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ABSTRACT
The human �-opioid receptor (H�OR) is a G-protein coupled
receptor that mediates analgesia, euphoria and other important
central and peripheral neurological functions. In this study, we
found in a yeast two-hybrid screen that a protein kinase C-
interacting protein (PKCI) specifically interacts with the C ter-
minus of H�OR. The interaction of PKCI with H�OR was reca-
pitulated in Chinese hamster ovary cells that express the full-
length H�OR and PKCI proteins. The affinity of H�OR for an
opioid ligand and its ability to mediate the activation of a
G-protein were not altered by their interaction. However, the
association of PKCI with H�OR reduced agonist-induced inhi-
bition of adenylyl cyclase and suppressed H�OR desensitiza-
tion partially at the G protein level and completely at the ad-

enylyl cyclase level. Furthermore, PMA-induced, but not
DAMGO-induced, H�OR phosphorylation was partially inhib-
ited by the coexpression of PKCI, suggesting that PKCI exerts
a selective regulatory effect on H�OR signaling. This effect was
specific to the �-opioid receptor because �-opioid receptor
desensitization was unaffected by PKCI. In addition, behavioral
studies revealed that both basal and morphine-induced anal-
gesia were significantly enhanced in the mutant mice that
lacked expression of PKCI gene, and these mice developed a
greater extent of tolerance to morphine analgesia. Taken to-
gether, these results suggest that PKCI functions as a negative
regulator in H�OR desensitization, phosphorylation, and in me-
diating morphine analgesia.

Morphine, a major component of opium, has a wide range
of effects in the body, but the most important one is the relief
of pain. Early efforts to understand the endogenous targets
for opiate drugs led to the discovery of three main classes of
opioid receptors: �- (MOR), �-, and �-opioid receptors. The
pharmacological actions of opiates and recent studies of opi-
oid receptor-deficient mouse models (Kieffer and Gaveriaux-
Ruff, 2002) indicate that MOR represents the major molecu-
lar target for morphine analgesia and opioid addiction.

Many processes can regulate the functions of opioid recep-
tors. Similar to other G protein-coupled receptors (GPCRs),
opioid receptors generally undergo rapid desensitization,
within seconds to minutes, after being activated by a ligand;
this desensitization is thought to be mediated by ligand-

dependent phosphorylation of the receptors followed by asso-
ciation of the phosphorylated receptors with arrestins. This
sequence of events causes functional uncoupling of the recep-
tors from their cognate heterotrimeric G proteins and pro-
motes the rapid endocytosis of receptors (Lefkowitz, 1998).
Receptor desensitization is crucially important in opioid
pharmacology because this phenomenon has been associated
with the development of tolerance to and dependence on
opioid agents. In addition to receptor phosphorylation and
endocytosis, other activation-dependent opioid receptor reg-
ulatory processes that have been implicated in the develop-
ment of morphine tolerance and dependence include receptor
down-regulation and mitogen activated protein kinase acti-
vation (Law et al., 1984; Trapaidze et al., 1996; Yu et al.,
1997; Polakiewicz et al., 1998).

Agonist-induced phosphorylation has been clearly demon-
strated (Arden et al., 1995; Pei et al., 1995; Zhang et al., 1996;
Appleyard et al., 1997; Li et al., 2002) for all three opioid
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receptors. It is generally accepted that phosphorylation of
opioid receptors could initiate the desensitization process
and promote internalization. In fact, multiple protein ki-
nases have been implicated in opioid receptor phosphoryla-
tion. Thus far, three groups of protein kinases are reported to
be involved: 1) members of the G protein-coupled receptor
kinase (GRK) family (Pei et al., 1995; Yu et al., 1997; Lefkow-
itz, 1998; Zhang et al., 1998), 2) second messenger-activated
kinases, such as protein kinases A and C (PKC) (Zhang et al.,
1996; Wang and Sadee, 2000), and 3) tyrosine kinases (App-
leyard et al., 2000; Kramer et al., 2000). However, the specific
kinases in the brain that actually participate in opioid recep-
tor phosphorylation are not known with certainty.

GPCR internalization is thought to occur after the recep-
tors are phosphorylated by a GRK. In this process, receptors
are endocytosed into an intracellular compartment in which
specific phosphatases remove the phosphates and allow the
dephosphorylated receptor to return to the cell surface. On
the other hand, the receptors are targeted to lysosomes for
degradation, which leads to receptor down-regulation (Fer-
guson et al., 1996; Krupnick and Benovic, 1998; Finn and
Whistler, 2001). Although internalization has been thought
to contribute directly to functional desensitization of opioid
signaling by rapidly reducing the number of receptors
present at the cell surface, it has been proposed that inter-
nalization also mediates receptor resensitization (Koch et al.,
1998; Law et al., 2000). As a regulatory process, internaliza-
tion is also dependent on the properties of the opioid ligand.
Etorphine and many other opioids elicit rapid MOR desensi-
tization and internalization, but morphine does not cause
internalization (Keith et al., 1996). Recent studies on MOR
revealed that administration of DAMGO markedly enhanced
the analgesia after continuous administration of morphine
(He et al., 2002). These results imply that internalization of
MOR may provide protection against the development of
tolerance (He et al., 2002). Phosphorylation of the MOR re-
ceptor seems important for the initiation of internalization
(Whistler et al., 2001); however, the dynamic relationship
between receptor phosphorylation and receptor internaliza-
tion, desensitization, and down-regulation remains to be de-
termined.

Little is known about the biochemical and molecular mech-
anisms responsible for functional regulation of opioid recep-
tors, including which protein(s) directly interact with MOR
and play a role in fine-tuning control of these regulatory
processes. Therefore, the present study was designed to iden-
tify and functionally characterize novel intracellular pro-
tein(s) that participate in the cellular regulation of MOR
signaling. Our results provide the first evidence that a novel
protein PKCI interacts with MOR and that this interaction
leads to the suppression of MOR desensitization and PKC-
related MOR phosphorylation. In addition, from in vivo stud-
ies, we demonstrate that the analgesic effect of morphine, as
well as the extent of tolerance, is greatly enhanced in mutant
mice that lack expression of the PKCI gene.

