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Agonist-selective signaling is determined by the
receptor location within the membrane domains
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The basis for agonist-selective signaling was investigated by using
the p-opioid receptor (MOR) as a model. In the absence of agonist,
MOR located within the lipid raft domains, whereas etorphine, but
not morphine, induced the translocation of MOR from lipid raft to
nonraft domains, similar to the action of methyl-g-cyclodextrin.
The etorphine-induced MOR translocation required the dissocia-
tion of the receptor from Gai2 first and then the binding of
B-arrestin. In contrast, the low affinity of the morphine-MOR
complex for B-arrestin and the rebinding of Gai2 after GTP hydro-
lysis retained the complex within the lipid raft domains. Disruption
of the MOR-Gai2 interaction, either by deleting the 276RRITR?80
sequence of MOR or knocking down the level of Gai2, resulted in
the translocation of MOR to the nonraft domains. In addition, lipid
raft location of MOR was critical for G protein-dependent signal-
ing, such as etorphine- and morphine-mediated inhibition of ad-
enylyl cyclase activity and morphine-induced ERK phosphorylation,
whereas B-arrestin-dependent, etorphine-induced ERK phosphor-
ylation required MOR to translocate into the nonraft domains.
Thus, agonist-selective signaling is regulated by the location of
MOR, which is determined by interactions of MOR with G proteins
and p-arrestin.

lipid raft | opioid

gonists possess different efficacies on different signaling
pathways of particular receptors (1, 2). Understanding
agonist-selective signaling will accelerate the development of
pathway-selective drugs, which have higher efficacy and potency,
but fewer side effects (2). Among the various observations of
agonist-selective signaling, selectivity between G protein-
dependent and B-arrestin-dependent pathways of G protein-
coupled receptor (GPCR) agonists has been well studied (2). For
example, angiotensin II (angiotensin II receptor type 1A recep-
tor agonist) uses both the G protein-dependent and B-arrestin-
dependent pathways to induce ERK phosphorylation, whereas
ICI118551 (B2-adrenergic receptor agonist) and CCL19 (che-
mokine receptor CCR7 agonist) induce ERK phosphorylation
completely via one of the two pathways (3-5). Classically,
receptor-mediated activation of the G protein releases free GBy
subunits and induces GPCR kinase (GRK)-mediated receptor
phosphorylation, which in turn increases the affinity of the
receptor for B-arrestin (6). The binding of B-arrestin terminates
the G protein-dependent pathway by uncoupling the G protein
from the complex and activates signaling mediated by itself. Thus
the activation of the B-arrestin-dependent pathway requires G
protein activation. However, the existence of G protein-
independent B-arrestin signaling was observed with the GPCR
mutants that were incapable of interacting with G proteins (7, 8).
How agonists select between the two pathways remains unclear.
One probable mechanism is that the GPCR location within
different membrane domains, such as lipid raft and nonraft
domains, determines the agonist-selective signaling. The lipid
raft domain is characterized as a dynamic plasma membrane
domain containing high levels of cholesterol and sphingolipids
(9, 10) and is enriched with a variety of signaling factors, such as
G protein-coupled receptors (GPCRs), G protein, and adenylyl
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cyclase (AC) (11-15). The lipid raft location is essential for the
normal functioning of several GPCRs, such as gonadotropin-
releasing hormone receptor-mediated ERK phosphorylation,
neurokinin 1 receptor-mediated PKC activation, and §-opioid
receptor-mediated AC inhibition (12, 13, 16). In addition, after
agonist treatment, the B2-adrenergic receptor translocates out of
the lipid raft, whereas sphingosine EDG-1, muscarinic M2, and
thyrotrophin TRH translocate into the lipid raft (17). Therefore,
it is reasonable to propose that signal pathway selectivity of
agonists is based on the location of the receptor within various
membrane domains.

Our recent studies with the p-opioid receptor (MOR) dem-
onstrated that etorphine induced ERK phosphorylation only via
the B-arrestin-dependent pathway, whereas morphine activated
ERK only via the G protein-dependent pathway (18). In addi-
tion, some MOR-mediated signals, such as agonist- induced
receptor internalization and increased AC activity after pro-
longed agonist treatment, were attenuated by methyl-g-
cyclodextrin (MBCD), a disruptor of lipid rafts (19). Hence,
MOR-induced ERK phosphorylation represents an excellent
model for examining the relationships between receptor trans-
location among membrane domains and agonist-selectivity for
the G protein-dependent and B-arrestin-dependent pathways.

