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1 The role of protein kinase C-epsilon (PKC-e) in the development of k-opioid receptor (k-OR)
tolerance to the e�ects of trans-(+)-3,4-dichloro-N-methyl-N-(2-[1-pyrrolidinyl]cyclohexyl)
(U50,488H), the selective agonist of k-OR, was determined in rat ventricular myocytes.

2 Incubation of ventricular myocytes with 1 mM U50,488H for 24 h signi®cantly attenuated the
inhibitory e�ects of 30 mM U50,488H on the electrically-induced [Ca2+]i transient and forskolin-
stimulated cyclic AMP accumulation, indicating the development of tolerance to the k-OR agonist.
Chronic treatment of ventricular myocytes with U50,488H also induced translocation of PKC-e to
the particulate fraction. On the other hand, administration of 30 mM U50,488H for 10 min induced
translocation of PKC-a to the particulate fraction in naõÈ ve ventricular myocytes, but not in cells
pretreated with 1 mM U50,488H for 24 h.

3 In ventricular myocytes incubated for 24 h with 1 mM U50,488H together with 1 mM
chelerythrine or 1 mM GF109203X, PKC inhibitors, or 0.1 mM eV1-2 peptide, a selective inhibitor
of PKC-e, 30 mM U50,488H still produced the inhibitory e�ect on the electrically-induced [Ca2+]i
transient as it did in naõÈ ve ventricular myocytes. Chronic treatment of ventricular myocytes with
U50,488H and chelerythrine also attenuated the development of tolerance to acute U50,488H on
cyclic AMP accumulation. Cells exposed to chelerythrine, GF109203X, or eV1-2 peptide alone did
not show an altered [Ca2+]i response to U50,488H.

4 These results indicate that activation of PKC-e is a critical step in the development of tolerance
in the k-OR.
British Journal of Pharmacology (2002) 135, 1675 ± 1684

Keywords: Tolerance; protein kinase C-epsilon; k-opioid receptor; ventricular myocytes

Abbreviations: Che, Chelerythrine; DAG, diacylglycerol; GPCR, G protein-coupled receptor; OR, opioid receptor; PKC,
protein kinase C; U50,488H, trans-(+)-3,4-dichloro-N-methyl-N-(2-[1-pyrrolidinyl]cyclohexyl) benzeneaceta-
mide

Introduction

The opioid receptor (OR), a member of the G protein-
coupled receptor (GPCR) family, is widely distributed in the
nervous system and other organs including the heart. In the
heart, k-OR is the predominant type (Ventura et al., 1989;

Zimlichman et al., 1996). Activation of k-OR with trans-(+)-
3,4-dichloro-N-methyl-N-(2-[1-pyrrolidinyl]cyclohexyl) benze-
neacetamide (U50,488H), a selective k-OR agonist (Lahti et

al., 1982), leads to inhibition of the electrically-induced
intracellular Ca2+ ([Ca2+]i) transient and forskolin-stimulated
cyclic AMP accumulation in rat ventricular myocytes (Bian et

al., 1998; Ventura et al., 1992). In addition, it has been
demonstrated that PKC mediates the inhibitory actions of k-
OR activation in ventricular myocytes (Bian et al., 1998;

2000).
It is well established that repeated or prolonged exposure

to an opioid reduces the responsiveness of the receptor to
that opioid. Three temporally distinct processes occur:

desensitization in seconds to hours, internalization of
receptors in minutes to hours, and down-regulation in hours

to days (Law et al., 2000). In ventricular myocytes, exposure
for 24 h to U50,488H, a k-OR agonist, leads to development
of tolerance to the e�ect of the agonist (Sheng & Wong,
1996; Zhang et al., 1999). The subcellular mechanisms are

not fully understood. Recent studies have shown that PKC
participates in the development of tolerance in the m- and d-
ORs (Kramer & Simon, 1999; Ueda et al., 1995; Mestek et

al., 1995; Xiang et al., 2000; Narita et al., 1994; Mayer et al.,
1995). It is likely that PKC also plays an important role in
the development of tolerance to the e�ects of a k-OR

agonist.
Molecular cloning and biochemical analysis has revealed

that PKC is a family of at least 12 isoenzymes of closely

related serine and threonine (Way et al., 2000). PKC isoforms
exist in an inactive state within the cytosol but become
translocated to the plasma membrane by various stimuli, and
translocation of PKC is believed to be its primary mode of

activation in mammalian cells (Nishizuka, 1986). In the rat
heart, the predominant PKC isoforms are a, d, e and z
subtypes (Rybin & Steinberg, 1994), suggesting that they may

play di�erent roles in di�erent situations. In the study of the
role of PKC, the isoform(s) involved should also be
determined.

