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Abstract
Although it is well-established that G protein-coupled receptor signaling systems can network with
those of tyrosine kinase receptors by several mechanisms, the point(s) of convergence of the two
pathways remains largely undelineated, particularly for opioids. Here we demonstrate that opioid
agonists modulate the activity of the extracellular signal-regulated protein kinase (ERK) in African
green monkey kidney COS-7 cells transiently cotransfected with μ-, δ-, or κ-opioid receptors and
ERK1- or ERK2-containing plasmids. Recombinant proteins in transfected cells were characterized
by binding assay or immunoblotting. On treatment with corresponding μ- ([D-Ala2,Me-Phe4,Gly-
ol5]enkephalin)-, δ-([D-Pen2,D-Pen5]enkephalin)-, or κ- (U69593)-selective opioid agonists, a dose-
dependent, rapid stimulation of ERK1 and ERK2 activity was observed. This activation was inhibited
by specific antagonists, suggesting the involvement of opioid receptors. Pretreatment of cells with
pertussis toxin abolished ERK1 and ERK2 activation by agonists. Cotransfection of cells with
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dominant negative mutant N17-Ras or with a βγ scavenger, CD8-β-adrenergic receptor kinase-C,
suppressed opioid stimulation of ERK1 and ERK2. When epidermal growth factor was used to
activate ERK1, chronic (>2-h) opioid agonist treatment resulted in attenuation of the stimulation by
the growth factor. This inhibition was blocked by the corresponding antagonists and CD8-β-
adrenergic receptor kinase-C cotransfection. These results suggest a mechanism involving Ras and
βγ subunits of Gi/o proteins in opioid agonist activation of ERK1 and ERK2, as well as opioid
modulation of epidermal growth factor-induced ERK activity.
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Opioid receptor; Mitogen-activated protein kinase; Extracellular signal-regulated protein kinase;
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Mitogen-activated protein (MAP) kinases are a family of serine/threonine kinases, which
include extracellular signal-regulated protein kinases (ERKs), JNKs, and p38, that can be
activated by a wide range of extracellular signals (Johnson and Vaillancourt, 1994; Robbins
et al., 1994; Cobb and Goldsmith, 1995; Hawes et al., 1995; Luttrell et al., 1997). MAP kinases
are central intermediates in signal transduction from the cell surface to the cytoplasm and
nucleus (Pelech and Sanghera, 1992; Seth et al., 1992; Avruch et al., 1994; Guan, 1994; Davis,
1995; Waskiewicz and Cooper, 1995). The ERK phosphorylation cascade can be evoked by
growth factors acting through tyrosine kinase receptors and a series of protein-protein
interactions that include the mediation of the GTP binding protein Ras (Dent et al., 1992; Howe
et al., 1992; Lange-Carter et al., 1993; Creedon et al., 1996).

Several distinct mechanisms of activation of the ERK pathway by GTP binding regulatory
protein (G protein)-coupled receptors have recently been discovered. There is evidence to
suggest that the different pathways used to modulate ERK activity may depend on the type of
the G protein (Gi, Gs, or Gq) that is coupled to the activated receptor as well as the type of
signaling systems present in a given cell population (Crespo et al., 1994; Hawes et al., 1995;
Van Biesen et al., 1996). Gi- and Gq-coupled receptors stimulate ERK1 and ERK2 via distinct
signaling pathways and different G protein subunits (Hawes et al., 1995). The βγ dimers
released from Gi on agonist stimulation activate Ras, possibly through phosphatidylinositol 3-
kinase γ in some cells as recently suggested (Lopez-Ilasaca et al., 1997; Luttrell et al., 1997).
Activated Ras stimulates the serine threonine kinase Raf, which then phosphorylates ERK
kinase (MEK), leading to the phosphorylation and activation of both ERK1 (44 kDa) and ERK2
(42 kDa). On the other hand, Gαq acts on phospholipase Cβ resulting in increases in intracellular
Ca2+ concentration and protein kinase C (PKC) activation, which in turn network with the ERK
pathway, at different points of interaction (Ahn et al., 1992; De Vivo and Iyengar, 1994; Crespo
et al., 1995; Hawes et al., 1995). Moreover, cell types appear to play a role in determining the
mechanism of interaction (Van Biesen et al., 1996). In Chinese hamster ovary (CHO) cells,
platelet-activating factor receptors and ml muscarinic receptors activate ERK through pertussis
toxin (PTX)-sensitive, endogenously available Go, and this process is PKC-dependent but Ras-
independent. In contrast, in African green monkey kidney (COS-7) cells, α1-adrenergic and
ml receptors activate ERK via a PTX-insensitive mechanism. Once activated, a fraction of
phosphorylated ERK is translocated into the nucleus where it regulates the activity of various
transcription factors (Johnson and Vaillancourt, 1994; Luttrell et al., 1997). In addition, many
other proteins can be phosphorylated by activated ERK, including other protein kinases,
cytoskeletal proteins, and other enzymes.

