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ABSTRACT
In this study, we explored the relationship between regulation
of surface m-opioid receptor number, ligand-induced G protein
activation {measured by [35S]guanosine-59-O-(3-thio)triphos-
phate (GTPgS) binding} and second messenger signaling (mea-
sured by the inhibition of cAMP accumulation). Etorphine and
two isomers of cis-b-hydroxy-3-methylfentanyl (RTI-1a and
RTI-1b), which were full agonists for G protein activation and
signaling, caused approximately a 50% loss of surface recep-
tors after 1 h of treatment. Fentanyl and morphine were full
agonists for inhibiting cAMP accumulation and partial agonists
for stimulating [35S]GTPgS binding and internalization. Al-
though both agonists were ;80% as efficacious as etorphine in
stimulating [35S]GTPgS binding, fentanyl induced a 35% loss of
surface receptors, whereas morphine only caused a 10% loss.
Additionally, both long- and short-term treatment with the opi-

oid antagonist naloxone caused increases in surface receptors.
Unexpectedly, the weak partial agonists buprenorphine and
one isomer of cis-b-hydroxy-3-methylfentanyl (RTI-1d) also
were found to cause an increase in surface receptors. Treat-
ment with pertussis toxin (PTX) diminished agonist-induced
loss of surface receptors. Furthermore, the abilities of morphine
and fentanyl to cause internalization were more impaired after
PTX treatment than that of etorphine. PTX treatment also sig-
nificantly enhanced the increase in surface receptor number
caused by 18-h treatment with naloxone and buprenorphine.
The results of this study suggest that disruption of G protein
coupling by PTX treatment affects ligand-regulated m-receptor
trafficking and that partial agonists for signaling can vary
greatly in the ability to regulate the number of surface m-opioid
receptors.

The physiological targets of both exogenous and endoge-
nous opioids are three types of 7-transmembrane domain, G
protein-coupled receptors (GPCRs): m-, d-, and k-opioid recep-
tors (Dhawan et al., 1996). Opioid receptors act via G pro-
teins to inhibit adenylyl cyclase, increase potassium cur-
rents, inhibit calcium channel activity, modulate inositol
triphosphate turnover, and activate mitogen-activated pro-
tein kinase (Dhawan et al., 1996; Fukuda et al., 1996). These
actions culminate in the attenuation of neuronal activity by
inhibiting neurotransmitter release and changing neuronal
excitability (both pre- and postsynaptically). Of the three
opioid receptors, the m-receptor appears to mediate many of
the biological properties of morphine and has a high affinity
for many other clinically used opiates (Raynor et al., 1995;
Matthes et al., 1996; Sora et al., 1997; Tian et al., 1997; Loh
et al., 1998).

Opioid receptors are similar to other GPCRs in that they

undergo adaptations such as desensitization, down-regula-
tion, and internalization in response to agonist treatment
(for review, see Bohm et al., 1997). The molecular processes
underlying desensitization are thought to include rapid un-
coupling of the receptor from its G proteins by phosphoryla-
tion of the receptor and/or binding of accessory proteins such
as b-arrestins. Receptor internalization (the loss of receptor
from the cell surface) has been implicated in the process of
dephosphorylation and resensitization of the receptor. After
prolonged treatment, there is an eventual loss of receptor
protein (down-regulation) that may occur through increased
degradation or decreased synthesis of the receptor. Each of
these regulatory processes may contribute to the phenomena
of tolerance and dependence that undermine the use of opi-
ates as analgesics.

It has been demonstrated that m-receptors internalize on
agonist treatment both in vitro and in vivo and that this
internalization is ligand-specific and reversible by antago-
nists (Arden et al., 1995; Sternini et al., 1996; Keith et al.,
1996, 1998). Although many endogenous opioids and the
potent opioid alkaloid etorphine cause the m-opioid receptor
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expressed in 293 human embryonic kidney (HEK) cells to
internalize within minutes, morphine induces only minimal
internalization of the m-receptor in this cell line (Keith et al.,
1996, 1998). Because etorphine is two orders of magnitude
more potent than morphine with regard to second messenger
signaling, and a number of studies have demonstrated that
morphine is a partial agonist (Emmerson et al., 1996; Selley
et al., 1997; Kovoor et al., 1998), a pertinent question is
whether an agonist’s ability to cause m-receptor internaliza-
tion is correlated with its potency or efficacy for activating G
proteins. Initial studies have implied that there is no clear
relationship between an opioid agonist’s ability to cause m-re-
ceptor internalization and its signaling ability. It has been
observed that the enkephalin analog DAMGO ([D-Ala2,N-
MePhe4,Gly-ol5]-enkephalin), which causes m-receptor inter-
nalization to the same extent as etorphine, has a similar
potency and efficacy to morphine for signal transduction
(Burford et al., 1998; Keith et al., 1998).

