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Abstract——Morphine and related m-opioid recep-
tor (MOR) agonists remain among the most effective
drugs known for acute relief of severe pain. A
major problem in treating painful conditions is
that tolerance limits the long-term utility of opioid
agonists. Considerable effort has been expended on
developing an understanding of the molecular and
cellular processes that underlie acute MOR signaling,
short-term receptor regulation, and the progression
of events that lead to tolerance for different MOR
agonists. Although great progress has been made in
the past decade, many points of contention and
controversy cloud the realization of this progress.
This review attempts to clarify some confusion by
clearly defining terms, such as desensitization and
tolerance, and addressing optimal pharmacological
analyses for discerning relative importance of

these cellular mechanisms. Cellular and molecular
mechanisms regulatingMOR function by phosphorylation
relative to receptor desensitization and endocytosis are
comprehensively reviewed, with an emphasis on agonist-
biased regulation and areas where knowledge is lacking
or controversial. The implications of these mechanisms
for understanding the substantial contribution of MOR
signaling to opioid tolerance are then considered in detail.
While some functional MOR regulatory mechanisms
contributing to tolerance are clearly understood, there
are large gaps in understanding the molecular processes
responsible for loss of MOR function after chronic
exposure to opioids. Further elucidation of the cellular
mechanisms that are regulated by opioids will be
necessary for the successful development of MOR-
based approaches to new pain therapeutics that limit
the development of tolerance.

I. Introduction

Opioids have been used for pain relief and their
psychotropic effects since antiquity. As a drug class
they remain the most effective analgesics known for
many types of pain but their clinical utility is limited
by tolerance and fear of addiction. Since the isolation of
morphine in the early 19th century and introduction of
heroin in 1898, medicinal chemistry efforts have
yielded thousands of morphine analogs and structur-
ally distinct opioids, resulting in a rich pharmacology
(Corbett et al., 2006). One motivation was to develop
nonaddictive analgesics, based on the idea that
morphine might produce its desired and undesired
effects by binding to different receptor subtypes. This
hypothesis is not supported by data from m-opioid
receptor (MOR) knockout mice, (Matthes et al., 1996)
demonstrating that most morphine-induced actions
require the MOR and a truly nonaddictive opioid
agonist has not been identified. It is interesting to

note, for example, that heroin was one of the first
morphine derivatives claimed to have nonaddictive
properties. The in vivo effects of heroin result from
breakdown and metabolism to 6-acetylmorphine and
morphine, a rapid process in aqueous solution as well
as in brain and peripheral tissues (Umans and
Inturrisi, 1981).

Considerable study at the molecular, cellular, and
systems levels has been devoted to understanding
processes that underlie tolerance to opioids. The
identification of reduced opioid responsiveness in ex
vivo preparations derived from tolerant animals,
together with seminal studies demonstrating reduc-
tions in opioid sensitivity in cultured cells, led to the
interest in opioid tolerance as a cell biologic problem.
To determine the mechanisms involved in the de-
velopment of tolerance, one approach has been to
determine the acute actions of opioids and short-term
regulation of the MOR with the aim to identify

ABBREVIATIONS: CaMKII, calcium calmodulin kinase; CNS, central nervous system; DAG, diacylglycerol; DAMGO, [D-Ala2, N-MePhe4,
Gly-ol]enkephalin; DOR, d-opioid receptor; ERK1/2, extracellular signal-regulated kinases; FRET, fluorescence resonance energy transfer;
GIRK, G protein-gated inwardly rectifying potassium channel; Gö6976, 12-(2-cyanoethyl)-6,7,12,13-tetrahydro-13-methyl-5-oxo-5H-indolo
(2,3-a)pyrrolo(3,4-c)carbazole; GPCR, G protein-coupled receptor; GRK, G protein receptor kinase; ICI174864, N,N9-diallyl-Try1.Aib2,3,Leu5]
enkephalin; JNK, c-Jun N-terminal kinases; Kir3, GIRK isoform; KOR, k-opioid receptor; MAPK, mitogen-activated protein kinase; ME,
[Met]5enkephalin; MOR, m-opioid receptor; NaPP1, 4-amino-1-tert-butyl-3-(19-naphthyl)pyrazolo[3,4-d]pyrimidine; NMDA, N-methyl-D-
aspartate; PKC, protein kinase C; PLD, phospholipase D; RAVE, relative activation versus endocytosis; RGS, regulator of G protein
signaling; rMOR, a transgenic MOR mouse in which part of the C-terminal region of the DOR is substituted into MOR; ROS, reactive oxygen
species; [35S]GTPgS, 35S-labeled guanosine-59-O-(3-thio)triphosphate; SL327, [a-[amino[(4-aminophenyl)thio]methylene]-2-(trifluoromethyl)
benzeneacetonitrile; U0126, 1,4-diamino-2,3-dicyano-1,4-bis(methylthio)butadiene.
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processes leading to tolerance. There are numerous
reviews on the acute actions of opioids and short-term
plasticity of MOR function that may be precursors to
the development of tolerance (Williams et al., 2001;
von Zastrow et al., 2003; Connor et al., 2004;
Waldhoer et al., 2004; Bailey and Connor, 2005; Koch
and Höllt, 2008). A second approach is to induce
tolerance to opioids, with chronic treatment of
cultured cells or animals, and then determine the
adaptations that result from that treatment. A third
approach is to perturb candidate mechanisms, with
pharmacological or genetic manipulation, and exam-
ine effects on opioid tolerance in cell culture, tissue
preparations, or intact animals. Together, these
approaches have led to the identification of a cornuco-
pia of mechanisms potentially contributing to opioid
tolerance. So far, however, they have failed to identify
any single regulatory mechanism that can account for
the degree of opioid tolerance typically observed in the
intact animal (Christie, 2008). A prevalent idea is that
opioid tolerance is a complex, multifaceted process
that likely involves the interplay of multiple regula-
tory mechanisms occurring both at the level of
individual opioid-responsive cells and at the level of
neural circuits.
A contributing factor to the complexity of in vivo

administration of opioid drugs is the number of
clinically important differences among opioids, includ-
ing differences in pharmacokinetics, potency, and
efficacy. Methadone and buprenorphine have long-
lasting actions in humans, a property that has made
these drugs favored for use in treating chronic painful
conditions and management of opioid dependence
(Pergolizzi et al., 2008). Fentanyl, on the other hand,
is sequestered rapidly into body fat following acute
administration, making this drug advantageous in the
operating room and certain outpatient procedures.
There are also significant differences among opioids
in potency and efficacy, which influence drug choice for
various clinical indications and distinguish the safety
of various opioids. Buprenorphine has lower intrinsic
efficacy at MORs and thus produces less respiratory
depression, making it safer than methadone for
management in opioid addicts. Nevertheless, long-
term use of all MOR agonists produces adverse effects
that include the development of tolerance (Williams
et al., 2001; von Zastrow et al., 2003; Connor et al.,
2004; Waldhoer et al., 2004; Bailey and Connor, 2005;
Christie, 2008; Koch and Höllt, 2008; Morgan and
Christie, 2011). Differences in agonist efficacies be-
tween opioids also have important implications for
tolerance: Agonists of low efficacy will occupy and
engage a larger fraction of the available receptors to
produce their effects than agonists with high efficacy.
The relative efficiency of initiating signaling events is
correlated with relative efficiency for initiating steps
leading to receptor desensitization.

This review examines a number of the receptor
regulatory mechanisms affected by opioids at the
cellular level that are likely to contribute to opioid
tolerance in vivo. The evidence for biased agonism
(defined below) for each process is considered. The
extent to which these regulatory mechanisms are
consistent with findings of opioid-receptor function in
opioid-tolerant animals will be considered, and candi-
date mechanisms that mediate these perturbations in
signaling will be discussed.

II. Definition of Terms

When comparing the ability of MOR agonists to
induce a given response it is important to have
a measure of their efficacy. Efficacy is defined as the
ability of an agonist to evoke a response through
a given receptor in a specific tissue. As such it is
governed by both the receptor and the tissue. It is
common to study the relative efficacy of a group of
agonists at a receptor on one type of tissue, thus
removing the influence of how efficacy changes be-
tween tissue types. Intrinsic efficacy is the amount of
signaling response (“stimulus”) produced by each drug-
receptor-binding event, whereas intrinsic activity is the
fraction of maximal response evoked by a receptor-
saturating concentration of drug in that test system.
The latter does not discriminate between possible
differences in intrinsic efficacies of full agonists, as by
definition full agonists all produce the same maximum
response. A measure of intrinsic efficacy can be
achieved using either the operational model of Black
and Leff (1983) or by the method of Ehlert (1985). In
the method of Black and Leff, the concentration-
response curve of an agonist is fit to the operational
model (see for example McPherson et al., 2010). In
contrast, in the method of Ehlert, the concentration-
response curve of the agonist is measured before and
after removing any receptor reserve with an irrevers-
ible antagonist. The advantage of the latter method is
that it does not require an accurate measure of the
affinity of agonist binding, which may be different
under physiologic conditions from those used in
radioligand-binding studies and may also differ from
tissue to tissue. For more detailed information on
agonist intrinsic efficacy see Kenakin (1997).

Many features of opioid tolerance can be viewed in
terms of the concept of homeostasis, where opioid-
responsive neurons adapt to the prolonged presence of
opioid receptor activation to normalize net activity. We
consider it important to define the terms highlighted in
the following, and outlined in the general scheme of
MOR regulation in Fig. 1, to avoid confusion with
varying (but often strictly correct) usage in different
studies. Adaptations refer to regulatory processes that
directly reduce opioid response or sensitivity. Counter-
adaptations, sometimes called opponent processes, refer
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to processes that effectively reduce opioid responses by
engaging opposing or compensatory regulatory mech-
anisms or signaling pathways. By comparing the acute
and chronic effects of opioid drugs, a number of
adaptations and counter-adaptations have been iden-
tified that may be important to the opioid-tolerant
state. The contribution of counter-adaptations/opponent
processes to tolerance have been reviewed elsewhere
(Waldhoer et al., 2004; Christie, 2008) and will not be
considered further. However, these compensatory
changes caused by sustained opioid receptor activation
are unmasked when drug administration stops and are
responsible for the withdrawal signs frequently noted
in opiate users (goose flesh, dysphoria, hyperalgesia,
and gut hypermotility).
The terms tolerance and desensitization are often

used interchangeably to describe the loss of receptor
activity following continued or intermittent agonist
treatment. However, it is necessary to mechanistically
distinguish these two terms. Drug tolerance is defined
as a loss of responsiveness to an agonist after
continued exposure, without necessarily specifying
the cellular or molecular mechanisms responsible. It
is evident in whole-animal studies where the un-
derlying cellular and molecular mechanisms are
difficult to resolve, and it is often studied in isolated
tissues where tolerance can be measured as a rightward

shift in the dose-response curve that may also be
associated with a reduction in the maximum response.
Downregulation traditionally refers to a reduced num-
ber of functional receptors present in cells, usually
detected by reduced Bmax in radioligand-binding assays
of tissue extracts, which occurs as a result of enhanced
degradation and/or reduced biosynthesis of receptors
(Tsao and von Zastrow, 2000). In contrast, desensiti-
zation usually refers to molecular changes at the level
of receptor signaling and can be homologous (reduced
effects restricted to agonists acting through a specific
receptor) or heterologous (reduced effects of agonists
acting at other receptors that share a component of the
signaling cascade, Lefkowitz et al., 1983). However,
common use of the term in different experimental
contexts can be confusing because the mechanisms
regulating MOR function during short-term agonist
exposure may or may not differ from mechanisms
initiated during or following long-term agonist expo-
sure. Here we suggest that desensitization be used only
to describe acute loss of MOR-effector coupling that
occurs within seconds to minutes after initiation of
exposure to opioid agonists. The same term has been
applied to measurements of acute MOR-effector cou-
pling occurring in vitro after intermediate (for several
hours; Tan et al., 2009) or long-term opioid exposure
(days; Bohn et al., 1999, 2002), but we prefer to use the

Fig. 1. General scheme of MOR regulation following binding of an efficacious agonist such as [Met]5enkephalin. The time scales for each process are
shown (log scale). Phosphorylation by G protein receptor kinase (GRK) is very rapid, saturating in less than 20 seconds. Arrestin binding saturates in
several minutes, and desensitization reaches steady state in approximately 5 minutes. The steady state of rapid desensitization represents the
equilibrium between the forward desensitizing process, presumably phosphorylation and arrestin binding (other kinases may be involved, see Section
V.D–V.G) and dephosphorylation at the cell surface (see Sections I, V, and VI). Endocytosis reaches steady state in approximately 30 minutes and
recycling over approximately 60 minutes, although this varies for different splice variants. The present review defines desensitization as the rapid
process preceding significant endocytosis (approximately 2–5 minutes); short-term tolerance includes endocytosis and other mechanisms (up to 1 day);
and long-term tolerance (greater than 1 day) presumably involves multiple regulatory processes.
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term tolerance for such prolonged exposure, qualified
as “acute” (several hours, Cox et al., 1968) or “long-
term” (days) to avoid confounding the mechanisms of
rapid desensitization of MOR with potentially different
mechanisms of tolerance.
When homologous desensitization is identified, di-

rect inferences can be drawn concerning the coupling
mechanisms of the stimulated receptor. For example,
coupling of MORs to G protein-gated inwardly rectify-
ing potassium [GIRK, GIRK isoform (Kir3)] channels
in the presence of an efficacious agonist such as
[Met]5enkephalin (ME) leads to homologous desensiti-
zation, because the sensitivity of closely related G
protein-coupled receptors (GPCRs) such as the a2-
adrenoceptor, somatostatin, or orphanin-FQ (ORL)
receptors is unaffected. These receptors activate the
same population of GIRK channels, indicating that loss
of sensitivity is restricted to MOR-coupling mecha-
nisms. Where this has been examined in neurons,
homologous desensitization has usually been reported
(e.g., Harris and Williams, 1991; Fiorillo and Williams,
1996; Bailey et al., 2004, 2009,b; Dang et al., 2009,
2011). However, heterologous desensitization of the a2-
adrenoceptor-dependent current after activation of
MOR in locus coeruleus neurons has been reported
(Blanchet and Luscher, 2002; Blanchet et al., 2003).
It is important to note that desensitization and

endocytosis are not mechanistically or functionally
equivalent, and assays with poor temporal resolution
are likely to lump both together (Connor et al., 2004).
For example, biochemical assays for desensitization,
such as inhibition of adenylyl cyclase that requires
more than 5 minutes of sustained opioid exposure
(most assays take 10–20 minutes, e.g., Law et al., 2000,
or longer, e.g., Koch et al., 2005), measure the
combined effects of rapid desensitization at the cell
surface plus endocytosis or recovery from desensitiza-
tion. Robust desensitization generally precedes endo-
cytosis and can occur when endocytosis is absent or
prevented (Johnson et al., 2005; Arttamangkul et al.,
2006; Dang et al., 2009). While it is clear that arrestin-
dependent internalization can sequester the opioid
receptors in compartments that reduce the efficiencies
of certain forms of signaling (e.g., Gbg activation of
Kir3 channels), it is now equally clear that arrestin
binding does not inactivate all receptor signaling.
Thus, while arrestin binding will sterically block G
protein activation and prevent some forms of signaling
(membrane-delimited ion channel regulation), arrestin
has a scaffolding function that enables MOR activation
of the ERK1/2 MAPK pathway (Macey et al., 2006;
Miyatake et al., 2009).
Internalization has also been widely considered as the

first step in receptor recovery from desensitization, leading
to re-insertion of nondesensitized/reactivated receptors in
the plasmamembrane. This has been postulated to explain
differences in the levels of desensitizationbetweendifferent

MOR splice variants (Koch et al., 1998). However, more
recent evidence has established that internalization is not
necessary for dephosphorylation or recovery from desensi-
tization of MOR (Dang et al., 2011; Doll et al., 2011;
Quillinan et al., 2011).

