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SUMMARY

This study investigates the functional state of the stimulatory
GTP-binding protein G, in neuroblastoma x glioma NG108-15
hybrid cells chronically exposed to an opioid. For this purpose,
a novel in situ reconstitution protocol was established using
membranes selectively depleted of G, function by transient ex-
posure to low pH and then reconstituted with purified exogenous
stimulatory GTP-binding proteins. With prostaglandin E, (PGE,)
receptor-stimulated adenylate cyclase activity as an indicator,
reconstituted membranes of cells previously rendered tolerant to
the é-opioid [p-Ala?,D-Leu®lenkephalin (DADLE) exhibited ap-
proximately 3-fold elevated CAMP generation upon stimulation
with PGE,, compared with nontolerant reconstituted cell mem-
branes. This effect developed dose-dependently with respect to
the opioid concentration used for pretreatment of the cells and
was blocked by concomitant exposure to naloxone. In contrast,

receptor-independent activation of G by the stable GTP ana-
logue guanosine-5’-O-(3-thio)triphosphate did not reveal any dif-
ference in adenylate cyclase activity between reconstituted mem-
branes of control and chronically DADLE-pretreated cells. Fur-
thermore, the functional activity of endogenous G, displayed no
difference between control and DADLE-tolerant cells, as as-
sessed in S49 cyc™ reconstitution assays using sodium cholate
extracts derived from NG108-15 membranes. The data pre-
sented suggest that the increase in PGE, receptor-mediated
adenylate cyclase activity in opioid-tolerant/dependent NG108-
15 hybrid cells most likely relates to enhanced coupling efficiency
between the PGE, binding site (receptor) and G,. Moreover, our
results support the concept that supersensitivity to excitatory
drugs reflects an adaptive mechanism of cells chronically ex-
posed to an opioid.

Investigations into the molecular mechanisms underlying
opioid tolerance and dependence have focused mainly on opioid
receptors and their regulation of the cAMP-generating effector
system (for review, see Refs. 1 and 2). A general finding of
these investigations is that long term exposure to an opioid
does affect both the opioid binding site (3, 4) and adenylate
cyclase activity (5). Despite this information, the molecular
basis of drug addiction is still poorly understood.

The discovery of G proteins (6) attracted attention in the
opioid field, because opioid receptors control adenylate cyclase
activity by pertussis toxin-sensitive G proteins (7). It was
hypothized, therefore, that G proteins are likely to also adapt
during chronic opioid actions and, thus, may contribute to the
phenomena of tolerance and dependence (8). Our recent work
supports this notion, because chronic opioid treatment of
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guinea pigs results in increased levels of certain inhibitory G
proteins in the tolerant/dependent myenteric plexus (9, 10).
Similar effects were observed for the human neuroblastoma
SH-SY5Y cell clone (11) and for distinct regions of the rat
brain (12, 13).

Hormone-sensitive adenylate cyclase is under the control of
both inhibitory and stimulatory G proteins (G; and G,), sug-
gesting a functional interdependence of these entities (6). In
fact, prolonged activation of inhibitory A, adenosine receptors
in cultured hamster smooth muscle cells enhances §,-adreno-
ceptor-mediated activation of adenylate cyclase (14). It is thus
speculated that the inhibitory opioids also may affect stimula-
tory control of adenylate cyclase in a similar manner. To test
this hypothesis, the present experiments were conducted to
determine the functional activity of G, in the permanent neuro-
blastoma X glioma NG108-15 hybrid cell line (15) after chronic
exposure to an opioid. These hybridomas carry opioid receptors
of the § type (16), and their prolonged activation has been

ABBREVIATIONS: G protein, guanine nucleotide-binding regulatory protein; DADLE, [D-Ala?,D-Leu’jenkephalin; DTT, dithiothreitol; Ro 20-1724, pL-
4-(3-butoxy-4-methoxybenzyi)-2-imidazolidinone; GTPyS, guanosine-5'-O-(3-thio)triphosphate; PGE,, prostaglandin E,; EGTA, ethylene glycol bis(s-

aminoethyl ether)-N,N.N’ N’-tetraacetic acid.
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demonstrated to cause desensitization of adenylate cyclase by
multiple-step mechanisms (3, 16, 17). This adaptation, how-
ever, is not associated with alterations in the abundance of G
proteins (18, 19). In addition, studies on PGE, receptors also
did not reveal significant alterations of either the maximal
number of binding sites or the EDy, of adenylate cyclase stim-
ulation (3, 20).