Materials and Methods
Yeast Two-Hybrid Screening. The cDNA corresponding to the

C-terminal tail (the last 65 amino acids, from 338 to 403) of mouse
MOR was amplified by PCR and subcloned into the EcoRI and PstI
sites of the pGBT9 yeast vector containing the GAL4 DNA-binding

domain. This bait plasmid (pGBT9- MOR) was then transformed into
yeast strain CG1945. Yeast two-hybrid screening was performed
using mouse brain cDNA library (provided by Dr. Lin Mei, Univer-
sity of Alabama, Birmingham, AL) constructed in pACT2 vector
containing the GAL4 activation domain. Positive clones were se-
lected on plates lacking leucine, tryptophan, and histidine with 5
mM 3-aminotriazole and by colony-lift filter assay for �-galactosi-
dase activity. The His� and LacZ� positive colonies were restreaked,
and retested for their His and LacZ phenotypes for three times. After
that, the pACT2-cDNA of positive clones was rescued in Escherichia
coli KC8, and was cotransformed in yeast with pGBT9- MOR, or
pLAM5�, which was an unrelated protein fused to the DNA-binding
domain to eliminate false positives and to confirm two-hybrid inter-
actions. Vector pGBT9 and pATC2 with no insert were used in
control experiments. Thereafter, the cDNA inserts from positive
clones were sequenced.

Cell Culture and Transient Transfection. Chinese hamster
ovary cells that stably express full-length H�OR (H�CHO) were
cultured in Ham’s F-12 nutrient mixture containing 10% fetal bovine
serum, 100 units/ml penicillin, 100 �g/ml streptomycin, and 400
�g/ml geneticin and incubated at 37°C with 5% CO2. For transient
transfection, the H�CHO cells were plated onto 150-mm-diameter
dishes and grown to 50% confluence. Cells then were transfected
with �10 �g of murine protein kinase C-interacting protein
(mPKCI)/pcDNA3 or mPKCI-Myc-His/pcDNA3.1 plasmid using
LipofectAMINE after the instruction of manufacturer (Invitrogen,
Carlsbad, CA). The efficiency of LipofectAMINE-mediated PKCI
transfection was approximately 30 to 40%, estimated based on trans-
fection rate of GFP plasmid control. The pcDNA3.1 plasmid with no
insert was used as control. Experiments were performed 2 to 3 days
after transfection.

Coimmunoprecipitation and Phosphorylation of the MOR.
Transfected cells were washed twice with ice-cold phosphate-buff-
ered saline (PBS), and lysed in RIPA� buffer (1% Nonidet P-40, 0.5%
disodium deoxycholate, 0.1% SDS, 5 mM EDTA, 10 mM NaF, 10 mM
disodium pyrophosphate, 1 �M okadaic acid, 0.1 mM phenylmethyl-
sulfonyl fluoride, 10 �g/ml benzamidine, 10 �g/ml leupeptin, and 1
�g/ml pepstatin A in PBS) for 1 h on ice. The lysate was centrifuged
at 150,000g for 15 min at 4°C. Recovered supernatant was first
incubated with 25 mg of protein A/Sepharose CL-4B beads (Amer-
sham Biosciences, Piscataway, NJ) for 1 h to clarify any nonspecific
binding to protein A from the lysate. At the same time, 3 �l of rabbit
serum containing anti-H�OR polyclonal antibody (Svingos et al.,
1996) was preincubated with 25 mg of protein A/Sepharose CL-4B
beads for 1 h. The supernatant of the lysate was then added to the
antibody-bound protein A beads, and the mixture was incubated for
2 h at 4°C with continuous rotating. Immunoprecipitates were
washed three times with RIPA� buffer, mixed with 1� SDS sample
buffer (4% SDS, 25 mM Tris-HCl, pH 6.8, 5% glycerol, 0.5% 2-mer-
captoethanol, and 0.005% bromphenol blue), and analyzed by West-
ern blotting using monoclonal anti-Myc antibody (Invitrogen).

For receptor phosphorylation, H�CHO and H�CHO-mPKCI cells
were washed twice with phosphate-free Dulbecco’s modified Eagle’s
medium, and incubated at 37°C for 2 h with 300 �Ci/ml of
[32P]orthophosphate (8500 Ci/mmol; PerkinElmer Life and Analyti-
cal Sciences, Boston, MA) in phosphate-free Dulbecco’s modified
Eagle’s medium. Metabolically labeled cells were then exposed to 1
�M DAMGO or PMA for 10 min. Cells were cooled to 4°C by washing
with ice-cold PBS. Proteins were extracted for 1 h at 4°C with 0.8 ml
of RIPA� buffer and subjected to immunoprecipitation as described
above. The immunoprecipitated proteins were then dissociated from
the beads by extraction with 60 �l of SDS sample buffer and sepa-
rated on 8% SDS-PAGE gels. The phosphorylated proteins were
identified by autoradiography using Hyperfilm-MP (Amersham Bio-
sciences) with intensifying screens. Densities for the bands of inter-
est were quantified using a PhosphorImager and ImageQuant soft-
ware (Amersham Biosciences) and were normalized to the amounts

1286 Guang et al.

 by guest on D
ecem

ber 1, 2012
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


of extracted cell protein. Phosphorylation differences between MORs
under different treatments were analyzed by the Student’s t test.

