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a b s t r a c t

Chronic opioid treatment leads to agonist-specific effects at the mu opioid receptor. The

molecular mechanisms resulting from chronic opioid exposure include desensitization,

internalization and down-regulation of membrane-bound mu opioid receptors (MOP). The

purpose of this study was to compare the cellular regulation of guinea pig, human and rat

MOP expressed in Chinese hamster ovary (CHO) cells, following exposure to two clinically

important opioids, morphine and methadone. MOP expressing CHO cells were treated in

culture with methadone or morphine for up to 48 h. Radioligand diprenorphine and [D-

AIa2,N-Me-Phe4,Gly5-ol]-enkephalin (DAMGO)-stimulated GTPgS binding assays were car-

ried out using paired control and opioid-exposed CHO cells. Methadone induced down-

regulation of the mu opioid receptor, while morphine induced desensitization of the

receptor for all three species. Furthermore, morphine predominantly decreased the potency

of DAMGO to stimulate GTPgS binding, whereas methadone primarily reduced its efficacy.

Changes in DAMGO potency and efficacy differed among species and depended on the

opioid used to treat the cells. Our results showed similarities between guinea pig and human

MOP for morphine-induced desensitization, but identified differences between the two for

methadone-induced desensitization. In contrast, human and rat MOP differed in response

to morphine treatment, but were not distinct in their response to methadone treatment. The

guinea pig is an excellent and established animal model to study opioid effects, but its

molecular opioid pharmacology has not been investigated thus far. These results can assist

in understanding species differences in the effects of opioid ligands activating the mu opioid

receptor.

# 2007 Elsevier Inc. All rights reserved.

avai lable at www.sc iencedi rec t .com

journal homepage: www.e lsev ier .com/ locate /b iochempharm
* Corresponding author. Department of Physiology & Pharmacology, Mailcode L334, 3181 SW Sam Jackson Park Road, Oregon Health &
Science University, Portland, OR 97239, USA. Tel.: +1 503 494 6256; fax: +1 503 494 4352.

E-mail address: olsenge@ohsu.edu (G.D. Olsen).

Abbreviations: Bmax, maximum receptor binding; CHO, Chinese hamster ovary; DAMGO, [D-AIa2,N-Me-Phe4,Gly5-ol]-enkephalin;
DPDPE, [D-Pen2,5]-enkephalin; Emax, maximum effect; gp, guinea pig; hu, human; Ki, inhibition constant; M3G, morphine-3-b-D-glucur-
onide; M6G, morphine-6-b-D-glucuronide; methadone refers to rac- methadone; MOP, mu opioid receptor; MOP-CHO, mu opioid receptor
expressing Chinese hamster ovary cells; U50,488, trans-(�)-3,4-dichloro-N-methyl-N-[2-(I-pyrrolidinyl)cyclohexyl]-benzeneacetamide
0006-2952/$ – see front matter # 2007 Elsevier Inc. All rights reserved.
doi:10.1016/j.bcp.2007.02.001

mailto:olsenge@ohsu.edu
http://dx.doi.org/10.1016/j.bcp.2007.02.001


b i o c h e m i c a l p h a r m a c o l o g y 7 3 ( 2 0 0 7 ) 1 8 1 8 – 1 8 2 8 1819
1. Introduction

Since the cloning of the rat mu opioid receptor (MOP)

[1], many mammalian mu opioid receptor have been

sequenced and cloned, including human [2], mouse [3],

cow [4] and guinea pig [5]. Most of these receptors have

been functionally characterized in cellular systems using

different assays, e.g. binding of opioid agonists and

antagonists, activation of GTPgS binding to G-coupled

proteins, signaling to downstream effectors, inhibition of

adenylyl cyclase or voltage-gated Ca2+ channels, or stimula-

tion of G protein-coupled inwardly rectifying potassium

channels. In vitro characterization of the guinea pig

MOP though has not been done. The in vitro characteriza-

tion studies of the cloned mu opioid receptors are difficult

to compare among species, because comparative analyses

of different species for any functional assay within

the same experimental setup has not been done for the

MOP.

Opioid receptors are regulated following agonist expo-

sure. Receptor stimulation by agonists causes signaling

through activation of the coupled Gi/o proteins followed

by rapid phosphorylation of the receptor. This receptor

stimulation leads to effective uncoupling of the Gi/o proteins

from the receptor [6]. Chronic opioid exposure interrupts

these acute regulatory processes and may contribute to

tolerance and dependence. Thus, prolonged activation leads

to adaptive changes in receptor number, receptor coupling

to G proteins, and receptor signaling to effector proteins [7].

