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ABSTRACT

Astroglia are a principal target of long-term p antiproliferative
actions. The mitogen-activated protein (MAP) kinase known as
extracellular signal-regulated kinase (ERK), is a key mediator of
cell proliferation. In studies on the mechanism of short- and long-
term p opioid regulation of the ERK signaling pathway, we show
that the p opioid agonist [p-Ala®,N-Me-Phe*,Gly®-ol]-enkephalin
(DAMGO), acting via the endogenous w opioid receptor (MOR),
induced sequential epidermal growth factor receptor (EGF) recep-
tor (EGFR) Tyr phosphorylation, Ser phosphorylation, and down-
regulation in immortalized rat cortical astrocytes. The short-term
action of DAMGO resulted in the stimulation of ERK phosphory-
lation. 4(3-Chlorophenylamino)-6,7-dimethoxyquinazoline (Tyr-
phostin AG1478), a selective inhibitor of EGFR Tyr kinase activity,
blocked EGFR and ERK activation by short-term DAMGO admin-
istration, implicating EGFR transactivation in its stimulation of ERK
activity. Inhibitors of matrix metalloproteinases attenuated MOR-
mediated ERK phosphorylation, suggesting that shedding of EGF-

like ligands from the plasma membrane may be involved in the
EGFR transactivation process. Prolonged DAMGO exposure in-
duced EGFR internalization/down-regulation, did not activate
ERK, and inhibited exogenous EGF-stimulated ERK phosphory-
lation. MOR-mediated EGFR down-regulation seems to be MAP
kinase-dependent, because it was inhibited by the ERK kinase
inhibitor 1,4-diamino-2,3-dicyano-1,4-bis(2-aminophenylthio)
butadiene (U0126), and tyrphostin AG1478. The k opioid agonist
(5a,7a,8B)-(—)-N-methyl-N-(7-(1-pyrrolidinyl)-1-oxaspiro(4,5)dec-
8-yl) benzeneacetamide (U69,593) induced Tyr and Ser phosphor-
ylation of EGFR and activation of ERK. However, long-term appli-
cation of U69,593 neither down-regulated EGFR nor inhibited
EGF-induced ERK activation. Instead, it engendered a sustained
activation of ERK. Collectively, our data suggest that long-term
application of DAMGO initiates heterologous down-regulation of
EGFR via a mechanism involving ERK in astrocytes.

GPCR signaling to ERK can vary considerably, and cell-
type specificity is one of the determinants of this diversity.
Thus, GPCR and growth factor receptor signaling can con-
verge at several different points to achieve activation of the
MAP kinase known as ERK. It has been reported that GPCR
signaling to ERK can occur via endogenous agonist-induced
Tyr phosphorylation of the growth factor receptor itself
(Daub et al., 1996; Eguchi et al., 1996; Belcheva et al., 2001).
This mechanism is cell-type specific. For example, lysophos-
phatidic acid stimulation of ERK phosphorylation is EGFR
transactivation-dependent in Rat-1 but not PC-12 cells (Della
Rocca et al., 1999). MOR mediates EGFR transactivation-
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independent and dependent signaling to ERK in human em-
bryonic kidney 293 cells (Belcheva et al., 2001). The EGFR
transactivation-dependent pathway required calmodulin
binding to MOR.

RTK transactivation seems to occur via membrane-bound
metalloproteinase (matrix metalloproteinases/metallopro-
teinases with a disintegrin domain), that are involved in
processing of EGF-like precursor molecules anchored on the
cell surface (Prenzel et al., 1999; Yan et al., 2002). In some
pathways, PKC and/or Src may activate metalloproteinases
(Pierce et al., 2001). A similar EGFR transactivation mech-
anism involving an autocrine metalloproteinase-dependent
release of heparin-binding EGF resulting from insulin-like
growth factor stimulation has been reported (Roudabush et
al., 2000). Transactivation of other RTKs occurs via GPCR

