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Abstract
Receptor desensitization involving receptor phosphorylation and subsequent βArrestin (βArr)
recruitment has been implicated in the tolerance development mediated by μ-opioid receptor
(OPRM1). However, the roles of receptor phosphorylation and βArr on morphine-induced OPRM1
desensitization remain to be demonstrated. Using OPRM1-induced intracellular Ca2+ ([Ca2+]i )
release to monitor receptor activation, as predicted, [D-Ala2, N-Me-Phe4, Gly5-ol]-enkephalin
(DAMGO), induced OPRM1 desensitization in a receptor phosphorylation- and βArr-dependent
manner. The DAMGO-induced OPRM1 desensitization was attenuated significantly when
phosphorylation deficient OPRM1 mutants or Mouse Embryonic Fibroblast (MEF) cells from βArr1
and 2 knockout mice were used in the studies. Specifically, DAMGO-induced desensitization was
blunted in HEK293 cells expressing the OPRM1S375A mutant and was eliminated in MEF cells
isolated from βArr2 knockout mice expressing the wild type OPRM1. However, although morphine
also could induce a rapid desensitization on [Ca2+]i release to a greater extent than that of DAMGO
and could induce the phosphorylation of Ser375 residue, morphine-induced desensitization was not
influenced by mutating the phosphorylation sites or in MEF cells lacking βArr1 and 2. Hence,
morphine could induce OPRM1 desensitization via pathway independent of βArr, thus suggesting
the in vivo tolerance development to morphine can occur in the absence of βArr.
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Introduction
Chronic or repetitive usage of opioid analgesic such as morphine results in the development
of tolerance, which largely prevents the clinical usage of morphine. However, the exact
molecular mechanism of morphine tolerance development has not been demonstrated
unequivocally. Opioid receptor desensitization has been suggested to be closely related to the
in vivo tolerance development [1–3] . Since μ-opioid receptor (OPRM1) has been demonstrated
to be the major opioid receptor to mediate the analgesia and tolerance effects of morphine by
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using receptor null mice [4,5], studies on cellular mechanism of opioid tolerance have focused
mostly on OPRM1 desensitization.

Currently, the mechanism of GPCR desensitization is based mainly on the involvement of
GRK and βArrs. After agonist binds to the receptor, GRK will mediate receptor
phosphorylation and subsequently increase the affinity of agonist-receptor complex for the
cytosolic protein βArr. Translocation of βArr to receptor disrupts receptor-G protein coupling
and dampens the receptor signal transduction processes [6]. This GPCR regulatory mechanism
has been demonstrated with various receptors such as β2-adrenergic receptor, m2-muscarinic
receptors, dopamine D1A receptor [7–10] among other GPCRs within the rhodopsin subfamily
of GPCR. Likewise, agonist-mediated phosphorylation of δ-opioid receptor (OPRD1) has been
shown to lead to βArrs recruitment and eventual OPRD1 desensitization [11–13]. However,
the βArr involvement in morphine-induced OPRM1 desensitization is equivocal. On one hand,
the involvement of βArr in morphine-induced in vivo tolerance development was demonstrated
with the βArr2 null mice studies with the hot plate but not with the tail-flick antinociceptive
assays [1]. Also, the ability of morphine to induce in vitro tolerance development was impeded
in the GRK3 knockout mice [14]. These studies supported a role of βArr in morphine-induced
tolerance. On the other hand, morphine was unable to induce OPRM1 phosphorylation and
βArrs recruitment [3,15,16]. In addition, when Gαi-mediated inhibition of adenylyl cyclase
activity was monitored, OPRM1 desensitization was observed only after several hours of
DAMGO pretreatment while receptor phosphorylation and βArr recruitment occurred within
minutes [8,17]. Moreover, the inability of GRKs and βArr2 overexpression to affect OPRM1
desensitization in various cell types further suggested a lack of correlation between OPRM1
desensitization and GRK-mediated receptor phosphorylation and βArrs recruitment [16,18,
19]. These divergent observations of OPRM1 desensitization might be due to the relatively
weak interaction between OPRM1, GRKs and βArr when compared to DOR [20].

In order to address the mechanism of morphine-induced receptor desensitizaiton, it is critical
to have a sensitive experimental measurement to indicate changes in receptor activity within
minutes. Previous studies indicated that Gαi is more efficient in transducing opioid receptor
signals than Gβγ-subunits [21]. This is probably the reason why opioid receptor desensitized
in hours when Gαi-mediated inhibition of adenylyl cyclase activity was measured, while
desensitized in minutes when Gβγ-mediated activation of potassium channel was monitored
[22]. Although the [Ca2+]i release has been shown to be mediated either by the direct activation
of phospholipase Cβ [23,24], or by the co-activation of Gq-coupled receptors [25,26], it is
unequivocal that opioid receptor mediated this response via the Gβγ subunits [23,24]. Hence,
in current study, the role of receptor phosphorylation in morphine- and DAMGO-induced
OPRM1 desensitization was examined by monitoring opioid receptor-mediated [Ca2+]i release
in HEK293 cells expressing wild type or phosphorylation deficient OPRM1 mutants. The role
of βArr in morphine- and DAMGO-induced receptor desensitization was determined with
mouse embryonic fibroblast (MEF) cells isolated from wild type and βArr deficient mice. It
can be shown that in contrast to DAMGO, morphine could induce OPRM1 desensitization
without receptor phosphorylation and the involvement of βArr.