Because of their pleiotropic potential, ERK activities are tightly controlled by both positive
and negative mechanisms (Robbins et al., 1993; Cobb and Goldsmith, 1995). In mammals, the
highest levels of ERK mRNA were found in brain and spinal cord (Boulton et al., 1991).
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Recently, the regional distributions of ERK and MEK were reported in brain (Ortiz et al.,
1995). A growing body of evidence suggests that ERK is also modulated by opioids. Chronic
but not acute administration of morphine to rats increased ERK1 catalytic activity specifically
in the ventral tegmental area of the brain (Berhow et al., 1996). ERK2 was stimulated in a μ-
opioid receptor (μ-OR) stably transfected CHO cell line by different opioid agonists (Li and
Chang, 1996). Our understanding of the mechanism by which opioid agonists regulate ERK
activity is rudimentary. In earlier studies on opioid superactivation of adenylyl cyclase, COS-7
cells were also transiently cotransfected with μ-OR and hemagglutinin (HA)-tagged ERK2.
Both acute (5-min) and chronic (4-h) treatment with [D-Ala2,Me-Phe4,Gly-ol5]enkephalin
(DAMGE) stimulated the activity of HA-ERK2, and this activation was completely abolished
by an N17-Ras dominant negative mutant (Avidor-Reiss et al., 1996). Fukuda et al. (1996)
reported that μ, δ, and κ receptors are functionally coupled to ERK2 in stably cotransfected
CHO cell lines. The PTX-sensitive activation of ERK2 in their system was proposed to involve
PKC and a tyrosine protein kinase. Burt et al. (1996) demonstrated that recombinant δ-OR in
Rat-1 fibroblasts was able to initiate activation of ERK1 and ERK2 in a Gi-dependent manner.

Of the MAP kinases, the ERK isozymes have been implicated in cell proliferation. In prior
studies on fetal brain cell aggregates and C6 glioma cell proliferation, activation of μ- and κ-
ORs were shown to modulate DNA synthesis by PTX-insensitive and -sensitive mechanisms,
respectively (Barg et al., 1992, 1993a, 1994). Both κ-opioid stimulation and inhibition of DNA
synthesis were observed depending on the time of culture of fetal brain cell aggregates (Barg
et al., 1993a). Chronic morphine treatment results in the inhibition of C6 cell proliferation. In
spinal cord-dorsal root ganglion cocultures κ-opioid agonists increased thymidine
incorporation into DNA (Barg et al., 1993b). Because ERKs have been implicated in cell
proliferation, the possibility exists that ERK1 and ERK2 may play a role in opioid modulation
of DNA synthesis.

Here we use COS-7 cells transiently cotransfected with κ-, δ-, or μ-OR and ERK1- or HA-
ERK2-containing plasmids. The effects of receptor type-specific agonists on ERK1 or HA-
ERK2 activity were examined in a time- and concentration-dependent manner. Evidence for
the involvement of PTX-sensitive G protein and a Ras/Gβγ -dependent mechanism of opioid
activation of ERK1 and ERK2 is presented. In addition, chronic opioid treatment inhibited
epidermal growth factor (EGF)-induced ERK1 activity.