Cross-tolerance to opioids refers to the property of
tolerance that has developed following chronic expo-
sure to one opioid that generalizes to a second opioid. If
the extent of tolerance to the challenge opioid drug is
similar to the induction opioid then cross-tolerance is
symmetric, if not it is asymmetric. Asymmetric cross-
tolerance among selective agonists has often been
interpreted as suggesting that tolerance is mediated
by different splice variants of MOR (Pasternak, 2001)
but there are alternative interpretations. Opioids differ
in their degrees of receptor selectivity and none are
absolutely specific, particularly at the high doses used
to generate tolerance. Given the multiplicity of sites
that can mediate opioid analgesia (peripheral, spinal,
brain stem, and cortical sites), it is likely that differ-
ences in physical and pharmacokinetic properties of
different agonists, including hydrophobicity, could
result in bias with respect to regions of receptor
availability. In addition, cross-tolerance can appear
asymmetric if the two opioids act at the same receptor
but have very different intrinsic efficacies. For exam-
ple, repeated administration of highly efficacious
m-opioids (e.g., sufentanyl, etonitazine, etorphine, or
fentanyl) produced less analgesic tolerance than low-
efficacy MOR agonists (e.g., morphine or buprenor-
phine; Sosnowski and Yaksh, 1990; Duttaroy and
Yoburn, 1995; Walker and Young, 2001; Grecksch
et al., 2006). Moreover, symmetric cross-tolerance will
be evident even if the receptor is desensitized by
different molecular mechanisms. For example, fen-
tanyl produces short-term analgesic tolerance in the
mouse tail-flick assay through a G protein receptor
kinase (GRK)3-dependent, c-Jun N-terminal kinases
(JNK)-independent mechanism, whereas acute analge-
sic tolerance to morphine is JNK-dependent and
GRK3-independent. Pretreatment with fentanyl re-
duced morphine sensitivity and vice versa (Melief
et al., 2010). As described elsewhere in this review, it
remains to be established whether these mechanistic
insights can be used to develop opioid agonists or
treatment paradigms that do not produce analgesic
tolerance. The striking differences between the toler-
ance produced by different opioids suggests that
rational design of better therapeutic drugs is at least
theoretically plausible.

III. Structure and Function of
m-Opioid Receptors

A. Why Focus on m-Opioid Receptors?

Opioid drugs exert nearly all of their clinically
relevant actions through stimulation of MORs. The
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molecular biology of endogenous opioid peptides and
receptors has been extensively reviewed (Evans, 2004).
Pharmacologically distinct MORs, d (DOR)-, and k
(KOR)-opioid receptors are encoded by distinct struc-
tural genes with regions of extensive homology, and
each opioid-receptor gene encodes a predicted seven-
transmembrane G protein-coupled receptor. Specific
opioid receptors are expressed in many neuronal
populations, with a distribution in the central nervous
system (CNS) that closely corresponds to sites of opioid
action deduced from the effects of local agonist and
antagonist infusion. Morphine binds with highest
affinity to MORs encoded by the MOR-1 gene, and all
physiologic actions of morphine, including analgesia
and tolerance, are absent in MOR1 knockout mice
(Matthes et al., 1996; Le Merrer et al., 2009).

B. Primary Structure and Structural Diversity of
m-Opioid Receptors

While genetic knockout studies have definitively
established that MORs are encoded by a single
structural gene (OPRM1), there is evidence for varia-
tion of this genetic structure based on alternatively
spliced variants of the receptor mRNA, and a number
of polymorphisms may impinge on receptor regulation.
Several of the described splice variants (Pasternak,
2001) have no known cellular activity, although other
variants have been described that affect the structure
of the carboxyl-terminal cytoplasmic tail. These var-
iants can clearly produce functional opioid receptors,
and there is reasonably strong evidence that some of
these variants are expressed at significant levels in
vivo. The MOR1B variant, in particular, has been
detected at the mRNA and protein levels and shown to
have differential expression in brain relative to the
predominant MOR1 isoform (Oldfield et al., 2008).
The splice variants, MOR1C and MOR1D, differ in

their endocytic membrane trafficking properties, af-
fecting ligand-dependent regulation of opioid signaling
in transfected non-neuronal cells (Koch et al., 1998,
2001, 2006; Oldfield et al., 2008; Tanowitz et al., 2008).
There is some evidence that splice variants may also
underlie different behaviors. For example, it has been
reported that MOR1D mediates morphine-induced
scratching, whereas the MOR1 is the only isoform
required for morphine-induced analgesia (Liu et al.,
2011). However, no convincing evidence for the pres-
ence of MOR1C or MOR1D receptors in rat CNS has
been reported (Oldfield et al., 2008). Given the
confusion over the mere presence of splice variants,
except MOR1B, the extent to which different splice
variants contribute to tolerance in different popula-
tions of neurons is unknown.
There is also evidence for variation in genetic

structure of opioid receptors by polymorphisms in the
human population. One polymorphism, a single-
nucleotide polymorphism producing a single-residue

substitution in the amino-terminal extracellular do-
main (A118G), has been studied in some detail and
shown to specifically affect receptor activation by
b-endorphin relative to enkephalin (Bond et al.,
1998). However, the initial report of this variant
affecting b-endorphin potency has not been replicated
(Beyer et al., 2004; Kroslak et al., 2007). More
consistent has been the finding that the A118G allele
results in attenuated MOR expression, although the
mutation does not appear to reduce MOR in all brain
regions (Wang et al., 2012). An interesting recent
study, based on complete exon sequencing, identified
a surprisingly high rate of other OPRM1 variants.
When studied in cultured cells, one of the variants
completely lacked functional activity while others
differed in ligand-dependent regulation and membrane
trafficking (Ravindranathan et al., 2009). These poly-
morphisms may contribute to sensitivity to opioids or
tolerance development, but this has not yet been
determined.

C. Tertiary Structure and Conformational States

X-ray crystal structures of the MOR, DOR, and KOR
have been recently reported (Granier et al., 2012;
Manglik et al., 2012; Wu et al., 2012), as was
a structure of the orphanin FQ receptor (Thompson
et al., 2012). All were determined in the presence of
bound antagonist or inverse agonist, and in the
absence of associated G protein, so likely represent
inactive conformations. Opioid receptors are similar in
overall helical organization to other GPCRs but
possess a remarkably deep ligand-binding pocket, and
the MOR crystallizes as a biologically plausible dimer.
While the opioid receptor structures already provide
detailed information about ligand-binding specificity, it
remains to be determined how receptor activation is
achieved. Pioneering studies of rhodopsin (Choe et al.,
2011) and the b2-adrenergic receptor (Rasmussen
et al., 2011; Rosenbaum et al., 2011) provide in-
teresting clues. Briefly, activation of these GPCRs
involves displacement of transmembrane domain 6
away from the helical bundle, and extension of the
cytoplasmic end of transmembrane domain 5. Studies
of the b2-receptor–G protein complex are also begin-
ning to reveal how conformational changes in the
receptor are allosterically coupled to those occurring in
the Ga subunit, resulting in displacement of its N-
terminal a-helical domain and opening of the
nucleotide-binding pocket (Chung et al., 2011; West-
field et al., 2011).

Presumably opioid receptor activation involves gen-
erally similar conformational changes but, considering
the remarkably deep solvent-exposed binding pocket
that is characteristic of opioid receptors, one might
anticipate interesting surprises in the effects of
structurally distinct agonists. The structural flexibility
of GPCRs, as a class, suggests the possible existence of

228 Williams et al.



expanded selectivity of drug action (Galandrin et al.,
2007; Weis and Kobilka 2008; Steyaert and Kobilka
2011). Indeed, there is abundant evidence for “func-
tional selectivity” or “ligand-biased signaling” among
opioids (Pineyro and Archer-Lahlou, 2007; Martini and
Whistler, 2007; Christie, 2008; Koch and Höllt, 2008;
Berger and Whistler, 2010; von Zastrow, 2010).
However, the precise structural basis for diversity of
functional opioid effects remains to be elucidated.

D. Higher-Order Structure of Opioid Receptors

Another important, but unresolved topic is the
higher-order structure of opioid receptors and how
receptors are organized in native neurons with other
signaling proteins. Crystallized MOR had a twofold
symmetrical dimer through transmembrane segments
5 and 6, with a sufficiently large contact area between
protomers (.1000 square angstroms) that could po-
tentially stabilize dimers in vivo (Manglik et al., 2012).
Functional reconstitution of individual receptors in
high-density lipoprotein nanoparticles provides ele-
gant and definitive evidence that opioid receptors can
also mediate ligand-induced activation of G proteins as
monomers (Kuszak et al., 2009). Some GPCRs form
stable oligomers and there is also evidence that other
GPCRs form transient oligomers (Hern et al., 2010).
Single-particle tracking studies of two GPCRs, the M1
muscarinic receptor (Hern et al., 2010) and formyl
peptide receptor (Kasai et al., 2011), indicate that
receptor dimers can form and dissociate with remark-
ably rapid kinetics (;100 milliseconds to several
seconds). Similar approaches have not yet been applied
to the MOR so stability of oligomers remains uncertain.
A number of reviews on opioid receptor oligomers
summarize this evolving area and it will not be
discussed further here (Agnati et al., 2003; Smith and
Milligan, 2010; Costantino et al., 2012; Stockton and
Devi, 2012).

E. Microdomains and Compartmentalization

Another type of organization that has been reported
for opioid receptors is the association in composition-
ally specialized domains of the plasma membrane.
Single-particle tracking studies of many membrane-
associated receptors suggest that receptors are nor-
mally confined in microdomains of the plasma mem-
brane but can “hop” between these confined areas of
the membrane (Daumas et al., 2003; Suzuki et al.,
2005). Using fluorescence recovery after photobleach-
ing (FRAP), the movement of MORs was found to
be agonist-dependent (Saulière-Nzeh et al., 2010).
Morphine-bound receptors were more restricted, whereas
[D-Ala2, N-MePhe4,Gly-ol]enkephalin (DAMGO)-bound
receptors either moved freely or were restricted, possibly
to clathrin-coated pits. One hypothesis is that lipid
rafts, regions of the plasma membrane that are
enriched in sphingolipids and cholesterol, are sites

that influence MOR signaling. Reports on the locali-
zation of agonist-bound MORs vary. In one study,
morphine-bound receptors remained within the rafts
but etorphine-bound receptors diffused out of raft
domain (Zheng et al., 2008a), but another study found
that DAMGO-bound MORs moved into rafts (Gaibelet
et al., 2008). The lipid environment can have sub-
stantial effects on agonist binding (Lazar and Medzih-
radsky, 1992) and MOR activity. Cholesterol stabilizes
MOR in a high-affinity state (Lagane et al., 2000;
Gaibelet et al., 2008; Levitt et al., 2009), but removal of
cholesterol has variable actions on the activation of
MOR (increases, Huang et al., 2007; decreases, Gaibelet
et al., 2008; Zheng et al., 2008a; Levitt et al., 2009).
Change in the diffusion of receptors was ligand- and
G protein-dependent (Gaibelet et al., 2008; Zheng et al.,
2008a) and receptor-arrestin interactions are also de-
pendent on the content of membrane cholesterol (Qiu
et al., 2011). Thus, agonist binding and signaling re-
sults in changes in the diffusion pattern(s) of MORs.
Although there is some confusion as to the precise
movement of receptors at the plasma membrane, the
specific location of MORs could have a potent influence
on the association with effectors and downstream
modulators. The dynamic regulation of MORs at the
plasma membrane following acute and chronic admin-
istration of opioids may therefore direct downstream
signaling.

F. Cellular and Subcellular Compartments

MORs localized in different parts of the cell—soma,
dendrites, and terminals—have distinctly different
functional actions. The activation of receptors localized
in the somatodendritic compartment decrease excit-
ability, whereas terminally localized receptors inhibit
transmitter release. The inhibition of transmitter
release can decrease downstream excitation or result
in an indirect excitation through disinhibition of
inhibitory transmission (Williams et al., 2001). The
greatest amount of work has focused on desensitiza-
tion, tolerance, and trafficking of MORs located in the
somato-dendritic compartment, as these events can be
directly observed by standard electrophysiological re-
cording methods. However, studies measuring pre-
synaptic inhibition induced by MORs on terminals
differ distinctly from those measuring the postsynaptic
regulation of MORs. The most striking difference is the
inability to induce acute desensitization of MORs in
the presynaptic compartment (Fyfe et al., 2010;
Pennock and Hentges, 2011). In addition, most studies
report that morphine lacks the ability to induce
efficient internalization (Keith et al., 1996, 1998;
Sternini et al., 1996). More recently morphine-
induced internalization has been reported in dendrites
but not cell bodies of nucleus accumbens neurons,
suggesting different regulatory mechanisms in differ-
ent neuronal membrane structures (Haberstock-Debic
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et al., 2003, 2005). In spite of the inability to induce
acute desensitization, repeated or chronic administra-
tion of morphine results in substantial tolerance to
MOR inhibition of transmitter release (North and
Vitek, 1980; Schulz et al., 1980; Williams et al., 2001;
Hack et al., 2003; Fyfe et al., 2010). In addition,
following chronic morphine treatment, there are many
examples of counter-adaptations in transmitter release
that normalize transmitter release even in the contin-
ued presence of morphine (Ingram et al.,1998; Wil-
liams et al., 2001; Hack et al., 2003). The differences in
the acute and chronic regulation of pre- and post-
synaptic MORs is an interesting mechanistic problem
that remains unsolved and is of significant functional
relevance.

IV. m-Opioid Receptor Regulation

A. Desensitization and Tolerance Are Both Associated
with Reduction of Functional Receptors

Quantitative models (Operational models or Furch-
gott analysis) used to quantify the loss of functional
MOR-effector coupling associated with rapid desensi-
tization of MOR, short-term tolerance, or long-term
tolerance to morphine have all calculated that a loss of
80% or more (up to 95%) of functional surface MOR is
required to account for the observed shift in morphine
concentration-response curves (Chavkin and Gold-
stein, 1984; Christie et al., 1987; Osborne and
Williams, 1995; Bailey et al., 2009a). Similar estimates
of loss of MOR function between these studies might be
interpreted to suggest that tolerance at the level of
MOR represents nothing more than desensitization.
However qualitatively there are important differences.
Recovery from rapid desensitization occurs in approx-
imately 1 hour (Harris and Williams, 1991; Dang and
Williams, 2004; Virk and Williams, 2008). After long-
term treatment with morphine MOR function recovers
in two phases. One phase recovers within 2 hours after
removal of morphine and is thought to be recovery from
desensitization as it is produced by either agonist
removal or inhibition of protein kinase C (PKC) (Bailey
et al., 2009a). The second component persists for many
hours and represents tolerance (Christie et al., 1987).
Interestingly, two phases of tolerance reversal have
also been observed in vivo on cessation of chronic
opioid administration (Cox et al., 1968).
Studies using physiologic end-points (direct Gbg

interactions with ion channels) in single opioid-
sensitive neurons have also reported similar impaired
MOR-effector coupling in a range of neuronal cell types
from animals chronically treated with morphine in
vivo, including rat and mouse periaqueductal gray
(Bagley et al., 2005b; Ingram et al., 2008), rat and
mouse locus coeruleus (Christie et al., 1987; Connor
et al., 1999; Dang and Williams, 2004; Bailey et al.,
2009a; Dang et al., 2011; Quillinan et al., 2011), and

mouse trigeminal ganglion neurons (Johnson et al.,
2005). Similar results have also been reported for
inhibition of GABAergic synaptic transmission in
nerve terminals in periqueductal gray taken from
animals treated chronically with morphine (Fyfe
et al., 2010; Hack et al., 2003). Importantly, some of
these studies showed that the loss of MOR function
after chronic opioid treatment was selective because
there was no change in the sensitivity to agonists at
other GPCRs known to couple to the same effectors
(Christie et al., 1987; Connor et al., 1999; Bailey et al.,
2009a). These studies have usually used chronic
treatment with morphine, but similar results have
been reported after chronic methadone treatment in
locus coeruleus neurons (Quillinan et al., 2011). Assay
of 35S-labeled guanosine-59-O-(3-thio)triphosphate
([35S]GTPgS) binding to tissue sections, a method for
estimating receptor–G protein coupling in situ, indi-
cates that chronic heroin treatment produced pro-
nounced reductions in MOR activity in several brain
regions with an upregulation in total opioid receptor
number (Sim-Selley et al., 2000).