One experimental approach to study G protein function in
situ is based on the selective interaction of anti-G protein
antibodies with carboxyl-terminal sequences of the G protein
a subunit (21-24). However, in our initial experiments such
antibodies, as well as Fab fragments thereof, failed to specifi-
cally interfere with signal transduction in NG108-15 cell mem-
branes. Therefore, we established a novel reconstitution pro-
tocol to test the functional state of G, in situ. This method is
based on the selective inactivation of G, function by short term
exposure of cell membranes to pH 4.5 (25) and its subsequent
reconstitution with purified exogenous G, or G,,. Using this
technique, we could demonstrate a considerable potentiation of
PGE, receptor-mediated adenylate cyclase activity in cells
chronically exposed to DADLE. This effect was attributed to
enhanced coupling efficiency between PGE, receptors and their
associated G proteins, because direct activation of G, by GTPyS
failed to reveal any difference in adenylate cyclase activity,
compared with controls. The results obtained suggest that
prolonged opioidergic inhibition of adenylate cyclase in
NG108-15 cells causes functional adaptation in stimulatory
control of adenylate cyclase activity, which might represent at
least one biochemical mechanism underlying opioid tolerance/
dependence.

Experimental Procedures

Cell culture and membrane preparation. Mouse neuroblastoma
X glioma (NG108-15) hybrid cells were cultured in Dulbecco’s modified
Eagle medium supplemented with 5% fetal calf serum, 100 uM hypo-
xanthine, 1 uM aminopterin, and 17 uM thymidine, in a humified
atmosphere of 5% CO, at 37°. Murine S49 cyc™ lymphoma cells were
grown in Dulbecco’s modified Eagle medium containing 10% heat-
inactivated horse serum. Cells were harvested and membranes were
prepared as described (17). Membrane protein was adjusted to a con-
centration of 1 mg/ml in 5§ mM Tris.-HCI, pH 7.4, containing 1 mM
EGTA and 1 mM DTT, and was stored in aliquots at —70°.

Chronic treatment of NG108-15 cells. In a number of cases,
subconfluent monolayers from an individual passage were exposed to
different concentrations of the 4-opioid receptor agonist DADLE for 3
days, with daily medium changes. Cells were washed three times with
Ca?*/Mg**-free phosphate-buffered saline before membranes were pre-
pared.

Antibody preparation. A peptide-specific antibody (S1) was raised
against the extreme carboxyl-terminal decapeptide of G,,
(RMHLRQYELL; amino acids 385-394), according to the method of
Simonds et al. (24). Selectivity of this antiserum was tested by Western
blot analysis of recombinant G protein subunits expressed in Esche-
richia coli. In these experiments, antiserum S1 selectively binds to G,.,
lacking cross-reactivity with the following G protein subunits: a;;-3, a0,
and a,;. Antibody specificity was tested by blocking antibody binding
with the peptide used for immunization. In NG108-15 membranes,
antiserum S1 identifies a 45-kDa as well as a 42-kDa form of G,,, with
the larger form being prominent. Affinity-purified antibodies were
prepared as described (26).

Preparation of G,.. G, proteins were isolated from cholate extracts
of rabbit liver membranes according to the procedure of Sternweis et
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al. (27). The resulting preparations, however, were not suitable for
application in reconstitution experiments in which receptor-mediated
stimulation of adenylate cyclase in situ was examined. This is most
likely due to their substantial contamination with other G proteins (G;
and G,) and their excess of 8y subunits. Hence, G, was isolated from
this crude preparation by means of immunoaffinity chromatography.
The procedure used essentially followed the method of Asano et al
(28), with the exception that affinity-purified S1 antibodies (3 mg/mg
of CNBr-activated Sepharose 4B) were used to prepare the affinity gel.
The fractions eluted were tested for their stimulatory activity in recon-
stitution experiments with G,-depleted membranes. Fractions contain-
ing G,, activity were combined and the buffer was changed to 20 mm
Tris- HC], pH 7.4, containing 100 mM NaCl, 1 mM EDTA, 1 mM DTT,
and 0.1% cholate. The preparation was concentrated by ultrafiltration,
and G,. content was estimated by Coomassie blue staining of sodium
dodecyl sulfate-polyacrylamide gels, using bovine serum albumin as a
standard (29).

