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1 We have previously demonstrated that chronic and simultaneous treatment of rats with the m-
opioid receptor agonist sufentanil and the Ca2+ channel blocker nimodipine, not only prevented
tolerance development, but the animals became supersensitive to the antinociceptive e�ect of the
opioid. The focus of the present work was to determine the possible involvement of cross
interactions between the adenylyl cyclase pathway and L-type voltage-sensitive Ca2+-channels, in
modulating the switch from opioid tolerance into supersensitivity.

2 The modulatory e�ect of sufentanil on adenylyl cyclase activity was determined by measuring
cyclic AMP production in slices from the cortex of rats rendered tolerant or supersensitive to the
antinociceptive e�ect of the opioid. Tolerance was induced by chronic infusion of sufentanil, at a
rate of 2 mg h71, for 7 days. Supersensitivity was induced by concurrent infusion of sufentanil
(2 mg h71) and nimodipine (1 mg h71) for 7 days. Antinociception was evaluated by the tail-¯ick test.

3 Tolerance to the analgesic e�ect of sufentanil was associated with a signi®cant reduction in the
response of adenylyl cyclase to forskolin. Furthermore, the e�ect of the opioid on forskolin-induced
cyclic AMP accumulation was abolished. On the other hand, supersensitivity to the analgesic e�ect
of the opioid was associated with an increase in both, the adenylyl cyclase response to forskolin, and
the opioid inhibition of cyclic AMP production.

4 We suggest that sustained L-type Ca2+ channel blockade may result in changes in the adenylyl
cyclase e�ector system triggered by m-opioid receptor activation, leading to the switch from opioid
tolerance into supersensitivity.
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Introduction

The most e�cacious drugs employed to relieve pain are opioid
analgesics. However, chronic administration of these drugs

results in a progressive reduction in the antinociceptive
response (tolerance). Opioid tolerance is assumed to be a
pharmacodynamic process, involving neural adaptive mechan-

isms in some of the intracellular messenger pathways that
mediate the acute actions of the agonists. Increasing evidence
supports the role for adaptations in the cyclic AMP pathway,

and in the function of voltage-sensitive Ca2+ channels, as
important molecular mechanisms underlying opioid tolerance
and dependence (see Cox, 1993; Nestler, 1996).

The search for drugs that could prevent the development of

tolerance would be very useful in pain management, to improve
the therapeutic bene®ts of opioids. In this regard, behavioural,
biochemical and molecular pharmacology studies suggest that

Ca2+ channel blockers may be useful in inhibiting the morphine
tolerance process (Dierssen et al., 1990; DõÂ az et al., 1995b), and
providing protection against opioid withdrawal in rodents

(Bongianni et al., 1986; Baeyens et al., 1987; Pellegrini-
Giampietro et al., 1988; Barrios & Baeyens, 1988; Antkie-
wicz-Michaluk et al., 1990; 1993; Alfaro et al., 1990;
Zharkovsky et al., 1993; Krystal et al., 1996; Michaluk et al.,

1998). We have demonstrated that chronic infusion of
nimodipine in association with sufentanil in rats, not only

prevents tolerance expression but induces supersensitivity to
the antinociceptive e�ect of the opioid (Dierssen et al., 1990;

DõÂ az et al., 1995b). Opioid supersensitivity was associated with
an increase in the number of dihydropyridine-binding sites, and
with a recovery from the m-opioid receptor down-regulation

displayed by tolerant animals (DõÂ az et al., 1995a,b). Regarding
the therapeutic relevance of these experimental data, we have
reported that nimodipine reduced the daily requirements of

morphine to relieve pain in cancer patients who had developed
dose escalation (SantillaÂ n et al., 1994; 1998).