Results

Etorphine, but Not Morphine, Induced MOR Translocation both in Vitro
and in Vive. The observed difference in pathways selected by
morphine and etorphine to activate ERK could be caused by the
influence of the two agonists on MOR distribution among cell
surface domains. Lipid raft and nonraft domains were separated.
The successful separation was confirmed by using antibodies
against Gaq (a lipid raft marker) and transferrin receptor (TR;
a nonraft marker). Because the immunoreactivities of Gaq and
TR peaked at the fourth and sixth fraction of a continuous
sucrose gradient [supporting information (SI) Fig. S1A], the
ratio of MOR amounts in these two fractions was calculated and
represented the distribution of MOR in membrane domains. In
addition, the MOR level in each fraction was calculated as the
percentage of the total MOR in the first 10 fractions of the
gradient to reflect the relative amount of MOR. Consistent with
aprevious report (19), MOR was shown to locate within the lipid
raft in the absence of agonists. However, when the cells were
treated with etorphine for 10 min, MOR translocated to the
nonraft fractions (Fig. 14 and Fig. S14). This translocation was
not observed with morphine treatment nor was it the result of
receptor endocytosis because etorphine still induced MOR
translocation when 0.4M sucrose was used to block receptor
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Fig.1. MORlocated inlipid raft both in vivo and in vitro. (A) Sucrose gradient
fractionation of the cell homogenates. HEK293 cells were treated with 1 uM
morphine, 10 nM etorphine, or 10 nM etorphine with 0.4 M sucrose pretreat-
ment for 10 min (Etorphine+S). Then MOR location on the cell membrane was
determined, as described in Materials and Methods. The amount of MOR in
each fraction was adjusted to the percentage of total MOR in first 10 fractions.
In addition, the ratio between fractions 6 and 4 was calculated to provide
additional information on the distribution of MOR between lipid raft and
nonraft domains, as summarized by the bar graphs. (B) Distribution of MOR
from hippocampus in sucrose gradient fractions. Samples from mice injected
with morphine or etorphine and the hippocampus homogenates were pre-
pared and fractionated as described in Materials and Methods.

internalization (20) (Fig. 14 and Fig. S14). Moreover, confocal
microscope imaging also indicated the colocalization of MOR
with the cholera toxin subunit B (CT-B), a lipid raft marker (21).
In the absence of an agonist, 75 * 15% (n = 4) of MOR
colocalized with CT-B (Fig. 2 A). Ten-minute exposure to 1 uM
morphine did not alter this percentage (73 * 17%; n = 5).
However, 10 min after 10 nM etorphine treatment, MOR and
CT-B colocalization decreased significantly to 29 + 23% (n = 6)
in the absence or 31 = 17% (n = 4) in the presence of 0.4 M
sucrose. Colocalization of MOR with CTB was demonstrated
also with live images of morphine- and etorphine-treated cells
captured before and 10 min after agonist challenge. Again, only
etorphine-treated cells showed a decrease in MOR and CT-B
colocalization (Fig. 2B).

To demonstrate etorphine-dependent translocation in vivo,
mice were injected with 10 mg/kg morphine or 5 ug/kg etorphine
(10-fold EDsp) s.c. After maximum analgesia effects were
reached (15 min for etorphine and 30 min for morphine), the
mice were euthanized and their hippocampi were dissected to
monitor the location of MOR on the cell membrane (22, 23).
Similarly, etorphine, but not morphine, induced MOR translo-
cation, as indicated by sucrose gradient fractionation (Fig. 1B).

