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Abstract

While acute activation of Gi/o-coupled receptors leads to inhibition of adenylyl cyclase, chronic activation of such receptors
produces an increase in cyclic AMP accumulation, particularly evident upon withdrawal of the inhibitory agonist. This phenomenon
has been referred to as adenylyl cyclase superactivation and is believed to play an important role in opiate addiction. Nine adenylyl
cyclase isozymes have been recently identified and shown by us to be differentially regulated by acute and chronic inhibitory
receptor activation. Using COS-7 cells cotransfected with various adenylyl cyclase isozymes, we examined here whether the endo-
morphins (the most recently discovered of the four classes of endogenous opioid peptides, and which interact selectively with the
µ receptor) are able to induce inhibition/superactivation of representatives from the various adenylyl cyclase isozyme classes. Here,
we show that adenylyl cyclase types I and V were inhibited by acute endomorphin application and superactivated upon chronic
exposure, while adenylyl cyclase type II was stimulated by acute and “superinhibited” by chronic endomorphin exposure. These
results show that the endomorphins are capable of regulating adenylyl cyclase activity and that different adenylyl cyclase isozymes
respond differently to these endogenous ligands. 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Pharmacological studies have defined three types of
opioid receptors, termedµ, δ andk, which differ in their
affinity for various opioid ligands, their distribution in
the nervous system and their physiological and
behavioral profiles (Reisine and Bell, 1993; Uhl et al.,
1994). The three opioid receptors are members of the
seven-transmembrane domain GTP-binding protein (G
protein)-coupled receptor superfamily. Activation of
these receptors inhibits the activity of adenylyl cyclase
(AC) via the Gi/o type of G proteins. Yet, we and others
have shown that when these and several other Gi/o-
coupled receptors (e.g.µ-, δ- andk-opioid, D2-dopami-
nergic, m2- and m4-muscarinic, α2-adrenergic,
somatostatin) are chronically activated, there is an
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increase in cAMP accumulation, which is particularly
apparent upon withdrawal of the inhibitory agonist
(Sharma et al. 1975, 1977; Hamprecht, 1977; Parsons
and Stiles, 1987; Thomas and Hoffman 1987, 1992;
Avidor-Reiss et al., 1995a,b, 1996; McDermott and
Sharp, 1995; Nevo et al., 1998). This phenomenon has
been referred to as AC superactivation and is believed
to represent a possible biochemical substratum for the
development of drug tolerance and dependence, com-
monly observed upon prolonged exposure to opiate
drugs (Sharma et al., 1975; Nestler et al., 1993).

In subsequent studies, we and others demonstrated
that not all of the nine isozymes of AC which have been
identified to date (Mons and Cooper, 1995; Sunahara et
al., 1996) behave identically with respect to regulation
by Gi/o-coupled receptor activation. Indeed, using
African green monkey kidney (COS-7) cells cotrans-
fected with µ-opioid (Avidor-Reiss et al., 1997), D2-
dopaminergic, m4-muscarinic (Nevo et al., 1998), or
CB1-cannabinoid (Rhee et al., 1998a,b) receptor and
various AC isozymes, we observed acute inhibition of
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AC types I, V, VI and VIII, and superactivation of these
isozymes upon chronic agonist treatment. Conversely,
the activity of AC isozymes II, IV and VII was stimu-
lated by acute agonist application, and reduced upon
chronic treatment.

Four classes of structurally related endogenous pep-
tides which interact with the opioid receptors have been
discovered. The first three consist of the enkephalins,
β–endorphin, and the family of neoendorphin and the
dynorphins (Corbett et al., 1993; Hollt, 1993). The latest
family to be discovered consists of two tetrapeptides
which differ by one amino acid: endomorphin-1 (Tyr–
Pro–Trp–Phe–NH2, endo-1) and endomorphin-2 (Tyr–
Pro–Phe–Phe–NH2, endo-2) (Zadina et al., 1997).

