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Abstract

Human neuroblastoma SH-SY5Y cells express endogenous m-opioid receptor and develop cellular tolerance to morphine after
Ž . Ž .prolonged G4 h treatment with morphine. Treatment with forskolin 25 mM, 12 h , an adenylyl cyclase activator, also desensitized

Ž . Ž . Ž .m-opioid receptor response to morphine 10 mM by 38% P-0.001 , which was reversed by the cyclic AMP cAMP dependent kinase
Ž . Ž . Ž .inhibitor N- 2-aminoethyl -5-isoquinolinesulfonamide H8 100 mM . Treatment with both morphine and forskolin appeared to cause an

Ž .additive effect in desensitizing m-opioid receptor. In m-opioid receptor stably transfected human embryonic kidney 293 HEK-m cells,
Žmorphine treatment produced cAMP upregulation, yet failed to induce m-opioid receptor tolerance. However, treatment with forskolin 25

. Ž .mM or 8-bromo-cAMP 1mM led to profound m-opioid receptor tolerance, which was reversed by H8. These results demonstrate that
cAMP-dependent kinase activation causes m-opioid receptor tolerance. However, morphine-induced m-opioid receptor tolerance in
SH-SY5Y cells is not mediated by cAMP-dependent kinase activation. In addition, our results indicate that cAMP-upregulation does not
necessarily lead to m-opioid receptor tolerance. q 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Agonist-induced receptor desensitization is a common
phenomenon associated with activation of many neuro-
transmitter receptors, leading to reduced biological re-
sponses during continuous or repeated agonist exposure.
Among G-protein coupled receptors, mechanisms of de-
sensitization have been extensively characterized for the
b -adrenergic receptor. Phosphorylation of b -adrenocep-2 2

Ž .tor by the cyclic AMP cAMP dependent protein kinase
and the G-protein coupled receptor kinase 2 are, among
other mechanisms, involved in rapid desensitization of

Ž .b -adrenergic receptor Freedman and Lefkowitz, 1996 .2

Opioid receptors belong to the family of G-protein
Ž .coupled receptors. Activation of all three major m, d, k

opioid receptor types lead to inhibition of adenylyl cyclase,
activation of Kq channels, as well as inhibition of Ca2q

Žconductance Loh et al., 1988; Mestek et al., 1995; Koob
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.and Nestler, 1997 . Morphine and other clinically used
opioids act primarily on the m-opioid receptor to produce

Žtheir analgesic and rewarding effects. Tolerance including
.attenuated analgesic effect after repeated administration of

opioids is well documented in clinical practice; however,
the mechanisms remain to be elucidated. Receptor down-
regulation, internalization, and uncoupling from the second
messenger system of m-opioid receptor have all been
speculated to contribute to opioid tolerance, yet numerous
studies from different laboratories have so far failed to
identify consistent changes of receptor numbers or affinity,
or G-protein levels after prolonged treatment with mor-

Žphine Loh et al., 1988; De Vries et al., 1991; Koob and
.Nestler, 1997 . In addition, unlike the peptide agonist

w 2 4 5 x Ž .D-Ala , N-MePhe ,Gly-ol enkephalin DAMGO , mor-
Žphine does not internalize m-opioid receptor Arden et al.,

.1995; Keith et al., 1998 .
Using a reconstituted in vitro system, activation of

cAMP-dependent kinase was shown to disrupt coupling of
Ž .the m-opioid receptor to G Harada et al., 1989, 1990 .i

Although morphine acutely inhibits adenylyl cyclase,
chronic exposure to morphine results in a compensatory
upregulation of adenylyl cyclase activity and cAMP pro-
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Ž .duction Sharma et al., 1975; Yu and Sadee, 1988 , which´
can lead to the activation of cAMP-dependent kinase.
Therefore, it is possible that enhanced cAMP-dependent
kinase activity, after prolonged morphine treatment, can
contribute to m-opioid receptor tolerance. Phosphorylation
of the m-opioid receptor is enhanced during chronic mor-

Ž .phine exposure Wang et al., 1996 . Moreover, activation
of cAMP-dependent kinase can phosphorylate and activate

