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Abstract

The d-opioid receptors in mouse neuroblastoma= rat glioma hybridoma NG108-15 cells were characterized by receptor binding and
w3 x w3 xw 2 5x Ž . w3 xw 2 5 6 xcAMP assays. Saturation binding assays using H naltrindole, H D-Pen ,D-Pen enkephalin DPDPE or H D-Ser ,Leu ,Thr en-

Ž . Ž .kephalin DSLET gave similar binding capacities B . Competition binding assays showed that DPDPE and DSLET have similarmax
w3 x w3 x w3 x w3 xaffinity for the H DPDPE or H DSLET binding sites. The rank order of potency of competition with H DPDPE and H DSLET

Ž .was similar: naltriben;DSLETGDPDPE)7-benzylidenenaltrexone BNTX . Both DPDPE and DSLET were found to decrease cAMP
formation. The action of DSLET was antagonized by naltriben but not BNTX, while the action of DPDPE was reversed by both
antagonists. Therefore, the d-opioid receptor in NG108-15 cells has similar affinity for the agonists DPDPE and DSLET, and a higher
affinity for the antagonist naltriben than BNTX.

Žw 2 5 x . Žw 2 5 6 x . ŽKeywords: d-Opioid receptor; NG108-15 cell; DPDPE D-Pen ,D-Pen enkephalin ; DSLET D-Ser ,Leu ,Thr enkephalin ; BNTX 7-benzyl-
.idenenaltrexone ; Naltriben

1. Introduction

The d-opioid receptor is one of the three major types of
Žopioid receptors designated as m-, d- and k-opioid recep-

.tors classified by pharmacological studies. It has high
affinity for enkephalins and has been proposed to be the
receptor for these endogenous opioid peptides. The d-
opioid receptors are involved in a wide spectrum of phar-
macological actions, including analgesia, gastroparesis and

Ž .antitussis Loh and Smith, 1990 . Their major cellular
actions include adenylyl cyclase inhibition, calcium current

Žinhibition and potassium channel opening Di Chiara and
.North, 1992 . According to analgesic studies in vivo, the

d-opioid receptor can be further classified into d and d1 2
wwhich can be differentiated by their selectivity to D-

2 5 x Ž .Pen ,D-Pen enkephalin DPDPE and 7-benzyl-
Ž . Židenenaltrexone BNTX d -opioid receptor agonist and1

. w 2 5 6 x Ž .antagonist and to D-Ser ,Leu ,Thr enkephalin DSLET
Ž .and naltriben d -opioid receptor agonist and antagonist2

ŽSofuoglu et al., 1991a,b,1993; Portoghese et al., 1992;
.Takemori et al., 1992 .

The mouse neuroblastoma = rat glioma hybridoma
NG108-15 cell has been used as a model for studying

) Ž . Ž .Corresponding author. Tel.: 1-414 456-8625; Fax: 1-414 266-8456.

cellular actions of the d-opioid receptor as well as the
mechanism of desensitization because they express en-
dogenous d-opioid receptors, while the m- and k-opioid

Žreceptors are undetectable Wahlstrom et al., 1977; Knapp
.and Yamamura, 1990 . However, the types of endogenous

d-opioid receptors expressed in NG108-15 cell are still
unclear. It has been shown that both d - and d -opioid1 2

w 2 5 x Žreceptor agonists such as D-Ala ,D-Leu enkephalin DA-
.DLE , DPDPE and DSLET can elicit various pharmaco-

Žlogical actions in NG108-15 cells Bergsbaken et al., 1993;
.Jin et al., 1994 . Molecular cloning using NG108-15 cell

cDNA revealed the mouse form of the d-opioid receptor
Ž .Evans et al., 1992; Kieffer et al., 1992 . After expression
of this d-opioid receptor in monkey kidney COS or Chi-
nese hamster ovary CHO cells, it was found to exhibit a
higher affinity for the d -opioid receptor antagonist nal-2

triben than the d -opioid receptor antagonist BNTX.1

Therefore, this clone was proposed to encode the d -opioid2
Ž .receptor Law et al., 1994; Raynor et al., 1994 . The

purpose of the present study is to characterize the endoge-
nous d-opioid receptor subtypes in NG108-15 cells by
both receptor binding and functional cAMP assays. The

Žconventional d - and d -opioid receptor agonists DPDPE1 2
. Ž .and DSLET and antagonists BNTX and naltriben were

used to test whether the cellular actions can be correlated
with one of the known d-opioid receptor subtypes.
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2. Materials and methods

2.1. Cell culture

NG108-15 cells were grown in Dulbecco’s modified
Eagle medium containing 5% fetal bovine serum, 0.1 mM
hypoxanthine, 10 mM aminopterin and 17 mM thymidine
in a humidified environment of 95% air and 5% CO at2

378C.