All of the members of the first three classes of
endogenous opioid peptides described above have only
moderate specificity for the various opioid receptors,
although the enkephalins andβ–endorphin bind with
some preference to theδ- andµ-opioid receptors, while
the dynorphins are more selective to thek-receptors
(Corbett et al., 1993). The two endomorphins, however,
not only have a high affinity for theµ-opioid receptor
(rivaling morphine in both their potency as agonists and
their analgesic activity), they are also very selective for
the µ receptor and show very low affinity for theδ and
k opioid receptors (Zadina et al., 1997). These character-
istics make these endogenous ligands ideal candidates
for elucidation of the biochemical mechanisms underly-
ing the physiological effects of theµ receptor. This is
especially important, as knock-out experiments have
shown that theµ receptor, but not theδ andk receptors,
is the molecular target of morphine in vivo, and that it
is a mandatory component of the opioid system for both
morphine analgesic effects and physical dependence
(Matthes et al., 1996).

It was thus deemed of interest to determine whether
the endogenousµ ligands, the endomorphins, are able to
induce AC inhibition/superactivation, and to determine
the inhibition/activation pattern of the various isozymes
upon acute and chronic endomorphin activation of the
µ receptor.

2. Methods

2.1. Materials

[3H-2]adenine (18.0 Ci/mmol) was purchased from
American Radiolabeled Chemicals (St. Louis, MO).
Morphine was obtained from the National Institute of
Drug Abuse, Research Technology Branch (Rockville,
MD), and naloxone was purchased from Research Bio-
chemical International (Natick, MA). Ionomycin and the
phosphodiesterase inhibitors 1-methyl-3-isobutylxan-
thine (IBMX) and RO–20–1724 were from Calbiochem
(La Jolla, CA). Forskolin (FS), cAMP, and thyroid-sti-

mulating hormone (TSH) were from Sigma (St. Louis,
MO). Pertussis toxin (PTX) was purchased from List
Biological Laboratories (Campbell, CA). Endo-1 and
endo-2 were obtained from Tocris Cookson Ltd.
(Longford, Bristol, UK) Tissue culture reagents were
from Life Technologies (Gaithersburg, MD).

2.2. Plasmids

Plasmids containing AC cDNAs (pXMD1–AC–I,
pXMD1–AC–II and pXMD1–AC–V), as well as
pXMD1–gal, rat TSH receptor in pSG5, and ratµ-opioid
receptor in pCMV-neo have been previously described
(Avidor-Reiss et al., 1997).

2.3. Cell transfection

The Chinese hamster ovary (CHO) cell line stably
transfected with the ratµ-opioid receptor cDNA (CHO-
µ) was previously described (Avidor-Reiss et al., 1995a).
The CHO-µ cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 8% fetal
calf serum, 2 mM glutamine, nonessential amino acids,
0.2 mg/ml G418, 100 U/ml penicillin and 100µg/ml
streptomycin in a humidified atmosphere consisting of
5% CO2 and 95% air at 37°C.

Transient transfection of COS–7 cells was performed
as previously described (Avidor-Reiss et al. 1996, 1997).
In brief, COS–7 cells in 10-cm plates were transfected
using the DEAE-dextran chloroquine method with 1
µg/plate of µ-opioid receptor, 2µg/plate of either one
of the AC isozyme cDNAs, or pXMD1–gal (for mock
DNA transfection), and, where indicated, with 1µg/plate
of the TSH receptor cDNA. Twenty-four hours later, the
cells from each 10-cm plate were trypsinized and re-
cultured in a 24-well plate, and after an additional 24 h,
the cells were assayed for cAMP content (as a measure
of AC activity) as described below. Transfection
efficiencies were normally in the range of 60–80%, as
determined by staining forβ–galactosidase activity (Lim
and Chae, 1989).

2.4. AC assay

The assay was performed in triplicate as described
previously (Avidor-Reiss et al. 1995a, 1997; Nevo et al.,
1998). In brief, cells cultured in 24-well plates were
incubated for 2 h with 0.25 ml/well of fresh growth
medium containing 5µCi/ml of [3H]adenine, and then
washed three times with 0.5 ml/well of DMEM contain-
ing 20 mM Hepes (pH 7.4) and 0.1 mg/ml bovine serum
albumin(BSA). This medium was replaced with 0.5
ml/well of DMEM containing 20 mM Hepes (pH 7.4),
0.1 mg/ml BSA, and the phosphodiesterase inhibitors
IBMX (0.5 mM) and RO–20–1724 (0.5 mM). AC
activity was stimulated in the presence or absence of the
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Fig. 1. Effect of acute and chronic treatment with endomorphins or morphine on endogenous AC activity in CHO-µ cells. Endogenous AC activity
in CHO-µ cells is estimated as [3H]cAMP formed (a) following acute (10-min) stimulation with 1µM FS in the presence or absence (control) of
1 µM of the agonists endo-1, endo-2 or morphine, (b) after chronic (18-h) treatment with the agonists followed by withdrawal (by two rapid washes
and addition of 1µM naloxone), or (c) after chronic treatment and withdrawal subsequent to 18-h pretreatment with 100 ng/ml PTX. PTX treatment
decreased FS-stimulated AC activity by 30% compared to non-PTX-treated FS-stimulated cells. 100% represents the control AC activity observed
in FS-stimulated cells (a, b: 1825±82 cpm of [3H]cAMP; c: 1071±24 cpm of [3H]cAMP). Data represent the means±S.E. of triplicate determinations
of a representative experiment. *P,0.02 vs control. For a more detailed description of the methods used, refer to the Methods section and
references therein.