The molecular processes leading to cellular tolerance and

long-term changes in mu opioid receptor activity remain

controversial [6]. A reason for this controversy is a variety of

different cell systems that are utilized for in vitro analyses

of these processes, including heterologously expressed mu

opioid receptor in Chinese hamster ovary cells [8,9], mouse

pituitary tumor cells At-T20 [10,11], or endogenously found

mu opioid receptor in human neuroblastoma cells [12] and

neurons [13,14]. These different systems taken together

with the different assays lead to the fact that reported

observations and proposed mechanisms are strongly influ-

enced by the chosen opioid agonist, the cellular or animal

system, the time-scale of observation and the assay

performed [15].

The guinea pig is an important and well established animal

model in gastro-intestinal, respiratory and opioid tolerance

research [16–19]. It is the model of choice in these areas

because of the closer anatomical, physiological, neurological

and developmental similarities to human. Yet, there are no

data available on the molecular properties of the guinea pig

mu opioid receptor and how these compare to other animal

models or human.

The purpose of this study is to perform an analysis of the

newly cloned guinea pig [5], and compare it to the human and

rat mu opioid receptors using the same Chinese hamster

ovary in vitro cell system for all species. Our focus is on the

changes in diprenorphine ligand binding and [D-AIa2,N-Me-

Phe4,Gly5-ol]-enkephalin (DAMGO)-stimulated GTPgS bind-

ing following chronic exposure to morphine or methadone in

cell culture to characterize the species dependent effects of

these drugs.
2. Materials and methods

2.1. Materials

F12 Nutrient Mixture (Ham) with L-glutamine, Lipofectamin

2000, Opti-MEM reduced serum media and Trypsin/EDTA was

purchased from Invitrogen Corporation (Carlsbad, CA, U.S.A.).

Dulbecco’s Phosphate Buffered Saline (PBS) and geneticin G418

were purchased from Cellgro (Herndon, VA, U.S.A.). Fetalplex

was purchased from Gemini Bioproducts (Woodland, CA,

U.S.A.). [3H]-diprenorphine (50 Ci/mmol) and [35S]-GTPgS

(1250 Ci/mmol) were purchased from Perkin Elmer Life

Sciences (Boston, MA, U.S.A.). ScintiSafe 30% scintillation

cocktail was purchased from Fisher Scientific (Fair Lawn, NJ,

U.S.A.). All opioid agonist drugs were supplied by the National

Institute on Drug Abuse (NIDA) of the National Institutes of

Health (Bethesda, MD, U.S.A.), except for (�)- and (+)-

methadone (Eli Lilly, Indianapolis, IN, U.S.A.) and U50,488

(trans-(�)-3,4-dichloro-N-methyl-N-[2-(I-pyrrolidinyl)cyclo-

hexyl]-benzeneacetamide) (Sigma Chemical Co., St. Louis, MO,

U.S.A.). Complete Mini protease inhibitor cocktail tablets were

purchased from Roche Diagnostics (Indianapolis, IN, U.S.A.).

Dc Protein Assay was purchased from Bio-Rad Laboratories

(Hercules, CA, U.S.A.). GF/C glass fiber filters were purchased

from Whatman Inc. (Sanford, ME, U.S.A.). The opioid antago-

nist naloxone and all reagent grade chemicals were purchased

from Sigma Chemical Co. (St. Louis, MO, U.S.A.), all salts and

buffers were purchased from Fisher Scientific (Fair Lawn, NJ).

CHO-K1 (CCL-61) cells were purchased from ATCC (Manassas,

MA, U.S.A.). Plasmid cDNA for guinea pig mu opioid receptor

(GenBank: AY166606) was cloned in our laboratory [5], human

mu opioid receptor (GenBank: AY521028) was purchased from

the University of Missouri Rolla (UMR) cDNA resource center

(Rolla, MO, U.S.A.), and rat mu opioid receptor (GenBank:

NM_013071) was kindly provided by Dr. S. Nagalla of Oregon

Health & Science University.

2.2. Cell culture and transfection

cDNAs encoding the guinea pig, human, and rat mu opioid

receptor were ligated separately into the mammalian

expression vector pcDNA3.1 (Invitrogen Corporation, Carls-

bad, CA, U.S.A.). Chinese hamster ovary (CHO) cells were

cultured in F12-HAM media supplemented with 10% Fetalplex

serum at 37 8C in a humidified atmosphere with 5% CO2. Cells

were seeded at 2 � 105 cells per plate on 6-well plates and 48 h

later transfected with 2 mg of the expression vectors using

Lipofectamin 2000 transfection kit according to the manu-

facturer’s manual. The next day cells were split and

transferred into 25 cm2 culture flasks. Selective media

containing 700 mg/ml geneticin was added 48 h post transfec-

tion and cells were cultured until the appearance of stable

colonies. Single colonies were isolated by transferring 200 ml

cell suspension at 2.5 cells/ml into 96-well plates. Wells

containing single colonies were grown and expression of the

mu opioid receptors was analyzed by radioligand diprenor-

phine binding. CHO cell lines stably expressing mu opioid

receptors were cultivated in the presence of 300 mg/ml

geneticin. For cellular tolerance studies cells were seeded

24 h prior to the earliest treatment time-point. Drugs (20 mM
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morphine, 10 mM rac-methadone, or 5 mM (�)- or (+)-

methadone) were added to the culture media without

media change at the indicated times prior to harvesting

the cells. Dosage was determined in a pilot experiment as

the minimal concentration needed to induce the maximum

observed effect on GTPgS binding. Control cells received

an equal volume of phosphate buffered saline (PBS) pH 7.4

only.