2.2. Preparation of membranes

Confluent cells were harvested, lysed by sonication in
Žbuffer A Tris pH 7.4 50 mM, MgCl 5 mM, EDTA 12

mM, aprotinin 1 mgrml, phenylmethylsulfonyl fluoride
.0.1 mM . Membranes were centrifuged at 1000=g to

remove cell debris. The supernatant was then centrifuged
at 30 000=g. The pellet was resuspended in buffer A.
Membranes were used either immediately for binding or
frozen at y808C and used within 2 weeks.

2.3. Binding assays and analysis

Radioligand binding assays were performed in buffer A
Žin an incubation volume of 500 ml in duplicates 278C for

.45 min . Saturation binding assays were performed with 12
w 3 x w 3 xconcentrations of H naltrindole, H DPDPE or

w3 xH DSLET. In competition binding assays, different con-
centrations of competitive ligands were used to compete

w3 x w3 xwith 1 nM H DPDPE or H DSLET. Nonspecific bind-
ing was determined with 10 mM naloxone for both satura-
tion and competition binding. Incubation was terminated

Ž .by rapid filtration with a cell harvester Brandel onto
glass fiber GFrC membranes, followed by three washes of
3 ml buffer A. Radioactivity was determined by liquid
scintillation counting. Protein concentrations were deter-
mined by the Bradford assay using bovine serum albumin

Ž .as the standard Bradford, 1976 . Binding results were
analyzed with the software Prism to obtain B , K andmax d

K values. The B and K values are expressed asi max d
Ž .mean"standard error of mean S.E.M. . The K valuesi

usually follow a log-normal distribution, therefore, they
Žare expressed as the geometric mean 95% confidence

. Ž .interval Hancock et al., 1988 . The K values are consid-i

ered to be significantly different when the geometric means
are outside each other’s 95% confidence interval.

2.4. cAMP assays

Adenylyl cyclase activity was assayed by cAMP forma-
tion from whole cells using radioimmunoassay kits accord-

Žing to the manufacturer’s instruction BTI Technologies,
. Ž 5 .Stoughton, MA, USA . Cells 0.5=10 rtube were prein-

Ž . Žcubated with Krebs-Ringer-Hepes KRH buffer NaCl
110 mM, KCl 5 mM, MgCl 1 mM, CaCl 1.8 mM,2 2

.Hepes pH 7.4 10 mM, sucrose 5.5 mM, glucose 25 mM

Ž .and 100 mM isobutylmethylxanthine IBMX as a phos-
phodiesterase inhibitor for 20 min at 378C. The reaction
was started by the addition of 1 mM prostaglandin E1
Ž .adenylyl cyclase stimulator and different concentrations
of d-opioid receptor agonistrantagonist prepared in KRH
buffer containing 100 mM IBMX. After a 5 min incuba-

Ž .tion 378C , the reaction was terminated with trichloro-
Ž .acetic acid final concentration 5% . Basal cAMP level

was determined in the absence of prostaglandin E . The1

supernatant was extracted 3 times with water-saturated
diethyl ether. Aliquots of 50 ml were used for cAMP
radioimmunoassay. Data are represented as percent prosta-
glandin E -stimulated cAMP level. Results from different1

treatments were compared using unpaired Student’s t-test.

2.5. Drugs

ŽDPDPE and DSLET were purchased from Sigma St.
. ŽLouis, MO, USA and Peninsula Laboratories Belmont,

.CA, USA , respectively. BNTX and naltriben were gifts
Ž .from Dr. Portoghese University of Minnesota, MN, USA .

w3 x w3 x w3 xH Naltrindole, H DPDPE and H DSLET were pur-
Ž .chased from DuPont NEN Boston, MA, USA . Tissue

Žculture reagents were purchased from Gibco Grand Island,
.NY, USA . Other chemicals were purchased form Sigma

Ž . ŽSt. Louis, MO, USA or Fisher Scientific Itasca, IL,
.USA .