indicated concentrations of the examined ligands (endo-
1, endo-2 or morphine) by the addition of either 1µM
FS, 1µM ionomycin or 0.1µM TSH (in the latter case,
the cells were transfected with the TSH receptor). After
10 min incubation at room temperature, the medium was
removed and the reaction terminated by addition of per-
chloric acid containing 0.1 mM unlabeled cAMP, fol-
lowed by neutralization with KOH, and the amount of
[3H]cAMP was determined by a two-step column separ-
ation procedure as previously described (Salomon, 1991;
Avidor-Reiss et al., 1996). Unless otherwise indicated,
chronic treatment was achieved by incubating the cells
for 18 h with the indicated concentrations of the agon-
ists, followed by agonist withdrawal (achieved by quick
removal of medium and the addition of new medium
containing the 1µM of the opioid antagonist naloxone)
and the addition of the appropriate AC stimulator (see
above) to assay cAMP accumulation. The incubation
with [3H]adenine took place during the last two hours
of the chronic exposure. Uptake of [3H]adenine into the
cells was not affected by the chronic agonist treatments.

3. Results and discussion

3.1. Effect of acute and chronic endomorphins on AC
activity in CHO-m cells

Acute (10 min) application of 1µM endo-1, endo-
2 or morphine to CHO-µ cells resulted in a significant
reduction (of 40–50%) in FS-stimulated cAMP accumu-
lation in these cells (Fig. 1a). In contrast, chronic treat-
ment (18 h) of these cells with these agonists followed
by their rapid withdrawal led to an increase (of 60–85%)

in FS-stimulated cAMP accumulation (Fig. 1b), in agree-
ment with the phenomenon of chronic agonist-induced
AC superactivation (Sharma et al., 1975; Thomas and
Hoffman, 1987; Avidor-Reiss et al., 1995a,b, 1996). The
similarity between morphine and the endomorphins is
interesting, since it has recently been shown that chronic
treatment with endo-1 leads toµ-opioid receptor intern-
alization, while chronic morphine does not (Burford et
al., 1998). This demonstrates that the superactivation of
AC following chronic agonist exposure is not dependent
on receptor internalization.

PTX is known for its ability to catalyze the ADP-
ribosylation of inhibitory G proteins (Gi/o) at the cysteine
residue at the C9-terminus of the Gα subunit, thus pre-
venting the activation of these G proteins (Birnbaumer
et al., 1990). Chronic treatment with PTX alone was
found to have an inhibitory effect on the level of cAMP
accumulation (by ca. 35%; see legend to Fig. 1). Upon
chronic application of the opioid ligands to PTX-pre-
treated cells, not only was no superactivation observed,
there was actually a very small, albeit significant,
reduction in cAMP accumulation as compared to control
PTX-pretreated cells (Fig. 1c). At this stage, we cannot
rule out that this very small reduction in cAMP forma-
tion could be due to an alteration of cell physiology by
the chronic agonist treatment in the PTX-pretreated cells.