[35S]GTP�S Binding Assay. H�CHO or H�CHO-mPKCI cells
were pretreated for 20 min with or without 5 �M DAMGO in the
culture medium and then harvested in Tris/EGTA/MgCl2 (50 mM
Tris-HCl, 10 mM EGTA, 5 mM MgCl2, pH 7.4) and were dispersed by
agitation. After centrifugation at 500g, the cell pellet was suspended
in ice-cold Tris/EGTA/MgCl2 and homogenized with a Wheaton ho-
mogenizer. The homogenate was centrifuged at 15,200g at 4°C for 10
min, resuspended in membrane buffer (50 mM Tris-HCl, 100 mM
NaCl, 10 mM MgCl2, 1 mM EDTA, 1 mM dithiothreitol, and 0.1%
BSA, pH 7.4). Cell membranes (30 �g of protein) were preincubated
at room temperature for 1 h with the appropriate concentrations of
DAMGO (10�10�10�5 M), then further incubated with 10 �M GDP
(Sigma), in assay buffer (50 mM Tris-HCl, 100 mM NaCl, 10 mM
MgCl2, and 1 mM EDTA) containing 80 pM [35S]GTP�S (1250 Ci/
mmol; PerkinElmer Life and Analytical Sciences) for 30 min at 30°C.
Basal binding was assessed in the presence of 10 �M GDP and
absence of DAMGO. Nonspecific binding was measured in the pres-
ence of 20 �M unlabeled GTP�S. The reaction was terminated by
rapid filtration under vacuum through Brandel GF/B glass filters,
followed by three washes with 3 ml of ice-cold 10 mM Tris-HCl, pH
7.4. Bound radioactivity was determined with the use of an LS 6500
scintillation counter (Beckman Coulter, Fullerton, CA). Data are
reported as mean � S.E. of at least three separate experiments, each
of which was performed in triplicate. Net-stimulated [35S]GTP�S
binding is defined as stimulated binding minus basal binding. Per-
centage stimulation is defined as (net stimulated binding/basal bind-
ing) � 100%. EC50 values were calculated by nonlinear regression
analysis of concentration-effect curves with Prism.

Determination of Adenylyl Cyclase Activity. H�CHO and
H�CHO-mPKCI cells were treated with or without 5 �M DAMGO in
medium for 20 min. Cell membranes were collected by homogenizing
the cells with buffer containing 2 mM Tris-HCl, pH 7.4, and 2 mM
EGTA and centrifuged twice at 10,000g for 10min. Cell membranes
corresponding to 30 �g of protein were added to the assay tubes.
Then they were incubated with 20 �M forskolin and varying concen-
trations of DAMGO in the assay buffer: 80 mM Tris-HCl, pH 7.4, 10
mM theophylline, 1 mM MgSO4, 0.8 mM EGTA, 30 mM NaCl, 0.25
mM ATP, and 0.01 mM GTP for 12 min at 30°C, then was boiled for
2 min to terminate the reaction. [3H]cAMP ([2,8-3H]; 36.2 Ci/mmol,
PerkinElmer Life and Analytical Sciences) at a final concentration of
4 nM in citrate-phosphate buffer, pH 5.0, and the cAMP binding
proteins prepared from bovine adrenal glands were added to each
sample, then were incubated on ice for 90 min. The radioactivity of
supernatant containing bound cAMP, isolated using charcoal and
centrifugation, was measured by liquid scintillation counting and
converted to picomoles of cAMP by comparison to a standard curve.
Dose-response curves were obtained by nonlinear regression analy-
sis using Prism.

Chronic Morphine Treatment and the Hot-Plate Test. The
derivation of mutant mice that have a homozygous deletion of the
mPKCI gene (mPKCI�/�), or so-called knockout mice, mice that have
a heterozygous deletion of this gene (mPKCI�/�), and corresponding
wild-type mice (mPKCI�/�), has been described previously (Su et al.,
2003). mPKCI�/�, mPKCI�/�, and mPKCI�/� mice used in the
present study were 2-month old male mice weighing between 20 and
30 g, and more than 96% of their genetic background is from the 129
strain mice. Experiments were conducted with an approved animal
protocol from School of Pharmacy, University of Maryland Baltimore
Animal Care and Use Committee. Mice were treated daily (between
2:00 PM and 3:00 PM) with morphine (10 mg/kg, s.c.) and antinoci-
ception was assessed by the hot-plate test 30 min later each day for
7 days. In each antinociception assay, nociceptive latencies were
assessed as the response time to the hot plate (55°C). The response
was defined by the animal forepaw licking. Thirty seconds was the
cut-off time to avoid tissue damage. Data were reported as mean �
S.E. of the maximum possible effect (% MPE), which was determined

by using the following calculation: 100% � [(drug response time �
basal response time)/(30 – basal response time)] � % MPE. Dose-
response curves were determined using a cumulative dosing scheme
on days 1 and 7. In brief, mice were treated with 5, 10, and 20 mg/kg
morphine on day 1. On day 7, mice were cumulatively treated with
10, 20, 40, and 80 mg/kg of morphine. The time interval between
injections is about 35 min. ED50 was calculated by nonlinear regres-
sion analysis (Prism; GraphPad Software, San Diego, CA).

Results
Identification of mPKCI That Specifically Interacts

with the C Terminus of MOR. In this study, we searched,
using the yeast two-hybrid system, for proteins that might
play a role in MOR signaling. We used the C terminus of the
MOR coding region as the bait (see Experimental Procedures)
and screened a mouse whole-brain cDNA library. Using this
approach, one clone was found to be strongly positive for
activation of histidine biosynthesis as well as activation of
the lacZ reporter. Sequence analysis revealed that the cDNA
from this clone encoded a previously identified gene called
mPKCI (Klein et al., 1998) with an unknown function (Fig.
1). We further examined the association between H�OR and
mPKCI in mammalian cells using H�CHO. There is no en-
dogenous PKCI expression in CHO cells (assessed by West-
ern blot; data not shown), and the Myc-tagged mPKCI was
transiently expressed in H�CHO cells. The mPKCI was im-
munoprecipitated with anti-MOR antiserum under basal or
DAMGO-stimulated conditions. The mPKCI protein was vi-
sualized as a band with a size of 15 kDa on Western blot
using a monoclonal anti-Myc antibody under both conditions
(basal or DAMGO stimulated), but this protein was not
present in the sample that lacked the polyclonal anti-MOR
antiserum (Fig. 2), indicating that the interaction of H�OR
with mPKCI was recapitulated in mammalian cells.

