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ABSTRACT Detailed competitive displacement curves of3H-
labeled [D-Ala2,Met5]enkephalinamide, [D-Ala2,D-Leu5]en-
kephalin, and dihydromorphine by a series ofopiates and enkeph-
alins are biphasic, suggesting multiple sites. After treatment of
tissue with naloxazone, the displacement of the three 3H-labeled
ligands by all opiates and enkephalins tested becomes monophasic,
losing the high-affinity displacement seen with low concentrations
of both opiates and enkephalins. Coupled with Scatchard analysis
of saturation experiments, these findings suggest a common site
that binds both opiates and enkephalins equally well and with high-
est affinity (Kd values, <1 nM). Termed the #1 site, it corresponds
to the previously described high-affinity site and appears to be the
site responsible for analgesia under normal circumstances. The
low-affinity binding of [3H]dihydromorphine (4d, 3 nM) remaining
after naloxazone treatment differs dramatically from low-affinity
[D-Ala2,D-Leu5]-[3H]enkephalin binding (Kd, 5 nM). The P2 site,
corresponding to the low-affinity [3H]dihydromorphine receptor
sites, binds morphine (1I, 10 nM) and dihydromorphine (Kd, 3 nM)
far better than [D-Ala2,D-Leu5]enkephalin (14, 50 nM). Low-af-
finity [D-Ala2,D-Leu5]-[3H]enkephalin receptor sites bind [D-
Ala2,D-Leu5]enkephalin (14, 5-8 nM) more potently than mor-
phine (14, 71 nM) and correspond to the previously established 8
receptor.

The binding ofradiolabeled enkephalins directly to brain mem-
branes was described (1) shortly after their discovery (2-4) and
structural determination (5, 6). Although similar in many re-
spects to opiate binding, significant differences do exist. Ra-
diolabeled enkephalin binding is displaced more easily by en-
kephalins than by opiates and vice versa (7, 8). On the basis of
these findings, it was proposed that enkephalins bind to an en-
kephalin-selective (8) site in the central nervous system,
whereas opiates such as morphine bind to a morphine-selective
(,) site. This proposal confirms the concept ofdiscrete enkepha-
lin and opiate mechanisms suggested by the marked differences
in potency between opiates and enkephalins in the mouse vas
deferens and the guinea pig ileum bioassays (1).

Multiple populations of opiate receptors also have been sug-
gested on the basis of biochemical evidence (9, 10). By using
differences in binding affinities, this method classified recep-
tors as "high-" and "low-" affinity sites, the terms being in a
relative sense because even the lower-affinity site binds opiates
quite potently (Kd, <10 nM). Our understanding ofthese high-
and low-affinity sites has been greatly expanded by the use of
naloxazone (11-20), an irreversible ligand selective for the high-
affinity site and active both in vivo and in vitro. In this study,
we investigated the pharmacological properties ofboth enkeph-
alins and a variety of opiates in an effort to correlate the high-
and low-affinity sites with ,u and 8 receptors.

METHODS

[D-Ala2,D-Leu5]-[3H]Enkephalin, [3H]dihydromorphine, and
[D-Ala2,D-Met2]-[3H]enkephalinamide were obtained from
New England Nuclear, as was Formula 963 scintillation fluor.
Brain membranes were prepared from male Sprague-Dawley
rats as described (21) and treated with naloxazone in vitro (16).
In brief, naloxazone was dissolved in 1% glacial acetic acid (10
mg/ml), and 15 min later the solution was added to tissue to
a final concentration of2 rAM. Tissue incubation was carried out
at 250C for 30 min, and followed by four washes. Each wash
consisted of an incubation at 370C for 10 min, followed by cen-
trifugation and resuspension in buffer. This wash procedure
effectively removes all reversible opiates at this concentration
(13, 16). Control tissue in all naloxazone experiments went
through all incubations and treatments without drug to permit
an accurate comparison with naloxazone-treated tissue. Binding
assays were performed as described (21), with 20 mg of tissue
per ml.