Inactivation of G, by low pH treatment. Exposure of membranes
to low pH selectively eliminates the function of G, (25). Membranes of
NG108-15 cells (100 ug of protein) were pelleted (12,000 X g; 15 min),
resuspended in 200 ul of ice-cold 50 mM sodium acetate buffer, pH 4.5,
containing 5 mM MgCl; and 1 mM DTT, and kept on ice for 30 min.
Thereafter, 800 ul of 50 mM Tris- HCI buffer, pH 7.4, containing 5 mM
MgCl; and 1 mM DTT, were added to stop the reaction. Membranes
(“low pH membranes”) were collected as described above, and the pellet
was resuspended in Tris buffer and immediately used for experiments.

Reconstitution of low pH membranes. G,-depleted membranes
(10 ug of protein/assay) were reconstituted on ice for 15 min with G,
or affinity-purified G,, (100 fmol/assay, unless otherwise stated) before
determination of adenylate cyclase activity. Heat-inactivated (90°; 10
min) G protein preparations or G,, that had been prereacted with
affinity-purified S1 antibodies on ice for 2 hr served as controls.

Preparation of detergent extracts and S49 cyc™ reconstitu-
tion assay. Membranes of NG108-15 cells were extracted with 1%
(w/v) sodium cholate for 1 hr at 4° essentially as described (30).
Solubilized proteins were adjusted to a concentration of 1 mg/ml in 50
mM Tris-HCI, pH 8.0, containing 1 mM EDTA, 1 mM DTT, and 1%
sodium cholate. Five-milliliter aliquots were used to reconstitute aden-
ylate cyclase in S49 cyc™ membranes (10 ug/assay). Activation of G,,
was accomplished by the inclusion of GTP+vS (100 uM) in the reaction
mixtures and enzyme activity was determined as described below.

Adenylate cyclase assay. Adenylate cyclase activity in NG108-15
membranes (10 ug/assay) was determined at 32° for 10 min (unless
otherwise stated), as described by Vachon et al. (17). The assay system
contained 40 mM Tris- HCI, pH 7.4, 0.2 mMm EGTA, 0.2 mm DTT, 100
mM NaCl, 10 mm MgCl,, 0.5 mM ATP, 5 uM phosphocreatine, 5 units
of creatine phosphokinase, 10 uM GTP, and a 30 uM concentration of
the phosphodiesterase inhibitor Ro 20-1724, in a final volume of 100
ul. Stimulation of enzyme activity was assessed by the addition of
either PGE, (1 uM) or GTPS (100 uM). The amount of cAMP
generated was measured by radioimmunoassay (31).

Miscellaneous methods. Sodium dodecyl sulfate-polyacrylamide
gel electrophoresis and immunoblotting were carried out as described
by Lang and Schulz (9). Membrane protein was determined according
to the method of Lowry et al. (32), using bovine serum albumin as a
standard. Isolated IgG was photometrically quantified using the rela-
tion A}%n.220 = 3.5 (33).

Materials. cAMP antiserum was obtained from Bio-Yeda (Rehovot,
Israel). The peptide used for immunization was purchased from Amer-
ican Peptide Co. (Santa Clara, CA). Cell culture reagents were from
GIBCO BRL (Karlsruhe, Germany) or from PAN Systems (Aidenbach,
Germany). The phosphodiesterase inhibitor Ro 20-1724 and keyhole
limpet hemocyanin were from Calbiochem Corp. (San Diego, CA). All
chromatography reagents were from Pharmazia-LKB (Freiburg, Ger-
many). ATP, cAMP, GTP, creatine phosphokinase, and phosphocrea-
tine were purchased from Boehringer (Mannheim, Germany). '*I1-
cAMP tracer and naloxone were from DuPont-New England Nuclear
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(Dreieich, Germany). DADLE was from Bachem Biochemica (Heidel-
berg, Germany). All other reagents were from Sigma (Miinchen, Ger-
many) and of the highest quality available.

