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ARTICLE INFO ABSTRACT

ATfiC{f? history: Recent evidence indicates that agonist ligands of G protein coupled receptors (GPCR) can activate different
Received 1 March 2008 ) signaling systems. Such “agonist-directed” signaling also occurs with opioid receptors. Previous work
Received in revised form 21 April 2008 from our laboratory showed that chronic morphine, but not DAMGO, up-regulates the expression of Ga12

Accepted 8 May 2008

Available online 4 June 2008 and that both morphine and DAMGO decreased Gai3 expression in CHO cells expressing the cloned

human mu opioid receptor. In this study, we tested the hypothesis that chronic opioid regulation of G
protein expression is agonist-directed. Following a 20 h treatment of CHO cells expressing the cloned

g?/iv;v;;rds: human mu (hMOR-CHO), delta (hDOR-CHO) or kappa (hKOR-CHO) opioid receptors with various opioid
Biased agonism agonists, we determined the expression level of Ga12 and Gai3 by Western blots. Among five mu agonists
G protein (morphine, etorphine, DADLE, DAMGO, herkinorin) tested with hMOR-CHO cells, only chronic morphine

Opioid receptor and etorphine up-regulated Ga12 expression. All five mu agonists decreased Gai3 expression. Among six
delta agonists (SNC80, DPDPE, deltorphin-1, morphine, DADLE, etorphine) tested with hDOR-CHO cells,
all six agonists down-regulated Gai3 expression or moderately up-regulated Ga12 expression. Among
five kappa agonists, ((—)-ethylketocyclazocine, salvinorin A, U69,593, etorphine, (—)-U50,488) tested with
hKOR-CHO cells, only chronic (—)-U50,488 and (—)-EKC up-regulated Ga:12 expression. All kappa agonists
decreased Gai3 expression. These data demonstrate that chronic opioid agonist regulation of G protein
expression depends not only on the agonist tested, but also on the type of opioid receptor expressed in a
common cellular host, providing additional evidence for agonist-directed signaling.

Published by Elsevier Inc.

1. Introduction adopting a range of distinct conformations, each of which can lead
to the activation of distinct intracellular signaling pathways. The
As postulated by Kenakin [8,9], all seven transmembrane recep- adoption of these distinct conformations can, in turn, be modulated

tors such as [(32-adrenergic receptors [5], are likely capable of by the presence of ligand. This ligand-related behavior has been
termed “agonist-directed trafficking”, “stimulus trafficking”, “func-
tional selectivity” and “biased agonism” [3,17]. Ligand-directed
signaling to different cellular effector pathways extends drug
effects from ligand-selective receptor conformations to the rela-

tionships between those conformations, cellular function, and

Abbreviations: CHO cells, chinese hamster ovary cells; hMOR-CHO, CHO cells
expressing the cloned human w opioid receptor; hDOR-CHO, CHO cells expressing
the cloned human 3 opioid receptor; hKOR-CHO, CHO cells expressing the cloned

human  opioid receptor; DAMGO, Tyr-p-Ala-Gly-N-Me-Phe-Gly-ol; Herkinorin, ultimately therapeutics. Thus, it is possible to develop response-
(2S.4aR 6aR,7R,95,10aS,10bR)-9-(benzoyloxy)-2-(3-furanyl)dodecahydro-6a,10b- selective drugs that maximize therapeutic efficacy and minimize
dimethyl-4,10-dioxo-2H-naphtho-[2,1-c]pyran-7-carboxylic acid methyl ester; unwanted effects.