These studies have prompted us to further analyze the
relationship between m-opioid receptor internalization and
signaling. Herein, we have chosen to study the structurally
related alkaloids etorphine, morphine, buprenorphine, and
naloxone in addition to fentanyl and four stereoisomers of its
congener, cis-b-hydroxy-3-methylfentanyl (RTI-1a, RTI-1b,
RTI-1c, RTI-1d) (Fig. 1). This series of alkaloids include a
number of clinically relevant drugs and exhibit a wide spec-
trum of in vivo analgesic potencies and efficacies mediated by
m-opioid receptors. For example, etorphine and fentanyl have

high intrinsic efficacy relative to morphine, whereas bu-
prenorphine is a low efficacy agonist (Adams et al., 1990;
Duttaroy and Yoburn, 1995; Walker et al., 1998). cis-b-Hy-
droxy-3-methylfentanyl is a derivative of fentanyl comprised
of four optically active isomers (isomers RTI-1a, -1b, -1c, and
-1d) that are selective for the m-receptor and that vary dra-
matically in their in vivo potencies and efficacies. The two
isomers that have the highest binding affinity for the m-re-
ceptor (RTI-1a and RTI-1b) cause pseudoirreversible inhibi-
tion of m-receptor binding and also have been shown to have
potencies 3,000- to 10,000-fold greater than morphine in var-
ious analgesic tests, whereas the other two isomers (RTI-1c
and RTI-1d) are weak analgesics (Ni et al., 1993; Brine et al.,
1995; Wang et al., 1995).

In this study, we have explored the relationship between a
ligand’s ability to modulate surface m-opioid receptor number
and its ability to signal as assessed by both stimulation of
[35S]guanosine-59-O-(3-thio)triphosphate (GTPgS) binding
and inhibition of cAMP accumulation in m-receptor-trans-
fected 293 HEK cells. We also have abolished coupling of the
m-receptor to Gi/Go proteins by treatment with pertussis
toxin (PTX) and analyzed the effects on ligand-induced
changes in surface receptor number.

Experimental Procedures
Cell Line. 293-SF-MOR cells have been characterized previously

(Keith et al., 1996) and were a gift from Dr. Mark von Zastrow

Fig. 1. The structures of the various opioid alkaloids used in this study.
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(University of California-San Francisco). Briefly, HEK 293 cells were
stably transfected with the murine m-opioid receptor (MOR) cDNA
containing the signal FLAG epitope at the amino terminus. Cells
were cultured in Dulbeccos’s modified Eagle’s medium supplemented
with 10% fetal bovine serum (FBS), 100 U/ml penicillin, 100 mg/ml
streptomycin, and 0.025 mg/ml Fungizone.

Flow Cytometric Analysis. FLAG M2 antibody was labeled
directly with fluorescein isothiocyanate (FITC) to an F/P ratio of
;2.95 as described previously (Keith et al., 1998). For internaliza-
tion experiments, 293-SF-MOR cells were harvested in 2 mM EDTA/
PBS then resuspended in culture media and treated with various
drugs for either 1 or 18 h at 37°C. Cells were then chilled to 0°C to
stop further receptor internalization and stained with 10 mg/ml
FITC-labeled FLAG M2 in 25% FBS for 1 h. Cells were washed two
to three times (with 2% FBS/0.1% NaN3/PBS) and 5,000 to 10,000
cells/sample were analyzed on a FACScan flow cytometer with
CellQuest 3.0.1 for acquisition and analysis (Becton Dickinson,
Mountain View, CA). The mean fluorescence of unstained cells was
subtracted from the mean fluorescence of stained cells before calcu-
lating the change in surface receptor number after drug treatment.

cAMP Accumulation Assay. 293-SF-MOR cells were harvested
and resuspended in PBS and 1 mM 3-isobutyl-1-methylxanthine for
10 min. Cells were then treated with 5 mM forskolin and various
opioid drugs for 15 min in 96-well polypropylene plates. Samples
were then sealed and boiled for 5 min, centrifuged at 4000g and
supernatants were assayed with an [3H]cAMP assay kit (Diagnostic
Products, Los Angeles, CA).