Ž .cAMP response element binding protein CREB , which
Žregulates the expression of numerous genes Koob and

.Nestler, 1997 . Contradicting these results, activation of
cAMP-dependent kinase was found to prevent DAMGO-
induced m-opioid receptor desensitization in Xenopus
oocytes expressing the m-opioid receptor and a G-protein-

q Ž .activated K channel Chen and Yu, 1994 .
To study cAMPrcAMP-dependent kinase pathway me-

diated m-opioid receptor desensitization, we examined m-
opioid receptor tolerance in human neuroblastoma SH-

Ž .SY5Y cells, and human embryonic kidney HEK 293
cells stably transfected with a cloned m-opioid receptor
Ž . Ž .HEK-m Arden et al., 1995 . HEK-m cells express only
the cloned m-opioid receptor. SH-SY5Y cells natively

Ž .express both m and d opioid receptors ratio;4.5:1 . In
both cell lines, m-opioid receptor tolerance can be assessed
by the decreased effect of morphine in inhibiting cAMP
accumulation. The cAMP-dependent kinase can be acti-
vated by treating cells with forskolin, an adenylyl cyclase
activator that increases cAMP levels and cAMP-dependent

Ž .kinase activity Sibley et al., 1998 . More directly, cell
permeable cAMP analogs such as 8-bromo-cAMP can

Žactivate the cAMP-dependent kinase Itano et al., 1996;
.Sibley et al., 1998 .

In this study, we report that tolerance to morphine
developed in SH-SY5Y cells either by treatment with
morphine or by activation of cAMP-dependent kinase, but
through different mechanisms. In HEK-m cells, tolerance
occurred after treatment with forskolin or 8-bromo-cAMP,
but not with morphine.

2. Materials and methods

2.1. Materials

Human neuroblastoma SH-SY5Y cells were provided
by Dr. June L. Biedler of the Sloan–Kettering Institute for

Ž . Ž .Cancer Research Rye, NY . N- 2-aminoethyl -5-iso-
Ž .quinolinesulfonamide H8 was from Seikagaku America

Ž .Rockville, MD . Morphine sulfate was provided by the
Ž .National Institute on Drug Abuse Bethesda, MD . All

Žother chemicals were purchased from Sigma St. Louis,
.MO . The rat m-opioid receptor cDNA in vector

pRCrCMV was a generous gift from Dr. Lei Yu, and
Ž .stably transfected into HEK 293 cells ATCC with cal-

Ž .cium phosphate precipitation method Arden et al., 1995 .

2.2. Cell culture

SH-SY5Y and HEK-m cells were grown at 378C in
Ž . ŽDulbecco’s modified eagle medium DMEM Yu and

. Ž . ŽSadee, 1988 and DMEMrF12 1:1 medium Arden et´
.al., 1995 , respectively. Both media were supplemented

with 10% fetal calf serum containing 100 mgrml strepto-
Ž .mycin and 100 unitsrml penicillin. G418 200 mgrml

was added in the HEK-m cell culture to maintain stable
selection. SH-SY5Y cells were pretreated with retinoic

Ž .acid 5 mM for 6 days to induce partial neuronal differen-
Žtiation in all experiments Yu and Sadee, 1988; Wang et´

.al., 1994 .

2.3. cAMP accumulation assay

Ž .Cells were treated with morphine 1 mM andror a
ŽcAMP-dependent kinase activator 25 mM forskolin or 1

.mM 8-bromo-cAMP for 12 h, unless otherwise specified.
At the end of treatment, cells were rinsed twice with
DMEM medium containing 5% serum and twice more
with serum free DMEM medium to remove these com-
pounds. In SH-SY5Y cells, intracellular cAMP accumula-
tion was assayed by incubating cells in 378C serum free

Žmedium containing 1 mM prostaglandin E for 15 min Yu1
.and Sadee, 1988 . Since the prostaglandin E receptor was´ 1

absent in HEK 293 cells, cAMP accumulation was assayed
in the present of 10 mM forskolin for 7 min, unless
otherwise indicated. To assess the ability of morphine in

Ž .inhibiting cAMP levels, morphine sulfate 10 mM was
added into cAMP accumulation assays. Reactions were
stopped by adding hydrochloric acid to a final concentra-
tion of 0.1 N. Levels of cAMP were determined by the

Ž . Žradioimmunoassay Amersham Yu et al., 1990; Wang et
.al., 1994 .

