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3-Isobutyl-1-methylxanthine inhibits basal m-opioid receptor
phosphorylation and reverses acute morphine tolerance and dependence

in mice
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Abstract

Ž .Phosphorylation of the m-opioid receptor may play a role in opioid tolerance and dependence. 3-Isobutyl-1-methylxanthine IBMX
Ž .was found to inhibit basal m-opioid receptor phosphorylation IC F10 mM either upon acute treatment or after 8 h pre-treatment in50

ŽHEK293 cells transfected with the m-opioid receptor. In mice made acutely tolerant to and dependent on morphine, IBMX 30–100 nmol,
.i.c.v. significantly attenuated the naloxone-induced withdrawal jumping and partially reversed morphine antinociceptive tolerance. IBMX

also blocked changes to m-opioid receptor signaling associated with chronic morphine treatment, specifically, the inverse agonist effect
elicited by naloxone, in which naloxone paradoxically elevated the cAMP levels in cells previously exposed to morphine for G12 h.
These results suggest a new effect of IBMX in inhibiting basal m-opioid receptor phosphorylation, and provide additional evidence for the
involvement of receptor phosphorylation in the development of opioid tolerance and dependence. q 1999 Elsevier Science B.V. All rights
reserved.
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1. Introduction

Multiple opioid receptors mediate the effects of opioid
drugs. The m-opioid receptor is primarily responsible for
their analgesic and rewarding effects. Repeated uses of
opioid agonists such as morphine can lead to tolerance and
dependence. Biochemically, both tolerance and depen-
dence are found to associate with an upregulated cAMP
second messenger system, resulting in elevated cAMP

Žlevels upon agonist removal Yu et al., 1990; Nestler,
.1992; Avidor-Reiss et al., 1995 . Thus, prolonged mor-

phine treatment of cells expressing m-opioid receptors,
e.g., human neuroblastoma SH-SY5Y, causes a subsequent
cAMP overshoot upon agonist removal and a moderate

Ž .degree of tolerance Yu and Sadee, 1988 . Moreover, in´
these morphine-treated cells, the m-opioid receptor appears
to be converted into a state uniquely sensitive to some

) Corresponding author. Department of Pharmacology, University of
Arizona, College of Medicine, P.O. Box 245050, Tucson, AZ 85724-5050,
USA.

opioid antagonists, which is indicated by direct effect of
naloxone on cAMP, causing a significant increase in cAMP

Ž .level naloxone induced cAMP overshoot on top of the
Ž . ŽcAMP upregulation spontaneous cAMP overshoot Wang

.et al., 1994a; Wang et al., 1994b . The direct action of
naloxone at the m-opioid receptor in dependent tissue,
opposite to that of an agonist, suggested an inverse agonist

Ž . Žeffect i.e., negative antagonism at a basally i.e., constitu-
.tively active m-opioid receptor. Such unique action of

naloxone is consistent with its high potency in eliciting
Žwithdrawal in morphine-dependent animals Way et al.,

.1969; Bilsky et al., 1996 . The inverse agonism is only
found in m-opioid receptor-expressing cells that have been

Ž .prolongly exposed to morphine Wang et al., 1994b .
Therefore, it could represent a salient feature of opioid
tolerance and dependence.

The molecular mechanism underlying the naloxone-
induced cAMP overshoot is not clear. It appears to involve
phosphorylation since it was prevented by the protein

Ž .kinase inhibitor 1- 5-isoquinolinylsulfonyl -2-methyl-
Ž . Ž .piperazine H7 in SH-SY5Y cells Wang et al., 1994b .

Development of tolerance in SH-SY5Y cells was also
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Ž .blocked by H7 Wang et al., 1994b; Elliott et al., 1997 .
Moreover, H7 reversed morphine antinociceptive tolerance

Ž . Ž .in mice Bilsky et al., 1996 and rats Narita et al., 1994 .
In mice made acutely dependent on morphine, H7 signifi-
cantly suppressed naloxone-precipitated withdrawal jump-

Ž .ing Wang et al., 1994b; Bilsky et al., 1996 . These results
suggested that protein phosphorylation contributes to the
expression of morphine tolerance and dependence.