The brain cortex is an important substrate for the
opioidergic control of pain perception. Recent anatomical and

physiological studies in animals, as well as functional imaging
studies in humans have shown that multiple cortical areas are
activated by painful stimuli. These regions include primary and

secondary somatosensory cortices, anterior cingulate cortex,
insular cortex, and the frontal cortex (Treede et al., 1999;
Talbot et al., 1991; Bushnell et al., 1999). Moreover, opioid

drugs inhibit both, the cortical structures involved in
opioidergic descending inhibitory control of pain (Kharkevich
& Churukanov, 1999; Burkey et al., 1996; Soto-Moyano et al.,
1988), and the ascending nociceptive inputs to the somatosen-

sory cortex (Kalliomaki et al., 1998). The aim of this study was
to characterize the involvement of the adenylyl cyclase
pathway in the mechanisms underlying opioid supersensitivity,

by analysing the modulation of forskolin-induced cyclic AMP
production by the m-opioid agonist sufentanil, in the brain*Author for correspondence; E-mail: hurlem@medi.unican.es
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cortex of rats rendered tolerant or supersensitive to the
antinociceptive e�ect of the opioid.

Methods

Animals

Male albino Wistar rats (Charles River, Cri�a, Barcelona,
Spain), weighing 250 ± 300 g, were used. They were housed in a

room kept at 228C with a 12 : 12 h light-dark cycle. Food and
water were provided ad libitum. This study was approved by
the Cantabria University Institutional Laboratory Animal

Care and Use Committee.

Drugs and chemicals

The m-opioid agonist, sufentanil, and the Ca2+ channel
blockers, nimodipine and furaldipine were kindly provided by
Janssen Cylag, S.A. (Madrid, Spain), QuõÂmica FarmaceÂ utica

Bayer, S.A. (Barcelona, Spain), and Laboratorios Alter
(Madrid, Spain), respectively. The opioid antagonist, nalox-
one; the adenylyl cyclase activator, forskolin; and the inhibitor

of cyclic AMP phosphodiesterase, isobutyl-methyl-xanthine
(IBMX), were purchased from Sigma (Madrid, Spain). The
chronic delivery of saline or drug-containing solution was

carried out with Alzet 2001 osmotic minipumps, implanted
subcutaneously, under light ether anaesthesia. These pumps
deliver solutions at a constant rate of 1 ml h71, during 7 days,

and drug solutions were appropriately composed for the
desired dosing regime. The acute administration of sufentanil
was subcutaneously.

Experimental groups

Five di�erent experimental groups were designed for the

present study. Opioid tolerance and supersensitivity were
induced as previously described (Dierssen et al., 1990; DõÂ az
et al., 1995b). Group I: the control group (n=24) received 7

days chronic infusion of saline (1 ml h71). Acute sufentanil
challenging doses of 0.1 mg kg71 (n=8), 0.5 mg kg71 (n=8),
and 1 mg kg71 (n=8) were tested on the 7th day. Each animal
received a single dose of the opioid. Group II: sufentanil

tolerance was induced by subcutaneous administration of the
opioid (2 mg h71) for 7 days (n=19). Acute sufentanil
challenging doses of 0.5 mg kg71 (n=10), and 1 mg kg71

(n=9) were tested on the 7th day, while the minipump of the
opioid remained in place. Group III: sufentanil supersensitivity
(n=8) was induced by chronic and simultaneous administra-

tion of the opioid (2 mg h71) and the Ca2+ antagonist
nimodipine (1 mg h71), for 7 days. An acute sufentanil
challenging dose of 0.5 mg kg71 was tested on the 7th day of

drug infusion. Group IV: nimodipine minipump was removed
on the 6th day of treatment, keeping the sufentanil minipump
for 7 days (n=5). A sufentanil challenging dose of 1 mg kg71

was tested on the 7th day, 24 h after withdrawal from

nimodipine. Group V: rats received nimodipine alone
(1 mg kg71 h71) for 7 days (n=5). In all the groups, on the
7th day, 2 h after performing the analgesic test, animals were

sacri®ced without removing drug pumps, and the brains were
processed for the cyclic AMP assay.

Evaluation of nociception

The tail-¯ick test (D'Armour & Smith, 1941) was used to assess
nociceptive threshold. The tail-¯ick response was elicited by

applying radiant heat to the surface of the tail. The intensity of
the stimulus was adjusted so that, the control latency was
within 3 ± 5 s. A cut-o� time of 10 s was set to prevent

blistering. The tail-¯ick latency was measured before and
15 min after the injection of drugs. Analgesic end-point was
de®ned as an increase of 100% in the individual reaction time
in relation to the predrug control latency. The antinociceptive

e�ect was expressed as the percentage of animals which
reached the analgesic end-point.