Translocation of MOR to Nonraft Attenuated G Protein-Dependent
Signaling. To verify that the translocation of MOR could affect
MOR signaling, MBCD, which removes cholesterol from cells,
was used to disrupt the lipid raft domains (24, 25). After MBCD
treatment, translocation of Gaq and Geai2 from lipid raft to
nonraft fractions, as indicated by TR immunoreactivities, was
observed. At the same time, there was a parallel MOR translo-
cation into the nonraft fractions, which could be reversed by the
addition of cholesterol (Fig. 34 and Fig. S1B). When agonist-
induced AC inhibition and ERK phosphorylation were moni-
tored, MBCD pretreatment decreased both the potencies and
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Fig. 2. MOR located in lipid raft indicated by confocal microscopy. (A)
Confocal images of MOR and CTX-B colocalization. Immunofluorescence pro-
cedures were described as in Materials and Methods. Treatments were same
as in Fig. 1. The numbers below the merge panels represent the pixels
colocalization ratios that were calculated by IPLab 4.0. (B) Live cell confocal
images of MOR and CTX-B. Live images were taken before and 10 min after 1
uM morphine and 10 nM etorphine treatments. Only etorphine induced
significant decrease of the colocalization between MOR and CT-B.

efficacies of morphine and etorphine to inhibit forskolin-
stimulated AC activity. These attenuations were rescued by the
addition of cholesterol (Table 1). In addition, MBCD treatment
inhibited morphine-induced, but not etorphine-induced, ERK
phosphorylation (Fig. 3B). Thus, the location of MOR in lipid
raft is essential for G protein-dependent signaling.

MOR Interaction with Gai2 Determines the Location of the Receptor.
Accumulating data suggest that the a-subunits of G proteins are
located within the lipid raft domains (26). Therefore, we exam-
ined whether Ga is responsible for the lipid raft location of
MOR. Adenovirus constructs were used to deliver pertussis
toxin (PTX)-resistant Gao, Gai2, and Gai3 to murine neuro-
blastoma neuro2A (N2A) cells, as reported (16, 27). Overnight
treatment of these cells with 0.1 ug/ml PTX attenuated ERK
phosphorylation induced by both morphine and etorphine,
whereas only PTX-resistant Gai2 was able to rescue the PTX
blockade (Fig. S2). The interaction of MOR with Gai2 could be
demonstrated by the coimmunoprecipitation of the receptor-
Guai2 complex (Fig. 44). The Gai2 pulled down by MOR or vice
versa could be observed in control cells and 1 uM morphine-
treated cells. In contrast, the amount of either MOR or Gai2
proteins that were pulled down was reduced 10 min after 1 uM
etorphine treatment with or without sucrose (Fig. 44).

The location of MOR within various membrane domains was
affected by the level of Gai2. The expression level of Gai2 was
manipulated by transfecting with sense and antisense Gai2
constructs (Fig. 4B). When the Gai2 level was increased by
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Fig.3. MpBCD treatment affected MOR location and signaling. (A) Distribu-

tion of MOR after MBCD and cholesterol treatment. HEK293 were treated
with 1 mM MBCD for 1 h (MBCD) or 1 mM MBCD for 1 h and then 10 pg/ml
cholesterol for 3 h (MBCD+Chol). Immunoreactivities of Gai2, Gag, and TR
were also detected. (B) Effect of MBCD and cholesterol treatment on agonist-
induced ERK1/2 phosphorylation. Morphine (1 uM) or 10 nM etorphine was
used to treat HEK293 for 10 min after MBCD or cholesterol treatment. The
amount of ERK1/2 being phosphorylated was then determined as described in
Materials and Methods.

overexpressing the sense construct, etorphine-induced MOR
translocation was attenuated significantly (Fig. 4C). When Gai2
was down-regulated by the expression of the antisense construct,
MOR was observed within the nonraft domains in the absence
of etorphine (Fig. 4C). Moreover, changes in MOR signaling
were observed in parallel to MOR translocation. Morphine-
induced ERK phosphorylation and AC inhibition were de-
creased after the Gai2 level was down-regulated. However,
etorphine-induced ERK phosphorylation decreased, whereas

AC inhibition increased, after the overexpression of Gai2 (Table
1 and Fig. 4D).

The interaction of MOR with Gai2 in determining the lipid
raft location of MOR was demonstrated further with a MOR
mutant that lacks the BBXXB motif required for G protein
interaction. The deletion of the 2RRITR?*® sequence from
MOR (I35) resulted in decreased interaction with Ga and the
inability to mediate AC inhibition (28). The weaker interaction
between I35 and Gai2 was confirmed by the lesser amount of
MOR or Gai2 coimmunoprecipitated by each other (Fig. 5B).
The reduction in MOR-Gai2 interaction resulted in I35 being
located within nonlipid raft domains in the absence of agonist
(Fig. 54), but did not influence the locations of Gaq and Gai2,
as in the case of MBCD treatment (Fig. 34). As expected, 135 lost
the ability to mediate morphine-induced AC inhibition and ERK
phosphorylation. However, even with the inhibition of AC by
etorphine was completely abolished, I35 still mediated the
etorphine-induced ERK phosphorylation (Table 1 and Fig. 5C).
Again, the I35 mutant demonstrated the importance of lipid raft
location of MOR for G protein-dependent signaling.