The mechanisms responsible for loss of functional
MORs have not been determined. One process that
could, in principle, reduce receptor reserve is receptor
downregulation. While some opioids (such as etor-
phine) can produce substantial downregulation of
MORs in vivo (Stafford et al., 2001), chronic morphine
produces little net change in most brain regions
(Stafford et al., 2001; reviewed by Koch and Höllt,
2008). Thus, a potential role of receptor downregula-
tion in morphine tolerance has been generally dis-
counted. Furthermore, as mentioned above, chronic
heroin treatment of rats can reduce agonist-stimulated
GTPgS binding while upregulating total MOR number.

A potential limitation of receptor binding studies is
insensitivity to redistribution between cellular com-
partments. A reduction in receptor reserve could occur,
in the absence of net reduction in total receptor
number detected by typical ligand-binding assays, if
there is redistribution of receptors from the plasma
membrane to internal membranes. There are a limited
number of studies in which the cellular distribution of
MORs was examined at the electron microscopic level
following the chronic morphine treatment. In the
adrenergic neurons of the medulla, chronic treatment
with morphine (3 � 75 mg morphine pellets) resulted
in a dramatic redistribution of MORs from the plasma
membrane to intracellular compartments (Drake et al.,
2005). This is an important observation that may be
one explanation for the decrease in effector activation
that has been reported in physiologic studies discussed
above. However, in a similar anatomical study of
neurons in the locus coeruleus little or no loss of
receptors was found after chronic morphine treatment
(Van Bockstaele and Commons, 2001), but acute
administration of morphine did induce internalization
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in the dendrites of neurons in the nucleus accumbens
when measured with immuno-electron microscopy
(Haberstock-Debic et al., 2003). Thus, depending on
the treatment protocol, the selectivity profile of the
antibodies used for detection and the neurons under
study, the cellular localization of receptors may vary. It
remains a significant challenge to develop methods to
determine whether surface membrane receptor expres-
sion changes after chronic exposure to morphine and
the extent to which this is brain-region specific.

B. Biased Agonism and m-Opioid Receptor Regulation

The literature contains numerous examples of
“agonist-selective” regulation of opioid receptors and
this has been reviewed previously (Koch and Hölt,
2008; Martini and Whistler, 2007; Piñeyro and Archer-
Lahlou, 2007; Raehal et al., 2011; Rajagopal et al.,
2011). The concept of agonist selectivity, however,
remains confused and the physical basis by which
individual opioids produce different regulatory effects
is poorly understood. Biased agonism refers to the
ability of different agonists to either differentially
activate signaling cascades or regulatory events, in-
cluding differences in receptor trafficking. The concept
suggests the formation of different protein complexes
(containing signaling proteins, arrestins, GRKs, and
other kinases) selected by ligand binding to the
receptor, thereby triggering different downstream
events. As shown in Fig. 2, biased signaling potentially
arises at the level of biased association with different G
proteins, phosphorylation by different kinases and
interacting proteins (and subsequent endocytosis),

and distinct G protein-independent signaling interac-
tions. While the evidence for biased association with
different G proteins remains relatively limited for
MOR (reviewed by Piñeyro and Archer-Lahlou, 2007;
Raehal et al., 2011; Audet et al., 2012) and will not be
discussed further here, a large body of evidence
suggests that different agonists exhibit bias for G
protein interaction versus phosphorylation by different
kinases and endocytosis as discussed below.

However, the crux of the issue for MOR is whether
opioids differ only in their relative efficacy for pro-
ducing a single biochemical receptor form, or whether
opioids can exhibit additional selectivity by supporting
the production of functionally distinct biochemical
receptor forms. The confusion is compounded by the
fact that the ability of morphine to induce endocytosis
appears to be different in different cell types and under
different experimental conditions. Morphine fails to
induce MOR endocytosis in spinal cord in vivo (Trafton
and Basbaum, 2004) and locus coeruleus neurons in
vitro (Arttamangkul et al., 2008) but quite efficiently
induces endocytosis in the dendrites of medium spiny
striatal neurons (Haberstock-Debic et al., 2003, 2005;
Yu et al., 2009, 2010). Using rectifying potassium
channel (FRET) to study arrestin-MOR interactions,
Frölich et al. (2011) observed that three morphine
metabolites, normorphine, 6-acetylmorphine, and
morphine-6-glucuronide, had lower potencies for G
protein activation but higher potencies and efficacies
for b-arrestin recruitment than morphine itself, sug-
gesting that they are biased toward b-arrestin path-
ways. Furthermore, some opioid drugs exhibit bias

Fig. 2. Agonist binding to MORs can result in the activation of multiple downstream pathways. Different agonists can selectively activate one or
a number of these pathways that give rise to agonist-selective signaling through a single receptor subtype. G protein-dependent processes include the
regulation of ion channels and inhibition of adenylyl cylase. Mechanisms involved in desensitization may involve selective activation of one or another
kinase dependent pathway. G protein-independent processes, including the steps leading to endocytosis and interactions with scaffolding molecules
and kinases, may influence MOR signaling by both direct and potentially indirect mechanisms.
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toward recruitment of different isoforms of arrestin.
Morphine recruited b-arrestin2, whereas DAMGO
recruited both b-arrestin1 and b-arrestin2 in mouse
embryonic fibroblasts (Groer et al., 2011). Given that in
recombinant expression systems the ability of mor-
phine to induce endocytosis appears to be enhanced by
over-expression of GRKs and arrestins (Whistler and
von Zastrow, 1998; Zhang et al., 1998; Bohn et al.,
2004), one explanation for differences between differ-
ent neuronal preparations could be that morphine has
a low, but not zero, ability to induce endocytosis and
that morphine-induced receptor endocytosis becomes
apparent if the levels of GRK and/or arrestin expres-
sion are higher as might occur in a different areas
within the CNS or cellular infrastructure.
In this regard it is important when examining

agonists for bias to have a measure of their relative
intrinsic efficacies for each response rather than their
intrinsic activities, as the latter do not discriminate
between full agonists (see Definition of Terms). Using
an encyclopedic series of opioid ligands together with
multiple measures of ligand-receptor-effector interac-
tion in cell lines, two recent studies correlated agonist
efficacy with the ability to induce receptor internaliza-
tion (McPherson et al., 2010; Rivero et al., 2012). The
results demonstrated that for a wide range of agonists
including morphine there was a good correlation
between their ability to promote receptor activation
and b-arrestin2 binding. From these studies, it was
suggested that the efficacy (operational efficacy) of
many agonists could be used as a predictor of multiple
steps leading to receptor internalization. Interestingly,
several important outliers, most notably endomorphin-
2, produced much greater phosphorylation of Ser375 on
MOR, arrestin recruitment, and endocytosis than
would have been predicted from its efficacy to induce
GTPgS binding. By contrast, a similar study by
Molinari et al. (2010) reported a hyperbolic relation-
ship between intrinsic activity of opioid agonists for G
protein activation and b-arrestin2 translocation, po-
tentially suggesting significant ligand bias. In addi-
tion, another study by Borgland et al. (2003) reported
that the intrinsic signaling efficacy measured using the
inhibition of calcium current by some agonists, most
notably morphine, did not predict efficacy for endocy-
tosis. One obvious difference between the study by
Molinari et al. (2010) and that of McPherson et al.
(2010) is in the method of data analysis. Molinari et al.
(2010), but not Borgland et al. (2003), used the maximum
of the concentration-response curve to estimate relative
intrinsic activity, whereas McPherson et al. (2010)
estimated relative intrinsic efficacy by applying an
operational model to the concentration-response
curves. Intrinsic activity is by definition the same for
all full agonists, which would produce a hyperbolic
relationship. While under the appropriate conditions,
resonance energy transfer could measure intrinsic

efficacy, the FRET-based study focused on intrinsic
activity (Molinari et al., 2010). The intrinsic activity
estimates obtained from the FRET measurements
showed a good correlation with those obtained from
parallel GTPgS studies, which measured intrinsic
activity, not intrinsic efficacy. Other possible explan-
ations for the discrepancy could be the different
methods used to determine G protein activation and
arrestin translocation [GTPgS binding and an arrestin
complementation assay by McPherson et al. (2010),
resonance energy transfer by Molinari et al. (2010)]
and potentially different expression levels of the
modified proteins used in the two different assay
systems.

As one means to address the question of proportion-
ality between the signaling and regulatory effects of
opioids, a simple ratio of the two processes was
proposed. Estimates of efficacy for eliciting receptor-
mediated signaling as a function of the ability to
promote receptor endocytosis was called “RAVE” (for
“relative activation versus endocytosis”). According to
this, opioids that drive receptor signaling and endocy-
tosis in direct proportion would have an identical
RAVE value, whereas those falling off the correlation
line would have a higher or lower RAVE value. It was
also proposed that agonists with high RAVE values
(those compounds that do not induce efficient in-
ternalization) may have increased potential to produce
opioid tolerance and dependence (Whistler et al., 1999;
Finn and Whistler, 2001). The RAVE hypothesis has
heuristic value but does not offer any advantage over
more formal correlation analyses of intrinsic efficacy as
described above. Further, different RAVE values do not
account for many aspects of opioid action, and the exact
values obtained are dependent both on the cell type
and signaling pathway that is examined. For example,
both morphine and DAMGO have high efficacy in
inhibition of calcium channels in dorsal root ganglion
neurons, whereas DAMGO but not morphine has high
efficacy for p38 mitogen-activated protein kinase
activation that regulates endocytosis in these neurons
(Tan et al., 2009). Estimates of agonist efficacy to
determine RAVE values will be dependent on the
effector under study. In addition, secondary actions of
agonists such as the block of potassium channels by
high concentrations of methadone will affect accurate
determinations of efficacy (Rodriguez-Martin et al.,
2008; Matsui and Williams, 2010). Likewise, the
development of tolerance varies considerably with the
assay. Finally, a major limitation of the RAVE
hypothesis is that it equates endocytosis with toler-
ance. Recent studies have documented that MORs can
be desensitized without undergoing endocytosis and
that endocytosis initiates other signaling events (for
example, ERK-kinase activation). A possible relation-
ship between endocytosis, tolerance, and addiction risk
is still being resolved (Berger and Whistler, 2010).
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Agonist-selective effects have even been observed
using the same peptide agonist, dermorphin, linked to
two different fluorescent ligands. Dermorphin is an
opioid peptide agonist originally isolated from frog skin
(Erspamer et al., 1981) that is potent and highly
selective for MORs. The properties of this peptide
agonist were markedly changed with the conjugation of
two different fluorescent molecules (Arttamangkul et al.,
2000). The more hydrophobic, dermorphin-Bodipy Texas
Red (derm-BTR) molecule was not a full agonist when
measuring the activation of potassium currents in locus
coeruleus neurons but was very efficient at causing
internalization in HEK293 cells. Dermorphin–Alexa 488,
on the other hand, was a full agonist but did not result in
marked internalization (Arttamangkul et al., 2000;
Alvarez et al., 2002). Thus, by changing the physico-
chemical properties of a single agonist a marked differ-
ence in “agonist-selective” properties were obtained.
Taken together, these studies make a strong case for

biased signaling for different MOR agonists between G
protein activation and arrestin recruitment, at least for
some agonists. This has been reconsidered recently
with a systematic analysis of a more limited set of
agonists using the operational model to define opera-
tional efficacy for a range of end-points that reflect G
protein activation or arrestin translocation (Rivero
et al., 2012). A spectrum of signaling bias was
demonstrated for different MOR agonists as shown in
Fig. 3.
The idea that distinct ligands can selectively affect

multiple receptor states is not unique to opioids.
Indeed, biased agonist effects have been reported
independently for a number of GPCRs (Gay et al.,
2004; Kenakin, 2011). For example, in studies of the
b2-adrenergic receptor, an inverse agonist not only
suppressed the constitutive activity of the receptors

but also activated MAPK via a b-arrestin2-dependent
mechanism (Azzi et al., 2003). Also, fluorescence
lifetime measurements suggested that agonists differ
in their ability to induce or stabilize different confor-
mational transitions upon binding to the receptor in
vitro (Swaminath et al., 2005). Moreover, receptors
purified from intact cells were found to exist in
a complex mixture of phosphorylated forms, with
agonist-selective effects on phosphorylation of a region
in the cytoplasmic tail that controls desensitization
and endocytosis (Trester-Zedlitz et al., 2005). There is
accumulating evidence for biased phosphorylation and
subsequent events such as arrestin binding and MAPK
(ERK1/2, JNK, p38) activation (reviewed by Bruchas
and Chavkin, 2010). There is also evidence supporting
the existence of multiple phosphorylated forms of MOR
in intact cells, and pronounced differences in the
phosphorylation of MORs in response to morphine
and peptide agonists such as DAMGO and endomor-
phin 2 (Yu et al., 1997; McPherson et al., 2010;
Grecksch et al., 2011, Lau et al., 2011; Rivero et al.,
2012). However, it remains unknown whether observed
differences in the functional regulation of MOR, or
other GPCRs, result specifically from agonist-selective
stabilization of discrete receptor conformations. The
following sections review what is known about these
regulatory mechanisms for MOR and their potential
impact on differential functional outcomes, including
biased desenstization and tolerance.