Materials and Methods
Cell Culture and Chemicals

Hemagglutinin (HA) tagged μ-opioid receptor (HA-OPRM1), HA-OPRM1 in which Ser363,
Thr370 or Ser375 residues was individually mutated to Ala (HA- OPRM1S363A, HA-
OPRM1T370A, HA- OPRM1S375A) and HA-OPRM1 with Ser363, Thr370 and Ser375 residues
mutated to Ala (HA-OPRM1363/370/375) were stably expressed in HEK293 cells as described
before [27]. Cells were grown in Dulbecco’s modified Eagle’s minimal essential medium
(DMEM) with Earle’s salt supplemented with 10% fetal bovine serum and 200 ng/ml G418
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sulfate. Receptor expression level were determined by binding assays. Wild type, β-arrestin2
null (βArr2−/−) and β-arrestin1 and 2 null (βArr1/2−/−) Mouse Embryonic Fibroblasts (MEF)
cells (generous gifts from Dr. R. Lefkowitz, Duke University, NC) were cultured in DMEM
supplemented with 10% fetal bovine serum. Normally, cells were cultured for 24 hr before
agonist treatment. Effectene (QIAgen, Santa Clanta, CA) was used to transfect βArr2 to
HEK293 cells and Adenovirus was used to express OPRM1 in MEF cells after 24 hr of
culturing. The cells were cultured for additional 48 hr after the transfection or virus infection.
Then agonists or inhibitors were added for desired concentration and time as described in Figure
legend.

Adenoviral infection of MEF cells
The titer of the adenovirus containing OPRM1 (Ad-OPRM1) was determined to be
~2.5×109 infectious units (IU)/ml. MEF cells were grown in DMEM with 10% FBS at 6-well-
plate to be about 50% confluent. Then the media was removed. Adenovirus containing OPRM1
(Ad-OPRM1) virus was diluted in DMEM with 2%FBS and added to the wells. Multiplicity
of infection (MOI) was determined by making virus dose and receptor expressing level curve.
Desired MOI was used to reach the approximated same receptor expression level. After 1and
half hour, DMEM with 10%FBS was added back to the wells. Cells were incubated at 37°C
for 48hours before the assays were carried out.

Intracellular Ca2+ measurement
One day before the assay, CORNING® black with clear flat bottom 96-well-assay plate was
coated with poly-L-Lysine. HEK293 cells or MEF cells, which were grown in MEM or DMEM
as described previously, were suspended in the same medium and plated at a density of
~3×104 cells/well in 150µl medium. HEK293 and MEF cells were incubated in a humidified
atmosphere of 5% or 10% CO2 respectively at 37°C overnight so as to reach an 80~90%
confluent cell monolayer before assay. At the day of assay, 100µl medium/well was removed
from plate. To each well, 50µl FLIPR® calcium assay reagent (Molecular Devices Corp)
dissolved in 1x reagent buffer (1×HANKs buffer with 20mM HEPES), pH 7.4, with 5mM
probenecid was added and the plate was incubated at 37°C for 1 hour. Agonists, inhibitors and
other reagents were dissolved in the assay buffer (HBSS: KCl 5mM, KH2PO4 0.3mM, NaCl
138mM, NaHCO3 4mM, Na2HPO4 0.3mM, D-glucose 5.6mM, with additional 20mM
HEPES, 2.5mM probenecid and 13mM CaCl2). Using a FLEXstation (Molecular Devices
Corp.), the [Ca2+]i fluorescence increases after robotic injections of agonists, inhibitors or other
reagents were monitored every 1.52 sec intervals with excitation wavelength at 485 nm and
with emission wavelength at 525nm. The [Ca2+]i release normally reached its maximum 15
sec after agonist injection and returned to baseline within 30 sec after injection. The [Ca2+]i
fluorescence was measured up to 90 sec after agonist injection. The fluorescence intensity from
3 to 4 wells of cells were averaged and the relative amount of [Ca2+]i release was determined
by integrating the area under the peak of the [Ca2+]i fluorescence averages.

Immunoprecipitation
Cells were extracted with cell lysis buffer (1% Brij-98, 50 mM Tris-HCl pH 7.5, 150mM NaCl,
0.25% sodium deoxycholate, 0.1%, 50mM NaF, 1mM dithiothreitol, 0.5mM
phenylmethylsulfonyl fluoride, 50mM sodium pyrophosphate, 10mM sodium vanadate and
1×protease inhibitor cocktail from Roche, Indianapolis, IN). After centrifugation at 12,000xg
for 5min, the supernatant was immunoprecipitated with rabbit anti HA (Covance, NJ) and
rProtein G agarose beads (Invitrogen, CA) at 4°C overnight. Then the beads were washed six
times with cell lysis buffer and were extracted with SDS-PAGE sample buffer. Approximated
equal amount of protein was resolved by SDS-PAGE and was analyzed as described above.
For the measurement of OPRM1 phosphorylation, the anti-phospho-Ser375-OPRM1 antibody
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(P375OPRM1) (Cell Signaling, MA) or the total Phospho-Ser/Thr antibody (Pan) (Zymed
laboratories, CA) was used and was normalized to the protein concentration of the samples.