Experimental Procedures
Chemicals

Chemicals were purchased from Sigma Chemical Co. (St. Louis, MO, U.S.A.) with the
exception of DAMGE, [D-Pen2,D-Pen5]enkephalin (DPDPE), and [3H] DAMGE (37 Ci/mmol)
from Multiple Peptide Systems (San Diego, CA, U.S.A.), [3H]U69593 (56 Ci/mmol) and
[γ-32P]ATP (3,000 Ci/mmol) from Amersham (Arlington Heights, IL, U.S.A.), anti-
phosphorylated ERK antibody (anti-Active MAPK pAb) from Promega (Madison, WI,
U.S.A.), 12CA5 monoclonal antibody from Babco (Berkeley, CA, U.S.A.), EGF (human,
recombinant) from GibcoBRL, Life Technologies (Grand Island, NY, U.S.A.),
norbinalthorphimine (nor-BNI) from RBI (Natick, MA, U.S.A.), and unlabeled U69593, CTAP
(D-Phe-Cys-Tyr-D-Trp-Arg-Thr-Peh-Thr-NH2) and naltrindole from NIDA Drug Supply
(Research Triangle, NC, U.S.A.). We thank Drs. H. Akil (University of Michigan) for μ- and
κ-OR plasmids, J. Baldassare (St. Louis University) for ERK1 in pcDNA-3 vector, C. Evans
(UCLA) for a δ-OR vector, S. Gutkind (National Institutes of Health) for HA-ERK2 in
pPcDNAI AMP, dominant negative mutant N17-Ras in pPcDNAIII, CD8 in pPcDNAI AMP,
and CD8-β-adrenergic receptor kinase-C (CD8-βARK-C) in pPcDNAIII, and G. Toth
(Hungarian Academy of Science) for [3H]naltrindole (44.6 Ci/mmol).
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Cell culture growth and transfection
COS-7 cells were grown at 37°C in a humidified CO2 (5%) incubator in Dulbecco's modified
Eagle's medium and Ham's nutrient mixture F12 containing 10% heat-inactivated calf serum.
Cells were grown in 10-cm-diameter Petri dishes and routinely seeded 24 h before transfection
to achieve 50–60% confluency on the day of transfection. Transfections were performed with
rat μ- or κ-OR cDNA (pCMV-neo expression vector) or mouse δ-OR cDNA (pCI-neo
expression vector) (3–5 μg per dish) in the presence or in the absence of ERK1 cDNA (1–2
μg per dish) in pcDNA-3 vector using the DEAE-dextran method (Avidor-Reiss et al., 1996).
In some experiments, COS-7 cells were cotransfected with either the dominant negative mutant
N17-Ras (2 μg per dish) or a cDNA chimera, designated pcDNA-CD8– βARK-C (2 μg per
dish), which expresses the extracellular and transmembrane domains of CD8 fused to an
intracellular domain containing the carboxyl terminus of βARK (the βγ binding portion)
(Crespo et al., 1995). For ERK2 experiments COS-7 cells were cotransfected with cDNA for
δ-OR and an expression plasmid containing an amino-terminal HA-tagged murine ERK2 (HA-
ERK2) as previously described (Avidor-Reiss et al., 1996).

Binding experiments
Binding studies were performed as described (Belcheva et al., 1993). Cells were harvested 48
h after transfection and homogenized by gentle disruption in a “cell cracker” (Belcheva et al.,
1993). A membrane fraction (P20) was prepared from cell homogenates by sedimenting a
1,000-g supernatant at 20,000 g. A cocktail containing 10 μg/ml leupeptin, 2 μg/ml pepstatin
A, 200 μg/ml bacitracin, and 1 mM phenylmethylsulfonyl fluoride was added to the buffers
used for preparation of this membrane fraction.

ERK assays
ERK1 activity was analyzed using the “in-gel” kinase method of Kameshita and Fujisawa
(1989) with some modifications. In a 24-48-h culture, OR/ERK1 cotransfected cells from each
dish were serum-starved overnight. Cell cultures were then exposed to opioids (agonist with
or without antagonist) in the presence or absence of PTX under conditions described in the
figure legends. In certain experiments, cultures were treated with EGF (100 ng/ml) for 5 min.
Then cells were washed with cold phosphate-buffered saline and lysed with buffer containing
20 mM HEPES, 10 mM EGTA, 40 mM β-glycerophosphate, 2.5 mM MgCl2, 2 mM sodium
vanadate, 1% Nonidet-40, 1 mM phenylmethylsulfonyl fluoride, 20 μg/ml aprotinin, and 20
μg/ml leupeptin as described by Crespo et al. (1995). Lysates were spun at 14,000 g for 20 min
at 4°C, and protein concentration of the supernatants was determined before enzyme assay.
Cell lysates (60–100 μg of protein per lane) were separated by 10% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis. The resolving gels contained 0.5 mg/ml myelin basic
protein (MBP). To remove sodium dodecyl sulfate after electrophoresis, gels were washed
twice with 100 ml of 50 mM Tris-HC1 (pH 8.0) containing 20% isopropyl alcohol for 30 min.
Then a 1-h wash with 50 mM Tris-HCl (pH 8.0) and 5 mM β-mercaptoethanol was followed
by a protein denaturation step with 100 ml of 6 M guanidine chloride (twice, 30 min each).
Finally, the proteins in the gels were renatured with buffer containing 50 mM Tris-HCl (pH
8.0), 5 mM β-mercaptoethanol, and 0.04% Tween 40 for 16 h at 4°C with at least four or five
changes of buffer. Gels were incubated with 40 mM HEPES buffer (pH 8.0) containing 2
mM dithiothreitol and 10 mM MgCl2 at room temperature for 1 h. The kinase assay was
performed by placing the gels in 40 mM HEPES buffer (pH 8.0) containing 0.5 mM EGTA,
10 mM MgCl2, 2 μM protein kinase inhibitor, 40 μM unlabeled ATP, and 50 μCi of [γ-32P]
ATP for 3 h at room temperature. Then gels were rinsed with a solution of 5% trichloroacetic
acid and 1% sodium pyrophosphate to remove noncovalently bound 32P. After drying, gels
were exposed to Kodak BIOMAX MS film for 1–4 h at −70°C.
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ERK2 activity was determined using HA-ERK2 immunoprecipitates of cotransfected COS-7
cells as described (Avidor-Reiss et al., 1996). COS-7 cells were cotransfected with the cDNA
for δ-OR and an expression plasmid containing HA-ERK2 cDNA (Her et al., 1993; Crespo et
al., 1994). Determination of ERK2 activation by opioid treatment was performed 48 h after
transfection. Overnight serum-starved cells were exposed to opioids for the times indicated,
the cells were lysed, and HA-ERK2 was immunoprecipitated using a specific monoclonal
antibody (12CA5) against the HA moiety, followed by application of protein G-Sepharose
beads. The beads were washed three times and incubated for 30 min at 30°C with 45 μg of
MBP and 1 μCi of [γ-32P] ATP in a total volume of 30 μl of kinase reaction buffer (Crespo et
al., 1995). The reaction was terminated by addition of 5× Laemmli buffer, and the mixture was
boiled and separated by polyacrylamide gel electrophoresis. Phosphorylated MBP was
visualized by autoradiography. For details, see Crespo et al. (1994, 1995) and Avidor-Reiss et
al. (1996).