2.3. Protein assay

The Bio-Rad DC Protein assay was used to measure the protein

concentration of the membrane preparation according to the

manufacturer’s microplate assay protocol. The standard curve

was established using bovine serum albumin. The sample

concentration was determined in triplicates and measured

using the PowerWaveX 340 microplate reader (Bio-Tek Instru-

ments Inc., Winooski, VT, U.S.A.).

2.4. Radioligand binding assay

For saturation and competition binding, 4 � 106 cells were

cultivated on 150 mm culture plates for 48 h. For cellular

tolerance studies 8 � 105 cells were seeded on 100 mm plates

and grown for 72 h. Drugs for the cellular tolerance studies

were added to the culture media up to 48 h before harvesting.

For all experiments, cells were washed with 10 ml cold PBS

buffer (pH 7.4), collected using a cell scraper, and centrifuged

at 500 � g for 10 min at 4 8C. The cell pellets were rinsed twice

with cold PBS buffer and precipitated as above. Cells were re-

suspended in binding buffer (50 mM Tris–HCl pH 7.7) contain-

ing a protease inhibitor cocktail mix (Roche Diagnostics,

Indianapolis, IN, U.S.A.). Cells were disrupted with a Polytron

homogenizer for 10 s at setting 4.5 (Brinkmann Instruments,

Inc., Westbury, NY, U.S.A.), incubated 10 min on ice, and

membranes isolated by high-speed centrifugation (20,000 � g,

10 min, 4 8C). Membranes were thoroughly re-suspended in

3 ml (2 ml for 100 mm cultures) binding buffer per plate and

protein concentration was determined. [3H]-diprenorphine

saturation binding was conducted to determine the dissocia-

tion constant (Kd) and maximum binding (Bmax) for all mu

opioid receptor expressing cell lines. 30–60 mg of membranes

were incubated with increasing concentrations of radioligand

at 25 8C for 75 min in a total volume of 500 ml binding buffer.

Non-specific binding was determined in the presence of 50 mM

naloxone. Bound radioligand was trapped on GF/C glass fiber

filters, presoaked with 0.5% polyethyleneimine in binding

buffer for 2 h, by rapid filtration through a 48-well cell

harvester (Brandel, Gaithersburg, MD, U.S.A.). Filters were

washed three times with 4 ml of ice-cold binding buffer for

1 min, placed in glass scintillation vials with 4 ml scintillation

cocktail and counted with a Beckman LS6500 coulter counter

for 4 min per sample. Inhibition constants (Ki) for guinea pig

mu opioid receptor were determined for tested compounds by

competition binding displacing 0.3 nM radioligand with 10

different concentrations (10�13–10�2.5 M) of each competitor.

For cellular tolerance studies 0.6 nM radioligand was

employed (approximately equivalent to 2� Kd). Assays were

performed as above. Each reaction was performed in tripli-

cates and repeated at least three times.
2.5. GTPgS binding assay

Mu opioid receptor expressing Chinese hamster ovary cells

(4 � 106) were cultivated on 150 mm culture plates and grown

for 48 h. For cellular tolerance studies drugs were added to the

culture media at the indicated times prior to harvesting.

Membranes were harvested, washed and homogenized as

above, except cells were re-suspended in assay buffer (50 mM

Tris–HCl pH 7.4, 100 mM NaCl, 3 mM MgCl2, 0.2 mM EGTA)

instead of binding buffer. Assay conditions were initially

tested for optimal protein concentration (10–60 mg) and

incubation time (30 min–2 h) for all species to get maximum

GTPgS binding within the linear response range. GTPgS

binding was performed with 12–18 mg of total membrane

protein. Membranes were incubated for 2 h with 10 mM GDP,

100 pM [35S]-GTPgS, and increasing concentrations of opioid

agonist (10�10 to 10�4 M) at 30 8C in a final volume of 500 ml

assay buffer. Each drug concentration was performed in

duplicate and non-specific binding was measured in the

presence of 50 mM naloxone. Basal stimulation was deter-

mined in the absence of agonist. Bound GTPgS was filtered and

counted as above using Whatman GF/C glass fiber filters, pre-

wetted in ice-cold wash buffer (50 mM Tris–HCl pH 7.4), except

filters were washed three times, very rapidly using 3 ml ice-

cold wash buffer. Experiments were repeated at least three

times for each assay.