SNC80, 4-(alpha-(4-allyl-2,5-dimethyl-1-piperazinyl)-3-methoxybenzyl)-N,N-

diethylbenzamide; DADLE, H-Tyr-p-Ala-Gly-Phe-p-Leu-OH; DPDPE, H-Tyr-p- A growing body of evidence indicates that opioid receptor

Pen-Gly-Phe-p-Pen-OH; DELT-1, Tyr-p-Ala-Phe-Asp-Val-Val-Gly-NH,; (=)-Ekc, ~ ligands demonstrate biased agonism. For example, Allouche
(—)-ethylketocyclazocine; (—)-U50,488, (trans)-3,4-dichloro-N-methyl-N-[2-(1- et al. [1] showed that & peptide agonists and the non-peptide
pyrrolidinyl)-cyclohexyl]-benzene-acetamide  methane  sulfonate;  U69,593, ligand, etorphine, activate different G protein subunits. Photo-

(+)-(5a,7c,83)-N-methyl-N-[ 7-(1-pyrrolidinyl)-1-oxaspiro[4,5]dec-8- : _ : : : Tida_lv_32
yl]benzeneacetamide; [33S]GTP-y-S, guanosine 5'-0-(3-[**S]thio)triphosphate; labeling of Ga-subunits with azidoanilido-{a-*P]GTP showed

cAMP, adenosine 3,5'-cyclic monophosphate. that constitgtively active W opioid receptors activate individ-
* Corresponding author. Tel.: +1 443 740 2652; fax: +1 443 740 2241. ual G proteins differently than those stimulated by DAMGO
E-mail address: rrothman@mail.nih.gov (R.B. Rothman). (Tyr-p-Ala-Gly-N-Me-Phe-Gly-ol) [12] and that peptide and
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non-peptide | agonists induce different patterns of w recep-
tor phosphorylation [2]. Moreover, opioid agonists differ in
their ability to induce receptor internalization of w [10], &
[11] and k [13] opioid receptors. In this regard, recent studies
showed that herkinorin (HERK) ((2S,4aR,6aR,7R,95,10aS,10bR)-9-
(benzoyloxy)-2-(3-furanyl)dodecahydro-6a,10b-dimethyl-4,10-
dioxo-2H-naphtho-[2,1-c|pyran-7-carboxylic acid methyl ester)
is a non-nitrogenous neoclerodane diterpene fully efficacious
W agonist [7], that unlike DAMGO, does not promote [3-arrestin
recruitment and . receptor internalization, even in cells that over
express [3-arrestin and the GPCR kinase, GRK2 [6]. Other data
indicated that although morphine does not promote [3-arrestin
recruitment and W receptor internalization in CHO cells, it does
promote  receptor internalization in cells that over express
[3-arrestin and the GRK2 [19].

We previously reported that chronic treatment of CHO cells
expressing the cloned human p opioid receptor (hMOR-CHO) with
morphine decreased the expression of Gai2 (64%) and Gai3 (60%),
had no effect on Gao expression, and, unexpectedly, increased
Ga12 expression (66%). These changes did not occur in cells
expressing a mutant  opioid receptor (T394A-CHO) that do
not develop morphine tolerance and dependence, indicating that
morphine-induced changes in the expression of these G protein
subunits are related to the development of tolerance and depen-
dence [24].

With interest focused on Gai3 and Ga12, more recent work
supported the occurrence of biased agonism in hMOR-CHO cells
treated chronically with different p agonists [22]. Of direct rele-
vance to the present study, we demonstrated that after chronic
(20h) treatment of hMOR-CHO cells with DAMGO, morphine or
HERK, only chronic morphine increased the expression level of
Ga12 [24], a G protein that regulates downstream cytoskeletal
proteins via its control of RhoA [4,18]. Numerous studies have docu-
mented that the small GTPase RhoA is involved in the regulation of
various cellular functions such as remodeling of the actin cytoskele-
ton and induction of transcriptional activity. Ga12/Ga13 are the
major upstream regulators of RhoA activity. The thrombin recep-
tor PAR-1 has been shown to couple to all three G protein families
(Ga12/Ga13, Gaq and Gai) and to regulate a substantial network
of signaling pathways [4].

