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ABSTRACT
Previous studies established that Tyr-D-Ala-Gly-N-Me-Phe-Gly-ol
(DAMGO) and (2S,4aR,6aR,7R,9S,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
(herkinorin) are fully efﬁcacious m-agonists. Herkinorin (HERK), unlike DAMGO, does
not recruit b-arrestin and promote m-receptor internalization, even in cells that over
express b-arrestin. We hypothesized that chronic HERK and DAMGO treatment will
differentially affect cellular markers of tolerance and dependence. CHO cells expressing the cloned human m-receptor were treated for 20 h with 10 mM DAMGO, HERK,
morphine, or medium. Both DAMGO and HERK acted as full agonists in the [35S]GTP-g-S binding assay with EMAX values of 230% and EC50 values of 12.8 and
92.5 nM, respectively. In the cAMP assay, DAMGO and HERK had similar EMAX
values of 80% and EC50 values of 3.23 and 48.7 nM, respectively. Chronic exposure
to both drugs produced moderate tolerance to both drugs (2 to 5 fold) in the
[35S]GTP-g-S binding assay. In the cAMP assay, chronic DAMGO produced tolerance
to both drugs (3 to 4 fold). Chronic HERK eliminated the ability of either drug to
inhibit forskolin-stimulated cAMP accumulation. Chronic DAMGO increased, and
chronic HERK decreased, forskolin-stimulated cAMP accumulation. Naloxone, after
chronic HERK (but not DAMGO) induced a large increase in forskolin-stimulated
cAMP accumulation. Viewed collectively with published data, the current data indicate that both internalizing and noninternalizing m-agonists produce cellular signs
of tolerance and dependence. Synapse 61:166–175, 2007. Published 2006 Wiley-Liss, Inc.{

INTRODUCTION
Opioid m-receptors are coupled primarily to G proteins of the Gi/Go family and modulate the function of
effector molecules, such as adenylate cyclase and protein kinases (Bohn et al., 2000; Standifer and Pasternak, 1997; Williams et al., 2001). Continual exposure
of m-opioid receptor to m-agonists produces tolerance
and dependence. The mechanisms underlying the development of opioid tolerance and dependence are
complex, and not fully elucidated (Nestler and Aghajanian, 1997; Williams et al., 2001). At the cellular
level, chronic treatment with opioid agonists can
Published 2006 WILEY-LISS, INC. {This article is a US government
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induce a diverse range of cellular adaptations. These
include changes in the expression and function of the
opioid receptors and the various proteins of the signal
transduction pathways that mediate opioid effects,
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including G proteins, adenylyl cyclase, protein kinases (Gintzler and Chakrabarti, 2000; Law et al.,
2004; Nestler and Aghajanian, 1997; Waldhoer et al.,
2004) and the expression and function of cytoskeletal
proteins (Xu et al., 2005). In addition, chronic morphine also produces a number of system-level adaptations (Williams et al., 2001), including increased activity by antiopioid peptides in rat brain rendered tolerant
to morphine (Rothman, 1992; Simonin et al., 2006).
Receptor desensitization, phosphorylation, and endocytosis are critical molecular mechanisms contributing
to the development of opioid tolerance and dependence
(Finn and Whistler, 2001; Waldhoer et al., 2004). Data
published by the Whistler group, for example, indicates that m-agonists that promote receptor internalization produce lower degrees of cAMP superactivation. This cellular adaptation, detected as chronic-agonist induced increases in forskolin-stimulated cAMP
accumulation, is generally accepted as a cellular
marker for opioid withdrawal [for review see: (Nestler
and Aghajanian, 1997; Wang et al., 2003)]. On the
other hand, Koch et al. (2005) concluded that m-agonists that promote receptor endocytosis counteract receptor desensitization and the development of tolerance, but facilitate cAMP superactivation. In support
of these ﬁndings, Zhao et al. (2006) reported that the
ability of a m-agonist to produce cAMP superactivation
is independent of receptor internalization.
In light of these divergent ﬁndings, we decided to
further investigate the effect of internalizing and noninternalizing m-agonists on cellular markers of tolerance and dependence. Towards this end, we compared
the pharmacological effects of DAMGO (Tyr-D-AlaGly-N-Me-Phe-Gly-ol), an agonist that strongly internalizes m-receptors, and herkinorin (HERK) ((2S,4aR,6aR,7R,9S,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), a nonnitrogenous
neoclerodane diterpene fully efﬁcacious m-agonist (Harding et al., 2005). Unlike DAMGO, HERK does not promote b-arrestin recruitment and m-receptor internalization, even in cells that over express b-arrestin and the
GPCR kinase, GRK2, (Groer et al., 2006). Receptor
desensitization and opioid tolerance were assessed by
agonist stimulation of [35S]GTP-g-S binding and agonist-mediated inhibition of forskolin-stimulated cAMP

