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Abstract

Desensitization of the y-opioid receptor (MOR) has been implicated as an important regulatory
process in the development of tolerance to opiates. Monitoring the release of intracellular Ca2*
([Ca?*;), we reported that [D-Ala2, N-Me-Phe?, Gly®-ol]-enkephalin (DAMGO)-induced receptor
desensitization requires receptor phosphorylation and recruitment of B-arrestins (BArrs), while
morphine-induced receptor desensitization does not. In current studies, we established that morphine-
induced MOR desensitization is protein kinase C (PKC)-dependent. By using RNA interference
techniques and subtype specific inhibitors, PKCe was shown to be the PKC subtype activated by
morphine and the subtype responsible for morphine-induced desensitization. In contrast, DAMGO
did not increase PKCe activity and DAMGO-induced MOR desensitization was not affected by
modulating PKCe activity. Among the various proteins within the receptor signaling complex,
Gai2 was phosphorylated by morphine-activated PKCe. Moreover, mutating three putative PKC
phosphorylation sites, Ser*4, Ser144 and Ser302 on Gai2 to Ala attenuated morphine-induced, but not
DAMGO-induced desensitization. In addition, pretreatment with morphine desensitized cannabinoid
receptor CB1 agonist WIN 55212-2-induced [Ca?*]; release, and this desensitization could be
reversed by pretreating the cells with PKCe inhibitor or overexpressing Gai2 with the putative PKC
phosphorylation sites mutated. Thus, depending on the agonist, activation of MOR could lead to
heterologous desensitization and probable crosstalk between MOR and other Gai-coupled receptors,
such as the CB1.

1. Introduction

Desensitization, a common phenomenon observed with G-protein-coupled receptor (GPCR)
signaling, reflects the gradual decrease in GPCR activity during chronic agonist treatment.
Opioids are considered as the most potent analgesic, but the tolerance developed after repetitive
or chronic administration limits their clinical utility. Although the mechanisms involved have
not been elucidated completely, desensitization of the p-opioid receptor (MOR) has been
implicated in contributing to tolerance development [1]. A common pathway for GPCR
desensitization is mediated by G-protein-coupled receptor kinases (GRKSs) and the B-arrestins
(BArrs) [2]. In this model, agonist binding to GPCR leads to GRK-mediated receptor
phosphorylation that subsequently increases the affinity of the agonist-receptor complex for
cytosolic BArrs. Translocation of the BArrs to the receptor disrupts receptor-G-protein
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coupling and dampens signal transduction processes. However, this model has been challenged
by the existence of agonists whose receptor complexes have low affinities for BArrs [3]. Such
agonists might desensitize the receptor via pathways other than that involving GRK and BAurrs.
Consistent with this hypothesis, protein kinases such as protein kinase A, protein kinase C
(PKC) and mitogen-activated protein kinase have also been reported to mediate GPCR
desensitization [4].

As a prototypic Gi/o-coupled receptor, MOR undergoes extensive receptor desensitization
[1], and the mechanism appears to be agonist-dependent [5,6]. By monitoring the MOR-
mediated release of intracellular Ca2* ([Ca%*];) or the activation of the G-protein-coupled
inwardly rectifying potassium channel, the MOR peptide agonist [D-Ala2, N-Me-Phe*, Gly®-
ol]-enkephalin (DAMGO) was shown to induce receptor desensitization via MOR
phosphorylation and BArrs translocation, whereas morphine does not. This is consistent with
the lower efficacy of morphine to induce receptor phosphorylation and BArr recruitment
relative to agonists such as DAMGO and etorphine [7]. Interestingly, PKC has been implicated
in morphine-induced MOR desensitization [5,6]. The preference of morphine to use PKC-
dependent pathways for signal transduction in vitro and tolerance development in vivo further
suggest the participation of PKC activity in morphine functions [8-12].

Asan important kinase family, PKCs participate in numerous cellular signaling pathways, from
short-term neurotransmitter release to long-term cellular adaptation responses [13]. Depending
on their structure and activation mechanism, the PKC family has been divided into several
subtypes: conventional, novel and atypical. In vivo studies revealed that morphine function is
related to several PKC subtypes. PKCa, PKCy and PKCe appear to contribute to morphine
tolerance [14], and mice lacking PKCe show an increased response to morphine [15]. However,
the exact PKC subtype(s) involved in MOR signal transduction, and the mechanisms by which
they act (e.g., the kinase targets), remain unknown.

PKC translocates to the membrane upon activation [13]. Subsequent phosphorylation of
membrane proteins could lead to PKC-mediated regulation of GPCR signaling. There are many
potential PKC targets that might contribute to receptor desensitization, e.g. MOR and G-
protein. Although GRK-mediated MOR phosphorylation does not modulate morphine-induced
desensitization, PKC-mediated MOR phosphorylation might; and G-protein phosphorylation
has also been implicated in GPCR desensitization [16].

Increased PKC activity can cause heterologous desensitization [17], and morphine
pretreatment heterologously desensitizes other Gi/o-coupled receptors [18]. Thus, PKC might
mediate the crosstalk between MOR and other GPCRs. MOR and the cannabinoid receptor
CB1 colocalize in the central nervous system and these receptors might interact in vivo [19,
20]. In addition, CB1 shares most of signal transduction pathways with MOR in vitro and
produces analgesia in vivo [21]. CB1 therefore provides a good model to study crosstalk
between MOR and other signaling pathways during PKC activation. In this study, the
mechanism by which PKC participates in morphine-induced heterologous desensitization of
CB1 receptor was examined in vitro. The model derived from these in vitro studies for the
interaction between these two Gi/o-coupled receptors might be the basis for the observed MOR-
CBLl interaction in vivo.

2. Materials and Methods
2.1. Cell culture

Human embryonic kidney cells stably expressing hemagglutinin (HA)-tagged MOR (HEK293-
MOR) were maintained in Eagle’s minimal essential medium supplemented with 10% fetal
bovine serum, 100 units/ml penicillin, 100 ug/ml streptomycin (Invitrogen, Carlsbad, CA) and
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200 pg/ml G418 sulfate in a 5% CO» incubator. When PKC activities were monitored, cells
were cultured in a serum-free medium overnight before treatment.