The Translocation of MOR from Lipid Raft to Nonraft Required
B-Arrestin2. B-Arrestin-mediated receptor internalization was
not the reason for MOR translocation (Fig. 1). The involvement
of B-arrestin in the translocation process has not been estab-
lished or eliminated. Therefore we used mouse embryonic
fibroblast (MEF) cells from WT and B-arrestin2 knockout
(BKO) mice to examine the role of B-arrestin on agonist-induced
membrane domains translocation. BKO MEF cells were used
because MOR interacts more tightly with B-arrestin2 than
B-arrestinl and B-arrestin2 mediates etorphine-induced ERK
phosphorylation (18, 29). The titer of adenovirus construct with
HA-MOR used to infect the MEF cells was controlled to
produce similar expression of MOR in these cells (data not
shown). Similar to observations with HEK293 cells, etorphine,
but not morphine, induced MOR translocation in WT MEF
cells. However, etorphine could not induce MOR translocation
in the BKO MEF cells (Fig. 64). Similar results were observed with
MEF cells from B-arrestinl/2 double knockout mice (data not
shown). In addition, MOR signaling in the presence of etorphine
was altered in MEF cells from BKO mice. Etorphine-induced ERK
phosphorylation was blocked in B-arrestin-deficient MEF cells (18),

Table 1. Potencies and maximal activities of morphine and etorphine to inhibit the

forskolin-stimulated AC

Morphine Etorphine

Maximum Maximum
Cells Ki, nM inhibition, % Ki, nM inhibition, %
HEK293-MOR 11 +23 85+ 29 0.11 = 0.02 84 + 1.0
HEK293-MOR with MBCD 23 *+ 5.3*%* 46 + 2.2%* 0.27 = 0.05** 47 + 1.9%*
HEK293-MOR with MBCD and 10+ 1.6 82+76 0.10 = 0.04 82+22

cholesterol

HEK293-MOR with control vector 11 +1.9 80 = 1.2 0.13 = 0.03 79 = 0.8
HEK293-MOR with sense Gai2 17 + 4.1% 67 = 3.1* 0.13 = 0.05 76 = 3.0
HEK293-MOR with antisense Gai2 12 +2.7 80 = 2.6 0.069 + 0.03* 90 = 2.0
HEK293-MOR with PTX >10,000 >10,000
HEK293-135 >10,000 >10,000
WT-MEF 12 +3.9 36 = 3.3 0.11 = 0.03 40 + 3.4
BKO-MEF 14 + 3.1 35+ 3.1 0.071 + 2.0* 55 + 3.9*

The abilities of morphine or etorphine to inhibit 10 uM forskolin-stimulated intracellular cAMP production in
cells with various treatments were determined. K represents the concentration of agonist that produced 50% of
the maximal inhibition. Intracellular cAMP level were done as described in previous studies (18, 19). *, P < 0.05

and **, P < 0.005 in two-tail t test.
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Fig.4. Theinteraction with Gai2 was essential for MOR to locate in lipid raft.
(A) Coimmunoprecipitation of Gai2 with MOR-HA. HEK293 cells were treated
with 1 uM morphine, 10 nM etorphine, or 10 nM etorphine and 0.4 M sucrose
pretreatment (Etorphine+S) for 10 min. Then Gai2 and HA antibodies were
used for immunopreciptation experiment, as described in Materials and
Methods. (B) Control of Gai2 level in HEK293 cells with sense and antisense
constructs. Sense (S) and antisense (AS) Gai2 were transfected into HEK293
cells. After 24 h, the amount of Gai2 was determined by Gai2 antibody and
B-actin was used as the loading control. (C) MOR location in membrane
domains after alteration in Gai2 level. Morphine (1 M) and 10 nM etorphine
were used to treat HEK293 cells for 10 min after sense and antisense Gai2
transfection. MOR location was determined with sucrose gradient fraction-
ation. (D) Agonist-induced ERK1/2 phosphorylation after Gai2 sense and
antisense treatment. After modulating the expression level of Gai2, ERK1/2
phosphorylation was monitored after 10 min of 1 uM morphine and 10 nM
etorphine treatment.

whereas etorphine-induced inhibition of forskolin-stimulated AC
activity was increased (Table 1).