Abbreviations
CHO cells
hMOR-CHO
DAMGO
Herkinorin
[35S]GTP--S
cAMP
CTAP

chinese hamster ovary cells
CHO cells expressing the cloned human m-opioid
receptor
Tyr-D-Ala-Gly-N-Me-Phe-Gly-ol
(2S,4aR,6aR,7R,9S,10aS,10bR)-9-(Benzoyloxy)-2-(3furanyl)dodecahydro-6a,10b-dimethyl-4,10-dioxo-2Hnaphtho-[2,1-c]pyran-7-carboxylic Acid Methyl Ester
guanosine 50 -O-(3-[35S]thio)triphosphate
adenosine 30 ,50 -cyclic monophosphate
D-Phe-Cys-Tyr-D-Trp-Arg-Thr-Pen-Thr-NH2

accumulation. Dependence was determined by measuring the magnitude of forskolin-stimulated cAMP
accumulation. The presence of constitutively active receptor was assessed by measuring the basal [35S]GTPg-S binding and the direct effect of naloxone on forskolin-stimulated cAMP accumulation in agonist-pretreated cells. Our data indicate that both internalizing
and noninternalizing m-agonists produce cellular signs
of tolerance and dependence in hMOR-CHO cells after
chronic treatment and that this effect was associated
with the development of cAMP superactivation.
METHODS
Cell culture and membrane preparation
The recombinant CHO cells (hMOR-CHO) were produced by stable transfection with the human m-opioid
receptor cDNA, and provided by Dr. L. Toll (SRI International, CA). The cells were grown on plastic
ﬂasks in DMEM/ F-12 (50/50%) medium containing
10% FBS, 100 units/mL penicillin, 100 mg/mL streptomycin, and G-418 (0.20–0.25 mg/mL) under 95% air/
5% CO2 at 378C. Cell monolayers were harvested and
homogenized by sonication in 50 mM Tris-HCl, pH 7.4,
containing 4 mg/mL leupeptin, 2 mg/mL chymostatin,
10 mg/mL bestatin, and 100 mg/mL bacitracin. The homogenate was centrifuged at 15,000 rpm for 10 min at
48C, and the supernatant discarded. The membrane
pellets were resuspended in binding buffer and used
for [35S]GTP-g-S binding assays.
For drug pretreatment experiments, cells were incubated in fresh medium with 10 mM drug (morphine,
DAMGO, or HERK) for 20 h. Cells were washed three
times with phosphate-buffered saline (PBS), and processed for various assays. This treatment produces
opioid tolerance to morphine (Xu et al., 2003). Thus, in
these experiments, we are reporting the effects of
chronic drug exposure shortly after the withdrawal of
the drug. Future experiments will be needed to determine the effect of the 20 h drug exposure at time
points further removed from agonist removal.
[35S]-GTP-c-S binding assays
35

[ S]-GTP-g-S binding was determined as described
previously (Xu et al., 2001). Brieﬂy, test tubes received
the following additions: 50 mL buffer A (50 mM TrisHCl, pH 7.4, containing 100 mM NaCl, 10 mM MgCl2,
1 mM EDTA), 50 mL GDP in buffer A (ﬁnal concentration ¼ 50 mM), 50 mL drug in buffer A/0.1% BSA,
50 mL [35S]-GTP-g-S in buffer A (ﬁnal concentration ¼
50 pM), and 300 mL of cell membranes (50 mg of protein) in buffer B (50 mM Tris-HCl, pH 7.4, containing
100 mM NaCl, 10 mM MgCl2, 1 mM EDTA, 1.67 mM
DTT, 0.15% BSA). The ﬁnal concentrations of reagents
in the [35S]-GTP-g-S binding assays were: 50 mM TrisHCl, pH 7.4, containing 100 mM NaCl, 10 mM MgCl2,
1 mM EDTA, 1 mM DTT, and 0.1% BSA. Incubations
Synapse DOI 10.1002/syn
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proceeded for 2 h at 258C (steady state). Nonspeciﬁc
binding was determined using GTP-g-S (40 mM).
Bound and free [35S]-GTP-g-S were separated by vacuum ﬁltration through GF/B ﬁlters. The ﬁlters were
punched into the vials to which was added 0.6 mL
LSC-cocktail (CytoScint) and counted in a liquid scintillation counter at 60% efﬁciency.
As previously described (Xu et al., 2004), the percent stimulation of [35S]-GTP-g-S binding was calculated according to the following formula: (SB)/B 
100, where B is the basal level of [35S]-GTP-g-S binding and S is the stimulated level of [35S]-GTP-g-S
binding. The data of three experiments were pooled
and ﬁt to a dose-response equation for the EC50 values (the concentration that produces 50% maximal
stimulation of [35S]-GTP-g-S binding) and EMAX (% of
maximal stimulation in the [35S]-GTP-g-S binding)
using the program MLAB-PC (Civilized Software, Bethesda, MD).
Statistical signiﬁcance between the EC50 and EMAX
values of the control and drug-treated data sets were
determined by simultaneously ﬁtting the data ﬁrst
with these parameters unconstrained and then a second time with the parameters constrained to be the
same values. The F-test was used to determine the
corresponding P-values for the increase in the sum of
squares that resulted from the constraint. This procedure is described in detail elsewhere (Rothman et al.,
1991).
Binding surface analysis of [35S]-GTP-c-S
binding parameters
Binding surfaces were generated using published
procedures (Rothman et al., 1991). Brieﬂy, two concentrations of [35S]-GTP-g-S (0.1 and 1 nM) were each
displaced by nine concentrations of GTP-g-S (in the absence and presence of opioid agonist (10 mM DAMGO).
Each surface generated 20 data points. Two ﬁnal data
sets (control and DAMGO or HERK-treated cells) were
created from three independent experiments, each composed of 120 data points. As found in previous studies
(Heyliger et al., 2000; Xu et al., 2003), using MLABPC, [35S]-GTP-g-S binding ﬁt a two site binding model,
and opioid agonists signiﬁcantly affected the high, but
not the low afﬁnity binding site. We ﬁt the control and
DAMGO-stimulated data sets to a two site binding
model ﬁrst, with the low afﬁnity binding parameters
constrained to be the same, to determine the best-ﬁt
estimates of the Kd and BMAX values of the high afﬁnity [35S]-GTP-g-S binding site. Statistical signiﬁcance
between the high-afﬁnity Kd and BMAX values of the
control and DAMGO-stimulated data sets were determined by simultaneously ﬁtting the data ﬁrst with
these parameters unconstrained and then a second
time with the parameters constrained to be the same
values. We report parameter values 6 SD. The F-test
Synapse DOI 10.1002/syn

