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1 In the present study, we examined the pharmacological activity of the putative k3-opioid receptor
agonist naloxone benzoylhydrazone (NalBzoH) at recombinant human opioid receptors individually
expressed in Chinese hamster ovary (CHO) cells and native opioid receptors present in rat striatum.

2 At the m-opioid receptor (MOR), NalBzoH stimulated guanosine-50-O-(3-[35S]thio)triphosphate
([35S]GTPgS) binding (pEC50¼ 8.59) and inhibited cyclic AMP accumulation (pEC50¼ 8.74) with
maximal effects (Emax) corresponding to 55 and 65% of those obtained with the MOR agonist
DAMGO, respectively. The MOR antagonist CTAP blocked the stimulatory effects of NalBzoH and
DAMGO with similar potencies.

3 At the k-opioid receptor (KOR), NalBzoH stimulated [35S]GTPgS binding (pEC50¼ 9.70) and
inhibited cyclic AMP formation (pEC50¼ 9.45) as effectively as the selective KOR agonist (�)-U-50,488.
The NalBzoH effect was blocked by the KOR antagonist nor-binaltorphimine (nor-BNI) (pKi¼ 10.30).

4 In CHO cells expressing the d-opioid receptor (DOR), NalBzoH increased [35S]GTPgS binding
(pEC50¼ 8.49) and inhibited cyclic AMP formation (pEC50¼ 8.61) almost as effectively as the DOR
agonist DPDPE. Naltrindole (NTI), a selective DOR antagonist, completely blocked the response
to NalBzoH (pKi of 10.40).

5 In CHO cells expressing the nociceptin/orphanin FQ (N/OFQ) receptor (NOP), NalBzoH failed
to exert agonist effects and antagonized the agonist-induced receptor activation.

6 When compared to other opioid receptor ligands, NalBzoH showed an efficacy that was lower
than that of morphine at MOR, but higher at KOR and DOR.

7 In rat striatum, NalBzoH enhanced [35S]GTPgS binding and inhibited adenylyl cyclase activity.
These effects were antagonized by either CTAP, nor-BNI or NTI, each antagonist blocking a fraction
of the NalBzoH response.

8 These data demonstrate that NalBzoH displays agonist activity at MOR, DOR and KOR
expressed either in a heterologous cell system or in a native environment.
British Journal of Pharmacology (2006) 147, 360–370. doi:10.1038/sj.bjp.0706601;
published online 9 January 2006

Keywords: Naloxone benzoylhydrazone; recombinant human opioid receptors; rat striatum; [35S]GTPgS binding; receptor
binding; cyclic AMP

Abbreviations: BSA, bovine serum albumin; CHO, Chinese hamster ovary; CHO/DOR, CHO/KOR, CHO/MOR and CHO/
NOP cells, CHO cells expressing the recombinant human d-, k-, m- and NOP receptor, respectively; DAMGO,
(D-Ala2-N-methyl-Phe-Gly-ol5)-enkephalin; DMSO, dimethyl sulfoxide; DOR, d-opioid receptor; DPDPE,
(2-D-penicillamine,5-D-penicillamine)-enkephalin); FSK, forskolin; KOR, k-opioid receptor; MOR, m-opioid
receptor; NalBzoH, naloxone benzoylhydrazone; N/OFQ, nociceptin/orphanin FQ; NTI, naltrindole; nor-BNI,
nor-binaltorphimine

Introduction

The naloxone derivative naloxone benzoylhydrazone (NalB-

zoH) is currently used as a pharmacological tool in opioid

receptor research. The early observations that in rat and

mouse NalBzoH caused analgesia independently of m- (MOR),

d- (DOR) and k- (KOR) opioid receptors led to the proposal

that the compound behaved as an agonist of a novel subtype of

KOR, termed k3 (Gistrak et al., 1989; Paul et al., 1990).

Radioligand binding studies demonstrated that [3H]NalbzoH

bound with high affinity to k3-opioid sites, which were

pharmacologically characterized as being relatively insensitive

to the KOR agonists U-50,488 and U-69,593 and the KOR

antagonist nor-binaltorphimine (nor-BNI) (Clark et al., 1989).

[3H]NalbzoH-labelled k3-opioid receptors were identified in

different neuronal cell systems, including calf striatum (Clark

et al., 1989), mouse, rat and guinea-pig brain (Cheng et al.,

1992; Berzetei-Gurske et al., 1995) and BE(2)-C and SH-SY5Y

neuroblastoma cell lines (Standifer et al., 1994; Cheng et al.,

1995). In addition, functional studies performed in these cell

lines showed that NalBzoH inhibited cyclic AMP accumula-

tion with a pharmacological profile consistent with the

involvement of k3 opioid receptors (Standifer et al., 1994;

Cheng et al., 1995; Mathis et al., 2001).

Besides being considered as a selective agonist of the

pharmacologically identified k3-opioid receptor (Reisine &

Pasternak, 1996; Pick et al., 1997; Mogil & Pasternak, 2001;*Author for correspondence; E-mail: onali@unica.it
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Minowa et al., 2003), NalBzoH has also been shown to bind to

other opioid receptors (Clark et al., 1989; Price et al., 1989;

Standifer et al., 1991; Ciszewska et al., 1996; Cox et al., 2005),

at which it was generally reported to display antagonist

activity. For instance, NalBzoH was found to behave as a

potent MOR antagonist both in vivo (Gistrak et al., 1989; Paul

et al., 1990; France & Woods, 1992) and in vitro (Berzetei-

Gurske et al., 1995; Brown & Pasternak, 1998). In addition,

NalBzoH was reported to antagonize the analgesia elicited by

DOR and KOR agonists in mice (Paul et al., 1990) and to act

as a mixed antagonist/partial agonist at KOR in isolated

preparations of peripheral tissues (Berzetei-Gurske et al.,

1995). With the cloning of a new member of the opioid

receptor family, the NOP receptor (previously termed ORL1)

