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SUMMARY

Opioid receptor binding and opioid-mediated inhibition of cAMP accumulation were

studied simultaneously in intact NG1O8-15 cells. The dose-response curves for the

biological response were suggestive of positive cooperativity and systematically occurred
at lower ligand concentrations than those for the binding of [3H][D-Ala2,D-Leu5}enkeph-
alin (DADLE), which were instead shallow and suggestive of a site heterogeneity or of a

cooperative phenomenon. Computer modeling of the binding isotherms revealed that the
data are best described assuming two binding sites with different affinities for the agonist;

the mean ratio between the DADLE concentrations yielding half-maximal occupancy of
the high affinity site and half-maximal response was 1.5, but it was 36 when the fractional
occupancy of the sum of the two sites was considered. On examining several opioids, no

direct correlation was found between high affinity site and biological response; however,
several agonists displayed different affinities for the two sites, while the antagonist
naloxone and the partial agonist diprenorphine bound to them with identical affinities.
Furthermore, naloxone exhibited a good agreement between half-maximal receptor oc-

cupancy and K1 in blocking the agonist response. Thus, the binding heterogeneity

detectable in intact cells is agonist-specific, and suggests rather that the sites are states
of an identical receptor population. When [3H]diprenorphine was used to label the opioid
receptors, the competition curves for DADLE were consistent with the existence of an
additional, very low affinity state undetectable by direct binding with labeled agonist
and, again, not discriminated by naloxone. Multiple affinity states of the opioid receptor
in intact cells may reflect its interaction with the effector system in the plasma membrane.

INTRODUCTION

For hormone receptors linked to adenylate cyclase
activity, occupancy-effect relationships are usually linear

for antagonists, but not for agonists (1, 2). It is now clear
that, for these receptors, signal transmission involves at
least three components: the receptor site (R), which
recognizes the ligand; the catalytic unit (C), converting
ATP into cAMP; and a class of regulatory guanine nu-
cleotide-binding proteins (N8 and N) which couple C to,
respectively, stimulatory or inhibitory R (3-5). Thus, the
discrepancy between fractional receptor occupancy and
fractional effect may be related to the stoichiometric
arrangement and to the different rate constants for the
partial reactions regulating the interactions between R,
N, and C in the cell membrane. For the /3-adrenoceptor
in isolated membrane preparations, earlier biochemical
studies indicated that a high affinity nucleotide-sensitive
binding state and an increase in apparent receptor size
(reviewed in Ref. 6) were both induced by the agonist,
and were suggested to represent the interaction of the
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receptor with the nucleotide regulatory component. Com-
puter modeling of �3-adrenoceptor-binding isotherms in
membranes led to the proposal of a ternary complex

resulting from the interaction of the agonist-occupied

receptor with an additional membrane component (X)
having the characteristics expected for N3: the intrinsic
activities of the agonist were significantly correlated with
the affinity constant of X for the liganded receptor, and
it was proposed that guanine nucleotides exerted their

effect by destabilizing the ternary complex and acceler-

ating the dissociation of both the ligand and regulatory
component from R (7, 8). The direct demonstration that

the high affinity state for the agonist depends from the
interaction of R and N5 has been recently achieved by

reconstitution of pure �3-adrenoceptor and pure N5 in
lipid vesicles (9). However, recent studies of fl-adreno-

ceptor binding in intact cells have provided evidence for
agonist-dependent rapid changes in receptor affinity that
are not correlated with the intrinsic activity of the ligand
and cannot be easily explained by the ternary complex
model (10, 11). For receptors inhibiting adenylate cy-
clase, agonist-specific multiple affinity states (12-14)
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say.

and negative heterotropic effects of guanine nucleotides
have been described in membrane preparations (15-17).
However, fewer studies have directly addressed the ques-
tion of occupancy-effect relationships for inhibitory re-
ceptors in intact cells. Both for the a2-adrenoceptor of
human platelets (18) and for the 5-opioid receptor of
neuroblastoma x glioma hybrid cells (19, 20), it was
found that agonist-binding curves are located at higher
concentrations compared to their respective bioresponse
curves.

We have further investigated the interaction of opioid
ligands with the m5-receptor of neuroblastoma x glioma

hybrid NG1O8-15 cells by comparing binding and inhi-

bition of cAMP accumulation in intact living cells, em-
ploying strictly identical conditions and analyzing the
binding isotherms with a computer modeling method
(LIGAND) (21) which provides optimal estimates of the
binding parameters for any number of ligands reacting
simultaneously with any number of receptors.

EXPERIMENTAL PROCEDURES

Materials. Materials were obtained from the following sources: cul-

ture media and sera, GIBCO, Karisruhe, F. R. G.; DADLE’ and other

enkephalin analogs, Peninsula, Belmont,CA; [3H]DADLE and [3H]

diprenorphine (40 and 38 Ci/mmol, respectively), Amersham, Dreieich,

F. R. G.; Naloxone HC1, Endo, Garden City, NJ; diprenorphine, Reckitt

& Colman, Hull, U. K.; Ro 20-1724 Hoffmann-La Roche, Basel, Swit-

zerland. All other materials were acquired from Sigma, MOnchen. F.

R. G.

Cell culture. NG1O8-15 cells (synonymous with 108 CC 15 cells),

were a gift of Dr. M. Nirenberg (National Institutes of Health, Be-

thesda, MD). A stock of the cells of identical passage number (No. 21)

was divided in sterile glass vials and kept frozen at the temperature of

liquid nitrogen. The experiments presented in this paper were per-

formed employing cells of passage numbers between 21 and 30.