Kinase activity, as expressed by the degree of phosphorylation of MBP, was quantified using
the Phosphorlmager (Molecular Dynamics) and Image Quant software. Background values
were subtracted from the values determined for each band. Observed density changes are
expressed as percentages of control values, which were taken as 100%.

Immunoblot analysis
COS-7 cells cotransfected with ERK1 and μ- or κ-receptor cDNA were lysed, and lysate
proteins were separated by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (4
μg protein per lane). Proteins were blotted on an ImmobilonP membrane, and immediately
after transfer, the membrane was incubated with 3% H2O2 for 15 min. Nonspecific sites were
blocked with 1% casein in Tris-buffered saline plus 0.2% Tween-20. The blot was then washed
three times with Tris-buffered saline plus 0.2% Tween-20 and incubated with anti-
phosphorylated ERK antibody diluted 1:20,000 in Tris-buffered saline plus 0.2% Tween-20
for 1 h at room temperature. After five washes with Tris-buffered saline plus 0.2% Tween-20
blots were incubated with 1:5,000 diluted goat anti-rabbit horseradish peroxidase-conjugated
IgG for 1 h. Bands were visualized with a chemi-luminescence detection system.

Protein assays
Protein concentrations were determined by the method of Bradford (1976) with bovine serum
albumin as the standard.

Statistical analysis
Data analyses were performed using ANOVA, Bartlett's test for homogeneity of variance, and/
or post hoc Tukey-Kramer multiple comparisons test.

Results
Binding and ERK1 activity assays in OR/ERK1 transfected COS-7 cells

Cultures were cotransfected with μ-, δ-, or κ-OR and ERK1 cDNA-containing plasmids. High-
affinity μ (DAMGE; KD = 1.5 ± 0.3 nM; Bmax = 854–1,070 fmol/mg of protein), δ (naltrindole;
KD = 0.7 ± 0.4 nM; Bmax = 1,275–2,313 fmol/mg of protein), or κ (U69593; KD = 3.3 ± 0.3
nM; Bmax = 823–2,341 fmol/mg of protein) binding was detected in the corresponding
transfected lines. Binding was not detected in the parental line. 125I-β-Endorphin cross-linking
experiments with all three types of recombinant receptors in COS-7 cells corroborated the
binding data (Belcheva et al., 1996 and manuscript in preparation).

ERK1 activity was measured by “in-gel” kinase analyses using MBP as a substrate, and several
protein kinases were detected in COS-7 cell lysates (Fig. 1A). Assignment of the 44-kDa band
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to ERK1 is consistent with previous molecular size data (Robbins et al., 1993;Cobb and
Goldsmith, 1995) and was confirmed by immunoblotting (Fig. 1B). Activated ERK was
detected by a polyclonal antibody that interacts preferentially with the phosphorylated form of
this enzyme. The presence of significantly higher ERK1 activity in DAMGE (1 μM)-stimulated
μ-OR/ERKl cotransfected cells is demonstrated in Fig. 1A. Nontransfected cultures or cells
transfected only with the OR or ERK1 cDNA alone served as negative controls in this
experiment. DAMGE treatment of the cells did not affect the activity of the other four kinases
detected in the gel (Fig. 1A).