(for a review, see Meunier, 2000; Mogil & Pasternak, 2001) for

the endogenous peptide nociceptin/orphanin FQ (N/OFQ)

(Meunier et al., 1995; Reinscheid et al., 1995), it became

apparent that, differently from many other opioid receptor

ligands, NalBzoH acted also as an antagonist at this receptor

and the compound has been subsequently employed by many

investigators to demonstrate the involvement of the NOP

receptor in the behavioural and cellular effects of N/OFQ

(Abdulla & Smith, 1997; Nabeshima et al., 1999; Calo’ et al.,

2000; Chiou, 2001; Flau et al., 2002). Furthermore, Noda

et al. (1998) observed that the NalBzoH-induced analgesia

was absent in NOP receptor-deficient mice, indicating that

blockade of the NOP receptor, rather than stimulation of

the k3-opioid receptors, might mediate the in vivo action

of NalBzoH.

We have recently found that in specific layers of the rat main

olfactory bulb, NalbzoH caused G protein activation and

modulated adenylyl cyclase activity, inducing either stimula-

tion or inhibition of cyclic AMP formation (Onali & Olianas,

2004). By using selective agonists and antagonists, we

demonstrated that NalBzoH acted independently of KOR

and NOP receptors and exerted its agonist activity through the

stimulation of both MOR and DOR. Because these observa-

tions were in contrast with the pharmacological profile of

NalBzoH reported in the literature, we decided to further

investigate the action of the compound on opioid receptors

expressed in well-defined cell systems. In the present study, we

characterized the activity of the compound at the four cloned

human opioid receptors heterologously expressed in Chinese

hamster ovary (CHO) cells. Moreover, we also examined the

action of the compound at the opioid receptors endogenously

expressed in rat striatal membranes.

Methods

Cell culture

CHO-K1 cells stably expressing the human MOR-1 (CHO/

MOR), DOR (CHO/DOR), KOR (CHO/KOR) and NOP

receptor (CHO/NOP) were grown as a monolayer culture in

tissue culture flasks (Falcon), which were incubated at 371C in

a humidified atmosphere (5% CO2) in Ham’s F12 medium

(GIBCO BRL) containing L-glutamine and sodium bicarbo-

nate and supplemented with 10% heat inactivated foetal

calf serum (GIBCO BRL), 0.5% penicillin/streptomycin

(GIBCO BRL) and either 350mgml�1 hygromycin (GIBCO

BRL) for CHO/DOR or 400 mgml�1 geneticin (GIBCO BRL)

for the other recombinant cell lines.

Cell membrane preparation

Cells were grown in 100mm plastic Petri dishes (Falcon), the

culture medium was removed and the cells were washed with

ice-cold phosphate-buffered saline. Thereafter, the cells were

scraped into an ice-cold buffer containing 10mM HEPES/

NaOH (pH 7.4) and 1mM EDTA and lysed with a Dounce

tissue grinder. The cell lysate was centrifuged at 1000� g for

2min at 41C. The supernatant was collected and centrifuged

at 32,000� g for 20min at 41C. The pellet was resuspended

in the homogenization buffer at a protein concentration of

1.0–1.5mgml�1 and stored in aliquots at �801C.

Dissection of rat striatum and membrane preparation

Male Sprague–Dawley rats (200–300 g) were used. Animals

were maintained in a 12 h light/dark cycle with food and water

ad libitum. Experiments were performed according to the

principles of laboratory animal care (Law on animal experi-

ments in Italy, D.L. 116/92). Rats were killed by decapitation.

The brain was rapidly removed from the skull placed in

ice-cold phosphate-buffered saline and the meninges and

major blood vessels were peeled off. The brain was then

placed on its dorsal surface, exposing the ventral surface of the

forebrain. Using a razor blade, the first transverse cut was

made through the forebrain anterior at the level of the optic

chiasm followed by a second transverse cut at the level of the

hypothalamus. The tissue block was placed on a tissue slicer

with the dorsal surface down. 300mm-thick sections were cut,

one at a time. Each section was immediately placed in ice-cold

phosphate buffered saline until it was dissected. Individual

sections were transferred to a glass slide and, by using a

dissecting microscope with a diascopic illuminator base, the

dorsal striatum was dissected with small knifes. The tissue

fragments from individual slices were pooled and homogenized

in an ice-cold buffer containing 10mM HEPES/NaOH, 1mM

EGTA, 1mM MgCl2, 1mM dithiothreitol, 0.1mM phenyl-

methylsulphonyl fluoride, 50 kallikrein inhibitor units (KIU)

ml�1 of aprotinin and 10mgml�1 of soyabean trypsin inhibitor

(pH 7.4), using a Teflon/glass tissue grinder. The homogenate

was centrifuged at 27,000� g for 20min at 41C. The pellet

was resuspended in the same buffer and centrifuged again.

The final pellet was resuspended to a protein concentration of

0.8–1.0mgml�1 and either used immediately for the adenylyl

cyclase assay or stored at �801C for the binding assays.

Assay of [35S]GTPgS binding

Cell and tissue membranes were diluted 10-fold in an ice-cold

buffer containing 10mM HEPES/NaOH and 1mM EDTA

(pH 7.4), centrifuged at 32,500� g for 30min at 41C and

resuspended in the same buffer containing 0.1% bovine

serum albumin (BSA). The binding of [35S]GTPgS was assayed

in a reaction mixture (final volume 100ml) containing 25mM

HEPES/NaOH (pH 7.4), 10mM MgCl2, 1mM EDTA, 150mM

KCl, 10 KIU of aprotinin, 10mM leupeptin, 10mM bestatin,

1.0 nM [35S]GTPgS. GDP was added at the concentration of

5mM for CHO/NOP, 10mM for CHO/MOR, 30mM for CHO/
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KOR and CHO/DOR and 50 mM for rat striatal membranes.