The fact that MOR interaction with B-arrestin is critical for
etorphine-induced receptor translocation was demonstrated with a
MOR mutant, MOR363D, which was truncated after Ser-363 and
could not be phosphorylated by GRK in the presence of a MOR
agonist (30, 31). As predicted, after 10 min of etorphine treatment,
MOR363D remained within the lipid raft domains (Fig. S3).
However, if the cells were treated with etorphine for 3 h,
MOR363D was observed to translocate to the nonraft domains
(Fig. S3). This observation was consistent with the previous study
in which etorphine was observed to induce MOR363D internal-
ization at a slower rate but to a similar extent (30).

The Dissociation of Gai2 from MOR Was Necessary for B-Arrestin2
Binding. PTX treatment blocked etorphine-induced ERK phos-
phorylation and MOR translocation (Fig. S1 and Fig. S4A4). In
addition, even prolonged etorphine treatment (3 h) was unable
to induce receptor translocation after PTX pretreatment (Fig.

9424 | www.pnas.org/cgi/doi/10.1073/pnas.0802253105
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Fig. 5. MOR deletion mutant I35 is located in the nonraft domains. (A)
Relative receptor level in the sucrose gradient fractions. HEK293 cells stably
expressing MORI35 was processed, as described in Materials and Methods. The
sucrose gradient distribution of 135 was compared with that of WT MOR. (B)
Coimmunoprecipitation of 135 and Gai2. HA and Gai2 antibodies were used to
coimmunoprecipitate Gai2 and 135. The amount of MOR mutant and Gai2
coimmunoprecipitated was compared with that of WT MOR. (C) Ability of I35
to mediate ERK1/2 phosphorylation. HEK293 cells with 135 were exposed to 1
M morphine and 10 nM etorphine for 10 min. The amount of ERK1/2
phosphorylated was determined, as described in Materials and Methods.

S4A4), in contrast to the 363D, which has a low affinity for
B-arrestin but translocates after prolonged etorphine treatment
(Fig. S3). Thus, PTX treatment prevented the binding of B-ar-
restin. Moreover, PTX uncoupled Geai2 from MOR only func-
tionally [indicated by attenuated AC inhibition (Table 1)] but not
structurally [indicated by a similar amount of Gai2 coimmuno-
precipitated with MOR or vice versa, regardless of whether the
cells were exposed to morphine or etorphine (Fig. S4B)]. Con-
sidering the ability of I35 to mediate etorphine-induced ERK
phosphorylation (Fig. 5C), the dissociation of Gai2 from MOR
preceded the B-arrestin binding and MOR translocation.

Discussion

Previous reports have demonstrated the critical roles of lipid raft
domains in GPCR signaling (12, 13, 17). Normally, the a-sub-

- WT-Control
-+ WT-etorphine

-e- BKO-Etorphine
304

204

(fraction6/fraction4)

104 o
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Level, % total

Fraction Number

“ééif‘ ‘519

Fig. 6. Etorphine-induced MOR translocation requires p-arrestin2. WT MEF
cells and MEF cells from BKO mice were infected with adenovirus containing
MOR-HA to reach an expression level of 0.5 + 0.1 pmol/mg protein. Morphine
(1 uM) and 10 nM etorphine were used to treat these cells 48 h after viral
infection. The locations of MOR in sucrose gradients were then determined.
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units of G proteins are recognized to be markers for lipid raft
and can form complexes with GPCRs (32-34). In addition, Gai2
forms a stable complex with MOR in the absence of agonist (26,
32, 35). Therefore, it is reasonable to suggest that Gai2 mediates
MOR location within the lipid raft. When this interaction was
interrupted, the receptor translocated to the nonraft domains, as
shown in the case of I35 (Fig. 5). This translocation appears to
interrupt G protein-mediated receptor signaling, such as AC
inhibition. Interestingly, deletion of the BBXXB motif in I35 was
more efficient than MBCD in attenuating AC inhibition and
morphine-induced ERK activation (Figs. 3 and 5), because when
cells were treated with MBCD, Gai2 and MOR translocated to
nonraft domains together (Fig. S1), whereas the Gai2 lipid raft
location was not affected by the MOR mutant 135. The expres-
sion level of Geai2 is also important (Fig. 4). It is clear that when
Gai2 is down-regulated and not sufficient to anchor all of the
MOR to lipid raft domains the percentage of MOR within the
nonraft domains increases. MOR translocation induced by etor-
phine was attenuated when Gai2 was overexpressed, thus pro-
moting the continued interaction between Gai2 and MOR (Fig.
4). In contrast, PTX pretreatment did not alter MOR location
among the membrane domains (Fig. S4). This observation is not
surprising, considering that PTX pretreatment could not elim-
inate the G protein—receptor interaction, as reflected in the
high-affinity state binding of the B2-adrenergic receptor and the
8-opioid receptor (36, 37) and the ability to coimmunoprecipi-
tate Gai2 with the receptor and vice versa (Fig. S4).

