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ABSTRACT [+ opioid receptors are targets of native opi-
oid peptides and addictive analgesic drugs. A major clinical
liability of opiate drugs is their ability to cause physiological
tolerance. Individual opiates, such as morphine and etor-
phine, differ both in their ability to promote physiological
tolerance and in their effects on receptor regulation by endo-
cytosis. Here, we demonstrate that arrestins play a funda-
mental role in mediating this agonist-selective regulation and
that morphine-activated p receptors fail to undergo arrestin-
dependent uncoupling from cognate G proteins. Thus, highly
addictive opiate drugs elude a fundamental mode of physio-
logical regulation that is mediated by agonist-specific inter-
action of opioid receptors with arrestins.

Opioid receptors are G protein-coupled receptors (GPCRs)
that are activated both by endogenous opioid peptides and by
clinically important alkaloid analgesic drugs such as morphine.
Both classes of agonist promote receptor signaling via hetero-
trimeric G proteins, including inhibition of adenylyl cyclase
and regulation of cation channels (1, 2). Studies of knockout
mice have established that morphine-induced analgesia, tol-
erance, and dependence are mediated by u opioid receptors (3,
4).

After activation by agonists, w opioid receptors are regu-
lated by multiple mechanisms (5-11). Of these, rapid endocy-
tosis of opioid receptors is of particular interest because it is
differentially regulated by individual peptide agonists and
alkaloid drugs, both in cultured cells (7, 12, 13) and native
neurons (14-15). In particular, opioid peptides stimulate the
internalization of u opioid receptors within minutes while
receptors fail to endocytose after prolonged activation with
saturating concentrations of morphine, even though morphine
strongly activates receptor-mediated signaling via heterotri-
meric G proteins (7). Significant differences in the subcellular
localization of opioid receptors also are observed in cultured
cells after chronic treatment with morphine compared with
opioid peptide, suggesting that agonist-specific differences in
receptor endocytosis may have long-term physiological con-
sequences (8). Moreover, mice treated chronically with etor-
phine, which stimulates receptor endocytosis to an extent
similar to opioid peptide (7, 15), develop less physiological
tolerance than do mice treated chronically with equieffective
doses of morphine (16), further demonstrating that agonist-
selective internalization could play a key role mediating the
different physiological responses to opiate analgesics. Despite
the probable physiological importance of this agonist-selective
regulation, protein interactions that mediate the endocytosis
of opioid receptors and determine their agonist selectivity
have not been identified.
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MATERIALS AND METHODS

Cell Culture and Immunocytochemistry. Human embryonic
kidney (HEK) 293 cells (American Type Culture Collection)
were grown in DMEM supplemented with 10% fetal bovine
serum (University of California, San Francisco, Cell Culture
Facility). Cells were transfected by using calcium phosphate
coprecipitation. For staining, cells were grown on coverslips
and incubated in media containing 3.5 ug/ml M1 anti-FLAG
(Kodak) antibody. Cells were treated with 5 uM agonist for 30
min, fixed in 4% formaldehyde in PBS, and then permeabilized
in 0.1% Triton X-100 (Sigma). For visualization of receptor
only, cells were incubated with Cy3-conjugated anti-mouse
antibody. For colocalization of receptor and hemagglutina-
tion-tagged dynamin (Dyn), cells were incubated with HA-11
(Babco, Richmond, CA) and stained with two subtype-specific
fluorescent-conjugated antibodies. For colocalization of ar-
restin and receptor, cells were incubated with anti B-arrestin
antibody (a gift from Jeff Benovic, Thomas Jefferson Univer-
sity, Philadelphia) and then incubated with Cy3-conjugated
anti-mouse and fluorescein isothiocyanate-conjugated anti-
rabbit antibodies. For colocalization of GPCR kinase-2
(GRK2) and receptor, cells were incubated with anti GRK2
antibody (Santa Cruz Biotechnology) and then incubated with
Cy3-conjugated anti-mouse and fluorescein isothiocyanate-
conjugated anti-rabbit antibodies.