Membrane Preparation. 293-SF-MOR cells were pelleted, fro-
zen at 270°C for at least 30 min, and then resuspended in ice-cold 50
mM Tris-HCl, pH 7, 2.5 mM EDTA, and 1 mM phenylmethylsulfonyl
fluoride (homogenization buffer). Cells were disrupted in a Dounce
homogenizer and centrifuged at 1000g for 10 min at 4°C. The pellet
was resuspended in homogenization buffer, rehomogenized, and cen-
trifuged again at 1000g for 10 min at 4°C. Both supernatants were
pooled and centrifuged at 13,000g for 45 min at 4°C. The pellet was
resuspended in homogenization buffer, rehomogenized, and centri-
fuged at 13,000g for 45 min at 4°C. The pellet was resuspended in 50
mM Tris-HCl, pH 7, 0.32 M sucrose and stored at 270°C.

[35S]GTPgS Binding Assay. [35S]GTPgS binding was performed
as described by Befort et al. (1996) with modifications of GDP and
[35S]GTPgS concentrations. Briefly, 4 mg of membrane protein was
incubated in 50 mM HEPES, pH 7.6, 5 mM MgCl2, 100 mM NaCl, 1
mM EDTA, 1 mM dithiothreitol, 0.1% BSA, 1 mM GDP, 0.1 nM
[35S]GTPgS, and various opioid ligands for 2 h at 0°C. Membranes
were incubated with 10 mM unlabeled GTPgS to determine nonspe-
cific binding. The mixtures were harvested with a Brandel M24RS
harvester with presoaked Whatman GT100 GF/B glass filters and
washed with ice-cold 50 mM Tris-HCl, pH 7.0. Filters were dried and
counted in a Beckman LS1600 scintillation counter with Cytoscint
ES (ICN Pharmaceuticals, Irvine, CA).

Materials. FLAG M2 antibody was purchased from Eastman
Kodak (New Haven, CT). [35S]GTPgS (1250 Ci/mmol) was purchased
from NEN (Boston, MA). FITC, 3-isobutyl-1-methylxanthine, forsko-
lin, and phenylmethylsulfonyl fluoride were purchased from Sigma
Chemical Co. (St. Louis, MO). PTX was purchased from Sigma
Chemical Co. (St. Louis, MO) and Calbiochem (La Jolla, CA). Tissue
culture supplies were purchased from Omega Scientific (Tarzana,
CA). Etorphine, morphine, fentanyl, buprenorphine, and naloxone
were gifts from the National Institute on Drug Abuse (Bethesda,
MD) and the four stereoisomers of cis-b-hydroxy-3-methylfentanyl
were obtained from the Research Triangle Institute (Research Tri-
angle Park, NC).

Results
Agonist-Selective Internalization of m-Opioid Recep-

tors. 293-SF-MOR cells were treated with various ligands for
1 h at 37°C, chilled on ice, and then stained with FITC-

labeled FLAG M2 antibody to quantitate the number of sur-
face receptors by flow cytometric analysis. Figure 2A shows
the effects of etorphine, fentanyl, and morphine on surface
receptor staining. Etorphine induced a substantial loss of
surface receptor staining (;50%) with low nanomolar po-
tency, whereas morphine only caused a relatively small loss
(;10%) of surface receptor staining at the highest concentra-
tion tested. Fentanyl triggered a 35% loss of surface receptors
(an amount of internalization that was ;65% of the maximal
internalization caused by etorphine) with an EC50 one order
of magnitude greater than that of etorphine. Figure 2B shows
the effects of the four stereoisomers of the fentanyl congener
cis-b-hydroxy-3-methylfentanyl on surface receptor staining.
Only two isomers of cis-b-hydroxy-3-methylfentanyl, RTI-1a
and RTI-1b, induced m-receptor internalization. The poten-

Fig. 2. Flow cytometric analysis of m-opioid receptor internalization. A
and B, 293-SF-MOR cells were treated with various concentrations of
drugs for 1 h at 37°C and then chilled to 0°C to arrest further trafficking.
Cells were stained with FITC-labeled FLAG M2 monoclonal antibody and
analyzed on a FACScan flow cytometer. The mean fluorescence of 10,000
cells minus the mean fluorescence of unstained cells was used to calculate
the percentage of surface receptor staining. Values are the means 6 S.D.
of triplicate determinations in a representative experiment.
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cies and efficacies of these two compounds for causing inter-
nalization were similar to that of etorphine (Table 1).