was used to determine the corresponding P-values for
the increase in the sum of squares that resulted from
the constraint. This procedure is described in detail
elsewhere (Rothman et al., 1991).
Cyclic AMP assays
Functional coupling of the cloned m-opioid receptor
to adenylate cyclase was determined by measuring
changes in the levels of cellular cAMP. The assay procedures followed the protocol provided by Molecular
Devices, CatchPoint Cyclic-AMP Fluorecent Assay Kit
(a horseradish-peroxidase based competitive immunoassay kit). Brieﬂy, cells were grown to 80% conﬂuence
in 96 well black-walled, clear bottom plates (Corning,
Corning, NY) that had been treated with poly-l-lysine
(50 mg/mL). After treatment with medium or 10 mM
drug for 20 h, cells were rinsed three times with 300
mL/well Krebs–Ringer Bicarbonate buffer (KRBG,
pH 7.4). KRBG containing 0.75 mM 3-isobutyl-1-methylxanthine and 1 mg/mL bovine serum albumin (KIB)
and appropriate agonists and antagonists were added
to each well (90 mL). After 30 min incubation at 378C,
100 mM forskolin in KIB was added to each well in a
volume of 10 mL. Cyclic AMP production was terminated 40 min later by the addition of 50 mL of a cell
lysing solution (Molecular Devices, Sunnyvale, CA).
This assay was sensitive between 0.1 and 10 pmoles
cAMP in a 40 mL sample volume. A FlexStation II
(Molecular Devices) was used to read and quantitate
ﬂuorescence intensity of the plate. Data from three
independent experiments were analyzed using the
program GraphPad Prism Version 3 (GraphPad Software, San Diego, CA) for the EC50 (the concentration
of agonist that produces ﬁfty percent inhibition of forskolin stimulated cAMP accumulation) and EMAX (%
of maximal inhibition of forskolin-stimulated cAMP).
The amount of cAMP in the samples was quantitated
against a cAMP standard curve. Forskolin (100 mM)
stimulated cAMP formation in the absence of agonist
was deﬁned as 100%. Results are reported as the
mean 6 SEM. Statistical signiﬁcance was determined
using the Student’s t-test.
Western blotting of m-opioid receptor and
G protein a-subunits
After treatment with medium or 10 mM drug for 20
h, cells were rinsed three times with PBS. Cell monolayers were harvested and homogenized by sonication
in RIPA Lysis Buffer (s.c.-24,948, Santa Cruz Biotechnology). Protein concentration was determined using
the Pierce BCA Protein Assay Reagent Kit (Rockford,
IL). Homogenates were diluted to a desired protein
concentration with 2 SDS-PAGE loading buffer
(Invitrogen, Carlsbad, CA). Samples were boiled for
6 min, and loaded into 8–16% polyacrylamide mini-
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gels (Invitrogen) for gel electrophoresis at 30 mg/lane.
Proteins from gel are transferred to Immobilon-PVDF
membranes (Millipore, Bedford, MA) using a semidry
apparatus (Bio-Rad, Hercules, CA). Nonspeciﬁc binding to membranes was prevented by blocking for
60 min at room temperature with PBS solution containing 5% nonfat dry milk. Membranes were then probed
by overnight incubation (48C) with 1:1000 dilution of
rabbit polyclonal anti-G protein a-subunits antibodies
(Calbiochem, LA jolla, CA) or 1:2000 dilution of rabbit
polyclonal antiopioid m-receptor antibody (Calbiochem,
San Diego, CA) with PBS solution containing 0.25%
nonfat dry milk. Membranes were washed for three
times (10 min  3 in TBS solution), and then incubated with 1:5000 dilution of horseradish peroxidase
conjugate secondary antibody in PBS solution, containing 0.25% nonfat dry milk for 90 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). Samples obtained from
three independent experiments were pooled and three
separate Western blots were run on each pooled sample. Data from the three Western blots were analyzed
using the program GraphPad Prism Version 3. Results
are presented as the mean 6 SEM. Statistical signiﬁcance was determined using the Student’s t-test.
Sources
[ S]GTP-g-S (SA ¼ 1250 Ci/mmol) was obtained
from DuPont NEN (Boston, MA). DAMGO and D-PheCys-Tyr-D-Trp-Arg-Thr-Pen-Thr-NH2 (CTAP) were provided by Multiple Peptide System via the Research
Technology Branch, NIDA. HERK was synthesized as
described previously (Harding et al., 2005). The Krebs–
Ringer Bicarbonate Buffer (product K4002), GTP-g-S,
GDP, forskolin, and cAMP were obtained from Sigma
Chemical (St. Louis, MO), and CatchPoint Cyclic-AMP
Fluorescent Assay Kit (R8088) from Molecular Devices
(Sunnyvale, CA). For Western blots, antibodies directed
against the m-opioid receptor (PC165L) and various G
protein a-subunits were purchased from Calbiochem
(La Jolla, CA) [Ga12 (371778); Gai3 (371729)]. Horseradish peroxidase-labeled secondary antibody was purchased from Amersham (RPN1004) (Arlington Heights,
IL). The sources of other agents are published (Xu
et al., 2004).
35

