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ABSTRACT The G protein-coupled p-opioid receptor
(mOR) mediates the physiological effects of endogenous opi-
oid peptides as well as the structurally distinct opioid alka-
loids morphine and etorphine. An intriguing feature of pnOR
signaling is the differential receptor trafficking and desensi-
tization properties following activation by distinct agonists,
which have been proposed as possible mechanisms related to
opioid tolerance. Here we report that the ability of distinct
opioid agonists to differentially regulate wOR internalization
and desensitization is related to their ability to promote G
protein-coupled receptor kinase (GRK)-dependent phosphor-
ylation of the wOR. Although both etorphine and morphine
effectively activate the pwOR, only etorphine elicits robust
MOR phosphorylation followed by plasma membrane trans-
location of B-arrestin and dynamin-dependent receptor inter-
nalization. In contrast, corresponding to its inability to cause
MOR internalization, morphine is unable to either elicit uOR
phosphorylation or stimulate B-arrestin translocation. How-
ever, upon the overexpression of GRK2, morphine gains the
capacity to induce pOR phosphorylation, accompanied by the
rescue of 3-arrestin translocation and receptor sequestration.
Moreover, overexpression of GRK2 also leads to an attenua-
tion of morphine-mediated inhibition of adenylyl cyclase.
These findings point to the existence of marked differences in
the ability of different opioid agonists to promote pwOR
phosphorylation by GRK. These differences may provide the
molecular basis underlying the different analgesic properties
of opioid agonists and contribute to the distinct ability of
various opioids to induce drug tolerance.

Opioid alkaloids are among the most potent analgesics used
clinically (1). Opioid alkaloids, as well as endogenous opioid
peptides, exert their multiple biological effects on target tissues
through interacting with cell surface receptors including the 6-,
w-, and k-opioid receptors (2-5). All three opioid receptor
subtypes belong to the family of G protein-coupled receptors
(GPCRs) and, when expressed in cell lines, mediate the
inhibition of adenylyl cyclase activity by opioids (2-5). Chronic
administration of opioids has been associated with drug tol-
erance and dependence, processes that are intimately related
to opioid addiction (5-7). The u-opioid receptor (wOR) serves
as the principle physiological target for most clinically impor-
tant opioid analgesics, including those with high addiction
liability such as morphine and fentanyl (5, 6). Although many
opioid alkaloids exert their pharmacological effects via the
nOR, their binding affinities for the wOR and potencies to
activate the receptor do not always correspond to their ability
to induce tolerance. This suggests that other cellular processes
that modulate wOR responsiveness, such as receptor desensi-
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tization and internalization (i.e., sequestration), may contrib-
ute to opioid tolerance and dependence (5-12).

Like many other GPCRs, the opioid receptors are regulated
by agonist-dependent processes and undergo receptor phos-
phorylation, desensitization, internalization, and downregula-
tion (8-16). Interestingly, in addition to the subtype-specific
regulation of different opioid receptors (11, 16—18), individual
opioid receptors are differentially regulated by distinct opioid
agonists (8-10, 12, 15, 19-21). In the case of the uOR, opioid
agonists that demonstrate equivalent abilities to activate uOR
signaling exhibit remarkable differences in their ability to
functionally desensitize the wOR (10, 12) and induce wOR
internalization both in transfected cells and in neurons (8, 9,
15, 19, 20). Thus, although etorphine and various other opioid
peptides elicit rapid pOR desensitization and internalization,
morphine, the prototypic opioid analgesic, fails to elicit wuOR
sequestration. However, the detailed molecular events under-
lying this differential regulation of the wOR by distinct ago-
nists remain unclear.