3. Results

3.1. Binding characteristics of the d-opioid receptor in
NG108-15 cell membranes

Preliminary time-course experiments showed that the
w3 x w3 xbinding of 1 nM H DPDPE and 1 nM H DSLET

reached saturation after incubation at 278C between 45–60
min. Therefore, binding assays were performed at 278C for
45 min throughout. Longer incubation times were not used
to avoid potential breakdown of the 3H-labeled peptides as

Ž .suggested by the manufacturer DuPont NEN . Saturation
binding with the nonselective d-opioid receptor antagonist
w3 xH naltrindole, the putative d -opioid receptor agonist1
w3 xH DPDPE and the putative d -opioid receptor agonist2
w3 xH DSLET all gave best fits to a single site model with

Ž .Hill coefficients of approximately 1 Table 1 and Fig. 1 .
w3 xThe B of H naltrindole binding sites was found to bemax

Table 1
w3 x w3 x w3 xBinding characteristics of H naltrindole, H DPDPE and H DSLET

in NG108-15 cell membranes

B "S.E.M. K "S.E.M. Hill coefficientmax d
Ž . Ž .pmolrmg protein nM

3w x Ž .H Naltrindole 0.98"0.15 3 0.12"0.04 0.94"0.01
3w x Ž .H DPDPE 0.76"0.13 3 0.97"0.18 0.98"0.02
3w x Ž .H DSLET 0.77"0.29 3 0.40"0.03 0.94"0.07

Saturation binding assays were performed as described for Fig. 1. Data
Ž .are expressed as mean"S.E.M. number of experiments .
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w3 x Ž . w3 x Ž .Fig. 1. Saturation binding of H naltrindole A , H DPDPE B and
w3 x Ž .H DSLET C in NG108-15 cell membranes. Binding was performed

w3 x Ž . w3 xwith 12 concentrations of H naltrindole 0.01–2 nM , H DPDPE
Ž . w3 x Ž .0.01–20 nM or H DSLET 0.01–20 nM . Nonspecific binding was
determined in the presence of 10 mM naloxone. Each panel shows results
from a representative binding experiment. Similar results were obtained
in two other independent experiments.

0.98"0.15 pmolrmg protein, which is not significantly
w3 x Ždifferent from that of H DPDPE 0.76"0.13 pmolrmg

. w3 x Ž .protein or H DSLET 0.77"0.29 pmolrmg protein .

Table 2
w3 xCompetition of DPDPE, DSLET, BNTX and naltriben for H DPDPE

w3 xand H DSLET binding sites in NG108-15 cell membranes

Ž . Ž .Competitive K 95% confidence interval nMi

ligand 3 3w x w xH DPDPE H DSLET

Ž . Ž . Ž . Ž .DPDPE 1.01 0.92–1.11 3 0.86 0.64–1.15 4
Ž . Ž . Ž . Ž .DSLET 0.76 0.55–1.06 3 0.54 0.36–0.82 4

aŽ . Ž . Ž . Ž .BNTX 4.54 3.69–5.59 4 1.49 1.03–2.14 4
b a,bŽ . Ž . Ž . Ž .Naltriben 0.76 0.50–1.17 4 0.46 0.36–0.57 3

Competition binding assays were performed as described for Fig. 2. Data
Ž . Žare expressed as geometric mean 95% confidence interval number of

. aexperiments . The K values are significantly different betweeni
w3 x w3 x bH DPDPE and H DSLET. The K values are significantly differenti

between BNTX and naltriben.

w3 x w3 xFig. 2. Competition of specific binding of H DPDPE and H DSLET
by DPDPE, DSLET, BNTX and naltriben in NG108-15 cell membranes.
Eleven to twelve concentrations of the competitive ligand were incubated

w3 x Ž . w3 x Ž .with 1 nM of H DPDPE A or H DSLET B as described in Section
2. Nonspecific binding was determined with 10 mM naloxone. Control
binding represents specific binding of the 3H-labeled ligand in the
absence of competitive ligands. Each figure shows representative inhibi-
tion curves of the competitive ligands. Similar results were obtained in
two to three other independent experiments.

Therefore, it is possible that the binding sites of
w3 x w3 xH DPDPE and H DSLET overlap in NG108-15 cells.