Assay of Receptor Internalization by Surface Biotinylation.
Cells were grown to 80% confluency, washed with PBS, and
then incubated in 3 pg/ml disulfide-cleavable biotin (Pierce)
in PBS at 4°C for 30 min. Cells were washed and placed into
medium for treatment. Cells labeled 100% biotinylated were
left on ice in PBS. Cells were treated with 5 uM agonist for 30
min and washed with PBS, and the remaining cell surface-
biotinylated receptors were stripped in 50 mM glutathione, 0.3
M NaCl, 75 mM NaOH, and 1% fetal bovine serum at 4°C for
30 min. Cells were extracted in 0.1% Triton X-100, 150 mM
NacCl, 25 mM KCI, and 10 mM Tris:HCI, pH 7.4, and cell debris
was removed by centrifugation at 10,000 X g for 10 min at 4°C.
Proteins were denatured in SDS sample buffer with no reduc-
ing agent and separated by SDS/PAGE. Proteins were trans-
ferred to nitrocellulose, and biotinylated proteins were visu-
alized by incubating with the Vectastain ABC immunoperox-
idase reagent (Vector Laboratories), followed by development
with ECL reagents (Amersham).

Guanine Nucleotide Exchange Assays

Membrane Preparations. Cells were grown to 80% conflu-
ency and then pretreated with 2 uM [D-Ala2, N-McPhe4,
Gly5-ol]enkephalin (DAMGO) or 2 uM morphine or left
untreated. Cells were lifted in PBS + 0.04% EDTA, washed

Abbreviations: GPCR, G protein-coupled receptors; GRK, GPCR
kinase; DAMGO, [p-Ala2, N-McPhe4, Gly5-oljenkephalin; HEK,
Human embryonic kidney; Dyn, dynamin; FLAG, epitope (DYKD-
DDDK); EE, epitope (EEEEYMPME).

*To whom reprint requests should be addressed. e-mail: zastrow@
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four times in 15 ml of cold PBS to remove excess agonist, and
then resuspended in 5 mM TrissHCI, 5 mM EDTA, 5 mM
EGTA, and 0.1 mM phenylmethylsulfonyl fluoride (pH 7.5) at
4°C, and lysed by using a Polytron P10 disrupter (Kinematica,
Littau, Switzerland). Membranes were recovered at 21,000 X
g at 4°C for 20 min, washed, and resuspended in 50 mM
TrissHCl, 1 mM EDTA, 5 mM MgCl,, and 0.1 mM phenyl-
methylsulfonyl fluoride and frozen at —70°C.

[**SIGTP%S binding. Methods were used as described pre-
viously (14) by using membranes prepared as above—
unstimulated or stimulated with 5 uM DAMGO or morphine
for 60 min at 25°C. Reactions were terminated by vacuum
filtration over GF/C filters (Millipore).

Membrane Adenylyl Cyclase Assays

Membrane Preparations. Cells were grown to 80% conflu-
ency and then pretreated with 2 uM DAMGO or morphine or
left untreated. Cells were lifted in PBS + 0.04% EDTA,
washed four times in 15 ml of cold PBS, and then resuspended
in 1 ml of cold buffer of 25 mM MgCl,, 75 mM Tris-HCl, and
2mM EDTA, pH 7.5 and pelleted at 2,000 X g for 5 min. The
pellet was resuspended with a glass potter in the same buffer
and assayed immediately.

Adenylyl Cyclase Assay. Membranes were incubated in 30
mM TrissHCl, 1 mM EDTA, 50 uM GTP, 0.1 mM cAMP, 40
uM ATP, 10 mM creatine phosphate, 200 units/ml creatine
phosphokinase, 1 nCi [*?P]ATP, and 10 uM forskolin with or
without 10 uM morphine or DAMGO at 37°C for 30 min.
Reactions were stopped by addition of HCl to 1 M and applied
to acidic alumina spin-columns (Pierce). Columns were
washed and eluted according to the manufacturer’s instruc-
tions and eluate counted in a scintillation counter.