V. Phosphorylation and m-Opioid
Receptor Regulation

The mechanisms that terminate MOR-G protein
signaling following exposure to highly efficacious
agonists for several minutes (rapid desensitization)

Fig. 3. Ligand bias at MOR. The intrinsic efficacies (operational model) of a range of structurally dissimilar MOR agonists to activate [35S]GTPgS
binding and arrestin recruitment was determined and the bias factor (b) calculated according to the method of Rajagopal et al. (2011). Reproduced from
Rivero et al. (2012).
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are still not thoroughly understood. Phosphorylation of
specific residues in the intracellular domains of MOR is
widely accepted to precede and perhaps cause de-
sensitization. It is not yet known whether phosphory-
lation per se desensitizes G protein activation and
signaling or it produces desensitization by initiating
b-arrestin (and other protein) binding that sterically
occludes access of G proteins to MOR. Coexpression
studies in Xenopus laevis oocytes showed that the
desensitization of MOR activation of Kir3 currents
required both GRK and arrestin expression (Kovoor
et al., 1997) suggesting that receptor phosphorylation
was not sufficient in this functional assay system.
MOR phosphorylation may also contribute to both
short-term and long-term tolerance (see below). Many
of these observations were made using expression
studies in cell lines and primary neuronal cultures, but
their importance in native neurons and whether
differences are dependent on neuronal compartments
are not yet well established. An emerging concept is
that some agonists such as DAMGO regulate MOR by
selectively engaging GRK-arrestin mechanisms, while
others such as morphine selectively engage non-GRK-
arrestin mechanisms. The consequences of such differ-
ential regulatory process for tolerance are still not well
understood but are likely to be the basis for biased
agonism for arrestin recruitment.
As shown in Fig. 4, phosphorylation of around 20

potential sites in the intracellular regions of MOR
could contribute to receptor desensitization and endo-
cytosis, particularly to putative GRK phosphorylation
sites near the C-terminal (reviewed in Connor et al.,
2004; Koch and Höllt, 2008) and are summarized
below. MORs are also phosphorylated by non-GRK
kinases such as JNK, PKC, protein kinase A, calcium-
calmodulin kinase (CaMKII), and MAPK (reviewed in
Liu and Anand, 2001; Koch and Höllt, 2008; Fig. 5),
which may contribute to both heterologous and
homologous desensitization of receptors as well as
tolerance. It is unclear whether each of these kinases
acts directly on MOR or whether they act sequentially.
Some kinases may phosphorylate other non-kinase
proteins [e.g., regulator of G protein signaling (RGS)
proteins] that are involved in MOR desensitization.

A. Phosphorylation by G Protein Receptor Kinase

GRK-mediated phosphorylation of GPCRs is thought
to require a ligand activated conformation of the
receptor because GRK2/3 requires Gbg activation, and
GaGDPGbg binding to the receptor may sterically reduce
access to the receptor phosphorylation sites (Krupnick
and Benovic, 1998). Phosphorylation of MOR by GRK
results in binding of nonvisual b-arrestin or b-arrestin2
and leads to homologous receptor desensitization.
Multiple isoforms of GRK have been identified (Premont
and Gainetdinov, 2007), and both GRK2 and GRK3
have been implicated in MOR desensitization in vitro

(Kovoor et al., 1998; Zhang et al., 1998). The GRK2
knockout is embryonic lethal, whereas GRK3 knockout
mice are viable (Peppel et al., 1997), and homozygous
GRK32/2 mice show reduced analgesic tolerance to
some opioid agonists in certain assay paradigms
(Terman et al., 2004; Melief et al., 2010). Although
GRK3 appears to mediate acute fentanyl-induced
antinociceptive responses in the hotplate and tail-
flick assays, the GRK2 isoform may be involved in
MOR regulation in other neural circuits (Gabra et al.,
2008; Bailey et al., 2009b; Dang et al., 2011). However,
resolving the relative contributions of GRK2 or GRK3
is complicated by the lack of confirmation of the
selectivity of the genetic knockdown experiments.

Phosphorylation of MOR at putative GRK sites is
rapid (Doll et al., 2011), apparently saturating within
1–2 minutes (Thr370, Ser375) when MORs are stim-
ulated by highly efficacious peptide agonists, such as
DAMGO. The time course of b-arrestin2 association
and rapid desensitization are slower than this, reach-
ing saturation in 3–5 minutes (Oakley et al., 2000;
McPherson et al., 2010; Molinari et al., 2010). This is
a general paradigm by which GPCRs are functionally
uncoupled from heterotrimeric G proteins and then
endocytosed within minutes after receptor activation
(Carman and Benovic, 1998; Goodman et al., 1998).
Endocytosis appears somewhat slower than desensiti-
zation with time constants generally in the order of $5
minutes and reaching steady state in less than 30
minutes (Law et al., 2000; Borgland et al., 2003;
Tanowitz and von Zastrow, 2003; Arttamangkul et al.,
2006, 2008; Johnson et al., 2006; Tanowitz et al., 2008).
The earliest studies of MOR phosphorylation estab-
lished that the receptor is phosphorylated more
efficiently following activation by high-efficacy ago-
nists, such as DAMGO or etorphine, than by low-
efficacy agonists such as morphine in cell lines (Yu
et al., 1997; Zhang et al., 1998; Whistler et al., 1999;
Schulz et al., 2004; Johnson et al., 2006). Although
morphine weakly stimulates the phosphorylation of
MOR, this is greatly enhanced by overexpression of
GRK2 (Zhang et al., 1998). This could reflect distinct
phosphorylation patterns or simply differences in
overall efficacy to mobilize G proteins and phosphor-
ylate the same residues. This issue has not yet been
resolved. The relative importance of particular resi-
dues has been approached by site-directed mutagene-
sis of single residues or groups of residues,
development of specific phosphosite antibodies and,
more recently, mass spectrometric analyses of phos-
phorylated residues. These studies are beginning to
indicate that agonists that strongly promote arrestin
binding very efficiently phosphorylate clusters of
residues in the C-terminal region of the receptor in
the vicinity of Thr370 through Thr379.

Lower efficacy agonists, notably morphine, quite
inefficiently phosphorylate some residues in the same
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C-terminal region when compared with DAMGO (Doll
et al., 2011; Lau et al., 2011). For example, in these
studies morphine-induced phosphorylation of Thr370
was either undetectable (using a phosphopeptide anti-
body) or observed at relatively low levels (by LC-MS).

Morphine was particularly weak in its ability to
promote multisite phosphorylation within the Thr370
through Thr379 region. Overall, it appears from these
studies that residues in the middle region of the C-
terminal tail are important GRK phosphorylation sites

Fig. 4. Summary of putative (shaded) and established agonist-induced phosphorylation sites on the MOR and associated kinases. There is moderate to
strong evidence for the colored residues as follows: Tyr106, Tyr166, probably phosphorylated by tyrosine kinase (McLaughlin and Chavkin, 2001);
Thr180, probably phosphorylated by GRK3 (Celver et al., 2001); Ser266, probably phosphorylated by CaMKII (Koch et al., 1997, 2000); Tyr336,
phosphorylated by Src kinase (Zhang et al., 2009); Ser355, Thr357, one or both phosphorylated (Wang et al., 2002; Lau et al., 2011) by GRK2 (Wang
2000); Ser363, constitutive phosphorylation (Doll et al., 2011) by PKC (Feng et al., 2011); Thr370, Ser375, phosphorylation directly shown (Schulz et al.,
2004; Doll et al., 2011); Thr376, Thr379, one or both phosphorylated (Lau et al., 2011); Thr383, Thr394, phosphoylation was predicted but not directly
shown (Pak et al., 1997), and not observed (El Kouhen et al., 2001; Lau et al., 2011).

Fig. 5. Summary of MOR phosphorylation and enzyme interactions leading to desensitization and endocytosis. (A) For agonists with high relative
efficacy for endocytosis, G protein dissociation and conformational changes favorable to GRK phosphorylation drive desensitization and endocytosis.
GRK2 and GRK3 appear to be the major isoforms involved (see Desensitization and Tolerance Are Both Associated with Reduction of Functional
Receptors). Arrestin binding requires GRK phosphorylation, and both b-arrestin2 and b-arrestin1 can interact with MOR to promote endocytosis (see
Biased Agonism and m-Opioid Receptor Regulation; Groer et al., 2011). It is not certain if phosphorylation events, b-arrestin binding, or both produce
uncoupling of MOR signaling (desensitization), but the time course appears to follow arrestin binding more closely. Strong internalizing agonists
activate phospholipase D2 (Section V.G), but it is not certain whether this is required for endocytosis (Arttamangkul et al., 2012). There is some
evidence that ERK1/2-dependent mechanisms may desensitize MOR by both arrestin-independent (Gbg) and arrestin-dependent mechanisms. Other
kinases may also be important, including CAMKII and PKC. GRK phosphorylation is rapidly reversible at the cell surface, but the rate of reversal at
other potential phosphorylation sites or their requirements for endocytosis is unknown (see Phosphorylation and m-Opioid Receptor Regulation). (B)
Agonists with relatively low efficacy for endocytosis weakly and slowly phosphorylate GRK substrates on MOR and induce weak association with
b-arrestin2 (see Desensitization and Tolerance Are Both Associated with Reduction of Functional Receptors and Biased Agonism and m-Opioid Receptor
Regulation). However, there is good evidence that PKC-dependent mechanisms, possibly via direct phosphorylation of MOR at Thr370 (Doll et al.,
2011), contribute to desensitization by agonists such as morphine (Section V.D). PKC also appears to recruit JNK-dependent desensitization
mechanisms for agonists such as morphine but not for high endocytosis efficacy agonists (Melief et al., 2010). It is tempting to speculate for agonists
with low efficacy for endocytosis that PKC and other kinases can readily interact with the intracellular domain of MOR when it is not occluded either
by G proteins or arrestins. Whether these events are rapidly reversible (as is GRK dephosphorylation) is not known.
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and function in the control of receptor internalization.
Thr394, in the distal C-terminal region, may also be
phosphorylated and its mutation affects internaliza-
tion (Wolf et al., 1999). A direct correlation between the
efficiency of receptor phosphorylation and an agonist’s
efficacy is consistent with evidence suggesting that
Gbg is a cofactor necessary for maximal GRK activa-
tion (DebBurman et al., 1996), although it is also likely
that differences in agonist-induced conformational
changes affect the accessibility of specific phosphory-
lation sites in the receptor.
Construction of truncated MORs (Burd et al., 1998;

Qiu et al., 2003) and site-directed mutagenesis (El-
Kouhen et al., 2001) have also established that two
major clusters of serine and threonine residues in the
C-terminal region of MOR are likely to be GRK targets
when expressed in cultured cells. Additional support
for GRK phosphorylation of these sites comes from
methods that measure pan-phosphorylation combined
with disruption of b-arrestin2 translocation to the
surface membrane and/or disruption of endocytosis
after exposure to highly efficacious agonists such as
DAMGO or etorphine. El-Kouhen et al. (2001) largely
eliminated DAMGO-induced pan-phosphorylation
when all serines and threonines from Ser363 to
Thr376 were mutated to alanines. Inclusion of T394A
to these residues produced a small additional effect.
The most effective point mutation for reducing pan-
phosphorylation was Ser375. This also had the largest
impact on reducing the rate of DAMGO-induced
endocytosis suggesting that Ser375 may be a crucial
residue for GRK phosphorylation, arrestin recruit-
ment, and endocytosis. Similar results using the
S375A mutant were reported by Schulz et al. (2004).
Lau et al. (2011) further verified this result, and found
that mutations of other sites (Thr376 and Ser379) also
inhibited arrestin recruitment and endocytosis. This
suggests that Ser375 functions as part of a motif
(375STANT379) whose multisite phosphorylation is re-
quired for efficient receptor internalization. Similar
mutational approaches have also implicated Thr394
(Wolf et al., 1999; Deng et al., 2000) and Ser355/Thr357
(Wang et al., 2002) in DAMGO-induced pan-
phosphorylation of MOR. Attempts to understand the
involvement of these sites in desensitization are
complicated because long assay durations may include
the elimination of receptors through endocytosis.
Indeed the same studies did show that mutations
disrupting phosphorylation also disrupted endocytosis
of MOR.
These mutational studies have established potential

agonist-induced phosphorylation sites, but thorough
understanding of phosphorylation patterns is still
developing and will not be resolved until direct
phosphorylation of specific residues is established.
Phosphosite-specific antibodies have provided some
information. Schulz et al. (2004) demonstrated that

DAMGO induces robust phosphorylation of Ser375 in
MOR-transfected HEK293 cells and primary neuronal
cultures using a phospho-Ser375-specific antibody.
Morphine weakly induced phosphorylation of this site
but it was enhanced by overexpression of GRK2.
Phosphospecific antibodies have also been used to
detect MOR phosphorylation at Thr370 and Ser375
following sustained release of endogenous b-endorphin
that was associated with morphine tolerance in vivo
(Petraschka et al., 2007). More recently, Doll et al.
(2011) have developed phospho-antibodies for Ser363,
Thr370, and Ser375 and demonstrated that in trans-
fected HEK293 cells DAMGO very rapidly (less than 2
minutes at 37°) phosphorylated Ser375, but morphine
phosphorylated the same site more slowly. DAMGO
also efficiently phosphorylated Thr370, but morphine
did not. Notably, in their HEK293 cell line, Ser363 was
constitutively phosphorylated but showed no increase
with opioid agonists, and Thr370 could be phosphory-
lated by stimulation of PKC activity (see below) in
addition to DAMGO. By use of GRK overexpression
and knockdown methods in HEK293 cells, the same
group recently reported DAMGO-induced phosphory-
lation of Thr370 and Ser375 is catalyzed by GRK2 and
GRK3, but morphine-induced phosphorylation of
Ser375 is predominantly mediated by GRK5 (Doll
et al., 2012). Phosphorylation of Ser375 was also
examined by McPherson et al. (2010) for a wide range
of opioids in parallel with GTPgS activation assays and
b-arrestin2 recruitment. There was a weak positive
relationship between G protein activation and Ser375
phosphorylation and a stronger correlation with
arrestin translocation and endocytosis. However there
were notable outliers such as endomorphin-2, which is
a relatively weak G protein activator but very
effectively stimulates the phosphorylation of Ser375.
So far only Ser375 phosphorylation has been shown to
occur in vivo in intact mouse brain in an agonist-
dependent manner (Grecksch et al., 2011).

These studies suggest biased agonism of GRK
phosphorylation and consequent arrestin translocation
at MOR, but the information will remain limited until
more complete patterns of phosphorylation by different
agonists are known. It is well established that over-
expression of GRKs or arrestins can profoundly
enhance induction of endocytosis by morphine (Whis-
tler and von Zastrow, 1998; Zhang et al., 1998; Bohn
et al., 2004; Doll et al., 2012), so it may be the case that
morphine more weakly stimulates phosphorylation of
the internalization-controlling middle portion of the C
terminal receptor tail consistent with its weak efficacy
to activate G proteins. However, the effects of agonists
such as endomorphin-2 and to a lesser extent
endomorphin-1 (McPherson et al., 2010; Rivero et al.,
2012) are not consistent with this interpretation
because they have a G protein-signaling efficacy
comparable to morphine but phosphorylate Ser375
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(and translocate arrestin) as efficiently as the most
efficacious agonists (e.g., DAMGO). One possibility,
because efficient endocytosis also requires MOR phos-
phorylation at Thr376 and/or Thr379 (Lau et al., 2011),
is that endomorphins are less efficacious for producing
multisite phosphorylation involving these additional
residues. Further development of multiple phosphosite-
specific antibodies, as well as application of mass
spectrometry–based approaches (Feng et al., 2011;
Lau et al., 2011), have the potential to elucidate
agonist-biased phosphorylation of opioid receptors in
vitro and in vivo. Immunohistochemical analyses
using brain tissue will also be important to determine
whether phosphorylation patterns vary in opioid-
sensitive neurons throughout the nervous system be-
cause arrestin-dependent endocytosis by low-efficacy
agonists is known to be nonuniform. Morphine fails to
induce MOR endocytosis in spinal cord in vivo (Trafton
and Basbaum, 2004) but it efficiently induces endocy-
tosis in medium spiny striatal neurons (Haberstock-
Debic et al., 2003, 2005; Yu et al., 2010).