Cyclic AMP assay

Rats were decapitated under light ether anaesthesia and the

cerebral cortices were dissected on ice. The tissue was cut
(0.3560.35 mm) using a chopper. The cortical slices were
rinsed in 10 ml per brain of an oxygenated (95% O2-5% CO2)

Krebs-Ringer-bicarbonate bu�er (KRB) in mM: NaCl 108,
KCl 4.7, KH2PO4 0.9, MgSO4 1.2, CaCl2 2.5, NaHCO3 25,
glucose 10, pH 7.4, for 60 min on ice. The bu�er was
renovated every 15 min. Cortical slices were incubated for

20 min at 378C in the oxygenated KRB and then washed twice
with 10 ml of KRB and resuspended in 10 ml per cortex of
oxygenated KRB. Cortical slices (400 ml) were incubated in

IBMX (1 mM) for 10 min at 378C in the absence (basal) or in
the presence of forskolin (10 mM) (stimulated). The ability of
sufentanil to inhibit adenylyl cyclase activity was evaluated by

incubating slices with increasing concentrations of the opioid
in the presence of forskolin (10 mM) and IBMX (1 mM). After
the 10 min incubation the reaction was stopped by heating in

boiling water for 10 min. The mixture was homogenized and
centrifuged at 13,0006g for 5 min. Aliquots (50 ml) of the
supernatant were assayed in triplicate for cyclic AMP content,
using an isotopic displacement commercial assay Kit (TRK

432, Amersham International PLC, Amersham, U.K.). Protein
content was determined by the Lowry method (Lowry, 1951).
Adenylyl cyclase activity was expressed as pmol of cyclic AMP

produced per mg protein in 10 min.

Statistical analysis

In the cyclic AMP assay, data are expressed as the mean+
s.e.mean of at least four di�erent experiments. The percentage
of cyclic AMP variation in presence of forskolin was calculated

as [1006(forskolin-stimulated value7basal value)6basal
value71]. Within-group analysis was made by one-way
ANOVA and post hoc Bonferroni test. Between-groups

analysis was made by four-factor ANOVA and post hoc
Bonferroni procedure. Comparison between two groups was
made by Student t-test. The antinociceptive e�ect was

expressed as the percentage of animals which reached the
analgesic end-point. To compare the antinociceptive e�ect of
each given acute sufentanil dose with the equivalent dose of the

control group, the Mann-Whitney U-test was used. A P value
50.05 was considered to be statistically signi®cant.

Results

Antinociceptive response induced by sufentanil

Before performing the biochemical component of the study, we
assessed the e�cacy of the di�erent treatment protocols, which

have been shown previously to induce tolerance and super-
sensitivity to the antinociceptive e�ect of sufentanil (DõÂ az et al.,
1995b). The results obtained in the analgesic assay are
summarized in Table 1. Brie¯y, acute administration of
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sufentanil (0.1, 0.5 and 1 mg kg71) in the control group (n=24)
produced a dose-dependent antinociceptive e�ect. Tolerance
was assessed in a group of rats (n=19) chronically treated with

the opioid (2 mg h71) for 7 days. The antinociceptive response
induced by challenging doses of sufentanil (0.5 and 1 mg kg71)
administered on the 7th day of opioid infusion, was
signi®cantly reduced. After 7 days of chronic and simultaneous

treatment with sufentanil (2 mg h71) and nimodipine
(1 mg h71) (n=8), a challenging dose of the opioid
(0.1 mg kg71), administered on the 7th day of drug infusion,

reached the antinociceptive threshold in 75% of animals.
However, when the nimodipine minipump was removed on the
6th day of infusion (n=5), and the opioid infusion maintained,

no analgesic response was elicited, on the 7th day, by the same
challenging dose of sufentanil (0.1 mg kg71). Chronic nimodi-
pine (1 mg h71) administered alone for 7 days, failed to modify

either the tail-¯ick basal reaction latencies or the antinocicep-

tive response induced by a challenging dose of sufentanil
(0.5 mg kg71) (data not shown).