Both the translocation of GPCRs from lipid raft to nonraft
domains and from nonraft to lipid raft domains after agonist
treatment have been reported (17). For MOR, etorphine, but not
morphine, could induce the translocation from lipid raft to
nonraft domains. Furthermore, this translocation requires the
participation of B-arrestin2 as illustrated by our studies with
MEF cells from BKO mice (Fig. 6). Normally, B-arrestin un-
couples GPCR from G proteins depending on the receptor’s
affinity for G proteins, B-arrestin, and GRK2. However, in
addition to the cellular levels of these proteins, the dissociation
of Gai2 was critical for the binding of B-arrestin to MOR, as
suggested by the I35 and Gai2 experiments (Figs. 4 and 5).
Hence, we hypothesize that a new wrinkle in the receptor
“uncoupling” exists in MOR signaling. After MOR activation,
Gai2 dissociates from MOR to interact with various effectors.
The agonist-MOR complex translocates to nonraft domains, as
in the case of I35. If the complex has an affinity for B-arrestin,
it will bind B-arrestin and cannot interact with Gai2 again after
GTP is hydrolyzed. Thus, it will stay in nonraft domains. If the
complex has a low affinity for B-arrestin, such as the morphine—
MOR complex, it will translocate back to the lipid raft domain
by interacting with Gai2 again. Thus B-arrestin is required for
MOR translocation because it prevents MOR from diffusing
back into lipid raft domains. Our PTX experiments clearly
indicate that, without initial G protein activation, agonist-
induced translocation does not occur. Thus, B-arrestin influ-
ences the eventual membrane domain location of MOR, but does
not initiate the translocation process. In addition, the functional,
but not structural, attenuation of G protein-receptor interaction
by PTX treatment retains the G protein with MOR and prevents
B-arrestin binding, which addresses the observation that PTX
treatment blocks signaling mediated by both G protein and
B-arrestin.

B-Arrestin has been viewed to be essential for GPCR endo-
cytosis (2). However, the actions of B-arrestin that trigger MOR
translocation and receptor endocytosis are distinct. MOR was
observed within nonraft domains in the presence of 0.4 M
sucrose (Fig. 1), a condition in which clathrin-coated pits for-
mation can be blocked (20). With the I35 mutant that does not
internalize after agonist treatment (28), B-arrestin-dependent,
etorphine-induced ERK1/2 phosphorylation was observed (Fig.
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5). However, the recruitment of AP2 and EPS15 from cytoplasm
to nonraft domains during etorphine treatment was observed in
our studies (data not shown). Therefore, whether such recruit-
ments enhanced B-arrestin-dependent MOR translocation could
not be determined at present.

Redistribution of MOR from the lipid rafts blunts AC inhi-
bition and morphine-induced ERK1/2 phosphorylation, which
are G protein-dependent. However, it does not alter B-arrestin-
dependent signaling, as in the case of etorphine-induced ERK1/2
phosphorylation. Hence, agonists influence the actual MOR
location within membrane domains and then determine which
signaling pathway will be activated. Our recent report (18)
indicated that pathway selectivity influenced the eventual cel-
lular locations of activated ERK1/2 and hence the transcription
factors to be activated. Thus, by regulating the membrane
distribution of MOR, the opioid agonists could select for specific
signaling pathways, resulting in differential transcriptional ac-
tivities that might contribute to the previously observed differ-
ential tolerance induced by various opioids (23). The localization
of MOR within lipid rafts in rodent brains has been reported (38)
and agonist-induced translocation was observed (Fig. 1). If such
agonist-dependent translocation of MOR has similar conse-
quences on MOR signaling in synaptic plasma membrane as in
cell models, by manipulating the cholesterol content, the loca-
tion of the receptor can be altered, which will influence the in
vivo activities of the opioid receptor. Therefore, in future drug
development, the location of the receptor within the membrane
domains needs to be considered carefully.