Studies on the regulation of the B,-adrenergic receptor
(B2AR) have identified G protein-coupled receptor kinases
(GRKs) and arrestin proteins as the crucial molecular deter-
minants governing receptor desensitization and resensitization
(22-26). This molecular scheme has now been extended to
other GPCRs and probably represents a common regulatory
scenario for members of the GPCR superfamily (27-30). In the
case of the B,AR, GRKs specifically phosphorylate and un-
couple the agonist-activated receptors and facilitate their
interaction with B-arrestins (22, 23). B-arrestins, when bound,
not only serve to further uncouple the receptors from their
cognate heterotrimeric G proteins (23) but play an important
role in initiating receptor sequestration and resensitization (22,
24-26,31, 32). Intriguingly, in rat locus coeruleus, a region rich
in wORs, levels of GRK2 and B-arrestin expression are ele-
vated as a result of chronic morphine administration (33).
Moreover, coexpression of GRK3 and B-arrestin2 in Xenopus
oocytes results in an attenuation of wOR-activated potassium
conductance (11). These findings suggest that GRK and
B-arrestin might play a role in the functional modulation of
1OR signaling.

In this study, we explored whether GRK-mediated phos-
phorylation and B-arrestin interaction represent the molecular
mechanisms underlying wOR desensitization and sequestra-
tion. Our findings reveal that GRKSs play a pivotal role in the
regulation of wOR function. Moreover, we show that the
observed differences in the ability of distinct opioid agonists to
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promote uOR sequestration are related to their ability to
induce GRK-mediated phosphorylation of the receptor. The
inability of morphine to stimulate the intracellular trafficking
of the uOR was overcome following overexpression of GRK2,
suggesting that the specific pattern of wOR regulation may be
dependent on the cell- and/or tissue-specific complement of
GRK proteins.

MATERIALS AND METHODS

DNA Construction and Cell Culture. The human influenza
virus hemagglutinin (HA) epitope-tagged wOR was con-
structed by using oligonucleotides and PCR to add 13 amino
acids (YPYDVPDYALVPR) to the amino terminus of the rat
p-opioid receptor (34). The construction of plasmids contain-
ing cDNAs for GRK2, GRK2-K220M, B-arrestinl, B-arres-
tin1-V53D, dynamin I, dynamin [-K44A, and B-arrestin2 green
fluorescent protein conjugate (Barr2/GFP) was described
previously (24, 25, 31, 35). HEK 293 cells (American Type
Culture Collection) were grown in Eagle’s minimal essential
medium (Life Technologies, Gaithersburg, MD) supple-
mented with fetal bovine serum (10% vol/vol) (Atlanta Bio-
logicals, Norcross, GA). The cells were transiently transfected
with a modified calcium phosphate method as described (36).
The wOR expression was measured by flow cytometry and
normalized according to the B,AR expression measured at the
same time by both flow cytometry and saturating binding
studies (25). The level of nOR expression was between 4,000
and 6,000 fmol/mg whole cell protein for the experiments with
a confocal microscope (see below) and between 1,500 and
2,000 fmol/mg whole cell protein for all other experiments.

MOR Sequestration. Sequestration of HA-tagged wOR was
measured by flow cytometry as described (31). Sequestration
was defined as the fraction of total cell surface receptors that
are removed from the plasma membrane after exposure to
agonist and thus are not accessible to antibodies from outside
the cell. The cells were exposed to 500 nM etorphine or 10 uM
morphine at 37°C for 1 hr before antibody staining.

Whole Cell Receptor Phosphorylation. Receptor phosphor-
ylation was carried out as previously described (25, 26). Briefly,
cells were grown in six-well dishes and labeled with
[3*P]orthophosphate (NEN Life Science Products, Boston,
MA). Cells were then treated with or without 500 nM etor-
phine or 10 uM morphine for 10 min at 37°C, washed with PBS,
and solubilized in RIPA buffer (150 mM NaCl/50 mM
TrissHCL, pH 7.4/5 mM EDTA/10 mM NaF/10 mM disodium
pyrophosphate/1% Nonidet P-40/0.5% deoxycholate/0.1%
SDS). HA-tagged nORs were immunoprecipitated with
12CA5 antibody (Boehringer Mannheim) as described, and
were subjected to SDS/PAGE followed by autoradiography.
An equivalent amount of receptor protein was loaded in each
well as judged by wOR expression and the amount of solubi-
lized protein in each lysate. The extent of receptor phosphor-
ylation was analyzed by using a Molecular Dynamics Phosphor-
Imaging system and IMAGEQUANT software.