Time- and concentration-dependent stimulation of ERK1 and ERK2 activity by opioid
agonists

Time course studies for ERK1 activation were performed with DAMGE in μ-OR transfected
cells or with U69593 in κ-OR transfected cells. Similarly, ERK2 activity was determined after
different intervals of DPDPE exposure in δ-OR transfected COS-7 cells. Agonist-induced
ERK1 and ERK2 stimulation was time-dependent, with a maximal effect observed at 5–10
min, which persisted for 30–60 min and decreased during the next 4–48 h of exposure (Fig.
2).

Based on the time course study, all subsequent experiments testing the effects of opioid agonists
on ERK1 activity were performed by incubating the transfected cell cultures for 5–10 min with
increasing concentrations of either DAMGE or U69593. Concentration-dependent stimulation
of ERK1 activity is shown for μ- (Fig. 3A) and κ-OR (Fig. 3B). At concentrations as low as
10 nM opioid agonist, an appreciable enhancement of enzyme activity was observed. At the
two highest concentrations tested (5–10 μM), the DAMGE induction plateaued at fourfold
augmentation, whereas at the same concentrations, U69593 reached a maximal threefold
induction of ERK1 activity (Fig. 3A and B). The δ-selective agonist DPDPE induced dose-
dependent activation of HA-ERK2 as measured by the immunoprecipitation method (Fig. 3C).
DPDPE stimulated HA-ERK2 activity at concentrations as low as 0.1 nM, and a fivefold
maximal induction (using 0.1 and 1 μM DPDPE) was observed in these experiments.

PTX and receptor type-specific opioid antagonists abolish ERK1 and ERK2 stimulation by
opioid agonists

When OR/ERK1 cotransfected cells were preincubated with a μ- (CTAP), κ- (nor-BNI), or δ-
(naltrindole) selective antagonist before treatment with the corresponding agonists, a
significant reduction in the stimulation of ERK1 activity was observed (Fig. 4). Similar
antagonism was observed for δ-opioid activation of HA-ERK2 (Fig. 5). These results, along
with the evidence for discrete OR transfection by binding assay, confirm the mediation of
ERK1 and ERK2 stimulation by μ-, δ-, or κ-OR. Activation of ERK1 by DPDPE (Fig. 4C) was
comparable to the effect of this (δ-opioid agonist on ERK2 as described above (Fig. 3C).

To investigate the role of G proteins in the activation of the ERK pathway by opioids,
cotransfected cultures were pretreated with 100 ng/ml PTX in serum-free medium at least 8 h
before exposure to opioid agonists. This concentration of PTX effectively ADP-ribosylates
and inactivates Gi and Go proteins in COS-7 cells (Crespo et al., 1994). On PTX treatment, μ-,
δ-, and κ-opioid agonist-stimulated ERK1 and δ-induced HA-ERK2 activities were reduced to
control levels (Figs. 4 and 5). This finding implies the involvement of G proteins, presumably
Gi/o, in the enzyme activation process.

Effect of a Gβγ scavenger and dominant negative mutant N17-Ras on ERK1 and ERK2 activity
To determine the role of Ras in opioid agonist-induced ERK activation, OR/ERK transfected
cells were cotransfected with cDNA encoding N17-Ras, which is a dominant inhibitory mutant.
The results show that opioid agonist-induced ERK1 and ERK2 activation was significantly
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attenuated by N17-Ras (Figs. 5 and 6), suggesting that opioid agonists acting via their receptors
modulate ERK1 and ERK2 by a Ras-dependent pathway. As a positive control, we tested EGF
stimulation of ERK1 activity in the absence and presence of N17-Ras (Fig. 6).

The involvement of Gβγ in ERK1 and ERK2 stimulation was studied with cultures
cotransfected with the cDNA of CD8– βARK-C, a fusion plasmid that carries the carboxyl
terminus of βARK (the βγ binding portion) and the amino terminus of CD8 (which allows
anchoring to the membrane). The presence of this scavenger of βγ dimers abolished ERK
activity induced by the corresponding opioid agonists, whereas the CD8 fragment by itself had
no effect (Figs. 5 and 7). Previous immunofluorescence analysis of intact transfected COS-7
cells revealed that both CD8 and the CD8– βARK-C chimera were efficiently expressed and
that CD8– βARK-C abolished the activation of MAP kinase by β-adrenergic and muscarinic
receptor agonists (Crespo et al., 1994,1995;Coso et al., 1996).