2.4. Data analysis

Inhibition of cAMP accumulation by morphine was
expressed in percentage by the following equation:

%Inhibition

cAMP levels in the presence of morphine
s100%y ž /cAMP levels in the absence of morphine

=100%.

Morphine EC values were determined by fitting the50

data to the logistic function:

E =C n
max

Es n nEC qC50

ŽEs% inhibition; E smaximum % inhibition; Csmax

morphine concentration; nsslope factor; data were fitted
.with the use of the software KaleidaGraph version 3.0 .

Student’s t-test was used for statistical comparisons.
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3. Results

3.1. Tolerance to morphine after treatment with morphine
in SH-SY5Y cells

Upon prolonged exposure to morphine, SH-SY5Y cells
develop a moderate degree tolerance to morphine while the

ŽcAMP second messenger system is upregulated Sharma et
.al., 1975; Yu et al., 1990; Wang et al., 1994 . To deter-

mine the time course of the development of tolerance and
cAMP upregulation, SH-SY5Y cells were pretreated with
1 mM morphine for 0–24 h. At the end of incubation, cells
were thoroughly washed to remove morphine. At 1 mM,
morphine was able to induce full cAMP upregulation and
m-opioid receptor tolerance, while the washout procedure
ensured removal of morphine to a pharmacologically in-

Ž .significant level Wang et al., 1999 . Pretreatment of SH-
SY5Y cells with morphine for 20 min or less caused a
small, but significant decrease of prostaglandin E -stimu-1

Ž .lated cAMP accumulation Fig. 1 , which was not reversed
Ž .by naloxone data not shown , ruling out the presence of

residual morphine. While the reason for this initial de-
Ž .crease is not clear Yu et al., 1990; Wang et al., 1994 , a

similar phenomenon has been reported by others in per-
Ž .fused brain tissue Parolaro et al., 1990 . Levels of cAMP,

however, recovered after 30 min incubation. When mor-
phine treatment lasted for 4–24 h, an increased cAMP

Ž .level cAMP upregulation was observed, which peaked at
Ž .12 h with a 75"3% mean"S.E.M., ns6 increase over

Ž .the control P-0.001 . To assess the inhibitory effect of
Ž .morphine on cAMP levels, fresh morphine 10 mM was

added to half of the samples in the cAMP accumulation
Žassays to reach a full inhibition response Yu and Sadee,´

.1988 . Inhibition by morphine was significantly attenuated
Ž . Žfrom 62"1% mean"S.E.M., ns12 to 47"2% mean
. Ž ."S.E.M., ns6 P-0.001 after 4 h incubation with

Ž .morphine 1 mM , indicating the development of de-
Ž .tectable tolerance to morphine in SH-SY5Y cells Fig. 1 .

In the previous studies, we found morphine treatment also
Žshifted EC 3–4 fold higher Yu and Sadee, 1988; Yu et´50

.al., 1990 .

3.2. Tolerance to morphine induced by forskolin in SH-
SY5Y cells

We next tested if activation of cAMP-dependent kinase
by forskolin would desensitize m-opioid receptor. After

Ž .pretreatment with forskolin 25 mM for 12 h, SH-SY5Y
cells notably lost sensitivity to morphine, as morphine

Žproduced a maximum inhibition of 38"2% mean"
.S.E.M., ns6 with forskolin treatment vs. 62"2%

Ž . Ž . Žmean"S.E.M., ns6 in control cells P-0.001 Fig.
.2 , indicating the development of m-opioid receptor toler-

ance to morphine. Moreover, forskolin induced greater
Žm-opioid receptor desensitization than morphine did P-

.0.01 . Forskolin-induced tolerance was blocked by the
Ž .cAMP-dependent kinase inhibitor H8 100 mM , which

re-sensitized m-opioid receptor response to morphine to
Ž .52"5% mean"S.E.M., ns4 inhibition on cAMP ac-

Žcumulation P-0.05 vs. treatment with forskolin alone,
.P)0.05 vs. control . Therefore, activation of cAMP-de-

pendent kinase led to m-opioid receptor tolerance to mor-
phine.