Characterizing the Effect of mPKCI on the Function
of MOR. To determine whether the interaction of mPKCI

Fig. 1. Nucleotide and deduced amino acid sequence of mPKCI (GenBank
accession number AAC71076). Full-length gene mpkci is presented with
80 nucleotides each line. Start and stop codons are labeled. Deduced
amino acids are represented by single-letter codes. The characteristic
motif of HIT protein family, HIHLH, is shown in bold. The sequence of
the cDNA insert of the positive clone is also aligned, 99% matched the
nucleotides from 107 to 539 of mpkci. The number of the start and end
nucleotide of the cDNA insert is labeled. Mismatched nucleotides are
shown in italic.
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with H�OR would lead to changes in receptor pharmacology,
we examined receptor ligand binding, G protein coupling,
and inhibition of adenylyl cyclase activity. We found that the
binding properties of MOR with [3H]diprenorphine in cells
expressing both H�OR and mPKCI (Bmax, 0.54 � 0.02 pmol/
mg; Kd, 0.32 � 0.05 nM) were similar to that when only the
receptor was expressed (Bmax, 0.50 � 0.03 pmol/mg; Kd,
0.30 � 0.03 nM). In a GTP�S binding assay, DAMGO, a
�-agonist, showed a similar G protein activation efficacy in
both H�CHO and ��CHO–mPKCI cells with maximal re-
sponse of 224 � 0.8% and an EC50 of 9.3 � 0.8 nM in the
H�CHO and maximal response of 182 � 4.8% and EC50 of
10.5 � 1.3 nM in the H�CHO–mPKCI cells. After pretreat-
ment with 5 �M DAMGO for 20 min, receptor-mediated GTP
binding upon re-challenge with agonist was suppressed in
both cell types, a phenomenon termed “acute desensitiza-
tion”. However, the level of H�OR desensitization was mod-
erately attenuated in cells coexpressing H�OR and mPKCI
(Table 1). DAMGO preincubation induced only a 3.5-fold shift
in EC50 in the H�CHO–mPKCI cells, whereas it produced a
7.4-fold shift in the H�CHO cells. This effect seemed specific
to MOR because DOR desensitization was unaffected by mP-
KCI (data not shown). The influence of H�OR-mPKCI asso-
ciation on receptor signaling and desensitization was also
examined at the level of a downstream effector (i.e., the
production of cAMP, measured by adenylyl cyclase assay).
The ability of H�OR to inhibit adenylyl cyclase activity
seemed to be reduced in the presence of mPKCI, and MOR
desensitization was not observed in H�CHO plus mPKCI
cells after pretreatment of DAMGO (Table2). These results
revealed that the H�OR-mPKCI interaction altered the re-
ceptor-mediated inhibition of adenylyl cyclases activity and
abolished DAMGO-induced desensitization.

Both H�OR-mPKCI and H�OR expressing cells displayed
similar basal levels of MOR phosphorylation. However, the
receptor phosphorylation induced under different circum-
stances was differentially affected by mPKCI. Thus, the
PMA-induced MOR phosphorylation was reduced by 50% in
H�OR-mPKCI cells compared with the cells expressing only
MOR. In contrast, DAMGO-stimulated phosphorylation was
unchanged by the presence of mPKCI (Fig. 3).

Enhancement of Morphine Analgesia in Mice Lack-
ing the mPKCI Gene. Our in vitro studies suggested that
mPKCI could serve as a negative regulator of MOR phos-
phorylation and desensitization. Because phosphorylation
and desensitization are thought to play important roles in

the development of tolerance in vivo, we conducted behav-
ioral studies on mPKCI gene knockout mice to enhance our
understanding of the role of mPKCI in regulating the in vivo
function of MOR. The mutant mice were viable, fertile, and
showed no overt anatomical deficit as reported previously (Su
et al., 2003). To determine whether morphine-induced anal-
gesia was affected in mPKCI knockout mice, the dose-re-
sponse effect as well as the time course of morphine analgesia
was examined in the knockout and wild-type mice using a
hot-plate assay. We found that the mPKCI�/� mice displayed
a moderate but statistically significant elevation of basal
threshold compared with that of mPKCI�/� mice, with values
of 11.8 � 0.6 s (n � 15) for mPKCI�/�, and 9.5 � 0.6 s (n �
15) for the mPKCI�/� (p 	 0.01) respectively. However, there
was no difference in the basal threshold between heterozy-
gotes (mPKCI�/�) and wild-type littermates (p 
 0.05, data
not shown). Compared with the wild-type mice, mPKCI
knockout mice (mPKCI�/�) also displayed significantly en-
hanced analgesia at relatively low doses of morphine, 5 and
10 mg/kg (p 	 0.01), but not at a high dose, 20 mg/kg (p 

0.05; Fig. 4A). There was no enhancement of morphine-in-
duced analgesia in heterozygous mPKCI�/� mice (data not
shown).

In the time-course study, a single dose of 10 mg/kg mor-
phine elicited analgesia in the wild-type mice, which declined
90 min after injection and was absent in 3 h. The pattern and
duration of morphine-induced analgesia in the mPKCI
knockout mice was similar to that of the wild-type mice,
except that the knockout mice showed an overall enhance-
ment of analgesia, especially at the initial period after mor-
phine administration. Therefore, the subsequent declining
rate of analgesia was more rapid in mPKCI knockout mice
than that in the wild-type mice, as shown with steeper re-
covering slope (Fig. 4B)

Development of Morphine-Induced Tolerance in mP-
KCI�/� Mice. In wild-type mice, 10 mg/kg morphine pro-
duced acute analgesia. With chronic morphine exposure,
wild-type mice developed tolerance to morphine-induced an-
algesia. Thus, as shown in Fig. 5A, the analgesic response,
assessed by % MPE, gradually decreased after repeated mor-
phine administration (10 mg/kg, s.c., once per day) and al-
most disappeared on the seventh day. The mPKCI�/� mice
developed tolerance as well. The time-course response curves
for both genotypes were parallel (Fig. 5A), although the mice
displayed different levels of analgesia among the genotypes.