Basal and forskolin-induced accumulation of cyclic AMP
in the di�erent experimental groups

The basal cyclic AMP production was similar in all groups

(Figure 1). However, the ability of adenylyl cyclase to increase
cyclic AMP production in response to direct stimulation by
forskolin (10 mM) was di�erently a�ected, depending on the

experimental condition (Figure 1). In control animals
chronically treated with saline (1 ml h71, 7 days) (n=24),
forskolin induced a 181+31% increase in cyclic AMP

production. In animals rendered tolerant to the antinociceptive
e�ect of the opioid by chronic treatment with sufentanil
(2 mg h71, 7 days) (n=19), the cyclic AMP accumulation was

only increased 58+16% by forskolin. In order to assess if this
reduction in the response to forskolin was a consequence of
residual sufentanil present in the preparation, we compared the
e�ects induced by adding naloxone (1 mM) to the slices of

untreated (n=4) and chronically treated with sufentanil
animals (n=4). In the control group, naloxone did not modify
both basal and forskolin-induced accumulation of cyclic AMP.

In the tolerant group, the reduced response to forskolin was not
prevented by naloxone (data not shown). In animals rendered
supersensitive to the analgesic e�ect of the opioid by 7 days

concurrent administration of sufentanil (2 mg h71) and
nimodipine (1 mg h71) (n=9), the response to forskolin was
258+60% of the cyclic AMP basal value. In the group where

the nimodipine pump was removed 24 h before performing the
cyclic AMP production assay, the stimulatory e�ect of
forskolin was completely abolished.

E�ects of sufentanil on forskolin-induced cyclic AMP
accumulation in the di�erent experimental groups

In the cortex of control rats (n=24), incubation of the slices
with increasing concentrations of sufentanil (0.1 ± 5 mM),

Table 1 Antinociceptive e�ect of sufentanil in the di�erent
experimental groups

Experimental Sufentanil challenging doses (mg kg71)
groups 0.1 0.5 1

Control
Tolerant
Supersensitive
Nimodipine
withdrawal

12.5% (n=8)
ND

75% *(n=8)
ND

50% (n=8)
10% (n=11)

ND
ND

75% (n=8)
11%* (n=8)

ND
0%* (n=5)

Control animals (n=24) were treated with saline (1 ml h71)
for 7 days. Tolerant animals (n=19) received sufentanil
(2 mg h71) for 7 days. Supersensitive animals (n=8) were
concurrently treated with sufentanil (2 mg h71) and nimodi-
pine (1 mg h71) for 7 days. In the nimodipine withdrawal
group (n=5), nimodipine minipump was removed on the 6th
day of infusion, while sufentanil minipump remained in
place for 7 days. The sufentanil challenging doses were
administered on the 7th day of drug treatment. Results are
expressed as the percentage of animals reaching the analgesic
end-point. ND: not determined. *P50.05 vs the equivalent
dose of the control group (Mann-Whitney U-test).

Figure 1 Basal and forskolin-stimulated cyclic AMP production in the di�erent experimental groups. Cyclic AMP was determined
in brain cortex slices incubated for 10 min in the absence (IBMX) or in the presence of 10 mM forskolin. Control animals (n=24)
were treated with saline (1 ml h71) for 7 days. Tolerant animals (n=19) received sufentanil (2 mg h71) for 7 days. Supersensitive
animals (n=8) were concurrently treated with sufentanil (2 mg h71) and nimodipine (1 mg h71) for 7 days. In the nimodipine
withdrawal group (n=5), nimodipine minipump was removed on the 6th day of infusion, while sufentanil minipump remained in
place for 7 days. Data are expressed as mean+s.e.mean. F=13.43, P50.001 (ANOVA); **P50.01, *P50.05 vs control forskolin
(Bonferroni test).
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produced a concentration-dependent inhibition of forskolin-
stimulated adenylyl cyclase activity (Figure 2A). At a
concentration of 5 mM, sufentanil produced a maximum

inhibition of 58+5%. In tolerant animals, chronically
treated with sufentanil (2 mg h71, 7 days) (n=19), the ability
of the opioid (1 ± 5 mM) to inhibit forskolin-induced cyclic
AMP accumulation was abolished (Figure 2B). In super-

sensitive animals, chronically treated with sufentanil
(2 mg h71) and nimodipine (1 mg h71) for 7 days (n=9), the
ability of sufentanil (0.1 ± 2.5 mM) to inhibit forskolin-

induced cyclic AMP accumulation, not only recovered to
control values, but was signi®cantly increased when
compared with the control and with the tolerant groups