The properties of the cells have been described previously (22). Cells

were grown in Falcon T75 bottles using DMEM medium, with addition

of 5.6 mM glucose and 5% fetal calf serum, and 0.1 mM hypoxanthine,

10 pM aminopterin, and 17 pM thymidine. Generally, the cells were

cultured in a humidified atmosphere at 5% CO2 and 3T with medium

changes every 2 days. For propagation, cells were dislodged from the

flasks by firmly tapping the flask on the palm of the hand; this

procedure released cells into the medium. Cell viability was routinely

measured by the trypan blue exclusion test.

Radioimmunoassay. Intracellular cyclic AMP levels were measured

by RIA after extraction of the cells with 0.5 N HC1, neutralization with

NaOH, dilution of the samples in sodium acetate (0.1 M, pH 6.), and

acetylation of the sample (23).

Parallel determinations of binding and inhibition of cAMP accumu-

lation in intact celLs. Experiments were performed using cell suspen-

sions. Confluent monolayers (1-1.5 x iO� cells) were collected and

suspended in DMEM-HEPES prewarmed at room temperature. Incu-

bations for binding reaction and cAMP accumulation were always

started simultaneously with samples of the same batch of cells.

For the binding assay, aliquots of the cell suspensions were distrib-

uted in plastic vials, while for the cAMP accumulation assay they were

distributed in 96-well microtiter plastic plates (Titertek, Flow). Pep-

tides, drugs, and radioactive ligands were added in the form of concen-

1 The abbreviations used are: DADLE, [D-Ala2,D-Leu5}enkephalin;

Ro 20-1724, DL-4-(3-butoxy-4-methoxybenzyl)-2-imidazohdinOne,

DMEM, Dulbecco’s modified Eagle’s medium; HEPES, N-2-hydroxy-

ethylpiperazine-N’-2-ethanesulfonic acid; DIPR, diprenorphine;

DAPHA, ED-Ala2, des Leu6jenkephalin amide; DALEA, [D-A1a2,Leu5l

enkephalin amide; O�, half-maximal occupancy; RIA, radioimmunoas-

trated stock solutions as 10% of final reaction volume. Bestatin was

present at a final concentration of 10 pM.

Binding reactions and cAMP accumulation were initiated by addi-

tion of the cell suspensions (50% of final volume) to both vials and

plates. Final cell concentration was 0.5-1 x 106 cells m1’ and the total

sample volume was 2 ml for binding and 0.1 ml for cAMP accumulation.

The incubations lasted 90 mm at 200 and were terminated simultane-

ously; cAMP accumulation was arrested by pipetting an equal volume

of cold 1 N HCI into each well, and binding reactions were terminated

by vacuum filtration on GF/B glass fiber filters (Whatman). Filters

were washed with two sequential 5-ml aliquots of ice-cold phosphate-

buffered saline, dried and counted by liquid scintillation spectrometry.

The Titertek plates were kept at 0� until being assayed, and then 0.1

ml of 0.9 N NaOH was added to each well, plates were centrifuged to

sediment cell debris, and the supernatant was diluted (200x) for cAMP

RIA.

Data colkction and presentation. In each experiment, four to six

ligands were simultaneously tested in binding and cAMP inhibition.

Binding of opioid ligands was studied as competition for the binding

sites labeled by a tracer concentration of [3H]DADLE (0.15-0.3 nM) or

[3H]DIPR (0.25-0.5 nM). Eight to 16 duplicate concentrations of ligand

were used to establish the binding isotherms, while 10 to 12 duplicate

concentrations were used for the cAMP inhibition dose-response curve.

Thus, each experiment, corresponding to a single batch of cells identical

in age and growth history, allows for a direct comparison of binding

and effect for a given set of ligands.

Computer analysis. The concentration-response curve for both bind-

ing and cAMP inhibition were first analyzed with the computer pro-

gram ALLFIT (24). The program fits families of sigmoid curves to the

general logistic equation y = d + (a - d)/(1 + (x/c)b) where y is the

response (radioligand bound or cAMP levels), x is the concentration of

the ligand, c is 50% effective concentration of ligand (IC�), b is the

slope factor, and a and d are the extrapolated upper and lower limits

for the observed value of y when x is 0 or infinite, respectively. The

concentration-response curves for sets of ligands obtained in the same

batch of cells were simultaneously fitted. Binding data were further

analyzed by the computer program LIGAND. This program provides

estimates of binding parameters for any number of ligands reacting

simultaneously with any number of receptors, by using an exact math-

ematical model of the ligand-binding system and untransformed data

(i.e., bound versus total ligand concentration). The program has been

extensively used in several ligand-binding systems, and methods and

the general strategy of its applications already have been described

(21).

Statistical evaluation. The deviation of the points from their pre-

dicted value on the curves was weighted according to the reciprocal of

their expected variance. Objective statistical tests for the goodness of

fit are incorporated into the programs and were used as described. The

choice between different models in LIGAND is based on the “extra

sum of square” principle (21) which compares the residual mean square

of each fit weighted for the reduction in degree of freedom produced by

increasing the number of parameters, using conventional F statistics.

The level of significance throughout the study was set at p � 0.05.

RESULTS

Inhibition of cAMP accumulation in NGJO8-15 cells:
concentration-response curves. Incubation of intact
NG1O8-15 cells with opioids results in a concentration-

dependent inhibition of cAMP levels (19, 20). Fig. 1
shows the concentration-response curves of selected

opioid ligands in inhibiting cAMP levels.
DADLE was the most potent ligand tested (IC50 = 0.77

± 0.21 nM) while other nonpeptide opioids showed po-

tencies consistent with their known relative 5 activity;
thus, etorphine was a very potent inhibitor in the cells

and so was deprenorphine, a mixed agonist-antagonist,
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Fu. . 1 . (‘uncentration -dependent tnhibmtmon of cAMP accumulation

in N(;108-15 celLs b� optoids

Cells were incubated in microtiter plates as described in Experimen-

tal Procedures with various concentrations of opioid agonists in the

presence of 100 pM Ro 15-1724. cAMP levels represent here total intra-

and extracellular amounts and are expressed as percentage of those

determined in the absence of opioid (480 ± 45 pmol/106 cells). Points

are means of triplicate determinations. ETO, etorphine; MOR, mor-

Phine.

while morphine was a weak inhibitor of cAMP accumu-
lation (1.45 ± 0.32 MM).