Confocal Microscopy. Confocal microscopy was performed
on a Zeiss LSM-410 laser scanning microscope by using a 40 X
1.2NA water immersion lens. HEK 293 cells were transfected
to overexpress wOR and low levels of Barr2/GFP with or
without GRK2 or GRK2-K220M, and were plated on 35-mm
glass-bottomed culture dishes (MatTek, Ashland, MA) and
warmed to 30°C in culture medium with 10 mM Hepes (pH 7.3)
on a heated microscope stage. Barr2/GFP fluorescence was
collected sequentially by using the Zeiss LSM software time
scan function using single line excitation (488 nm). Etorphine
(500 nM) or morphine (10 uM) was applied to the cells during
the scanning.

Whole Cell Adenylyl Cyclase Assay. Cells were grown in
twelve-well dishes, labeled overnight with 1 wCi/ml per well (1
Ci = 37 GBq) of [*H]adenine (NEN Life Science Products),
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and then washed with fresh serum-free medium. For measur-
ing the dose response of morphine-mediated inhibition of
adenylyl cyclase activity, cells were treated with 1 uM forskolin
(Sigma) alone (control) or with 1 uM forskolin and varying
concentrations of morphine in medium containing 10 mM
Hepes and 1 mM 3-isobutyl-1-methylxanthine at pH 7.4 for 15
min at 37°C. For assessing the time course of morphine-
mediated inhibition of cyclase response, cells were treated with
1 uM forskolin in the absence (control) or presence of 10 uM
morphine for varying time periods at 37°C. The medium was
aspirated, and 1 ml of ice-cold stop solution (2.5% vol/vol
perchloric acid, 0.1 mM cAMP, and 2 pCi ["*C]cAMP per 500
ml) was added to each well followed by incubation on ice for
20-30 min. The cell lysate was added to tubes containing 100
wul of 42 M KOH and the cAMP accumulated in the cells was
quantitated chromatographically by the method of Salomon
(37).

Data Analysis. The mean and standard error of the mean are
expressed for values obtained from the number of separate
experiments indicated. Dose response and time course data
were analyzed by using GRAPHPAD PRISM. Statistical analysis of
adenylyl cyclase inhibition curves was performed by a two-way
ANOVA combined with a contrast matrix. In all other cases,
statistical significance was determined by an unpaired two-
tailed ¢ test.

RESULTS

Initial experiments explored the possible regulatory role of
GRKs and B-arrestins in wOR endocytosis. When transiently
expressed in HEK 293 cells, quantitation by flow cytometry
indicated that 42 + 4% of total cell surface receptors were
internalized in response to 1 hr agonist stimulation with
etorphine (Fig. 14). Overexpression of wild-type GRK2 or
B-arrestinl enhanced further the magnitude of etorphine-
mediated pwOR sequestration to 69 = 2% and 61 * 4%. In
contrast, dominant negative mutants GRK2-K220M and B-ar-
restin1-V53D previously shown to block B,AR internalization
(24, 25), reduced wOR sequestration to 14 = 2% and 24 = 5%),
respectively (Fig. 14). Moreover, wOR sequestration was
inhibited by as much as 88 = 11% (Fig. 1A4) following the
coexpression of dynamin I-K44A, which we have used previ-
ously to block clathrin-mediated endocytosis of the B,AR (31).
These results indicate that etorphine-promoted uwOR seques-
tration follows the same B-arrestin- and clathrin-coated vesi-
cle-mediated endocytic pathway used by the B,AR.
Although both etorphine and morphine effectively activate
the wOR, morphine fails to stimulate nOR sequestration (8, 9,
15) (Fig. 1B). Therefore, because etorphine-mediated wOR
sequestration was $-arrestin-dependent, we hypothesized that
morphine activation of the wOR might not lead to GRK-
mediated receptor phosphorylation and/or B-arrestin binding.
Similar to previous reports (8, 9, 15), no apparent morphine-
mediated wOR internalization was observed in HEK 293 cells
(5 = 3%) in the absence of GRK or p-arrestin overexpression.
However, upon coexpression of wild-type GRK2, but not
GRK2-K220M, 51 = 3% of cell surface wORs were internal-
ized in response to morphine treatment (Fig. 1B). Unexpect-
edly, even though overexpressing B-arrestinl enhanced the
effect of GRK2 on nOR sequestration (67 = 2%), in the
absence of GRK2 overexpression, B-arrestinl overexpression
alone had no rescuing effect on morphine-induced wOR
sequestration (5 = 4%) (Fig. 1B). Nevertheless, the GRK2-
induced increase in wOR sequestration in response to mor-
phine was B-arrestin-dependent, because the sequestration
dominant negative mutant B-arrestinl-V53D inhibited the
rescuing effect of GRK2 (Fig. 1B). The inability of B-arrestin
alone to rescue wOR sequestration in response to morphine
indicate that GRK-mediated phosphorylation is a prerequisite
for wOR interaction with B-arrestin and therefore plays a
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Fi1G. 1. Agonist-mediated internalization of the u-opioid receptor.
(A) Effect of wild-type and mutant GRK2, B-arrestinl, or dynamin I
on etorphine-promoted internalization of the wOR. (B) Effect of
wild-type and mutant GRK2 and/or B-arrestinl on morphine-
promoted internalization of the nOR. HEK 293 cells were transiently
transfected with plasmids containing cDNAs for HA epitope-tagged
nOR together with empty vector (Control) or various other DNA
constructs as indicated. Data represent mean = SE of three to five
independent experiments. *, P < 0.05; **, P < 0.01; and ***, P < 0.001
vs. control wOR sequestration.