ABBREVIATIONS: GPCR, G protein-coupled receptor; ERK, extracellular signal-regulated kinase; MAP, mitogen activated protein; EGF,
epidermal growth factor; EGFR, epidermal growth factor receptor; MEK, extracellular signal-regulated kinase kinase; MOR n. opioid receptor; RTK,
receptor tyrosine kinase; PKC, protein kinase C; PDGFR, platelet-derived growth factor receptor; FGF, fibroblast growth factor; GFAP, glial
fibrillary acidic protein; DAMGO, [p-Ala?,N-Me-Phe?,Gly®-ol]-enkephalin; CTAP, p-Phe-Cys-Trp-Arg-Thr-Pen-Thr-NH,; U69,593, (5a,7a,88)-(—)-
N-methyl-N-(7-(1-pyrrolidinyl)-1-oxaspiro(4,5)dec-8-yl) benzeneacetamide; nor-BNI, nor-binalthorphimine; DMEM, Dulbecco’s modified Eagle’s
medium; KOR, « opioid receptor; TBST, Tris-buffered saline + 0.2% Tween 20; HRP, horseradish peroxidase; tyrphostin AG1478, 4(3-
chlorophenyamino)-6,7-dimethoxyquinazoline; U0126, 1,4-diamino-2,3-dicyano-1,4-bis(2-aminophenylthio)butadiene; PTX, pertussis toxin.
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signaling. These include angiotensin-induced PDGFR Tyr
phosphorylation (Linseman et al., 1995) in vascular smooth
muscle cells, lysophosphatidic acid-stimulated PDGFR Tyr
phosphorylation in L cells by a PKC-independent mechanism
(Herrlich et al., 1998), and p opioid-stimulated FGFR phos-
phorylation in rat C6 glioma cells (Belcheva et al., 2002). In
these studies, blockade of RTK Tyr phosphorylation results
in attenuation of opioid-induced ERK phosphorylation. The
mechanism of transactivation of PDGFR and FGFR has not
been characterized to the extent that it has been for EGFR,
although evidence for a metalloproteinase requirement has
been obtained in p and k opioid-induced ERK phosphoryla-
tion studies in C6 cells (Belcheva et al., 2002).

The integral role of RTKs in short-term w and « opioid
agonist-induced activation of ERK raises the question of
their possible involvement in the negative regulation of ERK
by long-term application of opioid agonists. Treatment with
or k opioid agonists for 2 h or longer attenuated exogenous
EGF-induced ERK activation in OR overexpressing COS-7
cells (Belcheva et al., 1998). Although short-term adminis-
tration of u and « opioids activate ERK via a PTX-sensitive G
protein, PTX insensitivity of the long-term p (but not «)
action was observed. Furthermore, the PTX-insensitive G
proteins G, and G;,, can transduce long-term wp but not «
opioid inhibition of EGF-stimulated ERK in COS-7 cells,
suggesting differences in the two opioid pathways (Belcheva
et al., 2000). Different signal transduction mechanisms
mediated by endogenous KOR and MOR were also ob-
served in C6 cells grown under conditions in which they
express an astrocytic phenotype (Bohn et al., 2000a,b).
Long-term administration of u agonists inhibited short-
term k opioid agonist- and endothelin-stimulated ERK
phosphorylation and DNA synthesis. However, long-term ad-
ministration of k opioid had no effect on mitogen-stimulated
ERK phosphorylation.

To examine the role of RTKs in the mechanism of regula-
tion of ERK phosphorylation by opioids, we chose astrocytes
as our model system. Astrocytes are known to express u, 6,
and « opioid receptors and to respond to opioid agonists by
decreasing or increasing proliferation in vivo and in vitro
(Eriksson et al.,, 1991; Stiene-Martin and Hauser, 1991;
Ruzicka et al., 1995; Stiene-Martin et al., 2001). Astrocytes
also express EGF, FGF, and their receptors (Finklestein et
al., 1988; Nieto-Sampedro et al., 1988; Kornblum et al.,
1998). When morphine, a u agonist, is administered to mice,
it significantly reduces the number of striatal BrdU-labeled
GFAP(+) cells compared with controls (Stiene-Martin et al.,
2001). Long-term administration of morphine to rats en-
hanced levels of GFAP and phosphorylated ERK in the ven-
tral tegmental area (Beitner-Johnson et al., 1993; Berhow et
al., 1996). In addition, antiproliferative actions of morphine
in cerebellar neuroblasts were reversed by heparin-EGF, a
form of the growth factor that enhanced proliferation of neu-
roblasts and has been implicated in GPCR-induced EGFR
transactivation that results in ERK activation (Opanashuk
and Hauser, 1998). EGF and FGF are essential growth fac-
tors for astrocyte development in perinatal brain and in adult
neural progenitor cell differentiation to astrocytes (Korn-
blum et al., 1998; Learish et al., 2000). Both growth factors
promote proliferation of adult neural stem cells (Learish et
al., 2000; Doetsch et al., 2002). Moreover, adult neural pro-
genitor cells may have an astrocytic lineage, and astrocytes

play an important role in neurogenesis in adult brain
(Doetsch et al., 1999, 2002; Song et al., 2002). Opioids regu-
late the proliferation of EGF- and FGF-regulated adult neu-
ral progenitor cells via MOR-mediated ERK activation (Per-
sson et al., 2003) and long-term morphine inhibits their
neurogenesis in vivo (Eisch et al., 2000).

Here we correlated opioid regulation of EGFR activation
and down-regulation with ERK phosphorylation in rat astro-
cytes. The focus of this study is the mechanism of action of
long-term p and « opioid agonists on ERK phosphorylation.