Opioid receptor binding
48 hr after the transfection or virus infection, cells were harvested and resuspended in 25mM
HEPES buffer, PH 7.6, containing 5mM MgCl2 at 24°C for 90 min. After the protein
concentrations of the pellets were determined by the Lowry method, [3H]diprenorphine (2 nM)
binding in the presence or absence of 10 µM naloxone were added together so as to determine
the specific binding.

Results
OPRM1-mediated intracellular Ca2+ release in HEK293 cells required P2Y receptor co-
activation

In current study, a FLIPR® calcium assay kit was used to detect [Ca2+]i release. Unlike the
Fluo-3 and Fluo-4, the FLIPR® calcium assay reagent is a no-wash fluorescent calcium
indicator with minimal background fluorescence signal. Thus this assays limited perturbation
and stress on cells. After loading the dye for 1hr, the baseline was determined by recording the
Ca2+ fluorescence for 30 sec at 525nm before drug injection. Consistent with previous report
[28,29], challenging HEK293-OPRM1 cells with DAMGO or morphine alone did not induce
Ca2+ release (Fig. 1A and supplementary Fig. 1). In contrast, ADP, a Gq-coupled P2Y receptor
agonist, evoked a robust Ca2+ release (Figure 1A) in a concentration-dependent manner
(EC50=9.4 ± 4.0 µM) (Fig. 3A). This ADP-induced Ca2+ release was blocked by the P2Y
general antagonist suramin and as expected, it was not affected by the removal of the
extracellular Ca2+, which indicated the Ca2+ was mobilized from [Ca2+]i pool (data not shown).
When DAMGO or morphine was used together with ADP, ADP-induced [Ca2+]i release was
greatly enhanced (Fig. 1A and SD Fig. 1). Moreover, this potentiation was also observed in
the absence of extracellular Ca2+ pool (data not shown) and was due to the activation of
OPRM1. OPRM1 antagonist naloxone attenuated 1µM DAMGO-potentiated [Ca2+]i release
with EC50 at 710 ± 140nM (data not shown).

The level of the OPRM1-mediated potentiation was related to the initial ADP response. There
was no significant potentiation of [Ca2+]i release when ADP maximally induced the [Ca2+]i
store to release, suggesting OPRM1 and ADP were inducing the release of Ca2+ from the same
intracellular Ca2+ pools. On the other hand, OPRM1 did not potentiate the [Ca2+]i release when
ADP did not evoke measurable [Ca2+]i to release. Thus, in order to optimize the opioid agonist-
mediated [Ca2+]i release, 0.2 µM ADP was used to initiate [Ca2+]i release. The potentiation of
ADP response induced either by DAMGO or by morphine was ligand concentration-dependent
(Fig. 1B). The EC50 value of DAMGO to potentiate the 0.2 µM ADP response was 19 ± 6.9
nM, which was significantly different from that of the morphine, 54 ± 9.8 nM (p<0.01, n=4).
Furthermore, maximal potentation induced by morphine was only 64 ± 14% of that induced
by DAMGO (Fig. 1B), suggesting that morphine is a partial agonist in invoking [Ca2+]i to
release.

μ-opioid receptor can be rapidly desensitized by morphine and DAMGO
Whether pretreatment of DAMGO or morphine induced OPRM1 rapid desensitization was
examined. In the control group, cells were pretreated with buffer, followed by the addition of
OPRM1 agonist together with ADP. Subsequent potentiation of ADP-induced [Ca2+]i release
by OPRM1 agonist was measured. In the desensitization group, HEK293-OPRM1 cells were
pretreated with OPRM1 agonist, followed by the addition of ADP and OPRM1 agonists
together in order to achieve the same final concentration of ADP and OPRM1 agonist as in the
control groups (Fig. 2A). As shown in Fig. 2A, the OPRM1-mediated potentiation of ADP-
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induced [Ca2+]i release was significantly decrease in a time-dependent manner by morphine
treatment. In contrast to other reports which suggested that morphine was a poor desensitization
inducer [30], morphine pretreatment induced rapid OPRM1 desensitization in the [Ca2+]i
release. After pretreating the HEK293 cells with 100nM morphine for 5min, the morphine-
mediated potentiation of ADP-induced [Ca2+]i release decreased to 37±15% of control.
Extending the morphine pretreatment time to 30min eliminated the potentiation of [Ca2+]i
release (Fig. 2B). DAMGO-induced OPRM1 desensitization was also determined to be rapid.
Although the t1/2 of 100nM DAMGO- and morphine-induced OPRM1 desensitization was 2.2
± 0.6 min and 3.8±1.1 min respectively, 100 nM morphine-induced maximum desensitization
level was 0.8 ± 12% of control whereas the 100 nM DAMGO-induced maximal desensitization
level was 35 ± 9% of control (n = 4; p < 0.01). In addition, when HEK293 cells were pretreated
with 1 µM morphine, which was an equivalent to 100nM DAMGO at their EC90 concentration
to induced intracellular calcium release, the t1/2 of morphine-induced OPRM1 desensitization
was 0.8 ± 0.4 min, which was significantly faster than that of the DAMGO (n = 4; p < 0.01)
(data not shown).