central role in the intracellular trafficking of this opioid
receptor subtype.

To determine whether the GRK2-induced changes in uOR
internalization were associated with changes in the phosphor-
ylation status of the receptor, we assessed the whole cell tOR
phosphorylation in response to both etorphine and morphine
in the presence and absence of overexpressed GRK2 in HEK
293 cells. In the absence of GRK overexpression, etorphine,
but not morphine, induced a marked increase of wOR phos-
phorylation above basal (Fig. 2). However, overexpression of
GRK2 not only increased etorphine-induced phosphorylation
of the wOR to 243 = 34% of the control levels, but also
established the ability of morphine to induce wOR phosphor-
ylation (Fig. 2). GRK overexpression increased morphine-
induced phosphorylation of the wOR from 8 * 3% to 154 *
33% of etorphine-mediated wOR phosphorylation (Fig. 2B).
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FiG. 2. Differential phosphorylation of the w-opioid receptor in
response to etorphine and morphine in the absence or presence of
overexpressing GRK2. HA epitope-tagged wORs were transiently
expressed in HEK 293 cells together with or without cotransfected
GRK?2. The cells were then treated with serum-free medium (—) or
medium containing agonists etorphine (E) or morphine (M) as
described. (4) Autoradiograph from a representative experiment
showing the whole cell phosphorylation of the wOR in HEK 293 cells
in the absence and presence of overexpressing GRK2 in response to
etorphine (E) and morphine (M). (B) Mean * SE of three indepen-
dent experiments quantified by PhosphorImager analysis. Data were
normalized to the etorphine-induced wOR phosphorylation in the
absence of GRK2. Morphine-induced wOR phosphorylation in the
absence of GRK2 is significantly different from etorphine-induced
nOR phosphorylation without GRK2 (P < 0.001), as well as mor-
phine-induced wOR phosphorylation in the presence of GRK2 (P <
0.05).

These data indicate that the effects of GRK2 overexpression
on nOR sequestration are at the level of the receptor but not
some other cellular elements.