RESULTS AND DISCUSSION

We previously have reported functional expression of epitope-
tagged versions of the u, 6, and k opioid receptors in HEK293
cells (7, 13, 17). Many GPCRs are internalized by clathrin-
mediated endocytosis, a process that is dependent on the
GTPase Dyn. The Dyn dependence of u opioid receptor
endocytosis was tested by examining the effect of K44E mutant
Dyn, which inhibits endocytosis of clathrin-coated pits in a
dominant negative manner (18, 19), on the endocytosis of u
opioid receptors. HEK293 cells expressing epitope-tagged u
receptors (=~1.5 X 103 receptors/cell) were examined by using
an established antibody uptake assay (17). In the absence of
agonist, receptors remained in the plasma membrane without
detectable endocytosis for >30 min (Fig. 14). In the presence
of the alkaloid agonist etorphine, receptors were endocytosed
within several minutes, as indicated by redistribution of anti-
body-labeled receptors from the plasma membrane to numer-
ous endocytic vesicles visualized throughout the cytoplasm
(Fig. 1B). In the presence of morphine, receptors failed to
internalize (Fig. 1C) thereby demonstrating agonist-selective
internalization. In cells expressing HA-tagged K44E Dyn,
agonist-induced endocytosis of w opioid receptors from the
plasma membrane to endocytic vesicles was strongly inhibited.
w receptors remained almost exclusively in the plasma mem-
brane of cells expressing high levels of K44E mutant Dyn, even
in the presence of saturating concentrations (5 uM) of etor-
phine (Fig. 1D) or the opioid peptide DAMGO (not shown),
whereas numerous receptor-containing endocytic vesicles
were observed in cells that did not express mutant Dyn
examined in the same field (cf. receptor staining in red in Fig.
1D with K44E staining in green in Fig. 1E; cells expressing and
not expressing K44E Dyn are indicated by the open and solid
arrows, respectively). Expression of HA-tagged wild-type Dyn
(Fig. 1G, in green) at similar levels, in contrast, caused no
detectable inhibition of u receptor endocytosis (Fig. 1F, inred;
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Fi6.1. Mu opioid receptors were endocytosed in a Dyn-dependent
manner. HEK293 cells expressing FLAG-epitope-tagged w opioid
receptors (wOR) were stained as described in Materials and Methods.
(A) Receptors remained predominantly in the plasma membrane in
the absence of agonist stimulation. (B) Cells were treated with 5 uM
etorphine for 30 min at 37°C and stained. In the presence of etorphine,
receptors were endocytosed as indicated by redistribution of antibody-
labeled receptors from the plasma membrane to numerous endocytic
vesicles visualized throughout the cytoplasm. (C) Cells were treated
with 5 uM morphine for 30 min at 37°C and stained. In the presence
of morphine, receptors remained in the plasma membrane. (D and E)
HEK?293 cells expressing the FLAG-tagged w opioid receptor were
transfected transiently with an HA-tagged dominant negative Dyn,
K44E. Cells were then treated with 5 uM etorphine and stained for
both receptor in red (D) and Dyn in green (E). Cells expressing K44E
Dyn failed to endocytose the receptor (D and E, open arrows), whereas
adjacent cells not expressing K44E Dyn did endocytose receptor (D
and E, closed arrows). (F and G) Cells transiently transfected with
HA-tagged wild-type Dyn also were treated and stained. HA-tagged
wild-type Dyn did not affect receptor endocytosis, as cells expressing
(F and G, open arrows) and not expressing (F and G, closed arrows)
Dyn-endocytosed receptors. (H) Slides stained as above were coded,
and receptor-containing vesicles were counted from cells expressing
both wild-type and mutant Dyn as well as cells not expressing any
additional Dyn.

note the localization of antibody-labeled receptors in numer-
ous endocytic vesicles both in cells expressing and not express-
ing wild-type Dyn in Fig. 1 F and G, open and solid arrows,
respectively). Quantitation by using the antibody uptake assay
(17) (Fig. 1H) confirmed that agonist-induced endocytosis of
w opioid receptors is specifically inhibited by K44E mutant
Dyn.