DADLE showed a slope factor greater than 1 (1.56,
95% confidence limits, 1.4-1.7), while less potent ligands

had slope factors slighly lower than DADLE, but greater

than 1. In contrast, morphine consistently exhibited a
slope factor lower than 1 (0.79 ± 0.09).

Different ligands also displayed characteristic differ-

ences in their maximal inhibitory effects; a maximal
inhibition of 70-80% was observed for etorphine and
DADLE, whereas diprenorphine and morphine inhibited
cAMP accumulation by only 40-60%.

Analysis of DADLE-binding isotherms. In every batch
of cells, the half-maximal cAMP inhibition produced by
DADLE was observed at a lower ligand concentration
than the corresponding IC50 for binding measured in
parallel. Furthermore, in all the batches of cells studied,
the steep curves for cAMP inhibition were in contrast
with the slope factor of the binding curves, which was

significantly lower than 1 (mean = 0.78; confidence limit,
0.85-0.73).

The slopes of the binding isotherms of DADLE sug-
gested heterogeneity of binding sites and/or negative
cooperativity. Each curve, therefore, was analyzed fur-
ther with the computer program LIGAND, by sequen-
tially fitting the data to a one-site or a two-site model.
The two-site model was in every case statistically sig-
nificantly better than the one-site model.

In Fig. 2, a representative binding curve is presented
in Scatchard coordinates. The following mean affinities
were obtained in five experiments: Kdl = 0.998 (0.44-
2.26) nM, Kd2 33.9 (7.7-73.6) nM; the total number of
receptors was 396 (221-766) fmol/106 cells, ofwhich 21%
(20-46%) was of high affinity type. When the binding of
the same ligand is studied in the plasma membrane
fraction of NG1O8-15 cells using hypotonic buffer, the

.3
bound (nM)

FIG. 2. Equilibrium binding of[3H]DADLE to intact NGJO8-15 cells

The binding of [3H]DADLE was determined as competition of

varying concentrations of unlabeled peptide with a fixed (0.23 nM)

concentration of monitoring ligand, as described in Experimental Pro-

cedures. The resulting curve was analyzed with the computer program

LIGAND by sequentially fitting one-site and two-site models. The

latter produced a significant reduction in the residual mean squares (F

= 12.8, p < 0.001). The experimental points (means of triplicate

determinations) are here shown together with the computer-fitted line

in Scatchard’s coordinates. The best fit was obtained, for the experi-

ment presented here, with the following concentrations of binding sites:

Ri = 2.1 ± 24% x 10#{176}and R2 = 1.7 ± 11% x 10’#{176}M; and dissociation

constants Kdl 0.52 ± 40 % and K,,.� = 9.8 ± 22% nM, nonspecific

binding N = 0.22 ± 0.06% of the total radioactivity present, where the

indicated relative errors are standard deviations of the computer fit.

Significant better fits to a two-site model as shown here were obtained

in four additional experiments, and the mean parameters estimated for

a total of five experiments are reported in Table 1.

data are always consistent with a single population of

high affinity (1-2 nM) binding sites (not shown). Thus,
binding studies in intact cells yield results different from
those obtained in isolated membranes. The possibility

that extensive degradation of the peptide could occur in
intact cells and thus explain the difference between the
two preparations was tested by “rebinding” experiments.
[3H]DADLE (10 nM) was incubated with cells or medium
at 20#{176}for 90 mm, and, following acidification to pH 4
with acetic acid, neutralization, and centrifugation, its
ability to bind to fresh cells was measured at a final
concentration of 1 nM. At least 95% of the tracer incu-
bated with cells compared to that in buffer was still
bindable, suggesting there is no extensive DADLE deg-
radation under these conditions.

Comparison between fractional receptor occupancy and
fractional biological response. Using the parameters com-

puted above for DADLE, we have calculated the apparent
relationship between receptor occupancy and total ligand
concentration for both the high and low affinity sites
and their sum, assuming that they are independent sites;
the corresponding curves for inhibition of cAMP accu-
mulation were converted to fractional effects by scaling
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them to corresponding maximal inhibition. The data are
plotted side by side in Fig. 3. It appears that the receptor

occupancy at the high affinity site (Fig. 3, - -) better
agrees with the measured response, though the computer-
generated curve still cannot describe the fractional effect
( ). The mean ratio between the concentration of

total ligand yielding half-maximal fractional occupancy

of the high affinity site and the concentration of total
ligand resulting in half-maximal fractional response is

then 1.5 (95% confidence limits, 0.7-2.7). On the other
hand, the analogous ratio between fractional effect and
occupancy to the sum of the two sites is 36 ± 18.

Thus, of the two apparent binding sites detectable
when the binding of DADLE is studied in intact cells,

only one, the high affinity one, appears in partial agree-
ment with measured response, whereas the relationship
between fractional effect and overall receptor occupancy

is strongly discrepant (Fig. 3).
Comparison of occupancy and effect for other opioid

agonists in intact cells. Binding isotherms for competition

of [3H}DADLE binding in parallel with the assessment
of the ability to inhibit cAMP accumulation were also
obtained, as detailed before, for several opioid peptides

and alkaloids, both agonists and antagonists. The bind-
ing curves were further analyzed by LIGAND, theoretical
occupancies to the different sites were computed, and

the relationships between them and the corresponding
fractional effects were evaluated. Although the relation-
ship between occupancy and effect was variable and
appeared to be a characteristic feature of each ligand, all

total ligand conc. (Log 1OM)

Fio. 3. Relation between fractional response and fractional occu-

pancy as a function of total DADLE concentration

The inhibition ofcAMP accumulation produced by various concen-

trations of DADLE measured in five independent experiments was

normalized by scaling the data to the best fit maximal response (max-

imal inhibition of cAMP accumulation) obtained in each experiment.