B. G Protein Receptor Kinase Phosphorylation,
Arrestin Binding, and Desensitization

Many studies indicate that the rapid desensitization
of MOR function induced by agonists such as DAMGO
that strongly induce GRK phosphorylation, arrestin
translocation, and endocytosis is greatly attenuated
when GRK or arrestin function is disrupted. Although
this was suggested by many early studies, the time
course of measurements (many minutes to hours) could
not distinguish rapid desensitization from the loss of
function produced by endocytosis. In X. laevis oocyte
gene expression studies, homologous desensitization
(without endocytosis) of MOR activation of Kir3
potassium currents was readily observed to require
coexpression of both GRK3 and b-arrestin2 (Kovoor
et al., 1997). More recently, Johnson et al. (2006)
blocked rapid DAMGO-induced (but not morphine)
desensitization in HEK293 cells using a dominant
negative GRK2 mutant. Chu et al. (2008) reported that
DAMGO-induced rapid desensitization (but not mor-
phine) was blocked in mouse embryonic fibroblast
(MEF) cells from b-arrestin2 or b-arrestin1 and 2
knockout mice. Li and Wang (2001) reported that
intracellular perfusion of rostral ventromedial medulla
neurons with a GRK2 inhibitory peptide blunted
DAMGO-induced desensitization. Bailey et al. (2009a)
also reported that in vivo viral expression of a dominant
negative mutant GRK2 in locus coeruleus neurons
attenuated DAMGO-induced rapid desensitization (but
not morphine; however, see Quillinan et al., 2011). In
a GRK3 knockout mouse, Terman et al. (2004) reported
that desensitization of fentanyl-induced population
spike facilitation in hippocampal dentate gyrus was
greater than that produced by morphine. Together,
these studies suggest that desensitization for agonists

that strongly promote GRK-dependent phosphoryla-
tion and arrestin binding is blunted when these
pathways are blocked, but agonists that do not engage
this mechanism efficiently (notably morphine) still
produce MOR desensitization.

Other studies have reported that efficient desensiti-
zation of MOR by highly efficacious agonists persists
when GRK phosphorylation, arrestin binding, or
endocytosis are disrupted. Walwyn et al. (2007) showed
that DAMGO-induced desensitization of MOR coupling
(Gbg-mediated) to voltage-gated calcium current in-
hibition in sensory neurons was unaffected in the
b-arrestin2 knockout and this was substantiated in
locus coeruleus neurons from the knockout mice
(Arttamangkul et al., 2008). More recent studies in
locus coeruleus neurons established that desensitiza-
tion induced by ME can be mediated by at least two
distinct mechanisms independently involving ERK1/2
activity and GRK2–b-arrestin2 (Dang et al., 2009).
Blocking the GRK mechanism alone with a GRK2
inhibitory peptide or using a b-arrestin2 knockout was
not sufficient to inhibit desensitization, nor did ERK1/2
inhibition alone prevent desensitization. However,
blocking both processes nearly abolished MOR de-
sensitization. Another study testing a combination of
kinase inhibitors, including staurosporine and heparin,
observed that acute desensitization to ME persisted,
although there was a significant qualitative change in
the pattern of receptor trafficking (Arttamangkul et al.,
2012). The reason for persistence of desensitization in
these studies when others examining the same neu-
rons have observed greatly attenuated desensitization
is not known. However, as discussed further below,
there is evidence that highly efficacious MOR agonists
can engage other mechanisms of phosphorylation and
desensitization.

C. Phosphorylation-Independent Actions of G Protein
Receptor Kinase

Raveh et al. (2010) suggested that ME-induced MOR
desensitization resulted from sequestration by GRK of
the free Gbg subunits required to activate the
downstream signaling through GIRK channels in
HEK293 cells. However this does not explain why
overexpression of a GRK dominant negative reduced
DAMGO desensitization (Johnson et al., 2006; Bailey
et al., 2009b). Nor does it explain why arrestin
expression was required for desensitization of
DAMGO-activated Kir3 currents (Kovoor et al., 1997).
GRK sequestration of free G protein bg subunits would
occur downstream of the receptor and is likely to result
in heterologous desensitization with other GPCRs
utilizing the same effector pathway. However, the
majority of studies of MOR desensitization have
reported only homologous desensitization (Harris and
Williams, 1991; Fiorillo and Williams, 1996; Connor
et al., 1999; Bailey et al., 2004, 2009a,b; Dang et al.,
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2009, 2011). There are examples in the literature
where MOR agonists induce heterologous desensitiza-
tion (Blanchet and Lüscher, 2002; Blanchet et al.,
2003; Tan et al., 2003, 2009; Walwyn et al., 2006) and
the sequestration of Gbg subunits could be a possible
mechanism. However, it should be noted that the
heterologous desensitization reported in some of these
studies involved incubation with agonists for up to 24
hours (Walwyn et al., 2006), which would be defined
here as short-term tolerance. The Gbg/GRK2 seques-
tration is an unlikely mechanism to explain heterolo-
gous desensitization in dorsal root ganglion cells
because heterologous desensitization or “short-term
tolerance” is not observed in the absence of b-arrestin2
or blockade of p38 mitogen-activated protein kinases
(Tan et al., 2009).

D. Role of Protein Kinase C in Phosphorylation
and Desensitization

There has been considerable interest in the role of
PKC phosphorylation in the regulation of MOR by
morphine (Kelly et al., 2007) since the demonstration
that morphine-induced MOR desensitization but not
DAMGO-induced desensitization is reduced by PKC
inhibition in HEK293 cells (Johnson et al., 2006) and
that activation of PKC enhances the rapid desensiti-
zation induced by morphine and ME (but not DAMGO)
in native locus coeruleus neurons (Bailey et al., 2004,
2009a). With regard to the role of PKC phosphorylation
in MOR desensitization, a number of separate but
related questions still need to be answered. Can PKC
phosphorylate MOR? Does agonist activation of MOR
induce PKC phosphorylation of MOR? Does PKC
phosphorylation of MOR induce desensitization? Does
PKC phosphorylate and thus inhibit other components
of MOR signaling downstream of the receptor? While
a number of studies by various groups have already
attempted to address these questions (see below), the
picture still remains somewhat confused.
Use of phosphosite-specific antibodies and matrix-

assisted laser desorption-ionization time-of-flight mass
spectrometry analyses have established that PKC« can
directly phosphorylate Ser363 in C-terminal constructs
of MOR in vitro (Feng et al., 2011). The same authors
also used a phospho-Ser363 antibody to show that
stimulation of PKC in intact CHO cells phosphorylated
MOR on Ser363. In contrast, studies using phosphosite
antibodies by Doll et al. (2011) in HEK293 cells found
that PKC stimulation phosphorylates MOR at Thr370
but Ser363 was constitutively phosphorylated. Although
HEK293 cells express a range of PKC isoforms (Atwood
et al., 2011), the variant responsible for phosphorylation
was not identified by Doll et al. (2011). Johnson et al.
(2006) observed that PKC inhibition decreased the basal
level of MOR phosphorylation in HEK293 cells, imply-
ing that the receptor is prephosphorylated by PKC
rather than in response to agonist activation.

Both PKC-mediated homologous and heterologous
desensitization of MOR have been reported in different
cell types. In locus coeruleus neurons, the PKC-
enhanced rapid desensitization by ME was homologous
(Bailey et al., 2004) and even after 6 hours exposure
to morphine in vitro the desensitization was homo-
logous (Bailey et al., 2009a). In both cases the a2-
adrenoceptor-dependent current was not reduced by
opioid exposure (Bailey et al., 2004, 2009a,b) indicating
no loss of the ability of the effector ion channel (GIRK)
to signal. By contrast, activation of PKC by morphine
acting on MOR appears to induce heterologous de-
sensitization of CB1 cannabinoid receptors expressed
in HEK293 cells (Chu et al., 2010). Chu et al. (2010)
reported that PKC« activation and translocation was
required for morphine-induced but not DAMGO-
induced desensitization of MOR function in HEK293
cells. Morphine (but not DAMGO) induced PKC«-
dependent phosphorylation of Gia2 in HEK293 cells
that was abolished when the PKC phosphorylation
sites on the Gia2 were mutated to alanines (Chu et al.,
2010). These findings in HEK293 cells suggest that in
this cell type involvement of PKC activation in
morphine-induced desensitization may involve phos-
phorylation of other proteins in addition to direct
phosphorylation of MOR. This is consistent with the
earlier finding (Chu et al., 2008) that inclusive
mutations of Ser363, Thr370, and Ser375 on MOR
had little or no effect on morphine-induced
desensitization.

While it is difficult to reconcile the differences
between the studies in locus coeruleus neurons with
those in HEK293 cells, one possible explanation may
relate to the MOR-effector coupling studied in each cell
type. In locus coeruleus neurons where desensitization
appears to be homologous, Gbg subunit activation of
GIRK was used as the read out of receptor activation
(Harris and Williams, 1991; Osborne and Williams,
1995; Fiorillo and Williams, 1996; Connor et al., 1996;
Alvarez et al., 2002; Bailey et al., 2004, 2009b). The
experiments on HEK293 cells by Chu et al. (2008)
measured the potentiation of ADP stimulation of
intracellular calcium release. The mechanism by which
this is produced remains obscure (Samways and
Henderson, 2006) but could be sensitive to modification
of the Ga subunit.

E. c-Jun N-Terminal Kinase

Similar to other studies showing that PKC-dependent
processes are more closely associated with morphine-
induced MOR desensitization, Melief et al. (2010)
reported that JNK inhibitors attenuated morphine-
induced acute short-term analgesic tolerance but not
the fentanyl-induced short-term tolerance (the latter
was sensitive to GRK3 knockout). Furthermore, morphine-
induced short-term tolerance was absent in JNK-2
knockout mice. The JNK mechanism for acute analgesic

238 Williams et al.



tolerance was shared by buprenorphine and morphine-
6-glucuronide (agonists that do not strongly recruit
GRK-arrestin) but not by fentanyl or oxycodone.
The mechanism of JNK activation by morphine-like
opioids was not fully defined, but agonist increases
in phospho-JNK were blocked by the selective PKC
inhibitor Gö6976 [12-(2-cyanoethyl)-6,7,12,13-tetrahydro-
13-methyl-5-oxo-5H-indolo(2,3-a)pyrrolo(3,4-c)carbazole],
suggesting that PKC activation was required (Melief
et al., 2010). Details of this regulatory mechanism are
still to be defined, however it is interesting to suggest
that activation of PKC may cause JNK-dependent re-
ceptor inactivation through a GRK-arrestin–independent
pathway.
There are some differences in the literature that may

depend on assay conditions. Oxycodone (like morphine)
very weakly recruited GRK-arrestin in transfected
HEK293 cells in one study (McPherson et al., 2010).
Oxycodone was able to efficiently evoke MOR in-
ternalization in HEK293 cells (Melief et al., 2010),
but not in locus coeruleus neurons in Flag-MOR
transgenic mice (Arttamangkul et al., 2008). Oxy-
codone did not induce any desensitization in locus
coeruleus neurons, whereas acute analgesic tolerance
was profound in wild type mice and blocked in the
GRK3-knockout mice (Melief et al., 2010). These
apparent discrepancies are likely a consequence of
differences in the cell types and responses measured.
For example, the relationship between actions of
oxycodone on single cells in the locus coeruleus and
the analgesic actions in vivo is not clear and differences
in cell-type specific receptor regulation are plausible.
One additional explanation that may account for
different results is that the metabolism of oxycodone
to oxymorphone may be more efficient in vivo than in
brain slices. Oxymorphone causes desensitization but
causes little or no internalization. A second confound-
ing action of oxycodone could be that it is an agonist of
KOR; however, there are conflicting reports. The
antinociceptive action of oxycodone with i.c.v. or i.t.
administration was blocked after pretreatment with
nor-binaltorphimine dihydrochloride (norBNI) (Ross
and Smith, 1997). In contrast, analgesia produced by
systemic administration of oxycodone was blocked by
naloxone but not nor-binaltorphimine dihydrochloride
(Lemberg et al., 2006). In addition, oxycodone produced
profound analgesia in the tail-flick assay (10 seconds
latencies), whereas KOR agonists only produce 2–3-
second increases in latencies, suggesting a dominant
role of MORs in this assay (Melief et al., 2010).
Interpretation of analgesic tolerance mechanisms is
complicated for drugs affecting multiple receptors
simultaneously. Additional studies are required to
fully understand these molecular mechanisms of
MOR regulation that underlie acute analgesic toler-
ance, but the current results suggest that opioids can
either use a GRK-arrestin–dependent mechanism or

a PKC-JNK dependent mechanism to produce MOR
desensitization and short-term analgesic tolerance.

F. Extracellular Signal-Regulated Kinase

Opioid activation of the ERK1/2 signaling pathway
has been studied extensively in vitro and in vivo
following chronic morphine administration. Macey
et al. (2006) found that acute administration of
morphine does not activate ERK1/2, whereas fentanyl
activates ERK1/2 in a b-arrestin-dependent manner.
These results along with the observation that in-
hibition of ERK1/2 together with GRK-arrestin mech-
anisms blunts rapid desensitization of MOR in locus
coeruleus neurons suggests that ERK1/2 mechanisms
may be important for regulation of MOR (Dang et al.,
2009). MOR desensitization, internalization, and phos-
phorylation have all been reported to be prevented by
ERK1/2 inhibition in some heterologous expression
systems (Polakiewicz et al., 1998; Schmidt et al., 2000).
As is likely for the initial events of the GRK-
b-arrestin2 interaction, signaling by ERK1/2 may
prevent coupling of MOR to effectors by phosphoryla-
tion of MOR at sites not occupied by Ga-subunits
(Schmidt et al., 2000). Alternatively, ERK1/2 may act
indirectly to mediate desensitization via phosphoryla-
tion of Ga-interacting protein (GAIP), a regulator of G
protein signaling (RGS), by potentiating the rate of
GTP hydrolysis, as has been reported in some cell types
(Ogier-Denis et al., 2000). It is also clear that morphine
induces a different pattern of ERK1/2 activation from
DAMGO (Zheng et al., 2008b) that might involve PKC.
In several cell lines, ERK1/2 activation by morphine
(presumably by a Gbg-dependent mechanism) was found
to be blocked by PKC inhibition and did not involve
nuclear translocation of activated ERK1/2. Arrestin-
recruiting agonists produced nuclear translocation of
phospho-ERK1/2 that was not dependent on endocyto-
sis (Zheng et al., 2008b).

ERK1/2 has a large range of potential substrates,
including transcription factors controlling gene expres-
sion; thus it is likely that ERK activation may
contribute to tolerance at both proximal (receptor-
signaling–specific) and distal downstream events that
regulate the behavioral responses following MOR
activation. Understanding how these effects contribute
to the compensatory behavioral adaptations to chronic
opiates is not yet resolved. Animals treated with
chronic morphine show enhanced ERK1/2 activation
in many brain areas (Ortiz et al., 1995; Narita et al.,
2002; Macey et al., 2009), although there are also areas
of decreased activation (Eitan et al., 2003; Muller and
Unterwald, 2004). Since the time course of the changes
in ERK1/2 activity generally correlate with the de-
velopment of morphine tolerance, it has been assumed
(perhaps prematurely) that ERK1/2 activation plays
a role in morphine tolerance. However, there are
several conflicting reports that inhibition of ERK1/2
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can either enhance or diminish measures of morphine
tolerance. For example, disruption of ERK1/2 signaling
enhances both the development and expression
of morphine tolerance with microinjections of the
MEK inhibitor U0126 [1,4-diamino-2,3-dicyano-1,4-bis
(methylthio)butadiene] into the periaqueductal gray
area (Macey et al., 2009). Others have reported that i.p.
injections of an ERK inhibitor, SL327 [a-[amino[(4-
aminophenyl)thio]methylene]-2-(trifluoromethyl)ben-
zeneacetonitrile], did not alter acute morphine toler-
ance (Melief et al., 2010) or tolerance following chronic
morphine treatment (Mouledous, et al., 2007; but see
Chen et al., 2008). These results suggest that ERK1/2
activation in different areas and under different
conditions may lead to different effects (Eitan et al.,
2003). One overall difficulty in interpretation of these
in vivo studies is the fact that sometimes the ERK1/2
activation occurs in opioid-sensitive neurons and other
times is indirect via disinhibition of other neurons or
perhaps by activation of ERK1/2 signaling pathways in
glia or astrocytes (Eitan et al., 2003; Wang, et al.,
2009). ERK1/2 activation has also been implicated in
the upregulation of pain-promoting mechanisms, such
as transient receptor potential cation channel sub-
family V member 1 (TRPV1) channels and calcitonin
gene–related peptide (CGRP) in peripheral tissues (Ma
et al., 2001; Chen et al., 2008; Wang et al., 2009, 2011),
which could interact with behavioral measures of
morphine tolerance. Thus, it is clear that ERK1/2
activation occurs, but how it contributes to tolerance is
not yet defined.