Although both DAMGO and etorphine stimulated Dyn-
dependent endocytosis of w opioid receptors, morphine failed
to induce receptor endocytosis (Fig. 1C), although morphine
is an alkaloid agonist that promotes receptor-mediated inhi-
bition of adenylyl cyclase in these cells with potency and
efficacy similar to DAMGO (15). Recent studies of other
GPCRs that endocytose in a Dyn-dependent manner indicate
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that the association of agonist-activated receptors with clath-
rin-coated pits is promoted by a direct protein interaction with
B-arrestin (20). Furthermore, opioid receptors have been
shown recently to mediate agonist-dependent recruitment of
GFP-tagged B-arrestin to the plasma membrane (21). Taken
together, these results suggest that arrestins may play a fun-
damental role in mediating opioid receptor regulation.

To examine whether B-arrestin could mediate the agonist
selective internalization of w opioid receptors, stably trans-
fected cells expressing FLAG-tagged w opioid receptors were
transiently transfected with B-arrestin. This experimental de-
sign allowed receptor localization to be compared in adjacent
cells differing only in whether they expressed additional B-ar-
restin, as indicated by immunostaining by using anti-B-arrestin
antibody. In the absence of agonist, antibody-labeled w recep-
tors remained in the plasma membrane both in cells overex-
pressing B-arrestin and in adjacent cells not expressing addi-
tional B-arrestin (cf. receptor staining in red in Fig. 24a with
anti-B-arrestin immunoreactivity in green in Fig. 2A4b; filled
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and open arrows indicate representative cells that do or do not
overexpress B-arrestin, respectively). In the presence of etor-
phine, receptors were endocytosed both in cells expressing
endogenous levels of B-arrestin and in cells overexpressing
B-arrestin (Fig. 2 Ac and Ad; filled and open arrows indicate
representative cells that do or do not overexpress B-arrestin,
respectively). Surprisingly, overexpression of B-arrestin also
promoted rapid endocytosis of w opioid receptors in the
presence of morphine, even though morphine failed to stim-
ulate rapid endocytosis of w receptors in adjacent cells ex-
pressing endogenous levels of arrestin. This result was indi-
cated by the morphine-induced redistribution of receptors
from the plasma membrane to endocytic vesicles that was
observed exclusively in cells overexpressing B-arrestin (Fig. 2
Ae and Af, filled and open arrows indicate cells that do or do
not overexpress (3-arrestin, respectively).

The effect of B-arrestin on endocytosis of u opioid receptors
was examined further in stably transfected cells expressing
both FLAG-tagged p opioid receptors and EE-tagged B-ar-
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FIG. 2.

Overexpression of B-arrestin could facilitate w opioid receptor internalization in the presence of morphine. (4) HEK293 cells stably