2.2. RNA interference

In order to down-regulate cellular levels of specific PKC subtypes, BLOCK-iT™ lentiviral Pol
I1 miR RNAI Expression System with EmGFP (Invitrogen, Carlsbad, CA) was used to decrease
the cellular level of specific PKC subtype. Generally, the kit enables the expression of miRNA-
based knockdown cassettes driven by RNA Polymerase Il promoters in mammalian cells. The
sequences targeted by the expressed microRNAs or microRNA-like short RNAs were designed
specifically to PKCa, y and € mRNASs using the software provided by Invitrogen
(www.invitrogen.com/rnai). The sequences of oligonucletides used were listed as follow:
PKCa: 5'-
TGCTGTGAATTTGTGGTCTTTCACCTGTTTTGGCCACTGACTGACAGGTGAAACC
ACAAATTCA-3' (PKCaRNAI); PKCy:5'-
TGCTGATAGGTGACAGTTTGTTCCATGTTTTGGC CACT
GACTGACATGGAACACTGTCACCTAT-3' (PKCyRNAI); and PKCe:5'-
TGCTGAAAGACAGCCAGCTCGATCTTGTTTTGGCCACTGACTGACAAGAT
CGATGGCTGTCTTT-3' (PKCeRNAI). These sequences were inserted into the V5-DEST as
described in the manufacturer’s protocol (Invitrogen, Carlsbad, CA). After transfecting into
the cells, these constructs induce the decrease of cellular levels of their targeting PKC subtypes.

2.3. Transfection with Effectene® or Nucleofector®

Effectene (QIAGEN, Valencia, CA) was used to transfect plasmids into HEK293-MOR cells
according to the manufacturer’s protocol. After transfection, cells were incubated at 37°C for
48 h before assays were performed. To overcome the coupling of endogenous Gai to the
[Ca?*); signaling pathway [22], Nucleofector® (Lonza, Basel, Switzerland) was used to
transfect pertussis toxin (PTX)-resistant Gai constructs into HEK293-MOR cells to achieve
higher transfection efficiency. Briefly, cells were cultured for 2 days to their logarithmic growth
phase. Then cell were harvested and centrifuged at 900 x g for 10 min at room temperature.
The supernatant was removed and 1 x 10° cells were mixed with 100 pl of Nucleofector®
solution and 5 pg of plasmid. Plasmid DNA was transfected into cells by the manufacturer’s
designated Nucleofector® program, and cells were immediately seeded into 96-well plates and
incubated in a humidified atmosphere of 5% CO, at 37°C for 24 h before performing [Ca?*];
assays. Go subunits cloned into the pcDNAS3 vector were mutated using a site-direction
mutagenesis kit (Stratagene, La Jolla, CA): Cys3>2 on Gai2 and Gao or Cys3® on Gai3 were
mutated to Leu to render the Ga proteins resistant to ADP-ribosylation by PTX; mutations of
individual or multiple putative PKC phosphorylation sites were generated using similar
procedures.

2.4. Intracellular Ca2* measurement

Cells were plated into black poly-L-lysine-coated 96-well black plates with clear, flat bottoms
and maintained at 37°C in 5% CO, for 24 h before assays. Release of [Ca?*]; was determined
by measuring the change in fluorescence, as described previously [5]. The FLIPR® calcium
assay reagent (Molecular Devices, Sunnyvale, CA) and FLEXstation® (Molecular Devices)
were used to measure increased fluorescence in cells after agonist challenges. The FLIPR®
reagent was dissolved in HBSS buffer (20 mM HEPES, 5 mM KCI, 0.3 mM KH,POy, 138
mM NaCl, 4 mM NaHCOg3, 0.3 mM NayHPOQy, 5.6 mM D-glucose, 2.5 mM probenecid, 13
mM CaCl,). For PKC inhibition studies, cells were preincubated with the following subtype-
specific inhibitors (Biomatik, Cambridge, Canada) for 3h before the assays: myristoylated
PKCa pseudosubstrate (Myr-FARKGALRQ-OH), PKCy antagonist (Myr-CRLVLASC-OH),
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and PKCe antagonist (Myr-EAVSLKPT-OH). The general PKC inhibitor Ro-31-8425 was
purchased from LC Laboratories (Woburn, MA).

2.5. Immunoblotting and immunoprecipitation

After agonist treatment, cells were lysed with lysis buffer (50 mM Tris-HCI, pH 7.5, 150 mM
NaCl, 1% Triton X-100, 0.25% sodium deoxycholate, 50 mM NaF, 1 mM dithiothreitol, 0.5
mM phenylmethylsulfonyl fluoride, 50 mM sodium pyrophosphate, 10 mM sodium vanadate
and 1X protease inhibitor cocktail [Roche, Indianapolis, IN]). After centrifugation at
12,000g for 5 min, SDS-PAGE sample buffer was added to the supernatants for
immunoblotting analyses. For immunoprecipitation assays, mouse anti-HA (1:1,000)
(Covance, Princeton, NJ) or rabbit anti-Gai2 (1:500) [23] antibodies and rProtein-G—agarose
(Invitrogen, Carlsbad, CA) were added to the supernatants and rotated overnight. Antibodies
specific for phosphor-Ser PKC substrate (Cell Signaling Technology, Boston, MA), phosphor-
Ser (Sigma, St. Louis, MO), PKCg (Cell Signaling Technology), HA and Gai2 were used for
immunoblotting. A Storm 860 system and ImageQuant analysis software (Amasham,
Piscataway, NJ) were used to detect and quantify fluorescence intensities on immunoblots.