G. Involvement of Other Kinases and Enzymes

Much less is known about the role of the many other
potential phosphorylation sites on MOR and either
direct or indirect actions of kinases on MOR function
for desensitization and regulation of MOR during
tolerance development (Fig. 4).
1. Thr180. Celver et al. (2004) established in X.

laevis oocytes and AtT20 cells that mutation of T180A
in the second intracellular loop of MOR reduced
desensitization induced by DAMGO (no desensitization
was found following exposure to morphine in these
experiments). Receptor desensitization in this assay
required GRK3 and arrestin expression, and mutation
of T180A blocked desensitization. To assess whether
MOR tolerance in vivo also involved phosphorylation at
this residue, a phosphoselective antibody (pT180) was
generated and characterized (Petraschka et al., 2007).
Although fentanyl treatment increased phosphoryla-
tion at serines 370 and 375 in striatum, there was no
evidence that Thr180 was phosphorylated. Thus, a pos-
sible role for phosphorylation of this residue in analgesic
tolerance is not yet clear.
2. Tyr166. Relatively little attention has been paid

to potential tyrosine phosphorylation sites in MOR.
Clayton et al. (2010) using a novel phosphoselective

antibody for pY166 in the Asp-Arg-Tyr motif of MOR,
showed increased phosphorylation of this site only
when the receptor was coactivated both by DAMGO
and stress (H2O2) or the tyrosine kinase agonist
epithelial growth factor. Coincident activation and
phosphorylation of Tyr166 completely abolished the
ability of DAMGO to activate the receptor as measured
by GTPgS binding. Mutation of Y166P to prevent
tyrosine phosphorylation greatly impaired the ability
of coactivation to prevent DAMGO signaling. It would
be of interest to determine whether coactivation with
morphine and epithelial growth factor can induce the
phosphorylation of this site and whether it increases
with chronic morphine. These results suggest that
signaling through MOR may be desensitized through
a heterologous mechanism by receptor tyrosine kinase
activation and that this mechanism may have impor-
tant implications for pain control following tissue
injury.

3. Calcium-Calmodulin Kinase. There is limited
evidence that calcium-calmodulin kinase (CaMKII)
might phosphorylate and modulate MOR function
(Mestek et al., 1995; Koch et al., 1997). Koch et al.
reported that expression of mutants of a putative
CaMKII site in the third intracellular loop of MOR
(S261A/S266A) in X. laevis oocytes decreased the rate
of slow desensitization (over several hours) by
DAMGO. Whether this involved uncoupling, internal-
ization, or receptor insertion is unknown.

4. Phospholipase D and p38 Mitogen-Activated Pro-
tein Kinase. Recent studies in cell lines revealed that
in addition to b-arrestin, phospholipase D (PLD) is
another MOR-interacting protein that plays a role in
the regulation of acute desensitization. PLD catalyzes
the hydrolysis of phosphatidylcholine to form choline
and phosphatidic acid, a signaling lipid that can be
converted to diacylglycerol (DAG). One isoform of PLD
(PLD2) has been shown to be largely associated with
the plasma membrane (Liscovitch et al., 1999). A
number of GPCRs (McCulloch et al., 2001), including
the CB1 cannabinoid receptor (Koch et al., 2006), and
MOR and DOR (Koch et al., 2003, 2004, 2006), activate
PLD to affect exocytosis, cytoskeletal reorganization,
and cellular proliferation (Ghosh et al., 2003; Jenkins
and Frohman, 2005; Liscovitch et al., 2000; McDermott
et al., 2004; Zouwail et al., 2005). There is also growing
evidence that PLD facilitates membrane trafficking of
MORs (Koch et al., 2003; Yang et al., 2010). In fact, it
was demonstrated that only PLD2-activating opioids
(like DAMGO, b-endorphin, methadone, piritramide,
fentanyl, sufentanil, and etonitazene) strongly induce
MOR endocytosis, whereas agonists that do not
activate PLD2 (like morphine, buprenorphine, hydro-
morphone, and oxycodone) failed to activate MOR
internalization (Koch et al., 2009). Furthermore, it
was recently shown that opioid receptor-induced PLD2
activation after treatment with DAMGO is dependent
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on ADP-ribosylation factor 6 (ARF6) but not PKC
(Rankovic et al., 2009). A mechanistic basis for the
PLD-mediated endocytosis was speculated to result
from altering membrane curvature (reviewed, Donaldson,
2009). In addition, it was shown that the PLD2-
phosphatidic acid-DAG pathway is involved in the opioid
receptor-mediated activation of p38 MAPK that is
essential for MOR endocytosis (Yang et al., 2010).
Activation of p38 MAPK regulates MOR endocytosis by
phosphorylating the Rab5 effector early endosome
antigen 1 (EEA1) (Macé et al., 2005; Yang et al.,
2010). These results are in line with previous findings
demonstrating an important role of p38 MAPK
activation in the induction of endocytotic receptor
trafficking (Cavalli et al., 2001; Macé et al., 2005;
McLaughlin et al., 2006; Vergarajauregui et al., 2006).
It should be noted, however, that inhibition of p38
MAPK in mouse locus coeruleus neurons blocked
neither desensitization nor endocytosis of MOR but
did increase the rate of recovery from desensitization
(Arttamangkul et al., 2012).
In addition to the key role in the induction of

receptor internalization, PLD-derived phosphatidic
acid regulates NADH/NADPH oxidase activity leading
to a production of reactive oxygen species (ROS)
(Bellavite et al., 1988; Bonser et al., 1989; Rossi
et al., 1990; Bauldry et al., 1991; McPhail et al.,
1995; Waite et al., 1997; Touyz and Schiffrin, 1999).
Only PLD2-activating and MOR-internalizing agonists
such as DAMGO, b-endorphin, methadone, piritra-
mide, fentanyl, sufentanil, or etonitazene were found to
stimulate the MOR-mediated production of reactive
oxygen molecules, primarily H2O2, via NADH/NADPH
oxidase (Koch et al., 2009). The role of ROS and redox
homeostasis in regulation of cell growth and survival
has been intensively investigated in numerous studies
(reviewed by Trachootham et al., 2008). The PLD2-
mediated low-level ROS generation by receptor-
internalizing or endogenous opioids might be one
reason for a lower neurotoxicity compared with non-
internalizing opioids under physiologic conditions and
this might have implications for analgesic therapy.

VI. Internalization, Phosphatase Activity, and
Recovery from Desensitization

The notion that GPCRs remain phosphorylated until
endocytosis has occurred has been assumed based on
the recycling model of the b-adrenergic receptor (Sibley
et al., 1986; Yang et al., 1988). Whether this model
applies to MOR is important because some hypotheses
propose that tolerance to morphine and other agonists
that very weakly induce endocytosis is greater than to
high-efficacy agonists such as DAMGO. The idea is
that phosphorylated uncoupled MOR accumulates at
the cell surface when dephosphorylation and recovery
from desensitization requires endocytosis (Schulz

et al., 2004). More recent evidence discussed below
establishes that a decline in phosphorylation and
recovery from desensitization of MOR can occur
efficiently at the cell surface regardless of whether
strongly or weakly internalizing agonists are exam-
ined, so other explanations for the involvement of MOR
regulatory mechanisms in tolerance are required.

Schulz et al. (2004) reported that recycling is
required to dephosphorylate MOR at Ser375. Phos-
phorylation of Ser375 persisted long after removal of
morphine from cells but was readily reversible using
the strongly internalizing agonist DAMGO. More
recent studies, including those from the same labora-
tory (Doll et al., 2011), have established that endocy-
tosis is not necessary for either recovery from
desensitization or dephosphorylation of MOR. In
addition, Doll et al. (2011) have shown conclusively
that dephosphorylation of Ser375 is rapid using both
DAMGO and morphine as agonists. This contradicts
the earlier study of Schulz et al. (2004) but the
explanation may be that morphine did not wash
effectively from the cell preparations in the earlier
study. Dephosphorylation was enhanced by a brief
rinse with low pH in the Doll et al. (2011) study,
presumably because low pH facilitates agonist removal
from the receptors. More importantly, dephosphoryla-
tion of both Ser375 and Thr370 after DAMGO exposure
was just as rapid in cells incubated in concanavalin A,
which completely blocked endocytosis. Although these
findings may not generalize to other phosphorylation
sites on MOR, they do establish that sites involved in
b-arrestin2 binding dephosphorylate equally efficiently
whether or not endocytosis is blocked. Furthermore,
Arttamangkul et al. (2006) showed directly that
concanavalin A blocks endocytosis of MORs but does
not affect recovery from desensitization.

Studies on the recovery from desensitization using
locus coeruleus neurons from b-arrestin2 knockout and
wild type mice (Dang et al., 2011; Quillinan et al.,
2011) are consistent with the study of Doll et al. (2011).
If arrestin-dependent endocytosis is required for re-
covery from desensitization, then recovery for
a strongly internalizing agonist should be impaired in
b-arrestin2 knockout, but the opposite was found. In
wild type mice, MOR recovery was slow after ME-
induced desensitization (approximately 60 minutes),
similar to results reported earlier for locus coeruleus
neurons from rat (Osborne and Williams, 1995; Dang
and Williams, 2004) and similar to the rate of MOR
recycling reported in cultured cells (Koch et al., 2001;
Tanowitz and von Zastrow, 2003). In locus coeruleus
neurons from b-arrestin2 knockout mice, MOR re-
covery was accelerated and was nearly completely
recovered within 20 minutes (Dang et al., 2011).
Accelerated recovery in the b-arrestin2 knockout was
mimicked in wild type locus coeruleus by manipulations
that should block arrestin upstream of its association
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with MOR (an intracellular GRK inhibitor) or endocy-
tosis downstream of arrestin association (an intracel-
lular dynamin inhibitor; Dang et al., 2011). Conversely,
recovery from desensitization was slowed by a phos-
phatase inhibitor under conditions of impaired arrestin
association (b-arrestin2 knockout plus GRK inhibitor,
Dang et al., 2011). This shows that the recovery from
desensitization is rapid even when endocytosis is
blocked and the time course is quite consistent with
the dephosphorylation rate reported by Doll et al.
(2011). The slow recovery from desensitization in wild
type locus coeruleus is almost certainly due to the fact
that once receptors are endocytosed, relatively slow
receptor recycling (Koch et al., 2001; Tanowitz and von
Zastrow, 2003) is necessary for recovery of MOR
localization and signaling at the surface membrane.
However, since b-arrestin likely contributes to both the
desensitization (uncoupling) and the receptor recycling
events, interpretation of differences in recovery rates
after b-arrestin knockout is complicated (see below). It
should also be noted that such recovery rates may
differ in different neurons because the three most
abundant MOR splice variants (MOR1, MOR1A, and
MOR1B) recycle at different rates (Koch et al., 1998;
Oldfield et al., 2008).
Earlier functional studies using inhibition of cAMP

formation as an endpoint showed that monensin
(a drug that inhibits endosomal recycling), truncated
MOR mutants (Qiu et al., 2003) or MOR splice variants
(Koch et al., 2001; Tanowitz and von Zastrow, 2003;
Tanowitz et al., 2008) reduced both recycling and
recovery of endocytosed MOR. Although these appear
to support a requirement for endocytosis and recycling
in the recovery of MOR function, assays of MOR
function were performed over time scales greatly
exceeding acute desensitization of G protein coupling
to MOR, b-arrestin2 binding (Oakley et al., 2000),
endocytosis (Tanowitz and von Zastrow, 2003; Artta-
mangkul et al., 2006, 2008), and often recycling (Koch
et al., 2001; Tanowitz and von Zastrow, 2003; Artta-
mangkul et al., 2008; Tanowitz et al., 2008). These
studies therefore could not distinguish recovery of
functional MOR at the cell surface from the increased
MOR surface density (and therefore function) resulting
from recycling (Connor et al., 2004), so the findings
could also be consistent with and do not refute findings
that dephosphorylation is efficient at the cell surface.
The necessity for endocytosis and recycling to de-

phosphorylate some GPCRs presumably depends on
the affinity of arrestins for the agonist occupied
receptor (Oakley et al., 1999, 2000). The rapid recovery
from desensitization and dephosphorylation of MOR at
the cell surface (Dang et al., 2011; Doll et al., 2011;
Quillinan et al., 2011) suggests that the affinity of
the b-arrestin2 association to MOR is relatively
weak (Oakley et al., 2000), so that it can dissociate
rapidly prior to endocytosis, thereby exposing the

phosphorylated C-terminal residues (Ser375, Thr370,
and presumably others) to phosphatases. The very
rapid reversal of MOR-b-arrestin2 resonance energy
transfer signals upon agonist washout reported by
McPherson et al. (2010) for both strongly and weakly
internalizing opioids (except etorphine, which has
extremely high affinity for MOR) is consistent with
this interpretation.

VII. Cellular Adaptations Induced during
Morphine Tolerance

Recent promising approaches to limit tolerance have
been extensively reviewed and include simultaneous
activation of more than one opioid receptor type (e.g.,
MOR and DOR receptors), selective targeting of hetero-
oligomers, or opioids that differentially activate dis-
tinct intracellular signaling cascades, possibly involv-
ing differential activation of Ga subtypes (Piñeyro and
Archer-Lahlou, 2007), and particularly differential G
protein activation versus endocytosis (Martini and
Whistler, 2007; Christie, 2008; Koch and Höllt, 2008;
Berger and Whistler, 2010; von Zastrow, 2010). In
keeping with the present focus on MOR regulatory
mechanisms, the following sections examine evidence
for adaptations in MOR regulation that contribute to
tolerance (Fig. 6). As discussed in Biased Agonism and
m-Opioid Receptor Regulation, chronic treatment with
morphine and other opioids impairs MOR effector
coupling but does not have much effect on MOR
binding density. The MOR regulatory mechanisms
responsible are still uncertain but multiple adaptive
processes are engaged.

A. Accelerated Desensitization

Desensitization induced by ME, DAMGO, and
morphine (and methadone, Quillinan et al., 2011) are
all more pronounced in locus coeruleus (Dang and
Williams, 2004, 2005), as well as in periaqueductal
gray neurons (Ingram et al., 2008), after withdrawal
from chronic exposure to morphine. Enhanced de-
sensitization is one mechanism that would contribute
to opioid tolerance. There are many possible adapta-
tions caused by chronic morphine that could be
responsible for these observations. One early hypoth-
esis was that chronic morphine treatment enhances
endocytosis, but more recent data indicates that the
extent of endocytosis is not affected, at least in locus
coeruleus (Quillinan et al., 2011). However, reduced
recovery from endocytosis after chronic morphine
treatment is observed (Quillinan et al., 2011). Other
adaptive mechanisms resulting from chronic morphine
exposure or withdrawal that may contribute to accel-
erated desensitization could include those directly
involved with MOR phosphorylation, such as increased
activation of ERK1/2, GRKs (but GRK2 is decreased;
Fan et al., 2002), or arrestins (but b-arrestin2 is
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decreased in periaqueductal gray; Fan et al., 2003), or
upregulation of other proteins such as RGS proteins
(Gold et al., 2003), phospholipase D2 (Koch et al.,
2006), or spinophilin (Charlton et al., 2008).