Ligand-Selective Up-Regulation of Surface m-Opioid
Receptors. Table 1 summarizes the effects of the alkaloid
ligands on surface receptor staining. Whereas etorphine,
RTI-1a, RTI-1b, fentanyl, and morphine induced measurable
internalization, the opiate antagonist naloxone induced a
16% increase in surface m-receptors. Furthermore, RTI-1d
and buprenorphine also caused a significant increase in sur-
face receptor staining. RTI-1c showed a tendency to increase
surface receptors but this did not reach statistical signifi-
cance. Longer treatment (18 h) of the cells with buprenor-
phine or naloxone resulted in a greater increase in surface
receptor number than treatment for 1 h (Fig. 3B).

Potencies and Efficacies of Various Opioids for Sec-
ond Messenger Modulation. The potencies and efficacies
of the alkaloid ligands to inhibit cAMP accumulation in
forskolin-stimulated 293-SF-MOR cells are shown in Table
2. Etorphine, RTI-1a, and RTI-1b, which all induced max-
imal m-receptor internalization, inhibited cAMP accumu-
lation to the same extent and had subnanomolar potencies.
Fentanyl and morphine also were full agonists in this
assay and had similar low nanomolar potencies, whereas
RTI-1c, RTI-1d, and buprenorphine were partial agonists
in this assay. RTI-1c and buprenorphine had similar effi-
cacies (;80% of maximal inhibition), although buprenor-
phine was two orders of magnitude more potent than RTI-
1c. Naloxone showed no inverse agonist activity in this
assay (data not shown).

Potencies and Efficacies of Various Opioids for Ac-
tivating G Proteins. It has been shown that only a small
fraction of receptors need to be activated to achieve maximal
inhibition of adenylyl cyclase activity (Fantozzi et al., 1981).
Therefore, it was considered that the [35S]GTPgS binding
assay might more realistically reflect the “intrinsic efficacy”
of agonists because this assay gives a measure of agonist
efficacy at the first level of signal transduction: activation of
the G protein. As seen in Table 3, etorphine, RTI-1a, and
RTI-1b all stimulated [35S]GTPgS binding to the same extent
with low nanomolar potencies. Morphine and fentanyl were

partial agonists in this assay, with similar efficacies and
potencies. RTI-1c, RTI-1d, and buprenorphine only stimu-
lated between 7 and 21% of maximal [35S]GTPgS, which is
consistent with the fact that they were partial agonists for
inhibiting cAMP accumulation. Naloxone was a neutral an-
tagonist in this assay (data not shown).

Effect of PTX on Ligand-Induced Changes in Surface
m-Receptor Number. PTX has been shown to ADP-ribosy-
late inhibitory G proteins and thereby uncouple GPCRs from
their cognate Gi/o proteins (Kurose et al., 1983). Cells were
treated overnight with 100 ng/ml PTX, which blocked stim-
ulation of [35S]GTPgS binding by etorphine (176 6 14% in-
crease in stimulation over basal versus a 9 6 10% increase in
PTX-treated cells; standard deviation, n 5 2). PTX treatment
also decreased maximal inhibition of cAMP accumulation by
etorphine from 82 6 3% (standard error, n 5 9) to 12 6 3%
(standard error, n 5 5). Figure 3A shows the change of
surface receptor staining induced by a 1-h treatment with
etorphine, fentanyl, morphine, buprenorphine, and naloxone
in both PTX-treated and untreated cells. PTX treatment
alone did not result in a significant change in surface recep-
tor staining compared with untreated cells (data not shown).

TABLE 1
Potencies and efficacies of various ligands for causing a loss or increase
in surface m opioid receptor number
Change in surface receptor staining was determined as described in Experimental
Procedures. The percentage of maximal internalization was calculated to be the
amount of internalization observed relative to that caused by etorphine in each
experiment. Results for morphine, RTI-1c, RTI-1d, buprenorphine, and naloxone
were based on a 1-h treatment with 10 mM of each drug. Curves were fitted to a
standard four-parametric logistic equation with SigmaPlot (SPSS Inc., Chicago, IL).
Values are means 6 S.E.