The extent of tolerance was further determined by compar-
ing the dose-response curve between the wild-type and mP-
KCI knockout mice (Fig. 5, B and C). With long-term mor-
phine exposure (i.e., 7 days) there was a rightward shift of
the dose-response curve in both mPKCI�/� and mPKCI�/�

mice compared with their control groups, indicating the de-
velopment of chronic tolerance. Furthermore, this rightward
shift of EC50 in the mPKCI�/� mice was 19 times greater
than that in mPKCI�/� mice (Table 3). Therefore, the extent
of tolerance development in mPKCI�/� mice to morphine was
greater than that in mPKCI�/� mice as measured by com-
paring the EC50 rightward shift. Nevertheless the analgesic
effect in mPKCI�/� mice was still higher than that of wild
type at the end of 7 days’ treatment (Fig. 5A) because of their
initial high level of analgesia.

Fig. 2. �OR interacted with mPKCI in CHO cells. H�CHO cells tran-
siently transfected with mPKCI were treated with or without 1 �M
DAMGO. Receptors were immunoprecipitated with anti-H�OR anti-
serum and subsequent immunoblotting with antibodies directed against
cMyc tag of mPKCI. Molecular size standards, which were derived from
prestained markers, were electrophoresed in adjacent lanes. The ex-
pected size of mPKCI was 15 kDa.
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Discussion
Mutagenesis analyses for several GPCRs have indicated

that the third cytoplasmic loop and C termini are most likely
involved in the coupling of receptor-G protein complexes and
in functional regulation of these receptors (Benovic et al.,
1988; Dohlman et al., 1991; Eason et al., 1995). Our previous
studies showed that a C-terminally truncated MOR com-
pletely lost DAMGO-induced desensitization and 60% of re-
ceptor phosphorylation (Deng et al., 2000). Therefore, in the
present study, the C terminus of MOR was used as bait in the
yeast-two hybrid screening system to search for a protein
that interacts with MOR. Using this strategy, we identified
the mPKCI protein.

PKCI is a member of the HIT family of proteins that
contain a HisXHisXHis motif, in which X is a hydrophobic

amino acid (Klein et al., 1998). PKCI was originally identified
as a bovine protein that could inhibit the in vitro phospho-
lipid and Ca2�-dependent kinase activity of bovine brain
PKC. However, subsequent studies have questioned the
physiological relevance of bovine PKCI as an inhibitor of
PKC and the interaction between PKCI and PKC (Walsh and
Dzwonczyk, 1985; Fraser and Walsh, 1991; Klein et al.,
1998). In addition, a structure-based analysis using X-ray
crystallography and in vitro enzyme assays suggest that the
HIT proteins function as nucleotidyl hydrolases or trans-
ferases (Lima et al., 1997). Recent studies indicate that PKCI
knockout mice display increased susceptibility to carcinoge-
nicity, suggesting that PKCI may normally play a tumor
suppressor role (Su et al., 2003). Nevertheless, the definitive
function(s) of the PKCI protein are not known. The present

TABLE 1
Effect of DAMGO pretreatment on DAMGO-stimulated �35S� GTP�S binding in H�OR and H�OR-mPKCI expressing cells

H�CHO H�CHO-mPKCI

Maximal
Response EC50

Maximal
Response EC50

% nM % nM

Without pretreatment of DAMGO 224.0 � 6.2 9.3 � 0.8 182.0 � 4.8 10.5 � 0.8
With pretreatment of DAMGO 168.0 � 4.2# 68.9 � 0.8## 141.0 � 2.9# 36.8 � 0.8#*

# p 	 0.05; ## p 	 0.01, compared with that without DAMGO pretreatment.
* p 	 0.05, compared with that in H�CHO cells.

TABLE 2
Effect of DAMGO pretreatment on H�OR-mediated inhibition of forskolin-stimulated adenylyl cyclase activity in cells expressing H�OR alone or
with mPKCI

H�CHO H�CHO-mPKCI

Maximal
Response EC50

Maximal
Response EC50

% nM % nM

Without pretreatment of DAMGO 68.9 � 2.9 2.6 � 0.9 69.1 � 2.3 10.2 � 0.8**
With pretreatment of DAMGO 55.7 � 0.3# 9.2 � 0.6## 68.5 � 0.4* 13.4 � 0.6

# p 	 0.05; ## p 	 0.01, compared with that without DAMGO pretreatment.
* p 	 0.05; ** p 	 0.01, compared with that in H�CHO cells.

Fig. 3. PMA-induced, not DAMGO-induced
H�OR phosphorylation was reduced by mP-
KCI. A, H�CHO and H�CHO-mPKCI cell
preparations were treated in the presence or
absence of 1 �M PMA. B, H�CHO and
H�CHO-mPKCI cell preparations were in-
cubated with or without 1 �M DAMGO. Cell
extracts were immunoprecipitated with anti-
H�OR antiserum, and the radiolabeled pro-
teins were identified by autoradiography.
Molecular size standards, which were de-
rived from prestained markers, were electro-
phoresed in adjacent lanes. The expected
size of phosphorylated H�OR was 70 KDa.
PMA-induced (C) and DAMGO-induced (D)
changes in phosphorylation density were
presented as the percentage over the basal
phosphorylation (without drug treatment).
The density of receptor phosphorylation was
quantitatively analyzed by PhosphorImager.
The drug-induced change in phosphorylation
density was calculated following the formu-
la: (density of drug-induced phosphoryla-
tion � density of basal phosphorylation)/
(density of basal phosphorylation) � 100%.
**, p 	 0.01 versus H�CHO cells (Student’s
t test).
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study provides the first evidence that mPKCI can inhibit
PKC-related phosphorylation of MOR. Although it is unclear
whether the inhibition of MOR phosphorylation in mPKCI-
expressing cells is caused by the direct inhibition of PKC
activity or exerted through an indirect effect, our results
suggest that PKCI could play an important role in the regu-
lation of neurotransmitter receptors, in addition to its poten-
tial role in tumor suppression.

Previous evidence for the expression of mPKCI in mouse
brain tissues, at both mRNA and protein levels (Klein et al.,
1998), provide additional support for PKCI’s potential in-
volvement with MOR and/or other neurotransmitter recep-
tors. However, studies on the intracellular localization of
PKCI in normal human mammary epithelial cells and hu-
man breast cancer cells revealed that PKCI was present
mainly in the nucleus with less amounts in the cytoplasm
(Klein et al., 1998), but this was not studied in neuronal cells.
Therefore, the intracellular location of PKCI in neuronal cells
remains to be determined.