Membranes (3–4 mg protein) were preincubated for 20min at

301C with the test compounds. For each compound, control

samples received an equal volume (10 ml) of vehicle to deter-

mine the basal values. The vehicle used was either 0.1% BSA

for peptide agonists, 1% dimethyl sulfoxide (DMSO) for

NalBzoH, or H2O for the other compounds. The reaction was

started by the addition of [35S]GTPgS and continued for 40min

at 301C. The incubation was terminated by the addition

of 5ml of ice-cold buffer containing 10mM HEPES/NaOH

(pH 7.4) and 1mM MgCl2, immediately followed by rapid

filtration on glass fibre filters (Whatman GF/C) presoaked

in the same buffer. The filters were washed twice with 5ml

of buffer and the radioactivity trapped was determined by

liquid scintillation spectrometry. Nonspecific binding was

determined in the presence of 100 mM GTPgS. Assays were

performed in duplicate.

Assay of [3H]cyclic AMP accumulation

CHO cells grown in 36-mm plastic dishes were incubated in

Ham’s F-12 containing 10mCi ml�1 of [3H]adenine for 1 h at

371C in an incubator. Thereafter, the medium was removed,

and the cells were incubated in an oxygenated Krebs–HEPES

buffer containing 1mM 3-isobutyl-1-methylxanthine (IBMX)

for 10min at 371C. Forskolin (FSK) (10 mM) and the various

test compounds were then added and the incubation was

continued for 10min. Control samples were incubated in

the presence of an equal volume of vehicle. When DMSO was

used, the final concentration was 0.1%. The incubation was

stopped by the aspiration of the medium and the addition

of an ice-cold solution containing 6% (wv�1) perchloric acid

and 0.1mM [14C]cyclic AMP (B4000 c.p.m.). After 30min at

ice-bath temperature, the solution was neutralized by the

addition of ice-cold 0.6M KOH and left on ice for additional

30min. Following centrifugation at 20,000� g for 5min,

the supernatant was collected and [3H]cyclic AMP was isolated

by sequential chromatography on Dowex and alumina

columns as described by Salomon et al. (1974). The recovery

of [3H]cyclic AMP from each sample was corrected on the

basis of the recovery of [14C]cyclic AMP.

Assay of adenylyl cyclase

The adenylyl cyclase activity was assayed in a reaction mixture

(final volume 100ml) containing 50mM HEPES/NaOH

(pH 7.4), 2.0mM MgCl2, 0.3mM EGTA, 0.05mM [a-32P]ATP

(150 c.p.m. pmol�1), 0.5mM [3H]cyclic AMP (80 c.p.m. nmol�1),

1mM IBMX, 5mM phosphocreatine, 50Uml�1 of creatine

phosphokinase, 100mM GTP, 50mg of BSA, 10mg of baci-

tracin, 10KIU of aprotinin and 10 mM FSK. The reaction was

started by the addition of the tissue preparation (20–25mg
protein) and was carried out at 251C for 20min. The reaction

was stopped by the addition of 200 ml of a stopping solution

containing 2% (wv�1) sodium dodecyl sulphate, 45mM ATP,

1.3mM cyclic AMP (pH 7.5). Cyclic AMP was isolated by

sequential chromatography on Dowex and alumina columns

as described above. The recovery of [32P]cyclic AMP from each

sample was calculated on the basis of the recovery of [3H]cyclic

AMP. Assays were carried out in duplicate.

Receptor binding assays

Radioligands used for receptor binding assays were [3H]dipre-

norphine in the experiments using CHO/MOR and KOR cell

membranes, [3H]NTI in the experiments using CHO/DOR

cell membranes and [3H]N/OFQ in those using CHO/NOP cell

membranes.

For saturation binding assays, membrane preparations

of CHO/MOR (60 mg protein), KOR (15 mg protein) and

DOR (30mg protein) were incubated at 301C for 120min in a

buffer containing 25mM HEPES/NaOH (pH 7.4), 10mM

MgCl2, 1mM EDTA and 150mM KCl. The concentrations

of [3H]diprenorphine and [3H]NTI ranged from 20 pM to

3.0 nM and from 8pM to 1.5 nM, respectively. The assay

volume was 1.0ml for [3H]diprenorphine binding and 2.0ml

for [3H]NTI binding. Nonspecific binding was determined

in the presence of 10mM naloxone. For [3H]N/OFQ binding,

CHO/NOP cell membranes (50–60mg protein) were incubated

at 251C for 90min in a medium (final volume 0.5ml)

containing 50mM Tris/HCl (pH 7.4), 2mM EDTA, 0.2%

BSA, 50 KIU of aprotinin, 10mM bestatin, 100 mM bacitracin,

0.1mM phenylmethylsulfonyl fluoride and [3H]N/OFQ (5 pM–

1.5 nM). Nonspecific binding was determined in the presence of

5mM N/OFQ.

For competition binding assays, membrane preparations of

CHO/MOR (70–80mg protein), KOR (15–20mg protein) and

DOR (40–50mg protein) were incubated at 301C for 60min in

a medium containing 25mM HEPES/NaOH (pH 7.4), 10mM

MgCl2, 1mM EDTA, 150mM KCl, 10 KIU of aprotinin,

10 mM leupeptin and 10mM bestatin. To keep the conditions

similar to those used in the [35S]GTPgS binding assays, the

incubation medium contained 1.0 nM GTPgS and GDP at the

concentration of 10mM for CHO/MOR and 30mM for CHO/

KOR and DOR. The concentrations of [3H]diprenorphine and

[3H]NTI were 0.2 and 0.16 nM, respectively. The assay volume

was 1.0ml for [3H]diprenorphine binding and 2.0ml for

[3H]NTI binding. Nonspecific binding was determined in the

presence of 10 mM naloxone. Compounds were studied at 8–10

different concentrations. For each compound, control samples

received an equal volume of vehicle.