If morphine-induced m-opioid receptor tolerance oc-
curred by the same mechanism as that induced by forskolin,
then addition of high concentrations of morphine and
forskolin would not produce any additional effect. How-

Ž .ever, co-treatment with forskolin 25 mM and morphine
Ž .1 mM led to further loss of m-opioid receptor sensitivity

Ž .to morphine, producing 21"4% mean"S.E.M., ns6
inhibition on cAMP accumulation by 10 mM morphine
ŽP-0.001 vs. control, P-0.001 vs. either forskolin or

Fig. 1. Time course of the development of cAMP upregulation and morphine tolerance in SH-SY5Y cells. SH-SY5Y cells were pretreated with medium
Ž .containing 1 mM morphine for 0–24 h. Prostaglandin E -stimulated 1 mM cAMP accumulation was assayed, after washing away morphine, in the1

Ž .absence of morphine to obtain data for the construction of the ‘‘cAMP upregulation’’ curve -'- . The cAMP level before treatment was 2150"100
Ž . Ž .pmolrmg proteinr15 min mean"S.E.M. . To obtain the ‘‘cAMP inhibition’’ curve -l- , cAMP accumulation assays were performed in the presence

Ž .of 10 mM morphine. Values are mean"S.E.M. ns6–12 . Asterisks indicate significant differences from cAMP levels before morphine-pretreatment:
U

P-0.05;
UU

P-0.01;
UUU

P-0.001; a’s indicate significant differences from cAMP inhibition before morphine-pretreatment: aP-0.05; aaaP-0.001.
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.morphine treatment alone . Therefore, the combination of
these two compounds produced an additive effect in desen-

Žsitizing m-opioid receptor: 66% desensitization loss of
ability in inhibiting cAMP accumulation by 10 mM mor-

.phine vs. 17% desensitization by morphine and 38%
desensitization by forskolin. These results suggested that
m-opioid receptor tolerance after treatment with morphine
or forskolin took place via different mechanisms.

3.3. Coupling and tolerance of m-opioid receptor ex-
pressed in HEK-m cells

Tolerance of m-opioid receptor was further studied in
HEK-m cells expressing a cloned rat m-opioid receptor
Ž .Chen et al., 1993 . The adenylyl cyclase activity in HEK
293 can be stimulated by forskolin. Addition of 10, 50 or
100 mM forskolin resulted in 30-, 160- and 333-fold

Ž .increases in cAMP levels, respectively Fig. 3A . The time
course of forskolin-stimulated cAMP accumulation was
studied by incubating HEK-m cells with 10 mM forskolin
at 378C for 0–10 min before the reactions were stopped by
HCl. Intracellular cAMP levels increased within minutes
after the addition of forskolin, and peaked around 7 min in

Žcells either pretreated or untreated with morphine Fig.
.3B . The transfected m-opioid receptor was functionally

Ž .coupled to adenylyl cyclase, as morphine 10 mM pro-
duced 68%, 76% and 90% inhibition on cAMP accumula-
tion in the presence of 10, 50 and 100 mM forskolin,

Ž .respectively Fig. 4 . Like in SH-SY5Y cells, pretreatment
with morphine resulted in cAMP upregulation in HEK-m

Ž .cells, ranging from 75% to 200% increase Fig. 3B . In
contrast to the results in SH-SY5Y cells, pretreatment of
HEK-m cells with 1 mM morphine for 12 h did not cause

Ž .any loss of effect by morphine Figs. 4 and 5 . On the
contrary, we repeatedly saw enhanced maximum effect of

Ž .morphine after pretreatment with morphine Fig. 4 . EC50
Žof morphine remained unchanged 29"2 vs. 29"6 nM

Fig. 2. Effect of morphine andror forskolin on morphine-mediated cAMP
Žinhibition. SH-SY5Y cells were pretreated for 12 h with medium Con-

. Ž .trol , or media containing 1 mM morphine Mor andror 25 mM forskolin
Ž . ŽFors , or medium containing 25 mM forskolin and 100 mM H8 Forsq

.H8 . Prostaglandin E -stimulated cAMP accumulation was assayed in the1

absence or presence of 10 mM morphine after washing away these
Ž .compounds. Values are mean"S.E.M. ns4–6 . The asterisks indicate

significant differences from control:
UU

P -0.01;
UUU

P -0.001.