Taken together, these results indicate that like mor-
phine, endo-1 and endo-2 activate theµ-opioid receptor
in this cell line, leading to inhibition of the endogenous
AC upon acute activation and to AC superactivation
upon chronic treatment. Furthermore, the absence of AC
superactivation when the cells are pre-treated with PTX
suggests that the superactivation of the endogenous AC
found in CHO-µ cells by chronic endomorphin or mor-
phine is mediated via the Gi/o family of G proteins.
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Dose-response curves for the effects of acute and
chronic agonist exposures in CHO-µ cells are depicted
in Fig. 2. Significant inhibition of FS-stimulated cAMP
accumulation was observed in cells acutely treated with
endo-1 or endo-2, with IC50 concentrations of ca. 100
pM and 3 nM, respectively (Fig. 2a). Moreover, a dose-
dependent superactivation was observed for both of

Fig. 2. Dose-response of acute and chronic endomorphins on
endogenous AC activity in CHO-µ cells. (a) Inhibition of 1µM FS-
stimulated endogenous AC activity by various concentrations of endo-
1 or endo-2 applied acutely during the assay. (b) FS-stimulated
endogenous AC activity following chronic treatment (18 h) with the
indicated concentrations of endo-1 or endo-2 and subsequent with-
drawal of the agonist (by two rapid washes and addition of 1µM
naloxone). AC inhibition/superactivation curves were drawn using the
equation:y=(a2d)/[1+(x/c)b]+d, wherea is the asymptotic maximum,
b is the value of the slope,c is the inflexion point (which is equivalent
to the EC50 value), andd is the asymptotic minimum. Data are
expressed in cpm of [3H]cAMP formed and represent the means±S.E.
of triplicate determinations of a representative experiment out of three
which produced similar results.

these ligands following chronic exposure and agonist
withdrawal (Fig. 2b). As the chronic dose-response
curves did not attain saturation at the highest concen-
tration employed (1µM), it was not possible to reliably
calculate the ED50 values for AC superactivation upon
chronic endo-1 or endo-2 treatment. It can, however, be
concluded that the ED50 concentrations for superacti-
vation of these opioid ligands are at least several orders
of magnitude higher than the IC50 concentrations for
inhibition. This shift in the ED50 suggests that the
chronic endomorphin activation may possibly lead to
some desensitization of theµ-opioid receptor. This is
consistent with results obtained previously which
showed that the enkephalin analog[d–Ala2, N–methyl–
Phe4, Gly–ol5]enkephalin (DAMGE), which inducesµ-
opioid receptor desensitization (Carter and Medzihrad-
sky, 1993), demonstrated a much larger shift in ED50

between acute inhibition and chronic agonist-induced
superactivation than did morphine (Avidor-Reiss et al.,
1995a), which does not cause significant densensitization
or internalization (Blake et al., 1997; Burford et al.,
1998).

The development of superactivation upon withdrawal
following chronic endo-1 or endo-2 treatment in CHO-
µ cells is time dependent. Fig. 3 depicts the kinetics of
this process as a function of time of treatment with 300
nM of either of these ligands. For both ligands, a maxi-
mal level of superactivation was attained following 2–4
h of chronic treatment. Re-addition of agonist (at the
same concentration) following chronic treatment (Fig. 3;
chronic treatment+agonist) prevented the appearance of
superactivation and nearly completely inhibited cAMP
accumulation. This result demonstrates that theµ-recep-
tor did not undergo complete desensitization and
remained partially functional even after the chronic
exposure to the endomorphins.

3.2. Differential regulation of AC isozymes by
endomorphin activation of them-opioid receptor

In order to examine the differential effect of the endo-
morphins on the various AC isozymes, we employed the
COS–7 cell system, which readily allows transient trans-
fection of theµ-opioid receptor together with the desired
AC isozymes.

Three types of AC isozymes, representing the three
major classes of AC isozymes according to their proper-
ties and sequence homologies, were studied: AC–I,
which, like AC–VIII, is stimulated by Ca2+/calmodulin;
AC–V, which, like AC–VI, is inhibited by Ca2+ ions,
stimulated by FS and inhibited by Gβγ; and AC–II, which
is similar to AC–IV and AC–VII, and is stimulated by
Gβγ subunits (Choi et al., 1993; Mons and Cooper, 1995;
Sunahara et al., 1996; Bayewitch et al., 1998b). The
choice of these particular isozymes was also based on
the fact that these are the only three AC isozymes whose
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Fig. 3. Time course of the development of AC superactivation in
CHO-µ cells upon chronic endo-1 or endo-2 treatment. The figure
shows the rate of development of superactivation of endogenous AC
(stimulated with 1µM FS) following chronic treatment for the indi-
cated times with 300 nM endo-1 (a) or endo-2 (b), and withdrawal of
the agonist (two rapid washes and addition of 1µM naloxone) immedi-
ately prior to the AC assay (I). The figure also presents a curve
depicting the absence of the development of superactivation when the
same concentrations of the agonists were re-added following the
chronic treatment and withdrawal by two rapid washes (o). Data rep-
resent the means±S.E. of triplicate determinations of a representative
experiment. 100% represents FS-stimulated AC activity in the absence
of agonist.