The ability of chronic morphine, but not chronic HERK or
DAMGO, to up-regulate Ga12 expression in hMOR-CHO cells, is
an example of biased agonism. Thus, in the present study we fur-
ther tested the hypothesis that chronic opioid-agonist regulation
of G protein expression is agonist-directed using CHO cells that
express the cloned human , 8 or k opioid receptors. Following a
20 h treatment of cells with chemically distinct opioid agonists, our
data demonstrate that chronic opioid agonist regulation of G pro-
tein expression depends on the agonist tested, providing additional
evidence for biased agonism.

2. Methods
2.1. Cell culture and crude membrane preparation

The recombinant CHO cells (hMOR-CHO, hDOR-CHO, hKOR-CHO) were pro-
duced by stable transfection with the human opioid receptor cDNA, and provided
by Toll et al. [16]. The cells were grown on plastic flasks in DMEM/F-12
(50%/50%) medium (hMOR-CHO) or in DMEM medium (hDOR-CHO and hKOR-
CHO) containing 10% FBS, 100 units/ml penicillin, 100 p.g/ml streptomycin and G-418
(0.20-0.25 mg/ml) under 95% air/5% CO, at 37°C. We used a modified cell cul-
ture medium for experiments involving western blots for Ga12. Cells were grown
in serum-free medium [DMEM/F-12 (50%/50%)], containing 10% FETALCLONE II
(HyClone, SH30066.03), 100 units/ml penicillin, 100 p.g/ml streptomycin and G-418
(0.20-0.25 mg/ml) under 95% air/5% CO, at 37 °C. Cell monolayers were harvested
and homogenized by sonication in 50mM Tris-HCl, pH 7.4, containing 4 j.g/ml
leupeptin, 2 ug/ml chymostatin, 10 pg/ml bestatin and 100 pg/ml bacitracin, The
homogenate was centrifuged at 30,000 x g for 10 min at 4°C, and the supernatant

discarded. The membrane pellets were resuspended in GTP-vy-S binding buffer (see
below) and used for [33S]GTP-vy-S binding assays. For drug pretreatment experi-
ments, the medium was changed, and then cells were incubated with various test
drugs for 20 h in fresh medium. The drug concentrations used (~100-150 times the
corresponding ECsg values determined with the [3*>S]-GTP-v-S binding assay) were
chosen to fully saturate the opioid receptors. Cells were washed three times with
phosphate-buffered saline (PBS, pH 7.4) and harvested, and processed for various
assays. This treatment produces tolerance to opioid drugs [21]. Thus, in these exper-
iments, we are reporting the effects of chronic drug exposure immediately after the
withdrawal of the drug. Future experiments will be needed to determine the effect
of the 20 h drug exposure at various time points after the withdrawal of the agonist.

2.2. [*S]-GTP-y-S binding assays

[33S]-GTP-y-S binding was determined as described previously [20]. Briefly,
test tubes received the following additions: 50 wl GTP-v-S binding buffer (50 mM
Tris-HCl, pH 7.4, containing 100 mM NaCl, 10 mM MgCl,, 1 mM EDTA), 50 !l GDP
in binding buffer (final concentration=50 wM), 50 wl drug in binding buffer/0.1%
BSA (bovine serum albumin), 50 .l [3*S]-GTP-y-S in binding buffer (final concentra-
tion=50 pM), and 300 ! of cell membranes (50 ng of protein) in buffer B (50 mM
Tris-HCl, pH 7.4, containing 100 mM NacCl, 10 mM MgCl;, 1 mM EDTA, 1.67 mM DTT,
0.15% BSA). The final concentrations of reagents in the [3*S]-GTP-y-S binding assays
were: 50 mM Tris-HCl, pH 7.4, containing 100 mM NacCl, 10 mM MgCl,, 1 mM EDTA,
1mMDTT and 0.1% BSA. Incubations proceeded for 2-3 hat 25 °C(steady state). Non-
specific binding was determined using 40 wM GTP-y-S. Bound and free [*>S]-GTP-y-
S were separated by vacuum filtration with a Brandel Cell Harvester over Whatman
GF/B filters. The filters were washed twice with ice-cold 10mM Tris-HCl, pH 7.4,
punched into the wells of 24-well plates to which was added 0.6 ml LSC-cocktail
(CytoScint), and counted in a Trilux liquid scintillation counter at 60% efficiency.