The five concentration-response curves are shown here in a single plot,

where empty points are means of duplicate or triplicate determinations

and the dotted line passing between them indicates the mean fractional

response for the pooled data. Fractional occupancies to the high-affinity

(- -), low-affinity (- - -), and sum ofthe two sites (-) as a function

of total ligand concentration were computed using LIGAND, on the

basis of the mean of the best fit binding parameters obtained from the

five corresponding binding isotherms; experimental points for the

binding isotherms are not plotted for clarity. The means for the five

paired ratios between half-maximal fractional occupancies and half-

maximal fractional effects are reported in the text.

agonists examined so far recognized both sites labeled by
[3H]DADLE (Table 1).

Reversal of DADLE effect by naloxone. Naloxone does
not affect cAMP accumulation in NG1O8-15 cells, even

at very high concentrations (10� M), but effectively
inhibits the action of opioid agonists (Fig. 4, left panel).
The IC50 values derived from concentration-response

curves of naloxone in reversing several agonists varied
between 0.6 and 2 �M.

The slope factor of the curves of naloxone for reversing

DADLE effect was higher than 1 (mean, 1.55 ± 0.15; n
= 4), whereas naloxone inhibited morphine effect with a
slope factor lower than 1 (0.78 ± 0.15, n = 2) (see Fig. 4,

left panel).
In parallel with the assessment of the ability of nal-

oxone to reverse agonist effects, its binding as a compet-
itor for [3H]DADLE binding was studied. In three of

four experiments, it was impossible to obtain a conver-
gence of the fitting routine without letting the program
set equal affinities of naloxone for the two sites labeled

by [3H]DADLE. In one experiment, two different affin-
ities were computed; however, they were not significantly

different. Thus, naloxone does not discriminate between

the two sites labeled by DADLE.
When the occupancy by naloxone of the total number

of receptor sites is computed and compared to the cor-

responding apparent fractional effect (i.e., reversal of

TABLE 1

Affinities of opioid agonists for the two sites labeled by [3H]DADLE

and comparison with the corresponding effect

Inhibition of cAMP accumulation and binding, measured as corn-

petition for [3H}DADLE, were studied in paired experiments as de-

scribed in Experimental Procedures. The parameter estimates of the

affinity of each ligand (indicated as Kd) for the two sites were obtained

using LIGAND, by analyzing the competition curves of DADLE and

the corresponding curves of one to three competing ligands simulta-

neously. On the basis of these best fit estimates, half-maximal occu-

pancies for the sum of the two sites for each ligand were computed as

described for DADLE in the legend of Fig. 3. The n values indicate the

number of experiments in which the agonist has been tested in paired

measurements of binding and activity.

Ligand Affinity Kd Response Half-maximal

ratio (ICw) total

(K�/Kdl) occupancy/
Half-maximal

response

(O�/IC�)

nM nM

DADLE (n = 5)

Kdl 0.998 ± 0.26 24 0.77 ± 0.21 36.4

K,,.� 23.9±8.1

DALEA (n = 3)

Kdl 3.2±0.6 17 3.3±0.8 10.5

K,� 55.3 ± 9

DAPHA (n =3)

KdI 118±40 17 96±16 10.9

K,� 1984 ± 120

Etorphine (n = 2)

Kdl 3.1 ± 0.6 20 6.9 ± 1.2 8.9

K,� 62±15

Morphine (n - 2)
KdI 225 ± 32 10.5 1450 ± 330 1.54

K� 2366 ± 158
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Fu;. 4. Antagonism of opioid ligands by naloxonc

Left, summarization of two independent experiments in which increasing concentrations of naloxone (NAL) reversed the maximal inhibition

of cAMP accUmulation produced h� DADLE, 10 nM (O), and morphine (MOR), 100 pM (A). Each experimental point is the mean of duplicate

determinations, scaled to the amount of cAMP accumulation observed in the absence of ligand. The effect of naloxone itself on cAMP

accumulation observed in a separate experiment is also shown in the same graph, where the experimental points (I) (means of triplicate

determinations) represent the cAMP accumulation expressed as percentage of the value observed in the absence of ligand. In three additional

experiments, a single concentration of naloxone (100 pM) produced insignificant changes in cAMP levels. The absolute levels of cAMP measured

in the absence of naloxone ranged in the three experiments shown between 390 and 490 pmol/106 cells. Right, concentration-response curves for

naloxone reversal of the inhibition of cAMP accumulation produced by 10 nM DADLE obtained in four independent experiments (two of which

are also shown at the left) were scaled as fractional blockade of agonist effect and were pooled in a single plot (empty points, each representing

duplicate determinations). The corresponding solid line was obtained by averaging the best fit parameters computed by ALLFIT analysis of each

curve. The ICw value from this curve was employed to calculate (25) a mean K1value for naloxone (46.4 ± 16 nM), which, in turn, was used to

draw the “true” fractional blockade curve for the antagonist ( ) by translating the former curve to the new midrange value without altering

its slope. In the ftur experiments shown here, paired determinations of naloxone binding were obtained as competition for the binding sites

labeled by I3HIIJADLE. As reported in the text, naloxone displayed identical affinities for the two sites labeled by the agonist, and a single Kd

value was obtained in each experiment. The mean K,, averaged from the four experiments (59 ± 11 nM) was used to compute the receptor

fractional occupancY for naloxone I- - -). Experimental points for the binding are omitted for clarity.

agonist inhibition of cAMP accumulation) obtained in

parallel (Fig. 4, right panel), the rtilationship is inverted
as compared to the one obtained for the agonist: half-
maximal occupancy is obtained at lower concentrations

and it is located to the right of the IC50 for the effect.
K1values were computed (25) for each experiment and

pooled to plot the “true” fractional effect isotherms of

naloxone (Fig. 4, right panel).