Results

To investigate the function of the stimulatory G protein in
opioid-tolerant/dependent NG108-15 hybridomas, the cells
were chronically exposed to DADLE and in situ reconstitution
experiments were performed by using G,-inactivated mem-
branes and purified exogenous G,,.

Inactivation of G,, in NG108-15 cell membranes. Ex-
posure of striatal membranes to low pH has been reported to
eliminate G, function (25), whereas intrinsic adenylate cyclase
activity remains unaffected (34). Fig. 1A demonstrates the
time-dependent loss of cAMP production in NG108-15 mem-
branes transiently exposed to pH 4.5. Maximal loss of both
basal and PGE,-stimulated adenylate cyclase activity was ob-
served after 30 min. In contrast, é-opioid receptor-mediated
inhibition of adenylate cyclase was retained in low pH-treated
membranes (Fig. 1B). The experiments demonstrate the selec-
tivity of the method in inactivating G, function without affect-
ing G, the G protein species mediating opioid inhibition of
adenylate cyclase in these cells (22).

Reconstitution of low pH-pretreated NG108-15 mem-
branes with stimulatory G proteins. The functional recon-
stitution of PGE, receptor-stimulated adenylate cyclase activity
in G,-depleted membranes required highly purified and biolog-
ically active G, or G,, preparations. Substitution of low pH-
pretreated membranes with stimulatory G proteins resulted in
a concentration-dependent recovery of cAMP generation (Fig.
2) after exposure to either PGE, (1 uM) or GTP+S (100 uM).
Under basal conditions, addition of G,. had no effect or only
negligible effect on adenylate cyclase activity (data not shown).
The amount of G,, required to bring about maximal adenylate

cyclase stimulation was about 200 fmol/10 ug of membrane
protein. Under these conditions, PGE, (1 uM) and GTP+S (100
uM) stimulated adenylate cyclase activity to similar extents. In
contrast, when nonsaturating amounts of G,, were used GTP~S
(100 uM) proved to be more potent in elevating cCAMP levels,
compared with receptor-mediated activation with PGE, (1 uM).
To detect discrete changes in receptor-mediated activation of
reconstituted adenylate cyclase, the experiments were con-
ducted using 100 fmol of the stimulatory G protein, a concen-
tration that evokes approximately half-maximal stimulation of
adenylate cyclase in this system (Fig. 2). Under these experi-
mental conditions, replicates of experiments produced qualita-
tively similar results, although the maximal extent of cAMP
production varied within individual experiments. This varia-
bility was due to differences in the biologic activity of G,.,
preparations used, most probably resulting from denaturation
of G,, during purification and storage of the protein. The
functional reconstitution of receptor-mediated stimulation of
adenylate cyclase activity was completed within <15 min (Fig.
3). Therefore, all subsequent reconstitution experiments de-
signed to determine receptor-mediated stimulation of adenylate
cyclase activity were conducted 15 min after G,, was added to
the membranes. In contrast, receptor-independent activation
of G,, required no reconstitution period and resulted in maxi-
mal cAMP levels almost immediately after the addition of
GTP+S (Fig. 3).

Specificity of adenylate cyclase reconstitution for G,, was
investigated in control experiments by the use of S1 antibodies.
Preincubation of G,. (100 fmol) with increasing amounts of S1
antibodies (1-100 ng) before reconstitution into low pH-ex-
posed membranes dose-dependently abolished PGE, receptor-
mediated reconstitution of adenylate cyclase activity (Fig. 4).
Furthermore, saturation of the antibody with its cognate pep-
tide blocked antibody binding to G,, and, thus, reconstitution
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Fig. 1. Selective inactivation of G, activity in NG108-15 cell membranes by low pH exposure. A, NG108-15 membranes were prepared and
transiently exposed to pH 4.5 for the times indicated, as described in Materials and Methods. Basal (W) or PGE, (1 um)-stimulated (®) adenylate

activity was measured for 10 min at 32°. Adenylate cyclase activity is expressed

as pmol of CAMP formed/min/mg of membrane protein.