Opioids inhibit EGF stimulation of ERK1 activity by a mechanism that requires the presence
of Gβγ

In previous studies of primary brain cultures and C6 glioma cells, chronic opioid treatment
resulted in the attenuation of mitogen-mediated DNA synthesis and cell proliferation (Barg et
al., 1992, 1993a, 1994). As seen in Fig. 2, chronic (>60-min) opioid treatment of transfected
COS-7 cells leads to a reduction of ERK activation when compared with the acute (10-min)
opioid effect. To investigate the mechanism further, we studied the effect of opioid agonists
on EGF activation of ERK1. For this purpose, μ- or κ-OR and ERK1 transfected COS-7 cells
were treated with 1 μM DAMGE or U69593, respectively, for different intervals (0, 2, 24, and
48 h), and then the cultures were exposed to EGF (100 ng/ml) for 5 min. As shown in Fig. 8,
the two opioid agonists induced a significant inhibition of EGF-stimulated ERK1 activity at
the 2- and 24-h time points. The 2-h opioid agonist effects were reversed by the antagonists
CTAP for μ and nor-BNI for κ (data not shown).

The inhibitory effect of chronic (2-h) κ- but not μ-opioid exposure was sensitive to the presence
of PTX (Fig. 9). This finding again implies the involvement of G proteins, presumably Gi/o,
at least for the κ-opioid action. However, reversal of both μ- and κ-agonist actions by CD8–
βARK-C (Fig. 9) suggests that the presence of βγ subunits is required as seen for μ- and κ-
opioid-mediated activation of ERK (Fig. 7). In addition as a negative control, we show that
EGF stimulation of ERK1 activity is not affected by the presence of CD8– βARK-C (Fig. 9).
These results demonstrate cross-talk between the Gi/o-coupled ORs and EGF tyrosine kinase
signaling pathways.

Discussion
Here we examined the mechanism of opioid regulation of ERK1 and ERK2 in COS-7 cells
and demonstrated that these members of the MAP kinase family are downstream components
of the signal transduction cascade of μ-, δ-, and κ-ORs. Although opioid activation of ERK
isozyme activity has been detected both in vivo and in vitro, previous in vitro investigations
have focused on opioid activation of ERK2 activity (Ortiz et al., 1995; Avidor-Reiss et al.,
1996; Berhow et al., 1996; Burt et al., 1996; Fukuda et al., 1996; Li and Chang, 1996).
Nevertheless, ERK1 differs from ERK2 in some properties (Robbins et al., 1994; Cobb and
Goldsmith, 1995). Moreover, we have now provided evidence to implicate Gβγ in opioid
regulation of ERK1 and ERK2 activity and demonstrated that chronic opioid exposure
modulates ERK activation by EGF.

The results obtained here show that the μ-, δ-, and κ-agonists DAMGE, DPDPE, and U69593,
respectively, can rapidly stimulate ERK1 and ERK2 activity in μ-, δ-, or κ-OR (respectively)
cotransfected COS-7 cells. This activation is ligand concentration-dependent and is reduced
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to control levels by preincubation of the cells with receptor type-specific antagonists,
suggesting an OR-mediated process. Furthermore, opioid agonists stimulate ERK1 and ERK2
activity via ORs that are coupled to PTX-sensitive G proteins. There is evidence to suggest
that βγ subunits are involved in the stimulation of ERK by other Gi-coupled receptors (Crespo
et al., 1994; Koch et al., 1994). The results of this study with CD8– βARK-C and the Ras
dominant negative mutant N17-Ras suggest that opioid stimulation of ERK1 and ERK2 activity
is mediated by βγ subunits of PTX-sensitive heterotrimeric G proteins and is Ras dependent.
Although it has been shown that Ras controls the activity of ERKs, recent data support a role
for Ras and Racl in the regulation of JNK activity as well (Coso et al., 1996). Therefore, it can
be concluded that βγ heterodimers provide a link between cell surface receptors coupled to
PTX-sensitive heterotrimeric G proteins and small GTP-binding proteins.

Previously we established that chronic opioid treatment affects cell proliferation in various
types of primary neural cultures. DNA synthesis in both 14-day brain cell aggregates (Barg et
al., 1993a) and spinal cord–dorsal root ganglion cocultures (Barg et al., 1993b) was stimulated
by opioid agonists via a PTX-sensitive mechanism. Because ERK1 and ERK2 are known to
mediate the mitogenic actions of growth factors (Robbins et al., 1994), it is possible that these
MAP kinases are involved in this pathway. Although the results presented here were performed
with OR and ERK transfected COS-7 cells, they are relevant to the above-mentioned primary
neural cells that normally express ORs.

In this study, conditions under which chronic opioid treatment attenuated mitogen-mediated
cell proliferation and DNA synthesis, as observed in early stages of fetal brain cell aggregate
and C6 glioma cells (Barg et al., 1992, 1993a, 1994), were also investigated. As COS-7 cells
are known to respond to EGF, we investigated the effect of chronic opioid treatment on the
activation of ERK 1 by this growth factor. Preincubation of μ- / κ-OR and ERK1 transfected
cell cultures with corresponding agonists for 2 and 24 h inhibited EGF stimulation of ERK-1
activity. Moreover, this chronic treatment with μ- and κ-opioids inhibits EGF-induced ERK1
activation via βγ subunits akin to the mechanism of acute opioid stimulatory action on ERK in
this system. The unique PTX insensitivity of the chronic μ-opioid action seen here is
reminiscent of that observed for μ but not κ agonists in fetal brain cell aggregates (Barg et al.,
1992) and in rat C6 glioma cells (Barg et al., 1994). Antagonist blockade indicates the
involvement of μ- and κ-ORs in this inhibitory effect.