To study if the H7-sensitive protein kinase phosphory-
lates the m-opioid receptor, we have developed a phospho-

Ž .rylation assay Arden et al., 1995; Wang et al., 1996 . The
m-opioid receptor was found to be phosphorylated at a
basal rate, which was enhanced by morphine. Basal m-
opioid receptor phosphorylation has been confirmed to
occur in other cells with heterologous or native receptor

Ž .expression Patterson et al., 1995; Zhang et al., 1996 . H7
was indeed found to inhibit basal m-opioid receptor phos-

Ž .phorylation Wang et al., 1996 .
It will be useful to search for other inhibitors of basal

m-opioid receptor phosphorylation, which can be subse-
quently tested for their effects in vivo. This not only
affords additional tests for the role of m-opioid receptor
phosphorylation in the development of opioid tolerance
and dependence but may also provide useful agents to
disrupt opioid dependence and tolerance. 3-Isobutyl-1-

Ž .methylxanthine IBMX , a cAMP phosphodiesterase in-
hibitor, prevents the naloxone-induced cAMP overshoot.
This would suggest that either the inverse naloxone effect
involves cAMP phosphodiesterase, or IBMX has a direct
effect on m-opioid receptor phosphorylation. We test here
if IBMX affects basal m-opioid receptor phosphorylation
and morphine tolerance and dependence.

2. Materials and methods

2.1. Materials

Ž .IBMX was purchased from Sigma St. Louis, MO . The
Žrat m-opioid receptor cDNA in vector pRCrCMV Chen et

.al., 1993 was provided by Dr. Lei Yu and tagged with the
Ž .epitope EYMPME EE , immediately after the first Me-

Ž . Ž .thionine EE-m Arden et al., 1995 . Morphine sulfate,
w3 xnaloxone, and H diprenorphine were obtained from the

Ž .National Institute on Drug Abuse Rockville, MD . All
other chemicals were from common commercial sources.

2.2. Cell culture

The plasmids encoding m- and EE-m-opioid receptors
were transfected into HEK293 cells, and stably transfected

Ž .clonal cell lines HEK-m and HEK-EE-m were established
Ž .as described Arden et al., 1995 . Cells were maintained in

Ž .Dulbecco’s modified eagle medium DMEM rF-12
Ž . Ž .50%r50% medium Gibco, Gaithersburg, MD supple-

mented with 10% fetal calf serum containing 100 mgrml
Žstreptomycin and 100 unitsrml penicillin. G418 200

.mgrml was added in HEK-m and HEK-EE-m cultures to
maintain stable selection. Fresh cells were thawed and
plated every 6–8 weeks from a same frozen stock to
maintain constant receptor expression at ;5=105 recep-
tor sites per cell.

2.3. Receptor binding and cAMP accumulation assays

w3 xReceptor expression was examined with H dipre-
Ž .norphine 2 nM final concentration in intact cells as
Ž .described Arden et al., 1995 . The cAMP accumulation

assays were performed in washed cell monolayers by
incubating HEK-m or HEK-EE-m cells in serum-free
DMEM medium at 378C for 7 min in the presence of 10
mM forskolin, which was determined to be the optimum

Žcondition in HEK293 cells Wang and Sadee, manuscript´
.submitted . The amount of cAMP was determined by a

Žradioimmunoassay as described previously Wang et al.,
.1994b . Student’s t-test was used for statistical compar-

isons.

2.4. Morphine pre-treatment and washing protocol

Cells were pre-treated with 1 mM morphine andror
Ž .IBMX 10–500 mM for 12 h. Immediately before the

cAMP accumulation assay, cells were washed twice with
DMEM medium containing 5% serum and twice more
with serum-free DMEM medium, requiring 10 min for
effective agonist removal. To assess the efficiency of
removing morphine from the pre-treatment, HEK293 and
HEK-m cells were also incubated with various concentra-

w3 x Ž .tions of H morphine NEN Dupont, Boston, MA for
0–12 h, and washed twice with DMEM medium contain-
ing 5% serum and twice more with serum-free DMEM
medium. Some cells were incubated in serum-free DMEM
medium in the presence of 10 mM forskolin at 378C for 7

w3 xmin. H in both cell pellets and media were measured by
a scintillation counter.