Drug n EC50
Surface Receptor

Staining
% Maximal

Internalization

nM % of control

Etorphine 4 8.7 6 1.7 47 6 8 100
Morphine 4 ND 91 6 2 17 6 2a

Fentanyl 4 113 6 30 65 6 7 66 6 4a

RTI-1a 4 3.3 6 1.5 49 6 7 99 6 6
RTI-1b 4 7.8 6 2.2 48 6 8 99 6 3
RTI-1c 10 NA 103 6 4 NA
RTI-1d 10 NA 108 6 3b NA
Buprenorphine 9 NA 110 6 3b NA
Naloxone 15 NA 116 6 2b NA

ND, not determined; NA, not applicable.
a Significantly less than etorphine-induced internalization, P , .05 by Student’s

t test.
b Significantly more than control surface staining, P , .05 by Student’s t test.

TABLE 2
Potencies and efficacies of various ligands for inhibiting cAMP
accumulation
Measurement of the ability of various ligands to inhibit cAMP accumulation was
performed as described in Experimental Procedures. The maximal amount of inhi-
bition caused by each ligand is expressed as a percentage of the maximal amount of
inhibition caused by etorphine. Curves were fitted to a standard four-parametric
logistic equation with SigmaPlot (SPSS Inc., Chicago, IL). Values are mean 6 S.E.

Drug n IC50 % Maximal Inhibition

nM

Etorphine 7 0.135 6 0.029 100
Morphine 3 4.92 6 0.76 101 6 9
Fentanyl 6 2.06 6 0.63 99 6 2
RTI-1a 4 0.128 6 0.024 103 6 4
RTI-1b 4 0.247 6 0.077 104 6 4
RTI-1c 5 170 6 20 79 6 3a

RTI-1d 4 49.2 6 14.9 64 6 2a

Buprenorphine 4 1.55 6 0.36 79 6 4a

a Significantly less than etorphine-induced inhibition, P , .05 by Student’s t test.

TABLE 3
Potencies and efficacies of various ligands for stimulating [35S]GTPgS
binding
Measurement of the ability of various ligands to stimulate [35S]GTPgS binding was
performed as described in Experimental Procedures. The maximal amount of stim-
ulation caused by each ligand is expressed as a percentage of the maximal amount
of stimulation caused by etorphine. Curves were fitted to a standard four-parametric
logistic equation with SigmaPlot (SPSS Inc., Chicago, IL). Results for RTI-1c, RTI-
1d, and buprenorphine were based on treatment with 10 mM of each drug. Values are
means 6 S.E.

Drug n EC50 % Maximal Stimulation

nM

Etorphine 11 0.973 6 0.195 100
Morphine 6 36.3 6 7.1 82 6 2a

Fentanyl 8 59.7 6 11.1 77 6 2a

RTI-1a 4 1.01 6 0.25 103 6 6
RTI-1b 5 4.46 6 0.49 105 6 7
RTI-1c 8 ND 13 6 4a

RTI-1d 8 ND 8 6 2a

Buprenorphine 8 ND 21 6 3a

ND, not determined.
a Significantly less than etorphine-induced stimulation, P , .05 by Student’s t

test.
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Etorphine (1 mM) induced a 42 6 3% loss of surface receptor
in PTX-treated cells, whereas the same concentration of drug
caused a 63 6 4% loss of surface receptor in untreated cells
(standard error, n 5 6). Hence, treatment with PTX inhibited
the ability of 1 mM etorphine to cause m-receptor internaliza-
tion by 33%. Fentanyl (10 mM) induced a 22 6 3% loss of
surface receptor in PTX-treated cells but a 46 6 3% loss of

surface receptor in untreated cells (standard error, n 5 6).
Therefore, PTX treatment impaired the ability of fentanyl to
cause internalization by 49%, which was significantly greater
than the inhibition of etorphine-induced internalization (Stu-
dent’s t test, P , .05). The EC50 values of both etorphine and
fentanyl were not significantly different after PTX treatment
(data not shown). PTX also attenuated the ability of etor-

Fig. 3. Effect of PTX treatment on ligand-induced changes in surface m-opioid receptor number. 293-SF-MOR cells were pretreated overnight with 100
ng/ml PTX. A and B, percentage of surface receptor staining after 1 h of drug treatment (A) and 18 h of drug treatment (B) was calculated by dividing
the mean fluorescence of the cells in each drug treatment by the mean fluorescence of nondrug-treated control and PTX-treated cells. Values are the
means 6 S.E. of three to nine separate experiments. A single asterisk denotes that the effect of drug treatment on PTX-treated cells is significantly
different from that of control cells that were not treated with PTX (Student’s t test, P , .05). The double asterisk denotes that PTX treatment caused
a greater impairment of the ability of fentanyl to cause internalization compared with that of etorphine (Student’s t test, P , .05).
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phine to cause a loss of surface receptor after 18 h (72 6 7%
loss of surface receptor in control cells versus a 47 6 6% loss
of surface receptor in PTX-treated cells; standard error, n 5
5, Student’s t test, P , .05) (Fig. 3B).