cyclase

Each data point represents the mean value of duplicate determinations. B, Ability of DADLE to inhibit adenylate cyclase activity in low pH membranes.
Aliquots of G,-depleted NG108-15 membranes (10 ug) were assayed in the presence of PGE, (1 um) and various concentrations of DADLE (@J).
Inhibition of adenylate cyclase is expressed as percentage of CAMP formed, compared with controls ((J) measured in the absence of DADLE. Values

represent means + standard errors of triplicate determinations.
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Fig. 2. Reconstitution of low pH membranes with exogenous G,.. G,-
depleted membranes (10 ng of protein) were mixed with various amounts
of affinity-purified G,, (12.5-200 fmol) for 15 min on ice, in a total volume
of 30 ul. Controls (no G protein added) were handled in a similar manner.
Adenylate activity was measured in the presence of either 1 um
PGE, (@) or 100 um GTP~S (W) for 20 min at 32°. Enzymatic activity is
expressed as pmol of CAMP formed/min/mg of membrane protein. The
data shown are mean values derived from a typical experiment done in
triplicate, with a variability of <5%.

in situ was facilitated, as indicated by the production of cAMP.
These experiments clearly demonstrate that the recovery of
cAMP production in membranes exposed to low pH is indeed
due to the incorporation of exogenous G,..

Effect of G,. in low pH membranes derived from
NG108-15 cells chronically exposed to DADLE. NG108-
15 cells were chronically exposed to DADLE (100 nM) for 3
days. This treatment has been demonstrated to produce a high
degree of tolerance in these cells (18). Membranes were pre-
pared and depleted of G, function by exposure to low pH.
Membrane aliquots (10 ug of protein) were reconstituted with
100 fmol of affinity-purified G,. and adenylate cyclase was
stimulated by the addition of PGE,. Fig. 5 demonstrates that
control cells (no drug treatment) displayed a moderate increase
in cAMP generation when stimulated via PGE, receptors. In

10 1 s a )
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contrast, reconstituted membranes of cells rendered tolerant to
the opioid exhibited a potentiation of adenylate cyclase stimu-
lation upon challenge with PGE,. Attempts to block this effect
by incubating the cells simultaneously with naloxone (1 uMm; 3
days) proved only partially successful, because higher concen-
trations of naloxone (10-100 uM) by itself affected adenylate
cyclase activity. Cells pretreated with naloxone alone (1 uM; 3
days) responded to PGE, as did control membranes. In contrast
to the studies with PGE,, receptor-independent activation of
G,. by GTP+S (100 uM) resulted in similar cAMP levels in
membranes of both control cells and cells chronically exposed
to DADLE (Fig. 5).

In an extension of these experiments, reconstitution experi-
ments were conducted with NG108-15 membranes chronically
exposed to different concentrations of DADLE (1-100 nM; 3
days) and reconstituted with various amounts of G,.. The data
in Fig. 6 clearly demonstrate that the elevated PGE, response
depends both on the opioid concentration used for pretreatment
and on the amount of G,, used for reconstitution.

Determination of endogenous G,., activity. The func-
tional activity of endogenous G,, was assessed by the ability of
sodium cholate extracts to reconstitute adenylate cyclase activ-
ity in membranes of G,-deficient S49 cyc™ cells. Under the assay
conditions used, adenylate cyclase activity proved to be linear
within a range of 0.5-10 ug of protein extract (data not shown).
Generation of cCAMP was observed only in the presence, and
not in the absence, of GTP+S (100 uM) in the assay. As shown
in Table 1, detergent extracts of control and DADLE-tolerant
NG108-15 hybrid cells did not differ in their efficiency in
activating adenylate cyclase in membranes of S49 cyc™ cells.

Determination of intrinsic adenylate cyclase activity
in control and DADLE-pretreated cells. To examine in-
trinsic adenylate cyclase activities in native and chronically
DADLE-exposed NG108-15 hybrid cells, enzyme activity in
particulate membrane preparations was assayed in the presence
of 5.6 mM Mn?* and 100 uM forskolin (35). As shown in Table
2, no difference between control and DADLE-pretreated cell
membranes was evident at the effector level.