Reactions were terminated by the addition of 5ml of ice-cold

buffer containing either 10mMHEPES/NaOH (pH 7.4) and 1mM

MgCl2 for [
3H]diprenorphine and [3H]NTI binding or 50mM Tris/

HCl and 1mM EDTA for [3H]N/OFQ binding, immediately

followed by rapid filtration through glass fibre filters (Whatman

GF/C) presoaked with polyethylenimine at the concentration of

0.1% for [3H]diprenorphine and [3H]NTI binding and 0.2% for

[3H]N/OFQ binding. The filters were washed twice with 5ml of

buffer and the radioactivity trapped was determined by liquid

scintillation spectrometry. Assays were performed in triplicate.

Protein content was determined by the method of Bradford

(1976) using BSA as a standard.

Materials

[a-32P]ATP (30–40Cimmol�1), [2,8-3H]cyclic AMP (25Cimmol�1),

[8-14C]cyclic AMP (45.1mCimmol�1), [2,8-3H]adenine

(28.8Cimmol�1), [35S]GTPgS (1306Cimmol�1), [15,16-3H]dipre-

norphine (53Cimmol�1), [50,70-3H]naltrindole ([3H]NTI)

(20Cimmol�1) were obtained from Perkin Elmer (Boston,

MA, U.S.A.). [leucyl-3H]N/OFQ ([3H]N/OFQ) (167Cimmol�1)

was from Amersham (Buckinghamshire, U.K.). FSK and
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GTPgS were from Calbiochem (San Diego, CA, U.S.A.) and

Boehringer (Mannheim, Germany), respectively. N/OFQ

was purchased from Neosystem (Strasbourg, France).

(�)-U-50,488 hydrochloride (trans-(�)3,4-dichloro-N-methyl-

N-[2-(1-pyrrolidinyl)cyclohexyl] benzeneacetamide hydrochlo-

ride), nor-BNI dihydrochloride, endomorphin-1 and CTAP

were from Tocris Cookson Ltd (Avonmouth, U.K.). DPDPE

((2-D-penicillamine, 5-D-penicillamine)-enkephalin) was pur-

chased from Bachem AG (Bubendorf, Switzerland). Morphine

hydrochloride and naloxone hydrochloride were from Salars

(Como, Italy). NalBzoH, NTI, DAMGO ((D-Ala2-N-methyl-

Phe-Gly-ol5)-enkephalin), nalorphine hydrochloride, pentazo-

cine hydrochloride, bestatin, aprotinin, bacitracin, leupeptin

and the other reagents were from Sigma RBI (St Louis,

MO, U.S.A.).

Statistical analysis

Results are reported as means7s.e.m. Data from concentra-

tion–response curves were analysed by the program Graph

Pad Prism (San Diego, CA, U.S.A.), which yielded agonist

concentration producing half-maximal effect (EC50 values) and

maximal effects (Emax). For statistical analysis, the EC50 values

were converted to the logarithmic form (pEC50¼ negative

logarithm of EC50) as they are log-normally distributed

(Fleming et al., 1972). The percent of maximal effect (% Emax)

by an agonist was calculated as net maximal effect of the

agonist/net maximal effect elicited by either DAMGO (10 mM),

(�)-U-50,488 (10 nM) or DPDPE (100 nM) in CHO/MOR,

KOR and DOR, respectively, X100. Saturation binding data

were analysed by the LIGAND program (Munson &

Rodbard, 1980), which provided the ligand dissociation

constant (KD) and maximal binding capacity (Bmax). Antago-

nist potencies were determined in experiments where the

compounds were examined for their ability to reverse the

agonist effect or to displace the radioligand in a concentration-

dependent manner. The data were analysed as competition

curves by nonlinear regression analysis and the antagonist

inhibitory constant (Ki) was calculated according to the Cheng

& Prusoff (1973) equation. Ki values were converted to the

logarithmic form (pKi). The Ki/EC50 ratio was determined to

be significantly different from one when the corresponding pKi

and pEC50 values were significantly different. When the

difference was not significant, the ratio was considered equal

to 1. The efficacy of the various opioid receptor ligands in

stimulating [35S]GTPgS binding was calculated according to

the method of Ehlert (1985), in which efficacy¼ (Emax-A/Emax-B)

� (Ki/EC50þ 1)� 0.5, where Emax-A is the maximal effect

elicited by the test compound, Emax-B is the maximal effect

elicited by either DAMGO, (�)-U-50,488 or DPDPE in CHO/

MOR, KOR and DOR, respectively, Ki is the inhibition

constant of the compound obtained from competition binding

experiments and EC50 is the concentration of the compound

producing half-maximal effect. Statistical significance of the

difference between means was determined by Student’s t-test.

Results

Radioligand KD and Bmax values

Saturation binding experiments yielded the following KD and

Bmax values: [
3H]diprenorphine in CHO/MOR cell membranes

80715 pM and 350730 fmolmg�1 protein, respectively (n¼ 3);

[3H]diprenorphine in CHO/KOR cell membranes 97718 pM

and 28007150 fmolmg�1 protein, respectively (n¼ 3); [3H]NTI

in CHO/DOR cell membranes 5478 pM and 22607
107 fmolmg�1 protein, respectively (n¼ 3); [3H]N/OFQ in

CHO/NOP cell membranes 4078 pM and 400750 fmolmg�1

protein, respectively (n¼ 3).

Effects of NalBzoH in CHO/MOR cells

In CHO/MOR cell membranes, the selective MOR agonist

DAMGO maximally stimulated [35S]GTPgS binding to mem-

brane G proteins by 19573% (Po0.001) (Figure 1a and Table 1).