Treatment with PTX completely abolished the slight inter-
nalization caused by 10 mM morphine; surface staining after
1 h of 10 mM morphine treatment was 90 6 3% of control
surface staining in untreated cells and 101 6 1% of control
surface staining in PTX-treated cells (standard error, n 5 6)
(Fig. 3A). Furthermore, the increases in surface receptor
staining caused by 1-h treatment with either 10 mM naloxone
and 10 mM buprenorphine were not significantly affected by
PTX (Fig. 3A). Treatment with naloxone induced a 15 6 2%
increase in surface staining in control cells and a 15 6 2%
increase in surface staining in PTX-treated cells (standard
error, n 5 9). Buprenorphine treatment caused a 7 6 3%
increase in control cells and an 11 6 0.4% increase in PTX-
treated cells (standard error, n 5 3). Interestingly, PTX
treatment augmented the robust increase in surface receptor
staining caused by 18 h of naloxone from a 39 6 8% increase
in surface staining in control cells to a 70 6 16% increase in
PTX-treated cells (standard error, n 5 5, Student’s t test, P ,
.05) (Fig. 3B). PTX-treatment also increased the effect of 18 h
of buprenorphine treatment (17 6 10% increase in control
cells versus 51 6 10% increase in PTX-treated cells; standard
error, n 5 5, Student’s t test, P , .05) (Fig. 3B).

Blocking of Agonist-Induced Internalization. We next
determined whether morphine, which caused a slight
amount of internalization, and the ligands that did not in-
duce internalization (naloxone, RTI-1c, RTI-1d, buprenor-
phine) were able to block agonist-induced internalization.
Table 4 shows the “EC50 values” for these ligands to block
internalization induced by 10 nM etorphine (a concentration
that is close to etorphine’s EC50 for inducing internalization).
These ligands blocked etorphine-induced internalization
with the following rank order potencies: buprenorphine .
naloxone .. RTI-1d .. RTI-1c 5 morphine. These potencies
generally parallel their rank order of binding affinities to the
m-receptor (Brine et al., 1995; Raynor et al., 1995; P.A.Z.,
unpublished data).

Discussion
The relationship between G protein activation and receptor

internalization in GPCRs is unclear and appears to vary
among receptors. Receptors are generally internalized in re-
sponse to agonist binding (Bohm et al., 1997), although an-
tagonists or antibodies are able to trigger internalization of
some receptors (Roettger et al., 1997; Bhowmick et al., 1998;
Tolbert and Lameh, 1998; Willins et al., 1999). Studies on
b2-adrenergic and muscarinic receptors have demonstrated
that partial agonists cause less internalization than full ago-
nists and the amount of receptor internalization caused by an
agonist generally correlates with coupling efficiency (Toews
and Perkins, 1984; Thompson and Fisher, 1990; January et
al., 1997; Szekeres et al., 1998).

The availability of a variety of ligands for the m-opioid
receptor facilitates the study of the relationship between G
protein coupling and receptor internalization. As shown in
this study, alkaloid ligands that are full agonists in 293-SF-
MOR cells as assessed by [35S]GTPgS binding and cAMP

assays (etorphine, RTI-1a, RTI-1b) induce maximal m-recep-
tor internalization. We also show that morphine and fenta-
nyl, which are partial agonists for stimulating [35S]GTPgS
binding, cause significantly less internalization than the full
agonist etorphine. Although fentanyl and morphine differ
considerably in their ability to induce internalization (66
versus 17% of maximal internalization, respectively), they
are similarly efficacious in stimulating [35S]GTPgS binding
(;80% that of etorphine). Selley et al. (1997) also have shown
that morphine and fentanyl have comparable efficacies in
stimulating [35S]GTPgS binding through m-receptors, al-
though two other groups have found that fentanyl is more
efficacious than morphine in stimulating [35S]GTPgS bind-
ing (Traynor and Nahorski, 1995; Emmerson et al., 1996).
These discrepancies may result from differences in cell lines,
levels of receptor expression, and incubation temperatures. It
is of interest to note that the introduction of a methyl and a
hydroxyl group (RTI-1a and RTI-1b) can confer full agonist
properties to fentanyl both in [35S]GTPgS binding and inter-
nalization assays.