These results complement findings showing that the EGF receptor is rapidly phosphorylated
on treatment of Rat-1 cells with one of several different agonists of G protein-coupled receptors
(Daub et al., 1996). In COS-7 cells, this process was shown to be Src-dependent and to involve
Shc (Luttrell et al., 1997). Taken together, the data suggest a role of tyrosine kinase receptors
and associated nonreceptor tyrosine kinases (Src) as downstream mediators of G protein-
coupled mitogenic signaling via βγ subunits. Interactions with both acute and chronic opioid
systems then may elicit a ligand-independent tyrosine kinase receptor activation that positively
affects the MAP kinase cascade. Alternatively, chronic opioid actions may elicit a
desensitization of a tyrosine kinase receptor or nonreceptor tyrosine kinase that attenuates
ligand-dependent stimulation (Daub et al., 1996; Luttrell et al., 1997). Because the MAP kinase
phosphorylation cascade has the potential to be feedback-regulated, yet another possibility is
that ERK itself can become overactivated and phosphorylate an upstream element to attenuate
the signal (Davis, 1995). Opioid activation of ERK in the absence of EGF also declines after
2 h (see autoradiograms in Fig. 8), suggesting possible desensitization of the G protein-coupled
receptor system as well. In fact, opioid receptor levels may be down-regulated under these
conditions. Subsequently (24–48 h), an increase in ERK levels may ensue to explain the
rebound seen (Fig. 8). Elucidation of the PTX-sensitive and -insensitive mechanisms of
convergence of opioid and tyrosine kinase receptor pathways will allow the development of
new strategies to modulate cell proliferation.
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Abbreviations used
βARK  