Data obtained in studying the B>AR have indicated that
GRK-mediated phosphorylation is facilitory rather than man-
datory for receptor sequestration (22, 24, 25), because p-ar-
restins exhibit the capacity to interact with B,ARs lacking sites
for GRK-mediated phosphorylation (24). In contrast, B-arres-
tin interactions with the wOR appear exquisitely dependent on
GRK-mediated phosphorylation. To investigate whether
GRK-mediated phosphorylation promotes B-arrestin interac-
tions with the wOR, we used a recently developed molecular
tool, Barr2/GFP (35). The Barr2/GFP fusion protein is fully
functional and has been used previously to study B-arrestin
interactions with the B>AR in live cells and in real time by
confocal microscopy (35). In the absence of receptor activa-
tion, Barr2/GFP was evenly distributed throughout the cyto-
plasm of HEK 293 cells coexpressing wORs (Fig. 3). Upon
exposure of the same cells to etorphine (Fig. 34, Control) but
not morphine (Fig. 3B, Control), a rapid translocation of
Barr2/GFP (¢, =~ 5 min) from the cytosol to a punctated
membrane localization was observed. The punctated pattern
of Barr2/GFP fluorescence at the plasma membrane reflects
its localization with the receptor in clathrin-coated pits, as
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Differential Barr2/GFP translocation in response to wOR activation by etorphine (4) or morphine (B) in the absence and presence

of overexpressing GRK2 or GRK-K220M. HEK 293 cells were transiently transfected to express Barr2/GFP and wOR together with or without
(Control) GRK2 or GRK2-K220M. Experiments were done on a heated microscope stage set at 30°C. Shown are representative confocal
microscopic images of Barr2/GFP fluorescence obtained before (— Etorphine, — Morphine) and 10 min following the addition of etorphine (+
Etorphine) or morphine (+ Morphine) to the medium. Experiments were performed independently on three to five different occasions and each
time four to six cells from independent stimulation by each agonist were recorded.

documented with the B,AR (S.S.G.F., LS.B., J.Z., and
M.G.C., unpublished data). Overexpression of GRK2 both
accelerated the rate (¢12 ~ 2 min) and increased the magnitude
of etorphine-mediated Barr2/GFP translocation as evidenced
by a clearance of cytoplasmic Barr2/GFP fluorescence (Fig.
34, GRK2). Moreover, GRK2 overexpression established the
ability of morphine to induce Barr2/GFP translocation (Fig.
3B, GRK2). In contrast, overexpression of the mutant GRK2-
K220M blocked etorphine-mediated Barr2/GFP translocation
(Fig. 34, K220M). These visual data indicate that GRK-
dependent phosphorylation of the wOR is essential for the
interaction of this receptor with B-arrestin, which when bound
mediates receptor endocytosis via clathrin-coated pits.

The increase in morphine-induced phosphorylation of the
rOR following GRK2 overexpression was also paralleled by
increased wOR desensitization (Fig. 4). In the absence of
GRK2 overexpression, morphine, although unable to trigger
1OR phosphorylation and internalization, is a potent inhibitor
of forskolin-stimulated adenylyl cyclase activity (80 = 3%
inhibition, ICsy = 4.9 = 1.3 nM) in cells transfected to express
nORs. GRK2 overexpression attenuated morphine-stimulated
nOR-mediated inhibition of adenylyl cyclase by 26 = 1%
without affecting the ICsy (6.4 = 1.2 nM) (Fig. 44). The
observed GRK2-mediated desensitization of morphine-
stimulated inhibition of cyclase activity was persistent through-
out a time course for as long as 1 hr (Fig. 4B). Similar results
were obtained by using etorphine, which caused an 80 * 2%
inhibition of forskolin-stimulated adenylyl cyclase activity with
an ICsp = 50 = 15 pM in the absence of GRK2 overexpression,
and a 57 = 2% maximal cyclase inhibition with an ICs of 83 *
21 pM in the presence of overexpressing GRK2. These data
support the notion that the ability of distinct opioid agonists to

activate the wOR can be dissociated from their ability to
trigger receptor desensitization and internalization.

DISCUSSION

This study reveals the molecular basis for the observed agonist-
specific regulation of wOR desensitization and sequestration
by the opioid agonists, etorphine and morphine. We find that,
whereras both morphine and etorphine effectively activate the
nOR, unlike etorphine, morphine does not induce GRK-
mediated receptor phosphorylation. The inability of morphine
to induce GRK-mediated wOR phosphorylation is associated
with impaired B-arrestin binding resulting in a lack of wOR
endocytosis. Interestingly, GRK overexpression overcomes the
inability of morphine to promote pB-arrestin binding and wOR
sequestration. Following the overexpression of GRK2, wOR
responses to both etorphine and morphine are indistinguish-
able. These observations may have important implications for
our understanding of both basic GPCR pharmacology and
pathophysiological changes associated with drug tolerance and
addiction.