British Journal of Pharmacology (2002) 135, 1675 ± 1684 ã 2002 Nature Publishing Group All rights reserved 0007 ± 1188/02 $25.00

www.nature.com/bjp

*Author for correspondence at: Department of Physiology, 4/F,
Laboratory Block, Faculty of Medicine Building, 21 Sassoon Road,
Hong Kong; E-mail: wongtakm@hkucc.hku.hk



The purpose of the present study was to determine whether
PKC is involved in the development of tolerance to k-OR
stimulation in rat ventricular myocytes. Using the electrically-

induced intracellular [Ca2+]i transient and forskolin-stimu-
lated cyclic AMP accumulation as measures of k-OR
sensitivity, we determined the responses to acute U50,488H
administration in ventricular myocytes that had chronically

exposed to a low concentration of U50,488H and a PKC
inhibitor, chelerythrine or GF109203X. The response was
correlated with translocation of various isoforms. To

determine whether PKC-e was involved, we made use of an
isozyme-selective peptide inhibitor of PKC-e (Csukai &
Mochly-Rosen, 1999; Johnson et al., 1996), which has been

shown to inhibit the e�ects of its activation (Johnson et al.,
1996; Johnson & Mochly-Rosen, 1995). Results from the
study showed that PKC-e activation is an important step in

the development of k-OR tolerance to the e�ect of
U50,488H.

Methods

Drugs and chemicals

U50,488H, fura-2-acetoxy-methyl ester (Fura-2/AM), type I
collagenase, phenylmethylsulphonyl ¯uoride (PMSF) and

Figure 1 E�ects of U50,488H on electrically-stimulated [Ca2+]i transient in naive ventricular myocytes (A, B), and in myocytes
pretreated with 1 mM U50,488H for 24 h in the absence of PKC inhibitors (C) or presence of 1 mM chelerythrine (D) or 1 mM
GF109203X (E). [Ca2+]i transient was induced by electrical stimulation at 0.2 Hz. (A ±E): Representative tracings. (F) Group
results showing e�ects of 30 mM U50,488H transient in naive ventricular myocytes, and in myocytes pretreated with 1 mM U50,488H
for 24 h in the presence of a PKC inhibitor. Values are mean+s.e. of 6 ± 12 cells in 4 ± 6 rats. All measurements were recorded at
*15 min after administration of U50,488H. The amplitude of the [Ca2+]i transient without U50,488H is 100%. chelerythrine was
added 60 min before addition of U50,488H (1 mM) for 24 h. One mM GF109203X was added 15 min before addition of U50,488H
(1 mM). ##P50.01 vs corresponding value in U50,488H group. Before: before addition of 30 mM U50,488H; after: after addition
of 30 mM U50,488H. U50: U50,488H. Con: control. Che: chelerythrine.
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forskolin were purchased from Sigma Chemicals Co.
(U.S.A.). Chelerythrine chloride, GF109203X and leupeptin
were from Calbiochem Ltd. (U.S.A.). The [3H]-cyclic AMP

assay system, [8-3H]-cyclic AMP (250 mCi), molecular weight
marker, and the ECL Western blotting detection reagents
were from Amersham International (U.K.). PKC isoforms
(-a, -d, -e and -z) antibodies were from Transduction

Laboratories (U.S.A.). Both eV1-2 and control peptide were
generous gift from Dr D. Mochly-Rosen of Stanford
University.