2.6. PKC subtype activity assay

The activities of PKC subtypes were determined after agonist treatment using HTScan® PKC
subtype kinase assay kits (Cell Signaling Technology). After agonist treatment, cells were lysed
and immunoprecipitated with antibodies against the PKC a, v or ¢ subtypes (Cell Signaling
Technology). PKC activities were determined by adding biotinylated PKA substrate peptides
containing the peptide core sequence residues surrounding Ser'33 of CREB (i.e., RRPS*YRK)
(Cell Signaling Technology). The reacted substrates were collected with streptavidin beads;
rabbit anti-phos-PKA substrate and anti-rabbit-488 antibodies were used to mark reacted
substrates. a-Fusion plate reader (PerkinElmer Life and Analytical Sciences, Boston, MA) was
used to determine the fluorescence intensities of the samples.

2.7. Continuous sucrose gradient

After pretreatment, cells were collected in 700 ul of 500 mM sodium carbonate (pH 11) and
homogenized by passing them ten times through a 22-gauge needle. Crude homogenates were
disrupted further using three 10-s bursts of a microprobe-equipped sonicator (Heat Systems-
Ultrasonic, Inc., NY) at setting 4. The homogenates were mixed with an equal volume of 80%
sucrose in morpholinoethanesulfonic acid-buffered saline, pH 6.8, and placed at the bottom of
ultracentrifugation tubes. A continuous gradient of 5-30% sucrose formed using a Gradient
Station (BioComp, Fredericton, Canada) was layered on top. Gradients were centrifuged at
32,000 rpm for 16 h in a SWA41 rotor, and twelve 1-ml fractions were collected from each
sample.

2.8. Statistical analyses

At least three independent experiments were conducted to obtain statistical results, presented
as means + standard deviations. Data were analyzed by unpaired Student’s t-tests to determine
significance.

3. Results

3.1. Agonists induce rapid desensitization of MOR-dependent [Ca?*]; release

In order to study the agonist-induced MOR desensitization, a protocol monitoring [Ca2*];
release was used as reported previously [5]. By itself, morphine did not evoke [Ca?*]; release
in HEK293-MOR cells [24] (Fig. 1A). In contrast, 200 nM of ADP, an agonist of the Gg-
coupled purinergic P2Y receptor, induced transient but robust [Ca2*]; release (Fig. 1B).
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Furthermore, this ADP-induced release was potentiated significantly by treating the cells with
1 uM morphine together with ADP (Fig. 1C); while the MOR antagonist naloxone blocked the
morphine-induced potentiation (Fig. 1D). The potentiation of morphine on ADP-induced
[Ca2*]; release was used as an indicator of MOR activity in subsequent experiments.

Pretreatment of cells with HBSS buffer for 5 min before addition of ADP and morphine had
no effect on morphine-potentiated [Ca2*]; release (Fig. 1B, C and Fig. 2A, B). In contrast,
pretreatment with 100 nM morphine for 5 min significantly decreased the release of [Ca2*];
by morphine and ADP (Fig. 2C): morphine-induced [Ca?*]; release after 100 nM morphine
pretreatment for 5 min was only 35% + 14% of the agonist response after HBSS pretreatment
(Fig. 2C, E and Fig. 3A). If morphine pretreatment was extended to 30 min, the morphine-
induced response decreased further to 2% + 13% that of HBSS-treated samples (Fig. 2D, E
and Fig. 3A). Furthermore, increasing the concentration of the morphine used in pretreatment
accelerated the rate of decrease in the agonist response. Loss of response was observed as
quickly as 1 min after a 1 pM morphine pretreatment; a 5-min pretreatment 1 uM morphine
decreased [Ca?™]; release to 6% + 4% that of controls (Fig. 2E). The decrease in morphine
responsiveness appeared to be homologous, because the response to ADP alone was not
affected by either a 5-min pretreatment with 1 uM morphine or a 30-min pretreatment with
100 nM morphine (Fig. 2F). Because pretreatment with morphine neither influenced [Ca?*];
reserves (i.e., morphine did not evoke calcium release by itself) nor desensitized the P2Y
receptor, the decreased ability of morphine to potentiate ADP-induced [Ca2*]; release reflects
the desensitization of MOR.

3.2. Morphine-induced desensitization of MOR is PKCe-dependent

Although previous reports indicated that DAMGO uses GRK- and BArr-dependent pathways
to desensitize MOR, other protein kinases have been implicated in morphine-induced MOR
desensitization [25,26]. To characterize the mechanism by which morphine induced MOR
desensitization, HEK293-MOR cells were incubated with a Src kinase inhibitor (PP2), an
extracellular signal-regulated kinase inhibitor (PD98059), or a PKC inhibitor (Ro-31-8425)
before inducing receptor desensitization by pretreatment with 100 nM morphine. Among these
inhibitors, only 5 uM of Ro-31-8425 attenuated morphine-induced, but not DAMGO-induced,
MOR desensitization (Fig. 3A, B and data not shown). In the presence of the PKC inhibitor,
the MOR response decreased by 55% * 6% after a 30-min morphine pretreatment, which was
significantly attenuated from control group (p <0.01, n>3).

The identity of the PKC subtype responsible for morphine-induced desensitization was
determined using RNA interference technique to down-regulate the cellular level of MRNAs
of specific PKC subtype, as described in the Materials and Methods. Although all eleven PKC
subtypes are present in HEK293 cells [27], we focused on the PKC subtypes a, y and g, which
have been implicated in the development of morphine-induced tolerance in vivo [14].
Introducing interfering RNA (RNAI) against PKCa (PKCaRNAI), PKCy (PKCyYRNAI) or
PKCe (PKCeRNAI) specifically down-regulated the endogenous levels of PKCa, PKCy or
PKCg, respectively (Suppl. Fig. 1). Morphine-induced MOR desensitization was attenuated
significantly by overexpression of PKCeRNAI (p <0.05, n>3), 30-min morphine pretreatment
decreased MOR response by 39% + 10%, correlated to the level of endogenous PKCe being
down-regulated (Fig. 3C, Suppl. Fig. 1). In contrast, overexpression of PKCaRNAI or
PKCyRNAI did not affect morphine-induced MOR desensitization; and DAMGO-induced
MOR desensitization was not affected by any of these PKC subtypes RNAIs (Fig. 3D).