Materials and Methods

Cells and Chemicals. HEK293 cells stably expressing HA-tagged MOR (HA-MOR)
were cultured in MEM with 10% FBS and 200 ng/ml G418. N2A cells with HA-MOR
and MEF cells were cultured in DMEM with 10% FBS with or without 200 ng/ml
G418. MOR mutants, with 276RRITR28% sequence in the third intracellular loop (I135)
or the carboxyl tail sequence after Ser-363 deleted (363D), were generated, as
described (28, 30). Sense and antisense Gai2 in pCDNA3 were transfected to
HEK293 cells by using Effectene (Qiagen). Adenovirus system was used to deliver
HA-MOR to MEF cells and PTX-resistant Ga (27) to the N2A cells. MBCD and PTX
were purchased from Sigma and Listlabs, respectively.

Determination of MOR Location on Cell Surface. After cells were lyzed in 700 ul
of 500 mM sodium carbonate, they were homogenized by passing through
needles (20 and 22 gauge) 10 times, followed by three 10-s bursts at setting
four of the sonicator equipped with a microprobe (Heat Systems-Ultrasonics).
The sonication did not affect the distribution of receptor, as compared with
the samples prepared by using digitonin to solubilize the proteins within the
lipid raft (data not shown). The homogenates with equal volumes of 80%
sucrose [in modified Barth's solution (MBS), pH 6.8] were placed at the bottom
of ultracentrifugation tubes that contained continuous sucrose gradients
from 5% to 30% (in MBS containing 250 mM sodium carbonate), formed by
the Gradient Station (BioComp). The gradient was centrifuged at 32,000 rpm
for 16 hinaSW41 rotor. A total of 12 fractions (1 ml each) were collected, using
the Gradient Station. The amounts of MOR and marker proteins in each
fraction were detected by immunoblotting.

Localization of MOR in Mouse Hippocampus. Three-month-old male mice
(C57/B6) were used. Two were injected s.c. with 10 mg/kg morphine and killed
30 min after injection. Others were injected s.c. with 5 pg/kg etorphine or
saline (two per treatment) and killed 15 min later. Hippocampi of the mice
were dissected and subjected to sucrose gradient and immunoblotting, as
described above.

Confocal Imaging. Cells were cultured on polylysine (Sigma)-coated coverslip
in six-well plates. After various treatments, cells were washed twice with PBS
at 4°C twice and fixed with 2% formaldehyde for 30 min. Then the cells were
washed with PBS three times and blocked in blocking buffer (PBS with 5%
normal donkey serum). MOR was visualized by staining with mouse mono-
clonal anti-HA (Convance; 1:1,000) and Alexa 488-conjugated goat-anti-
mouse antibody (1:1,000) (Molecular Probes). Lipid rafts were identified by
using lipid raft labeling kits (Molecular Probes). The confocal images were
captured with a BD CARV Il Confocal Imager and a Leica DMIRE2 fluorescence
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microscope. Colocalization of the fluorescence pixels was calculated with IPlab
4.0 software (BD Biosciences-Bioimage). For live cell imaging, cells were
labeled with the same antibodies, but without fixation. After removing the
excess antibodies with repeated washings, live cell images were captured with
same setup, except that the microscope stage was heated to 37°Cand enclosed
with achamber to control the CO; level at 5%. Images of these cells before and
10 min after drug treatment were captured and analyzed accordingly.

Immunoprecipitation. Cells were homogenized as described for the sucrose
gradients. Gai2 (1:500) or HA (1:1,000) antibodies were added to the homog-
enate and rotated at 4°C for 3 h. Then protein G agarose (Invitrogen) was
added (1:50) and rotated overnight at 4°C.
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Statistic Analysis. All of the experiments were repeated at least three time
(except twice for the in vivo animal study). P < 0.05 (*) and P = 0.005 (**) in
two-tail t test.
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