Fura-2/AM, chelerythrine chloride, GF109203X and for-
skolin were dissolved in dimethyl sulphoxide (DMSO) and
the rest in distilled water. The ®nal concentration of DMSO

was 0.1%, at which DMSO had no e�ect on either [Ca2+]i or
cyclic AMP level.
The concentrations of U50,488H (Bian et al., 1998; Zhang

et al., 1999), eV1-2 (Chen et al., 1999; Liu et al., 1999),
chelerythrine (Bian et al., 1998; Wu et al., 1999) and
GF109203X (Snabaitis et al., 2000; Toullec et al., 1991) used
in the present study were based on previous studies. The

e�ects of 30 mM U50,488H on [Ca2+]i transient and cyclic
AMP accumulation have been shown to be antagonized by
5 mM norbinaltorphimine, a selective k-OR antagonist (Birch

et al., 1987; Bian et al., 1998; Zhang et al., 1999).

Isolation and culture of ventricular myocytes and
experimental protocol

Ventricular myocytes were isolated from adult Sprague ±

Dawley rats (190 ± 210 g) with a collagenase method
described previously (Dong et al., 1993; Sheng & Wong,
1996). The level of viable myocytes, as indicated by trypan
blue exclusion, was &70% of total cells. The cells were

incubated, under 5% CO2 atmosphere at 378C, in culture
dishes at a density of 26105 cells/dish in 3 ml of MEM
containing 0.2% bovine serum albumin, 1078 M insulin,

100 u ml71 of penicillin G, 100 mg ml71 of streptomycin
(Sheng & Wong, 1996). To induce the development of
tolerance, 1 mM U50,488H was added to the medium bathing

the ventricular myocytes for 24 h (Sheng & Wong, 1996). To
determine the role of PKC, a PKC inhibitor, 1 mM
chelerythrine or 1 mM GF109203X (Herbert et al., 1990;
Snabaitis et al., 2000; Toullec et al., 1991), was administered

1 h and 15 min respectively before administration of 1 mM
U50,488H. To determine the role of PKC-e, 0.1 mM eV1-2, a
selective PKC-e inhibitor (Csukai & Mochly-Rosen, 1999;

Johnson et al., 1996), linked to antennapedia peptide, was
administered 30 min before the administration of U50,488H.
Thirty minutes was required for the peptide to penetrate the

sarcolemmal membrane (Chen et al., 1999; Liu et al., 1999).

Assay of cyclic AMP

Thirty mM U50,488H was added to the culture medium
containing ventricular myocytes for 10 min followed by
addition of 10 mM forskolin for another 5 min. The reaction

was stopped with addition of 0.1 N HCl, and the sample was
centrifuged at 30006g for 5 min. The pellets were neutralized
with 0.1 N NaOH for protein determination by the method

of Lowry et al. (1951), using BSA as a standard. The
supernatant was evaporated to dryness at 558C under a
stream of nitrogen and used for assay of cyclic AMP. The

intracellular cyclic AMP level was determined by a
competitive binding assay with a kit from Amersham as
described previously (Bian et al., 1998). With this method a

full standard curve is constructed each time an assay was
performed. Brie¯y, 50 ml of 0.05 M Tris (hydroxymethyl)
aminomethane was added to each sample on ice, followed by
50 ml of [3H]-cyclic AMP and 100 ml of binding protein. The

samples were vortexed for 5 s and placed in an ice bath for
2 h. A charcoal suspension of 100 ml was then added. The
samples were vortexed again for 10 s and centrifuged at

12,000 r.p.m. for 2 min at 48C. Two hundred ml samples of
supernatant were used for scintillation counting.

SDS ±PAGE

Ventricular myocytes were homogenized with 20 mM Tris/

HCl bu�er, pH 7.5, containing 2 mM EDTA, 10 mM EGTA,
0.3% b-glycerophosphate, 50 mg ml71 PMSF, and 50 mg ml71

leupeptin. Both the supernatant (cytosolic, 100,000 g) and the
0.5% Triton X-100 extract of the pellet (particulate,

100,000 g) were extracted according to the method described
previously (Kramer & Simon, 1999; Rybin & Steinberg,
1994). Equal amounts of cytosolic and particulate proteins

(20 mg) were separated by SDS ±PAGE (10% acrylamide
running gel) and electroblotted to nitrocellulose membrane at
100 V for 90 min (Laemmli, 1970; Towbin et al., 1979). The

membrane was rinsed three times with TBS, and incubated
with 5% milk in TBS bu�er for 1 h at room temperature to
block non-speci®c reactions. Then, the membrane was

incubated at 48C overnight with primary antibody (1 : 1000)
against synthetic peptides corresponding to the carboxyl-
terminal variable regions of PKC-a, -e, -d, and -z. The
membrane was then washed and incubated at room

temperature with a peroxidase-conjugated second antibody
(1 : 2000) followed by detection with an enhanced chemilu-
minescence kit. All gels were run in duplicate to con®rm

satisfactory sample separation.