Discussion

The aim of the present study was to investigate possible
adaptations in the stimulatory pathway of adenylate cyclase in

o /
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CAMP (pmol / mg / min)
[

Fig. 3. Time course of reconstitution in low pH membranes.
Aliquots of G,-depleted NG108-15 membranes (10 ug)
were reconstituted with 100 fmol of affinity-purified G,. on
ice for the times indicated before incubation for assay of
adenylate cyclase activity (20 min, 32°). Receptor-me-
diated stimulation of adenylate cyclase was with 1 um PGE,
(@), whereas receptor-independent activation of G,. was
accomplished in the presence of 100 um GTPyS (ll). Aden-
ylate cyclase activity is expressed as pmol of cAMP
formed/min/mg of membrane protein. Each data point rep-
resents the mean value of a single experiment, with tripli-
cate determinations.
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Fig. 4. Precipitation of the stimulatory effect of G, in low
pH membranes by anti-G,, antibodies. Aliquots of low
pH-treated membranes (10 ng of protein) were reconsti-
tuted for 15 min on ice with either 100 fmol of affinity-
purified G,, (O0) or similar amounts of G,, that had been
prereacted for 2 hr on ice with various amounts of affinity-
purified S1 antibodies ([J) (0.001-1 xg/100 fmol of G,.).
After reconstitution, adenylate cyclase activity was de-
termined in the presence of 1 um PGE;, for 20 min at 32°.
Precipitation of G,, by S1 antibodies was prevented by
coincubation of G,, with a 10-fold molar excess of the
peptide used for immunization (E3). Adenylate cyclase
activity is expressed as pmol of ;CAMP formed/min/mg of
membrane protein. The data shown are mean values +
standard errors of triplicate determinations from one rep-

0.001 0.01 0.1 1
ug S1 antibodies (ab)

control

resentative experiment.

1pgab
+ peptide

PGE1

77

CAMP (pmol / mg / min)
(7]

none DADLE Naloxone D+N
pretreatment

Fig. 5. Effect of G,. in low pH membranes derived from NG108-15 cells
chronically exposed to opioids. NG108-15 cells were treated with either
100 nm DADLE, 1 um naloxone, or both drugs (D+N) in vivo for 3 days
before membranes were prepared and depleted of G, activity. Controls
(none) received no drug treatment. Adenylate cyclase was reconstituted
with 100 fmol of affinity-purified G,. for 15 min on ice before PGE, (1
um)-mediated () or GTPyS (100 um)-mediated (O) stimulation of aden-
ylate cyclase activity was determined. Adenylate cyclase activity is
expressed as pmol of CAMP formed/min/mg of membrane protein. The
data shown represent mean values of one typical experiment carried out
in triplicate, with a variabllity of <5%. Three additional experiments
produced qualitatively similar results.

a neuronal hybrid cell line (NG108-15) chronically exposed to
an opioid. For this purpose, a novel experimental design was
developed to investigate the functional state of G,, in situ. This
method is based on the selective inactivation of G, function by
transient exposure of the membranes to low pH, as originally
described for rat striatal membranes (25). To study mechanisms
of transmembrane signaling from excitatory receptors to aden-
ylate cyclase, the inactivated system was reconstituted with
affinity-purified G,, from rabbit liver. Therefore, the extent of
cAMP recovery upon receptor activation may be considered a
measure of receptor/G protein coupling. Using this approach,
it is now possible to overcome the limitations in the analysis

of functional interactions between excitatory receptors and G,
in situ, as found in the determination of low-K, GTPase in
most cellular systems (36). Analogous reconstitution techniques
using pertussis toxin (37) or N-ethylmaleimide-inactivated
membranes (38) have been described previously for the func-
tional analysis of inhibitory receptors and their coupling to
various G proteins.

The functional reconstitution of adenylate cyclase in low pH-
inactivated membranes, as conducted in this study, proved to
be time- and dose-dependent as well as specific for G,.. How-
ever, when receptor-mediated stimulation of adenylate cyclase
activity was investigated, this technique required highly puri-
fied and biologically active G,., because contamination of the
preparations with inhibitory (or as yet unidentified) G proteins
or the presence of an excess of By subunits unpredictably
influenced adenylate cyclase activity. We, therefore, isolated
G,. from crude G, preparations by means of affinity purifica-
tion. This procedure yielded highly purified G,., but the
amounts recovered were very small. Although all purification
steps were carried out under nondissociating conditions, the
material eluted contained only G,. and not 8y subunits. This
observation was somewhat surprising, suggesting conforma-
tional changes of solubilized G, upon binding to the carboxyl-
terminal S1 antibody, which in turn may promote dissociation
from Sy subunits. Moreover, stability of these G,, preparations
was low, even at —70°, because we had to eliminate from the
buffers AlIF,~, which by itself activates G,, under our experi-
mental conditions. Because of these problems, several different
batches of G,, were required to perform the experiments de-
scribed in this study. Although replicates of individual experi-
ments produced qualitative similar data, the factors described
caused variability in the maximal extent of cAMP generation.