2.5. Phosphorylation and immunoprecipitation of the
epitope-tagged m-opioid receptor

ŽHEK-EE-m cells were pre-treated with morphine 1
. Ž .mM or IBMX 10–500 mM as indicated, and phosphory-

lation of EE-m was determined in washed, permeabilized
Ž .cells as described Arden et al., 1995; Wang et al., 1996 .

Briefly, digitonin-permeabilized cells were labeled with
w 32 x Ž .0.2 mCi g- P ATP 200 mM, 0.5 ml in phosphate-free

medium for 15 min in the presence or absence of morphine
Ž . Ž .10 mM or IBMX 10–500 mM . Labeled cells were

Ž .washed and homogenized in 5 mM Tris buffer pH 7.4
containing 100 nM diprenorphine, phosphatase and pro-
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Ž .tease inhibitors Arden et al., 1995 . The 30,000=g mem-
brane pellet was collected and solubilized in 10 mM

wŽ . x3- 3-cholamidopropyl -dimethylammonio -1-propane-
Ž .sulfonate CHAPS in the presence of 100 nM diprenor-

phine, and phosphatase and protease inhibitors. Solubilized
EE-m was immunoprecipitated with anti-EE monoclonal

Ž .antibody, subjected to sodium dodecyl sulfate SDS -poly-
Ž .acrylamide gel electrophoresis PAGE , and autoradio-

graphed. The phosphorylated band was quantified by scan-
ning densitometry. The identity of EE-m band at ;65
kDa, which was absent in untransfected HEK293 cells,
was confirmed by Western blotting using monoclonal anti-

Ž .body against the epitope tag Arden et al., 1995 . No
w32 xP -labeled bands appeared at ;65 kDa in solubilized,
immunoprecipitated membrane proteins made from un-
transfected HEK293 cells.

2.6. Morphine tolerance and naloxone-induced withdrawal
in mice

Experiments in mice were performed exactly as de-
Žscribed previously for testing the effect of H7 Wang et al.,

.1994b; Bilsky et al., 1996 , and according to the guidelines
and protocols approved by the University of Arizona Insti-
tutional Animal Care and Use Committee. Male ICR mice

Ž .weighing 20–30 g Harlan Industries, Cleveland, OH , in
groups of 10 each, were used in all experiments. Antinoci-

Ž .ception was determined using the warm water 558C
Ž .tail-flick test after intracerebroventricular i.c.v. or subcu-

Ž .taneous s.c. injection of morphine sulfate. To test if
Ž .IBMX 60–100 nmol altered morphine antinociception, it

Ž .was injected i.c.v. 30 min before the administration of
morphine. Mice were also made acutely tolerant to mor-

Žphine by a single dose of morphine sulfate 100 mgrkg,
. Ž .s.c. . At 4.5 h later, either saline or IBMX 100 nmol was

Ž . Žinjected i.c.v. into mice. After 30 min 5 h after the

.initial dose of morphine , the tail-flick test was performed.
Tolerance to morphine was apparent from the decrease in
morphine-mediated antinociception. Following the same

Ž .treatment with morphine sulfate 100 mgrkg, s.c. , acute
dependence was documented 4 h later by naloxone-in-
duced withdrawal jumps when the mice were challenged
with increasing doses of naloxone given intraperitoneally
Ž .i.p. . To test the effect of IBMX on morphine dependence,

Ž .morphine-treated mice were given i.c.v. equal volumes of
IBMX or saline 30 min before the withdrawal test.

3. Results

3.1. Coupling of the cloned m-opioid receptor to adenylyl
cyclase and the naloxone-induced cAMP oÕershoot in
HEK-m cells

Morphine inhibited forskolin-stimulated cAMP accumu-
Ž .lation in HEK-m cells Fig. 1A with an EC ;30 nM,50

Ž .while the maximum inhibition was 76"6% ns20 .
Potency and efficacy of cAMP inhibition by morphine

Ž .were similar in HEK-EE-m cells data not shown . After
Ž .HEK-m cells were treated with morphine 1 mM for 12 h,

followed by washout of the drug, freshly added morphine
Ž .still produced maximum inhibition of 85"3% ns15 ,

Ž .and did not alter the EC value Fig. 1B . Lack of50

tolerance may suggest substantial spare receptors available
in the transfected cells because of relatively high receptor

Ž .expression levels Chavkin and Goldstein, 1984 .
After morphine pre-treatment, a small stimulatory re-

sponse was seen in several experiments when low concen-
Ž . Ž .trations of morphine 1–10 nM were added Fig. 1B .