Since morphine-induced MOR desensitization was only partially inhibited by Ro-31-8425 or
PKCeRNAI. To further investigate whether PKCe plays the exclusive role in morphine-induced
MOR desensitization, membrane-permeable, subtype-specific peptide inhibitors of PKC were
used. These peptides inhibit PKC activity by binding to either the subtype’s catalytic sites or
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their corresponding anchoring protein RACK [28,29]. Morphine-induced MOR desensitization
was completely blocked by the PKCze inhibitor, but not by the inhibitors of PKCa or PKCy
(Fig. 3E). In contrast, DAMGO-induced MOR desensitization was unaffected by any of these
inhibitors (Fig. 3F).

3.3. Morphine induces PKCeg activation and translocation

Morphine-induced receptor desensitization is mediated by PKC whereas DAMGO-induced
desensitization is not, whether PKC is activated by MOR in an agonist-dependent manner was
investigated. An antibody that recognizes phosphorylated PKC substrates was used to
determine PKC activity after morphine pretreatment. When the immunoreactivities of
phosphorylated PKC substrates were determined in whole cell lysates, a 5-min pretreatment
with 1 pM morphine increased PKC activity to 120 + 10% that of basal levels, whereas the
general PKC activator phorbol 12-myristate 13-acetate (PMA) induced an increase to 160
12% of control activity (Fig. 4A and C). MOR signaling complexes were specifically co-
immunoprecipitated with MOR by using HA antibody (Suppl. Fig. 2A). Morphine pretreatment
increased the amount of phosphorylated PKC substrates present in MOR signaling complexes
by 2.0 £ 0.18 fold relative to controls, and this morphine-induced increase was greater than the
1.5 + 0.16 fold increase induced by treatment with PMA (Fig. 4B and C). Thus, morphine
activated PKC and the phosphorylated PKC substrates enriched in the receptor signaling
complex. In contrast, DAMGO pretreatment did not significantly increase PKC activity,
indicating that PKC activation was agonist-dependent (Fig. 4).

The antibody used against the phosphorylated PKC substrate provides indirect evidence for
PKC activation, and cannot distinguish the activities of PKC subtypes. Therefore, the PKC
subtypes were immunoprecipitated with their specific antibodies respectively from whole cell
lysates and the enzymatic activities within the immunoprecipitates were determined. Among
the three PKC subtypes examined, only the activity of PKCe was increased by morphine (226
+ 31%, relative to basal levels). In contrast, the PKCe activity in DAMGO-treated cells was
only 117 + 14% of the basal activity. Neither morphine nor DAMGO increase the activity of
PKCa or PKCy (Fig. 5A).

The specific activation of PKCe was further demonstrated by using the RNA interference.
Although the down-regulation of PKC subtypes was incomplete, the increase in PKCe activity
was attenuated significantly (Fig. 5B). This result was not due to the decreased basal activity
of PKCg, because PKCeRNAI did not suppress the basal activity of PKCe significantly (Fig.
5B). The increased PKCzg activities after morphine pretreatment was inhibited by PKCeRNAI
but not PKCaRNAI or PKCyRNAI overexpression further indicating the specificity of RNAis
(Fig. 5B). Overexpression of PKCeRNAI did not completely block PKCe activation. Hence
PKC subtype-specific inhibitors were used. PKCe inhibitor decreased the basal activity of
PKCe by 22 + 8% (Fig. 5C), and prevent the morphine-induced PKCzg activation (Fig. 5C).

Activated PKCs translocate to the plasma membrane [13] and phosphorylate substrates within
the signaling complex. We therefore determined if PKCe translocated to the receptor signaling
complex during agonist pretreatment. Lipid rafts in which MOR signaling complexes are
located were separated from other membrane domains using a continuous sucrose gradient
[30]. In control and DAMGO-treated cells, PKCe localized in the last two high-density
fractions of the gradient; these fractions correspond to the cytosolic fraction of HEK293 cells.
In contrast, morphine treatment induced translocation of PKCe from the last two fractions to
the lipid raft fractions (i.e., fractions 3, 4), where MOR and Gai2 are located (Fig. 5D). In
addition, the amount of PKCg associated with the MOR signaling complex as detected by
immunoprecipitating of MOR using anti-HA antibodies increased after morphine, but not
DAMGO, treatment (Fig. 5D). Therefore, these results indicate that morphine induces the
activation and translocation of PKCg into the MOR signaling complex.
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3.4. Gai2 is an essential component of MOR signal transduction

Morphine induces receptor phosphorylation more slowly and to a much lesser extent than does
DAMGO [7]. Furthermore, morphine can induce MOR desensitization even after all the
putative phosphorylation residues (i.e., Ser/Thr) on the MOR carboxyl tail are mutated [5].
These data suggest that MOR is not the target of PKCe within the signaling complex. Indeed,
no PKC-mediated phosphorylation of the receptor was detected in MOR immunoprecipitates
probed on immunoblots with antibody against phosphorylated PKC substrates (data not
shown).

However, another critical molecule within the MOR signaling complex, Ga, has been proposed
as the target of PKC activation and GPCR desensitization [31-33]. To test this hypothesis, the
subtype of Go used by MOR to invoke [Ca?*]; release was identified. PTX-resistant mutants
of Gai2 (Gai2C352L), Gai3 (Gai3C351L) or Gao (GaoC352L) [23] were overexpressed and
verified by immunoblots, and [Ca2*]; release was monitored after PTX pretreatment. Only the
Gui2 mutant restored the morphine-mediated [Ca?*]; release in the PTX-treated cells (Fig. 6A—
C). The inability of overexpressed wild type Gai2 to restore morphine-mediated [Ca2*]; release
after PTX pretreatment (Fig. 6D) excluded the possibility that the restoration of MOR activity
was the result of relative insensitivity of Gai2 toward PTX treatment and comparatively higher
level of Gai2 within the HEK293 cells. Moreover, decreases in the responsiveness in the
morphine-induced [Ca?*]; release when the Gai2 level was attenuated with Gai2 antisense
construct further confirmed the involvement of Gai2 in this MOR signaling process(Fig. 6E).