NalBzoH caused a concentration-dependent stimulation of the

[35S]GTPgS binding with a potency about 10-fold higher than that

of DAMGO and an Emax value corresponding to 10774%

increase of basal value (Po0.001) (Figure 1a and Table 1). Under

the same experimental conditions, other opioid receptor ligands,

such as morphine, endomorphin-1 and nalorphine maximally

stimulated [35S]GTPgS binding by 18079% (Po0.001),

16577% (Po0.001), and 3977% (Po0.001), respectively, and

displayed potencies lower than that of NalBzoH (Figure 1a and

Table 1). When NalBzoH was combined with DAMGO (1mM),

it reduced the stimulation of [35S]GTPgS binding elicited by

the peptide to a level equal to its maximal effect with a pKi value

of 8.6870.07 (n¼ 3) (Figure 1b). Moreover, the responses to

DAMGO and NalBzoH were completely blocked by the MOR

antagonist CTAP (Pelton et al., 1986) with pKi values of

8.6870.06 and 8.5270.08, respectively (Figure 1c). In intact

CHO/MOR cells, both DAMGO and NalBzoH significantly

inhibited FSK-stimulated cyclic AMP accumulation with differ-

ent pEC50 and Emax values (Figure 1d and Table 1).

Effects of NalBzoH in CHO/KOR cells

In these cells, the KOR agonist (�)-U-50,488 maximally

enhanced the [35S]GTPgS binding by 4.9-fold (Po0.001)

(Figure 2a and Table 1). NalBzoH stimulated [35S]GTPgS
binding with pEC50 and Emax values similar to those of (�)-U-

50,488. For comparison, the stimulatory effects of morphine,

nalorphine and pentazocine were measured (Figure 2a). The

corresponding Emax and pEC50 values are reported in Table 1.

Nor-BNI counteracted the (�)-U-50,488 and NalBzoH

stimulatory effects with pKi values of 10.1070.04 and

10.3070.06, respectively (Figure 2b). In intact CHO/KOR

cells, (�)-U-50,488 and NalBzoH inhibited FSK-stimulated

cyclic AMP accumulation with similar potencies and maximal

effects (Figure 2c and Table 1).

Effects of NalBzoH in CHO/DOR cells

In cell membrane preparations, the DOR agonist DPDPE

maximally stimulated [35S]GTPgS binding by 14274%

(Po0.001) (Figure 3a and Table 1). NalBzoH stimulated the

binding of the radioligand almost as effectively as DPDPE,

whereas morphine and nalorphine were less efficacious

(Figure 3a, Table 1). The DOR antagonist NTI completely

blocked the stimulations elicited by DPDPE and NalBzoH

with pKi values of 10.3070.04 and 10.4070.08, respectively

(Figure 3b). In intact cells, DPDPE and NalBzoH inhibited

cyclic AMP accumulation by a similar degree (Figure 3c and

Table 1).
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Effects of NalBzoH in CHO/NOP cells

In membrane preparations, the NOP agonist N/OFQ stimu-

lated the [35S]GTPgS binding by 15575% (Po0.001, n¼ 3)

with a pEC50 of 8.4670.07 (Figure 4a). NalBzoH failed to

affect basal [35S]GTPgS binding at concentrations up to 10mM
(Figure 4a), and, when combined with N/OFQ (100 nM), it

inhibited the stimulation elicited by the peptide with a pKi

value of 7.0170.06 (Figure 4b). In intact cells, N/OFQ

inhibited cyclic AMP accumulation by 7074% (Po0.001,

n¼ 3) with a pEC50 of 9.5570.06, whereas NalBzoH had no

effect at concentrations up to 10 mM (Figure 4c). NalBzoH

(10 nM–100 mM) antagonized the N/OFQ (20 nM) inhibition

of cyclic AMP accumulation with a pKi value of 7.1570.04

(n¼ 3) (results not shown).

Determination of NalBzoH efficacies

To determine the efficacies of NalBzoH and other opioid

receptor ligands in stimulating [35S]GTPgS binding, competi-

tion binding assays were performed under experimental

conditions similar to those used in [35S]GTPgS binding assays.

The resultant pKi values, together with the percent of maximal

stimulation (%Emax) and pEC50 values are reported in Table 1.

The agonist efficacy was then calculated taking into con-

sideration both the magnitude of the agonist effect and the

extent of receptor occupancy at which half-maximal effect

occurred (Ki/EC50 ratio) (Ehlert, 1985). At MOR, NalBzoH

displayed a Ki/EC50 ratio equal to 1, indicating that receptor

activation closely followed the receptor occupancy. The

calculated efficacy value was low, corresponding to about

one fourth of that of the full agonist DAMGO. The efficacies

of morphine and endomorphin-1, which produced near-

maximal responses, also resulted lower than that of DAMGO

but higher than that of NalBzoH, whereas nalorphine was the

least efficacious agonist tested. Although at KOR and DOR

NalBzoH elicited full stimulation of [35S]GTPgS binding and

showed Ki/EC50 ratios significantly higher than 1, the

calculated efficacy values were lower than those of the full

agonists (�)-U,50,488 and DPDPE, respectively, but about

two-fold higher than those of morphine.