Recently, several components required for the sequestration
of many GPCRs were identified. It was found that the same
proteins mediating GPCR desensitization, GRKs and ar-
restins, contribute directly to the clathrin-mediated endocyto-
sis of the B,AR, CCR-5, D2 dopamine receptor, and m2
muscarinic acetylcholine receptor (24, 25, 27-32, 38). We find
here that the preferred mechanism of wOR endocytosis in
HEK 293 cells is via the same B-arrestin- and dynamin-
dependent clathrin-coated vesicle-mediated pathway first de-
scribed for the B,AR (24, 31, 39). However, unlike the B,AR,
sequestration of the wOR is exquisitely dependent on GRK-
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Fic. 4. Effect of overexpressing GRK2 on pOR-mediated inhibi-
tion of adenylyl cyclase activity by morphine. HEK 293 cells were
transiently transfected to express wOR and adenylyl cyclase type V in
the absence (@, control) or presence (O) of GRK2. Whole cell adenylyl
cyclase activity was measured as described. (4) Dose-dependent
inhibition of adenylyl cyclase activity by morphine. (B) Time course of
morphine-induced inhibition of adenylyl cyclase activity. The results
were normalized to the forskolin-stimulated cellular cyclase response.
Data shown represent means = SE of three independent experiments
analyzed by GRAPHPAD PRISM software. **, P < 0.01 and ***, P < 0.001
vs. matched adenylyl cyclase activity in the absence of GRK2.

mediated phosphorylation. This is highlighted by the obser-
vations that etorphine-mediated wOR endocytosis could be
effectively blocked by using a dominant-negative GRK mutant
construct and that morphine promoted the internalization of
the nOR only following the overexpression of GRK2, but not
B-arrestin. This differs significantly from ;AR mutants lack-
ing putative GRK phosphorylation sites whose sequestration
can be facilitated by the overexpression of B-arrestin alone,
and CCR-5, which requires overexpression of both GRK and
B-arrestin proteins to allow sequestration in HEK 293 cells (24,
27). These observations suggest a more critical role for GRK-
mediated phosphorylation in initiating GPCR sequestration
than originally envisaged. Moreover, they indicate receptor-
type differences in affinity for GRK and arrestin proteins. It
is likely that the observed ability of the B,AR to sequester in
the absence of GRK phosphorylation is the exception rather
than the rule and that for many GPCRs, B-arrestin binding may
be more exquisitely GRK regulated.

The observation that, although both etorphine and mor-
phine are agonists, only etorphine induces GRK-mediated
1OR phosphorylation in HEK 293 cells, indicates that differ-
ent agonist-activated conformations of the wOR may exist.
Therefore, the etorphine-activated receptor may have a
greater affinity for GRKs than the morphine-activated recep-
tor. As a consequence, a two-state model (A+R — AR*) of
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receptor activation may not adequately reflect the multiple
agonist-specific conformations required for GPCR interaction
with regulatory proteins. We have previously demonstrated
that mutations made to the NPXXY motif in the seventh
transmembrane domain of the B,AR differentially affect its G
protein coupling and GRK-mediated phosphorylation, and
that GRK overexpression can influence phosphorylation and
sequestration of these receptors (25, 40). More recently,
B-arrestin binding has been reported to stabilize the high-
affinity conformation state of both the B,AR and m2 musca-
rinic acetylcholine receptor (41). This study on the wOR
provides evidence that the stability of the receptor activation
state required for GRK phosphorylation and B-arrestin bind-
ing can be differentially modulated by the binding of distinct
agonists. This agonist binding to GPCRs probably involves
ionic and hydrogen bonding interactions with residues in
different transmembrane domains of the receptors (42, 43).
Therefore, the molecular basis of the observed differential
regulation of wOR responsiveness by different opioid agonists
may likely be explained by differences in their chemical
structures and relative abilities to interact with amino acid
residues in the transmembrane domains of the wOR. Addi-
tionally, the existence of opioid agonists that discriminate
between receptor/G protein coupling and receptor desensiti-
zation suggests that the development of ligands that lead to the
activation but not the desensitization of GPCRs should be
possible.