(Figure 2C). Chronic treatment with nimodipine alone
(2 mg h71, 7 days) (n=5), did not signi®cantly modify the
inhibitory e�ect of sufentanil (0.1, 2.5 and 5 mM) on

forskolin-induced cyclic AMP accumulation when compared
with the control group (data not shown). In animals
chronically treated with sufentanil and nimodipine, with-
drawal from nimodipine 24 h before performing the

experiment on the 7th day, resulted in a complete loss of
the ability of sufentanil (0.1 ± 5 mM) to inhibit forskolin-
induced cyclic AMP accumulation (Figure 2D), as occurred

in tolerant animals.

E�ects in vitro addition of furaldipine to the slices on
forskolin-induced cyclic AMP accumulation

In the cortex of control rats (n=4), incubation of the slices
with the Ca2+ channel blocker furaldipine (1 mM), did not
modify basal or forskolin-stimulated adenylyl cyclase activity
(Figure 3). In cortices of tolerant animals, Ca2+ channel

blockade enhanced forskolin-induced cyclic AMP accumula-
tion up to the values of the supersensitive group (Figure 3). In
cortices of supersensitive animals, addition of Ca2+ channel

blockers to the assay did not further increase the stimulatory
e�ect of forskolin on cyclic AMP accumulation (Figure 3).

Discussion

Previous studies, performed in our laboratory, demonstrated
that chronic and simultaneous treatment of rats with the
opioid sufentanil and the Ca2+ channel blocker, nimodipine,
not only prevented tolerance development, but the animals

became supersensitive to the antinociceptive e�ect of the
opioid (Dierssen et al., 1990; DõÂ az et al., 1995b). The focus of
the present work was to determine the possible involvement of

cross interactions between the adenylyl cyclase pathway and L-

Figure 2 E�ects of sufentanil on forskolin induced cyclic AMP accumulation in the di�erent experimental groups. Cyclic AMP was
determined in brain cortex slices incubated for 10 min in the presence of 10 mM forskolin alone or with increasing concentrations of
sufentanil (0.1 ± 5 mM). (A) Control animals (n=24) were treated with saline (1 ml h71) for 7 days. (B) Tolerant animals (n=19)
received sufentanil (2 mg h71) for 7 days. (C) Supersensitive animals (n=8) were concurrently treated with sufentanil (2 mg h71) and
nimodipine (1 mg h71) for 7 days. (D) In the nimodipine withdrawal group (n=5), nimodipine minipump was removed on the 6th
day of infusion, while sufentanil minipump remained in place for 7 days. Data are expressed as mean+s.e.mean. Within-group
comparisons were performed by one-way ANOVA (Group A: F=7.43, P50.001; Group B: F=0.15, NS; Group C: F=17.11,
P50.001; Group D: F=1.18, NS). ***P50.001, **P50.01,*P50.05 vs forskolin (Bonferroni test). Four-factor ANOVA was used
for comparing sufentanil e�ects between groups (F=3.31, P=0.001). Bonferroni Post hoc test showed signi®cant di�erences
between control group and tolerant (P50.001), supersensitive (P50.01), and nimodipine withdrawal (P50.001) groups; between
supersensitive group and tolerant (P50.001) and nimodipine withdrawal (P50.001) groups, but not between tolerant and
nimodipine withdrawal groups.

Cycilc AMP in opioid tolerance and supersensitivity 177M.A. HurleÂ et al

British Journal of Pharmacology, vol 130 (1)



type voltage-sensitive Ca2+-channels, in modulating the switch
from opioid tolerance into supersensitivity. For this purpose,

we have analysed the modulation by sufentanil of forskolin-
induced cyclic AMP production in the cortex of rats rendered
tolerant or supersensitive to the antinociceptive e�ect of the
opioid.