Figure 2 E�ect of U50,488H on forskolin-stimulated cyclic AMP
accumulation in rat ventricular myocytes. Values are mean+s.e.
n=8±10. **P50.01 vs corresponding value in U50 group.
##P50.01 vs corresponding values in For group. ++P50.01
compared with the corresponding values in control group. For
Abbreviations, refer to Figure 1.
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Measurement [Ca2+]i in ventricular myocytes

To measure the electrically-induced [Ca2+]i transient, cells were

®rst loaded with Fura-2/AM, and [Ca2+]i transient was
determined by spectro¯uorometry (Bian et al., 1998; Zhang et
al., 1999). The ¯uorescence ratio of 340 nm (F340) over 380 nm
(F380) was used as an index of [Ca2+]i because changes in the

¯uorescence ratio are considered to accurately re¯ect ¯uctua-
tions in the cyotosolic [Ca2+]i (Hohl & Li, 1991).

Statistic analysis

Values presented are mean+standard error of mean
(mean+s.e.). One-way ANOVA and the post hoc Tukey's

Figure 3 E�ect of 24 h treatment with 1 mM U50,488H on the subcellular distribution of PKC isozymes in ventricular myocytes.
Upper panel: Representative Western blots. Lanes 1 and 2 represent, respectively to cytosolic fractions isolated from untreated and
1 mM U50,488H-treated cells; Lanes 3 and 4 represent, respectively to particulate fractions isolated from untreated and 1 mM
U50,488H-treated group. Lower panel: Group results showing expression of di�erent isoforms as assessed by densitometric analysis.
Data are expressed as percentage changes in the density of autoradiographic bands of cytosolic (C) or particulate (P) fractions from
U50,488H-treated ventricular myocytes (hatched bars) relative to those from untreated cells (white bars, 100%). The data are
expressed as mean+s.e.mean. (n=6). **P50.01, vs corresponding control group.
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test were used for multiple comparisons at a minimal
signi®cance level of P50.05. Students's t-test was used when

applicable for simple two-sample tests at the same minimal
signi®cance level.

Figure 4 E�ects of 10 min treatment with 30 mM U50,488H on the subcellular distribution of PKC-a (A), -d (B), -e (C) and -
z (D) in naõÈ ve ventricular myocytes. Upper panel: Representative Western blots. Lanes 1 and 2 represent, respectively,
cytosolic fractions isolated from untreated and U50,488H-treated cells; Lanes 3 and 4 represent, respectively, particulate
fractions isolated from untreated and U50,488H-treated cells. Lower panel: Group results showing expression of di�erent
isoenzymes as assessed by densitometric analysis. Data are expressed as percentage changes in the density of autoradiographic
bands of cytosolic (C) or particulate (P) fractions from U50,488H-treated ventricular myocytes (hatched bars) relative to those
from untreated cells (white bars, 100%). The data are expressed as mean+s.e.mean. (n=5). **P50.01, vs corresponding
control value.
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Results

Effects of U50,488H on electrically-induced [Ca2+]i
transient and forskolin-stimulated cyclic AMP
accumulation in ventricular myocytes exposed to
U50,488H and chelerythrine chloride or GF109203X
for 24 h

In agreement with our previous observations (Bian et al.,
1998; Zhang et al., 1999; Sheng & Wong, 1996), 30 mM
U50,488H almost abolished the electrically-induced [Ca2+]i
transient in single ventricular myocytes (Figure 1A,F). In
ventricular myocytes previously exposed for 24 h to 1 mM
U50,488H, which itself had no e�ect on the [Ca2+]i transient
(Figure 1B), 30 mM U50,488H was no longer able to a�ect
[Ca2+]i transient (Figure 1C,F), in contrast to the e�ect in

naõÈ ve cells (Figure 1A,F). The observations in both studies
indicate the development of tolerance to U50,488H in
ventricular myocytes chronically exposed to the k-OR
agonist. However, in the presence of an inhibitor of PKC,

1 mM chelerythrine or 1 mM GF109203X, which itself had no

e�ect on the electrically-induced [Ca2+]i transient, 30 mM
U50,488H still inhibited the [Ca2+]i transient in ventricular
myocytes previously exposed to 1 mM U50,488H (Figure 1D±

F) as it did in naive cells (Figure 1A,F). The observation was
taken to suggest that PKC was involved in the development
of tolerance to a k-opioid.