Although second messenger-dependent protein kinases, in
particular protein kinase C, may contribute to the agonist-
induced phosphorylation of the nOR (44, 45), there is a strong
correlation between GRK-mediated wOR phosphorylation,
B-arrestin binding, and pOR desensitization (refs. 11 and 12;
see Figs. 2 and 3). In this study, GRK2 overexpression atten-
uated wOR-mediated inhibition of adenylyl cyclase activity in
response to both etorphine and morphine, indicating that
GRK-mediated phosphorylation is important for wOR desen-
sitization in response to different opioid agonists in HEK 293
cells. This is supported by studies in Xenopus oocytes, where
coexpression of GRK3 and B-arrestin2 synergistically attenu-
ated wOR-activated potassium conductance (11) and by stud-
ies demonstrating parallels between wOR phosphorylation
and desensitization in response to distinct opioid ligands (12).
However, the observation that GRK2 overexpression was
required to promote wOR phosphorylation and B-arrestin
recruitment suggests that differences in cell- and tissue-specific
GRK expression levels are important. GRK protein expression
levels will not only regulate the extent of xOR endocytosis in
response to different opioid ligands but will also influence the
level of wOR desensitization.

Opioid tolerance is a complex phenomenon that involves
changes at the level of opioid receptors as well as the activation
of compensatory systems. For instance, there is mounting
evidence for a potential role of N-methyl-D-aspartate recep-
tors in mediating morphine tolerance. However, the ability of
GRK overexpression to facilitate morphine-induced pwOR
phosphorylation and B-arrestin binding is particularly intrigu-
ing considering recent hypotheses surrounding the contribu-
tion of wOR desensitization and intracellular trafficking to the
development of drug tolerance and dependence associated
with opioid addiction (5-9). The differential regulation of
rOR sequestration by distinct agonists suggests that the higher
liability for morphine to develop tolerance and addiction might
be attributable to its inability to promote nOR sequestration,
a critical step in GPCR resensitization (22, 26). However, the
present results suggest that GRK-mediated mechanisms of
rOR desensitization in response to morphine stimulation may
also be impaired in vivo. Interestingly, following chronic
morphine treatment of rats, GRK2 and pB-arrestin protein
levels are specifically upregulated in the locus coeruleus (33).
The assumption at the time, based on available experimental
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data, was that the increased GRK and B-arrestin expression
contributed to increased receptor desensitization and the
observed development of opioid tolerance. However, because
GRKSs and B-arrestins regulate both GPCR desensitization and
resensitization, the consequence of increased GRK and B-ar-
restin expression levels could be influenced by this duality.
Indeed, impaired morphine-induced wOR sequestration can
be overcome by supplementing GRK protein. This suggests
that the observed adaptation in the levels of GRK and
B-arrestin proteins following chronic morphine treatment
might antagonize rather than confer the development of drug
tolerance. The relative contribution of increased GRK expres-
sion to drug tolerance and dependence should be testable in
transgenic mice targeted to specifically overexpress GRK2 in
the locus coeruleus and/or other brain regions associated with
drug tolerance.

In summary, this study uncovers a fundamental molecular
mechanism underlying the regulation of wOR cellular signal-
ing and highlights further a universal and pleiotropic role of
GRK-mediated phosphorylation and B-arrestin in multiple
GPCR regulatory processes, including receptor desensitization
and sequestration. Moreover, it highlights the need for the
development of new experimental paradigms to test the rela-
tive contributions of opioid receptor desensitization and re-
sensitization to both the development and amelioration of
drug dependence and tolerance. The development of animal
models genetically engineered to either overexpress or disrupt
the expression of GRK and/or B-arrestin should greatly
facilitate this goal (46, 47).
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