2.6. Data analysis

Saturation and competition radioligand binding curves as

well as opioid-stimulated GTPgS dose response curves were

generated using GraphPad Prism 3.0 (GraphPad Software

Inc., San Diego, CA, U.S.A.). Kd, Bmax and Ki were calculated

using the built in equations for one site binding hyperbola

and one site competition binding, respectively. Using the

GraphPad Prism F test for comparison of two equations, one

site competition binding was found to be the best fit model

for all compounds tested. The maximum effect (Emax)

and potency (EC50) for opioid-stimulated GTPgS binding

curves were calculated using sigmoidal dose response curve

fit. EC50 was considered to represent the potency of each

agonist, and the Emax reflected the efficacy of the agonist.

An increase in EC50 indicated a decrease in potency, whereas

a decrease in Emax specified a decrease in efficacy. Analysis

of data was always performed in a paired fashion of control

and treated cells assayed at the same time to resolve the

small differences on the logarithmic dose response curve.

Data for maximum effect was normalized in two ways: In

relation to the maximum receptor binding for comparison

between cell lines and in relation to DAMGO-stimulation as

a standard for comparisons between drugs. Efficiency of

GTPgS binding was calculated as Emax/Bmax for each cell

line. The number of experiments for each condition was at

least three.

2.7. Statistical analysis

Statistical analysis was performed using SigmaStat 3.1 soft-

ware (Systat Software Inc., Richmond, CA, U.S.A.). Data are

reported as mean � S.E.M. Opioid-stimulated GTPgS binding



Table 1 – Kd and Bmax for stable mu opioid receptor CHO
cell lines

Species Kd [nM] Bmax [fmol/mg]

Guinea pig 0.30 � 0.03 1210 � 30

Human 0.38 � 0.05 1030 � 80

Rat 0.26 � 0.01 2480 � 20

Saturation binding of [3H]-diprenorphine was performed using

membrane preparations from CHO cells expressing guinea pig,

human or rat mu opioid receptor. Dissociation constant (Kd) and

maximum binding (Bmax) were calculated as described in materials

and methods. Data are expressed as mean � S.E.M. (n = 3).
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was analyzed by two-way ANOVA with factors of species and

drug. Potencies were compared between species for each drug

by one-way ANOVA. Multiple comparisons were done on

significant effects using the Holm-Sidak method. A value of

P < 0.05 was considered significant.

To compare results of cellular tolerance studies, the data

was normalized as percent of untreated control within the

same experiment. Both radioligand binding and opioid-

stimulated GTPgS binding were initially analyzed using

three-way analysis of variance (ANOVA) with factors of

species, drug and time of drug treatment. To analyze the

effects of drug treatment on GTPgS binding, two-way ANOVA

with factors of species and time were performed for each

drug separately. Two-way ANOVA with factors of drug and

time of treatment was also used to compare the enantiomers

of methadone. Post hoc analysis was done as described

above.
3. Results

3.1. Stable mu opioid receptor expression in CHO cells

Mu opioid receptor cDNAs encoding guinea pig, human and

rat species variants were stably transfected into Chinese

hamster ovary cells. Greater than 20 clonal populations were

screened for each species through equilibrium receptor

binding studies using the nonselective opioid antagonist

[3H]-diprenorphine and three clones were selected, one for

each species, with similar dissociation constants (Kd) and

maximum specific binding (Bmax) of 1–3 pmol/mg protein [20]

(Table 1).
Fig. 1 – Competition of specific [3H]-diprenorphine binding (0.3

homogenized membranes prepared from guinea pig mu opioid

one representative experiment with each measurement determ

independent experiments. A Ki value was calculated for each li

binding, TB, total binding).
3.2. Competition binding analysis of the guinea pig mu
opioid receptor

In a prior study we reported the sequence of the guinea pig mu

opioid receptor [5]. In order to verify the mu-specific binding

profile of the cloned receptor we used competition binding of

[3H]-diprenorphine with a series of opioid peptides and

alkaloids (Fig. 1). The rank order of all tested compounds for

the ability to displace [3H]-diprenorphine from the mu

opioid receptor was levorphanol > DAMGO = (�)-metha-

done > morphine > rac-methadone > morphine-6-b-D-

glucuronide� (+)-methadone > morphine-3-b-D-glucuroni-

de : U50,488, dextrorphan, [D-Pen2,5]-enkephalin (DPDPE)

(Table 2). The mu-specific agonists DAMGO (3.4 � 0.6 nM),

levorphanol (1.2 � 0.2 nM), methadone (7.2 � 1.1 nM) and

morphine (5.5 � 0.5 nM) were most potent. Also consistent

with the binding profile of a mu opioid receptor, the kappa and

delta specific opioid agonists U50,488 and DPDPE exhibited a

low displacement capacity.
nM) by unlabeled compounds was measured using

receptor CHO cells. Each curve was plotted using data from

ined in triplicates. Each competitor was evaluated in three

gand and is represented in Table 2. (NSB, non-specific



Table 2 – Inhibition constants for different agonists at the
cloned guinea pig mu opioid receptor