It is generally accepted that phosphorylation of opioid re-
ceptors can initiate desensitization and promote internaliza-
tion. Agonist-induced phosphorylation, usually mediated

through GRK, is insensitive to pretreatments with the PKC
inhibitor staurosporine, whereas phorbol ester-induced MOR
phosphorylation could be inhibited by staurosporine, indicat-
ing that multiple kinases and pathways are involved in MOR

Fig. 4. Hot-plate responses. A, dose-response: morphine induced aug-
mented analgesia in mPKCI�/� mice at low and intermediate doses.
mPKCI�/� (n � 13, open) and mPKCI�/� (n � 9, black) were injected with
saline and cumulative morphine, at indicated dose, and then hot-plate
response was assessed 30 min after injection. B, time course: morphine
produced elevated but not prolonged analgesia in mPKCI�/� mice over a
4-h period. Hot-plate responses were recorded 15, 30, 45, 60, 75, 90, 120,
150, 180 and 240 min after a single 10 mg/kg morphine injection in
mPKCI�/� (n � 13, f) and mPKCI�/� (n � 9, Œ) mice. Data were
presented as mean � S.E. of each group of mice. **, p 	 0.01 versus
mPKCI�/� (Student’s t test).

Fig. 5. Chronic tolerance A, time course of tolerance development
mPKCI�/� (f, n � 17) and mPKCI�/� (Œ, n � 9) mice were treated daily
with morphine (10 mg/kg, s.c.) for 7 days, and hot-plate latencies were
recorded 30 min after the injection on the days indicated. B, dose-
response curve shift in mPKCI�/� mice (n � 13, f, day 1; �, day 7); C,
dose-response curve shift in mPKCI�/� mice (n � 9; Œ, day 1; ‚, day 7).
Dose-response curves were determined using a cumulative dosing scheme
on days 1 (5, 10, 20 mg/kg of morphine) and 7 (10, 20, 40, 80 mg/kg) in
mice, as described under Materials and Methods. ED50 was determined
by nonlinear regression analysis using GraphPad Prism software. Data
were presented as the mean � S.E.
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phosphorylation, under varying circumstances. Our finding
that mPKCI inhibited PMA-induced, but not DAMGO-in-
duced phosphorylation, suggests that mPKCI exerts differ-
ential regulatory activities on the function of MOR. Accord-
ing to the DNA sequence analysis of MOR receptor (Wang et
al., 1993), there are consensus sites for PKC phosphorylation
in the intracellular loops and proximal region of the C ter-
minus of the receptor; several serine and threonine residues
located in the distal region of the C terminus have been
suggested as the recognition sites for GRK (Deng et al.,
2000). Therefore, it is possible that PKCI could interact with
PKC sites without affecting GRK sites because they are lo-
cated in distinct domains of the receptor.

However, it is noted that DAMGO-induced desensitization
was partially suppressed by the MOR and mPKCI interac-
tion at the G-protein level and then amplified to complete
loss at the adenylyl cyclase level. A possible explanation to
this paradox is that DAMGO-induced desensitization is the
consequence of receptor phosphorylation caused by multiple
protein kinases including GRK, PKC, and tyrosine kinases,
as discussed above. Alteration in the activity of any of these
kinases with respect to receptor phosphorylation (in this
case, PKC) could lead to a change in receptor desensitization.
There is also a possibility that mPKCI interference with
receptor desensitization involves different mechanisms that
are not related to receptor phosphorylation.

The striking findings in our studies were that the PKCI
gene knockout mice displayed an elevation of basal threshold
for pain, a higher analgesic efficacy to morphine, and a
greater extent of tolerance than those of the wild-type mice.
It is our observation that the difference in analgesia between
the knockout mice and wild type is in the lower dose range. In
the literature, it has been demonstrated that morphine-in-
duced analgesia was dose-dependently increased in MOR
knockout mice when injected with morphine greater than 10
mg/kg in both tail-flick and hot-plate assays, suggesting that
additional components (e.g., other opioid receptor subtypes),
might be involved in morphine-induced analgesia at high
dose (Sora et al., 1997). This would explain why the effect of
mPKCI, a specific interactive protein with MOR, is less ob-
servable in higher doses of morphine in which morphine-
elicited analgesia might be mediated more than one type of
receptors.

The effects of a higher analgesic efficacy and a greater
extent of tolerance were clearly different from what had been
previously observed in a study of �-arrestin gene knockout
mice, which revealed a stronger morphine analgesic effect
and a lower tolerance development pattern (Bohn et al.,
1999, 2000). The differing efforts of PKCI and �-arrestin on
morphine-mediated behavioral changes in mice is not sur-
prising because these two proteins seem to be involved in
distinct signal transduction pathways: �-arrestin-mediated
GRK-phosphorylated receptor trafficking and PKCI attenu-
ation of PKC-induced receptor phosphorylation. The overall

manifestation of tolerance obviously involves the interplay of
various neural circuits and the regulation of numerous cel-
lular signaling components, in addition to the opioid recep-
tors. For example, there is evidence that activation of PKC
might play an integral part in the development of morphine
antinociceptive tolerance (Inoue and Ueda, 2000; Zeitz et al.,
2001). Thus, PKC-� mutant mice displayed reduced develop-
ment of tolerance to the analgesic effects of morphine. In the
present study, mPKCI was shown to inhibit PKC-mediated
phosphorylation of MOR in vitro. If this holds true for the in
vivo situation, this inhibition of PKC could be alleviated in
the mPKCI knockout mice, and the resulting increase in PKC
activity might result in augmented development of tolerance.
In future studies, it will be of interest to determine whether
there are other behavioral changes in response to morphine
administration, especially in the development of dependence,
in the PKCI knockout mice. The differing efforts of PKCI and
�-arrestin on morphine-mediated analgesia and tolerance in
mice also suggest that the analgesic effect and development
of tolerance effect may be regulated by different mechanisms.
The enhancement in analgesia may lead to a decrease or
increase of tolerance development depending on which signal
transduction pathways are involved.