Similarly, forskolin-stimulated cyclic AMP accumulation in

ventricular myocytes was signi®cantly attenuated by 30 mM
U50,488H (Figure 2). The attenuating e�ect of 30 mM
U50,488H was completely abolished in myocytes previously

exposed to 1 mM U50,488H for 24 h (Figure 2). In the
presence of 1 mM chelerythrine, however, 30 mM U50,488H
still inhibited the forskolin-stimulated cyclic AMP accumula-

tion as it did in naõÈ ve myocytes (Figure 2).

Immunoblot analysis of translocation of individual PKC
isoforms in ventricular myocytes treated with U50,488H

Following exposure of the myocytes to 1 mM U50,488H for
24 h, which induced tolerance to its e�ects, the expression of

the particulate fraction of PKC-e increased while that of the

Figure 5 E�ects of 1 mM U50,488H pretreatment on inhibition of electrically-stimulated [Ca2+]i transient in ventricular myocytes
by 30 mM U50,488H in the absence (A) or presence (B) of 0.1 mM eV1-2 peptide and 0.1 mM control peptide. (A ±C): Representative
tracing. (D): Group results. Values are mean+s.e.mean of 6 ± 12 cells in 4 ± 6 rats. The amplitude of the [Ca2+]i transient without
U50,488H is 100%. 0.1 mM eV1-2 peptide was added 30 min before addition of U50,488H (1 mM) for 24 h. ##P50.01
corresponding value in U50,488H group. For experimental protocol, and abbreviations, refer to Figure 1.
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cytosolic fraction decreased (Figure 3), indicating transloca-
tion of the isoform. No signi®cant translocation of PKC-a, -d
or -z was observed (Figure 3)

On the other hand, acute exposure of naõÈ ve ventricular
myocytes to 30 mM U50,488H for 10 min increased the
particulate fraction, and decreased the cytosolic fraction of
the PKC-a isoform (Figure 4), indicating translocation of the

a isoform. The expression of the other PKC isoforms, -d, -e
and -z was una�ected (Figure 4).

Effect of 30 mM U50,488H on electrically-induced
[Ca2+]i transient in ventricular myocytes exposed to
U50,488H and eV1-2 peptide for 24 h

In order to delineate the role of PKC-e in the development of
tolerance to U50,488H in ventricular myocytes, we made use

of a selective PKC-e inhibitor, eV1-2 peptide. In ventricular
myocytes previously exposed to 0.1 mM eV1-2 peptide and
1 mM U50,488H for 24 h, U50,488H inhibited the electrically-
induced [Ca2+]i transient (Figure 5B,D). The e�ect was

similar to that in ventricular myocytes previously exposed
to 1 mM U50,488H and a PKC inhibitor (Figure 1D±F), but
in contrast to the absence of inhibitory e�ect in ventricular

myocytes pretreated only with U50,488H (Figure 1C,F) or
with U50,488H and the control peptide for 24 h (Figure
5C,D). Thirty mM U50,488H also increased the cytosolic

fraction of PKC-a, but decreased the particulate fraction of
the isoform (Figure 6), a response just the opposite to that in
naõÈ ve ventricular myocytes. On the other hand, the cytosolic

fraction of PKC-e decreased while the particulate fraction
increased slightly (Figure 6), which is also di�erent to the
lack of response to 30 mM U50,488H in naõÈ ve ventricular
myocytes (Figure 4).

It should be noted that exposure of myocytes to eV1-2
peptide for 24 h alone did not alter the electrically-induced
[Ca2+]i transient (Figure 5B). Nor was the inhibitory e�ect of

30 mM U50,488H on the electrically-induced [Ca2+]i transient
altered in naõÈ ve ventricular myocytes by the presence of
0.1 mM eV1-2 peptide for 30 min (Figure 7).