K, values for naloxone effect were very close to the Kd
values measured in the parallel binding assays. The mean

ratio KI/Kd for naloxone reversal of DADLE is 1.23 ±
0.37, a value not significantly different from 1, and the

mean ratio K�/Kdfor all the agonists tested is ±1.04 with
confidence limits of 0.62-1.45. The antagonism of nal-
oxone for DAIJLE effect was further investigated by

Schild analysis (26). Increasing concentrations of nal-
oxone produced a ‘hlft on the right in the concentration
response curves of DADLE for inhibition of cAMP ac-

cumulation and did not affect their maximal inhibition.

A Schild plot of the data (Fig. 5, left panel) was linear

and exhibited a slope not significantly different from 1,

suggesting competitive behavior. However, naloxone did

also produce a concentration-dependent decrease of the

slope factors of the agonist concentration-response
curves which became statistically significant at the high-

est concentration (Fig. 5, right panel) and did not appear
to be dependent on differences in equilibrium b�twee#{241}

agonist and antagonist, since it was observed either by
the simultaneous addition of agonist and antagonist or

by preincubation with the antagonist and later addition

of the agonist. Thus, naloxone exhibits a deviation from

strictly competitive behavior in inhibiting DADLE re-

sponse.
Diprenorphine binding in intact cells. Diprenorphine is

a partial agonist in NG1O8-15 cells (19, 27) (Fig. 1). The
binding of this compound was first measured as a com-

petitorfor [3H]DADLE binding.
LIGAND analysis of data showed that diprenorphine,

similar to naloxone, could not discrjminate between th�
two binding sites labeled by DADLE; the best fits were

always obtained by setting the affinities of diprenorphine
for the two sites as identical, although the curves were
always steeper than predicted from the two-site model.

To further clarify this point, binding was studied using
[3H]DIPR as monitoring ligand. The association of this
tracer to the receptor in intact cells reached a plateau
after 20 mm of incubation and was stable during the

following 70 mm (not shown). After 90 mi#{241},the dissocia-

tion induced by a large excess of unlabeled diprenorphine
(1 �zM) was co#{241}siste#{241}twith a monoexponential curve, in

agreement with the findings of Law et at. (19). Both
(-)naloxone and diprenorphine competed with this

tracer with binding isothenns whose slope factors were

not different from 1, and produced identical maximal

i#{241}hibitiohs, suggesting that both ligands compete for a

single homogeneous class of sites; (+)naloxo#{241}e, studied

between 0.1 and 100 pM, did not pi�cduce any significant

inhibition of [3H]DIPR binding, indicating that all the
tracer is bound to stereospecific sites in the intact cell.
However, the agonists DADLE and etorphine inhibited
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FIG. 5. Schild analysis of naloxone antagonism of DADLE

Concentration-response curves for DADLE inhibition of cAMP

accumulation in intact NG1O8-15 cells were obtained in the presence

of increasing concentrations of naloxone (0.05, 0.25, 1, and 5 pM);

naloxone was added either simultaneously with the agonist (#{149})or 60

mm prior to the addition of the agonist (0), while the total incubation

lasted 90 mm at 20�. The ratios between the IC� in the presence of the

antagonist versus the IC,� of the control (DR) were computed using

the best fit parameters obtained by simultaneous fit of the sets of

curves with ALLFIT. The data are plotted here according to Schild

(26) (left panel). Unweighed linear regression analysis reveals a slope

slightly higher, but not statistically significantly different from 1 (1.09

± 0.1). The maximal inhibition produced by the agonist was not

significantly affected by naloxone, and was 80 ± 6% in the experiment

presented here. The computed K1 was 85 ± 27 nM which is close to a

Kd of 69 ± 18 nM measured as competition of [3H]DADLE binding in

the paired experiment. The slope factors of the DADLE curves, how-

ever, appeared to be reduced by increasing naloxone concentration, and

the effect was statistically significant as determined with ALLFIT

analysis, by observing the deterioration of the fit produced when the

slope factors of all the curves were forced to be identical (p < 0.01 and

0.03 for the two sets of curves examined). The relationship between

slope factors and antagonist concentration is plotted in the right panel;

the shaded areas indicate ± standard deviation limits obtained from

the computer fit.

[3H]DIPR binding with very shallow isotherms (slope
factors of 0.52 ± 0.2, n = 4, and 0.65 ± 0.15, n = 2,

respectively). Experiments were then designed to com-
pare the binding of the three ligands, DADLE, naloxone,
and diprenorphine, using both [3HJDIPR and [3H]DA-
DLE as monitoring ligands, and simultaneously assess-
ing their effects on cAMP accumulation. The binding
isotherms of the three ligands obtained as competition
for each tracer were then simultaneously analyzed with
LIGAND as illustrated in Tables 2 and 3. It is clear that
when [3H]DIPR is the tracer, the curves of both dipren-
orphine and naloxone can be modeled satisfactorily with

a single class of binding sites (Fig. 1, Table 2) but not

the one of DADLE. Thus, to obtain a simultaneous fit
of the three curves, it is necessary to introduce two (p <