2.3. Cyclic AMP assays

Functional coupling of the cloned opioid receptor to adenylate cyclase was
determined by measuring changes in the levels of cellular cAMP. The assay pro-
cedures followed the protocol provided in the CatchPoint Cyclic-AMP Fluorescent
Assay Kit (a horseradish-peroxidase based competitive immunoassay kit, Molecular
Devices). Briefly, cells were grown to 80% confluence in 96 well black-walled, clear
bottom plates (Corning Incorporated, Corning, NY #3603) that had been treated
with poly-L-lysine (50 pg/ml). After treatment with medium or drug for 20 h, cells
were rinsed three times with 300 wl/well Krebs-Ringer Bicarbonate Buffer with glu-
cose (KRBG, pH 7.4). KRBG containing 0.75 mM 3-isobutyl-1-methylxanthine and
1 mg/ml bovine serum albumin (KIB) and appropriate agonists was added to each
well (90 wl). After a 30 min incubation at 37 °C, 100 wM forskolin in KIB was added
to each well in a volume of 10 pl. Cyclic AMP production was terminated 40 min
later by the addition of 50 .l of a cell lysing solution (Molecular Devices Corpora-
tion, Sunnyvale, CA). This assay was sensitive between 0.1 and 10 pmoles cAMP in
a 40 nl sample volume. A FlexStation II (Molecular Devices) was used to read and
quantitate fluorescence intensity of the plate. Data from three experiments were
analyzed using the program Prizm version 4 (GraphPad Software, San Diego, CA).
Results are presented as the mean £+ S.E.M.

2.4. Western blotting of G-protein «-subunits

For Western blot analysis of the G protein a-subunits, cell monolayers were
harvested and homogenized by sonication in RIPA lysis buffer (1% Igepal CA-630,
0.5% sodium deoxycholate, 0.1% SDS, 1 mM PMSF, 10 mg/ml aprotinin, 1 mM sodium
orthovanadate in PBS buffer, pH 7.4). Protein concentration was determined using
the Pierce BCA Protein Assay Reagent Kit (Rockford, IL). Homogenates were diluted
to a desired protein concentration with 2x SDS-PAGE loading buffer (Invitrogen,
Carlsbad, CA). Samples were boiled for 6 min and loaded into 8-16% polyacrylamide
minigels (Invitrogen) for gel electrophoresis at 30 pg/lane. Since uniform amounts
of protein were loaded into each lane, we did not routinely probe gels for house-
keeping proteins such as a-actin. We conducted control experiments where a single
sample was run on all nine lanes of a single gel and assayed for the a-actinin protein
expression. The results showed very low intra-assay variation in the immunoreactiv-
ity values (data not shown). Proteins from gel were transferred to Immobilon-PVDF
membranes (Millipore Corp., Bedford, MA) using a semi-dry apparatus (Bio-Rad,
Hercules, CA). Non-specific binding to membranes was prevented by blocking for
60 min at room temperature with PBS/T (1x PBS, 0.05% Tween 20) solution con-
taining 5% non-fat dry milk. Membranes were then probed by overnight incubation
(4°C) with 1:1000 dilution of rabbit polyclonal anti-G protein a-subunit antibodies
(Calbiochem, La Jolla, CA) with PBS/T solution containing 5% non-fat dry milk. Mem-
branes were washed three times (15 min x 3 in PBS/T solution) and incubated with
1:5000 dilution of horseradish peroxidase conjugate secondary antibody in PBS/T
solution, containing 0.25% non-fat dry milk, for 60 min at room temperature. After
washing three more times, antibody complex was visualized by chemiluminescence
using a kit from Pierce Biotechnology (Rockford, IL). Western blots were digitized
and quantified using densitometric analysis (NIH Image software). Results from at
least three experiments were analyzed using the program Prism Version 4 (Graph-
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Pad Software, San Diego, CA). Data are presented as mean =+ S.E.M. (n = 3). Statistical
significances were determined using the Student’s t-test.