RESULTS
Evidence for receptor desensitization
and opioid tolerance
Our ﬁrst series of experiments determined the
effect of chronic DAMGO and HERK on agoniststimulated [35S]-GTP-g-S binding. As reported in
Table I and Figure 1, both chronic DAMGO and chronic

TABLE I. Effects of DAMGO or HERK pretreatment on agoniststimulated [35S]-GTP-g-S binding in the hMOR-CHO cells
Agonist
DAMGO
Control
DAMGO-pretreated
HERK-pretreated
HERK
Control
DAMGO-pretreated
HERK-pretreated

EC50
(nM 6 SD)

EMAX
(% stimulation)

12.8 6 1.3
73.6 6 9.9*
42.8 6 6.5*

230 6 4
230 6 6
140 6 4*

92.5 6 16.1
211 6 48*
287 6 70*

259 6 9
207 6 10*
145 6 8*

The data of three independent experiments were combined and ﬁt to a doseresponse equation. Each parameter value is the mean 6 SD (n ¼ 3). The statistical signiﬁcance for the parameters \EC50" and \EMAX" was determined by
simultaneously ﬁtting the data to the dose-response model ﬁrst with the parameters unconstrained and then a second time with the parameters constrained to be the same values using the nonlinear least squares curve ﬁtting
program MLAB-PC. The F-test was used to determine the corresponding p values (compared with control value) for the increase in the sum of squares that
resulted from constraint.
*P < 0.01 when compared to control.

HERK increased the EC50 value of DAMGO from 12.8
to 73.6 nM (5.7-fold) and 42.8 nM (3.3-fold), respectively. Similarly, both chronic DAMGO and chronic
HERK increased the EC50 of HERK-stimulated [35S]GTP-g-S binding by 2.3-fold and 3.1-fold, respectively.
Chronic HERK decreased the EMAX value for both
DAMGO- and HERK-stimulated [35S]-GTP-g-S binding, reﬂecting the fact that chronic HERK increased
basal [35S]-GTP-g-S binding (Fig. 2), an observation
that will be presented in greater detail in the next
section. The [35S]-GTP-g-S binding dose-response
data suggest that both chronic DAMGO and chronic
HERK produce auto- and cross-tolerance to opioid
agonists.
Previous work established that [35S]-GTP-g-S binds
to two sites, a high afﬁnity agonist-responsive binding
site and a low afﬁnity agonist-nonresponsive binding
site, and that m-agonists normally increase the BMAX
of the high afﬁnity site, an effect prevented by chronic
morphine treatment (Xu et al., 2003). In this study we
determined the effect of chronic DAMGO and HERK
on DAMGO-stimulated high afﬁnity agonist-responsive binding. As reported in Table II, in control cells
DAMGO (10 mM) increased the BMAX of the high afﬁnity site by 2 to 3 fold and also lowered the Kd value.
Chronic treatment with HERK signiﬁcantly increased
the basal BMAX value (3.2-fold). Chronic DAMGO also
increased the BMAX, but the magnitude of the effect
was too small to become statistically signiﬁcant. Note
that similar results were observed when basal [35S]GTP-g-S binding was measured with a single concentration of radioligand (Fig. 3). After chronic HERK,
DAMGO lost the ability to increase the high afﬁnity
[35S]-GTP-g-S binding BMAX. This is likely due to a
\ceiling effect," since chronic HERK alone increased
the basal BMAX. After chronic DAMGO treatment,
DAMGO increased the BMAX to almost the same level
as observed in the control cells, but the increased
binding as compared with basal was not statistically
Synapse DOI 10.1002/syn
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Fig. 1. Drug-stimulated [35S]-GTP-g-S binding in hMOR-CHO
cells. A. DAMGO dose-response curves were generated using membranes prepared from hMOR-CHO cells after 20 h treatment with
DAMGO (10 mM), HERK (10 mM) or medium. The data were pooled
and analyzed for the best-ﬁt estimates of the EMAX and ED50 (Table
I). Each value is 6SEM (n ¼ 3). B. HERK dose-response curves
were generated using membranes prepared from hMOR-CHO cells
after 20 h treatment with DAMGO (10 mM), HERK (10 mM) or medium. The data were pooled and analyzed for the best-ﬁt estimates
of the EMAX and ED50 (Table I). Each value is 6SEM (n ¼ 3).