expressing FLAG-epitope-tagged w opioid receptors were transiently transfected with a plasmid overexpressing p-arrestin and stained for both
receptor in red (wOR) and arrestin in green. In the absence of agonist, B-arrestin overexpression failed to stimulate endocytosis of u opioid receptors
(Aa and Ab). In the presence of 5 uM etorphine, receptors were endocytosed in both cells overexpressing (Ac and Ad, closed arrows) and those
expressing only endogenous arrestins (Ac and Ad, open arrows). Cells expressing endogenous arrestins and treated with 5 uM morphine (4e and
Af, open arrows) failed to endocytose the receptor. However, receptors were endocytosed in the presence of morphine in cells overexpressing
B-arrestin (Ae and Af, closed arrows). (B) HEK293 cells stably expressing FLAG-epitope-tagged u opioid receptors and stably overexpressing an
EE-tagged version of B-arrestin were used to quantitate receptor internalization. Surface-biotinylated u opioid receptors (lanes 1 and 6) were
cleaved in the presence glutathione (lanes 2 and 7). In the absence of agonist, little endocytosis of receptors was observed in cells expressing
endogenous levels of B-arrestin (lane 3) or in cells overexpressing B-arrestin (lane 8). Etorphine-induced endocytosis of w opioid receptors was
observed readily in both cell lines (lanes 4 and 9). Although morphine caused no detectable stimulation of receptor endocytosis in cells expressing
B-arrestin at endogenous levels (cf. lanes 3 and 5), a substantial amount of morphine-induced endocytosis of receptors was observed in cells
overexpressing B-arrestin (cf. lanes 8 and 10). (C) Quantitation of these effects demonstrated that etorphine-induced (ET) endocytosis observed
at steady state (30 min) was <2-fold enhanced in cells overexpressing -arrestin (bars 3 and 4). Overexpression of B-arrestin enhanced morphine
(MS)-induced endocytosis of u opioid receptors by >40-fold (bars 5 and 6), far in excess of the effect of B-arrestin on either agonist-independent
or etorphine-induced endocytosis.
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restin (22). Cell clones were selected that expressed opioid
receptors at levels similar to the stably transfected cells
described above that do not overexpress B-arrestin. Western
blot analysis indicated that EE-tagged B-arrestin was expressed
in these cells at levels =30-fold higher than the endogenous
levels of B-arrestin protein (not shown). The epitope-tagged
version of B-arrestin used to make this double stable cell line
also facilitated morphine-induced internalization of u opioid
receptors as indicated by the redistribution of receptors from
the plasma membrane to endocytic vesicles upon morphine
stimulation (not shown). To quantitate this effect, cell surface
biotinylation was used to assay the endocytosis of w opioid
receptors in the cells overexpressing EE-tagged B-arrestin
compared with that in cells expressing similar amounts of w
opioid receptor but expressing endogenous levels of B-arrestin.

Surface-biotinylated w opioid receptors (Fig. 2B, lanes 1 and
6) were cleaved in the presence of the membrane-impermeant
reducing agent glutathione (Fig. 2B, lanes 2 and 7), thereby
allowing only endocytosed receptors to be detected specifically
by their resistance to cleavage by extracellular glutathione. In
the absence of agonist, little endocytosis of u opioid receptors
was observed in cells expressing endogenous levels of B-ar-
restin (Fig. 2B, lane 3) or in cells overexpressing B-arrestin
(Figs. 2B, lane 8). Etorphine-induced endocytosis of u opioid
receptors was observed readily in both cell lines (lanes 4 and
9). Quantitation of this effect demonstrated that etorphine-
induced endocytosis observed at steady-state (30 min) was
moderately (<2-fold) enhanced in cells overexpressing p-ar-
restin (Fig. 2C, bars 3 and 4). In addition, these experiments
confirmed that overexpression of B-arrestin profoundly influ-
enced the agonist selectivity of receptor endocytosis. Although
morphine caused essentially no detectable stimulation of re-
ceptor endocytosis in cells expressing B-arrestin at endogenous
levels (Figs. 2B, cf. lanes 3 and 5), a substantial amount of
morphine-induced endocytosis of u opioid receptors was
observed in cells overexpressing B-arrestin (Figs. 2B, lanes 8
and 10). Quantitation of these results indicated that overex-
pression of B-arrestin enhanced morphine-induced endocyto-
sis of w opioid receptors by >40-fold (Fig. 2C, bars 5 and 6),
far in excess of the effect of B-arrestin on either agonist-
independent or etorphine-induced endocytosis. Thus B-arres-
tin had two effects on the regulation of opioid receptors by
Dyn-dependent endocytosis, a moderate enhancement of the
endocytic efficacy of agonists that normally promote endocy-
tosis, as well as a much more profound effect on the agonist
selectivity of opioid receptor endocytosis.