β-adrenergic receptor kinase

CHO  
Chinese hamster ovary

COS  
African green monkey kidney

DAMGE  
[D-Ala2,Me-Phe4,Gly-ol5]enkephalin

DPDPE  
[D-Pen2,D-Pen5]enkephalin

EGF  
epidermal growth factor

ERK  
extracellular signal-regulated protein kinase

G protein  
GTP binding regulatory protein

HA  
hemagglutinin

MAP  
mitogen-activated protein

MBP  
myelin basic protein

MEK  
extracellular signal-regulated protein kinase kinase

nor-BNI  
norbinalthorphimine

OR  
opioid receptor

PKC  
protein kinase C
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PTX  
pertussis toxin
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FIG. 1.
A: Stimulation of ERK1 activity by μ-opioid agonist. COS-7 cells transiently cotransfected
with μ-OR with or without ERK1 cDNA were treated with 1 μM DAMGE for 10 min, and cell
lysates were tested for ERK1 activity using the “in gel” assay as described in Experimental
Procedures. A representative autoradiogram is shown with a band corresponding to ERK1 (44
kDa) and higher-molecular-mass kinases. B: Immunoblot analysis of activated ERK. In lanes
1–3 COS-7 cells were cotransfected with μ-OR and ERK1 cDNA: lane 1, nonstimulated cells;
lane 2, cells treated with 1 μM DAMGE; and lane 3, serum-stimulated cells. In lanes 4–6 COS-7
cells were cotransfected with κ-OR and ERK1 cDNA: lane 4, nonstimulated cells; lane 5, cells
treated with 1 μM U69593; and lane 6, serum-stimulated cells. These experiments were
repeated twice.
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FIG. 2.
Time-dependent stimulation of ERK1 and ERK2 activity by opioid agonists. COS-7 cells were
cotransfected with μ- (A) or κ-OR (B) and ERK1 cDNA or δ-OR (C) and HA-ERK2 and treated
with either 1 μM DAMGE (μ), 1 μM U69593 (κ), or 0.1 μM DPDPE (δ) for different intervals.
Top: Representative autoradiograms show the phosphorylated MBP bands. Bottom:
Quantification of ERK1 or HA-ERK2 activity. These experiments were repeated three times.
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FIG. 3.
Concentration-dependent stimulation of ERK1 and ERK2 activity by opioid agonists. COS-7
cells were cotransfected with μ-, κ-, or δ-OR and ERK1 or ERK2 cDNA and treated with
different concentrations of (A) DAMGE (μ) or (B) U69593 (κ) for 10 min and (C) DPDPE
(δ) for 5 min. Top: Representative autoradiograms show the phosphorylated MBP bands.
Bottom: Quantification of ERK1 and ERK2 activity. Data are mean ± SEM (bars) values from
three or four experiments. Basal levels are different from all agonist-treated cell values: p <
0.05.
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FIG. 4.
Inhibition of opioid agonist-induced ERK1 activity by PTX or antagonist. COS-7 cells were
cotransfected with μ- or κ-OR and ERK1 cDNA and pretreated for 8 h with PTX (100 ng/ml)
or for 1 h with (A) 1 μM CTAP (μ) before enzyme stimulation with DAMGE (100 nM), (B) 1
μM nor-BNI (κ) before enzyme stimulation with U69593 (100 nM), or (C) 1 μM naltrindole
(NTI; δ) before enzyme stimulation with DPDPE (100 nM). ERK1 was stimulated with agonist
for 10 min. Top: Representative autoradiograms show the phosphorylated MBP bands.
Bottom: Quantification of ERK1 activity. Data are mean ± SEM (bars) values from two or
three experiments. Significantly different from control and all other values: *p < 0.06.
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FIG. 5.
HA-ERK2 activation by a δ-agonist is PTX-sensitive and is abolished by a βγ scavenger and
a Ras dominant negative mutant. COS-7 cells were cotransfected with cDNAs encoding HA-
ERK2 and δ-OR and as indicated with CD8, CD8-βARK-C, and the dominant negative mutant
N17-Ras. Cells were exposed to 1 μM DPDPE for 5 min. PTX, cells were pretreated for 18 h
with 100 ng/ml PTX; NTI, the antagonist naltrindole (1 μM) was added 2 min before DPDPE.
Data are mean ± SEM (bars) values of three experiments. Significantly different from control
(not treated with DPDPE): *p < 0.001. Significantly different from DPDPE-stimulated CD8
cotransfected cells: *p < 0.001.
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FIG. 6.
ERK1 activation by opioid agonists is attenuated by a Ras dominant negative mutant. COS-7
cells were cotransfected with cDNAs encoding ERK1, μ- or κ-OR, and the dominant negative
mutant N17-Ras. Cells were exposed either to EGF (100 ng/ml) for 5 min or to the
corresponding opioid ligand at 1 μM for 10 min. Top: Representative autoradiograms show
the phosphorylated MBP bands for (A) μ- or (B) κ-opioid ligands. Bottom: Quantification of
ERK1 activity. Data are mean ± SEM (bars) values from three to five experiments. Significantly
different from ERK activation in the absence of Ras: *p < 0.05.
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FIG. 7.
Inhibition of κ- and μ-agonist-stimulated ERK1 activity by Gβγ sequestration. COS-7 cells were
cotransfected with cDNA encoding (A) μ- or (B) κ-OR, ERK1, and CD8 or CD8– βARK-C.
Cells were then treated with either 0.1 μM DAMGE (μ) or 0.1 μM U69593 (κ) for 10 min before
determination of ERK1 activity. Top: Representative autoradiograms showing phosphorylated
MBP bands. Bottom: Quantification of ERK1 activity. Data are mean ± SEM (bars) values
from two or three experiments. Significantly different from ERK activation by agonist with or
without CD8: *p < 0.05.
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FIG. 8.
Time-dependent inhibition of EGF activation of ERK1 by chronic opioid agonist treatment.
COS-7 cells were cotransfected with (A) μ- or (B) κ-OR and ERK1 cDNA and treated with
either 1 μM DAMGE (μ) or 1 μM U69593 (κ) for different intervals, and then cells were exposed
to EGF (100 ng/ml) for 5 min. Top: Representative autoradiograms show the phosphorylated
MBP bands. Time signifies the interval of opioid exposure. Bottom: Quantification of ERK1
activity after pretreatment of cells with opioids for different intervals and addition of EGF for
5 min. Data are mean ± SEM (bars) values from three to five experiments. Significantly
different from EGF alone: *p < 0.05.
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FIG. 9.
Opioid inhibition of EGF-induced ERK1 activity requires the presence of Gβγ. COS-7 cells
were cotransfected with (A) μ- or (B) κ-OR and ERK1 cDNA in the presence or absence of
CD8 or CD8– βARK-C cDNA. Some cultures were grown in the presence of PTX (100 ng/
ml) for at least 15 h before treatment with 1 μM DAMGE (μ) or 1 μM U69593 (κ) for 2 h.
ERK1 activity was stimulated with EGF (100 ng/ml) for 5 min. Top: Representative
autoradiograms show the phosphorylated MBP bands. Time signifies the interval of opioid
exposure. Bottom: Quantification of ERK1 activity after opioid and EGF treatment. Data are
mean ± SEM (bars) values from two or three experiments. Significantly different from EGF
alone: *p < 0.05.
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