Ž . Ž .Fig. 3. Concentration-dependent A and time course B of stimulation of
Ž .cAMP accumulation by forskolin in HEK-m cells. A Naıve HEK-m¨

Ž .cells were incubated with 10–100 mM forskolin at 378C for 7 min. B
Ž . Ž . Ž .Naıve -`- or morphine 1 mM, 12 h -D- pretreated cells were¨

washed four times and incubated with 10 mM forskolin in serum-free
DMEM medium at 378C for 1–10 min in the absence of any phosphodi-
esterase inhibitor. The reactions were stopped by adding HCl to a final
concentration of 0.1 N. cAMP levels were determined by the radioim-

Ž .munoassay. Values are mean"S.E.M. ns6 .

. Ž .before treatment Fig. 5 . Lack of morphine-tolerance was
not due to insufficient morphine concentration or time of
pretreatment, nor was it affected by the presence of phos-

Ž .phodiesterase inhibitors in the assay data not shown .
ŽMorphine at low concentrations 1 nM in control; 1 and

.10 nM in pretreated cells actually exhibited stimulatory
effect on cAMP accumulation. Excitatory effects by vari-

Ž .Fig. 4. Inhibition on cAMP accumulation by morphine 10 mM in
control and morphine-pretreated HEK-m cells in the presence of 10, 50
and 100 mM forskolin. Forskolin-stimulated cAMP accumulation was

Ž . Ž .assayed in HEK-m cells before open column and after dotted column
Ž .morphine pretreatment 1 mM, 12 h . Refer to Fig. 3 for the control

cAMP levels at each forskolin concentration. Values are mean"S.E.M
Ž .ns4–6 . The asterisks indicate significant differences from control:
U

P -0.05.
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Ž .ous opioids at certain usually low concentrations have
been reported previously, which were thought to occur
through the coupling of m-opioid receptor to Gs pathway
Ž .Shen and Crain, 1994; Wang and Gintzler, 1994 .

3.4. Tolerance to morphine induced by cAMP-dependent
kinase actiÕation in HEK-m cells

To test whether cAMP-dependent kinase activation still
causes m-opioid receptor tolerance to morphine in HEK-m

Ž .cells, forskolin 25 mM, 12 h was employed to activate
Žthe cAMP-dependent kinase in these cells Sibley et al.,

. Ž .1998 . Forskolin-stimulated 10 mM cAMP level was
Ž .56% lower after pretreatment with forskolin 25 mM, 12 h

Ž344"78 pmolrmg proteinr7 min after treatment vs.
778"183 pmolrmg proteinr7 min before treatment, P-

.0.01 , suggesting the reduced response of adenylyl cyclase
to acute forskolin after pretreatment. Nevertheless, even
with reduced stimulation, 10 mM forskolin still gave us
sufficiently high cAMP levels for measurement. After 12 h

Ž .forskolin 25 mM treatment, effect of 10 mM morphine in
inhibiting cAMP accumulation was greatly reduced from

Ž . Ž68"3% mean"S.E.M., ns6 to 30"3% mean"
. Ž . Ž .S.E.M., ns6 P-0.001 Fig. 5 , indicating the devel-

opment of m-opioid receptor tolerance. However, the EC50

was reduced from 29"4 nM before treatment to 8"2 nM
Ž .after treatment Fig. 5 . The latter was probably due to the

stimulatory effect of morphine at low concentrations, which
was absent after pretreatment with forskolin.