The precise mechanisms underlying the behavioral
changes in the mPKCI knockout mice remain to be deter-
mined. The results of the study suggest that mPKCI might be
involved with several events that can alter receptor function,
such as desensitization and PKC-induced receptor phosphor-
ylation. Thus, it is possible that lack of expression of mPKCI
causes the receptor to become more susceptible to desensiti-
zation and thus leads to the development of a greater extent
of tolerance. On the other hand, however, desensitization and
PKC-induced MOR phosphorylation may not be the mecha-
nism for the underlying behavioral change observed in mP-
KCI knockout mice, because these cellular responses ob-
served under DAMGO may not be exactly the same as those
underlying the behavioral changes induced by morphine. Al-
though both of them are �-agonists, the roles of DAMGO and
morphine in MOR mediated cellular signaling are varied.

Although our cellular studies demonstrated that mPKCI
reduced MOR’s ability to inhibit adenylyl cyclase and phos-
phorylation, they did not explain why PKCI knockout mice
show increased analgesia. We have hypothesized that the
interaction of mPKCI and MOR may not only affect receptor
phosphorylation but also alter ion gating and intracellular
Ca2� disposition, which are two well established MOR-medi-
ated neuronal functions that relate to the mechanism of
opioid analgesia (Williams et al., 1982). The interaction of
mPKCI and MOR presumably has an inhibitory effect on ion
gating, the inhibition would be removed in the knockout
mice, and that could lead to a better function of ion channels
and increase of morphine analgesia. Future testing of mP-
KCI effect on MOR-mediated ion channels, particularly volt-
age-gated Ca2� and K� channels, would provide insightful
information on the mechanism of mPKCI activity in mor-
phine analgesia.

In summary, the present study indicates that the mPKCI
protein, which we identified by yeast two-hybrid screening,
specifically interacts with the C terminus of MOR. This in-
teraction leads to attenuation of receptor desensitization and
inhibition of PKC-induced receptor phosphorylation. Fur-
thermore, a deficiency in the expression of mPKCI in mice

TABLE 3
Effect of chronic morphine exposure on morphine ED50 in mice

ED50 (Day 1) ED50 (Day 7) ED50 Shift

MPKCI�/� 14.6 � 3.2 30.5 � 1.2# 2.1
MPKCI�/� 3.8 � 3.5* 151.1 � 11.0## ** 39.8**
# p 	 0.05; ## p 	 0.01, compared with that in day 1.
* p 	 0.05; ** p 	 0.01, compared with mPKCI�/� mice.
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can significantly enhance both basal and morphine-induced
analgesia and causes a greater extent of tolerance to mor-
phine than in wild-type mice.

References
Appleyard SM, McLaughlin JP, and Chavkin C (2000) Tyrosine phosphorylation of

the kappa -opioid receptor regulates agonist efficacy. J Biol Chem 275:38281–
38285.

Appleyard SM, Patterson TA, Jin W, and Chavkin C (1997) Agonist-induced phos-
phorylation of the kappa-opioid receptor. J Neurochem 69:2405–2412.

Arden JR, Segredo V, Wang Z, Lameh J, and Sadee W (1995) Phosphorylation and
agonist specific intracellular trafficking of an epitope-tagged mu-opioid receptor
expressed in HEK 293 cells. J Neurochem 65:1636–1645.

Benovic JL, Bouvier M, Caron MG, and Lefkowitz RJ (1988) Regulation of adenylyl
cyclase-coupled beta-adrenergic receptors. Annu Rev Cell Biol 4:405–428.

Bohn LM, Gainetdinov RR, Lin FT, Lefkowitz RJ, and Caron MG (2000) Mu-opioid
receptor desensitization by beta-arrestin-2 determines morphine tolerance but not
dependence. Nature (Lond) 408:720–723.

Bohn LM, Lefkowitz RJ, Gainetdinov RR, Peppel K, Caron MG, and Lin FT (1999)
Enhanced morphine analgesia in mice lacking beta-arrestin 2. Science (Wash DC)
286:2495–2498.

Deng HB, Guang W, and Wang JB (2000) Selected cysteine residues in transmem-
brane domains of �-opioid receptor are critical for effects of sulfhydryl reagents.
J Pharmacol Exp Ther 293:113–120.

Dohlman HG, Thorner J, Caron MG, and Lefkowitz RJ (1991) Model systems for the
study of seven-transmembrane-segment receptors. Annu Rev Biochem 60:653–
688.

Eason MG, Moreira SP, and Liggett SB (1995) Four consecutive serines in the third
intracellular loop are the sites for �-adrenergic receptor kinase-mediated phos-
phorylation and desensitization of the �2A-adrenergic receptor. J Biol Chem
270:4681–4688.

Ferguson SS, Zhang J, Barak LS, and Caron MG (1996) G-protein-coupled receptor
kinases and arrestins: regulators of G-protein-coupled receptor sequestration.
Biochem Soc Trans 24:953–959.

Finn AK and Whistler JL (2001) Endocytosis of the �-opioid receptor reduces toler-
ance and a cellular hallmark of opiate withdrawal. Neuron 32:829–839.

Fraser ED and Walsh MP (1991) The major endogenous bovine brain protein kinase
C inhibitor is a heat-labile protein. FEBS Lett 294:285–289.

He L, Fong J, von Zastrow M, and Whistler JL (2002) Regulation of opioid receptor
trafficking and morphine tolerance by receptor oligomerization. Cell 108:271–282.

Inoue M and Ueda H (2000) Protein kinase C-mediated acute tolerance to peripheral
�-opioid analgesia in the bradykinin-nociception test in mice. J Pharmacol Exp
Ther 293:662–669.

Keith DE, Murray SR, Zaki PA, Chu PC, Lissin DV, Kang L, Evans CJ, and von
Zastrow M (1996) Morphine activates opioid receptors without causing their rapid
internalization. J Biol Chem 271:19021–19024.

Kieffer BL and Gaveriaux-Ruff C (2002) Exploring the opioid system by gene knock-
out. Prog Neurobiol 66:285–306.