Such reduction in the [Ca2+]i release could be due to the attenuation of ADP activation of the
P2Y receptor. In order to exclude this possibility, ADP-concentration-dependent [Ca2+]i
release were determined after OPRM1 agonists pretreatment. 30µM naloxone was added
together with ADP to block further OPRM1 activation. Pretreatment of HEK293 cells with
1µM morphine for 5min did not alter the ADP response (EC50 = 9.4 ± 4.0µM or 8.9 ± 2.7µM
without or with morphine pretreatment respectively, Fig. 3A). Similarly, pretreatment with
1µM DAMGO did not alter the ADP response also (EC50 = 8.5 ± 3.8µM, Fig. 3A).
Additionally, the decrease of morphine-induced intracellular release was not due to a reduction
in [Ca2+]i store availability. The HEK-OPRM1 cells were washed with Ca2+ free buffer
containing 1mM EGTA to block Ca2+ influx. Although 10 µM ADP pretreatment for 90sec
significantly decreased the 1 µM thapsigargin-induced [Ca2+]i release (n = 3; p < 0.01) [31],
90sec pretreatments of 10µM morphine or DAMGO did not alter thapsigargin-induced
[Ca2+]i release (Fig. 3B). These observations suggested that the decrease in OPRM1-induced
[Ca2+]i release after agonist pretreatment was caused by OPRM1 desensitization.

Effect of receptor phosphorylation on OPRM1 desensitization
Current hypothesis suggests that homologous desensitization depends on GRK-mediated
receptor phosphorylation. There are three serine or threonine residues in carboxyl tail of
OPRM1 that have been shown to be phosphorylated. With the exception of Ser363 that was
shown to be phosphorylated in the absence of agonist, OPRM1 phosphorylation was agonist-
dependent. DAMGO induced phosphorylation on Thr370 and Ser375 was mediated by GRK
[35] and affected the rate and extent of DAMGO-induced receptor internalization significantly
[27]. In contrast to DAMGO, morphine only induced OPRM1 phosphorylation on Ser375 to a
lesser extent [32]. Thus in order to determine further the underlying relationship between
OPRM1 desensitization and receptor phosphorylation, OPRM1 with individual
Ser363(OPRM1S363A), Thr370(OPRM1T370A) and Ser375(OPRM1S375A) mutations or
phosphorylation deficient OPRM1(OPRM1363/370/375) in which all three phosphorylation
residues were mutated to Ala were stably expressed in HEK293 cells and used in current
studies.

Basal phosphorylation level of wild type OPRM1 was detected in the absence of agonist. After
agonist pretreatment for 5min, wild type OPRM1 phosphorylation level was increased 1.5-
folds and 2-folds in the presence of 1 µM morphine and DAMGO respectively. Mutating either
Thr370 or Ser375 but not Ser363 to Ala attenuated this agonist-induced OPRM1 phosphorylation.
Both basal and agonist-induced phosphorylation was completely blocked in phosphorylation
deficient OPRM1 in which all three phosphorylation residues (363/370/375) were mutated (Fig
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4), consistent with the previous report using metabolic 32P-labeling of the receptor. Moreover,
different from DAMGO, the major phosphorylation residues induced by morphine treatment
was Ser375, for mutating this single site completely blocked morphine-induced
phosphorylation. However, DAMGO still increased receptor phosphorylation in S375A (Fig
4 A, B). In addition, mutating single Thr370 residue attenuated DAMGO-induced OPRM1
phosphorylation without affecting morphine-induced phosphorylation (Fig 4C).

When the agonist-induced receptor desensitization was determined in these OPRM1 mutants,
S375A but not S363A or T370A mutation decreased 100nM DAMGO-induced OPRM1
desensitization significantly. In contrast to wild type, S363A or the T370A mutants which
reduced the agonist activity by 60–65% after 30 min of DAMGO pretreatment, the DAMGO
activity in cells expressing the S375A mutant was reduced by 28% after agonist pretreatment
(Table 1). In addition, mutation of the Thr370 and Ser375 or the mutation of all three putative
phosphorylation sites resulted in the attenuation of DAMGO-induced desensitization after
5min of 100nM DAMGO pretreatment (p < 0.05, n = 3). Prolonged pretreatment did not further
desensitize OPRM1 (363/370/375) activity. After 30min 100nM DAMGO pretreatment, 85 ±
14% of control activity remained (Fig. 5A).

In contrast to DAMGO, although morphine treatment also induced rapid desensitization, both
the rate and extent of OPRM1 desensitization were not affect in the phosphorylation deficient
OPRM1 mutants. As shown in Fig. 5B, the ability of 100 nM morphine to induce receptor
desensitization as determined by the [Ca2+]i release was identical in HEK293 cells expressing
either the wild type or the OPRM1(363/370/375) mutant. Apparently, morphine-induced
OPRM1 desensitization did not require the initial phosphorylation of the receptor.

Effect of β-arrestins on morphine- or DAMGO-induced OPRM1 desensitization
Although receptor phosphorylation is not required for morphine-induced receptor
desensitization, βArr could still be the critical factor in OPRM1 desensitization due to the
binding of βArr to GPCR independent of receptor phosphorylation. Thus, the role of βArr was
examined firstly by the over-expression of the βArr-FLAG in HEK293 cells. As shown in Fig.
6A, over-expression of βArr2-FLAG increased the rate but not the extent of 100nM DAMGO-
induced OPRM1 desensitization in HEK293 cells with wild type OPRM1. However, over-
expression of βArr2-FLAG in HEK293 cells expressing the phosphorylation deficient OPRM1
(363/370/375) increased both the extent and the rate of 100nM DAMGO-induced OPRM1
desensitization (Fig. 6B). As a matter of fact, when βArr2-FLAG was over-expressed,
DAMGO pretreatment reduced receptor activity to the same extent in HEK293 cells expressing
either wild type or OPRM1(363/370/375) (Fig. 6A and B). Such data indicated that over-
expression of βArr2-FLAG could overcome the effect of phosphorylation deficient mutant on
desensitization, which was consistent with other reports indicating GPCR phosphorylation
increased the receptor affinity for βArr [6]. In contrast, 100nM morphine induced receptor
desensitization was not affected by the over-expression of βArr2-FLAG in HEK293 cells
expressing with either wild type or phosphorylation deficient OPRM1. (Fig. 6C and D). The
rate and the extent of morphine-induced receptor desensitization were similar in cells with
endogenous level or over-expressed level of βArr2.