Agonist Ki [nM]

DAMGO 3.4 � 0.6

U50,488 930 � 90

DPDPE 3300 � 500

Methadone 7.2 � 1.1

(�)-Methadone 3.4 � 0.9

(+)-Methadone 105 � 30

Morphine 5.5 � 0.5

Morphine-6-b-D-glucuronide 30 � 6

Morphine-3-b-D-glucuronide 560 � 50

Levorphanol 1.2 � 0.2

Dextrorphan 1740 � 360

Competition binding was performed with CHO membrane pre-

parations. The Ki values reflect the potency of each unlabeled

competitor to displace 0.3 nM [3H]-diprenorphine. One site analy-

sis was the best fit model for all compounds tested. Non-specific

(NSB) and total binding (TB) was determined in the absence of

competitor. Data are mean � S.E.M. of three separate experiments

conducted in triplicates.
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3.3. Functional studies of the stable mu opioid receptor
CHO cell lines

DAMGO, methadone and morphine induced stimulation of

GTPgS binding was used to describe the activation of the

cloned mu opioid receptors (Fig. 2A–C). The rank of potencies

for the stimulation of GTPgS binding to the guinea pig receptor

was DAMGO > morphine > methadone, while for human and

rat receptor the rank order of morphine and methadone was

reversed (Table 3). Methadone was equipotent for all three

species. DAMGO and morphine were significantly more potent

at the guinea pig mu opioid receptor than at the human or rat

receptor (P < 0.05). DAMGO was also more potent at the

human compared to the rat mu opioid receptor (P < 0.01).

To compare the opioid-stimulated GTPgS binding among

the mu opioid receptor expressing cell lines, the Emax values

were normalized to the number of receptors (Bmax) expressed
Table 3 – Potency and efficacy for activation of GTPgS binding t
cells

Guinea pig

EC50 (nM)

DAMGO 46 � 3a

Methadone 134 � 4

Morphine 106 � 5a

Emax (fmol/mg) (Emax/Bmax) (%)

DAMGO 133 � 16 (11 � 1)

Methadone 135 � 16 (11 � 1)

Morphine 122 � 15 (10 � 1)

Potency (EC50) and efficacy (Emax) values were calculated for all guinea pig

dose response curve fit. Data are mean � S.E.M. of a minimum of three

effects are reported as Emax [fmol/mg] and as Emax/Bmax [%] relative to the

revealed that there were no significant differences between species for t
a P < 0.05 vs. human and rat.
b P < 0.01 vs. rat.
in each cell line (Table 3). The resulting ratio (Emax/Bmax) was

defined as efficiency of opioid-stimulated GTPgS binding.

There were no significant differences in efficiencies among

cell lines by this analysis. To compare the efficacies for

the different stimulating agonists DAMGO, methadone and

morphine, experiments were always performed in a paired

fashion of all three drugs within the same set of experiment

and the maximum effects were evaluated in relation to the

Emax of DAMGO (relative Emax) (Fig. 2D). A significant difference

was found between the Emax of morphine and the Emax of both

DAMGO and methadone for all species (P < 0.01). The relative

Emax value of morphine for the rat mu opioid receptor was

significantly lower than that for guinea pig and human

(P < 0.05).

For CHO cells expressing the guinea pig mu opioid receptor

we extended our study and analyzed both methadone

enantiomers separately. The potency for (�)-methadone-

stimulated GTPgS binding (52 � 6 nM) was 2.5-fold stronger

than for rac-methadone (134 � 4 nM) and 23-fold greater than

for (+)-methadone (1.2 � 0.3 mM). The maximum effect was

not statistically different for rac-, (�)- and (+)-methadone.

3.4. Receptor binding after chronic drug treatment

We next examined the chronic effects of different opioid drugs

on receptor binding by exposing our stably expressing mu

opioid receptor CHO cells to 20 mM morphine or 10 mM

methadone for up to 48 h (Fig. 3). No significant differences

in receptor binding were found among species. Methadone

induced a time-dependent reduction of receptor binding while

morphine treatment did not change binding compared to

control (P < 0.001 for methadone versus morphine). Receptor

binding of cells treated with methadone for 12 or more hours

was maximally reduced by 65–73% for all species (Fig. 3).

In addition we analyzed the two enantiomers of metha-

done separately for all species. Cells were treated with either

5 mM (�)- or (+)-methadone. The effects of methadone

treatment were solely due to its active (�)-enantiomer, while

(+)-methadone treatment at this concentration had no effect

on receptor binding (Fig. 3).
o the mu opioid receptors in membranes isolated from CHO

Human Rat

58 � 3b 80 � 7

128 � 31 124 � 19

184 � 13 166 � 16

128 � 10 (12 � 1) 302 � 19 (12 � 1)

126 � 10 (12 � 1) 300 � 24 (12 � 1)

112 � 6 (10 � 1) 247 � 15 (10 � 1)

, human and rat mu opioid expressing CHO cell lines using sigmoidal

experiments done in duplicates for each data point. The maximum

Bmax for [3H]-diprenorphine binding. Statistical analysis of this ratio

he efficiency (Emax/Bmax) of GTPgS binding.