A novel finding in this study is that weak partial ago-
nists (buprenorphine and RTI-1d) are able to cause a sig-
nificant increase in the number of surface receptors, sim-
ilar to the classical opioid antagonist naloxone. Increases
in m-receptor binding following chronic exposure to nalox-
one have previously been described in cell lines and in vivo
(Zadina et al., 1995; Unterwald et al., 1995; Koch et al.,
1998), whereas decreases in m-receptor binding have been
shown to result after chronic buprenorphine treatment in
vivo (Belcheva et al., 1993). However, this decrease might
represent the failure to dissociate buprenorphine from
m-receptors (Boas and Villiger, 1985). That buprenorphine
and RTI-1d, which have low efficacies for activating G
proteins, are unable to trigger m-receptor internalization
suggests that the ability of a ligand to activate a certain
level of G proteins is a prerequisite for initiating detect-
able receptor internalization. Furthermore, we have
shown that ligands such as buprenorphine can act as ago-
nists with regard to one function (i.e., signaling) and as
antagonists for another (i.e., receptor internalization).

In addition to studying the effects of ligands with varying
intrinsic activities on surface receptor number, we assessed the
effects of blocking G protein function with PTX that ADP-
ribosylates Gi/Go proteins and thus interferes with the ability of
these G proteins to be activated by the receptor (Kurose et al.,
1983). Other studies that have looked at the effect of PTX on
GPCR internalization find either no effect on agonist-induced

TABLE 4
Blocking of 10 nM etorphine-induced m receptor internalization
Surface receptor staining was determined as described in Experimental Procedures.
Curves were fitted to a standard four-parametric logistic equation with SigmaPlot
(SPSS Inc., Chicago, IL). EC50 values represent the concentration of drug that
produced half its maximal effect on surface receptor staining. Values are mean 6
S.E.

Drug n EC50
Maximal Surface
Receptor Staining

nM % control

Morphine 5 4900 6 1500 95 6 4
RTI-1c 5 3000 6 700 102 6 7
RTI-1d 5 421 6 123 110 6 4
Buprenorphine 4 13 6 2 112 6 6
Naloxone 5 28 6 6 114 6 6
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internalization (Hsieh et al., 1999; Li et al., 1999) or a reduction
in the rate or extent of internalization (Van Koppen et al., 1994;
Koenig et al., 1997). A previous immunocytochemical study
showed that the m-receptors expressed in HEK cells still exhibit
agonist-induced internalization after PTX treatment (Segredo
et al., 1997), whereas another group showed internalization of
m-receptors expressed in Neuro2A cells was blocked after PTX
treatment (Chakrabarti et al., 1997). One limitation of immu-
nocytochemical studies is that they are not readily quantifiable.
Flow cytometry allows for quantification of changes in cell sur-
face receptors and can reveal even subtle differences in surface
receptor number. In this study, we found that PTX treatment
impairs the ability of agonists to induce m-receptor internaliza-
tion. Furthermore, the ability of fentanyl to cause internaliza-
tion is significantly more affected by PTX treatment than that
of etorphine (49% reduction versus 33% reduction, respectively)
and the slight internalization caused by morphine is completely
abolished by PTX treatment. Thus, ligands that are extremely
efficacious for inducing receptor internalization and causing
maximal G protein activation appear to be more resistant to the
effects of PTX treatment than less efficacious ligands. The PTX
results parallel previous findings that have shown that PTX
treatment did not greatly affect the ability of full agonists to
cause down-regulation of the m-receptor (total loss of receptor
protein as assessed by radioligand binding), whereas the ability
of partial agonists to cause down-regulation was greatly im-
paired (Yabaluri and Medzihradsky, 1997). Similar to results
from other studies (Selley et al., 1998), PTX did not completely
block opioid-mediated inhibition of adenylyl cyclase and resid-
ual signaling activity may explain the inability of PTX to com-
pletely block the internalization caused by etorphine.