3.5. Gai2 is the PKC substrate mediating morphine-induced desensitization

Increase of Gai2 phosphorylation was determined after Gai2 was specifically
immunoprecipitated with Gai2 antibody (Suppl. Fig. 2B). Phosphorylation of Gai2 more than
doubled after a 5-min pretreatment with 1 uM morphine (Fig. 7A and B). The increase in
Gai2 phosphorylation was attenuated by PKCeRNAI but not by PKCaRNAI or PKCyYRNAI,
indicating that the Gai2 phosphorylation was PKCe-dependent (Fig. 7A). Moreover, complete
eliminating of morphine-increased Gai2 phosphorylation by PKCe specific inhibitor further
demonstrated PKCzg is absolutely required in morphine-increased Gai2 phosphorylation (Fig.
7B). The Gai2 sequence contains five Ser residues predicted to be putative PKCg
phosphorylation sites [34, 35]. These sites were then mutated individually and in combination
on the Gai2C352L mutant. HEK293-MOR cells were transfected with these mutants and
pretreated with PTX in order to eliminate the contribution of endogenous Gai2 on MOR
activity. Relative to the amount of PKC-mediated phosphorylation of Gai2C352L, decreases
in Gai2 phosphorylation after PTX and morphine pretreatment were seen in the Gai2S44A,
Gai2S144A and Gai2S302A mutants, but not in the other two mutants (Fig. 8A). When these
three residues were mutated in combination (Gai2C352LTM), the increase in Gai2
phosphorylation after PTX and morphine pretreatment was blocked completely (Fig. 8B).

HEK293-MOR cells were transfected with either Gai2C352L or the Gai2C352LTM mutant.
Then these cells were pretreated with PTX to eliminate endogenous Gai2 activities. The ability
of morphine to induce MOR desensitization in these cells was measured. As shown in Fig 9A,
morphine induced receptor desensitization in HEK293-MOR cells overexpressing the
Gai2C352L after PTX pretreatment. However, in cells expressing the Gai2C352LTM,
morphine-induced MOR desensitization was attenuated significantly (Fig. 9A). In contrast,
overexpression of the triple mutant did not affect DAMGO-induced MOR desensitization
observed with the Gai2C352L overexpression after PTX pretreatment (Fig. 9B). These data
indicate that PKCe-induced phosphorylation of Gai2 could be the basis for observed morphine-
induced receptor desensitization.
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3.6. Morphine pretreatment heterologously desensitizes CB1 receptor

PKC regulates various cellular responses [13], and GPCR desensitization mediated by PKC
usually results in heterologous desensitization [4]. After morphine pretreatment, P2Y receptor
activity was not altered (Fig. 2F). However, P2Y receptor mediates its function via Gq. Whether
morphine-induced MOR desensitization is homologous when comparing the activities of other
Gi/o receptors is unknown. Because MOR-activated PKCe activity concentrated within the
MOR signaling complex (Fig. 5C and D), it is reasonable to hypothesize that morphine
treatment might alter the activities of other GPCRs with cellular distributions similar to that
of MOR. Previous studies reported possible interactions in vivo and in vitro between MOR and
the cannabinoid CBL1 receptor [19,20], and like MOR, CB1 is also a Gi/Go-coupled receptor.
As with morphine, treatment with the CB1 agonist WIN55,212-2 (Win-2) alone did not elicit
[Ca2*]; release in HEK293-MOR cells transiently expressing the CB1 receptor, but Win-2 did
potentiate P2Y receptor-induced [Ca2*]; release (Suppl. Fig. 3). Although possible allosteric
effects between MOR and CB1 receptor in vitro have been suggested [36,37], neither
synergistic nor inhibitory effects were observed when morphine and Win-2 were added
together (Suppl. Fig. 4). The absence of an additive response suggests that these receptors
might share a common signaling pathway.

Whether morphine pretreatment could modulate subsequent CB1 response was examined.
After a 5-min pretreatment with 1 uM morphine, Win-2 was added with ADP and the CB1
response was monitored; and 10 pM of the MOR-selective antagonist CTOP was added at the
same time as the Win-2 and ADP to block MOR activity (Fig. 10C). Morphine pretreatment
significantly reduced Win-2 potentiation of ADP-mediated [Ca2*]; release (Fig. 10B, C). This
attenuation of CB1 activity was prevented by inclusion of 10 uM CTOP during the morphine
pretreatment period (Fig. 10D), indicating that CB1 desensitization resulted heterologously
from MOR activation. In contrast, DAMGO pretreatment did not alter the CB1 response (Fig.
10E).

HEK?293-MOR cells transiently transfected with CB1 were then preincubated with PKCe
inhibitor; the ability of morphine pretreatment to blunt the Win-2 response was blocked by this
inhibitor (Fig. 11A). Furthermore, overexpression of the Gai2 triple mutant Gai2C352LTM
reversed the CB1 desensitization induced by morphine pretreatment while the overexpression
of the Gai2C352L did not (Fig. 11B). Taken together, these data suggest that phosphorylation
of Gai2 by morphine-activated PKCe heterologously desensitized CB1 receptor in HEK293
cells.

4. Discussion

Morphine induces a higher degree of tolerance than other opioids such as fentanyl or etorphine
administered at equivalent doses [38]. One hypothesis suggests that morphine inefficiently
induce MOR phosphorylation and subsequent recruitment of Arrs, leading to prolonged MOR
signaling and an profound adaptive cellular response that eventually results in tolerance
development [39]. Another hypothesis, also based on the inability of morphine to recruit pArrs
and induce MOR internalization, suggested that morphine-activated MOR cannot be
resensitized by the receptor recycling process [40]. The morphine-MOR complexes stay on
the cell membrane and remain inactive, leading to tolerance development in vivo. Both
hypotheses are based on the low efficacy with which morphine recruits BArrs that play a major
role in desensitization.