mRNAs are expressed at high levels in the rat brain
(Mons et al., 1995). All three of these isozymes are sti-
mulatable by FS (Sunahara et al., 1996; Avidor-Reiss et
al., 1997). However, FS also activates endogenous AC
in COS, making for a higher background activity. While
this was not a problem with AC–V, which exhibited a
high AC activity upon transfection (Avidor-Reiss et al.,
1996), it was important to reduce this background
activity with AC–I and II. AC–I (but none of the other

isozymes examined in this study, including the endogen-
ous AC in COS) is stimulated by Ca2+, and therefore
ionomycin stimulation activates this isozyme efficiently
with very low background activity for non-transfected
cells (Avidor-Reiss et al., 1997; Nevo et al., 1998). As
for AC–II, by co-transfecting it with the TSH receptor,
the same population of cells will express both the recep-
tor and AC–II, and thus TSH activation stimulates AC–
II activity without increasing the background of the cells
which did not undergo transfection. Thus, the Ca2+ iono-
phore ionomycin was used to activate AC–I, FS to acti-
vate AC–V, andαs activation (i.e. via activation of the
TSH receptor cotransfected into the COS cells) was used
to activate AC–II.

In cells co-transfected with theµ-opioid receptor and
AC–I or AC–V, stimulation with 1µM ionomycin (AC–
I) or 1 µM FS (AC–V) resulted in a large increase in
cAMP accumulation as compared to the unstimulated
basal level (Avidor-Reiss et al., 1997). The finding that
AC–I-transfected cells show strong activation by iono-
mycin is in agreement with previous reports, as
described above, demonstrating that Ca2+/calmodulin has
a strong stimulatory effect on this isozyme (Mons and
Cooper, 1995; Sunahara et al., 1996), and indicates that
the transfected AC–I is expressed and functionally
active. Acute activation of theµ-opioid receptor by
either endo-1 or endo-2 led to inhibition of the stimu-
lated activity of both AC–I and AC–V, while chronic
activation of theµ-opioid receptor with endo-1 or endo-
2 followed by agonist withdrawal (by two rapid washes)
led to superactivation of both of these isozymes (Fig.
4a and b). Re-addition of the endomorphins to the cells
following chronic treatment and withdrawal prevented
the superactivation and produced levels of inhibition
similar to those observed upon acute application, indicat-
ing that the chronic treatment did not completely desen-
sitize the functional coupling of theµ-opioid receptor to
the G proteins or thereby eliminate the capacity of the
endomorphins to inhibit AC activity.

The above results demonstrate that AC–I and V both
exhibit inhibition and superactivation by acute and
chronic exposure, respectively, of theµ-opioid receptor
to endomorphins, and that these two functions are not
dependent on the agents used to stimulate the particular
AC activity, i.e. FS (used for AC–V) or Ca2+

(ionomycin, used for AC–I).
As described above, AC–II belongs to a family of iso-

zymes (together with AC–IV and VII) which, in contrast
to isozymes of the AC–I/VIII or AC–V/VI families, is
activatable by free Gβγ subunits. In addition, AC–II can
be stimulated byαs-activating receptors or by a consti-
tutively activeαs mutant, but is less sensitive to FS acti-
vation (Mons and Cooper, 1995; Sunahara et al., 1996;
Avidor-Reiss et al., 1997). Stimulation of AC–II, co-
transfected together withµ-opioid and TSH receptors,
by 0.1 µM TSH, led to a large increase in cAMP
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Fig. 4. Acute and chronicµ-opioid receptor activation by endo-1 or
endo-2 differentially regulates the various AC isozymes transfected
into COS–7 cells. COS–7 cells were transfected with the cDNAs of
the indicated AC isozymes together with the cDNAs of theµ-opioid
receptor and, in the case of AC–II, also of the TSH receptor. (a) AC–
I was stimulated with 1µM ionomycin, (b) AC–V was stimulated with
1 µM FS, and (c) AC–II was stimulated with 0.1µM TSH. These
stimulations increased AC activity by 2.7, 6.1 and 2.5 fold, respect-
ively. AC activity observed under these stimulating conditions (in the
absence of endomorphins) was defined as 100% (control;). The
figure also depicts AC activity following stimulation in the presence
of acute 1µM endo-1 or endo-2 ( ); following withdrawal (by two
rapid washes) after chronic endo-1 or endo-2 (18 h, 1µM) treatment
( ); and after re-addition of either endo-1 or endo-2 (1µM) follow-
ing chronic treatment and withdrawal by two rapid washes ( ).
Data represent the means±S.E. of triplicate determinations of a rep-
resentative experiment. *P,0.02 vs control.