While the stimulatory response was reproducible, the mag-
nitude was very variable. Therefore, it was not pursued
further in this study.

Ž . Ž .Fig. 1. Dose–response curves of morphine and naloxone in affecting forskolin-stimulated cAMP accumulation in HEK-m cells A before and B after
morphine pre-treatment. HEK-m cells were either not treated or pre-treated with 1 mM morphine for 12 h. Cells were washed four times before the cAMP
accumulation assays, which were performed by incubating cells in DMEM medium at 378C for 7 min in the present of 10 mM forskolin and morphine or
naloxone at the indicated concentrations. The cAMP levels were normalized to corresponding drug-free control levels in naive or morphine-pre-treated

Žcells. After pre-treatment, control cAMP levels were approximately two-fold higher than those in untreated cells, representing the cAMP upregulation see
. Ž .Fig. 2 . Data represent the mean"SD of several experiments nG6 .
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Surprisingly, naloxone also decreased cAMP levels in
untreated HEK-m cells with an EC ;1 nM and maxi-50

Ž .mum inhibition of 51"12% Fig. 1A . This is consistent
with the ability of naloxone to reduce cAMP levels in

Ž .untreated SH-SY5Y cells Wang et al., 1994b . Naloxone
may not be a pure antagonist of the m-receptor. We have
recently found that naloxone acts as a partial agonist of the
m-receptor coupling to Gi and Go in untreated HEK-m cell

Ž .membranes Burford et al., 1997 .
ŽAs previously observed in SH-SY5Y cells Wang et al.,

.1994b and in Chinese hamster ovary cells stably trans-
Ž . Žfected with m-opioid receptor CHO-m Avidor-Reiss et

.al., 1995 , pre-treatment with 1 mM morphine led to a
substantial spontaneous cAMP overshoot in HEK-m cells

Ž .upon washout of morphine Fig. 2 . Moreover, addition of
naloxone to the thoroughly washed cells caused an addi-

Žtional increase of cAMP levels in HEK-m cells Fig. 1B
. Ž .and Fig. 2 with an EC ;1 nM Fig. 1B , in agreement50

with the naloxone-induced cAMP overshoot observed in
Ž .SH-SY5Y cells Wang et al., 1994b . The spontaneous

cAMP overshoot and the naloxone-induced cAMP over-
Žshoot were similarly observed in HEK-EE-m cells data

.not shown . However, in preliminary experiments using
CHO-m cells, we failed to observe a significant inverse

Ž .naloxone effect under the same conditions data not shown ,
which may highlight biochemical differences among cell
lines with regard to cAMP second messenger regulation.

3.2. Efficiency of remoÕing morphine after pre-treatment

The interpretation of the naloxone-induced cAMP over-
shoot as an inverse agonist effect requires an effect by an
antagonist in the absence of any agonist. We addressed the

efficiency of removing morphine by incubating cells di-
w3 xrectly with H morphine. After 12 h incubation, over

w3 x99.7% of H activity was removed from the HEK-m cells
by the washing procedure used throughout this study.
HEK-m cells did not retain more tracer than non-trans-

w3 xfected HEK-293 cells, and H retained was unaffected by
Ž .the co-incubation of excessive unlabeled morphine 1 mM .

These results demonstrated that the residual tracer was not
selectively bound to the m-opioid receptor.

In order to act at the receptor, morphine must redis-
tribute to the cell surface. Only 0.1% of the originally
added tracer was recovered in the medium at the end of 7
min incubation, which amounted to 1 nM morphine if
there was 1 mM drug in the pre-treatment discounting
degradation or impurities of the tracer. At this concentra-
tion, morphine did not inhibit cAMP accumulation under

Ž .the assay conditions used in this study Fig. 1B . There-
fore, the washing procedure effectively removed morphine
from the cells. A similar washing procedure was also
found sufficient to remove residual morphine in CHO-m

Ž .cells Avidor-Reiss et al., 1995 .