After the reconstitution technique was established, excitatory
signal transduction mechanisms were examined in opioid-tol-
erant/dependent NG108-15 cells. These cells do not display
quantitative changes in the abundance of G,, (19) or in the
intrinsic activity of the catalytic moiety of adenylate cyclase
(Table 2). However, our data revealed a supersensitive respon-
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Fig. 8. Effect of various concentrations of DADLE used
for pretreatment of NG108-15 cells on G,,.-reconstituted
adenylate cyclase. NG108-15 cells were either untreated
(©) or chronically exposed to various concentrations of
DADLE (@, 1 nm; O, 10 nm; I, 100 nm) for 3 days before
bprmembraneswereprepared.Aliquots(wngof
protein) were reconstituted with i amounts of
afﬁnity-pmﬁed G,, (12.5-100 fmol) for 15 min on ice
before adenylate cyclase was measured in the presence
of 1 um PGE, for 20 min at 32°. Stimulation of adenylate
cyclase activity is expressed as pmol of CAMP formed/
min/mg of membrane protein. The data shown represent
mean values of one typical experiment carmied out in
triplicate, with a variability of <5%. Three additional ex-
periments produced qualitatively similar resuits.

100 50 25

12.5

Gsa [fmol]

PGE+

TABLE 1

Determination of functional activity of endogenous G,
Membranes of control and DADLE (100 nm; 3 days)-pretreated NG108-15 celis
were extracted with 1% (w/v) sodium cholate for 1 hr at 4°. Reconstitution of
GTP9S (100 um)-stimulated adenylate cyclase activity with 10 ug of S49 cyc™
membranes was performed with 5 ug of detergent extract, as described in
Experimental Procedures. Enzyme activity was determined at 32° for 15 min and
is expressed as the pmol of CAMP formed/min/mg of membrane protein. Results
are presented as means + standard errors from triplicate determinations.

Sodium cholate extract Adenytate cyciase activity*
pmol of cAMP/min/mg of
cyc™ membranes
Control cells 2844 £1.2
DADLE-pretreated celis (100 nm; 3 days) 2823 + 04

* Determined in the presence of 100 um GTP+S.

TABLE 2

Intrinsic adenylate cyclase activity in NG108-15 celis chronically
exposed to DADLE in vivo

NG108-15 celis were treated for 3 days with DADLE at the concentrations indicated
before membranes were prepared as described in the text. Intrinsic activity of
adenylate cyclase was determined in the presence of 5.6 mm Mn?* and 100 um
forskolin for 10 min at 32°. Enzymatic activity is expressed as the pmol of CAMP
formed/min/mg of membrane protein. The data shown are mean values + standard
errors of a representative experiment carried out in tripkicate.

Pretreatment (3 days) CAMP
pemol {mg/min
None 2032+ 6
DADLE, 1 nm 1994 + 4
DADLE, 10 nm 2048+ 3
DADLE, 100 nm 2065+ 4

siveness of G,-reconstituted low pH membranes derived from
DADLE-tolerant cells upon challenge with PGE,. The notion
that this adaptation is normally masked in intact membranes
of tolerant cells suggests that distinct experimental conditions
are required to uncover this effect. This hypothesis is strength-
ened by a recent report on the stoichiometry of receptor/G,/
adenylate cyclase interactions in murine S49 lymphoma cells
(39), which proposes that G, is in large excess over both
stimulatory receptors and adenylate cyclase. This is in line with
our observation that the addition of exogenous G, to intact cell
membranes does not further elevate adenylate cyclase activity.