To further demonstrate the role of βArr on morphine- and DAMGO-induced OPRM1
desensitization, mouse embryonic fibroblasts (MEF) cells isolated from wild type, βArr2 null
mice (βArr2−/−) or βArr1 and βArr2 null mice (βArr1/2−/−) were used. These MEF cells were
infected with adenovirus containing OPRM1 (Ad-OPRM1) to produce similar receptor level
expressed as HEK-OPRM1 cells that was determined by receptor binding assay (Table 2). In
these MEF cells, ADP did not evoke [Ca2+]i release, but another broad spectrum purinergic
receptor agonist, ATP, evoked the [Ca2+]i release response. Similar to the observation in
HEK293 cells, DAMGO and morphine potentiated ATP-induced [Ca2+]i release in MEF cells.
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Consistent with the HEK293 cells observations, morphine exhibited a partial agonist property
in regulating the [Ca2+]i release. Similar partial agonist properties of morphine as compared
to DAMGO were observed in all three types of MEF cells (Table 2).

After the MEF cells were pretreated with these two OPRM1 agonists, both 100nM DAMGO
and morphine reduced OPRM1 activity in wild type MEF cells. As shown in Figure 7, after
30 min pretreatment, 100nM morphine- and DAMGO-induced OPRM1 activities were 39
±18% and 5±11% of control respectively. However, in βArr1/2−/− cells, after 30 min of 100nM
DAMGO pretreatment, 1µM DAMGO-induced [Ca2+]i release was similar to those observed
in the MEF cells not treated by the agonist. This observation supports the phosphorylation
deficient mutants studies indicating that βArrs is critical in DAMGO-induced OPRM1
desensitization. Most likely βArr2 is the βArr subtype participated in DAMGO-induced
OPRM1 desensitization. For in βArr2−/− MEF cells, DAMGO-induced receptor desensitization
was attenuated to the same extent as that observed in βArr1/2−/− MEF cells. In these βArr null
MEF cells, 91±4% of OPRM1 activity remained after 30 min 100nM DAMGO pretreatment
(Fig. 7A). On the other hand, the presence of βArr is not a prerequisite for morphine-induced
receptor desensitization. In contrast to DAMGO-induced receptor desensitization, 30 mins of
100 nM morphine pretreatment significantly reduced OPRM1 activity by 80±11% in the
βArr1/2−/− MEF cells. Although the desensitization rate appeared to be slower when compared
to that observed in WT MEF cells, the magnitude of morphine-induced OPRM1 desensitization
remained similar (Fig. 7B). These data suggest that morphine-induced OPRM1 desensitization
is βArr-independent, whereas DAMGO-induced OPRM1 desensitization is absolutely
dependent on βArrs.

Discussion
GRK-mediated phosphorylation and subsequent βArrs recruitment are recognized as critical
factors in receptor homologous desensitization [33,34]. However the discrepancy between the
kinetics of OPRM1 desensitization and receptor phosphorylation indicated the uncertainties in
the OPRM1 desensitization mechanism. Although, such discrepancy was normally attributed
to the relatively high level of OPRM1 in the heterologous expression system as illustrated when
OPRM1 level was altered either by alkylating with β-furnaltrexamine (βFNA) or by using an
ecdysone-inducible mammalian expression system [35], the methods used to monitor the
desensitization was another possible reason [36]. Because the relatively high efficiency of
OPRM1 to inhibit adenylyl cyclase activity through Gα resulted in the “spare
receptors” (response is not directly correlated to receptor occupancy adenylyl cyclase activity
might not be a sensitive enough monitor for rapid desensitization. In contrast, the intracellular
calcium release mediated by the less efficient signal transducer Gβγ should be a better choice
[23,24]. By measuring the Gβγ-mediated [Ca2+]i release, we demonstrate a rapid loss of
OPRM1 responsiveness within minutes after morphine or DAMGO treatment. Furthermore,
this time course of receptor desensitization correlated to the rate of receptor phosphorylation
and βArrs recruitment that were reported previously [8,17].

By taking advantage of this sensitive indicator of OPRM1 activity, we were able to study in
details the OPRM1 desensitization mechanism. Further experiments on the phosphorylation
deficient OPRM1 and βArr1/2−/− MEF cells suggested the existence of multiple mechanisms
on OPRM1 desensitization. On the one hand, DAMGO-induced OPRM1 desensitization
strictly follows the classic GPCR desensitization mechanism; i.e. it is regulated by receptor
phosphorylation and required βArr. Mutation of the putative GRK-mediated phosphorylation
sites and alteration of intracellular βArr expression level significantly altered DAMGO-
induced OPRM1 desensitization. On the other hand, although similar to DAMGO, pretreatment
of morphine caused the rapid loss of receptor responsiveness, it was shown clearly from our
current studies that the morphine-induced desensitization was receptor phosphorylation- and
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βArr-independent. Furthermore, by over-expressing βArr or completely depleting βArr, it is
the first time that βArr-independent OPRM1 rapid desensitization was shown.