accumulation as compared to the unstimulated basal
level (Nevo et al., 1998). In contrast to the results
observed with AC–I or V, acute exposure of cells trans-
fected with AC–II to either endo-1 or endo-2 induced a
significant increasein AC–II activity (Fig. 4c), a result
similar to the observations made earlier with several

other Gi/o-coupled receptor agonists (Federman et al.,
1992; Tsu et al., 1995; Avidor-Reiss et al., 1997; Nevo et
al., 1998). Moreover, following withdrawal from chronic
agonist treatment (by two rapid washes), not only was
no superactivation of this isozyme apparent, but a
reduction in the activity of AC–II was actually observed.
Re-addition of the endomorphins to the cells following
chronic treatment and withdrawal resulted in an elevated
level of cAMP accumulation as compared to control (no
chronic treatment) cells, albeit to a lesser degree than
upon acute application of the ligands. It is very likely
that this inhibition of AC–II upon chronic endomorphin
treatment is far more complex than a simple downregul-
ation of this isozyme’s activity, but further experiments
must be performed in order to attempt to understand the
molecular basis for this phenomenon.

It is important to note that the phenomenon of inhi-
bition of AC–I and V, in contrast to the acute stimulation
of AC–II by acute Gi/o-coupled receptor activation, has
now been observed in several cell lines and with several
Gi/o-coupled receptors (Federman et al., 1992; Tsu et al.,
1995; Avidor-Reiss et al. 1996, 1997; Thomas and Hoff-
man, 1996; Nevo et al., 1998). Moreover, the superacti-
vation of AC–V/VI by chronicµ-opiate or D2-dopami-
nergic receptor activation has been observed in both
HEK-293 and COS–7 cells (Thomas and Hoffman,
1996; Avidor-Reiss et al., 1997; Nevo et al., 1998). It
thus seems that this pattern of regulation is dictated by
the AC isozymes involved. However, the repertoire of
“free” Gβγ and/or Gαi/o subunits present in a given cell
can have an effect on the modulation of AC isozymes
(see Federman et al., 1992). Indeed, we have previously
shown that the Gβ1 subunit differs from Gβ5 in its
capacity to regulate the activity of AC–II, as well as of
AC–V and VI (Bayewitch et al., 1998a,b).

The in vivo regulation of AC activity and the resulting
changes in cAMP concentration by released endo-
morphins are not yet known but could be quite complex,
as different areas in the brain differ in their distribution
of AC isozymes (Glatt and Snyder, 1993; Mons and
Cooper, 1995), as well as in the concentrations of endo-
morphins (Martin-Schild et al., 1997; Schreff et al.,
1998). However, such regulation could be important for
the physiological behavior of the animal under pain,
stress, and possibly other physiological conditions.
Indeed, a recent report showed that chronic adminis-
tration of morphine, which targets the same receptors as
the endogenous endomorphins, increases levels of AC–
I and VIII, as well as of cAMP-dependent protein kinase
(PKA) activity in the locus coeruleus, a brain area
known to be involved in drug reward pathways (Lane-
Ladd et al., 1997). Other recent reports suggest that
endomorphin, as a natural ligand for theµ-opioid recep-
tor, is likely to be involved in the modulation of nocicep-
tive transmission and reward-seeking behavior (Martin-
Schild et al., 1997; Schreff et al., 1998),
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Taken together, the results presented here indicate that
the endogenous ligands for theµ-opioid receptor, the
endomorphins, selectively regulate the various AC iso-
zymes, with AC–I and V undergoing acute inhibition
and chronic ligand-induced superactivation, while AC–
II is stimulated by acute and inhibited upon chronic
endomorphin treatment.
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