Fig. 2. Drug-inhibition of forskolin-stimulated cAMP accumulation. A. DAMGO dose-response curves were generated using membranes prepared from hMOR-CHO cells after 20 h treatment with
DAMGO (10 mM), HERK (10 mM) or medium. The data were analyzed for the best-ﬁt estimates of the EMAX and ED50 (Table III).
Each value is 6SEM (n ¼ 3). B. HERK dose-response curves were
generated using membranes prepared from hMOR-CHO cells after
20 h treatment with DAMGO (10 mM), HERK (10 mM) or medium.
The data were analyzed for the best-ﬁt estimates of the EMAX and
ED50 (Table III). Each value is 6SEM (n ¼ 3).

signiﬁcant because of the somewhat higher basal binding produced by the chronic DAMGO treatment.
These data indicate that both chronic HERK and
chronic DAMGO desensitize the m-opioid receptor,
since both treatments block the ability of DAMGO to
increase the BMAX, an effect that occurs with sensitized m-receptors.
Our next series of experiments tested for the development of opioid tolerance using the cAMP assay. As
demonstrated in Figure 2 and Table III, chronic
DAMGO increased the EC50 values of both DAMGO
(3.2-fold) and HERK (4.8-fold) for inhibiting forskolinstimulated cAMP accumulation. Chronic HERK eliminated the ability of both DAMGO and HERK to inhibit forskolin-stimulated cAMP, reﬂecting the fact
that chronic HERK reduced forskolin-stimulated
cAMP accumulation by 60% (Fig. 4). The cAMP doseresponse data suggest that chronic DAMGO produces
auto- and cross-tolerance to opioid agonists. As will
be discussed in the next section, the ability of chronic
HERK to produce opioid tolerance in the cAMP assay

cannot be directly determined because it produces a
constitutively m-receptor.

Synapse DOI 10.1002/syn

Evidence for the generation of constitutively
active m-receptors
Chronic morphine treatment can generate a constitutively active m-receptor, the activity of which is
detected by an increase in basal [35S]-GTP-g-S binding and the increased activity can be reversed by certain antagonists (Sadee et al., 2005; Xu et al., 2003).
Chronic HERK, but not DAMGO, increased the basal
[35S]-GTP-g-S binding by about 40% (Fig. 3). The
addition of naloxone (10 mM) and CTAP (10 mM) to
membranes prepared from HERK-treated hMORCHO cells decreased the elevated basal [35S]-GTP-g-S
binding to less than control levels. The addition of
naloxone to membranes prepared from DAMGO-treated
hMOR-CHO cells also decreased the basal [35S]-GTP-gS binding by about 20%. As mentioned in the prior section, chronic HERK decreases forskolin-stimulated
cAMP accumulation by about 60% (Fig. 4). This inhibi-
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TABLE II. Effects of DAMGO or HERK pretreatment on basal and DAMGO-stimulated [35S]GTP-g-S binding
to the high afﬁnity agonist-responsive [35S]-GTP-g-S binding site
Control cells
High afﬁnity binding site parameters
DAMGO pretreatment
Bmax (fmol/mg protein)
Kd (nM)
HERK pretreatment
Bmax (fmol/mg protein)
Kd (nM)

DAMGO- or HERK-treated cells

Basal

DAMGO (10 mM)

Basal

DAMGO (10 mM)

1146 6 698
15.6 6 7.6

3937 6 849*
7.63 6 1.4

2122 6 869
19.9 6 6.2

3963 6 716
7.71 6 1.2**

980 6 408
10.0 6 3.4

2102 6 297*
4.61 6 0.6*

3217 6 791#
18.6 6 3.5

2371 6 322
5.02 6 0.6**

The data of three independent experiments were combined (240 data points). The data were analyzed as described in Methods for the best-ﬁt parameter estimates
(6 SD) of the high afﬁnity Bmax and Kd. Statistical signiﬁcance for the Bmax and Kd were determined by simultaneously ﬁtting the data to the two-site model ﬁrst
with the parameters unconstrained and then a second time with the parameters constrained to be the same values. The F-test was used to determine the corresponding P-values for the increase in the sum of squares that resulted from the constraint.
*P < 0.05 when compared to the basal value.
*P < 0.01 when compared to basal value.
#
P < 0.05 when compared to the control value.