3.3. Effects of IBMX on the naloxone-induced cAMP oÕer-
shoot in HEK-m cells

Addition of IBMX to the cAMP assay at 500 mM, a
concentration commonly employed to suppress cAMP
phosphodiesterase, increased cAMP levels in HEK-m cells

Ž . Ž .by two-fold P-0.001 Fig. 2 ‘IBMX Post-treat’ , as
expected from its action as a phosphodiesterase inhibitor.
IBMX did not suppress the spontaneous cAMP overshoot
observed after agonist removal; however, it abolished the
inverse naloxone effect on cAMP accumulation. The

Ž .Fig. 2. Effects of IBMX on the spontaneous cAMP overshoot and the naloxone-induced cAMP overshoot. HEK-m cells were either not treated Control or
Ž .pre-treated with 1 mM morphine sulfate for 12 h MS-pre-treated , and washed four times before assays. The cAMP accumulation assays were performed

Ž . Ž . Ž .in the absence ‘Control’ and ‘MS-pre-treated’ or presence MS-pre-treatedq naloxone of 10 mM naloxone. IBMX 500 mM was present in cAMP
Ž . Ž . Ž .accumulation assays IBMX Post-treat , or present only in the 12 h pre-treatment IBMX Pre-treat , or not present No IBMX . Both morphine and IBMX

UU UUU Ž . aa Žwere removed before cAMP assays. Ns8 for each column. P-0.01, P-0.001 ‘MS-pre-treated’ vs. ‘Control’ ; P-0.01 ‘MS-pre-treatedq
.naloxone’ vs. ‘MS-pre-treated’ .
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naloxone-induced cAMP overshoot was also abolished in
Ž .the presence of 100 mM IBMX data not shown , while 10

mM IBMX reduced the effect of naloxone from 82"16%
Ž .to 51"8% P-0.01, ns6 above the spontaneous

cAMP overshoot. Therefore, IBMX dose-dependently sup-
pressed the inverse naloxone effect on cAMP accumula-
tion.

Ž .When IBMX 500 mM was added to the pre-treatment
together with 1 mM morphine, it did not elevate cAMP
levels after both drugs were removed. On the contrary, we
saw a decrease of cAMP levels after 8 h incubation with

Ž .500 mM IBMX P-0.001 . IBMX did not alter the
spontaneous cAMP overshoot. However, it blocked the

Žnaloxone-induced cAMP overshoot Fig. 2, ‘IBMX Pre-
.treat’ . Full blockade effect was observed after pre-treat-

Ž .ment with 10 and 100 mM IBMX data not shown . It is
important to note that the cAMP accumulation assays were
performed after rigorous washes to remove both morphine
and IBMX, and cAMP levels were not increased; there-
fore, it is unlikely that inhibition of phosphodiesterase
contributed to the abolition of the naloxone-induced cAMP
overshoot after IBMX pre-treatment.

3.4. Effect of IBMX on basal m-opioid receptor
phosphorylation in HEK-EE-m cells

The m-opioid receptor was phosphorylated at a basal
Žrate, which was further enhanced by morphine 10 mM, 15

.min . Moreover, basal m-opioid receptor phosphorylation
Ž .was increased after prolonged 8 h treatment with mor-

Ž .phine 1 mM , representing a feature associated with
Žchronic morphine effects Fig. 3, also see Arden et al.,
.1995; Wang et al., 1996 . We determined the ability of

IBMX to inhibit basal m-opioid receptor phosphorylation
when it was added into the phosphorylation labeling
medium and incubated with cells for 15 min. IBMX
inhibited basal m-opioid receptor phosphorylation in a
dose-dependent fashion. IBMX at 10 mM reduced basal
m-opioid receptor phosphorylation by 60%, whereas higher

Ž .doses 100 mM and 500 mM suppressed phosphorylation
Ž .by 90% Fig. 3 .