0.001) and even three (p = 0.007) binding sites for which
both naloxone and diprenorphine share uniform affini-
ties, while DADLE binds to the first two with affinities
similar to those measured in [3H]DADLE-binding exper-

iments, and to the third with a lower affinity (fit 3, Table
2). When [3H]DADL is the monitoring ligand, the situ-
ation is symmetrical: two sites are necessary (p < 0.001)
to describe DADLE isotherms, but the curves of the
three ligands must be simultaneously fitted with both
naloxone and diprenorphine sharing equal affinities for

the two sites (fits 1, 3, and 4, Table 3). The curve of

diprenorphine, however, still shows a departure from the

model (three runs, p < 0.05, table 3). Indeed, in three
different experiments, the curves of diprenorphine corn-
petition for [3H]DADL showed a slight but systematic

deviation from unity of the slope factors. The introduc-
tion of a third site having the same affinity as the other
two for both diprenorphine and naloxone, but inaccessi-
ble to the monitoring ligand (fit 5, Table 3), improves
dramatically the description of the diprenorphine curve

- 6 - 5 and reduces significantly the overall variance (p = 0.001).
In fact, when the tracer is an agonist, a major part of low

affinity binding is lost in the filtration procedure and the
sites apparent from competition of DADLE with [3H]

DIPR are underestimated. However, the existence of a
third site is still apparent as a shift to the right and an
increase in slope factor for the diprenorphine curve.

Relationship between occupancy and effect derived from

/#{176}H]DIPR binding. Using the parameters computed from
the three-site fit of the data, the fractional occupancies
and fractional effects obtained in the corresponding ex-
perirnents were compared as described before for DA-

DLE. Using the three-site model, the fractional occu-
pancy for DADLE of the high affinity site was again very
close to the fractional effect while for diprenorphine the

occupancy of the total sum of sites occurred at lower
concentrations than the response. The mean ratio of
half-maximal occupancy versus half-maximal effect was
for this ligand (n = 3) 0.35 ± 0.18.

DISCUSSION

We have compared receptor binding and biological
response for the opioid agonist DADLE in living, intact
cells by use of simultaneous assays and identical condi-

tions. At least three features of the opioid interaction
with the t5 receptor of NG1O8-15 cells are at variance
with the simple occupancy theory of hormone receptors:
the curve for bioresponse is too steep, that for binding is
too flat and their relationship is far from linearity.

The binding curves, which were measured in parallel
with the inhibition of cAMP accumulation, allowed for

a further analysis in terms of the law of mass action.
The results of such analysis are clear: curves of agonist

binding to the opioid receptor in intact cells are best
fitted by a model involving two binding sites. A variety

of agonists, including the partial agonist morphine, corn-
pete for the two sites labeled by DADLE with different
affinities independent of their chemical nature as pep-

tides or alkaloids and not as consequent upon their
preference for established classes ofopioid receptors (28).
However, the antagonist naloxone and the partial agonist
diprenorphine do not discriminate between the two sites,
but bind to them with identical affinities, i.e., they “see”
the sites labeled by [3H]DADLE as a homogeneous re-

ceptor preparation. When [3H]diprenorphine is used as
a tracer, diprenorphine itself and naloxone compete with
this ligand for a single population of sites, but the corn-
petition curve of DADLE is shallow, covers more than 3
orders of magnitude, and can be fitted assuming three
sites having three different affinities for the agonist,
discriminated by neither diprenorphine nor naloxone.
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Ligand analysis of opioid competition for [3H]DADLE

Symbols and explanations are as in Table 2. Li is DADLE, L2 is DIPR, and L3 is naloxone. A two-site model (compare fit 1 versus fit 2)

l)etter described the data (p < 0.001) but both diprenorphine and naloxone curves can be fitted by sharing identical affinities for the two sites,

since sequentially removing the constraint of equal affinities both for diprenorphine (fit 3) and naloxone (fit 4) does not show any improvement

in the goodness of the fit. Notice that in all cases the runs test for diprenorphine is poor. The introduction of a third site (fit 5) to which

diprenorphine and naloxone bind with affinities identical to those for the others, but undetectable by DADLE (K13 = 0) reduces significantly the

RMS and improves the runs test for diprenorphine.

Li L2 L3
(DADLE) (DPR) (naloxone)

Fit 1 1 site

Fit 2 2 sites
(K21 K22)
(K31 = K32)

Fit 3 2 sites

(K3, = K32)

Model K R Runs test RMS F

(constraints) (dl) (p value)

K,, = 7.2 ± 2 X i08

K12 8.5 ± 7 x 106

K,, = 8.8 ± 4 x l0�

K12 = :1.2 ± 3 x io�

K2 = K22
1.2 ± 0.1 x iO�

Fit 4

Fit 5

K3, K32
1.9 ± 0.2 x iO�

2 sites K0 = 7.4 ± 2 X iO�

(K2 = K22) K12 = 8.7 ± 7 x 106

K1 = 1.1 ± 0.3 x iO� K31 = K32
K�=1.7±6x108 2.1±0.3x10

K�4.2±0.7x i0� K21=1.2±0.2x 10� K31=2±0.3x i07 K=1.8±0.3x10’0 L1=3p<0.05

L2 = 3 p < 0.05
L3 = 3 p < 0.05
Li =6p>O.OS
L2 = 3p< 0.05
L3 = 4 p > 0.05

Li = 7 p > 0.05
L2 = 3 p < 0.05
L3 = 8p > 0.05

K31= 1.8±0.2x iO� Ri = 1.i±0.2x 10-iO Li =flp>O.OS
K32 3.4 ± 19 x 108 R2 = 6.5 ± 3 x 10_b L2 = 3p< 0.05

L3 = 8p > 0.05
Li = 8p > 0.05
L2 = 4p> 0.05
L3 = 8 p > 0.05

:i sites

)K21 K� = K�)
K3 A32 = K,,)
)K13 = 0)

R = 1.1 ± 0.2 x 10_i0

R2 = 6.5 ± 3 x 10_b

Ri = 8.6 ± 4 x 10_u

R2 = 3.2 ± 0.9 x i0_u0

K11 = 6 ± i x iO�
K12 = 9.5 ± fi x to’