It is well established that arrestin interaction with agonist-
activated receptors modulates signaling by uncoupling the
activated receptor from cognate heterotrimeric G proteins
(23-25). Therefore, we examined whether morphine-activated
receptors were resistant to arrestin-dependent uncoupling.
Cells expressing u opioid receptor were treated for 5 min with
DAMGO or morphine or left untreated, and residual agonist
was washed from the cells. Membranes were prepared from
these three cell lines, and the ability of the w receptors to
mediate GTP exchange on G proteins was measured. Cells that
were not pretreated with agonist stimulated in vitro GTP
exchange efficiently after receptor activation by both morphine
and DAMGO stimulation (Fig. 34, open bars), demonstrating
that, in our system, DAMGO and morphine were both good
agonists for GTP exchange. After pretreatment of cells with
DAMGO, receptor-mediated GTP exchange upon rechal-
lenge with agonist almost was completely abolished (Fig. 34,
black bars), indicating that DAMGO caused efficient uncou-
pling of opioid receptors from heterotrimeric G proteins
during the pretreatment. This effect could not be explained by
endocytosis of receptors because only partial receptor endo-
cytosis is observed after 5 min of agonist stimulation (15), yet
uncoupling from G proteins was virtually complete at this time
point. In contrast, receptors pretreated with morphine under
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identical conditions still mediated agonist-dependent GTP
exchange upon rechallenge with DAMGO at levels virtually
indistinguishable from those observed without agonist pre-
treatment (Fig. 34, shaded bars), indicating that pretreatment
with morphine failed to uncouple the receptors from cognate
G proteins. To determine whether overexpression of B-arrestin
could facilitate morphine-induced receptor-G protein uncou-
pling, identical experiments were performed by using cells
overexpressing B-arrestin. In marked contrast to results ob-
tained by using cells expressing endogenous levels of arrestins,
morphine pretreatment of cells overexpressing B-arrestin
caused substantial receptor-G protein uncoupling (Fig. 3B, cf.
solid and hatched bars). The differential effects of morphine
and DAMGO on receptor desensitization also were observed
at a downstream effector assayed by using a membrane ad-
enylyl cyclase assay.

As above, cells expressing the u opioid receptor were
pretreated with either DAMGO or morphine for 5 min or left
untreated and residual agonist was washed from cells. Mem-
branes were prepared from these cells and the ability of the u
receptors to inhibit forskolin-stimulated adenylyl cyclase ac-
tivity upon DAMGO rechallenge was assayed to measure
receptor-mediated signal transduction through Gj. With un-
treated membranes, both DAMGO and morphine inhibited
adenylyl cyclase activity with equivalent efficiency (Fig. 3C,
white bars), demonstrating that in our system both are good
agonists for receptor-mediated inhibition of adenylyl cyclase.
Membranes prepared from cells pretreated with DAMGO
were impaired significantly in their ability to inhibit adenylyl
cyclase activity (Fig. 3C, black bar), consistent with desensi-
tization caused by functional uncoupling of receptors. How-
ever, membranes prepared from cells pretreated with exhib-
ited efficient receptor-mediated inhibition of adenylyl cyclase
activity upon DAMGO rechallenge at levels virtually indis-
tinguishable from those of membranes from untreated cells
(Fig. 3C, shaded bar). To determine whether overexpression of
B-arrestin could facilitate morphine-induced desensitization,
identical experiments were performed by using cells overex-
pressing B-arrestin. Again, in contrast to results obtained by
using cells expressing endogenous levels of arrestins, morphine
pretreatment of cells overexpressing B-arrestin caused sub-
stantial receptor desensitization (Fig. 3D, cf. solid and hatched
bars). Consequently, morphine-activated opioid receptors
elude two arrestin-dependent mechanisms of regulation, func-
tional uncoupling from heterotrimeric G proteins and Dyn-
dependent endocytosis, suggesting strongly that the different
effects of morphine and native peptides on opioid receptor
regulation are mediated directly by agonist-specific differences
in receptor interaction with arrestins. Thus, we propose that
individual agonists induce distinct activated conformations of
w opioid receptor, which have similar effects on the activation
of cognate heterotrimeric G proteins but differ significantly in
their ability to interact with arrestins.