Forskolin-induced m-opioid receptor tolerance to mor-
phine in HEK-m cells was completely reversed by co-treat-

Ž . Žment with 100 mM H8 Fig. 6 P-0.01 vs. forskolin

Fig. 5. Dose–response curves of morphine in inhibiting cAMP accumula-
tion before and after treatment with morphine or forskolin. HEK-m cells
were pretreated with 1 mM morphine or 25 mM forskolin for 12 h,
followed by washing out of these compounds before the cells were
incubated for cAMP accumulation assays in the presence of 10 mM
forskolin and increasing concentrations of morphine at 378C for 7 min.

Ž .Values are mean"S.E.M. ns6 . The curves were fitted with logistic
n Ž n n .function: Es E =C r C qEC , which was best done when n ismax 50

Ž .1. Points below 0% inhibition stimulatory effect were plotted, but were
not used for fitting.

ŽFig. 6. Effect of forskolin and 8-bromo-cAMP on morphine-mediated 1
.mM cAMP inhibition. HEK-m cells were pretreated for 12 h with

Ž . Ž .DMEM medium Control , or media containing 25 mM forskolin Fors ,
Ž .both 25 mM forskolin and 100 mM H8 ForsqH8 , 1 mM 8-bromo-cAMP

Ž . ŽBrcAMP , or both 1 mM 8-bromo-cAMP and 100 mM H8 BrcAMPq
. Ž .H8 . Forskolin-stimulated 10 mM cAMP accumulation were assayed

after washing out these compounds. The control cAMP level in the
Žabsence of morphine was 807"82 pmolrmg proteinr7 min mean"

. Ž .S.E.M. . All values are mean"S.E.M. ns4–6 . The asterisks indicate
significant differences from the control:

UU
P -0.01;

UUU
P -0.001.

treatment alone; not significantly different from the con-
.trol .
HEK-m cells were also treated with the cell-permeable

ŽcAMP-dependent kinase activator, 8-bromo-cAMP 1 mM,
.12 h , which abolished the effect of morphine in inhibiting

Ž .cAMP accumulation P-0.001 . The response to mor-
Ž .phine was partially restored by H8 100 mM .

4. Discussion

Exposure of SH-SY5Y cells to m-opioid receptor ago-
nist morphine led to reduced ability of subsequent mor-
phine to inhibit adenylyl cyclase activity and cAMP accu-
mulation. Unlike the rapid desensitization seen with other
G-protein coupled receptors including the d-opioid recep-

Ž .tor Freedman and Lefkowitz, 1996 , m-opioid receptor
tolerance to morphine developed over 4 h in SH-SY5Y
cells. The delayed on-set of tolerance paralleled to the

Ž .development of tolerance in vivo Grumbach et al., 1974 .
Interestingly, treatment with forskolin or 8-bromo-cAMP
led to m-opioid receptor tolerance to morphine, which was
blocked by co-pretreatment with H8, a non-selective

Ž .cAMP-dependent kinase inhibitor IC at 10 mM . These50

data suggested a new pathway for m-opioid receptor toler-
ance, namely the cAMPrcAMP-dependent kinase-media-
ted m-opioid receptor tolerance. Such mechanism has been
proposed for G-protein coupled receptors coupled with Gs,
which positively regulates the adenylyl cyclase and cAMP
levels, and may be acting as a negative feedback mecha-

Ž .nism Sibley et al., 1998 .
The next question was if cAMP-mediated m-opioid

receptor tolerance contributed to opioid-induced m-opioid
receptor tolerance. To address this question, one can test
whether morphine-induced m-opioid receptor tolerance is
blocked by cAMP-dependent kinase inhibitors. Few
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cAMP-dependent kinase inhibitors available are both se-
w ŽŽ .lective and cell-permeable. N- 2- p-bromocinnamyl -

. x Ž .amino ethyl -5-isoquinolinesulfonamide H89 is often
used for this purpose; however, achieving both full
cAMP-dependent kinase inhibition and selectivity has been
a concern. Moreover, H89 may interfere with binding and