RESULTS

Effects ofNaloxazone on [D-Ala2,Met5]-flH]Enkephalinamide
Binding. Naloxazone effectively and irreversibly blocked the
high-affinity component of [D-Ala2,Met5]-[3H]enkephalinamide
binding in tissue treated in vitro (Fig. 1). Analysis of the satu-
ration data of control tissue by nonlinear, least-squares,
weighted fit (unpublished data) showed two components. The
Sigh-affinity component (kd, 0.2 nM) present in control tissue
was eliminated in the tissue pretreated with naloxazone. By
contrast, there was only a mild decrease (15%) in low-affinity
binding between the control (Kd, 4.1 nM) and the naloxazone
tissue (Kd, 6.9 nM), with no significant change in affinity.

Effects of Naloxazone on Displacement Studies by Opiates
and Enkephalins.Displacement studies by a variety of drugs
were then performed on [D-Ala2, Met5]-[3H]enkephalinamide
binding to compare their competitive interactions. Morphine
inhibited radiolabeled enkephalin analogs in a biphasic manner
(Fig. 2A), confirming previous reports (7, 8, 15). The initial
displacement was quite sensitive to morphine, occurring at
<1 nM morphine. The remaining binding, which comprises
morphine's second displacement, required far larger doses.
Treatment of this tissue with naloxazone eliminated the dis-
placement of [D-Ala2,Met5]-[3H]enkephalinamide binding by
low morphine concentrations. Thus, naloxazone selectively in-
hibited the high-affinity binding site for both [3H]morphine (15)
and [D-Ala2,Met5]-[3H]enkephalinamide (Fig. 1) measured di-
rectly by Scatchard analysis in addition to blocking morphine's

Abbreviation: IC50, concentration causing 50% maximal inhibition.
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FIG. 1. Scatchard analysis of [D-Ala2,Met5]-[3H]enkephalinamide
binding in naloxazone-treated and control tissue. Rat brain mem-
branes were prepared and treated with no drug (e) or naloxazone (o)
and assayed with [D.Ala2,Mete]-[PHlenkephalinamide (0.1-4.7 nM).
Saturation data were analyzed by a nonlinear, weighted, least squares
fit (unpublished data). Control binding was broken into two compo-
nents with different affinities (Kds, 0.2 and 4.1 nM), whereas only a

single component was demonstrated in naloxazone-treated tissue (Kd,
6.9 nM). TheKd value of the lower-affinity control tissue (4.1 nM), was
not significantly different from that of naloxazone-treated tissue (6.9
nM). Naloxazone treatment eliminated the high-affinity site, causing
only a small decrease (around 15%) in the lower-affinity site. The ex-
periment has been replicated three times. B/f, bound/free.

high-affinity competitive displacement of [D-Ala2,Met5]-
[3H]enkephalinamide binding. Together, these results suggest
that both drugs bind with highest affinity to the same site.

Scatchard analysis of saturation experiments shows that nal-
oxazone also abolishes the high-affinity binding component for
a number of other opiates, including the K drug [3H]ethyl-
ketocyclazocine (14), the o- drug [3H]SKF 10,047 (17), and the
antagonists [3H]naloxone (12, 13) and [3H]naltrexone (15).
Therefore, we investigated naloxazone's actions on the displace-
ment of [D-Ala2,Met ]-[3H]enkephalinamide binding by a va-

riety of unlabeled ligands (Fig. 2B-F). [D-Ala2,Met5]-
[3H]Enkephalinamide binding was displaced in a biphasic man-
ner by all of the unlabeled ligands tested, including ketocycla-
zocine, SKF 10,047, naloxone, naltrexone, and levallorphan.
Dextrallorphan, the inactive stereoisomer of levallorphan, did
not inhibit binding. As with morphine, naloxazone treatment
eliminated the initial displacement by low concentrations of all
the opiates, implying that ,u, K, a opiates, antagonists, and en-

kephalin analogs all bind with highest affinity to a common re-

ceptor. Although both naloxone and naltrexone are considered
pure antagonists and inhibited the naloxazone-sensitive binding
present in control tissue about equally well, naltrexone was over