However, other reports indicate that the pathways leading to tolerance development are
agonist-dependent, most notably the blunting of fentanyl-induced, but not morphine-induced,
tolerance development in GRK3™/~ mice [41]. The present study, as well as previous studies,
indicates that MOR desensitization is also agonist-dependent: Morphine-induced receptor
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desensitization was PKC-dependent, whereas DAMGO-induced desensitization was not. This
is reflected in the ability of morphine to activate PKCe to a much greater extend than DAMGO
could (Fig. 3A). The contribution of PKC to morphine tolerance has been reported extensively
[8-11,42-44], and specific PKC subtypes (a, v, and €) have been proposed to play a role in
morphine function in vivo [14,15,45-48]. Due to partially down-regulating endogenous PKC
subtypes, miRNAs are not able to completely prevent morphine-induced MOR desensitization.
However, the specificity of miRNA in down-regulating its target protein excludes the
possibility of non-specific inhibition by the PKC subtypes peptide inhibitors. It is worth noting
that in present studies, general PKC inhibitor Ro-31-8425 did not fully rescue morphine-
induced desensitization while subtype-specific peptide PKCe inhibitor did. The different
efficacies between the chemical and subtype-specific peptide PKC inhibitors were also
observed in different assays [49]. It might due to the selectivity of PKC inhibitors or result
from compensatory response by generally inhibiting PKCs. Verifying the subtypes of PKC
involved with the miRNA constructs need to be accomplished if PKC inhibitors are to be used
in blunting morphine tolerance in vivo. In present study, PKCe is confirmed to be specifically
activated by morphine and is responsible for morphine-induced MOR desensitization. One
could argue that morphine—induced activation of PKCze is limited to HEK293 cell model used
in current studies. However, in the primary cultures of hippocampal neurons where MOR is
expressed endogenously, morphine was observed to activate PKCg, but not PKCo and
PKCy, in these cultures (data not shown). Further, our observations on the role of PKCe on
morphine-induced receptor desensitization parallel those reported for PKCs ™~ mice [15].
Probably, some of chronic morphine in vivo actions could be mediated by the PKCe
phosphorylation of cellular proteins.

Nevertheless, it is possible that different PKC subtypes might be involved in acute or chronic
morphine actions in neurons other than those from hippocampus. Indeed, in neurons from the
rat locus coeruleus, morphine-activated receptor is desensitized by muscarinic-activated
PKCa; although whether morphine activates the PKCa. in these neurons remains to be
demonstrated [50]. In vivo studies also have indicated the involvement of PKCa and PKCy in
morphine analgesia and tolerance [14,15,45-48]. These discrepancies in the role of PKC
subtypes in morphine action could be the result of differential expression of PKC subtypes in
neurons expressing MOR. Also, PKCa and PKCy both belong to the conventional PKC
subfamily and are activated by Ca2*. In contrast, PKCe is a member of a novel PKC subfamily
that is not sensitive to Ca2* [13]. The differential requirement of Ca2* for activation might also
account for the different PKC subtype activities in different tissues. Mice knocked-out for the
d-opioid receptor (DOR) or the endogenous DOR agonist preproenkephalin fail to develop
morphine tolerance, suggesting a possible role for DOR in MOR tolerance development [51,
52]. Although morphine activation of MOR cannot induce [Ca?*]; release, DOR induced
[Ca?™]; release in various cell types, including neurons [53-55]. The distribution of MOR and
DOR in the central nervous system [56] could explain the involvement of different PKC
subtypes in the development of morphine tolerance in vivo.

Morphine-, but not DAMGO-induced MOR desensitization via PKC pathway has been
reported in both HEK293 cells and locus coeruleus neurons [6,57]. However, those studies
failed to show activation of PKC by morphine; and purposed morphine-activated MOR is more
vulnerable for PKC-mediated phosphorylation. Whether this hypothesis is correct or different
mechanisms for morphine- and DAMGO-induced desensitization due to agonist-dependent
signaling or the preference for PKC signaling pathway needs to be addressed further in the
future.

The exact PKC targets involved in morphine-induced receptor desensitization and tolerance
development requires further investigation, although the opioid receptor has been suggested
as a possible target [58]. However, mutation of morphine-induced phosphorylation sites on
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MOR were unable to attenuate morphine-induced MOR desensitization [5]. Also, antibodies
specific for PKC substrates failed to recognize MOR in the present study (data not shown).
Clearly, these results do not support the hypothesis that MOR is a PKC target during chronic
morphine treatment. The observed reduction in morphine-induced, but not DAMGO-induced,
receptor phosphorylation by PKC inhibitors [58] could be attributed to PKC-mediated
phosphorylation and activation of other protein kinases such as GRK or Src [59,60] that are
known to phosphorylate MOR. Whether morphine-induced MOR phosphorylation participates
in either acute or chronic receptor signal transduction remains to be addressed.

Other molecules, such as G, are phosphorylated by PKC and might be related to MOR
signaling [61]. A role for Gai in regulating GPCR desensitization has also been suggested
previously [31,32], and PKC-mediated Gai phosphorylation inhibits Gai activity [31].
Furthermore, phosphorylation of the Go subunit inhibits its ability to reassociate with Gfy,
thereby impeded G-protein signaling [62]. The current study demonstrates that Gai2 is a target
for morphine-activated PKCe importance of PKC-induced phosphorylation of Gai2 is
demonstrated further by the attenuated desensitization observed when the putative PKC sites
on the Gai2 are mutated.

Inactivation of Gai2 by PKC-mediated phosphorylation could reduce the activities of other
GPCRs if they share a pool of Ga-subunits with MOR. Again, the current study indicates that
morphine pretreatment attenuates the ability of CB1 to induce [Ca%*]; release. Functional cross-
tolerance between MOR and CBL1 in vivo has been reported [19,63], and in vitro studies
indicated that MOR and CBL1 directly antagonize each other’s activity [36,37,64], which has
been suggested to result from the heterodimerization of the two receptors [36]. The current
study provides an alternative explanation for the crosstalk between MOR and CB1, i.e., PKC-
mediated Gai2 phosphorylation. Our observations are in accord with a recent study in which
only activated MOR and CB1 antagonized each other’s activity [37]. In mice with decreased
Gz protein, cross-tolerance between these receptors was attenuated [65]. The Gz-associated
protein HINT1/RGSZ translocates PKCy to MOR in mouse neurons [66]; it is reasonable to
suggest that decreasing Gz levels also reduce the amount of translocated PKCy. These
observations support the possible involvement of PKC in cross-desensitization and cross-
tolerance between MOR and CB1. That is, sharing the same pool of G-proteins is necessary
and sufficient for morphine-activated PKC to cross-desensitize other GPCRs, and might indeed
be the cellular mechanism for some of the interactions observed in vivo between MOR and
other GPCRs.