Effects of NalBzoH in rat striatum

In rat striatal membranes, NalBzoH caused a concentration-

dependent stimulation of [35S]GTPgS binding with a pEC50 of
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Figure 1 Effects of NalBzoH in CHO/MOR cells. (a) Concentration-dependent stimulation of [35S]GTPgS binding by NalBzoH
and other opioid receptor ligands. Values are reported as percent of basal activity and are the mean7s.e.m. of three to 10
determinations. (b) Antagonism of DAMGO-stimulated [35S]GTPgS binding by NalBzoH. [35S]GTPgS binding was determined at
the indicated concentrations of NalBzoH in the presence of either vehicle (0.1% BSA) or 1mM DAMGO. Values are reported as
percent of basal activity and are the mean7s.e.m. of three determinations. (c) Antagonism of NalBzoH- and DAMGO-stimulated
[35S]GTPgS binding by CTAP. Values indicate the percent of the stimulatory effect induced by either DAMGO (1 mM) or NalBzoH
(1 mM) at each concentration of CTAP and are the mean7s.e.m. of three determinations. (d) Concentration-dependent inhibition of
FSK-stimulated cyclic AMP accumulation by NalBzoH and DAMGO. Values are reported as percent of control activity (vehicle)
and are the mean7s.e.m. of three determinations.

364 M.C. Olianas et al Agonist activity of naloxone benzoylhydrazone

British Journal of Pharmacology vol 147 (4)



8.4870.03 and a Emax corresponding to 6074% increase of

basal activity (Po0.001, n¼ 3) (Figure 5a). Competition

curves using selective opioid receptor antagonists showed that

CTAP, nor-BNI and NTI maximally blocked the NalBzoH

effect by 4375 (Po0.001), 3973 (Po0.01) and 2974%

(Po0.01), respectively (n¼ 4) (Figure 5b). The estimated pKi

values were 8.6370.05, 10.0470.09 and 10.3070.06, respec-

tively. The combined addition of CTAP (1 mM), nor-BNI

(100 nM) and NTI (100 nM) caused a complete blockade of the

NalBzoH stimulatory effect (Figure 5b, inset). In the same

membrane preparations, NalBzoH inhibited FSK-stimulated

adenylyl cyclase activity by 2073% (Po0.05, n¼ 4) with a

pEC50 of 8.4970.05 (Figure 5c). CTAP, nor-BNI and NTI

maximally reduced the NalBzoH inhibition by 5274%

(Po0.001), 2673% (Po0.01) and 2474% (Po0.01) (n¼ 4)

with pKi values of 8.2870.08, 10.3070.05 and 10.4470.07,

respectively (Figure 5d).

Discussion

In the present study, the pharmacological activity of NalBzoH

at the four cloned human opioid receptors individually

expressed in CHO cells and at the endogenous opioid receptors

present in rat striatum was investigated.

In CHO/MOR cells, NalBzoH was more potent than

DAMGO in stimulating [35S]GTPgS binding and inhi-

biting cyclic AMP accumulation. However, in the [35S]GTPgS
binding and cyclic AMP assays, the Emax values of NalbzoH

were approximately 50 and 30% lower than those of

DAMGO, respectively, indicating that NalBzoH behaved as

a partial agonist. Indeed, when combined with DAMGO,

NalBzoH antagonized the [35S]GTPgS response to the full

agonist with a pKi value that was close to its affinity for MOR.

Moreover, as expected for a partial agonist, NalBzoH showed

a Ki/EC50 ratio close to 1 and the estimated efficacy value was

lower than that of DAMGO and other MOR agonists, such as

morphine and endomorphin-1. Also, the latter agonists

displayed efficacies lower than that of DAMGO, a finding

in agreement with that previously obtained in transfected cell

lines (Emmerson et al., 1996; Selley et al., 1998; Hosohata

et al., 1998) and neuroblastoma cells (Harrison et al., 1998).

On the other hand, nalorphine was less efficacious than

NalBzoH, indicating that the CHO/MOR cell system used

allowed the detection of a range of agonist efficacies.

A number of studies have previously shown that NalBzoH

blocked MOR-mediated responses (Gistrak et al., 1989; Paul

et al., 1990; France & Woods, 1992; Berzetei-Gurske et al.,

1995; Dunnill et al., 1996) and the compound is considered as

a potent MOR antagonist (Gutstein & Akil, 2001). In CHO

expressing the cloned MOR, Brown & Pasternak (1998)

reported that NalBzoH inhibited [3H]diprenorphine binding

with potencies (Ki¼ 0.9–2.8 nM) close to that observed in the

present study, but failed to cause a significant inhibition of

FSK-stimulated cyclic AMP accumulation, indicating that the

compound was a pure antagonist devoid of any partial agonist

activity. The reason for the discrepant results between the

study by Brown & Pasternak (1998) and the present study

is not clear. A difference in receptor densities is unlikely to

account for the different functional activity, as the Bmax value

of [3H]diprenorphine binding in CHO/MOR cell membranes

used in the present study (350 fmolmg�1 protein) was even

lower than that of [3H]NalBzoH binding (450 fmolmg�1 pro-

tein) in the recombinant cell system used by Brown &

Pasternak (1998). It is noteworthy that Brown & Pasternak

(1998) observed that the binding of [3H]NalBzoH to MOR

showed a biphasic dissociation kinetic with a slow and a rapid

component and that the addition of guanine nucleotides or cell

Table 1 Potencies and efficacies of NalBzoH and other opioid receptor ligands in CHO/MOR, KOR and DOR cells

Cyclic AMP assay [35S]GTPgS binding assay
Ligand Emax

a pEC50 (n) % Emax
b pEC50 (n) Ki

c (n) Ki/EC50 Efficacye

CHO/MOR
NalBzoH 4072* 8.7470.04 (3) 5576 8.5970.05 (6) 8.5370.09 (3) 1.1d 0.55
DAMGO 6271* 7.8170.03 (3) 100 7.6270.03 (10) 7.0670.04 (3) 3.6 2.30
Morphine 9473 6.9770.05 (3) 6.8270.09 (3) 1.4d 0.94
Endomorphin-1 8374 7.0570.06 (3) 6.9670.05 (3) 1.2d 0.83
Nalorphine 2074 8.1670.04 (3) 8.1370.06 (3) 1.0d 0.20