B. Impaired Recovery from Desensitization

Impairment of the capacity of MOR to recover
rapidly from desensitization appears to contribute to
morphine tolerance. In addition to enhanced desensi-
tization, the recovery from desensitization is impaired
in rat locus coeruleus neurons after withdrawal from
chronic morphine (Dang and Williams, 2004). Dang
et al. (2011) and Quillinan et al. (2011) recently
confirmed this in mouse locus coeruleus and further
established that the impairment is arrestin-dependent
because recovery from desensitization was normal in
b-arrestin2 knockout mice. Impaired recovery after
chronic morphine in wild type locus coeruleus neurons
was reversed and resembled that in the b-arrestin2
knockout either by disrupting GRK2 function or by
inhibition of dynamin function with intracellular

inhibitors. These findings link the recovery of MOR
desensitization in locus coeruleus to adaptations
within the GRK2–b-arrestin2–dynamin–dependent
MOR regulation.

Dang et al. (2011) reported that chronic morphine-
induced tolerance to the activation of potassium
conductance in mouse locus coeruleus neurons was
similar to that previously reported in wild type
neurons and was abolished in the b-arrestin2 knock-
out. This is consistent with observations that tolerance
to morphine-induced antinociception, as well as toler-
ance to DAMGO-stimulated GTPgS binding in brain-
stem and spinal cord membranes, is attenuated in
these animals (Bohn et al., 2000, 2002). It was
proposed that following chronic morphine,
b-arrestin2-dependent regulation of MOR is enhanced,
slowing recovery from desensitization, thereby shifting
the equilibrium between active and desensitized
receptors to an accumulation of desensitized MOR,
resulting in MOR tolerance (Dang et al., 2011;
Quillinan et al., 2011). As such, ablation of b-arrestin2

Fig. 6. Summary of adaptations that might contribute to MOR tolerance after chronic exposure to morphine (but perhaps not other agonists). (A)
Functional analyses indicate .80% loss of functional MOR is required to account for tolerance after chronic morphine, but this is not accounted for by
loss of total MOR binding (see Primary Structure and Structural Diversity of m-Opioid Receptors). (B) An enhanced rate of MOR desensitization coupled
with impaired resensitization should shift the equilibrium toward increased desensitized MOR (Section VII). The dependence of impaired MOR
resensitization on GRK and arrestin could explain the loss of morphine tolerance observed b-arrestin2 knockouts (Section VII.B). (C) Although
increased endocytosis could contribute to loss of functional MOR, there is evidence (Quillinan et al., 2011) that does not support this idea (Section VII.A
and VII.B). (D) Blocking PKC activity reverses tolerance in vivo and in vitro (Section V.G) raising the possibility that persistent PKC phosphorylation
of MOR may be required for loss of MOR function. (E) The dependence of impaired MOR resensitization on GRK and arrestin suggests that enhanced
interactions may contribute to persistent desensitization. However, there is little direct evidence to support this possibility (Section VII.A, VII.E, VII.F).
(F) Reduced recycling of MOR has been observed in locus coeruleus neurons and this should produce accumulation of intracellular MOR. While this
occurs in some neurons, it has not been observed in others (see Primary Structure and Structural Diversity of m-Opioid Receptors).
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in the knockout mice facilitates recovery from de-
sensitization and prevents cellular opioid tolerance in
locus coeruleus neurons. Impaired recovery from de-
sensitization may be the cellular mechanism underly-
ing antinociceptive tolerance in vivo if the phenomenon
is found to generalize to neurons involved in analgesia.
The mechanisms of enhanced desensitization and

b-arrestin2-dependent impairment of recovery during
chronic morphine treatment in vivo are still not known.
Impaired recovery was observed after very brief
exposure to ME and was sensitive to GRK, b-arrestin2,
or dynamin inhibition, suggesting a possibly enhanced
rate of GRK phosphorylation after chronic morphine
that engages b-arrestin2 and clathrin-dynamin-dependent
processes (Dang et al., 2011). Quillinan et al. (2011)
also reported the impaired recovery was reversed in
a transgenic animal in which the activity of an
engineered GRK2 could be blocked by a novel agent,
4-amino-1-tert-butyl-3-(19-naphthyl)pyrazolo[3,4-d]py-
rimidine (NaPP1). The dependence of both tolerance
and the recovery from desensitization on GRK,
b-arrestin2, and dynamin would predict that the
explanation for MOR tolerance may be an enhanced
rate of endocytosis after chronic morphine. However,
Quillinan et al. (2011) found no difference in the extent
of ME-induced MOR endocytosis in locus coeruleus
neurons from animals chronically treated with morphine,
but there was a decrease in the extent of reinsertion of
receptors into the plasma membrane. Similarly, the
extent of endocytosis induced by DAMGO in spinal
cord in vivo was also not reduced by chronic morphine
treatment (Trafton and Basbaum, 2004). The latter
findings seem at odds with the effects of b-arrestin2
deletion and dynamin inhibition. The mechanism of
impaired recovery from desensitization is, therefore,
still unclear but a range of adaptations produced by
chronic morphine could be responsible. Although un-
tested, it is possible that sites other than Thr370 and
Ser375 are more persistently phosphorylated by
chronic morphine to enhance other downstream events
that are not directly related to increased endocytosis or
that postendocytic trafficking and sorting mechanisms
are affected by chronic morphine. Although there are
important differences between studies that examine
desensitization and tolerance, particularly in vivo, it
appears that desensitization and perhaps the slowed
recovery from desensitization plays a role in tolerance.
However, this has only been examined in the locus
coeruleus and it is critical to extend these findings to
other brain areas, specifically areas associated with
modulation of antinociception by opioids.

C. Increased Constitutive Activity of
m-Opioid Receptors

It has been suggested that prolonged exposure to
opioid agonists results in an enhanced level of MOR
constitutive signaling (i.e., coupling of the receptor to G

protein activation in the absence of any drug) (Liu and
Prather, 2001; Wang, et al., 2004). This adaptive
change could contribute to tolerance by increasing
MOR signaling through nonagonist-bound receptors or
by enhancing MOR desensitization if constitutively
active receptors are susceptible to the same desensitiz-
ing and internalizing processes as agonist-bound
receptors. However, there is still controversy over
whether MORs exhibit constitutive activity and
whether it is enhanced by prolonged agonist exposure.

That GPCRs exhibit constitutive activity in the
absence of any agonist has been proposed to explain
why certain ligands, originally thought to be antago-
nists, may act to inhibit basal activity of unoccupied
receptors (i.e., they are inverse agonists) (Costa and
Cotecchia, 2005). The DOR was the first of the opioid
receptors where a peptide antagonist, [N,N9-diallyl-
Try1.Aib2,3,Leu5]enkephalin (ICI174864), was found to
decrease signaling even in the absence of agonist
(Costa and Herz, 1989). More recently constitutive
activity of expressed MOR was demonstrated using
b-chlornaltrexamine (b-CNA) in HEK293 cells (Bur-
ford, et al., 2000) and b-funaltrexamine (b-FNA) in
GH3 cells (Liu, et al., 2001) and using G protein
modulation of calcium channel currents in neurons
overexpressing MOR (Mahmoud et al., 2010), although
it should be noted that the level of constitutive activity
that has been detected is relatively small even when
MOR was overexpressed.

Assessments of constitutive activity are confounded
by receptor overexpression in transfected cells and
possible receptor activation by endogenous opioids
during in vivo assays. The significance of constitutive
activity of MOR in vivo therefore remains controversial
(Connor and Traynor, 2010). Whether reported inverse
agonists actually possess negative intrinsic activity is
also controversial and may depend on assay methods
(usually GTPgS) and conditions (reviewed by Connor
and Traynor, 2010), e.g., naloxone has been variously
reported to possess positive, neutral, or negative
intrinsic activity (see Table 2 of Connor and Traynor
2010). The intrinsic activities of various MOR antag-
onists will remain controversial until resolved using
physiologic conditions even if receptors are overex-
pressed. Functional studies in dorsal root ganglion
neurons cultured from b-arrestin2 knockout but not
wild type mice (Walwyn et al., 2007; Lam et al., 2011)
detected constitutive activity of MOR using G protein-
dependent modulation of calcium channel currents as
a reporter of constitutive G protein activation. Consti-
tutive activity was reversed by naloxone and naltrex-
one (proposed inverse agonists) but not the uniformly
accepted neutral antagonist, 6b-naltrexol. As expected
of neutral antagonists, 6b-naltrexol (Lam et al.,
2011) and D-Phe-Cys-Tyr-D-Trp-Arg-Thr-Pen-Thr-NH2
(CTAP) (Walwyn et al., 2007) antagonized the inverse
agonist actions of naloxone and naltrexone. Walwyn
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et al., (2007) suggested that b-arrestin is required to
target c-Src to constitutively active MOR because c-Src
inhibitors mimicked the effect of the b-arrestin
knockout.
Constitutive activity of MOR was suggested to be

increased after chronic exposure to morphine on the
basis of responses to proposed neutral versus inverse
agonists in cultured cell lines and animals (Liu and
Prather, 2001; Wang, et al., 2004), but this has not
been confirmed in other biochemical studies (Divin
et al., 2009). Functional studies in neurons and cell
lines under physiologic conditions, again utilizing
voltage-gated calcium channel modulation by MOR,
have also failed to detect constitutive MOR activity
after chronic exposure to morphine in locus coeruleus
(Connor et al., 1999) and periaqueductal gray neurons
(Bagley et al., 2005b) or ShSY5Y cells (Kennedy and
Henderson, 1992). In addition to the concerns raised
above, it is crucial in such studies to ensure that all
agonist has been removed from tissue before evaluat-
ing potential inverse agonists following chronic treat-
ment and this may depend somewhat on the physical
properties of the agonist used. For example, studies
using chronic treatment with strongly lipophilic ago-
nists such as herkinorin (Sally et al., 2010) have
reported induction of negative intrinsic activity for
a much broader suite of MOR antagonists than all
other studies (Connor and Traynor, 2010). The upre-
gulation of adenylyl cyclase activity induced by chronic
opioid exposure could also confound attempts to
measure changes in constitutive activity. Whether
chronic morphine exposure induces constitutive activ-
ity of MOR, or whether this is widespread in the
nervous system is therefore still uncertain, but if
correct, the observation that constitutive MOR activity
increases after chronic opioid exposure suggests an
active confomational state of MORs that is evident
even in the absence of bound ligand.

D. Regulation of G Protein Receptor Kinase in
Morphine Tolerance

Among the numerous changes in gene expression
regulated by chronic opioid administration (Ammon-
Treiber and Hollt, 2005), a relatively early study
showed that chronic morphine produced ;20% in-
crease in GRK2 protein levels in the rat locus
coeruleus. This was not observed following acute
morphine administration and was specific for the locus
coeruleus and for GRK2, as levels of the closely similar
kinase GRK3 were not affected (Terwilliger et al.,
1994). Increased GRK expression has been shown to
potentiate morphine-induced desensitization of MORs
(Whistler and von Zastrow, 1998) suggesting that
morphine tolerance may be due to increased MOR
desensitization. In a more recent investigation, the
small increase in GRK2 (or in tyrosine hydroxylase)
level in the locus coeruleus following chronic morphine

treatment was not reliably found (M. S. Virk, E. K. Lau,
J. T. Williams, and M. von Zastrow, unpublished data).
No increase in total enzyme level was observed in
chronically treated animals until precipitating with-
drawal, and then an increase (;20%) in total GRK2
protein was observed in frontal cortex (Ozaita, et al.,
1998). The functional significance of the altered
expression/distribution of GRK2 was not determined,
nor was it established whether this occurred in
neurons expressing MOR. Given the importance of
GRK levels to morphine-dependent regulation of
receptors in model cell systems, it is conceivable that
alterations in GRK2 expression or subcellular distri-
bution following chronic opioid treatment could con-
tribute to significant reprogramming of opioid
regulatory responses. It is not presently known if these
functional changes in opioid signaling resulted from
altered GRK abundance in receptor expressing neu-
rons. It is however a reasonable possibility to consider
in future studies.

E. Regulation by Arrestin and Endocytosis in
Morphine Tolerance

In b-arrestin2 knockout mice there is evidence for
attenuated analgesic tolerance to morphine but not
fentanyl, methadone, and oxycodone (Bohn et al., 2000,
2002; Raehal and Bohn, 2011). The simplest interpre-
tation of these data is that b-arrestin2-dependent
mechanisms contribute to development of tolerance to
morphine but not other opioids. Since acutely applied
morphine does not efficiently recruit b-arrestin, one
would have to propose that chronic morphine treat-
ment results in an increased role of b-arrestin-
dependent mechanisms. The findings that cellular
tolerance to chronic morphine does not develop for
MOR coupling to GIRK channels in locus coeruleus
neurons from b-arrestin2 knockout mice (Dang et al.,
2011; Quillinan et al., 2011) and for GTPgS binding in
brainstem tissue (Bohn et al., 2000) are consistent with
this idea, but tolerance to other agonists has not yet
been tested. One inconsistency is that in vivo
morphine-induced antinociception is increased in the
knockout animals but, if anything, MOR coupling to
GIRK (Dang et al., 2011; Quillinan et al., 2011) or
calcium channels (Walwyn et al., 2007) is less
sensitive. It is also important to remember that the
antinociceptive responses measured in the analgesia
tolerance assays involve a complex circuit response
that could be affected by b-arrestin knockout at
multiple sites between MOR and the motor response
and that deletion of b-arrestin may affect agonist
efficacy in this assay in ways that would not be evident
by simply recording percent maximal possible effect.