Materials and Methods

Reagents. Chemicals were purchased from Sigma Chemical Co.
(St. Louis, MO) with the following exceptions: DAMGO trifluoroac-
etate and CTAP were obtained from Multiple Peptide Systems (San
Diego, CA); U69,593 from the National Institute on Drug Abuse
Drug Supply (Research Triangle, NC); nor-BNI was from RBI/Sigma
(Natick, MA); EGF (human, recombinant) was from Invitrogen
(Carlsbad, CA); tyrphostin AG1478 was from Calbiochem (La Jolla,
CA); ilomastat from Chemicon (Temecula, CA); Protein G Plus Aga-
rose suspension was from Oncogene Research Products (San Diego,
CA); DMEM and fetal bovine serum were from the American Type
Culture Collection (Manassas, VA). Anti-phospho ERK antibody and
anti-phospho-Tyr antibody (P-Tyr-100, mouse monoclonal) were pur-
chased from Cell Signaling Technology (Beverly, MA); anti-ERK
antibody and anti-EGFR antibody (sheep polyclonal) were purchased
from Upstate Biotechnology (Lake Placid, NY); and anti-phospho-
serine antibody was purchased from Zymed Laboratories (South San
Francisco, CA).

Cell Cultures. Rat cortical astrocytes (CTX TNA2; American
Type Culture Collection), were established from cultures of primary
type 1 astrocytes from 1-day-old rat brain frontal cortex. The cul-
tures were originally transfected with a DNA construct containing
the oncogenic early region of simian virus 40 under the transcrip-
tional control of human GFAP promoter (Radany et al., 1992). The
astrocytes have the phenotypic characteristics of type 1. This cell line
was maintained in DMEM + 10% fetal bovine serum. For all exper-
iments, early passage (2-6) cells were grown in six-well plates at
least overnight to adhere well to the plate surface, and optimal
starvation was achieved in DMEM containing no serum for 24 h. In
all assays, agonists, antagonists, or inhibitors were delivered in
serum-free media.

Transient Transfections. In some cases, cultures were trans-
fected with pcDNA3 (for mock transfections), rat MOR or KOR ¢cDNA
(pCMV-neo expression vector) using FuGENE 6 transfection reagent
following the manufacturer’s instructions and using 1 ug of cDNA
and 3 pl of transfection reagent. After 24 to 48 h of incubation,
transfection media was replaced with serum-free media for an addi-
tional 24 h. The efficiency of transfection was determined to be 9 *
1% (n = 6) by in situ identification of cells expressing p-galactosi-
dase. Negative controls included untransfected and mock-trans-
fected cells.

ERK Assays. ERK phosphorylation was measured by immuno-
blotting as described previously (Belcheva et al., 2001). Briefly, cul-
tures were pretreated with different inhibitors, followed by DAMGO,
U69,593, or EGF addition as described in the figure legends. Cells
were then washed with cold phosphate-buffered saline and lysed
with buffer containing 20 mM HEPES, 10 mM EGTA, 40 mM B-glyc-
erophosphate, 2.5 mM MgCl,, 2 mM sodium vanadate, 1% Nonidet-
40, 1 mM phenylmethylsulfonyl fluoride, 20 ug/ml aprotinin, and 20
ng/ml leupeptin. Lysates were spun at 14,000g for 20 min at 4°C and
protein concentration of the supernatants was determined. Cell ly-
sates (15—20 pg protein/lane) were separated by 10% SDS-polyacryl-
amide gel electrophoresis. Proteins were blotted on Immobilon P
polyvinylidene difluoride membranes (Millipore, Bedford, MA). Non-
specific sites were blocked with 5% milk in Tris-buffered saline +
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0.2% Tween 20 (TBST). Blots were then washed three times with
TBST and incubated with anti-phospho-ERK antibody diluted
1:2000 in TBST for at least 15 h at 4°C. After three washes with
TBST, blots were incubated with 1:2000 diluted goat anti-mouse—
HRP-conjugated IgG (Sigma, St. Louis, MO) for 1 h at room temper-
ature. For assurance of equivalent total ERK protein per lane, rep-
resentative blots were stripped (0.2 M glycine, pH 2.5, 60 min at
room temperature) and exposed to antibodies for ERK, followed by
goat anti-rabbit-HRP conjugated IgG. Bands were visualized using
an ECL chemiluminescence detection system from Amersham Bio-
sciences (Piscataway, NJ) and exposure to Classic Blue sensitive
X-ray film (Molecular Technologies, St. Louis, MO). Band intensities
were determined by densitometric analysis using a Kodak DC120

1 Opioid Regulation of EGFR Levels and ERK Activity 1393
1.2-megapixel digital camera, Kodak ds 1D version 3.0.2 software
(Kodak Scientific Imaging Systems, New Haven, CT) and Scion
Image software (Scion Corp., Frederick, MD).