2.5. Data analysis and statistics

As previously described [23], the percent stimulation of [3°S]-GTP-y-S binding
was calculated according to the following formula: (S — B)/B x 100, where B is the
basal level of [*>S]-GTP-v-S binding and S is the stimulated level of [**>S]-GTP-vy-S
binding. ECso values (the concentration that produces 50% maximal stimulation of
[33S]-GTP-y-S binding) and Epax (% of maximal stimulation of [3°S]-GTP-y-S binding)
were determined using the program MLAB-PC (Civilized Software, Bethesda, MD).
The maximal stimulation was defined as the stimulation produced by 10,000 nM
DAMGO (hMOR-CHO cells), 2000 nM SNC80 (hDOR-CHO cells) and 10,000 nM (—)-
U50,488 (hKOR-CHO cells). The results are mean =+ S.D. from three experiments,
with triplicate determinations in each experiment. The amount of cAMP in the sam-
ples was quantitated against a cAMP standard curve. Forskolin (100 wM)-stimulated
cAMP formation in the absence of agonist was defined as 100%. The ECsq (the con-
centration of agonist that produces 50% inhibition of forskolin-stimulated cAMP
formation) and Emax (% of maximal inhibition of forskolin-stimulated cAMP) were
calculated using program Prizm Version 4 (GraphPad Software, San Diego, CA). Data
are presented as mean=+S.E.M. (n=3). Statistical significances were determined
using the Student’s t-test.

2.6. Sources

[33S]GTP-vy-S (SA=1,250 Ci/mmol) was obtained from DuPont NEN (Boston, MA).
Various opioid peptides were provided by Multiple Peptide System via the Research
Technology Branch, NIDA. HERK was synthesized as described previously [7]. GTP-
v-S, GDP, forskolin and cAMP were obtained from Sigma Chemical Co. (St. Louis,
MO), and CatchPoint Cyclic-AMP Fluorescent Assay Kits (catalog number R8088)
were obtained from Molecular Devices (Sunnyvale, CA). For Western blots, antibody
directed against Gi3 a-subunits [Gai3 (catalog number 371729)] was purchased
from Calbiochem (La Jolla, CA), and antibody directed against G12 a-subunit was
purchased either from Calbiochem [Ga12 (catalog number 371778)] or from Santa
Cruz (catalog number sc-409). Horseradish peroxidase-labeled secondary antibody
was purchased either from Amersham Corp. (catalog number RPN1004) (Arlington
Heights, IL) or from Cell Signaling (catalog number 7074) (Danvers, MA). The sources
of other agents are published [23].

3. Results
3.1. Initial experiments

The initial set of experiments was designed to determine the
ECsq values of the test agents in the functional [3>S]-GTP-y-S bind-
ing assay (Table 1). In subsequent experiments, cells were then
treated for 20 h with drug concentrations approximately 100-150

Table 1
Stimulation of [3*S]GTP-y-S binding in the hMOR-CHO, hDOR-CHO and hKOR-CHO
cells: agonist potencies and efficacies

Compound ECso (nM +S.D.) Emax (% of maximal stimulation +S.D.)
hMOR-CHO cell
DAMGO 128 £13 100 + 2
Morphine 37+6 86 +3
Herkinorin 92.5 + 16.1 112 + 4
Etorphine 0.92 + 0.14 115+4
DADLE 66 + 13 96 + 4
hDOR-CHO cell
SNC80 1.92 + 0.26 100 + 2
DPDPE 3.50 + 0.61 100 + 2
DELT-1 3.33 £ 0.51 105 + 2
Morphine 851 + 103 57 £2
DADLE 13.7 + 2.40 80 +2
Etorphine 8.08 + 1.38 60 + 2
hKOR-CHO cell
(—)-EKC 1.03 + 0.13 107 + 18
Salvinorin A 3.72 + 0.42 103 + 0.2
U69,593 22.0+58 101 + 0.2
Etorphine 0.82 + 0.08 98 + 0.2
(-)-U50,488 8.76 + 0.74 100 + 0.2