Together, the data speaks to b-arrestin2 dependence
for aspects of morphine tolerance and desensitization
but not higher efficacy drugs. A possible key to the
difference between agonists is the selectivity of
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agonist-bound receptors for b-arrestin1 or b-arrestin2.
Morphine-bound MORs interact only with b-arrestin2,
whereas MORs bound to more efficacious agonists (e.g.,
DAMGO and ME) interact with both b-arrestins 1 and
2 (Groer et al., 2011). In the absence of b-arrestin2, the
mechanisms resulting in a desensitized or tolerant
state for morphine would be attenuated, whereas for
more efficacious agonists, adaptive mechanisms could
still recruit b-arrestin1.
There are several roles that arrestin can play in

desensitization processes. Multiple proteins (kinases,
arrestins, calmodulin, filamin) bind to the intracellular
domains of MOR and may act by steric hindrance of
key sites for G protein interaction. The efficacy of this
mechanism would be dependent on off-and-on rates
of the associated proteins, their ability to compete with
G protein complexes, and the overall conformational
modulation of the receptor-ligand binding site.
This simple mechanism is a possible explanation
for the morphine phenotype in b-arrestin2 knockout
mice—attenuation of in vivo tolerance and cellular
desensitization.
Arrestins are also scaffolding proteins involved in

clathrin-mediated endocytosis and in orchestrating
receptor trafficking toward recycling or lysosomal
degradative pathways. Thus arrestins could modulate
desensitization by the regulation of active receptors at
the cell surface. Internalization may also promote the
recovery from desensitization depending on the de-
sensitization process engaged in receptor modification
(phosphorylation, protein binding, or ubiqutination).
Since the b-arrestins 1 and 2 double knockouts are
lethal mutations, the complete absence of arrestins on
tolerance mechanisms cannot be assessed in vivo.
Although drugs such as morphine induce limited
internalization, morphine does induce internalization
following overexpression of b-arrestin2. This suggests
that the morphine-bound MOR induces a low but
functionally effective affinity state for b-arrestin2
binding and clathrin scaffolding that could be signifi-
cant during chronic receptor stimulation.
Bohn and colleagues reported that development of

morphine antinociceptive tolerance (but not with-
drawal) is blunted in b-arrestin2 knockout mice. These
studies suggest that blocking MOR endocytosis, which
is presumably impaired in the b-arrestin2 knockout
(but see Arttamangkul et al., 2008; Quillinan et al.,
2011), attenuates tolerance. An alternative hypothesis
supported by other groups is that induction of MOR
endocytosis and recycling limits morphine tolerance,
and suppression of endocytosis or recycling enhances
it. He et al. (2002) reported that inclusion of an
extremely low dose of a strongly internalizing agonist,
DAMGO (which had no antinociceptive effect on its
own), with constantly infused i.t. morphine limited the
development of tolerance and also stimulated MOR
endocytosis in spinal cord and cultured cells (but see

contrary evidence, Bailey et al., 2003; Koch et al.,
2005). This was not observed with either drug alone at
the doses used. The authors hypothesized that a very
low concentration of DAMGO, which does not induce
detectable endocytosis by itself, can stimulate endocy-
tosis of morphine-occupied MOR and thereby reduce
tolerance, perhaps via interaction with homomultimers
of MOR. Similarly, Kim et al. (2008) studied a trans-
genic MOR mouse in which part of the C-terminal
region of the DOR is substituted into MOR (rMOR).
This conferred the ability of morphine to efficiently
mediate MOR endocytosis and recycling. The rMOR
mice showed similar antinociceptive sensitivity to
morphine as wild types but developed less morphine
antinociceptive tolerance, as well as less reduction in
MOR-activated GTPgS binding in brainstem mem-
branes. Taken together, these studies suggest that
MOR endocytosis limits tolerance and, therefore,
opioids that do not promote receptor endocytosis
should produce greater tolerance than agonists that
do promote MOR endocytosis.

The findings described above appear contradictory in
terms of the relationship between endocytosis and
tolerance. On one hand, blocking b-arrestin2 associa-
tion with MOR (but not GRK3 or S375A mutants)
inhibits morphine tolerance; however, manipulations
that enhance MOR endocytosis (and vice versa) impair
development of morphine tolerance. Various explan-
ations have been proposed to account for these
disparate findings. In the case of manipulations that
prevent b-arrestin2 binding, it was proposed that
b-arrestin2 association is necessary for, or facilitates
MOR desensitization (Bohn et al., 2002, 2004), but this
is not the case; see above). It is therefore unclear how
b-arrestin2 deletion can account for blunted tolerance
in the knockout mice. Two general interpretations (not
mutually exclusive) for the inhibition of tolerance were
presented (Berger and Whistler, 2010). One interpre-
tation is that strongly internalizing agonists produce
less tolerance because the cycles of endocytosis pro-
mote dephosphorylation of MOR in endosomes, and
active receptors are then recycled to the cell surface.
Because morphine poorly stimulates endocytosis of
phosphorylated and desensitized MOR (whether MOR
is associated with arrestin), the desensitized receptors
accumulate at the cell surface causing tolerance.
However, evidence discussed in Phosphorylation and
m-Opioid Receptor Regulation strongly suggests that
MOR is dephosphorylated (at least at Thr370 and
Ser375; Doll et al., 2011) and resensitized (Arttamang-
kul et al., 2006) when endocytosis is blocked. The other
interpretation is that morphine causes persistent
signaling that contributes to secondary adaptations
involved in tolerance in vivo, whereas endocytosis
terminates persistent signaling, limiting downstream
counter-adaptations and tolerance. These authors have
also provided extensive evidence that such counter-
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adaptations are more pronounced following chronic
morphine stimulation of wild-type MOR compared
with the chimeric rMOR that can undergo endocytosis
and recycling when stimulated by morphine. The
receptor signaling events in the neurons responsible
for the analgesic responses have not been directly
observed and further study is required.

F. Role of Protein Kinase C in Morphine Tolerance

There is good evidence that PKC plays a significant
role in tolerance to the antinociceptive actions of
morphine in rodents. First, morphine tolerance can
be reduced by administration of PKC inhibitors (Smith
et al., 1999, 2003; Inoue and Ueda 2000; Bohn et al.,
2002; Hua et al., 2002). Indeed, PKC inhibitors
potentiate the antinociceptive effect of a single dose
of morphine, indicating that PKC is involved in the
tolerance that occurs during the single dose (Watkins
et al., 1984; Manning et al., 1996; Bohn et al., 1999).
Second, tolerance is decreased when PKC expression is
eliminated (Granados-Soto et al., 2000) or reduced by
transgenic knockout or by knockdown following small
interfering-RNA administration (Zeitz et al., 2001; Hua
et al., 2002; Newton et al., 2007). These knockout/
knockdown experiments as well as studies using
specific inhibitors of individual PKC isoforms (Smith
et al., 2007) suggest that PKCa, PKCg, and, to a lesser
extent, PKC« are involved in tolerance to the analgesic
effects of morphine. Different PKC isoforms exhibit
different anatomical distribution: PKCg is absent from
presynaptic terminals in fully mature rats but can be
found in abundance in postsynaptic neurons, whereas
in spinal cord, PKC« is only found in presynaptic
primary afferent nerve terminals.
It appears that ongoing PKC activity is necessary to

maintain morphine antinociceptive tolerance even
after it has developed. PKC inhibitors can reverse
tolerance to the analgesic actions of morphine when
administered 3 days after beginning the morphine
treatment in vivo (Smith et al., 1999). In locus
coeruleus neurons, cellular tolerance can be observed
in brain slices prepared from animals treated with
morphine for 3 days (Bailey et al., 2009a) and is
reversed by administration of a PKC inhibitor. As with
morphine tolerance measured with a nociceptive assay,
PKC inhibitors reverse cellular morphine tolerance in
locus coeruleus neurons indicating that ongoing PKC
activity is required for its maintenance. While PKC is
involved in tolerance to morphine, it does not appear to
be involved in tolerance to DAMGO. Opposite to the
effects of GRK inhibition, a PKC inhibitor blunted
short-term analgesic tolerance to morphine but not
DAMGO (Hull et al., 2010), and in locus coeruleus
neurones, cellular tolerance to DAMGO was not
reversed by PKC inhibitors (Bailey et al., 2009a).
Less tolerance develops to the respiratory-depressant

actions than the antinociceptive effects of opioids

following chronic opioid administration (Ling et al.,
1989; Paronis and Woods 1997). This suggests that
adaptive processes may differ at both a cellular and
circuit level. For example, activation of PKC in pre-
Bötzinger nucleus neurons that control respiration
increases tolerance to morphine and affords in-
creased protection to death by overdose (Lin et al.,
2012).

VIII. Implications and Outstanding Questions

A. Agonist-Selective Tolerance

The distinct agonist-selective mechanisms of MOR
regulation of desensitization, endocytosis, and toler-
ance discussed above (Sections IV to VI) suggest that
opioid agonists with improved tolerance liability could
be developed. While a truly tolerance-free opioid has
not been realized, differences have been noted in the
tendency of various opioids to produce tolerance
following repeated administration. Morphine, for in-
stance, produced greater opioid tolerance when com-
pared with agonists like DAMGO, sufentanil, or
etorphine, when equivalent induction doses and con-
tinuous infusions were used to control for pharmaco-
kinetic differences (Stevens and Yaksh 1989; Duttaroy
and Yoburn, 1995; Madia et al., 2009). A series of
opioid agonists, administered at doses that produce
comparable analgesia acutely, further indicated that
highly efficacious opioids tend to produce less tolerance
following chronic administration than do less effica-
cious agonists (Stevens and Yaksh 1989; Duttaroy and
Yoburn, 1995; Walker and Young, 2001; Madia et al.,
2009; Stafford et al., 2001; Dighe et al., 2009). There is
also some evidence, such as asymmetric cross-tolerance
(Pasternak, 2001) and tolerance-rescue studies (He
et al., 2002), to suggest that mechanisms of tolerance
may differ for different types of agonist.

The nature of the tolerance observed depends on the
response measured, differences in agonist efficacy, the
dosing paradigm selected, the timing of the response
measured, and the site of opioid action. Each of these
may result in different degrees of tolerance and cross-
tolerance (Pawar et al., 2007). Many of these variables
are very difficult to control in practice. Yoburn and
colleagues have demonstrated that the magnitude of
MOR tolerance depends on the method of administra-
tion (repeated or continuous) as well as the intrinsic
efficacy of the agonist (Pawar et al., 2007; Kumar et al.,
2008; Madia et al., 2009). There is good evidence that
low intrinsic-efficacy agonists produce greater behav-
ioral tolerance than high efficacy agonists. Low
intrinsic-efficacy agonists also usually produce larger
rightward shifts in concentration-response curves than
high efficacy agonists. This occurs when MOR-effector
coupling is impaired either by irreversible antagonists
or chronic drug treatment presumably because low
intrinsic-efficacy agonists such as morphine must
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occupy a greater fraction of the total receptor popula-
tion to produce a given level of effect, due to lesser
receptor reserve (Christie et al., 1987; Stevens and
Yaksh, 1989; Mjanger and Yaksh, 1991; Connor et al.,
1999).
The finding that morphine (and other low-efficacy

agonists) produces more behavioral tolerance than
high efficacy, strongly internalizing agonists has been
widely cited to support the notion that MOR recycling
influences tolerance. This is very difficult to test
directly in practice because it requires direct compar-
ison of the extent of tolerance produced by morphine
with opioids that exhibit comparable intrinsic efficacy
for G protein activation but much higher efficacy for
endocytosis than morphine, while ensuring equivalent
receptor stimulation and duration of action. Further-
more, the receptor desensitization mechanism un-
derlying analgesic tolerance to morphine may not be
the same as that responsible for tolerance to more
efficacious agonists (Melief et al., 2010). Even at
equiactive doses, ligands of different efficacies will be
occupying different fractions of receptors and may be
initiating different desensitization cascades, further
confounding simple interpretation. A recent study
used equal analgesic doses of morphine and metha-
done and found less tolerance was induced with
methadone (Enquist et al., 2012), but methadone is
also an N-methyl-D-aspartate (NMDA) receptor an-
tagonist (although at very high concentrations, Mat-
sui and Williams 2010). NMDA antagonists have been
shown to block opioid receptor tolerance (Trujillo and
Akil, 1991; Ebert et al., 1998). The reduction in the
development of tolerance induced by methadone was
proposed to result from internalization and recycling
of MOR but may be a result of NMDA-receptor
activity. Endomorphins may be better candidates to
test the hypothesis that MOR recycling influences the
degree of tolerance induced by an agonist, because
their intrinsic efficacies for G protein activation
appear similar to morphine and both endomorphin 1
and 2 both efficiently induce MOR endocytosis.
Soignier et al. (2004) reported comparable rates of
tolerance development and completely symmetrical
cross-tolerance during continuous i.c.v. infusion of
morphine, endomorphin-1, and endomorphin-2, sug-
gesting tolerance may not be different between
strongly and weakly internalizing agonists when
intrinsic efficacy is nearly matched. It therefore
remains uncertain whether strongly internalizing
agonists produce less tolerance than weakly internal-
izing agonists when matched for intrinsic efficacy.
This issue needs to be addressed more thoroughly to
establish whether clinical outcomes of analgesic
tolerance, as well as side effects such as respiratory
depression and constipation, could be altered by
directly manipulating bias toward or against agonists
with different internalization capacities.

B. Outstanding Issues and Questions in m-Opioid
Receptor Regulation

1. What is the biophysical basis for agonist-
selective regulatory effects of MOR agonists? Do
chemically distinct agonists stabilize functionally
distinct receptor conformations and how are
these conformations translated to produce differ-
ent effects? Is the basis of such agonist bias the
result of activating different G proteins, phos-
phorylation by different GRKs and/or binding of
different arrestins, or phosphorylation by other
kinases?

2. Two major C-terminal groups of phosphorylation
sites on MOR (STANT and TSST) are important
but the cooperativity between these sites is still
not fully understood.

3. Agonists that do not strongly promote arrestin
translocation may produce desensitization/
tolerance by as yet unidentified mechanisms
involving other potential phosphorylation sites
and protein-protein interactions. ERK1/2-, JNK-,
and PKC-dependent mechanisms have been
implicated, but the mechanisms by which they
inactivate MOR are still unknown. It should be
noted that these mechanisms have been most
thoroughly examined using morphine as the
agonist. Whether mechanisms differ for other
agonists that do not strongly engage GRK-
arrestin regulation, such as oxycodone, is un-
known, but there are suggestions that distinct
mechanisms are engaged.

4. How is the dephosphorylation of MOR regulated
and what are the functional consequences? There
is strong evidence for dephosphorylation and
recovery from desensitization at the cell surface,
with the steady state of desensitization pre-
sumably reflecting the equilibrium of
phosphorylation-dephosphorylation reactions.

5. What role does compartmentalization play in the
regulation of MOR signaling? Are there distinct
differences between regulation in the soma
verses dendrites? What are the principles of
presynaptic MOR regulation? Where it has been
examined, MOR is regulated differently in nerve
terminals, which show little or no rapid
desensitization.

6. The potential involvement of adaptive regulatory
mechanisms in constitutive activity of MOR,
which remains controversial, is unclear at
present.

7. Ubiquitination of MOR has not been sufficiently
explored such that the functional role of this
process in MOR signaling is unknown.

8. How are presently known mechanisms of MOR
regulation, as elucidated in studies using in vitro
preparations, particularly in genetically modified
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systems, manifest in the intact human nervous
system? Which of these influence clinically
relevant processes of drug tolerance? Is there
a link between acute desensitization and the
development of tolerance?

IX. Concluding Remarks

The large number of distinct regulatory mechanisms
implicated suggests that multiple, overlapping and, in
some instances, possibly redundant mechanisms con-
tribute to tolerance to opioids. Although there is
consensus on a role for some mechanisms (regulation
and signaling by the GRK-arrestin system), there are
many examples of contradictory mechanisms. This is
not surprising because the cellular and molecular
adaptations underlying tolerance almost certainly do
not have a unitary mechanism, and different cell lines,
different neurons and neuronal compartments
(i.e., terminal versus somatic compartments) may
express different levels of regulatory proteins. In
addition, the expression of regulatory proteins is not
static and may vary with development, experimental
conditions, or metabolic state of the cells. Moreover, as
each mechanism in this complex regulatory network is
ultimately driven by ligand-mediated MOR activation
and regulation, even subtle differences in the effects of
individual opioid ligands on receptor function could be
physiologically significant. Due to these complexities,
MOR regulation in different pathways in vivo may
vary, clouding the ability to make direct comparisons
between studies. To the extent it has been examined,
morphine tolerance in neuronal cell bodies is associ-
ated with accelerated MOR desensitization, impaired
recovery from desensitization and impaired recycling
after endocytosis. The nature of the mechanisms
underlying these processes is still unknown. Even less
is known of the mechanisms of MOR tolerance in nerve
terminals in which tolerance develops in the absence of
any rapid desensitization.
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