Fig. 3. Comparison of the effects of naloxone (10 mM) and CTAP
(10 mM) on basal [35S]GTP-g-S binding in the control or pretreated
hMOR-CHO cells. Results are presented as mean 6 SEM (n ¼ 3).
*P < 0.01 when compared with no addition group. #P < 0.01 when
compared with no addition condition of the control cells (two-tailed
Student’s t-test).
TABLE III. Effects of DAMGO or HERK pretreatment on
agonist-mediated inhibition of forskolin-stimulated
cAMP accumulation in the hMOR-CHO cells
Agonist
DAMGO
Control
DAMGO-pretreated
HERK-pretreated
HERK
Control
DAMGO-pretreated
HERK-pretreated

EC50 (nM 6 SEM)

EMAX (% inhibition)

3.23 6 0.63
10.4 6 1.2*
ﬂat

86.2 6 2.5
80.9 6 4.3
ﬂat

48.7 6 13.7
235 6 85*
ﬂat

89.0 6 2.2
82.7 6 7.0
ﬂat

The EC50 and Emax were determined using the program GraphPad Prism.
Each value is the mean 6 SEM (n ¼ 4).
*P < 0.05 when compared to control cells (two-tailed Students t-test).

tion is relieved by the addition of m-receptor antagonists
(naloxone or CTAP), strongly supporting the hypothesis
that chronic HERK generates a constitutively active mreceptor. Similar ﬁndings were observed in human embryonic kidney (HEK) cells expressing the cloned
human m-receptor (data not shown).
Evidence for the generation of
cAMP superactivation
It is well known that chronic morphine treatment
up-regulates the cAMP system, an effect commonly

Fig. 4. Comparison of the effects of naloxone (10 mM) and CTAP
(10 mM) on forskolin-stimulated cAMP accumulation in the control
or pretreated hMOR-CHO cells. Results are presented as mean 6
SEM (n ¼ 3). *P < 0.01 when compared with no addition group. #P
< 0.01 when compared with no addition condition of the control
cells (two-tailed Student’s t-test).

termed cAMP superactivation (Waldhoer et al., 2004).
This effect, commonly accepted to be a cellular marker
for dependence (Nestler and Aghajanian, 1997), is
readily detected by an increase in the forskolinstimulated cAMP accumulation. As demonstrated in
Figure 4, chronic DAMGO increased forskolin-stimulated cAMP by about 2.5-fold. Although chronic HERK
decreased forskolin-stimulated cAMP, the addition of
antagonists to inhibit the constitutively active receptors, resulted in cAMP accumulation similar to that
seen after chronic DAMGO. These data indicate that
both HERK and DAMGO produce cAMP superactivation.

Effect of chronic drug treatments on
G protein expression
Our next series of experiments determined the effect
of chronic morphine, DAMGO, and HERK on m-receptor expression. Figure 5A shows the full western blot
for the m-receptor antibody. Probing homogenates prepared from hMOR-CHO cells revealed a 75 kDA
Synapse DOI 10.1002/syn
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Fig. 5. m-OR expression. Panel A. Western blotting analysis of
m-OR protein in the control hMOR-CHO and hDOR-CHO cells.
Samples obtained from the control hMOR-CHO or hDOR-CHO cells
were prepared as described in Methods section and subjected to
Western blot analysis; Panel B. Comparison of the effects of chronic

drug treatment on expression level of m-OR protein in the hMORCHO cells. Results are expressed as mean 6 SEM (n ¼ 3). Representative Western blots are shown. *P < 0.05 when compared with
control cells (two-tailed Student’s t-test).

Fig. 6. Comparison of the effects of chronic drug treatment on expression level of Gai3 (A) and
Ga12 (B) proteins in hMOR-CHO cells. Results are expressed as mean 6 SEM (n ¼ 3). Representative
Western blots are shown. *P < 0.05 when compared with control cells (two-tailed Student’s t-test).

band that was not present in homogenates prepared
from hDOR-CHO cells, indicating that the 75 kDa
band is the m-opioid receptor. As reported in Figure
5B, chronic morphine, DAMGO, and HERK failed to
alter the level of m-receptor expression, indicating that
Synapse DOI 10.1002/syn

these chronic treatments do not induce receptor downregulation. As reported previously (Xu et al., 2005),
chronic treatment with all three m-agonists (morphine,
DAMGO, HERK) down-regulated Gai3 (Fig. 6A). It is
Interesting to see only chronic morphine, but not

PHARMACOLOGICAL COMPARISON OF DAMGO AND HERKINORIN

DAMGO and HERK, up-regulated Ga12 expression
(Fig. 6B).