Tolerance to the opioid antinociceptive e�ect was e�ectively
induced, following the experimental protocol previously
described, by chronic infusion of the m-opioid agonist,

sufentanil, at a rate of 2 mg h71, for 7 days (Dierssen et al.,
1990; DõÂ az et al., 1995b). The present data show that the loss of
analgesic potency is associated with a reduction in the

inhibitory e�ect of sufentanil on forskolin-induced cyclic
AMP accumulation in the cerebral cortex of tolerant rats.
The e�ects of chronic opioid drug treatment on opioid-

inhibited adenylyl cyclase represent one of the most
thoroughly studied models of biochemical analogy to opioid
tolerance (for reviews see Cox, 1993; Childers, 1993; Nestler,
1996). Receptor desensitization, characterized as the loss in the

ability of the opioid agonist to inhibit adenylyl cyclase activity,
and receptor down-regulation, appear to be important factors
contributing to the reduced sensitivity upon chronic opioid

treatment (Bot et al., 1998; Puttfarcken et al., 1988;
Chakrabarti et al., 1995). Employing the same experimental
protocol as in the present report (DõÂ az et al., 1995a), we have

previously shown that there is a decrease in the number of
opioid binding sites.

In control animals, forskolin produced an increase in cyclic
AMP accumulation of 181+31%. However, after tolerance

development, the forskolin response was reduced to 58+16%.
This e�ect does not appear to be due to residual sufentanil
retained in the preparation, as it was not observed in the

animals concurrently treated with sufentanil and nimodipine.
Furthermore, the e�ect was not reversed by the inclusion of
naloxone in the assay. Considering that the dose of forskolin

used directly activates adenylyl cyclase enzymatic activity

(Sutkovski et al., 1996), these data indicate that the catalytic
function of the adenylyl cyclase was decreased in the cortex of

rats chronically treated with sufentanil. Similarly, it has been
reported that the adenylyl cyclase responsiveness to forskolin
stimulation was markedly reduced in cultures from the rat
cortex after long term opioid treatment (Eriksson et al., 1992),

and in HEK-293 cells stably transfected with the m-opioid
receptor, chronically treated with sufentanil (Bot et al., 1998).
Conversely, an increase in adenylyl cyclase and PKA activities

occurs after withdrawal from chronic morphine administration
in some brain regions, such as the locus coeruleus and the
nucleus accumbens. These changes have been implicated in the

behavioural expression opioid abstinence (Duman et al., 1988;
Terwilliger et al., 1991; Maldonado et al., 1995; Nestler, 1996;
Valverde et al., 1996).

Our results indicate that in animals chronically treated with
sufentanil, the cyclic AMP-elevating e�ect of forskolin was
enhanced by blocking Ca2+ entry through L-type channels
either in vitro, by adding furaldipine to the cortical slices in the

tolerant group, or in vivo, by simultaneous treatment with
sufentanil and nimodipine, as observed in the supersensitive
group. These data suggest the involvement of Ca2+-inhibitable

forms of adenylyl cyclase in the adaptive mechanisms brought
about by chronic opioid treatment. Adenylyl cyclases are
important targets for modulatory e�ects of Ca2+ (Cooper et

al., 1995; Sunahara et al., 1996), and it has been suggested that
entry of Ca2+ through L-type channels mediates the inhibitory
e�ect of Ca2+ on type V and VI adenylyl cyclase (Yu & Green,
1993; Cooper et al., 1995). Considering that chronic exposure

to opioid drugs, including sufentanil, produced L-type Ca2+

channel up-regulation in rat brain (Ramkumar & El-
Fakahany, 1988; Antkiewickz-Michaluk et al., 1990; Ohnishi

et al., 1990; Zharkovsky et al., 1993; DõÂ az et al., 1995b,
Michaluk et al., 1998), it is possible that an increased in¯ux of
Ca2+ through these channels could account for the reduction

in the adenylyl cyclase enzymatic activity, and might prevent

Figure 3 E�ects of in vitro furaldipine on basal (IBMX) and forskolin-stimulated cyclic AMP production in the di�erent
experimental groups. Cyclic AMP was determined in brain cortex slices incubated for 10 min with 10 mM forskolin alone or with
1 mM furaldipine. Control animals were treated with saline (1 ml h71) for 7 days. Tolerant animals received sufentanil (2 mg h71) for
7 days. Supersensitive animals were concurrently treated with sufentanil (2 mg h71) and nimodipine (1 mg h71) for 7 days. Data are
expressed as mean+s.e.mean. *P50.05 vs forskolin (Student t-test).
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the enzyme from responding any further to the regulatory
e�ect derived from m-opioid receptor activation.