ŽTo test this hypothesis, the ability of d - DPDPE and1
. Ž .BNTX and d - DSLET and naltriben opioid receptor2

Fig. 3. Inhibition of prostaglandin E -stimulated cAMP formation by1

DPDPE and DSLET in NG108-15 cells. Cells were incubated with 1 mM
Ž .prostaglandin E to stimulate cAMP formation in the absence or pres-1

ence of DPDPE or DSLET. Results are expressed as percent prosta-
glandin E -stimulated cAMP formation and represented as mean"S.E.M.1

Numbers inside columns represent the number of experiments. Basal and
prostaglandin E -stimulated cAMP levels in NG108-15 cells were 2.19"1

0.56 and 18.96"2.76 pmolr1=105 cells, respectively.
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Fig. 4. Effects of BNTX and naltriben on DPDPE- or DSLET-induced
inhibition of cAMP formation. Cells were incubated with 1 mM prosta-

Ž .glandin E , the agonist 3 nM DPDPE or DSLET and the indicated1
Ž .concentration of the antagonist naltriben or BNTX . Data are expressed

as percent prostaglandin E -stimulated cAMP level and represented as1

mean"S.E.M. Numbers inside columns represent the number of experi-
ments. The same concentrations of naltriben and BNTX alone did not
cause any significant change in prostaglandin E -stimulated cAMP level.1
) P -0.05, ) ) P -0.01, significantly different from the result obtained
in the absence of antagonist.

w3 x w3 xligands to compete with H DPDPE and H DSLET was
studied in competition binding assays.

Ž .The K value of DPDPE 1.01 nM in the competitioni

assay was found to be very similar to the K value ofd
w3 x Ž . ŽH DPDPE 0.97 nM in the saturation assay Fig. 2 and

. Ž . Ž .Table 2 . The K 0.54 nM and K 0.40 nM values ofi d

DSLET were also found to be similar. Comparison of the
K values of DPDPE and DSLET showed that they havei

w3 xsimilar potency in competing with H DPDPE and
w3 xH DSLET, suggesting that their binding sites probably
overlap. Both antagonists BNTX and naltriben were found

w3 xto be more potent in competing with H DSLET than
w3 xH DPDPE: BNTX was about 3 times more potent in

w3 x w3 xcompeting with H DSLET than H DPDPE and nal-
triben 2 times more potent. The rank order of potency of

w3 xthe unlabeled ligands in competing with H DPDPE and

w3 xH DSLET was found to be similar: naltriben;DSLET
GDPDPE)BNTX.

3.2. Ability of d-opioid receptor antagonists to reÕerse the
inhibition of cAMP formation induced by DPDPE and
DSLET

To characterize the receptors functionally, BNTX and
naltriben were tested for their antagonism of DPDPE- or
DSLET-induced inhibition of cAMP formation. Both
DPDPE and DSLET were able to decrease prostaglandin

Ž .E -stimulated cAMP formation Fig. 3 . A complete con-1

centration-response curve was not performed because the
small percentage of inhibition renders it difficult to estab-
lish such a curve. DPDPE-induced inhibition was reversed
by both naltriben and BNTX, whereas DSLET-induced
inhibition was antagonized by naltriben but not BNTX
Ž .Fig. 4 .

4. Discussion

The present finding that DPDPE and DSLET could
w3 x w3 xcompete with H DPDPE and H DSLET with similar

w3 x w3 xpotency suggests that H DPDPE and H DSLET proba-
bly interact with the same population of d-opioid receptors
in NG108-15 cells. This is consistent with the finding that
w3 x w3 x w3 xH DPDPE, H DSLET and H naltrindole had similar
B values. The K values from saturation binding stud-max d

ies showed that even though the binding sites probably
overlap, these ligands interact with the receptor with dif-
ferent affinities, with a rank order of potency of
w3 x w3 x w3 xH naltrindole ) H DSLET G H DPDPE. The high
affinity of this d-opioid receptor to both DPDPE and
DSLET explains the finding that nM concentrations of
DPDPE and DSLET were able to inhibit adenylyl cyclase

Ž .in NG108-15 cells Bergsbaken et al., 1993; Fig. 3 . The
K values from the competition binding assays show thati

naltriben has a higher affinity than BNTX for both the
w3 x w3 xH DPDPE and H DSLET binding sites. These binding
characteristics are similar to those of the mouse d-opioid
receptor cloned from NG108-15 cells and expressed in

ŽCOS or CHO cells Evans et al., 1992; Kieffer et al., 1992;
.Yasuda et al., 1993; Law et al., 1994; Raynor et al., 1994 .