DISCUSSION
The mechanisms that underlie the development of
tolerance and dependence to opioid drugs have been
studied for many decades, and involve changes at the
cellular, synaptic, and systems level (Williams et al.,
2001). m-Opioid receptors, like other G protein coupled
receptors (GPCR) undergo a process of agonist-induced
homologous desensitization, which includes agonistinduced phosphorylation of the receptor by GPCR kinases (GRKs), recruitment of b-arrestin, followed by
internalization. The binding of b-arrestin to the receptor blocks further activation of G proteins by agonist,
thus producing a desensitized receptor (For review see:
(Gainetdinov et al., 2004). Once internalized, m-receptors can either be recycled back to the cell membrane,
or degraded via lysozomes. The recycling hypothesis is
now thought to provide a mechanism to recycle re-sensitized receptors (Koch et al., 2005), as predicted by
Roth et al. (1998). According to this model, m-agonists
that promote internalization (internalizing agonists)
produce less tolerance because the recycling of receptors replaces desensitized receptors with receptors
ready for activation by agonist. On the other hand,
noninternalizing agonists, such as morphine, allow the
accumulation of desensitized receptors and the development of tolerance.
A simplistic prediction of this model is that internalizing and noninternalizing m-opioid agonists will produce signiﬁcantly different cellular changes, such as
markedly different levels of m-receptor desensitization.
To test this hypothesis, we compared the cellular
changes produced by DAMGO, an opioid agonist well
known to robustly promote receptor internalization
(Finn and Whistler, 2001; Koch et al., 2005), and
HERK, a recently described analog of Salvinorin A.
HERK is a fully efﬁcacious m-agonist with a binding
Ki for the m-receptor of 16 nM (vs. 5.0 nM for
DAMGO) (Harding et al., 2005). Importantly, Bohn
et al. (2000) reported that unlike morphine, the
HERK-bound m-opioid receptor does not internalize or
recruit barr2-GFP in HEK-293 cells and that this cannot be overcome by overexpressing GRK2 or by substituting the mOR1-D splice variant. The mOR1-D is a
naturally occurring splice variant of the mouse mopioid receptor that differs from the m-opioid receptor
only in the C-terminal sequence and has been shown
to recruit barr2-GFP and internalize following morphine treatment. Thus, HERK is an ideal noninternalizing m-agonist to compare to DAMGO.
Opioid tolerance and receptor desensitization is
readily assessed with the [35S]-GTP-g-S binding assay.
Chronic treatment of hMOR-CHO cells with either
DAMGO or HERK produced auto- and cross-tolerance,
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as determined by DAMGO- and HERK-stimulated
[35S]-GTP-g-S binding. The dose-response curves indicated that both agents desensitize the m-receptor. The
decreased EMAX value observed after HERK-treatment
was due to an increased level of basal [35S]-GTP-g-S
binding, an observation supportive of the presence of
constitutively active m-receptors.
[35S]-GTP-g-S binds to two sites, a high afﬁnity agonist-responsive binding site and a low afﬁnity agonist-nonresponsive binding site. m-Agonists normally
increase the BMAX of the high afﬁnity site, an effect
prevented by chronic morphine treatment (Xu et al.,
2003). In membrane preparation containing sensitized
receptors, m-agonists increase the BMAX of the high
afﬁnity [35S]-GTP-g-S binding site by promoting the
dissociation of GDP prebound to G proteins, thereby
increasing the number of binding sites available for
labeling with [35S]-GTP-g-S. Thus, the blunting of the
ability of an agonist to increase the BMAX of the high
afﬁnity site marks the presence of desensitized receptors. As reported in Table II, both chronic HERK and
DAMGO treatments attenuated the ability of DAMGO
to increase the BMAX of the high afﬁnity [35S]-GTP-g-S
binding site higher than the baseline BMAX value. This
effect was most apparent after chronic HERK treatment. After chronic DAMGO treatment, DAMGO
failed to produce a statistically signiﬁcant increase in
the BMAX value as compared with baseline, perhaps
because the baseline BMAX in DAMGO-treated cells
was higher than seen in control cells. These data provide evidence that both chronic HERK and DAMGO
treatment desensitize the m-receptor.
Chronic treatment of cells with either DAMGO or
HERK changes the mechanism by which agonists
stimulate [35S]-GTP-g-S binding. In control cells, agonists stimulate [35S]-GTP-g-S binding primarily by
increasing the BMAX and also by decreasing the Kd.
After chronic drug treatment, agonists stimulate
[35S]-GTP-g-S binding only by lowering the Kd. Therefore, the ability of agonists to stimulate [35S]-GTP-g-S
binding after chronic HERK or DAMGO, as shown in
Figure 1, results primarily from its decreasing the Kd
of the high afﬁnity agonist-responsive [35S]-GTP-g-S
binding site. The decreased EMAX of HERK following
chronic DAMGO treatment (207% vs. 259%) likely
indicates that HERK cannot decrease the Kd of the
high afﬁnity agonist-responsive [35S]-GTP-g-S binding
site enough to produce the same degree of overall
stimulation as observed in control cells.
Opioid agonists inhibit forskolin-stimulated cAMP
accumulation in intact cells, providing a well-established assay to determine the effect of chronic drug
treatment on the development of tolerance. Chronic DAMGO treatment produced tolerance to both
DAMGO and HERK, as evidenced by 3- to 4-fold shifts
to the right in the dose-response curves. Chronic
DAMGO did not signiﬁcantly change the maximal
Synapse DOI 10.1002/syn
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degree of inhibition (EMAX). Chronic HERK treatment
eliminated the ability of either DAMGO or HERK
to further inhibit forskolin-stimulated cAMP. From
a pharmacological perspective, this represents the
development of \complete" tolerance. The mechanism
underlying this effect is HERK-induced formation of
constitutively active m-receptors (Sadee et al., 2005).
Evidence supporting this includes the fact that
chronic-HERK increased basal [35S]-GTP-g-S binding,
an effect reversed by the addition of antagonists as
shown in Figure 3 (Wang et al., 2001), that chronic
HERK increased the basal BMAX of the high afﬁnity
agonist-responsive [35S]-GTP-g-S binding site (Table
II), and that chronic HERK reduced forskolin-stimulated cAMP accumulation by about 60% (Fig. 2). This
latter observation simply indicates that the constitutively active m-receptor substantially inhibits adenylate cyclase activity, thereby reducing the ability of
forskolin to stimulate cAMP accumulation.
Both chronic DAMGO and chronic HERK produced
cAMP superactivation, an effect we observed by measuring the magnitude of forskolin-stimulated cAMP
accumulation. Our ﬁndings support those of Zhao
et al. (2006), who reported, contrary to the \RAVE"
hypothesis (He and Whistler, 2005), that the ability of
a m-agonist to promote internalization of m-receptors
does not correlate with the ability of the agonist to
produce cAMP superactivation. Although chronic
HERK decreased forskolin-stimulated cAMP, the addition of antagonists to inhibit the constitutively active
receptors, resulted in marked increase in cAMP accumulation similar to that seen after chronic DAMGO.
These data indicate that both HERK and DAMGO produce cAMP superactivation.
Our data indicate that both internalizing and noninternalizing m-agonists produce opioid tolerance, receptor desensitization and up-regulation of the cAMP system. The major difference we observed between the
two types of m-agonists is that chronic HERK induced
the formation of constitutively active m-receptors to a
profound degree. We assume that the development of
cAMP superactivation predicts the propensity of an
agonist to produce dependence in vivo, our results
indicate that DAMGO and HERK would produce similar degrees of dependence, but that the dose of naloxone required to trigger withdrawal would be lower in
animals chronically treated with HERK, than with
DAMGO.
Importantly, it is perhaps overly ambitious to predict
the in vivo effects of noninternalizing and internalizing m-agonists based on studies conducted with cultured cells. Cell-based studies are useful for dissecting
general mechanisms of receptor regulation, but the
details of such regulation will likely change as a function of cell type and tissue, and their corresponding
repertoire of regulatory elements. For example, morphine does not promote m-receptor internalization in
Synapse DOI 10.1002/syn