[33S]-GTP-y-S binding assays were conducted as described in Section 2. Each value
is the mean+S.D. (n=3).
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Fig. 1. Development of opioid tolerance. hMOR-CHO cells (Panel A), hDOR-CHO cells
(Panel B) and hKOR-CHO cells (Panel C) were treated for 20 h with DAMGO (1 uM),
SNC80 (0.5 wM) and (—)-U50,488 (1.7 M), respectively. The ability of opioid ago-
nists to inhibit forskolin-stimulated cAMP accumulation was assessed as described
in Section 2. The resulting analysis (mean =+ S.E.M.) of these dose-response curves
is reported in Table 2.

times the corresponding ECsg values in the [3°S]-GTP-y-S binding
assay. The next series of experiments was conducted to further
verify that the conditions of the chronic drug treatment used in
this study produced opioid tolerance, as assessed by the forskolin-
stimulated cAMP assay. As reported in Fig. 1 and Table 2, chronic

Table 2
Effect of chronic agonist treatment on agonist-induced inhibition of forskolin-
stimulated cAMP accumulation

Pretreatment ECs0 (nM) Emax (% max inhibition)
hMOR-CHO Cells
Control 1.92+0.66 90+1
DAMGO 19.3+11° 88+ 12
hDOR-CHO cells
Control 0.51+0.19 69+2
SNC80 Flat Flat
hKOR-CHO Cells
Control 2.48+0.39 76+3
(—)-U50,488 Flat Flat

Each value is the mean +S.E.M. (n=3).
" p<0.05, when compared with control (two-tailed Student’s t-test).
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Fig. 2. Effect of chronic agonist treatment of hMOR-CHO cells on the expression of Gai3 (Panel A) or Ga12 (Panel B). Results are expressed as mean +S.E.M. (n=3). Repre-
sentative Western blots for Gai3 and Ga12 are shown. 'p<0.05 when compared with control (two-tailed Student’s t-test). We used the following drug concentrations for
chronic treatment: DAMGO (1 wM), morphine (10 wM), HERK (10 wM), etorphine (100 nM), DADLE (10 pM). Panel C demonstrates the specificity of the Ga12 antibody for

detecting Ga12 in the control-, morphine- or etorphine-treated hMOR-CHO cells. The antibody is selective for a band with the appropriate MW (about 42 kDa).

DAMGO produced a 10-fold shift to the right in the DAMGO-
dose-response curve in hMOR-CHO cells. In the hDOR-CHO and
hKOR-CHO cells, chronic agonist treatment almost eliminated the
ability of SNC80 and (-)-U50,488 to inhibit forskolin-stimulated
cAMP accumulation. From a pharmacological perspective, this flat
curve induced by drug treatment represents the development of
“complete” tolerance. This was probably due to a marked decrease
in the magnitude of forskolin-stimulated cAMP accumulation fol-
lowing chronic SNC80 or (—)-U50,488 treatment (data not shown),
reflecting the generation of constitutively active opioid receptors
[22,15]. These initial experiments collectively show that the chronic
agonist treatment used in this study produces a high degree of
tolerance at all three types of opioid receptors.