The interaction of many GPCRs with arrestins has been
shown to be mediated both by an agonist induced conforma-
tional change of the receptor and by phosphorylation of the
agonist-activated receptor by GRKs (24, 25). We thus exam-
ined whether differences in GRK phosphorylation of the u
opioid contribute to differences in the ability of morphine and
DAMGO-activated receptors to interact with arrestins. Cells
stably expressing the p opioid receptor were transfected
transiently with a plasmid overexpressing GRK2 (BARKI).
Dual label fluorescence microscopy allowed receptor localiza-
tion to be compared in adjacent cells differing only in whether
they expressed additional GRK2. In the absence of agonist,
antibody-labeled p receptors remained in the plasma mem-
brane both in cells overexpressing GRK2 and in adjacent cells
not expressing additional GRK2 (Fig. 4, cf. receptor staining
in 4 with GRK2 immunoreactivity in B; open and filled arrows
indicate representative cells that do or do not overexpress
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FiG. 3. Morphine stimulated GTP exchange but failed to promote
uncoupling of receptor from G protein and failed to desensitize adenylyl
cyclase activity. (4) Cells expressing u opioid receptor were pretreated for
either 5 or 30 min with DAMGO (DG) or morphine (MS) or left
untreated and residual agonist washed from cells. Membranes were
prepared from these cells and the ability of the w receptors in these
membranes to activate GTP exchange on G proteins in vitro was mea-
sured. Receptors from cells that were not pretreated with agonist
stimulated GTP exchange efficiently with both morphine and DAMGO
(open bars). Receptors pretreated with DAMGO for either 5 or 30 min
were very inefficient at promoting GTP exchange upon DAMGO
stimulation (black bars), indicating that the u opioid receptors in these
cells had become uncoupled from their G proteins during the DAMGO
pretreatment. Receptors pretreated with morphine were still as effective
at stimulating GTP exchange upon DAMGO stimulation (shaded bars)
indicating that pretreatment with morphine failed to uncouple the
receptors from their G proteins. (B) Cells expressing both w opioid
receptor and EE-tagged B-arrestin were pretreated with morphine or left
untreated and membranes prepared as above. Receptors from cells
overexpressing arrestin (hatched bars) pretreated with morphine were
significantly impaired in their ability to stimulate GTP exchange, differing
markedly from cells expressing endogenous levels of arrestin (solid bars),
demonstrating that overexpression of arrestin facilitated functional un-
coupling of morphine-bound opioid receptors. These assays were done in
triplicate three times with comparable results. (C) Cells expressing w
opioid receptor were pretreated for 5 min with DAMGO (DG) or
morphine (MS) or left untreated, and residual agonist washed from cells.
Membranes were prepared from these cells, and the ability of the w
receptors in these membranes to inhibit forskolin-stimulated adenylyl
cyclase activity was measured. Receptors from cells that were not
pretreated with agonist inhibited adenylyl cyclase efficiently with both
morphine and DAMGO stimulation (white bars). Receptors from cells
pretreated with DAMGO for 5 min were significantly impaired in their
ability to inhibit adenylyl cyclase activity upon DAMGO stimulation
(black bar). Receptors from cells pretreated with morphine were still as
effective at inhibiting adenylyl cyclase upon DAMGO (shaded bar). (D)
Cells expressing w opioid receptor and overexpressing B-arrestin-EE were
pretreated for 5 min with morphine (MS) or left untreated, and residual
agonist washed from cells. Membranes were prepared and the ability of
the u receptors to inhibit forskolin-stimulated adenylyl cyclase activity
was measured. Receptors from cells that were not pretreated with agonist
inhibited adenylyl cyclase as efficiently as cells expressing endogenous
arrestins. Cells overexpressing arrestin that were pretreated with mor-
phine were significantly less efficient at inhibiting adenylyl cyclase than
cells expressing endogenous levels of arrestins (cf. hatched and unhatched
shaded bars). These assays were repeated twice in triplicate with similar
results.
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Fi1G. 4. Overexpression of GRK2 facilitated morphine-induced
receptor internalization. Cells stably transfected with FLAG-epitope-
tagged w opioid receptor were transiently transfected with GRK2.
Cells were treated with morphine (C and D) or left untreated (4 and
B) and stained as for receptor (A and C) and GRK2 (B and D). In the
absence of agonist, GRK2 overexpression failed to stimulate receptor
endocytosis (4 and B, open arrows). However, in the presence of
morphine, overexpression of GRK2 facilitated receptor internaliza-
tion (C and D, open arrows), even though adjacent cells expressing
endogenous GRKs failed to endocytose receptor (C and D, closed
arrows ).