Fig. 2 – (A–C) Opioid-stimulated GTPgS binding was performed using DAMGO, methadone and morphine (Table 3) for guinea

pig (A), human (B), and rat (C) mu opioid receptor in membranes isolated from CHO cells. Curves are plotted using data from

one representative experiment. D: The efficacies of the different opioids were normalized to the efficacy of the DAMGO-

stimulated assay of the same experiment. Emax of morphine was significantly lower than Emax of DAMGO and methadone

for all species. Emax of morphine for rat mu opioid receptor was significantly lower than for guinea pig and human. Data are

mean W S.E.M. of three independent experiments (D).
*P < 0.05 vs. DAMGO and methadone
#P < 0.05 vs. guinea pig and human
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3.5. Opioid-stimulated GTPgS binding after chronic drug
treatment

To determine the effects of chronic opioid exposure on the

activation of G proteins by the mu opioid receptor, DAMGO-

stimulated GTPgS binding curves were generated using

DAMGO concentrations ranging from 10�10–10�4 M. As there

were no changes in receptor binding after 12 h, we treated

cells with morphine or methadone for only 3 or 12 h (Fig. 4).

Experiments were always performed in controlled sets and

normalized to the untreated control of the same experiment.

Effects on potency and efficacy were not different between 3 h
and 12 h treatment except for the EC50 of the rat mu opioid

receptor following morphine treatment (P < 0.05) (Fig. 4A).

Changes in potency (EC50) and efficacy (Emax) were

significantly different for both species and drug (P < 0.001

for both comparisons). To isolate these effects each drug was

analyzed separately. Morphine treatment significantly

increased the EC50 of the DAMGO-stimulated G protein binding

for all species by 60 � 11% (guinea pig), and 63 � 9% (human)

after 3 h, and by 86 � 14% (guinea pig), 73 � 5% (human), and

41 � 20% (rat) after 12 h (P < 0.01 for all comparisons). The

potency decrease of DAMGO at the rat mu opioid receptor was

only significant for the 12 h time-point. Changes in potency of



Fig. 3 – Receptor binding in opioid treated mu opioid

receptor expressing CHO cells. Cells were exposed in

culture to 20 mM morphine, 10 mM methadone, or 5 mM

(S)- or (+)-methadone for 3 h to 48 h. Homogenized

membrane preparations were assayed for their ability to

bind [3H]-diprenorphine (0.6 nM). Receptor binding is

plotted as percent of untreated control. Data is

mean W S.E.M. of three independent experiments

performed in triplicates. No significant changes in receptor

binding were observed for chronic morphine or (+)-

methadone treatment. Both rac- and (S)-methadone

caused reduced receptor binding after 3 h of exposure that

was sustained up to 48 h (P < 0.001 vs. control). No

statistical differences were found after 12 h of treatment

for each drug.
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DAMGO at the guinea pig and human receptor were

considerably greater than for the rat (P < 0.01 versus guinea

pig and human at 3 h, and versus guinea pig at 12 h, (Fig. 4A).

Morphine treatment increased the maximum effect (Emax) of

DAMGO for the rat mu opioid receptor by 18 � 5% (3 h) and

24 � 6% (12 h) (P < 0.05 versus control, Fig. 4B), but did not
significantly change Emax for guinea pig- or human mu opioid

receptor.

In contrast, methadone treatment reduced the potency of

DAMGO-stimulated G protein binding to the guinea pig mu

opioid receptor by 47 � 10% (3 h), and 37 � 8% (12 h) (P < 0.01),

but did not affect the potency (EC50) of DAMGO at the human or

rat mu opioid receptor (Fig. 4C). Methadone significantly

reduced the efficacy of DAMGO-stimulated G protein binding

for all species by 25–38% after 3 h and 26–44% after 12 h

compared to control. A significant difference in efficacy

reduction between species was only found for guinea pig

and rat at 12 h of methadone treatment (P < 0.01, Fig. 4D).

For the guinea pig receptor we evaluated both methadone

isomers and found that only the active (�)-enantiomer was

responsible for the observed changes in potency and efficacy

of DAMGO-stimulated G protein binding to the receptor (Fig. 5).

There were no statistical differences between rac- and (�)-

methadone, while both were different from (+)-methadone

(P � 0.001). (+)-Methadone increased the EC50 slightly, but this

tendency is not statistically significant (P = 0.09).
4. Discussion

The purpose of this study was to characterize the cellular

pharmacology of the guinea pig mu opioid receptor and

compare it to the rat and human receptor following chronic

opioid exposure. Both guinea pig and rat are important animal

models for opioid research. We chose to analyze the guinea pig

mu opioid receptor because the neonatal guinea pig is a better

model for studying respiratory effects caused by chronic in

utero or acute administration of opioid drugs than the rat

[17,21]. The rat is the most common animal model for analysis

of opioid induced cellular as well as whole animal tolerance.