3.2. Experiments with hMOR-CHO cells

Previous data showed that exposure to p opioid agonists
(DAMGO, morphine or HERK) produced cellular changes associated
with development of opioid tolerance [24,22]. For this study, we
chose five p agonists of diverse structure, including two peptide lig-
ands (DAMGO, DADLE), and three non-peptide ligands (morphine,
HERK and etorphine). As reported in Table 1, all five agonists stimu-
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lated [3°S]-GTP-v-S binding with Enax values that ranged from 86%
to 115%. hMOR-CHO cells were treated for 20 h with five . agonists
and Western blots were performed as described in Section 2. As
reported in Fig. 2A, all five agonists down-regulated Gai3 expres-
sion to a similar extent. Of the five agonists tested, only chronic
morphine and etorphine up-regulated Ga12 expression; the other
three . agonists did not alter Ga12 expression (Fig. 2B). As shown in
Fig. 2C, the Ga12 antibody we used is selective for a band with the
appropriate MW (~42 kDa), so it does indeed detect Ga12 under
our assay conditions.

3.3. Experiments with hDOR-CHO cells

We chose six & agonists of diverse structure for this experi-
ment, including three peptide ligands (DADLE, DPDPE [H-Tyr-p-
Pen-Gly-Phe-D-Pen-OH], DELT-1 [Tyr-p-Ala-Phe-Asp-Val-Val-Gly-
NH;]), and three non-peptide ligands (morphine, SNC80 and
etorphine). DADLE, morphine and etorphine, which were also
tested in the hMOR-CHO cells, had lower efficacy in the hDOR-
CHO cells than the other 6 agonists: 80%, 57% and 60%, respectively
(Table 1). hDOR-CHO cells were treated for 20 h with six & ago-
nists and Western blots were performed as described in Section 2.
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Fig. 3. Effect of chronic agonist treatment of hDOR-CHO cells on the expression of Gai3 (Panel A) or Ga12 (Panel B). Results are expressed as mean £ S.E.M. (n=3). Repre-
sentative Western blots for Gai3 and Ga12 are shown. "p<0.05 when compared with control (two-tailed Student’s t-test). We used the following drug concentrations for
chronic treatment: SNC80 (0.31 wM), DPDPE (1 wM), DELT-1 (0.23 M), morphine (50 wM), DADLE (1 M) and etorphine (0.6 wM).
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Fig.4. Effectofchronicagonist treatment of hKOR-CHO cells on the expression of Gai3 (Panel A) or Ga12 (Panel B). Results are expressed as mean + S.E.M. (n = 3). Representative
Western blots for Gai3 and Ga12 are shown. “p<0.05 when compared with control (two-tailed Student’s t-test). We used the following drug concentrations for chronic
treatment: (—)-EKC (0.25 wM), salvinorin A (0.5 wM), U69,593 (3.7 wM), etorphine (0.1 wM) and (—)-U50,488 (1.7 wM).

All six agonists down-regulated Gai3 expression to similar extents
(Fig. 3A) and all agonists except etorphine produced moderate
increases in Ga12 expression (Fig. 3B).

3.4. Experiments with hKOR-CHO cells

We chose five k agonists of diverse structure for these experi-
ments: (—)-EKC, salvinorin A, U69,593, (—)-U50,488 and etorphine.
As reported in Table 1, these agonists stimulated [3°S]-GTP-y-S
binding with Enyax values of ~100%. hKOR-CHO cells were treated
for 20 h with five k agonists and Western blots were performed
as described in Section 2. As reported in Fig. 4A, all agonists down-
regulated Gai3 (Fig. 4A), and only chronic (—)-U50,488 and (—)-EKC
up-regulated Ga12 (Fig. 4B).

4. Discussion

The occurrence of biased agonism is well established for
many GPCRs [8,3]. However, the mechanisms and functional con-
sequences of agonist-directed signaling remain to be clarified.
Because of the role that receptor internalization plays in opioid
receptor desensitization and opioid tolerance, studies of biased
agonism, with the end-point of receptor internalization, is a sub-
ject of contemporary interest. Opioid agonists, for example, differ in
their ability to induce receptor internalization of w [10], 8 [11] and
K [13] opioid receptors. A striking example of this is the recently
described . agonist HERK which, unlike DAMGO and other inter-
nalizing . opioid agonists, does not recruit 3-arrestin and promote
 receptor internalization, even in cells that over express [3-arrestin
and the GPCR kinase, GRK2 [6].

