stimulating [3°S]GTP+yS binding
assay; in this study, where bias was calculated relative to DAMGO and compared to
Barrestin2 recruitment (enzyme fragment complementation), no bias was observed (57). This
group showed that in two strains of mice, PZM21 induced antinociception in the hot plate
test (paw withdrawal) however they also observed respiratory suppression. Following 5 days
of daily dosing, PZM21 produced tolerance in the hot plate test but not for respiratory
suppression (57). The compound, and the many analogues produced in the initial report
describing PZM21 (46), may provide important tools to understand MOR regulation of
diverse pain pathways. However, its unusual signaling and behavioral features should be
considered (e.g. lack of tail flick response, potency or efficacy in farrestin2 assays detected
differently in different assays) should also be considered along with its perceived signaling
bias.

Mitragynine, the main component of kratom, has been described as a biased agonist at MOR
(Figure 2). However, mitragynine also acts at other receptors, including kappa and delta
opioid receptors (58), therefore its effects in vivo are difficult to completely attribute to its
pharmacological profile at MOR alone. However, the compound produces antinociception
with less apparent tolerance and spontaneous withdrawal. Additionally, experiments utilizing
single doses of mitragynine derivatives appear to produce less constipation, respiratory
suppression, and CPP, relative to morphine (58). However, establishing dose-response
relationships for these endpoints are needed to determine whether these apparent benefits
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will be maintained across a wide dose range. More selective derivatives with more complete
assessment of in vivo dose ranges may prove useful for probing MOR pharmacology.

Recently, our lab reported on a series of biased MOR agonists surveying many degrees of
bias from 0.4- to 100-fold preference as measured by either GTP-yS binding or cAMP
accumulation versus either Barrestin2 recruitment PathHunter® enzymatic complementation
or recruitment of GFP-conjugated Barrestin2 (59, 60). The compounds are N-benzyl
piperidine 4-benzimidazolones and an example of SR-17018 is shown in Figure 2. They are
collectively referred to as the Scripps Research (SR) series of compounds in this review.
Unlike oliceridine and PZM21 in the EFC assay, the SR series of compounds produce
rightward shifted parrestin2 potencies relative to the enkephalin analog (DAMGO)
reference. For characterization, a method of analysis described by the operational model of
pharmacological agonism (61) was used to compare the performance of the compound
across multiple signaling assays at both the mouse and human MOR. Dose response studies
were then conducted in mice where efficacy and potency were demonstrated in the hot plate
and tail flick pain assays, as well as in respiratory suppression measures. Potency ratios
between the different pain assays and respiratory studies were generated to determine a
therapeutic index which was then compared to the degree of bias observed in vitro. The high
degree of correlation suggests that the greater the separation between G protein signaling
and Parrestin recruitment in cells could widen the therapeutic window.

Ongoing studies are evaluating the effect of chronic administration although limitations of
solubility have presented challenges. In mice, SR-17018 chronic oral administration did not
lead to hot plate antinociceptive tolerance or morphine cross tolerance. Upon cessation of
treatment, withdrawal signs were present, but they dissipated after one day in contrast to
morphine withdrawal which persisted for 72 hours. Furthermore, when morphine-tolerant
mice were switched to SR-17018 daily dosing, morphine-withdrawal could be prevented as
is typical for opioid agonist substitution in a dependent animal. However, the daily dosing
with SR-17018 restored morphine antinociceptive sensitivity, unlike buprenorphine
substitution which could suppress withdrawal but also preserved morphine tolerance (62). In
studies assessing drug discrimination and rat tail flick antinociception, SR-14968 and
oliceridine produced fentanyl-like discriminative stimulus effects but showed an improved
potency ratio (drug discrimination potency/ tail flick potency) compared to morphine and
methadone (63). This paper also showed that SR-14968 has efficacy in a non-human primate
model for antinociception. It is not clear however, how pharmacokinetics will play into the
reinforcing properties of the compound, as SR-14968 has a long duration of action relative
to oliceridine, morphine and methadone in the rodent models (60). Ongoing studies are
needed determine if biased MOR agonists will have any improvement over conventional,
clinically utilized opioids with regards to abuse liability and addiction.

Concluding Remarks

The use of genetically modified mice continues to be very valuable to the study of how
GPCRs function in vivo. However, important caveats, such as developmental and
environmental adaptations, strain differences (which implies different protein expression)
and endogenous ligand tone, will likely impact on the display of receptor function. Indeed,
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many of the initial results with Barr2-KO mice have been recapitulated with novel biased
agonists. Biased agonism is a useful approach to investigate receptor signaling potentials,
but it is important to realize that the separation between two pathways observed in vitro may
not reflect receptor signaling in the endogenous setting. For example, studies with KOR
agonists that display bias between inhibition of cAMP and GTP-yS binding in CHO cells do
not display this bias in striatal neurons (64). For the MOR, which is expressed throughout
many tissues and neuronal types throughout the body, it is likely that signaling and
regulation mechanisms will differ according to changes in context. The best that we can
hope of is that the cell-based signaling assays can be useful models as readouts of receptor-
effector potentials and at best, can provide a glimpse of the signaling events that ensues at
the receptor in the physiological setting. The growing collection of tool compounds with
diverse pharmacological signatures should prove useful for gaining a greater understanding
of how a receptor functions in a relevant cell to determine the biological response- whether
desired (analgesia) or avoided (side effects). Introducing pathway selective signaling may
present a novel means to separate physiologies, but only if distinct pathways control distinct
physiologies. For the MOR, which mediates many distinct physiological responses in both
mouse and human, the opportunity for refinement is promising.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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AC adenylyl cyclase

BRET bioluminescence resonance energy transfer
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CHO Chinese hamster ovary
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DAMGO [D-Ala2, N-MePhe?, Gly-ol]-enkephalin
EFC enzyme fragment complementation

GPCR G-protein coupled receptor

GRK G-protein coupled receptor kinase
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Simplistic model of MOR regulation
1. Agonist binds
2. Gq activated

Ligand
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/ \ 4.  Parrestin binding

ON OFF

Other context-dependent factors that can contribute to MOR regulation

Interactions with cytoskeletal scaffolds

Proximity of other membrane spanning receptors

Primary effectors may vary by location (different Gay proteins, GRKs, arrestin-like
scaffold proteins)

Downstream effectors may vary (phospholipases, protein kinases, GTP-GDP modulators)

Other factors driving internalization, recycling, degradation (E3 ligases, adaptors,
vesicular sorting proteins)

Compartmentalized signaling (from vesicles, dendrite vs. soma)

Other post-translational modifiers (ubiquitin, nitrosylation, sumoylation)

Interactions with Barrestins can promote signaling

Figurel.
Models of MOR signaling and regulation. The top model presents a simplistic linear

progression of events wherein the agonist binds to the receptor with induces the activation of
the heterotrimeric G protein and promotes dissociation of the G a protein from the By
subunits. The receptor is then phosphorylated by a GPCR kinase (GRK) which then leads to
the interactions with Barrestin proteins which prevents further interactions with the G
protein. While these events can happen in this order, the simple model does not account for
the interplay of variables that may differ based on where the receptor is expressed. The
bottom figure represents the degree of complexity that GPCR activation may entail. All of
these signaling events do not happen for all receptors in all locations, however, the diagram
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is meant emphasize the complexity of the system and the potential contributions that
multiple effectors and regulators may have on the system. A few examples, but not
comprehensive list of GPCR effectors have been included as examples. Each of these
scenarios have the potential to influence the outcome of ligand-receptor-effector interactions
and signaling events.
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Figure2.
Chemical structures opioid agonists of MOR discussed in this review.
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