EGFR Immunoprecipitation and Immunoblotting. Cells
were serum-starved for 24 h and treated with DAMGO, U69,593 (0.1
uM, 5-10 min), or EGF (0.1 pug/ml, 5 min). In some experiments, cells
were pretreated with AG1478 (0.1 uM) and then exposed to opioid
agonist (0.1 uM, 5-10 min). Cultures were lysed as described previ-
ously (Belcheva et al., 2001) by using a modified radioimmunopre-
cipitation assay buffer containing: 50 mM Tris-HCI, pH 7.4, 1%
Nonidet P40, 0.25% sodium deoxycholate, 150 mM NaCl, 1 mM
EGTA, 1 mM phenylmethylsulfonyl fluoride, 1 ug/ml leupeptin, 1
png/ml aprotinin, 1 mM Na;VO,, and 1 mM NaF. Cell lysates of 0.5 to
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1.0 mg of protein (diluted to ~1 ug/ul) were used. EGFR was immu-
noprecipitated by adding 5 to 10 ug of a sheep polyclonal anti-EGFR
antibody (Upstate Biotechnology, Lake Placid, NY) to the lysates and
incubating overnight at 4°C. This step was followed by addition of a
50-ul suspension of protein G plus Sepharose beads per sample and
incubation for 2 h at 4°C. Beads were washed three times with
phosphate-buffered saline, resuspended in SDS loading buffer, and
boiled for 5 min before SDS-polyacrylamide gel electrophoresis. Pro-
teins were blotted on Immobilon P polyvinylidene difluoride mem-
branes and incubated with 1:2000 dilution of anti p-Tyr followed by
1:2000 diluted goat anti-mouse-HRP conjugated IgG. Bands were
visualized using a chemiluminescence detection system, as described
above.

For direct EGFR immunoblotting experiments, cells were lysed in
modified radioimmunoprecipitation assay buffer (Belcheva et al.,
2001), and samples containing 20 to 50 ug of protein were directly
loaded on 7.5% SDS gels. After transferring proteins to membranes,

detection of the EGFR band (about 170 kDa) was accomplished by
applying either a rabbit polyclonal anti-EGFR antibody (Santa Cruz)
or a sheep polyclonal anti-EGFR antibody (Upstate Biotechnology).
Anti-rabbit or anti-sheep IgG linked to HRP was used as a secondary
antibody. Bands were visualized using a chemiluminescence detec-
tion system as described above.

125].EGF Binding to Cell Surface EGFR in Rat Astrocytes.
DAMGO-induced EGFR down-regulation was measured as described
with some modifications (Sorkin et al., 1996). Briefly, cells grown in
24 well plates in media without serum for 24 h were treated with
either 100 ng/ml EGF for 30 min or with 100 nM DAMGO for
different time intervals at 37°C. At the end of the incubation period,
cells were rinsed twice with ice-cold media and the plates were
placed on ice. Surface bound EGFR ligands were removed by ice-cold
acid wash of cells with 0.2 M sodium acetate buffer, pH 4.5, for 2 min,
followed by extensive washing with ice-cold media. Remaining cell-
surface EGFR binding was determined by incubating cells on ice

Fig. 2. Corresponding opioid antagonists block agonist stimula-

tion of ERK phosphorylation. Astrocytes were treated with (A)
DAMGO (0.1 uM) or (B) U69,593 (0.1 uM) for 1 to 10 min. In some
experiments, cultures were preincubated for 1 h with either CTAP
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with 1 nM '?°I-EGF in binding media, which contained 20 mM
HEPES and 0.1% bovine serum albumin, for 2 h. DAMGO (100 nM)
was present in the binding media of opioid-treated cells during the
2-h incubation period. This was followed by four washes with ice-cold
media to remove unbound ligand. Nonspecific binding was estimated
for each time point in the presence of 500 ng/ml EGF. Cells were
lysed in 1 N NaOH to measure bound radioactivity by y counting. For
protein determinations, all cell lysates were neutralized with equal
amounts of 1 N HCI. Specific binding was calculated as disintegra-
tions per minute per milligram of protein and expressed as percent-
age of control.

Statistical Analysis. Statistical determinations were made by ¢
test analysis using Prism software version 2.01 (GraphPad Software,
San Diego, CA). Data are expressed as the mean = S.E.M.

Results

Time Course of DAMGO, U69,593, and EGF Stimula-
tion of ERK Phosphorylation in Rat Astrocytes. Both -
and k-specific agonists stimulated phosphorylation of ERK in
a time- (Fig. 1) and concentration-dependent manner. It is
noteworthy that p and « opioids display different time
courses in stimulating ERK phosphorylation. DAMGO in-
duced a rapid, short lasting activation of ERK, whereas the
agonist U69,593 elicited a sustained activation of ERK for 30
min and longer (see below). Dose dependence studies of
DAMGO and U69,593 stimulation of ERK phosphorylation
gave typical saturation plots with optimal effects in the nano-
molar range (data not shown). U69,593 stimulation of ERK
phosphorylation was more potent than DAMGO.