There is general agreement that L-type Ca2+ channel

blockers reduce the expression of opioid tolerance in humans
(SantillaÂ n et al., 1994; 1998), and in rats (Dierssen et al., 1990;
DõÂ az et al., 1995b; Michaluk et al., 1998), and provide
protection against opioid withdrawal (Alfaro et al., 1990;

Antkiewicz-Michaluk et al., 1990; Baeyens et al., 1987; Barrios
& Baeyens, 1988; Bongianni et al., 1986; Pellegrini-Giampietro
et al., 1988; Zharkovsky et al., 1993; Krystal et al., 1996;

Michaluk et al., 1998). When nimodipine was chronically
infused in conjunction with sufentanil, the antinociceptive
e�ect of the opioid was strongly potentiated, con®rming that

these experimental conditions lead to a switch from opioid
tolerance into supersensitivity (Dierssen et al., 1990; DõÂ az et
al., 1995b). Interestingly, the ability of forskolin to stimulate

cyclic AMP accumulation in the cortex of the animals treated
with sufentanil and nimodipine not only was recovered, but an
increased response was observed when compared with the
control group. Furthermore, the inhibitory e�ect of sufentanil

on forskolin-stimulated cyclic AMP production was also
signi®cantly increased. Thus, contrary to what occurs in the
tolerant condition, the presence of nimodipine during chronic

sufentanil treatment induced opioid antinociceptive super-
sensitivity associated with a recovery of the adenylyl cyclase
enzymatic activity, and with supersensitivity of the enzyme to

the inhibitory e�ect of the m-opioid agonist. On the other hand,
chronic infusion of nimodipine alone produced no signi®cant
changes in the opioid e�ects. These results indicate that the

concurrent presence of both sufentanil and nimodipine, but
not each drug individually, induced changes in the adenylyl
cyclase e�ector system linked to the m-opioid receptor, thus
leading to a state of supersensitivity to the activation of the

receptor by agonists. The functional correlate of this
biochemical adaptation was an increased opioid antinocicep-
tive potency. The sustained blockade of the Ca2+ channel was

essential to maintain the increased response to sufentanil,
because withdrawal of nimodipine returned both the opioid
antinociceptive response, and the inhibitory e�ect on cyclic

AMP accumulation to the values of tolerant animals (present
data and Zharkovsky et al., 1999).

We have previously demonstrated that chronic association
of nimodipine with sufentanil prevented the down-regulation

of m-opioid receptors observed in tolerant animals in areas
related to pain transmission, such as the somatosensory cortex,
the central grey, and the dorsal horn of the spinal cord (DõÂ az et

al., 1995a and unpublished observations). These data, taken
together with the present results, indicate that chronic
nimodipine administered during sufentanil tolerance develop-
ment, was able to prevent the uncoupling of m-opioid receptors

from their e�ector systems, their subsequent down-regulation,
and the functional expression of antinociceptive tolerance.

Regarding the mechanism underlying opioid supersensitiv-

ity, we suggest that chronic blockade of L-type Ca2+ channels
concurrently with m-opioid receptor activation, could lead to a
chronic cross-talk which results in the ampli®cation of the

cellular and behavioural responses to m-opioid receptor
activation. Possibly there are common gene expression control
features between these two systems. In this regard, the

transcription factor CREB (cyclic-AMP-response-element
binding protein) is critical for the adaptive responses triggered
by chronic opioid treatment (Maldonado et al., 1996; Blendy &
Maldonado, 1998), and can function as a Ca2+ sensitive

transcription factor (Hardinghan et al., 1997; Hu et al., 1999).
In conclusion, the results of the present study indicate that

tolerance and supersensitivity to the antinociceptive e�ect of

sufentanil are matched by parallel changes in the ability of the
opioid to inhibit the cyclic AMP production system. We
suggest that association of the Ca2+ channel blocker,

nimodipine, to the chronic treatment with opioid analgesic
drugs, could be useful in preventing tolerance development by
avoiding the uncoupling of m-opioid receptors from their

e�ector systems.
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