The sharing of the same pool of Gai2 between MOR and other GPCRs is critical for
heterologous desensitization via PKC phosphorylation of Ga subunits. Colocalization within
the same microdomain is a prerequisite. This is best illustrated by the inability of morphine-
activated MOR to cross-desensitize a2-adrenergic receptor [67], which unlike MOR is located
outside of the lipid rafts [30,68]. In contrast, CB1 locates within the lipid rafts [69], and can
be heterologously desensitized by morphine-mediated activation of MOR.

5. Conclusion

Present studies demonstrate agonist-dependent activation of PKCe by MOR; and such agonist-
dependent MOR signaling leads to the different mechanisms of MOR desensitization. Instead
of the classical BArr- and GRK-dependent pathways, morphine induces MOR desensitization
via a PKCe-dependent mechanism. In addition, by using phosphorylation sites triple mutant
Gai2C352LTM, it is the first time to directly establish the involvement of Gai proteins’
phosphorylation in MOR desensitization. Moreover, based on the mechanism used to
desensitize MOR, agonists differ in their ability on affecting the other receptors cellular
signaling transduction pathways. Because there is a clear distinction among MOR agonists as
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to whether the BArrs/GRK or PKC pathway is used, future studies on the functional interactions
between MOR and other GPCRs will need to consider which signaling and regulatory pathways
are involved. The microdomains in which the GPCRs are located relative to MOR also must
be taken into account. Such functional interactions between GPCRs will have to be considered
in drug design; specifically, whether homologous or heterologous desensitization among
receptors occurs based on the GPCRs and subsequent pathways to be activated.
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Fig. 1. MOR-potentiates Gg-coupled receptor-induced [Ca2+]i release

Real-time changes in intracellular fluorescence expressed in raw fluorescence units (RFU)
were used to assess [Ca2*]; release from HA-tagged HEK293-MOR cells. Fluorescence
changes were recorded using a 485-nm excitation wavelength and a 525-nm emission
wavelength. After a 30-s baseline reading, agonists in HBSS buffer were added. (A) 1 uM
morphine (morph); (B) 200 nM ADP; (C) 200 nM ADP + 1 uM morphine; (D) 200 nM ADP
+ 1 pM morphine + 30 uM naloxone (nalox) (n = 3).
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Fig. 2. Determining MOR desensitization by monitoring MOR-induced [Ca2+]i release

(A-D) Real-time changes in intracellular fluorescence are expressed in RFU. HEK293-MOR
cells were pretreated with HBSS or 100 nM morphine for (C) 5 min or (D) 30 min, followed
by ADP and additional morphine to achieve final agonists’ concentrations as indicated in the
figure. (E) Dose response and time course of morphine-induced receptor desensitization.
HEK?293-MOR cells were treated as described in (A-D). Total [Ca2*]; release after
pretreatment was quantified by calculating the area under curves with a Prism program.
Response to ADP was subtracted from total response to obtain the response to MOR. MOR
response after morphine pretreatment was compared to MOR response after HBSS
pretreatment to obtain the desensitization ratio. (F) Effect of morphine pretreatment on
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response to 1 uM ADP. After morphine pretreatment, ADP was added together with 10uM
CTOP to block MOR response. Response to ADP was analyzed as described in Fig. 2E. (n>3)
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Fig. 3. Morphine-induced, but not DAMGO-induced, MOR desensitization is PKC-dependent
Morphine-induced desensitization as measured by assessing agonist potentiation of ADP-
mediated [Ca2*]; release. 100 nM morphine or DAMGO were used to pretreat HEK293-MOR
cells for various time indicated in the X-axis. Desensitization ratios were determined as
described in Fig. 2. HEK293-MOR cells were incubated for 3 h with DMSO (Control) (m), 5
uM general PKC inhibitor Ro-31-8425 (o), transfected for 48 h with PKCaRNAI (A),
PKCYRNAI (V), PKCsRNAI (@) or incubated for 3 h 50 uM subtype-specific inhibitors of
PKCa (PKCai) (), y (PKCyi) (o), or £ (PKCei) (A) before assays (*: p < 0.05; **: p < 0.01;

n>3).
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Fig. 4. Activation of PKC by morphine treatment

HEK293-MOR cells were pretreated with Buffer (lane 1), 1uM PMA (lane 2), 1uM morphine
(lane 3) or 1uM DAMGO (lane 4) for 5 mins. (A) PKC activity in whole cell lysates was
determined by immunoblotting (IB) with an antibody against phosphorylated PKC substrates
(PKCsub), and Gai2 and MOR in whole cell lysates were used as input controls. (B) MOR
signaling complexes were co-immumoprecipitated (co-1P) with HA antibody, and PKC activity
was determined by IB with PKCsub; MOR within immumoprecipitates was determined with
an antibody against MOR C-terminal. (C) Quantitative analysis of immunoreactivities of PKC
phosphorylated substrates as determined from IBs. (#: no significant difference; *: p < 0.05;
**:p <0.01; n=3).
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Fig. 5. Morphine increases PKCzg activity and translocates PKCg to the MOR signaling complex
(A) Determination of agonist-induced PKC subtype activity in cell lysates. HEK293-MOR
cells were pretreated for 5 min with 1 uM morphine and DAMGO. Activities of individual
PKC subtypes were determined (*: p <0.05; **: p<0.01; n>3). (B) Determination of morphine-
induced PKCze activity in cell lysates after overexpression of PKC subtypes RNAis. HEK293-
MOR cells were transfected with PKCaRNAI, PKCyYRNAI or PKCeRNAI for 48 h before 5
min 1uM morphine pretreatment. Activities of PKCe subtype were determined (*: p < 0.05;
**:p <0.01; n>3) (C) Determination of morphine-induced PKCzg activity in cell lysates after.
HEK293-MOR cells were incubated for 3 h 50 uM PKCzg subtype-specific inhibitor (PKCzei)
before 5 min 1uM morphine pretreatment. Activities of PKCe subtype were determined (*: p
<0.05; **: p < 0.01; n>3) (D) Morphine-induced translocation of PKCg to the MOR signaling
complex. Cells were pretreated with 1 uM morphine or DAMGO for 5 mins. Homogenates
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were fractionated on continuous sucrose gradients. Gai2 and Gg were used as lipid raft markers;
transferrin receptor (TR) as a non-raft marker Lanes. Left to right: sucrose gradient fractions
1-12. (E) Morphine-induced PKCe association with the MOR signaling complex. Cells were
pretreated with 1 uM morphine or DAMGO for 5 min. MOR signaling complexes were
immunoprecipitated with HA antibody and immunoblotted with PKCg antibody; MOR was
used as loading control.
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Fig. 6. Gai2 is essential for MOR signaling transduction