Previous immunoblotting data suggested that EGFR is
relatively abundant in the rat cortical astrocytes used in this
study (Belcheva et al., 2002). The time dependence of EGF-
stimulated ERK phosphorylation was compared with that of
w and «k opioids. As shown in Fig. 1C, EGF induced a rapid
stimulation of ERK with optimal values at 3 to 10 min. A
substantial decline in ERK phosphorylation seems to occur
by 30 to 60 min of EGF treatment, comparable with that seen
in the DAMGO time course but unlike the sustained stimu-
lation by U69,593. These results suggest that homologous

1 Opioid Regulation of EGFR Levels and ERK Activity 1395

EGFR desensitization occurs within 30 to 60 min of EGF
exposure.

MOR antagonist CTAP or KOR antagonist nor-BNI
blocked DAMGO or U69,593 stimulation of ERK phosphory-
lation, respectively (Fig. 2). Antagonists alone did not affect
ERK phosphorylation. These results suggest that p and «
opioid stimulation of ERK phosphorylation is mediated by
endogenous MOR and KOR, respectively in rat astrocytes.

EGFR Transactivation Is a Required Step in MOR
and KOR Stimulation of ERK Phosphorylation. To in-
vestigate a possible role of EGFR transactivation in opioid
stimulation of ERK phosphorylation, astrocytes were treated
with the selective EGFR kinase inhibitor tyrphostin AG1478
followed by DAMGO or U69,593 treatment for different time
intervals and then either ERK phosphorylation (Fig. 1, A and
B) or Tyr phosphorylation of EGFR (Fig. 3) was measured. As
a positive control in the EGFR phosphorylation assay, cells
were also treated with exogenous EGF. AG1478 alone did not
attenuate basal levels of ERK phosphorylation or Tyr phos-
phorylation of EGFR, but it abolished DAMGO-, U69,593-
and EGF-induced ERK phosphorylation and Tyr phosphory-
lation of EGFR, suggesting that both MOR and KOR activa-
tion of ERK requires an EGFR transactivation step. Upon
transient transfection of rat astrocytes with KOR ¢cDNA, the
extent of induction of EGFR phosphorylation by U69,593 was
similar to that elicited by EGF (Fig. 3). When astrocytes
containing endogenous KOR were used to measure levels of
EGFR phosphorylation, the stimulation was 1.7 = 0.4, 1.2 *
0.2 and 1.6 * 0.2 fold higher than basal values (n = 4) after
U69,593 treatment for 0.5, 1, and 2 min, respectively.

Metalloproteinase Inhibitors Attenuate p and k Opi-
oid Stimulation of ERK Phosphorylation. Because met-
alloproteinases are involved in the shedding of endogenous
EGF-like ligands from their plasma membrane anchor dur-
ing transactivation, metalloproteinase inhibitors can provide
additional evidence to implicate EGFR activation. When as-
trocytes were pretreated with o-phenanthroline or phosphor-
amidon, p and k agonist stimulation of ERK phosphorylation
were significantly reduced by both of these more general

.
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Fig. 3. Opioid stimulation of
EGFR phosphorylation. Astro-
cytes were treated with
DAMGO (0.1 uM, 1 min),
U69,593 (0.1 uM, 2 min), or
EGF (0.1 pg/ml, 3 min). In
some experiments, cells were
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was measured, whereas tran-
siently transfected KOR astro-
T cytes were used for U69,593 ac-

tivation of EGFR. n = 3-6. *,

EGF, 3 min

significantly more than control;
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metalloproteinase inhibitors (Fig. 4A). In addition, ilomastat,
a more specific hydroxamic acid-based matrix metallopro-
teinase/metalloproteinase with a disintegrin domain inhibi-
tor, attenuated MOR and KOR stimulation of ERK phosphor-
ylation. When astrocytes were treated with exogenous EGF
or basic FGF, phosphoramidon and ilomastat slightly (19—
30%) reduced ERK phosphorylation (Fig. 4B). The metallo-
proteinases may block a small amount of EGFR transactiva-
tion via secreted endogenous EGF (Roudabush et al., 2000).

Long-Term Treatment with DAMGO, but Not
069,593, Inhibits EGF-Stimulated ERK Phosphoryla-
tion. In our original time course studies (Fig. 1), we observed
that DAMGO stimulation of ERK phosphorylation subsided
after 30 min, whereas that of U69,593 persisted. In Fig. 5A,

we show that this effect of U69,593 on ERK phosphorylation
observed at 30 min was sustained for at least an additional
2 h, whereas long-term DAMGO had no effect on ERK phos-
phorylation at this time interval. We also studied the effects
of long-term opioids on EGF-stimulation of ERK phosphory-
lation. Treatment of rat astrocytes with DAMGO for 2 h
diminished EGF-stimulated ERK phosphorylation (Fig. 5B).
In contrast, U69,593 failed to attenuate EGF-stimulated
ERK phosphorylation after 2 h of exposure (Fig. 5B).
Long-Term Treatment with DAMGO, but Not
069,593, Down-Regulates EGFR. ERK phosphorylation
by DAMGO or U69,593 occurs within minutes via EGFR
transactivation (Figs. 1 and 3). However, the activation of
ERK by the « agonist is sustained, whereas that induced by