Klein MG, Yao Y, Slosberg ED, Lima CD, Doki Y, and Weinstein IB (1998) Charac-
terization of PKCI and comparative studies with FHIT, related members of the
HIT protein family. Exp Cell Res 244:26–32.

Koch T, Schulz S, Schroder H, Wolf R, Raulf E, and Hollt V (1998) Carboxyl-terminal
splicing of the rat �-opioid receptor modulates agonist-mediated internalization
and receptor resensitization. J Biol Chem 273:13652–13657.

Kramer HK, Andria ML, Esposito DH, and Simon EJ (2000) Tyrosine phosphoryla-
tion of the delta-opioid receptor. Evidence for its role in mitogen-activated protein
kinase activation and receptor internalization. Biochem Pharmacol 60:781–792.

Krupnick JG and Benovic JL (1998) The role of receptor kinases and arrestins in G
protein-coupled receptor regulation. Annu Rev Pharmacol Toxicol 38:289–319.

Law PY, Hom DS, and Loh HH (1984) Down-regulation of opiate receptor in neuro-
blastoma x glioma NG108–15 hybrid cells. Chloroquine promotes accumulation of
tritiated enkephalin in the lysosomes. J Biol Chem 259:4096–4104.

Law PY, Erickson LJ, El-Kouhen R, Dicker L, Solberg J, Wang W, Miller E, Burd AL,
and Loh HH (2000) Receptor density and recycling affect the rate of agonist-
induced desensitization of �-opioid receptor. Mol Pharmacol 58:388–398.

Lefkowitz RJ (1998) G protein-coupled receptors. III. New roles for receptor kinases
and �-arrestins in receptor signaling and desensitization. J Biol Chem 273:18677–
18680.

Li JG, Chen C, and Liu-Chen LY (2002) Ezrin-radixin-moesin-binding phosphopro-
tein-50/Na�/H� exchanger regulatory factor (EBP50/NHERF) blocks U50,488H-
induced down-regulation of the human � opioid receptor by enhancing its recycling
rate. J Biol Chem 277:27545–27552.

Lima CD, Klein MG, and Hendrickson WA (1997) Structure-based analysis of catal-
ysis and substrate definition in the HIT protein family. Science (Wash DC) 278:
286–290.

Pei G, Kieffer BL, Lefkowitz RJ, and Freedman NJ (1995) Agonist-dependent phos-
phorylation of the mouse 32 �-opioid receptor: involvement of G protein-coupled
receptor kinases but not protein kinase C. Mol Pharmacol 48:173–177.

Polakiewicz RD, Schieferl SM, Dorner LF, Kansra V, and Comb MJ (1998) A
mitogen-activated protein kinase pathway is required for �-opioid receptor desen-
sitization. J Biol Chem 273:12402–12406.

Sora I, Takahashi N, Funada M, Ujike H, Revay RS, Donovan DM, Miner LL, and
Uhl GR (1997) Opiate receptor knockout mice define mu receptor roles in endog-
enous nociceptive responses and morphine-induced analgesia. Proc Natl Acad Sci
USA 100:7824–7829.

Svingos AL, Moriwaki A, Wang JB, Uhl GR, and Pickel VM (1996) Ultrastructural
immunocytochemical localization of mu opioid receptor in rat nucleus accumbens:
extrasynaptic plasmalemmal distribution and association with Leu5-enkephalin.
J Neurosci 16:4162–4173.

Su T, Suzui M, Wang L, Lin CS, Xin WQ, and Weinstein IB (2003) Deletion of
histidine triad nucleotide-binding protein 1/PKC-interacting protein in mice en-
hances cell growth and carcinogenesis. Proc Natl Acad Sci USA 100:7824–7829.

Trapaidze N, Keith DE, Cvejic S, Evans CJ, and Devi LA (1996) Sequestration of the
� opioid receptor. Role of the C terminus in agonist-mediated internalization.
J Biol Chem 271:29279–29285.

Walsh MP and Dzwonczyk R (1985) A comparison between Walsh and Fourier
analysis of the electroencephalogram for tracking the effects of anesthesia. Bio-
chem Biophys Res Commun 129:603–610.

Wang JB, Imai Y, Eppler MC, Gregor P, Spivak C, and Uhl GR (1993) � Opiate
receptor: cDNA cloning and expression. Proc Natl Acad Sci 90:10230–10234.

Wang Z and Sadee W (2000) Tolerance to morphine at the mu-opioid receptor
differentially induced by cAMP-dependent protein kinase activation and mor-
phine. Eur J Pharmacol 389:165–171.

Whistler JL, Tsao P, and von Zastrow M (2001) A phosphorylation-regulated brake
mechanism controls the initial endocytosis of opioid receptors but is not required
for post-endocytic sorting to lysosomes. J Biol Chem 276:34331–34338.

Williams JT, Egan TM, and North RA (1982) Enkephalin opens potassium channels
on mammalian central neurones. Nature (Lond) 299:74–77.

Yu Y, Zhang L, Yin X, Sun H, Uhl GR, and Wang JB (1997) � Opioid receptor
phosphorylation, desensitization and ligand efficacy. J Biol Chem 272:28869–
28874.

Zeitz KP, Malmberg AB, Gilbert H, and Basbaum AI (2001) Reduced development of
tolerance to the analgesic effects of morphine and clonidine in PKC gamma mutant
mice. Pain 94:245–253.

Zhang J, Ferguson SS, Barak LS, Bodduluri SR, Laporte SA, Law PY, and Caron MG
(1998) Role for G protein-coupled receptor kinase in agonist-specific regulation of
mu-opioid receptor responsiveness. Proc Natl Acad Sci USA 95:7157–7162.

Zhang L, Yu Y, Mackin S, Weight FF, Uhl GR, and Wang JB (1996) Differential �
opiate receptor phosphorylation and desensitization induced by agonists and phor-
bol esters. J Biol Chem 271:11449–11454.

Address correspondence to: Jia Bei Wang, Department of Pharmaceutical
Sciences, School of Pharmacy, University of Maryland Baltimore, 20 N Pine
Street, Baltimore MD 21201. E-mail: jwang@rx.umaryland.edu

1292 Guang et al.

 by guest on D
ecem

ber 1, 2012
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/