Our results show that based on the pharmacology of mu opioid

receptor expressing CHO cells the guinea pig is equally

suitable as an animal model as the rat for opioid-induced

development of tolerance, dependence and withdrawal.

The mu opioid receptor is mainly implicated in mediating

the cellular responses of clinically used analgesic opioids,

such as morphine or methadone. Morphine is different from

methadone in that it induces significantly less mu opioid

receptor internalization in vitro [10,11,22–24]. Differential

cellular effects of chronic treatment with both drugs are

reported for several species [10,23,25,26], but have never been

performed in a comparison of multiple species within a single

assay system in order to delineate species-dependent differ-

ences.

In order to do these comparisons, we first needed to show

that the newly cloned guinea pig mu opioid receptor [5] has a

classical mu opioid ligand binding and activation profile

comparable to other cloned mu opioid receptors [1–4]. Both

one site [3,4] and two site [27,28] binding models have been

used to analyze displacement curves for opioid ligands. In our

assay system the one site model produced the best fit for all

tested drugs. We established that the guinea pig receptor has

ligand binding properties similar to previous species studied.

Using a single biological system (CHO cells) to express the

mu opioid receptor from each of the three species, we

excluded effects due to different host cell lines and avoided



Fig. 4 – DAMGO-stimulated GTPgS binding in opioid treated CHO cells. Cells were treated in culture as in Fig. 3 with either

morphine or methadone for 3 or 12 h. Dose response curves for DAMGO-stimulated GTPgS binding with homogenized

membranes were generated. EC50 (panel A, C) and Emax (panel B, D) were calculated and are graphed as percent of paired

control. Data is mean W S.E.M. of three independent experiments performed in duplicates for each concentration.

Methadone-induced tolerance was different for the guinea pig mu opioid receptor compared to the other two species, as

was the case for the rat receptor following morphine treatment. Significant time-dependent changes for both treatments

are indicated.
xP < 0.05 vs. untreated control
**P < 0.01 vs. guinea pig and human
##P < 0.01 vs. guinea pig
#P = 0.05 vs. rat
***P < 0.001 vs. human and rat
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complications due to the presence of other opioid receptors.

Similar studies described species differences between the

human and rat kappa opioid receptor for U50,488 induced

kappa opioid receptor regulation in CHO cells [20,29]. The

expression level variation of approximately 2.5-fold among

the three cell lines used in this study is nearly identical to the

expression range in the kappa opioid receptor species study

[20] and comparable to a mu opioid receptor mutant study

[30]. This variation is small compared to the expression level

difference of mu opioid receptor expressing cell systems found

in the literature which vary more than 40-fold between studies

[14,23]. In addition, normalization of the data shows that

the expression range does not affect the comparison among

species tested. Furthermore, we used supramaximal levels

[23,31] of drugs for the study of long-term adaptations of mu

opioid receptor to minimize the influence of spare receptors

[19]. To our knowledge, this report is the first species com-

parison for the mu opioid receptor within a single assay.

Opioid-stimulated GTPgS binding was used to compare the

potency and maximum effect of different drugs at the three
mu opioid receptors. In all cases DAMGO was the most potent

drug. Methadone was equally potent for all species, but was

more potent than morphine for human and rat and less potent

compared to morphine for guinea pig. Both orders of potency

have been observed for different species and different fun-

ctional assays looking at the mu opiod receptor, but are

difficult to compare as assay and system variations complicate

comparisons [10,23,31,32]. One study reported one rank for

potency to stimulate GTPgS binding for mouse mu opioid

receptor in CHO cells and the opposite rank of potency for

methadone and morphine in rat thalamus neurons [33].

We compared the maximum effect of opioid-stimulated

GTPgS binding of DAMGO, methadone and morphine among

species by relating it to the maximum receptor binding (Bmax)

and observed no statistical differences. This verifies that

GTPgS binding at least in untreated cells was not dependent on

the receptor number present in our three mu opioid receptor

expressing CHO cell lines. Although the S.E.M. of efficacy

between experiments ranged from 6 to 12% of the mean, we

were able to exclude variations that result from different



Fig. 5 – Effects of methadone isomers on GTPgS binding at the guinea pig mu opioid receptor. DAMGO-stimulated GTPgS

binding curves were generated using membrane preparations from guinea pig mu opioid receptor expressing-CHO cells

pretreated with 10 mM rac-methadone, or 5 mM (S)- or (+)-methadone for the times indicated. EC50 (A) and Emax (B) are

plotted as percent of control. Data is mean W S.E.M. of three or four independent experiments performed in duplicates for