Ž .function of G-protein coupled receptors Penn et al., 1999 .
Alternatively, the problem can be addressed by simultane-
ously activating the receptor and cAMPrcAMP-dependent
kinase pathways. If a common mechanism were shared, no
additive effect would be observed. Surprisingly, co-treat-
ment with forskolin and morphine, both at concentrations
to produce maximum effects, caused additive effect on
m-opioid receptor tolerance. This result suggested that
cAMPrcAMP-dependent kinase pathway mediated m-
opioid receptor tolerance did not contribute to morphine-
induced m-opioid receptor tolerance. To test this further,
we studied m-opioid receptor tolerance in HEK-m cells, in
which we found striking differences in m-opioid receptor
tolerance induced by cAMPrcAMP-dependent kinase acti-
vation and morphine treatment. Tolerance to morphine was
induced after activation of cAMP-dependent kinase by
forskolin or 8-bromo-cAMP, yet morphine did not induce
m-opioid receptor tolerance in HEK-m cells.

The reason for the lack of m-opioid receptor tolerance
in HEK-m cells is unclear. Lack of tolerance was also
reported in m-opioid receptor transfected Chinese hamster

Ž . Ž .ovary CHO cells Avidor-Reiss et al., 1995 . When the
same cloned receptor was co-expressed with a Kq channel
in Xenopus oocytes, m-opioid receptor tolerance devel-

q Žoped as measured by reduced-K conductance Chen and
.Yu, 1994 . Opioid tolerance also occurred in murine neu-

roblastoma neuro2A cells and human epidermoid carci-
noma A431 cells stably transfected with the m-opioid

Žreceptor gene Chakrabarti et al., 1995; Ammer and Schulz,
.1997 .

ŽPhosphorylation of b -adrenoceptor and many other2
.Gs-coupled receptors by cAMP-dependent kinase is

thought to be involved mainly in heterologous receptor
Ž .desensitization Freedman and Lefkowitz, 1996 . This is in

agreement with our finding that the cAMP-dependent ki-
nase was not involved in morphine-induced m-opioid re-
ceptor tolerance. It was further supported by other experi-
ments, both in vivo and in vitro, that cAMP-dependent
kinase-mediated phosphorylation was found not to be in-
volved in homologous opioid tolerance, although m-opioid
receptor phosphorylation in general is important for the

Ždevelopment of m-opioid receptor tolerance Wang et al.,
1994; Mestek et al., 1995; Narita et al., 1995; Bilsky et al.,

.1996 .
It is generally accepted that there is little, if any,

cross-tolerance between the different subtypes of opioid
receptors. Nevertheless, there is evidence for the interac-
tion between m-opioid receptor and other G-protein cou-

Žpled receptors such as a -adrenergic receptor Aley and2
.Levine, 1997 . Morphine tolerance was also modulated by

Ž .NMDA receptor activity Trujillo and Akil, 1991 . Whether
any of these interactions is mediated by the cAMP-depen-
dent kinase remains to be tested. When reconstituted with
a purified catalytic subunit of the cAMP-dependent kinase,
m-opioid receptor in isolated membranes was able to un-
dergo cAMP-dependent kinase-mediated phosphorylation
Ž .Bernstein and Welch, 1998; Chakrabarti et al., 1998 .

The upregulated cAMP levels after chronic opioid treat-
ment have been proposed as biochemical mediators under-

Žlying chronic effects of opioids including tolerance Sharma
.et al., 1975; Yu et al., 1990; Wang et al., 1994 . However,

in HEK-m cells, cAMP upregulation resulting from mor-
phine treatment was not associated with the development
of morphine tolerance, suggesting that morphine-induced
cAMP-upregulation did not necessary lead to m-opioid
receptor tolerance. Similar results were reported by others

Ž .in the rat brain slices De Vries et al., 1991 and cultured
Ž .neurons Van Vliet et al., 1991 that prior morphine expo-

sure did not lead to m-opioid receptor tolerance albeit
cAMP upregulation.

In summary, we reported here that elevated cAMP
levels and cAMP-dependent kinase activation, without prior
treatment with any opioids, can effectively lead to m-opioid
receptor tolerance to morphine. However, cAMPrcAMP-
dependent kinase-mediated m-opioid receptor tolerance did
not participate in the development of morphine tolerance.
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