Previously, in vitro OPRM1 desensitization was used as molecular mechanism to explain the
tolerance development in vivo [33]. Based on the observations with βArr recruitment and
receptor phosphorylation, two theories have been proposed. One theory suggested in vitro
OPRM1 desensitization is the basis for in vivo tolerance. Thus, the degree of in vivo tolerance
will reflect the amount of receptor being desensitized. This theory is supported by the
observation with the βArr2−/− mice, in which morphine-mediated analgesia tolerance was
completely attenuated as monitored by hot-plate test [1]. However, the ability of morphine to
induce antinociceptive tolerance as measured by tail-flick tests in the βArr2−/− mice [37], and
the inability of morphine-activated OPRM1 to recruit βArr indicated factors other than βArr2
participate in morphine-induced tolerance. Our current observed morphine-mediated βArr-
independent desensitization suggests alternative pathways are involved in the in vitro
morphine-induced desensitization, and may influence morphine-mediated in vivo tolerance
development.

The other theory considered βArr-mediated receptor internalization is the pathway opioid
receptor utilized for resensitization during the receptor recycling process, which can prevent
the further loss of OPRM1 responsiveness [38,39]. Severe tolerance development to morphine
is due to the agonist’s inability to induce receptor internalization and subsequent
resensitization. Such theory appears to be supported by our current findings. Since DAMGO
is able to induce OPRM1 internalization while morphine cannot, the higher extent of
desensitization after 30 min of morphine treatment than that of DAMGO treatment could reflect
receptor resensitization might be involved in the overall desensitization process.

Normally receptor phosphorylation was suggested to be mediated by GRK and such
phosphorylation increase the affinity of agonist-receptor complex for βArr. GRKs
overexpression was the most commonly used method to study the effect of phosphorylation
on receptor desensitization[33,40]. In order to overcome the difficulties in correlating the
phosphorylation states of the receptor and desensitization, previous report has investigated the
effect of receptor phosphorylation on desensitization by eliminating the putative
phosphorylation sites in OPRM1 [41]. However, involvement of receptor phosphorylation in
rapid desensitization was still unclear, since the relatively long agonist pretreated time and high
agonist concentration resulted in OPRM1 desensitization rate reflecting both the uncoupling
of OPRM1 from the G-protein and the internalization of OPRM1. Our current agonist treatment
paradigm, <30 min, should minimize the roles of receptor internalization and resensitization
in the receptor desensitization process. Clearly, phosphorylation of Ser375 participated in the
DAMGO-induced desensitization process. Mutation of the Ser375 to Ala but not the other
putative phosphorylation residues blunted the DAMGO-induced receptor desensitization. Our
current findings are consistent with previous study that indicated Ser375 is the major
phosphorylation residue that regulates DAMGO-induced OPRM1 internalization[27].
Although morphine also induced Ser375 phosphorylation [32], the βArr-dependent receptor
internalization was not induced by morphine unless either GRK2 or βArr was over-expressed
in the system[3,16]. Furthermore, our current studies indicated that phosphorylation-dependent
desensitization was not observed when morphine was used in current study. Morphine-induced
OPRM1 desensitization was not affected by the over-expression of βArr, was present in the
βArr1/2−/− MEF cells, and was similar in wild type and phosphorylation minus mutants. This
is in contrast to the ability of over-expression of βArr to promote morphine-induced receptor
internalization [16].

If morphine-induced OPRM1 desensitization does not involve GRK-mediated receptor
phosphorylation and subsequent βArr recruitment, then what are the possible mechanisms for
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such agonist-induced receptor desensitization? Several protein kinases such as PKC [40], PKA
[42], and ERK[43] have been suggested to be involved in OPRM1 desensitization. After
morphine treatment, increases in PKC or ERK activities have been reported [44,45]. Although
only chronic but not acute treatment of morphine could up-regulate PKA activity [46], all three
protein kinases have been shown to phosphorylate OPRM1, thus resulting in receptor
desensitization [17,47–49]. Recently, Src activation has also been recognized to be involved
in OPRM1 signal regulation [50]. Although the direct phosphorylation of OPRM1 by the Src
kinase has not been reported, the Tyr phosphorylation of OPRM1 [51] was observed. In
addition, OPRD1 has been shown to be Src kinase substrate [52,53]. Beside directly
phosphorylating receptor, these protein kinases were shown to phosphorylate G-protein
subunits or OPRM1 signal components, which could eventually lead to the desensitization
OPRM1 signals[54–57]. Whether either one or all of these protein kinases is involved in the
rapid desensitization of OPRM1-mediated [Ca2+]i release needs to be investigated further.

Our current studies demonstrate the agonist-dependent desensitization exists, which is
consistent with the previous studies on DAMGO- and morphine-induced potassium current
desensitization[40]. Moreover, our studies clearly demonstrated that morphine could induce
receptor desensitization in the absence of receptor phosphorylation and βArr. Since published
observations have supported the role of βArr2 in morphine-induced tolerance development
[1], our current observations might simply reflect the situation with the [Ca2+]i release.
However, depletion of GRK3 in vivo only attenuate fentanyl- but not morphine-induced
tolerance [14], and the ability of PKC and PKA inhibitors [37,58–60] or the absence of
PKCγ or PKCε to blunt morphine-induced tolerance development in vivo [61,62] suggested
agonist-dependent mechanism on opioid tolerance development. Such in vivo results are
consistent to our observation in current study, thus apparent difference exists between
DAMGO- and morphine-induced OPRM1 desensitization. Such agonist-dependent
desensitization mechanism might contribute to the differences in these agonists’ effects in vivo.