Naltriben was demonstrated to have a higher affinity than
w3 x w3 xBNTX in competing with H naltrindole or H dipre-

norphine. In these studies, however, naltriben showed a
Ž .much higher affinity 30–50-fold than BNTX for the

expressed receptor but we only observed a 3–6-fold differ-
ence in affinity for the endogenous receptor. The disparity
may be due to the use of different 3H-labeled ligands in
these studies. The binding characteristics of the agonists
DPDPE and DSLET for the expressed receptor are less
well defined. DSLET was found to have a 3–8-fold higher
affinity than DPDPE for the expressed receptor in some
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Žstudies Evans et al., 1992; Yasuda et al., 1993; Raynor et
.al., 1994 but have a lower affinity than DPDPE in another

Ž .expression study reported by Law et al. 1994 . Therefore,
both the endogenous and expressed d-opioid receptor ap-
pear to have a higher affinity for naltriben than BNTX but
a difference in the affinity for the agonists DSLET and
DPDPE was not as consistently demonstrated.

The d-opioid receptor in NG108-15 cells also did not
function exactly like the d - or d -opioid receptor in the1 2

cAMP assay. Both DSLET and DPDPE resulted in the
inhibition of prostaglandin E -induced cAMP formation.1

DSLET-induced adenylyl cyclase inhibition was reversed
by naltriben but not by the same concentrations of BNTX.
These findings are consistent with results from the compe-
tition binding assays in which naltriben showed a 3-fold

w3 xhigher affinity than BNTX for H DSLET. However,
DPDPE-induced adenylyl cyclase inhibition was antago-
nized by both BNTX and naltriben. It is possible that
although DPDPE and DSLET are binding to the similar
population of d-opioid receptors, there may be subtle
differences in the agonist-antagonist interaction within the
binding domain of the receptor. This difference is revealed

w3 xby the K values of naltriben and BNTX for H DPDPEi
w3 xand H DSLET. Furthermore, even though BNTX is sig-

nificantly less potent than naltriben in competing with
w3 xH DPDPE, the affinity of BNTX is still relatively high
Ž . Ž .K s4.54 nM Table 2 .i

The classification of d - and d -opioid receptors is best1 2

defined by analgesic assays in mice. The analgesic action
of DPDPE was antagonized by BNTX and this subset of
d-opioid receptors is designated as the d -opioid receptor1
Ž .Portoghese et al., 1992; Sofuoglu et al., 1993 . The
analgesic action of DSLET was antagonized by naltriben
and this subset is designated as the d -opioid receptor2
Ž .Sofuoglu et al., 1991a; Takemori et al., 1992 . In addition
to the differential antagonism, there is also a lack of
cross-tolerance between the d - and d -opioid receptors1 2
Ž .Sofuoglu et al., 1991a,b . However, the classification of
d-opioid receptors is not as definitive in other preparations.
Studies in vivo and in vitro have demonstrated a hetero-
geneity of d-opioid receptors, which exists among differ-
ent assays, different species and sometimes among differ-
ent tissues of the same species. For example, BNTX was

w3 xshown to have a 100-fold higher affinity for H DPDPE
w3 xbinding sites than those of H DSLET in guinea pig

cerebellum, and was 8-fold more potent in antagonizing
DPDPE- than DSLET-induced analgesia in the mouse
tail-flick assay, but it showed similar IC values for50

DPDPE- and DSLET-induced inhibition of mouse vas
Ž .deferens contractions Portoghese et al., 1992 . Naltriben

Žshowed almost identical ability to antagonize DPDPE d -1
. w 2 4 x Žopioid receptor agonist and D-Ala ,Glu deltorphin d -2
.opioid receptor agonist in the mouse vas deferens prepara-

Ž . Žtion Wild et al., 1993 and rat analgesic assays Stewart et
.al., 1994 . So far, only one d-opioid receptor clone has

Ž .been identified from mouse brain Yasuda et al., 1993 and

Ž .NG108-15 cells Evans et al., 1992; Kieffer et al., 1992 . It
remains to be demonstrated whether the receptor hetero-
geneity found in various pharmacological assays is the
result of different genes or different post-translational
modifications of the same gene. Taken together, the en-
dogenous d-opioid receptor in NG108-15 cells appears to
be different from the typical d - or d -opioid receptors1 2

identified in mouse analgesic assays with respect to the
selectivity to the agonists DPDPE and DSLET and the
ability of BNTX and naltriben in antagonizing their respec-
tive agonist. It has similar affinity for the d-opioid receptor
agonists DPDPE and DSLET and a higher affinity for the
d-opioid receptor antagonist naltriben than BNTX.
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