GRK2, respectively). Overexpression of GRK2 promoted
rapid endocytosis of w opioid receptors in the presence of
morphine, however, even though morphine failed to stimulate
rapid endocytosis of u receptors in adjacent cells expressing
endogenous levels of GRK2. (Fig. 4 C and D, open and filled
arrows indicate cells that do or do not overexpress GRK2,
respectively). These results suggest that differences in GRK-
mediated phosphorylation may account, at least in part, for
agonist selective differences in the ability of opioid receptors
to interact with arrestins.

As a model, we propose that a dynamic cycle between
agonist-induced activation, desensitization, and internalization
of opioid receptors is critical for normal physiological signal-
ing. In our model, tolerance to morphine develops not because
cells have down-regulated receptor expression but because
receptors are activated in a way that prevents their normal
physiological cycling. This model is consistent with observa-
tions that long-term treatment of rats with high doses of
morphine fails to cause significant down-regulation of u opioid
receptors, although these animals develop profound physio-
logical tolerance to opiate agonists (26, 27). This model also is
consistent with observations that equieffective doses of etor-
phine and morphine differ substantially in their propensity to
induce physiological tolerance (16). By analogy with certain
other GPCRs (20, 21), we propose that agonist-dependent
arrestin binding to u opioid receptors therefore serves a dual
role. First, arrestin binding rapidly desensitizes cells to the
presence of agonist by uncoupling receptor from G protein.
Second, by mediating association of the receptor with clathrin-
coated pits, arrestin targets receptors to recycling endosomes
from where they are sent back to the cell surface to resensitize
the cell to agonist. Thus the ability of morphine to activate
opioid receptors without promoting these arrestin-mediated
regulatory mechanism is possibly expected to cause important
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disturbances of physiological homeostasis, contributing to the
pathophysiology of opiate tolerance and dependence.

In conclusion, we have elucidated a distinct molecular
mechanism that mediates the agonist specificity of opioid
receptor regulation and distinguishes the physiological actions
of analgesic drugs observed both irn vivo and in cultured cells.
By establishing that morphine-activated p opioid receptors
strongly activate heterotrimeric G proteins but evade arrestin-
mediated receptor regulation, our results suggest a precise
molecular mechanism to explain the different physiological
actions of opioid peptides and alkaloid analgesic drugs, such as
morphine, on opioid receptor function. This mechanism may
play a critical role in the biology of opiate drug tolerance and
dependence, as morphine and etorphine differ significantly in
their ability to promote both internalization of receptor and
the development of tolerance in vivo (16). In addition to their
importance to the effects of opiate drugs on the endogenous
opioid system, these studies have general relevance to GPCR
biology because they suggest that individual agonists can
induce distinct activated conformations of a GPCR that differ
significantly in their physiological regulation. Our observations
suggest that it is possible, in principle, to design agonists for
GPCRs that strongly activate receptor signaling through their
cognate heterotrimeric G proteins without promoting GRK
and/or arrestin-mediated desensitization of receptors, thereby
circumventing a major limitation in the therapeutic usefulness
of a wide variety of agonist drugs used currently in clinical
medicine.

Note Added in Proof. While this manuscript was under review,
complementary studies of a rat u opioid receptor were reported by
Zhang et al. (28).
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