(A-D) PTX-resistant Gai2 mutants Gai2C352L (A), Gai3C351L (B), GaoC352L (C) or wild
type Gai2 (Gai2WT; D) were overexpressed in HEK293-MOR cells for 48 h. Cells were
pretreated with HBSS (Con) (m), PTX 20ng/ml (o) or PTX 100ng/ml (A) for 16 h before
morphine-induced [Ca?*]; release dose-response assays. (E) Vector (o), Gai2 sense (S) () or
antisense (AS) ('V;) constructs were overexpressed for 48 h before morphine-induced
[Ca?™]; release dose-response assays. Different concentrations of morphine were added with
200nM ADP. Total [Ca?*]; release after pretreatment was quantified by calculating the area
under curves with a Prism program. Response to ADP was subtracted from total response to
obtain the response to morphine (*: p < 0.05; **: p < 0.01; n=3).

Cell Signal. Author manuscript; available in PMC 2011 April 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Chuetal.

A

GaiZlIB. pSer N — ¢
INput IB: GOLIi2 s —m———
*
> 300
> * % *%*
b= *
S =
O g 200+ N
X ¢
a o
s ©
3 X 1001
©
o
1)
£ 0-
AN
(’\éo ‘3‘& o*éo o‘é\ 0&0
F L & E LS
07 & oS S X
¥ &FFESF
& &S
Q& \ o
{S, {‘0 470
/U QR

B

IP:
Gai2

|IB: pSer

Page 22

i T e -

|nput IB: GOLi2 e s s — —

3001

200-

% control

increased PKC activity,
S
<

o
L

Fig. 7. Gai2 is phosphorylated by PKCg after morphine treatment
HEK293-MOR cells were transfected with PKCaRNAI, PKCyRANI or PKCeRNAI for 48 h
(A) or preincubated with specific inhibitors of PKC subtypes o (PKCai), y (PKCyi)or €
(PKCei)for 3 h (B) before assays. Cells were pretreated with 1 uM morphine. Gai2 was
immunoprecipitated, and Gai2 phosphorylation was determined using pSer antibody. Gai2 in
whole cell lysates was used as a loading control. (top): immunoblots; (bottom): quantitative
analysis of immunoblots (#: no significant difference; *: p < 0.05; **: p < 0.01; n=3).
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Fig. 8. Identifying morphine-induced Gai2 phosphorylation sites

(A) HEK293-MOR cells were transfected for 48 h with wild type Gai2 plasmid (WT) PTX-
resistant (C352L) Gai2 plasmid or C352L constructs mutated at serine residues 44, 144, 207,
247 or 302 to alanine. Cells were pretreated with 100 ng/ml PTX for 16 h and with 1 yM
morphine for 5 min before determination of Gai2 phosphorylation as described in legend of
Fig. 7. (B) Cells transfected with wild type Gai2 plasmid (WT) or C352L mutated at serine
residues 44, 144, and 302 (triple mutation; C352LTM) Phosphorylation of the Gai2 was
determined as described previously (*: p < 0.05; **: p < 0.01; n=3).
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Fig. 9. Morphine-induced MOR desensitization is mediated by PKC-induced Gai2 phosphorylation
MOR desensitization was determined by pretreating cells with (A) 100 nM morphine or (B)
100 nM DAMGO for various time as indicated in the X-axis. HEK293-MOR cells were
transfected with Gai2C352L (m) or Gai2C352LTM (o) for 48 h and pretreated with 100 ng/
ml PTX for 16 h before the desensitization assays (*: p < 0.05; **: p < 0.01; n=3).
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Fig. 10. Morphine, but not DAMGO, induces heterologous desensitization of CB1 receptor
Time-dependent changes in intracellular fluorescence (RFU) were used to assess [CaZ*];
release. HEK293-MOR cells transiently expressing the CB1 receptor were pretreated with (A—
B) HBSS, (C) 1 uM morphine, or (D) 1 uM morphine + 10 uM CTOP for 5 min, followed
addition of (A) 200 nM ADP, (B, D) 200 nM ADP + 3 uM Win-2, or (C) 200 nM ADP + 3
uM Win-2 + 10 uM CTOP. (E) CB1 desensitization after pretreatment with 1 uM morphine

or DAMGO was measured at the time indicated in the X-axis (***: p < 0.001; n=3).
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Fig. 11. Morphine-induced CB1 heterologous desensitization is mediated by PKCe-induced Gai2
phosphorylation
(A) Morphine-induced heterologous CB1 desensitization is PKCe dependent. Heterologous

desensitization assays were performed as described in Fig. 10 After morphine pretreatment,
the Win-2 induced maximum response was compared to the control. Cells were pretreated with
PKCzs inhibitor (PKCci) (o) or DMSO (Control) (m) for 3 h before assays. (B) Morphine-
induced heterologous CB1 desensitization is Gai2-phosphorylation-dependent. HEK293-
MOR cells transiently expressing the CB1 receptor overexpressing Goi2C352L or
Gai2C352LTM was pretreated with 100 ng/ml PTX for 16 h before the desensitzation assays
(**: p <0.01; n=3).
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