CHO/KOR
NalBzoH 8273* 9.4570.06 (3) 10275 9.7070.09 (3) 8.6470.10 (4) 11.8 6.43
(�)-U-50,488 8372* 9.6070.06 (3) 100 9.4070.02 (6) 7.9570.09 (4) 28.6 14.80
Nalorphine 9273 8.7670.03 (3) 7.6670.08 (3) 12.7 6.31
Morphine 8074 6.8170.06 (3) 5.9470.12 (3) 7.4 3.35
Pentazocine 5776 7.6770.05 (3) 7.5870.09 (3) 1.2d 0.57

CHO/DOR
NalBzoH 8274* 8.6170.05 (3) 9274 8.4970.04 (3) 7.2470.08 (3) 17.9 8.69
DPDPE 8872* 9.7470.09 (3) 100 8.7670.05 (6) 7.0970.07 (3) 46.7 23.85
Morphine 6075 6.3870.06 (3) 5.2570.11 (3) 13.7 4.41
Nalorphine 5073 7.2970.03 (3) 6.5370.05 (3) 5.7 1.67

aPercent of inhibition of the forskolin-stimulated response in the presence of vehicle alone.
bPercent of maximal stimulation of [35S]GTPgS binding with respect to that obtained with either DAMGO, (�)-U-50,488 or DPDPE in
CHO/MOR, KOR and DOR cells, respectively, which was set at 100%.
cDetermined in competition binding experiments under the same conditions used in [35S]GTPgS binding assays.
dNot significantly different from 1.
edetermined according to the equation described in Statistical Analysis section; *Po0.001 versus control; (n), number of experiments.
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treatment with pertussis toxin abolished the slow dissociation

component. These observations are in line with the present

finding that NalBzoH acts as a partial agonist, rather than

a pure antagonist, at the MOR.

In CHO/KOR cells, NalBzoH acted as a potent and full

agonist similarly to (�)-U-50,488, but exhibited a lower

Ki/EC50 ratio and, consequently, a lower efficacy value. This
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Figure 2 Effects of NalBzoH in CHO/KOR cells. (a) Concentra-
tion-dependent stimulation of [35S]GTPgS binding by NalBzoH and
other opioid receptor ligands. Values are reported as percent of
basal activity and are the mean7s.e.m. of three to six determina-
tions. (b) Antagonism of NalBzoH- and (�)-U-50,488-stimulated
[35S]GTPgS binding by nor-BNI. Values indicate the percent of the
stimulatory effect induced by either (�)-U-50,488 (10 nM) or
NalBzoH (10 nM) at each concentration of nor-BNI and are the
mean7s.e.m. of three determinations. (c) Concentration-dependent
inhibition of FSK-stimulated cyclic AMP accumulation by NalB-
zoH and (�)-U-50,488. Values are reported as percent of control
activity (vehicle) and are the mean7s.e.m. of three determinations.
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Figure 3 (a) Effects of NalBzoH in CHO/DOR cells. Concentra-
tion-dependent stimulation of [35S]GTPgS binding by NalBzoH
and other opioid receptor ligands. Values are reported as percent
of basal activity and are the mean7s.e.m. of 3–6 determinations.
(b) Antagonism of NalBzoH- and DPDPE-stimulated [35S]GTPgS
binding by NTI. Values indicate the percent of the stimulatory effect
induced by either NalBzoH (100 nM) or DPDPE (100 nM) at each
concentration of NTI and are the mean7s.e.m. of three determina-
tions. (c) Concentration-dependent inhibition of FSK-stimulated
cyclic AMP accumulation by NalBzoH and DPDPE. Values are
reported as percent of control activity (vehicle) and are the
mean7s.e.m. of three determinations.
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finding suggests the possibility that, under conditions of

stimulus–response efficiency lower than that provided by the

transfected cells used in the present study, NalBzoH may

behave as a KOR partial agonist. Indeed, there are reports that

the compound may act as a mixed agonist–antagonist at KOR

endogenously expressed in peripheral tissues. In the long-

itudinal muscle/myenteric plexus of guinea-pig ileum, NalB-

zoH elicited agonist effects that were blocked by either nor-

BNI or the irreversible KOR antagonist UPHIT (Berzetei-

Gurske et al., 1995; Dunnill et al., 1996). On the other hand,

Berzetei-Gurske et al. (1995) reported that in the same tissue

preparation and in mouse vas deferens NalBzoH was also able

to antagonize the muscle relaxant effects of the KOR agonist

U-69,593, although with potencies that were several fold lower

than the reported affinity of NalBzoH at the KOR.

Despite NalBzoH has been largely used as an opioid

receptor ligand, relatively little information has been provided

on the functional activity of this compound at DOR. Paul

et al. (1990) reported that in mice NalBzoH antagonized the

analgesia induced by intrathecal injection of DPDPE, whereas

Standifer et al. (1994) showed that in BE(2)-C neuroblastoma

cells, which expressed a functionally active DOR, NalBzoH

potently displaced [3H]DPDPE binding, but inhibited cyclic

AMP accumulation independently of DOR. The present study,

on the contrary, shows that in CHO/DOR cells NalBzoH

behaved as a potent agonist with maximal responses almost

equal to those of DPDPE. However, as observed at KOR, the

estimated efficacy of NalBzoH was much lower than that

of DPDPE, indicating that the compound may behave as a

full or partial agonist depending on the experimental setting.

Indeed, we observed that in NG 108-15 cells naturally

expressing DOR NalBzoH stimulated [35S]GTPgS binding

and inhibited FSK-stimulated cyclic AMP accumulation with

Emax values corresponding to 81 and 70% of those displayed

by DPDPE, respectively (Olianas & Onali, unpublished

results). Moreover, NalBzoH behaved as a partial agonist in

eliciting DOR-mediated responses in rat olfactory bulb (Onali

& Olianas, 2004).