According to this hypothesis, it could be speculated that subtle
alterations in the stimulatory pathway of adenylate cyclase
may become evident only when the amount of G, becomes
limited within the flow cascade between receptor and effector.
Indeed, the differences in receptor-mediated adenylate cyclase
activities between control and chronically DADLE-pretreated
cells were only observed when nonsaturating amounts of G,
were used in reconstitution assays. Therefore, the failure of
Boyd et al. (19) to observe an altered G, activity in tolerant
NG108-15 cells may be due to their specific experimental
conditions.

The demonstrated adenylate cyclase supersensitivity in G,..-
reconstituted membranes derived from opioid-tolerant cells
raises the question of whether altered receptor/G protein or G
protein/effector coupling is responsible for the enhanced cAMP
production. This issue was investigated by comparing receptor-
mediated and receptor-independent activation of adenylate cy-
clase in reconstituted low pH membranes. Our data demon-
strate that only PGE,, and not the stable GTP analogue
GTP+S, results in the potentiation of enzyme activity in opioid-
tolerant cells (Fig. 5). This finding suggests more efficient
coupling between PGE, receptors and G, than between acti-
vated G,. and the effector molecule. Such a mechanism is likely
in view of previous reports that revealed no alterations in the
level of PGE, receptors in opioid-tolerant cells. In particular,
neither the maximal number of PGE, binding sites, the EDg,
of PGE,-stimulated adenylate cyclase, nor the maximal degree
of adenylate cyclase stimulation is significantly changed (3,
20). Because both the level (18, 19) and the functional activity
of endogenous G,, (Table 2) remain unaffected in DADLE-
tolerant NG108-15 cells, we suggest that enhanced coupling
efficiency between PGE, receptors and G, most likely accounts
for the increase in adenylate cyclase activity found in reconsti-
tuted membranes derived from DADLE-tolerant cells.

Alterations in excitatory signal transduction pathways have
been proposed to represent at least one possible adaptive mech-
anism by which cells respond to persistent activation of inhib-
itory receptors. For example, prolonged exposure of cultured
DDT,-MF-2 hamster smooth muscle cells to an A, adenosine
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receptor agonist enhances responsiveness of adenylate cyclase
to B.-adrenergic receptors (14). In addition to several altera-
tions of components involved in the inhibitory control of aden-
ylate cyclase (i.e., receptor and G proteins), an increase in the
level of B, receptor mRNA is observed in this cell line. The
stimulatory branch of the adenylate cyclase pathway is also a
target for alterations in rat cerebral cortex chronically exposed
to antidepressants. In this tissue, treatment with tricyclic anti-
depressants results in down-regulation of 8, receptors, which is
functionally compensated for by an increased coupling of G..
to adenylate cyclase (40). In an extension of these possibilities,
our finding provides an additional example of cross-regulation
of the stimulatory pathway of adenylate cyclase. However, the
underlying biochemical mechanisms seem to be different, be-
cause adenylate cyclase supersensitivity is not accompanied by
alterations in either the absolute amount or the intrinsic activ-
ity of the components involved.

Our finding also supports the concept of increased excitatory
activity in opioid-tolerant/dependent cells (41), which is man-
ifested as elevated cAMP production upon withdrawal of the
drug (42). As a consequence, this hypothesis would imply that
chronic opioid exposure leads to the establishment of a new
equilibrium within the complex arrangement of intracellular
signaling mechanisms. Such a newly established equilibrium
would easily explain why DADLE-tolerant NG108-15 hybrid
cells do not exhibit significant changes in the regulation of
adenylate cyclase activity (3, 20), although adaptive processes
have taken place within intracellular signaling mechanisms.
Under certain conditions the hidden adaptations may become
evident, for instance in the case where one of the signal trans-
duction pathways involved becomes limited. Therefore, our
experimental approach is suitable for uncovering such discrete
changes in the fine tuning of the stimulatory signal transduc-
tion pathways, which are normally masked under “physiologic
conditions.” In this view, the suggestion of enhanced coupling
efficiency between excitatory PGE, receptors and their associ-
ated stimulatory G proteins represents one possible adaptation
by which cells may respond to prolonged exposure to opioids
and could contribute to the phenomenon of dependence. Never-
theless, the biochemical mechanisms underlying opioid toler-
ance/dependence seem to be more complex, because additional
adaptations have also been observed for inhibitory G proteins.
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