Discussion

There are two important observations in the present study.
Firstly, chronic exposure to of ventricular myocytes to
U50,488H, which induced tolerance to the e�ects of the

agonist, was accompanied by translocation of PKC-e.
Secondly, blockade of PKC-e with a selective inhibitor
attenuated the development of tolerance. The observations

are evidence that PKC-e mediates the development of
tolerance in the k-OR following chronic exposure to a k-
OR agonist. In previous studies, PKC-e has been shown to

mediate delayed cardioprotection of various forms of
preconditioning (Qiu et al., 1998; Ping et al., 1999; Wang
et al., 2001). It seems that this particular PKC-isoform
plays an important role in the heart in more than one

situation.
Individual PKCs are classi®ed into the following groups

based on their common structural characteristics, and

dependencies on Ca2+, phospholipids, and diacylglycerol
(DAG) for activity: conventional (a, bI, bII, and g; Ca2+-
and DAG-regulated); novel (d, e, Z, and y; DAG-regulated),

and atypical (z and i/l; regulated by neither DAG nor Ca2+)
(Way et al., 2000). A previous study showed that, in SH-
SY5Y cells, which express PKC-a, -e, and -z (Turner et al.,

Figure 6 E�ect of 10 min treatment with 30 mM U50,488H on the
subcellular distribution of PKC-a (A) and -e (B) in ventricular
myocytes pretreated with 1 mM U50,488H for 24 h. Upper panel:
Representative Western blots. Lanes 1 and 2 represent, respectively to
cytosolic fractions isolated from untreated and U50,488H-treated
cells. Lanes 3 and 4 represent, respectively to particulate fractions
isolated from untreated and U50,488H-treated cells. Lower panel:
Group results showing expression of di�erent isoforms as assessed by
densitometric analysis. Data are expressed as percentage changes in
the density of autoradiographic bands of cytosolic (C) or particulate
(P) fractions from cells subjected to 30 mM U50,488H (hatched bars)
relative to those from untreated cells (white bars, 100%). The data
are expressed as mean+s.e. (n=6). *P50.05 vs corresponding
control.
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1996), m-OR down-regulation induced by its agonist was
directly correlated with the binding of [3H]-phorbol 12,13-
dibutyrate ([3H]-PDBu) in the membrane fraction, an index

of total PKC activity, and translocation of PKC-a and e,
which are DAG-regulated (Kramer & Simon, 1999). It was
also shown that prior treatment with phorbol ester did not
a�ect the agonist-induced m-OR down-regulation (Kramer &

Simon, 1999). Since phorbol ester depletes PKC isoforms,
which are DAG-regulated and Ca2+ sensitive, but not PKC
isoforms of the atypical group (-z), which are not a�ected by

either DAG or Ca2+ (Kramer & Simon, 1999), the evidence
was taken by the authors to suggest that the conventional (a),
novel (e) and atypical (z) PKC isoforms are involved in the

agonist-induced m-OR down-regulation. In the present study,
we correlated the development of tolerance in the k-OR of
the heart with translocation of PKC-isoforms, which

suggested that PKC-e is involved in development of
tolerance. More importantly, we found that blockade of
PKC-e with a selective inhibitor attenuated the development
of tolerance. The result indicates that PKC-e mediates the

development of tolerance in the k-OR of the heart.
In the present study we found that the tolerance to the

e�ect of U50,488H following 24 h exposure to the agonist

was abolished by chelerythrine or GF109203X, suggesting
that PKC plays a mediatory role in the development of
tolerance in the k-OR. A mediatory role of PKC in the

development of tolerance/receptor down regulation is not
unique in k-OR. In previous studies, it has been reported that
PKC was involved in agonist-induced d-OR desensitization in

Xenopus oocytes (Ueda et al., 1995) and m-OR down-
regulation in SH-SY5Y neuroblastoma cells (Kramer &
Simon, 1999). It has also been shown that PKC mediates
the agonist-independent (heterologous) receptor down regula-

tion in d-OR in NG108-15 cells (Fan et al., 1998). It appears
that PKC is an important secondary messenger mediating
desensitization/receptor down-regulation/tolerance in the