In contrast to the appreciable agonist activity exhibited at

classical opioid receptors, NalBzoH was unable to activate

the cloned NOP receptor. In the [35S]GTPgS binding assay, the

compound failed to affect basal activity and antagonized

the stimulation elicited by N/OFQ. These results are similar to

those reported in other functional studies using transfected cell

lines (Noda et al., 1998; Seki et al., 1999; Hawkinson et al.,

2000) and different tissue preparations (Calo’ et al., 2000).

Bigoni et al. (2002) and McDonald et al. (2003) observed that

in membranes of CHO/NOP cells, NalBzoH caused a small

stimulatory effect on basal [35S]GTPgS binding (13% of the

N/OFQ effect) at 5mM GDP (the same concentration used in

the present study), but had no agonist effect and behaved as

an antagonist at higher GDP concentrations (100 mM).

Bigoni et al. (2002) also reported that in intact CHO/NOP

cells, NalBzoH inhibited cyclic AMP accumulation by 44%

with a potency (pEC50 value¼ 6.00) almost 10-fold lower than

that displayed in blocking N/OFQ (pA2¼ 6.93) and concluded

that the compound may display a partial agonist activity under

strict experimental conditions. In CHO cells expressing

the KOR-3 receptor, the mouse homologue of the human

NOP (Pan et al., 1995), NalBzoH was found to maximally

inhibit cyclic AMP by approximately 20% at the concentration

of 100 nM (Pan et al., 1996). In the present study, we failed
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Figure 4 (a) Effects of NalBzoH and N/OFQ on [35S]GTPgS
binding in CHO/NOP cells. Values indicate the percent of basal
activity and are the mean7s.e.m. of three determinations.
(b) Antagonism of N/OFQ-stimulated [35S]GTPgS binding by
NalBzoH. Values are reported as percent of the stimulatory effect
induced by N/OFQ (100 nM) at each concentration of NalBzoH
and are the mean7s.e.m. of three determinations. (c) Effects of
N/OFQ and NalBzoH on FSK-stimulated cyclic AMP accumula-
tion in intact CHO/NOP cells. Values are reported as percent of
control activity (vehicle) and are the mean7s.e.m. of three
determinations.
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to observe any effect of NalBzoH on cyclic AMP accumula-

tion. Moreover, as occurred in the [35S]GTPgS binding assay,

NalBzoH antagonized the N/OFQ-induced cyclic AMP

inhibition. A possible explanation for our failure to detect a

partial agonist activity of NalBzoH in the [35S]GTPgS binding

assay is that the transfected CHO/NOP cells had a receptor

density (400 fmolmg�1 protein) much lower than that of CHO/

NOP cells used by McDonald et al. (2003) (1900 fmolmg�1

protein). However, with regard to the NalBzoH effects on

cyclic AMP levels, it should be noted that a lack of inhibition

has also been reported by other investigators using CHO/NOP

cell systems with receptor densities ranging from 61 fmolmg�1

protein (Seki et al., 1999) to 2100 fmolmg�1 protein (Noda

et al. 1998).

To investigate whether the agonist effects of NalBzoH could

be detected also at opioid receptors expressed under native

conditions, we examined the effect of NalBzoH in a rat brain

area, the dorsal striatum, which is known to express all the

four types of opioid receptors (Mansour et al., 1995; Darland

et al., 1998). We found that NalBzoH stimulated [35S]GTPgS
binding and this response was antagonized by CTAP, NTI and

nor-BNI in a saturable manner and with high potencies,

indicating the participation of MOR, DOR and KOR. In

addition, like other opioid receptor agonists, NalBzoH

inhibited the FSK-stimulated adenylyl cyclase activity of rat

striatal membranes and also this effect appeared to involve all

the three classical opioid receptors.

In conclusion, the present study demonstrates for the first

time that NalBzoH exhibits agonist activity at both recombi-

nant and native MOR, KOR and DOR. The data do not

support the current classification of NalBzoH as a selective k3-

opioid receptor agonist and pure MOR antagonist and suggest

caution when the compound is used as NOP receptor

antagonist to identify N/OFQ-mediated effects. Nonetheless,

they also reveal that, among the various opioid receptor

ligands, NalBzoH possesses a pharmacologically unique
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Figure 5 Agonist effects of NalBzoH in membranes of rat striatum. (a) Concentration-dependent stimulation of [35S]GTPgS
binding. Values indicate the percent of basal activity and are the mean7s.e.m. of four determinations. (b) Antagonism of NalBzoH-
stimulated [35S]GTPgS binding by CTAP, NTI and nor-BNI. Values are reported as percent of the stimulatory effect induced by
NalBzoH (100 nM) at the indicated concentrations of each antagonist and are the mean7s.e.m. of four determinations. Inset:
Blockade of NalBzoH (100 nM)-stimulated [35S]GTPgS binding by CTAP (1 mM), NTI (100 nM) and nor-BNI (100 nM) added alone
and in combination. Values are reported as percent of the NalBzoH effect and are the mean7s.e.m. of three experiments. *Po0.01,
**Po0.001 vs control. (c) Effects of NalBzoH on FSK-stimulated adenylyl cyclase activity. Values are the mean7s.e.m. of four
determinations. (d) Antagonism of NalBzoH-induced inhibition of rat striatal adenylyl cyclase activity by CTAP, NTI and nor-
BNI. Values are reported as percent of the inhibitory effect induced by NalBzoH (100 nM) at the indicated concentrations of each
antagonist and are the mean7s.e.m. of four determinations.
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profile, as it has the ability to stimulate the classical opioid

receptors mediating analgesia and to block NOP receptors

inducing supraspinal nociception.

We thank the University of Missouri-Rolla cDNA Resource
Center (www.cdna.org) for providing the cDNAs encoding the human
opioid receptors.
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