cultured cells, except when GRKs are over-expressed
(Whistler and von Zastrow, 1998; Zhang et al., 1998).
However, in striatal neurons, morphine produces robust internalization (Haberstock-Debic et al., 2005),
indicating that generalizations made on the basis of a
study with a particular cell line do not necessarily
extrapolate directly to the in vivo situation.
Similarly, some authors have used "agonist relative
activity in cAMP assay vs. endocytosis (RAVE) values
to predict that m-agonists that promote endocytosis
will have a reduced propensity to produce tolerance
and dependence in whole organisms (He and Whistler, 2005). Both in vitro (Zhao et al., 2006) and in
vivo data appears to contradict this hypothesis. For
example, it is well known that DAMGO (RAVE value
1) administration produces robust tolerance and dependence in the rat (Maldonado et al., 1990). Chronic
methadone (RAVE value 1) treatment produces a robust withdrawal syndrome (Dougherty et al., 1987;
Ling et al., 1984), the intensity of which could be
inﬂuenced by the ability of D-methadone to antagonize N-methyl-D-aspartate glutamate receptors (Davis
and Inturrisi, 1999). Sufentanil, which has a RAVE
value of 1 (Koch et al., 2005), produces a similar
degree of tolerance as observed for morphine (RAVE
value 10) (Kissin et al., 1991; Stevens and Yaksh,
1989b), and chronic morphine and sufentanil administration produced similar degrees of dependence (Stevens and Yaksh, 1989a).
In summary, chronic treatment of hMOR-CHO cells
with both internalizing and noninternalizing m-agonists produces tolerance, receptor desensitization and
up-regulation of the cAMP system. The major difference between the two types of m-agonists is that
chronic HERK induced the formation of constitutively
active m-receptors to a profound degree. Consistent
with the data in cAMP assay, chronic DAMGO or
HERK decreased the expression of Gai3 (60%), suggesting that down-regluation of G protein subunits
(Gai3) may contribute to opioid tolerance. Further
research will test if naloxone or CTAP can block
chronic DAMGO or chronic HERK-induced down-regulation of Gai3. Viewed collectively with published
data, our data indicate that both internalizing and
noninternalizing m-agonists produce cellular signs of
tolerance and dependence in hMOR-CHO cells after
chronic treatment and that this effect was associated
with an increase in adenylyl cyclase activity.
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