We next pre-treated cells with IBMX for 8 h and
subsequently measured receptor phosphorylation after re-
moving IBMX. Pre-treatment with 10 mM and 100 mM
IBMX for 8 h reduced basal m-opioid receptor phosphory-

Fig. 3. Effects of morphine and IBMX on basal m-opioid receptor phosphorylation. HEK-EE-m cells were washed with phosphate-free DMEM medium
w 32 x w32 xfive times, permeabilized with digitonin, and incubated with g- P ATP for 15 min. The P -labeled band at ;65 kDa represents the m-opioid receptor

Ž . Ž . Žas confirmed by Western blotting. Left panel Basal m-opioid receptor phosphorylation Control was stimulated in the presence of 10 mM morphine MS,
. Ž . Ž .15 min or after 8 h pre-treatment with 1 mM morphine MS 8 h . Right panel Effect of IBMX on basal m-opioid receptor phosphorylation. IBMX was

Ž . Ž .added either directly into the phosphorylation labeling buffer IBMX, 15 min or in the 8 h pre-treatment IBMX, 8 h . Final IBMX concentrations ranged
from 10 mM to 500 mM as indicated. Insert bar-graphs show relative phosphorylation intensities quantified by scanning densitometry.
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lation by 85% and 90%, respectively. After HEK-EE-m
cells were treated with 500 mM IBMX for 8 h, basal
m-opioid receptor phosphorylation was no longer de-

Ž .tectable Fig. 3 . Therefore, IBMX pre-treatment dose-de-
pendently reduced basal m-opioid receptor phosphoryla-
tion.

3.5. Effect of IBMX on morphine antinociception,
antinociceptiÕe tolerance to morphine, and
naloxone-induced withdrawal jumping

The effect of IBMX on morphine antinociception was
assessed in mice using the tail-flick test. When IBMX was
given i.c.v. 30 min before the s.c. injection of morphine
sulfate, there was no measurable change in morphine

Ž .antinociception dose–response curve Fig. 4A . The calcu-
Ž .lated morphine sulfate EC values 95% confidence limit50

Fig. 4. Effects of IBMX on morphine antinociception in mice. Morphine
Ž . Ž . Ž .was given A s.c. or B i.c.v. Morphine antinociception – ` – was

Ž . Žtested using the warm water 558C tail-flick assay. IBMX 60 nmol or
. Ž .100 nmol, i.c.v. was given 30 min before the test – v – and - \ - .

Separate groups of mice were used for each dose–response curve. Ns10
for each point.

Ž .Fig. 5. Effects of IBMX on A morphine antinociception tolerance and
Ž . Ž .B morphine dependence. A To induce tolerance, mice were injected

Ž . Ž .with morphine sulfate 100 mgrkg, s.c. . A morphine s.c. antinocicep-
Ž .tion dose–response curve was constructed 5 h later – v – and com-

Ž .pared to that in naive mice received a placebo injection – ` – . IBMX
Ž .100 nmol was given i.c.v. 30 min before the antinociception assay
Ž . Ž .- \ - . B Mice were made dependent on morphine by a single subcuta-

Ž .neous injection of morphine sulfate 100 mgrkg, s.c. . Naloxone was
given i.p. 4 h later. IBMX at the indicated doses was injected i.c.v. 30
min before the administration of naloxone.

Ž . Ž .are 8.5 6.5–11 mgrkg in naive mice and 7.5 4.5–12
mgrkg in mice given 100 nmol IBMX. To exclude the
possibility that differential distribution of the two drugs
might account for this negative result, morphine and IBMX

Ž .were given concomitantly by the i.c.v. route Fig. 4B ,
IBMX at doses of 60 and 100 nmol did not affect mor-

Ž .phine antinociception Fig. 4B . The calculated ED val-50
Ž . Ž .ues 95% confidence limit are 3.3 2.4–4.7 mgrkg for

Ž .morphine sulfate, 3.1 1.6–5.9 mgrkg for morphine sul-
Ž .fate plus 60 nmol IBMX, and 2.9 1.7–5.1 mgrkg for

morphine sulfate plus 100 nmol IBMX. Therefore, IBMX
given i.c.v. had no detectable effect on the antinociceptive
effects of morphine given either s.c. or i.c.v. in the tail-flick
assay.
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The antinociceptive tolerance to morphine was tested 5
h after a single s.c. injection of 100 mgrkg morphine
sulfate. The regimen led to a 2.5-fold rightward shift of the

Ždose–response curve for morphine antinociception Fig.
. Ž5A with a calculated morphine sulfate EC value 95%50

. Ž .confidence limit of 24 19–30 mgrkg compared with
Ž .those in naive mice: 8.5 6.5–11 mgrkg. When given 30