ORs. There are, however, observations suggesting that PKC
does not play any role in receptor down-regulation/tolerance.
After prolonged exposure to phorbol ester, known to deplete

the total cellular PKC protein in HEK-293, the d-OR was
still capable of developing tolerance to the d-OR agonist (Pei
et al., 1995). It cannot be ruled out, however, that a small
amount of PKC-e may still remain after chronic PMA

exposure and exert an in¯uence on agonist-induced opioid
receptor tolerance.
Available evidence on chelerythrine being a selective PKC

inhibitor is controversial. Chelerythrine was ®rst reported to
be a selective PKC inhibitor in 1990 (Herbert et al., 1990).
However, two recent studies showed that chelerythrine

produces e�ects independent of PKC (Lee et al., 1998; Yu
et al., 2000). On the other hand recent studies also showed
that both chelerythrine and calphostin C, another PKC

inhibitor, activate JNKs and p38MAPKs (Heidkamp et al.,
2001) and induce apoptosis in cardiac myocytes through
generation of reactive oxygen species (Clerk, 2001; Yama-
moto et al., 2001). In the present study we found that another

PKC inhibitor, GF109203X, blocked the development of
tolerance to the e�ect of U50 as chelerythrine did. It is likely
that the e�ect of chelerythrine observed in the present study

was mainly via PKC.
The internalization of human k-OR expressed in Chinese

hamster ovary cells exposed to U50,488H for 30 min involves

both b-arrestin and dynamin I (Li et al., 1999), similarly to
that of GPCRs. In the present study, we found that PKC-e
mediated the development of k-OR tolerance in ventricular

myocytes previously exposed to U50,488H for 24 h. So
di�erent mechanisms may be in operation at di�erent times
after exposure to the agonist. Alternatively, these mechanisms
are related to each other. Further studies are needed.

A third important observation of the present study is that
translocation of PKC-a occurred in response to acute
exposure to 30 mM U50,488H, an observation reported

previously (Ventura & Pintus, 1997). On the other hand
there was no translocation of other PKC isoforms. The
observations in the previous and present studies suggest that

the isoform may be involved in the acute e�ect of U-50,488H.
In support of this suggestion, we also observed that there was
no translocation of this isoform in response to acute 30 mM
U50,488H in ventricular myocytes previously exposed to

Figure 7 Thirty mM U50,488H-induced inhibition of electrically-
stimulated [Ca2+]i transient in naive ventricular myocytes in the
absence (A) or presence (B) of 0.1 mM eV1-2 peptide. (A,B):
Representative tracings. (C): Group results. Values are mean+
s.e.mean of 6 ± 12 cells in 4 ± 6 rats. The amplitude of the [Ca2+]i
transient without U50,488H is 100%. 0.1 mM eV1-2 peptide was
added 30 min before addition of U50,488H. For experimental
protocol, and abbreviations, refer to Figure 1.
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1 mM U50,488H, when the agonist did not elicit a signi®cant
response in the myocytes. However, the exact role of PKC-a
in the acute response to k-OR stimulation can only be

elucidated when studies with a selective inhibitor of PKC-a
have been conducted.
In the present study, we found that exposure to U50,488H

abolished the inhibition of forskolin-stimulated cyclic AMP

accumulation of rat ventricular myocytes, a ®nding also
observed in human k-OR (Zhu et al., 1998). However, Joseph
& Bidlack (1995) observed no desensitization of U50,488H-

elicited inhibition of forskolin-stimulated adenylate cyclase in
R1.1 cells pretreated with 0.1 mM U50,488H for 24 ± 48 h.
The discrepancy may be the result of the di�erent cells used

in di�erent studies.
One limitation of the present study is that we cannot rule

out the possibility that other PKC-isoforms are also

important in the development of tolerance. This is limited
by the fact that selective inhibitors for PKC-a and PKC-z are
not available yet. In a preliminary study we tried to
determine the development of tolerance to U50,488H in the

presence of rottlerin, PKC-d inhibitor. We were not able to
keep the ventricular myocytes alive for 24 h because of the
toxic e�ect of the inhibitor (Majumder et al., 2000; Solto�,

2001).
In conclusion, the present study has demonstrated for the

®rst time that PKC-e translocation occurs following chronic
exposure to U50,488H, that induced development of

tolerance, and that blockade of PKC-e attenuated the
tolerance. Modulation of PKC-e translocation and activation
may prove useful for the management of pain and opiate

addiction.
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