8- A [] Control
3.0 . Bl oAvGo
é@ - . EEH ue9,593
;;i‘(g 2.0 T t
;:;, = T # Ty T boT
L - inhibitor — L+0-Phenanthrolined L + Phosphoramidon 4 L + llomastat -
3 N\ N
LU | N | . |
1
] % %\ _ é/ § .l x\

L— - Inhibitor —

L+ Phosphoramidon -

- + llomastat —

Fig. 4. Metalloproteinase inhibitors abolish MOR and KOR stimulation of ERK phosphorylation. Astrocytes were pretreated with either o-
phenanthroline (200 M), phosphoramidon (300 uM) or ilomastat (2 uM) for 1h before exposure to DAMGO (0.1 uM, 5-10 min) and U69,593 (0.1 uM,
10 min) (A) or EGF or basic FGF (100 ng/ml, 3 min) (B). n = 4-20 experiments. *, significantly more than controls. , P < 0.05; significantly less than

opioid agonist or growth factor alone.

2T0Z ‘T Jeqwiadaq uo 1sanb Aq 6o sjeuinofjadse weydjow wol} papeojumod


http://molpharm.aspetjournals.org/

aspet.’

the long-term u agonist returns to basal levels within 30 min.
Because the effect of the wu agonist may be explained by
heterologous desensitization of EGFR, the approach taken
here was to determine the changes induced by long-term
DAMGO or U69,593 on EGFR levels and binding activity.
Cells were treated with DAMGO or U69,593 for different
time intervals before measuring changes in EGFR levels by
cell surface EGFR binding assays and immunoblotting. Upon
determining '?® I-EGF binding to EGFR on intact cells, we
found that DAMGO pretreatment of cells induced a 30%
reduction in cell surface binding relatively rapidly (15 min;
Fig. 6A). In contrast, EGF (100 ng/ml, 30 min) diminished
cell surface EGFR binding by 90%. As shown in Fig. 6B,
DAMGO (2 h) induced a 30% reduction in the EGFR levels.
This occurs after the internalization of cell surface receptors
(30 min). In comparison, EGF elicited a 40 to 60% decrease in
EGFR content and in ERK phosphorylation by 30 min (Figs.
1C and 6, B and C). Pretreatment of cells with AG1478
abolished DAMGO (2 h)-induced reduction in EGFR levels
(Fig. 6B). AG1478 alone did not change basal EGFR levels. In
fact, the combination of AG1478 and DAMGO up-regulated
EGFR levels by 59%. Up-regulation of EGFR may be caused
by the blockade of the EGFR Tyr phosphorylation and inter-
nalization.

Although transactivation of EGFR was initiated within 1
to 5 min of DAMGO exposure (Fig. 3), levels of cell surface
binding of this RTK remained unchanged in this time inter-
val (Fig. 6). In contrast to DAMGO, long-term U69,593 failed
to down-regulate EGFR after 120 min (Fig. 6C), consistent
with its sustained ERK phosphorylation (Fig. 1B). In fact,
EGFR levels remained unchanged for as long as 4 h of expo-
sure to 0.1 uM U69,593 in rat astrocytes overexpressing KOR
(1.3 = 0.2-fold over controls, n = 4).

Phosphorylation of Ser residues on EGFR has been shown
to be associated with the desensitization process of this re-
ceptor. Thus, we conducted experiments to assess the effect
of 1 and « opioids on EGFR Ser phosphorylation. As seen in
Fig. 7A, short-term application (5 min) of DAMGO induced
an increase in phospho-Ser stimulation of EGFR, suggesting
that EGFR is desensitized before its internalization, consis-
tent with current concepts of the desensitization sequela
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(Kim et al., 2003). Ser phosphorylation of EGFR by U69,593
was also observed after a 10-min treatment (Fig. 7B).

MEK Inhibition Blocks MOR-Induced EGFR Down-
Regulation. Down-regulation of EGFR may be blocked by
inhibitors of various Ser/Thr kinases, including MAP ki-
nases. The involvement of ERK in the mechanism of EGFR
down-regulation by long-term DAMGO was studied in astro-
cytes overexpressing MOR. Time course studies of DAMGO
treatment of a longer duration than determined previously
revealed that EGFR levels decreased by 45% in 4 h (Fig. 8).
These results extend the data obtained on EGFR down-reg-
ulation via endogenous MOR (Fig. 6, A and B). Moreover, the
MEK inhibitor U0126 blocked EGFR down-regulation in-
duced by long-term (2 h) DAMGO administration, supporting
the notion that ERK activation is required for EGFR down-
regulation by long-term MOR agonists.