Conclusion
In summary, Gβγ-mediated [Ca2+]i release provided a sensitive method to study the OPRM1
desensitization mechanism in details. This is the first time we clearly demonstrated βArr was
absolutely required in DAMGO-induced OPRM1 desensitization. In addition, agonist-induced
OPRM1 phosphorylation on each individual site did not function equally in DAMGO-induced
OPRM1 desensitization process. Current studies also indicated that OPRM1 desensitization
mechanism was agonist-dependent. Thus morphine-induced OPRM1 desensitization was not
affected by receptor phosphorylation and the absence of βArr. This apparent difference
correlates to agonist function in vivo, and may contribute to morphine-induced OPRM1
tolerance.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviations
GPCR, G protein-coupled receptor
GRK, G protein-coupled receptor kinase
OPRM1, μ-opioid receptor
βArr, β-arrestin
OPRD1, δ-opioid receptor
[Ca2+]i, intracellular Ca2+

P2Y receptor, purinergic receptor
DAMGO, [D-Ala2,N-Me-Phe4,Gly5-ol]-enkephalin
MEF cell, mouse embryonic fibroblasts
HEK293 cell, human embryonic kidney cell
βFNA, β-furnaltrexamine
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Fig. 1. Activation of OPRM1 induced [Ca2+]i release in HEK293 cells
A, OPRM1-mediated [Ca2+]i release required P2Y receptor co-activation. Data shows the real
time intracellular fluorescence change in raw fluorescence unit (RFU). HEK293 cells were
cultured as described in materials and methods. Fluorescence dye to detect free [Ca2+]i was
added 1 hour before compound injection. After 30 second baseline reading, as indicated by the
arrow, HEK293 cells expressing OPRM1 were injected with 200nM ADP ( ), 1µM DAMGO
(□), 200nM ADP with 1µM DAMGO ( ), 200nM ADP, 1µM DAMGO and 30µM Naloxone
( ) respectively. B, The concentration-response curves of DAMGO (■) and morphine (○) were
determined in the presence of 200nM ADP. Total fluorescence response change induced by
ADP or by ADP with OPRM1 ligands was quantified by analyzing the areas under the curves
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with Prism program. ADP response was then subtracted from the response in the presence of
ADP and OPRM1 ligands to obtain the DAMGO and morphine responses.
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Fig. 2. OPRM1 agonists induced rapid OPRM1 desensitization in HEK293 cells
A, 100nM morphine-pretreatment rapidly reduced future OPRM1 activation. In the first
injection, 100nM morphine in HBSS buffer was added into pretreated groups while HBSS was
added into control groups. In the second injection, 900nM morphine and 200nM ADP were
added into pretreated groups, while 1µM morphine and 200nM ADP were added into control
groups; thus the same final concentration of morphine and ADP in both control and pretreated
groups was achieved. Then the OPRM1-mediated potentiation of ADP-induced [Ca2+]i release
was measured. B, Morphine and DAMGO induced OPRM1 rapid desensitization. The ability
of 100nM DAMGO(○) and morphine(■) to induced desensitization of wild type OPRM1 in
HEK293 cells was examined as described in Fig. 2A. Total [Ca2+]i response of the second
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injection was quantitatively analyzed as described in Methods and legend of Figure 1. The total
response in control groups of 200nM ADP and 1µM DAMGO-induced in second injection was
referred as 100%; and data were expressed as the percentage of the response in the pretreated
group as compare to the control group. ** denotes p< 0.01.
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Fig. 3. Morphine-induced OPRM1 desensitization was resulted from loss of OPRM1 activity
A, Morphine or DAMGO pretreatment did not affect ADP-mediated response. HEK293 cells
expressing wild type OPRM1 were pretreated with 1µM morphine( ), DAMGO( ) or HBSS
(▲)respectively. In second injection, various concentration of ADP together with 30µM
naloxone was injected. Then the concentration-response curves of ADP were determined as
described in materials and methods. B, Morphine or DAMGO pretreatment did not alter
[Ca2+]i store availability. HEK293 cells expressing wild type OPRM1 were cultured and
seeded as described in materials and methods. After 1 hr incubation of fluorescence dye, cells
were washed with Ca2+ free HBSS buffer. Then cells were incubated in Ca2+ free HBSS buffer
with 1mM EGTA, and were treated with agonists. After cells were pretreated with 1µM
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morphine, DAMGO, 10µM ADP or HBSS respectively, 1µM thapsigargin was added.
Thapsigargin-induced total fluorescence change in second injection was calculated as
described in materials and methods; the data were expressed as the raw fluorescence units in
bar graph. Student t-test was used to compare the data in treated groups and control group. **
denotes p< 0.01.
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Fig. 4. OPRM1 agonists induced OPRM1 phosphorylation in HEK293 cells
HEK 293 cells stably expressing HA-tagged mutant or wild type OPRM1 were pretreated with
1µM morphine or 1µM DAMGO for 5 min. Receptors were immunoprecipitated and receptor
phosphorylation was quantitatively analyzed as described in materials and methods. Student
t-test was used to compare the data in morphine- or DAMGO-pretreated group to control group.
* denotes p < 0.05; ** denotes p< 0.01.
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Fig. 5. Effect of receptor phosphorylation on DAMGO- and morphine-induced OPRM1
desensitization in HEK293 cells
The ability of 100nM DAMGO and morphine to induce desensitization of wild type OPRM1
(■) and phosphorylation deficient OPRM1(363/370/375)(○) was examined in HEK293 cells.
Total [Ca2+]i response of the second injection was quantitatively analyzed as described in figure
legend of Figure 1B. The agonist-induced desensitization rate was calculated as described in
the legend of Fig. 2B. Data were showed as the averages of n≥3 experiments in which HEK293
cells pretreated with 100nM DAMGO (panel A) and 100nM morphine (panel B) respectively
to induce OPRM1 desensitization. * denotes p < 0.05; and ** denotes p< 0.01.
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Fig. 6. Effect of βArr2 overexpression on DAMGO- and morphine-induced OPRM1 desensitization
in HEK293 cells
The abilities of DAMGO to induce the desensitization of wild type OPRM1 and
phosphorylation deficient OPRM1(363/370/375) were examined in HEK293 cells transfected
with βArr2-FLAG (○) or with mock transfection (■). Cells were pretreated with 100nM
DAMGO or morphine for the indicated time. The agonist-induced desensitization rate was
calculated as described in the legend of Fig. 2B. Data were showed as the averages of n≥3
experiments in which wild type OPRM1 was pretreated with 100nM DAMGO (panel A) and
100nM morphine (panel C) or OPRM1(363/370/375) was pretreated 100nM DAMGO (panel
B) and 100nM morphine (panel D) respectively. * denotes p < 0.05; and ** denotes p< 0.01.
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Fig. 7. Effect of βArr2 depletion on DAMGO- and morphine-induced OPRM1 desensitization in
MEF cells
Wild type, βArr2−/− and βArr1/2−/− MEF cells were infected with adenovirus containing
OPRM1 and OPRM1 expressing level was monitored by receptor binding assay as described
in experiment procedures. The abilities of 100nM DAMGO and morphine to induce the
desensitization of OPRM1 in wild type MEF cells (■) βArr1/2−/− MEF cells (○) and
βArr2−/− MEF cells (▲) was examined. Cells were pretreated with 100nM DAMGO or
morphine, and agonist-induced desensitization was obtained as described in legend of Figure
2. Data summarize the average of n≥3 experiments in which the HEK293 cells were treated
with 100nM DAMGO (panel A) and 100nM morphine (panel B) for various time to induce
OPRM1 desensitization. *denotes p < 0.05 and ** denotes p< 0.01.
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Table 1
Desensitization of wild and mutant types OPRM1 by 100nM DAMGO pretreatment in HEK293 cells
DAMGO-induced [Ca2+]i release concentration-reponse curves were determined as described in Fig 1B, and EC50
values of DAMGO were calculated by log(agonist)vs. response formula. 100nM DAMGO-induced desensitization in
wild type or mutant types OPRM1 was examined and data were analyzed as described in figure legend of Figure 2B.
K values of DAMGO-induced OPRM1 desensitization were calculated by one phase exponential decay using the data
analysis program GraphPad Prism. Maximum desensitization(des) level data were obtained after 30 min agonist
pretreatment. Receptor expression level was determined by radioligand binding experments as described in material
and methods. Data were showed as the averages of n≥3 experiments.