Ž .min before the tail-flick test, IBMX 100 nmol, i.c.v.
largely reversed this shift of the dose–response curve with

Ža calculated morphine sulfate EC value 95% confidence50
. Ž .limit of 15 13–18 mgrkg, indicating that IBMX re-

duced morphine antinociceptive tolerance.
Ž .Naloxone i.p. precipitated withdrawal in morphine-

treated mice as evidenced by animal jumps. This effect
peaked at 4 h after the initial dose of morphine sulfate
Ž . Ž .100 mgrkg, s.c. Bilsky et al., 1996 , and was naloxone

Ž .dose-dependent Fig. 5B . IBMX, given i.c.v. 30 min
before the injection of naloxone, significantly reduced the
number of withdrawal jumps in a dose-dependent fashion,
with the largest effects seen at 100 nmol.

4. Discussion

The protein kinase inhibitor H7 blocked the develop-
Žment of tolerance to morphine in SH-SY5Y cells Wang et

.al., 1994b; Elliott et al., 1997 , and prevented the nalox-
one-induced cAMP overshoot in morphine pre-treated SH-

Ž .SY5Y cells Wang et al., 1994b . It was also found to
Žpotently inhibit m-opioid receptor phosphorylation Wang

.et al., 1996 . Moreover, H7 reversed morphine tolerance
Žand dependence in vivo Narita et al., 1994; Wang et al.,
.1994b; Bilsky et al., 1996 . These results led us to hypoth-

esize that m-opioid receptor phosphorylation is important
for the development of opioid tolerance and dependence.

In the present study, we further tested the hypothesis in
HEK-m cells. The stably expressed m-opioid receptor was
able to response to the opioid receptor agonist morphine
and led to a profound inhibition of cAMP accumulation.
Moreover, morphine-pre-treatment was able to induce

w3 xcAMP upregulation. Using H morphine, we demon-
strated that morphine could be functionally washed out
after pre-treatment. However, in these morphine-pre-
treated, thoroughly washed cells, naloxone was able to
cause a substantial increase of intracellular cAMP levels,
suggesting an inverse agonist effect by naloxone. Since the
m-opioid receptor was the only opioid receptor transfected
into these HEK293 cells, and the inverse naloxone effect
was absence in untransfected HEK293 cells, we concluded
that the inverse naloxone effect was mediated by the
m-opioid receptor.

The mechanism underlying the inverse naloxone effect
is less understood. IBMX, a cAMP phosphodiesterase
inhibitor commonly used in adenylyl cyclase assays to

Ž .prevent cAMP degradation Morgan et al., 1993 , abo-
lished the inverse naloxone effect. The inverse naloxone

effect was also absent in HEK-m cells after the cells were
treated with both IBMX and morphine. These results indi-
cate that IBMX can suppress the inverse naloxone effect.
The similarity of IBMX and H7 in preventing the inverse
naloxone effect led us to test and discover that IBMX
inhibits basal m-opioid receptor phosphorylation. Basal
m-opioid receptor phosphorylation was also inhibited after
8 h treatment with IBMX. Other than inhibition of cAMP

Ž . Ž .phosphodiesterase IC ;5 mM Parsons et al., 1988 ,50

IBMX has been shown to act as an antagonist at adenosine
Ž . Ž .receptors Kis50 mM Snyder et al., 1981 , inhibit

2q Ž .sustained voltage-dependent Ca currents Kis1.25 mM
Ž .Simasko and Yan, 1993 and inhibit Gi proteins at high

Ž .doses Parsons et al., 1988 . Moreover, IBMX has effects
in vivo that are difficult to reconcile by considering only

Žits currently known biochemical effects Holtzman, 1989;
.Nicholson et al., 1991 . Whether inhibition of a protein

kinase can account for some of these effects remains to be
seen.