The ability of buprenorphine and naloxone to cause up-
regulation of surface receptors after 1 h does not appear to be
affected by PTX treatment. However, PTX treatment causes
a considerable augmentation of the increase in surface recep-
tor number induced by 18-h treatment with buprenorphine
or naloxone. Thus, PTX clearly modulates the ability of li-
gands to regulate surface receptors, impairing the internal-
ization mechanism while potentiating the ability of antago-
nists and low-efficacy partial agonists to increase surface
m-receptors. This is consistent with studies showing that
heterotrimeric G proteins are involved in protein trafficking
(Helms, 1995). Additionally, ADP-ribosylation of G proteins
may alter the association of G proteins with their cognate
receptors and thus modify the accessibility of proteins in-
volved in trafficking.

Finally, the ability of various ligands to block etorphine-
induced receptor internalization was assessed. Ligands block
internalization with potencies that parallel their binding af-
finities for the m-receptor (buprenorphine . naloxone ..
RTI-1d .. RTI-1c 5 morphine). Morphine has been reported
to induce enkephalin release in vivo and its ability to block
internalization may contribute to its physiological actions
(Olive and Maidment, 1998). Perhaps more importantly, the
observation that buprenorphine also can block internaliza-
tion with a high potency and potentially up-regulate m-recep-
tors in vivo may aid in explaining its utility as a treatment
for drug addiction.

Overall, this study provides a number of insights into the
relationship between G protein activation and regulation of
m-opioid receptor number on the cell surface. Although there
is no strict correlation within groups, full agonists for G

protein activation induce maximal internalization, whereas
high-efficacy partial agonists for G protein activation (mor-
phine and fentanyl) induce partial internalization. The data
suggest that strong agonists are able to put the receptor in a
conformation that is favorable for both activating G proteins
and entering the endocytic route. Agonists such as etorphine
and DAMGO, which efficiently trigger internalization, have
been shown to cause more m-receptor phosphorylation than
morphine and might allow for a state of the receptor wherein
adaptor proteins (such as b-arrestins) bind and subsequently
direct the receptor into the clathrin-mediated endocytic path-
way (Yu et al., 1997; Ferguson et al., 1998). Two articles have
demonstrated that morphine is able to efficiently induce in-
ternalization of the m-receptor if G protein-coupled receptor
kinase or b-arrestin is overexpressed (Whistler and von Zas-
trow, 1998; Zhang et al., 1998). Ligands that are not able to
elicit a threshold activation state (i.e., antagonists and weak
partial agonists) may put the receptor in a conformational
state that is unfavorable for entering the endocytic pathway.
Indeed, we have shown that the partial agonists buprenor-
phine and RTI-1d, as well as the antagonist naloxone, not
only fail to induce internalization but also cause an up-
regulation of surface m-receptors.

In a recent article by Whistler et al. (1999), it was sug-
gested that the relative activity versus endocytosis (RAVE)
value of a drug is predictive of the ability of that drug to
induce tolerance and/or dependence (Roth and Willins, 1999;
Whistler et al., 1999). Drugs with a high RAVE value (e.g.,
morphine) cause more tolerance in certain dosing paradigms
than drugs that have RAVE values much lower than mor-
phine (e.g., etorphine and methadone). Although this is an
intriguing and provocative theory, drugs with high specificity
for the m-opioid receptor should be tested to further support
this hypothesis. For instance, etorphine has a very high
affinity for the d- and k-opioid receptors in addition to the
m-receptor (Raynor et al., 1994) and methadone can act as a
noncompetitive antagonist at N-methyl-D-aspartate recep-
tors, a property shown to block opioid tolerance (Davis and
Inturrisi, 1999). Although there are no data available con-
cerning the tolerance and dependence liabilities of the iso-
mers of cis-b-hydroxy-3-methylfentanyl, these compounds
will undoubtedly prove to be excellent tools with which to
explore the relationship between m-receptor internalization
and tolerance and dependence to different opioid drugs given
their high m-receptor selectivity (.15,000 times more selec-
tive for m-receptors than d- and k-receptors for RTI-1a and
RTI-1b) (Brine et al., 1995; Wang et al., 1995). Although the
precise role of ligand-regulated trafficking of m-receptors in
adaptational processes after acute and chronic opioid treat-
ment remains to be determined, differences in trafficking will
surely be found to contribute to the unique pharmacological
profiles of the different opiate drugs.
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