HEK293-OPRM1

Response Desensitization Receptor desensity, (pmol/mg)

EC50,DAMGO (nM) K, (min−1) Maximum des level,(%)

WT 19 ± 6.9 0.31 ± 0.12 65 ± 4 2.2 ± 0.4
S363A 60 ± 19 0.46 ± 0.32 59 ± 5 1.8 ± 0.3
T370A 65 ± 31 0.40 ± 0.11 60 ± 9 1.6 ± 0.3
S375A 58 ± 53 0.37 ± 0.19 28 ± 11* 1.3 ± 0.4
370/375 11 ± 9.1 0.41 ± 0.10 21 ± 10* 2.5 ± 0.7
363/370/375 17 ± 3.6 0.35 ± 0.18 15 ± 14** 1.7 ± 0.5

means ± SEM (n ≥3)

*
p < 0.05

**
p < 0.01.
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Table 2
EC50 of morphine and DAMGO for OPRM1 expressed in various MEF cells
Wild type, βArr2−/− and βArr1/2−/− MEF cells were infected with adenovirus containing OPRM1. Morphine- and
DAMGO-induced [Ca2+]i release concentration-reponse curves were determined as described in Fig 1B. EC50 values
were calculated by log(agonist)vs. response formula using the data analysis program GraphPad Prism. Radioligand
binding experments were performed as described in material and methods. Data were showed as the averages of n≥3
experiments.

MEF

Response Receptor desensity, (pmol/mg)

EC50, Morphine, (nM) EC50 DAMGO , (nM)

WT 138 ± 48 30.5 ± 1.4 0.37 ± 0.08
βArr2−/− 194 ± 50 68.3 ± 2.2 0.34 ± 0.11
βArr1/2−/− 61 ± 5 25.3 ± 3.2 0.75 ± 0.23

means ± SEM (n ≥3)
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