The identity of IBMX-sensitive protein kinase is not
clear. The phosphorylation assay presented here was opti-
mized to measure the protein kinase activity responsible
for basal m-opioid receptor phosphorylation. The kinase
involved in basal m-opioid receptor phosphorylation is
Ca2q-dependent, unaffected directly by high Naq ion con-
centrations or selective cAMP-dependent protein kinase

Ž .and protein kinase C inhibitors Wang et al., 1996 . There-
fore, these kinases are unlikely to play roles in the effect of
IBMX. It was recently reported that m-opioid receptors in
isolated Neuro2A cell membranes can be phosphorylated
when reconstituted with a catalytic subunit of the cAMP-
dependent protein kinase, it is not known if the same
phosphorylation event occurs in intact Neuro2A cells
Ž .Chakrabarti et al., 1998 . However, it remains a possibil-
ity that IBMX may indirectly reduce m-opioid receptor
phosphorylation via phosphodiesterase inhibition and raised
cAMP levels, or by affecting a member of phosphorylation
cycle. As a purine analog, and thus an analog of ATP, it is

Ž .possible that IBMX inhibits kinases other than the one s
involved in basal m-opioid receptor phosphorylation. In a
separate study, however, we found that IBMX at 500 mM
failed to inhibit the G protein-coupled receptor kinase 2
Ž .GRK2 or bARK1 in assays using bovine rhodopsin as a

Ž .substrate Kassack et al., manuscript in preparation . This
is also consistent with the suggestion that basal m-opioid

Žreceptor phosphorylation is not mediated by GRK2 Wang
.et al., 1996 .

When given i.c.v., mice tolerated up to 100 nmol IBMX
without visible adverse effects, and IBMX did not interfere
with morphine antinociception. Others have also reported

Ž . Ž .that IBMX i.c.v. did not affect morphine i.c.v. antinoci-
Ž .ception in mice Suh et al., 1995 . However, IBMX par-

tially reversed morphine tolerance and effectively sup-
pressed naloxone-induced withdrawal jumps. Therefore,
IBMX selectively blocked chronic effects of morphine
without affecting its antinociception.
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Without considering inhibition of m-opioid receptor
phosphorylation, one would have expected high dose of
IBMX to exacerbate withdrawal symptoms because it in-
creases cAMP levels by blocking cAMP phosphodi-
esterase. Indeed, IBMX administered peripherally to rats
was previously shown to cause ‘quasi-narcotic withdrawal

Ž .syndrome’ upon naloxone challenge Holtzman, 1989 .
ŽMoreover, it was demonstrated that IBMX s.c., 1 h before

.testing intensified the naloxone-induced withdrawal syn-
Ždrome in morphine-dependent rats Collier and Francis,

.1975 . These results were attributed to a possible rise in
cAMP levels of target neurons achieved by large doses of
IBMX. We did not observe any ‘quasi-narcotic withdrawal
syndrome’ nor did IBMX enhance the naloxone-induced
withdrawal signs. These differences may be due to the
different experimental animals and morphine-dependence
models used, or may suggest that the cAMP levels were
less disturbed in the present study. If the latter is true, then
we might be observing the effect of IBMX less or little
dependent on its effect on phosphodiesterase and resultant
cAMP levels. Nonetheless, the potential role of cAMP
phosphodiesterase in opioid tolerance and dependence re-
quires further investigation. There is evidence that cAMP
phosphodiesterase can be regulated by the m-opioid recep-

Ž .tor Law and Loh, 1993 , and a similar pathway has also
Žbeen suggested for the m-opioid receptor Yu and Sadee,´

.1988 .
In summary, our results demonstrate that IBMX inhibits

basal m-opioid receptor phosphorylation. This previously
unknown effect of IBMX may account for some of its
behavioral effects. This study provides additional support
for the role of m-opioid receptor phosphorylation in the
development of opioid tolerance and dependence. IBMX
and H7 represent two agents of drastically different phar-
macological properties and chemical structures; however,
both inhibited basal m-opioid receptor phosphorylation,
prevented the inverse naloxone effect in morphine-pre-
treated cells, suppressed morphine tolerance and depen-

Ž .dence. In contrast, N- 2-aminoethyl -5-isoquinolinesul-
Ž .fonamide H8 , a close congener of H7, failed to affect

basal m-opioid receptor phosphorylation, inverse naloxone
Žeffect or morphine tolerance and dependence Wang et al.,

.1994b . These suggest some degree of correlation among
basal m-opioid receptor phosphorylation, the inverse
naloxone effect, and morphine dependence and tolerance
in vivo. Since high-throughput assays can be designed to
screen agents for their affect on the inverse naloxone
effect, this study presents a new approach to search for
agents that could potentially modulate opioid tolerance and
dependence.
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