K13 = 0

K2 = K;22
1.2 ± 0.1 x i0�

K2 = K� =

2.2 ± 0.3 x 10’

284
(29)

105

(27)

122
(26)

108
(26)

50
(26)

K3i K32 =

2 ± 0.i x i07

i2.3

(p < 0.OOi)

-3
(p = 1)

0.8
(p = 1)

30.5
(p < 0.001)

Ri = 1.2 ± 0.2 x iO-��
R2 = 5.2 ± 2 x iO_uo

R3 = 1.3 ± 0.4 x 10-8
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TABLE 2

Ligand analysis of opioid competition for [3H]DIPR

Six competition curves (13 triplicate points) using two labeled ligands ([3H}DIPR and [3H]DADL) and three unlabeled ligands (DADL,

diprenorphine, and naloxone) were obtained in parallel in a single batch of cells. Each set of three curves was simultaneously evaluated with

LIGAND by sequentially fitting models of increasing complexity or containing different constraints. The set of curves obtained for the

competition for [3HJDIPR is illustrated here; the one for [3HJDADL is in Table 3. Ligands are numbered as Li (monitoring ligand, here DPR,

diprenorphine), L2 (DADLE), and L3 (naloxone). Parameter estimates of affinities are indicated as Knm, where n = ligand number, m = site

number, and have the dimensions of liters/mol; R = molar site concentration. The root mean square (RMS) reported for each fit is based on the

assumption of a constant per cent error in bound ligand concentration. The runs test reported for each curve in each fit indicates, when

significant (p < 0.05), a poor description of the experimental points by the computed curve. The F value refers to the comparison of each fit

with the preceding one. The estimates for the nonspecific binding parameter (which was typically 1.6-2% of the total counts for [3H]DIPR) are

not reported since they varied insignificantly across the models. The concentration of [3HJDIPR used was 0.5 nM. Notice that the introduction

of a second site (from fit I to fit 2) produces a dramatic reduction in the RMS (F = 329), but still a significant further improvement (F = 8) is

achieved with a three-site model, where the affinities for the three sites are shared for both DIPR and naloxone. Removing such constraints (not

shown here) did not produce further reductions in the RMS. Similar results were observed in two additional experiments.

Model K R Runs test RMS F
(constraints) (dl) (p value)

Li L2 L3
(DPR) (DADLE) (naloxone)

M’ M

Fitl isite K,1=3.5±1.2x107 K211.1±0.3x106 K3,8.8±2x106 R5.8±2x109 L12p<0.01 470.5

L2=3pczO.01 (33)

L3 = fip > 0.05

Fit2 2sites K11=K,2 1(21= 1.8±0.3x 10� K31K32 Ri 3.5±0.2x iO� Li ‘Gp>O.OS 22.5 329
(K11=K12) 4.8±0.3x107 K�=8.4±2x104 1.2±0.7x107 R2=1.6±0.1x10� L2=4p>0.05 (31) (p<.0001)

(K31 K32) L3 = ‘lp > 0.05

Fit3 3sites K,,=K,2=K,3 K21=2.i±2x i09 K31=K,,=K� R1=i.7±0.5x10� L1=4p>0.05 15.5 8
(K,,=K12=K13) 4.9±0.3x i07 K�=4.7±2x iO� 1.2±0.OGx i0� R2=1.9±0.5x109 L2=8p>0.05 (29) (p=0.007)
(K31=K32=K�,) K�,=5±2x104 R3=1.4±0.1x10� L3=7p>0.05

TABLE 3

Thus, the binding heterogeneity for opioid ligands in
intact cells appears to be agonist-specific and can hardly
be explained with the existence there of fixed classes of
opioid receptor types. This suggests rather that the sites
are states of an identical population of receptors. A
variety of possible artifacts inherent in binding studies
performed in intact cells should be ruled out in order to
strengthen this suggestion. As described in Results, we
didn’t detect extensive ligand degradation or severe de-
partures from equilibrium in the present assay condi-

tions. More difficult to rule out is the possibility that
tracer and competitor are differentially sequestered into
the cells, as might happen with the tracer [3H]diprenor-
phine, more hydrophobic than the competitor DADLE.
The binding of [3H]diprenorphine was completely insen-
sitive to (+)naloxone, suggesting that there is no specific
uptake of this ligand into the cell, but it is still possible
that [3H]diprenorphine has access to stereospecific sites
present in an intracellular compartment (internalized
receptors) which are not available for the more hydro-
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2 L. Vachon, T. Costa, and A. Herz, manuscript in preparation.

philic peptide (29). Such a possibility cannot be corn-

pletely ruled out without the availability of a hydrophilic

antagonist for the opioid receptor, yet we consider it less

likely since etorphine, an oripavine agonist whose phys-

icochemical properties are presumably very similar to
those of diprenorphine, exhibits shallow curves similar
to those of DADLE in competing with [3H]diprenor-
phine.

An interesting outcome of this study is the striking
difference between the binding data obtained in intact

cells and those derived from membranes incubated in
hypotonic buffers, in the absence of sodium and guanine

nucleotides. Under such conditions, there is a single class

of high affinity sites for both agonist and antagonist

opioids (30). It has been recently shown that, when

membrane preparations from NG1O8-15 cell are studied
in the presence of sodium, magnesium, and GTP, an
agonist-specific binding heterogeneity similar to that

described here in intact cells can be detected, although
the proportion of states and their affinities depends on

the concentration of modulators in the medium (31).
Thus, taken together, those studies and the data pre-
sented here in intact cells strongly suggest that, when

opioid binding is studied under “coupling conditions,”

the receptor exists in multiple affinity states that possi-
bly reflect its interaction with the membrane component

involved in adenylate cyclase inhibition. It is pertinent
to ask how these multiple states correlate with the ob-

served biological response, and we have devoted most of
this study to such a task. One must be aware of the limits

of such comparison. When analyzing the biological effect,
it is difficult to go beyond a phenomenological descrip-
tion since intact cells constitute a complex system and

no valid assumption of equilibrium can be made for
phenomena occurring at the intracellular side of the
plasma membrane. Yet living cells offer the distinct

advantage that the effector system is present in an
unaltered membrane and conceivably exposed to physi-

ological concentrations of co-modulators. Thus, even if
descriptive by necessity, data obtained in the intact cell
represent an important paradigm to which studies in
more simple preparations can be apposed. Three obser-
vations, derived from such comparisons, require further
discussion: 1) the relationship between fractional occu-

pancy and fractional effect; 2) the antagonism produced
by naloxone; and 3) the involvement of multiple states
in cyclase inhibition.