Discussion

The results obtained here suggest that the w opioid ago-
nist, DAMGO, acting through MOR, initially transactivates
EGFR and subsequently implements the internalization and
down-regulation of this RTK in a time-dependent manner.
These findings may explain the ephemeral heterologous ERK
activation by short-term DAMGO administration and the
ultimate attenuation of EGF-stimulated ERK activation by
long-term DAMGO administration in rat astrocytes. Accord-
ingly, the k opioid agonist U69,593 transactivated EGFR but
did not down-regulate this RTK or inhibit EGF-stimulated
ERK phosphorylation. The data are consonant with the sus-
tained ERK phosphorylation induced by activation of KOR in
rat astrocytes (Fig. 1B). Also consistent with these findings is
the observation that long-term treatment with EGF dimin-
ishes cell surface binding to 10% within 30 min and reduces
ERK phosphorylation to basal levels within 120 min.

Evidence for the transactivation of EGFR by DAMGO and
U69,593 rests upon the attenuation of their stimulation of
ERK phosphorylation by the selective EGFR Tyr kinase in-
hibitor tyrphostin AG1478 and the ability of these opioids to
induce EGFR Tyr phosphorylation. The results suggest that
MOR and KOR transactivation of EGFR represents the point

B Cd EGF
EE DAMGO 5 min + EGF
100 @@ DAMGO 2 h + EGF
O U69,593 10 min + EGF
ST U69,593 2 h + EGF
= O .
D 5=
=8
SE - -
8 2]
[T
NG
v w
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Fig. 5. Effects of short- and long-term p and « opioids on ERK phosphorylation in the presence and absence of EGF. Astrocytes were treated with
DAMGO (0.1 uM, 5 min or 2 h) or U69,593 (0.1 uM, 10 min or 2 h) (A) or the same opioid treatment followed by EGF (0.1 png/ml, 3 min) (B) and ERK
phosphorylation was measured. Data in A are expressed as -fold over control and data in B are expressed as percentage of EGF stimulation of ERK.
EGF stimulation of ERK was 13 + 1.9-fold greater than basal levels. The 20% decreases in ERK activity observed when U69,593 (10 min and 2 h) were
assayed in the presence of EGF in B were not statistically significant (P = 0.12 and 0.053, respectively). n = 3-9. *, significantly more than control;

T, P < 0.05; significantly less than EGF.
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of convergence of opioid and EGF signaling pathways in rat
astrocytes. GPCR agonists may initiate EGFR transactiva-
tion by stimulating metalloproteinases that are involved in
ectodomain shedding of endogenously expressed growth fac-
tor-like ligands. Accordingly, pretreatment of rat astrocytes
with three metalloproteinase inhibitors, which act at differ-
ent sites, significantly reduced MOR and KOR stimulation of
ERK phosphorylation (Fig. 4).

A number of diverse mechanisms trigger the negative reg-
ulation of ERK in cells. Most of these mechanisms entail
cross-talk between GPCR and RTK pathways. In earlier
studies, it was recognized that secondary effectors, such as
PKC, protein kinase A, and Ca®*/calmodulin kinase, were

capable of inhibiting ERK phosphorylation (Cochet et al.,
1984; Countaway et al., 1992; Bosch et al., 1998). More re-
cently, other signaling components, such as lipid phosphate
phosphatases, have been found to negatively regulate ERK
phosphorylation (Alderton et al., 2001).

If an RTK transactivation mechanism is involved in GPCR
heterologous activation of ERK, then the RTK becomes a
target for feedback regulation. The mechanisms of regulation
of ERK by secondary effectors of GPCR pathways seem to
operate as feedback loops acting on EGFR with differential
efficacy. The phosphorylation of certain Ser/Thr residues of
EGFR by secondary effectors reduces EGF binding and in-
duce desensitization and, in some cases, down-regulation of
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the receptor. Cyclin-dependent kinase, such as cdc2, can
phosphorylate EGFR on Ser1002 in vitro and in vivo (Kup-
puswamy et al., 1993). ERK can also activate an EGFR-
associated phosphatase activity that inhibits EGFR Tyr
phosphorylation (Griswold-Prenner et al., 1993). Desensiti-
zation of EGFR is mediated by several Ser/Thr kinases, in-
cluding PKC, protein kinase A, and ERK (Countaway et al.,
1992; Kuppuswamy et al., 1993; Morrison et al., 1993, 1996).
Ser 1046 of EGFR is the site for phosphorylation by Ca®*/
calmodulin kinase II; thus, another possibility for a feedback
signaling pathway exists (Countaway et al., 1992). PKC in-
hibition of EGFR occurs by phosphorylation at Thr 654,
which decreases its intrinsic Tyr kinase activity. The phos-
phorylation of this Thr residue diverts internalized EGFR
from a degradative pathway to the recycling endosome (Bao
et al., 2000). EGFR seems to be phosphorylated on Thr 669 by
ERK (Northwood et al., 1991; Takishima et al., 1991).