We recently reported that chronic morphine treatment of
hMOR-CHO cells decreased the expression of Gai2 (64%) and Gai3
(60%), had no effect of Gao and, unexpectedly, increased Go12
(66%) expression in hMOR-CHO cells, but not in cells expressing
a mutant W opioid receptor (T394A-CHO) that does not develop
morphine tolerance and dependence. This was a surprising finding,
since opioid receptors do not signal via Ga12 under normal condi-
tions. Numerous studies have documented that the small GTPase
RhoA is involved in the regulation of various cellular functions such
as remodeling of the actin cytoskeleton and induction of transcrip-
tional activity. Ga12 and Ga13 are the major upstream regulators
of RhoA activity [4]. Consistent with these known activities of
RhoA, our data demonstrated that chronic morphine increased the
expression of Ga12 and the structural protein a-actinin in hMOR-
CHO cells. Importantly, we also showed that chronic morphine
increased expression of Ga12 and a-actinin in mouse brain [24].
In light of data showing that repeated exposure to drugs of abuse,
including morphine, caused persistent structural changes in brain

[14], our data suggested, but did not prove, that chronic morphine-
induced up-regulation of Gae12 might be an important mechanism
contributing to the long-term effects of morphine on brain function
and structure.

In a subsequent study [22], we were surprised to observe that
chronic treatment of hMOR-CHO cells with the . agonists, DAMGO
and HERK, did not alter expression of Ga12, an observation sugges-
tive of biased agonism, where the end-point is the expression level
of Ga12. Thus, in the present study we further tested the hypoth-
esis that chronic opioid-agonist regulation of G protein expression
is agonist-directed, focusing on the expression level of G protein
subunits (Ga12 and Gai3).

Our data show that the ability to regulate expression of Ga12 by
chronic opioids treatment depends not only on the agonist used,
but also on which opioid receptor is expressed in the CHO cell. For
example, numerous studies document that etorphine is a potent
and wide spectrum opioid agonist. As reported in Table 1, the ECsg
values of etorphine in hMOR-CHO, hDOR-CHO and hKOR-CHO cells
are 0.92, 8.08 and 0.82 nM, respectively. Chronic etorphine had no
significant effect on Ga12 expression in hDOR-CHO and hKOR-
CHO cells, but increased Ga12 expression in hMOR-CHO cells. In
hMOR-CHO cells, only chronic etorphine and morphine altered
Ga12 expression, and in hKOR-CHO cells, only (-)-U50,488 and
(—)-EKC increased Go12 expression.

The ability of a . agonist to up-regulate Goe12 expression in
hMOR-CHO cells is not related to the ability of the agonist to
recruit 3-arrestin and internalize the w receptor, since DAMGO, an
internalizing agonist, and HERK, a non-internalizing agonist, fail to
alter Ga12 expression. In the case of hKOR-CHO cells, U50,488H,
U69,593, dynorphin A (1-17), EKC and tifluadom promote inter-
nalization of the human KOR, but etorphine or levorphanol do not
[13]. However, our data here showed that only (—)-U50,488 and
(—)-EKC up-regulate Ga:12 expression, indicating that the ability of
K agonists to induce k opioid receptor internalization is unrelated
to the ability of the same agonists to up-regulate Ga12 expression.

In contrast to the varied effects of chronic opioid agonist treat-
ment on Ga12 expression, our data showed that all treatments
down-regulated Gai3 expression. Since opioid ligands signal pri-
marily through Gai3 in CHO cells [24], this finding suggests that
chronic opioid-induced down-regulation of Gai3 may contribute
to the development of opioid tolerance.

Viewed collectively, our data demonstrate that chronic opioid
agonist regulation of G protein expression depends on the agonist
tested, providing additional evidence for biased agonism.
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