For agonists, the relationship between overall occu-
pancy and effect is strongly hyperbolic, whereas for the

antagonist occupancy and effect (i.e., fractional blockade
of agonist effect) are in close agreement. Thus, the acti-
vation of opioid receptors in intact cells exhibits an
agonist-specific receptor “spareness” whose extent ap-

pears a property of the ligand and might indicate the
different degree of coupling produced by different ago-
nists. A large “receptor reserve” was previously reported
in this same cell line by Fantozzi et al. (20) who showed
that it is possible to irreversibly block up to 90% of the
existing binding sites without reducing the ability of
opioid agonists to inhibit cAMP accumulation. The slope
of the bioresponse curve of a highly efficiently coupled

ligand such as DADLE is higher than 1, suggesting that

cooperativity and/or strong amplification occurs during

the coupling mechanism. Since similar steep curves also
have been reported (32) in membrane preparations, it is

unlikely that they are an artifact of intact cells. Interest-
ingly, when stimulating the low Km GTPase activity,
which results from the interaction of receptor and N,

DADLE exhibits concentration-response curves with

slopes not different from 1 and EC50 values at least 10

times higher than those observed here.2 It is thus possible

that the amplification mechanism operates at the level
of N�-cyclase rather than receptor-N1 interaction.

Naloxone exhibits a small but consistent deviation

from strictly competitive behavior. In fact, while it af-

fects the concentration-response curves of the agonist
with a major shift to the right without changing the

maximal effects, it also reduces their slopes in a concen-

tration-dependent manner. This may suggest that the
amplification operating at the level ofsignal transduction
is inhibited in the presence of antagonist. Cerione et al.

(9), by studying the interaction of purified �-adrenocep-
tors with purified N� reconstituted in liposomes, have

obtained evidence that the antagonist-occupied receptor
has a reduced ability compared to the unoccupied recep-

tor to interact with the GTP-binding regulatory cornpo-

nent. Such observations might provide a mechanistic

explanation for the deviation of an antagonist from pure

competitive behavior.
The fractional occupancy computed for the high affin-

ity state is, for peptide agonists, closer to the response.

For nonpeptide ligands, especially morphine, the half-

maximal occupancy of the high affinity state actually
precedes the observed response. Therefore, there is no

obvious proportionality between the high affinity state
and the biological response induced by the agonist. In

contrast, some relationship exists between the ratio of
affinities of each ligand for the two states and its appar-

ent “coupling efficiency,” i.e., the ratio between half-

maximal total occupancy and half-maximal fractional
effect. Morphine, which has the lowest ability to discrim-
mate between the two states (Kd2/Kdi = 10), also shows

the lowest coupling efficiency (O50/EC50 = 1.6) compared
to DADLE, which exhibits the highest ratio of affinities
(Kdi/Kd2 24) and produces the maximal effect with
minimal binding (O50/EC50 = 36); diprenorphine, which

does not discriminate between different affinity states in
intact cells, exhibits an even inverted relationship be-

tween occupancy and effect (O�/EC� = <1). Multiple
affinity states have been described for the interaction of

dopamine ligands with the D2-doparnine receptor in pi-
tuitary, which is also negatively coupled to adenylate

cyclase (14). A recent extension of the ternary complex
model to this system reveals basic differences with re-
spect to the f3-adrenoceptor: 1) the presence of a “pre-
coupled” complex between receptor and regulatory unit
which is reciprocally stabilized or destabilized by, respec-

tively, agonists and antagonists or guanine nucleotides;
2) the existence of a negative correlation between the

ability of agonists to discriminate between the two states
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(ratio of KH/KL) and their capacity to stabilize the ter-
nary complex (ratio of L/M) (3).

Additional studies, however, are necessary before at-

tempting to relate the observations made here in intact
cells and results obtained from membrane preparations.
Firstly, the affinities for the two states here were corn-
puted on the basis of competition for an agonist. When
a tracer with antagonistic properties is used, the data
suggest an additional third state which is not predicted
from the ternary complex model in the present form.

Secondly, even for the more extensively studied �3-
adrenoceptor, binding data obtained in intact cells under
nonequilibrium conditions cannot be easily related to

those obtained in membranes at equilibrium (10, 11),
since they suggest that, in the intact cell at least initially,
the receptor exists in the high affinity state only. The

data reported here for opioid receptors were obtained at
equilibrium and do not allow discrimination of whether
multiple affinity states are preexistent to agonist inter-

action with the receptor or are time-dependently induced

by such event.
Thirdly, as reported by Law et al. (34) in this cell line,

receptor down-regulation is largely inhibited at the tern-
perature used for our binding assay, but receptor desen-

sitization still occurs, and it could play an important role
here.

For instance, it is possible that one of the three states

observed represents a nonfunctional, desensitized form
of the receptor. Studies with cells desensitized specifi-
cally by chronic opioid treatment, or aspecifically by

pertussis toxin, are in progress, and may help in the
determination of the functional relevance of multiple
affinity states of the opioid receptor in intact cells.
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