Our working hypothesis is that long-term p agonists may
modulate the EGFR down-regulation via two steps. The first
is to change the Ser/Thr phosphorylation pattern of EGFR
that leads to the second process, which is to divert EGFR
trafficking from early endosomes to lysosomes in astrocytes.
The first part of this hypothesis is based on the evidence that,
depending upon the Ser/Thr residues phosphorylated, sort-

A —EGF— — DAMGO—

.--.‘ < EGFR

120 min

B —EGF— — U69,593 —

ﬂ .“ﬂ |+ EGFR

10 30 120 min

Fig. 7. Opioid induction of EGFR-Ser phosphorylation. Representative
gels of opioid-induced EGFR-Ser phosphorylation. Astrocytes were
treated with DAMGO (0.1 uM) in gel (A); U69,593 (0.1 uM) in gel (B), or
EGF (0.1 pg/ml in both gels). In both gels, lane 1 (C) serves as a control.
EGFR was immunoprecipitated and immunoblotting was performed with
a phospho-Ser antibody. Similar gels were obtained in four experiments.
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ing of internalized EGFR to lysosomes or recycling endo-
somes occurs (Bao et al., 2000). Therefore, it is important to
determine the Ser/Thr phosphorylation pattern and the ki-
nase(s) involved in this process. The 59% increase in EGFR
levels by a 2-h treatment of cells with an AG1478/DAMGO
combination (Fig. 6B) is consistent with the hypothesis that
ERK is down-regulating EGFR via Ser phosphorylation. The
ERK-induced EGFR Ser phosphorylation might be alleviated
by AG1478, reversing its down-regulation and promoting its
up-regulation.

Currently there is no satisfactory mechanism or model to
explain the PKC effects on EGFR internalization and down-
regulation. It has been demonstrated that a MEK inhibitor,
blocks PKC-mediated down-regulation of EGF-stimulated
EGFR kinase activity but does not perturb PKC-mediated
down-regulation of high-affinity EGF binding (Morrison et
al., 1996). In addition, it was found that PKC inhibition
blocks 5-HT induced down-regulation of EGFR in mesangial
cells (Grewal et al., 2001). These findings are not consistent
with the data of Bao et al., (2000). In preliminary studies, we
discovered that DAMGO- and U69,593-induced ERK activa-
tion displays a differential sensitivity to PKC inhibitors in
rat astrocytes (M. M. Belcheva, A. L. Clark, and P. D. Haas,
unpublished observations). These results raise the possibility
that MOR and KOR may activate ERK via two different
isoforms of PKC: the MOR-associated PKC that engenders a
Ser/Thr phosphorylation pattern that causes EGFR down-
regulation, whereas the PKC isoform of the KOR pathway
induces the phosphorylation of different Ser/Thr that does
not induce down-regulation. Because PKC is necessary for
opioid activation of ERK, direct experiments with PKC in-
hibitors are ruled out and different approaches to address
this complex question are underway.

Here, we decided to focus on the role of ERK in MOR-
induced EGFR down-regulation. ERK activation has been
found to be necessary for MOR homologous desensitization
(Polakiewicz et al., 1998) and reciprocal heterologous desen-
sitization of EGFR by opioids seemed to have the same re-
quirement (Fig. 8). Secondly, ERK can also alter the Ser/Thr
pattern of EGFR phosphorylation as discussed above. There
is also a growing body of evidence suggesting that MAP
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Fig. 8. DAMGO-induced down-regulation of EGFR in
MOR-transfected rat astrocytes is abolished by MEK
inhibitor U0126. Astrocytes transfected with MOR
cDNA were treated with 0.1 uM DAMGO for the
indicated time intervals. In some experiments, cells
were pretreated with 10 uM U0126 for 1 h before
treatment with DAMGO for 2 h. Levels of EGFR were
determined by immunoblotting with an anti-EGFR
antibody. U0126 treatment alone did not differ sig-
nificantly from control values (1.1 = 0.12). n = 3-7. ¥,
significantly less than controls; ¥, P < 0.05, signifi-
cantly more than DAMGO, 2 h.
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kinases are mediators of both positive and negative feedback
loops in many cell lines (Bhalla et al., 2002). This advocates
a role for MAP kinase in neural plasticity. It will be of
interest to determine whether EGFR Ser phosphorylation
and thereby heterologous desensitization also requires acti-
vation of the MAP kinase phosphorylation cascade. Although
mechanistic studies of this type are facilitated by the in vitro
approach adopted here, the use of cultured astrocytes has
some limitations. Nevertheless, the information gained will
expedite the in vivo investigations necessary to establish the
generality of our results.

Collectively, the findings suggest that MOR plays a stim-
ulatory (short-term actions) and an inhibitory (long-term ac-
tions) role in the heterologous regulation of EGFR and ERK
activity in rat astrocytes. Thus, the results provide a mech-
anism for the attenuation of astrocyte proliferation by long-
term opiates observed in vitro and in vivo. Moreover, this
study on the mechanism of opioid regulation of ERK activa-
tion gains significance in light of the recent evidence of the
role that astrocytes play during neurogenesis in adult brain.
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