each concentration of DAMGO. Two-way ANOVA for factors of drug and time for both values revealed no significant

differences between rac- and (S)-methadone. Both drugs significantly decreased potency and efficacy compared to control

after 3 h (P < 0.001 for all comparisons). No significant change in either value with time was observed for (+)-methadone

treated cells. Differences between methadone isomers are denoted.
***P < 0.001 vs. untreated control
###P = 0.001 vs. rac- and (S)-methadone
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membrane preparations [34] by normalization of the max-

imum effect to an internal control performed always within

the same experiment (DAMGO-stimulation). As a result the

comparison of all drugs showed a clear rank order of efficacy

for all species within any one experiment where DAMGO and

methadone are equally efficacious and morphine’s efficacy is

significantly lower. Therefore we conclude that our three CHO

cell lines have similar ligand and GTPgS binding profiles.

Many studies have shown that morphine and methadone

have different agonist profiles at the mu opioid receptor with

respect to the development of tolerance [6,15]. Our results

suggest that the cellular processes in response to chronic

exposure are not only drug, but also species dependent with a

clear distinction between receptor binding and GTPgS binding.

Changes in receptor ligand binding were not distinct

among species. A rapid reduction in receptor numbers was

observed in all methadone exposed cells, while no changes in

receptor binding were detected in all morphine treated cells

over time. Even though we did not perform full dose response

curves for this set of experiment, we concluded from previous

reports [4,8,35] that our observed changes were predominantly

due to changes in receptor number rather than changes in

receptor binding affinity. This observation was in agreement

with multiple previous studies that showed that morphine has

a low potential to internalize and remove mu opioid receptors

from the cell membrane [10,24,25] in most cells and tissues

whereas methadone exhibited a high internalization rate

[11,31]. For both drug treatments, the new guinea pig MOP

receptor is not distinct from the rat or human MOP receptor

with respect to diprenorphine binding.

In contrast to the receptor binding, the activation of GTPgS

binding was differentially regulated for the three species

following chronic exposure to methadone or morphine.
Morphine treatment of the guinea pig and human mu opioid

receptor expressing CHO cells resulted in a significant

decrease of potency of DAMGO-stimulated GTPgS binding,

but did not alter its maximum effect. The rat mu opioid

receptor cell line displayed a smaller and slower decrease

in potency and showed an increase in maximum effect,

significantly differing from the other two.

In the case of methadone treated cells, the maximum effect

of stimulation was reduced for all species, with effects on the

guinea pig mu opioid receptor being greater than for the rat.

The potency of DAMGO to stimulate GTPgS binding at both the

human and rat receptor was not altered significantly. Only the

potency of DAMGO at the guinea pig mu opioid receptor was

significantly reduced and therefore distinct from the other two

species.

For all experiments with the newly characterized guinea

pig mu opioid receptor we included the two stereoisomers of

methadone in the study to show that all effects resulting from

chronic treatment with rac-methadone stemmed from the

active (�)-isomer. We showed that changes in ligand receptor

binding are due to the (�)-isomer only (also shown for human

and rat mu opioid receptor), and that changes in potency

and efficacy of DAMGO-stimulated GTPgS binding occured

only in rac- or (�)-methadone treated cells. The small decrease

in potency of DAMGO to stimulate GTPgS binding induced by

(+)-methadone at this concentration is not statistically

significant and should therefore play no role in the develop-

ment of cellular tolerance.

In summary, the above data led to the conclusion that

morphine exposure didn’t reduce the number of receptors, but

did reduce the ability of the receptor to transmit the signal

through activation of GTPgS binding. This effect was observed

in parallel for both time and magnitude in the case of the
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guinea pig and human mu opioid receptor. The somewhat

lesser effect on potency decrease on the rat mu opioid receptor

could be attributed in part to the higher number of receptors in

the rat mu opioid receptor expressing cell line. In contrast,

methadone exposure reduced the number of receptors for all

species. This reduction in receptor number is mainly respon-

sible for the decrease in the maximum effect of GTPgS binding.

The remaining membrane bound receptor show no decrease in

potency to stimulate GTPgS binding, following the ligand signal

with the exception of the guinea pig mu opioid receptor.

The species divergence was somewhat surprising con-

sidering the high amino acid sequence homology among the

mu opioid receptors. The same dose of morphine seemed to

have a greater ability to induce changes in receptor activity in

CHO cells expressing the guinea pig or human receptor than it

did with the rat receptor. On the other hand guinea pig

mu opioid expressing CHO cells were more susceptible to

methadone treatment than human and rat mu opioid receptor

expressing CHO cells. This data suggests that some of the

differences among species in development of tolerance and

sensitivity to certain drugs may be due to the binding and

signaling properties of the mu opioid receptor. Therefore it is

crucial to understand the interactions of drugs and receptor on

the cellular level of each species to fully appreciate the mode

of action in humans or whole animals.
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