6-fold more potent than naloxone in inhibiting the binding re-

maining after naloxazone treatment of tissue.
The inhibition of [D-Ala2,Met5]-[3H]enkephalinamide bind-

ing by [D-Ala2,D-Leu5]enkephalin did not show clearly the bi-
phasic curves seen with the opiates (Fig. 3A), but its shallow
slope was suggestive of binding heterogeneity. [D-Ala2,D-
Leu5]Enkephalin at 5 nM inhibited approximately 45% of [D-
Ala2, Met5]-[3H]enkephalinamide binding in control tissue,
whereas treating tissue with naloxazone eliminated any inhi-
bition by [D-Ala2,D-Leu5]-[3H]enkephalin at this concentra-
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FIG. 2. Displacementof [D-Ala2,Met5]-[3Hlenkephalinamidebind-
ing by opiates. Rat brain membranes were prepared and treated with
no drug (o) or naloxazone (a). [-Ala2,Met ]-[Hhlenkephalinamide (1
nM) bindingwas determined in the presence of the followingunlabeled
drugs: morphine (A), ketocyclazocine (B), SKF 10,047 (C), naloxone
(D), naltrexone (E), and levallorphan (o, e) and dextrallorphan (A,
A) (F). Points are from oneexperiment and represent the mean ± SEM
of triplicate determinations. Similar results have been replicated in
three different experiments. The percentage of total binding that com-
prises the initial displacement can vary up to 10% from experiment to
experiment. For this reason, a single preparation of brain membranes
was divided into two fractions, treated with nodrugor naloxazone, and
assayed together with a single unlabeled ligand. Because the different
unlabeled ligands were assayed in different experiments, variations
in the initial displacement are probably not significant.

tion, agreeing with previous findings utilizing I"2-labeled [D-
AlaO,D-Leu5]enkephalin (18).

Because naloxazone treatment of membranes also abolished
the high-affinity binding component of [3H]dihydromorphine,
we examined the inhibition of this ,u agonist by [D-AWa2,D-
Leu5]enkephalin (Fig. 3B). As with many of the other curves,
[D-Ala2, D-Leu5]enkephalin inhibited [3H]dihydromorphine
binding in a biphasic manner. The initial displacement by [D-
Ala2,D-Leu5]enkephalin appeared at concentrations less than
1 nM, with the secondary component requiring up to 100-fold
greater concentrations. Naloxazone treatment blocked any in-
hibition of [3H]dihydromorphine binding by [D-Ala2,D-
Leu5]enkephalin at concentrations less than 10 nM.
To further investigate the ability ofmorphine to inhibit high-

affinity enkephalin binding, we compared morphine directly
with [D-Ala2,D-Leu5]-[3H]enkephalin (Fig. 4). The results were
quite similar to those of [D-Ala2,Met5]-[ H]enkephalinamide.
The initial displacement again was seen with concentrations far
less than 1 nM, whereas the second displacement was even less
sensitive to morphine displacement than that seen with [D-
Ala2, Met5]-[3H]enkephalinamide.
The Pharmacoloical Properties of [3H]Dihydromorphine

and [D-Ala2,D-Leu5]-PHJEnkephalin Binding in Naloxazone-
Treated Tissue. The above studies suggest that all opiates and
peptides tested bind with highest affinity to a common site.
However, the binding remaining in naloxazone-treated tissue
reflects striking differences between opiates and enkephalins.
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FIG. 3. Displacement of [D-Ala2,Met5]-[5Hlenkephalinamide and
[3Hldihydromorphine binding by [D-Ala2,D Leu5]enkephalin Rat brain
membranes were prepared and treated with no drug (e) or naloxazone
(o), and were assayed with 1 nM [D-Ala2,Met5]-[3Hlenkephalinamide
(A) or 1 nM [3Hldihydromorphine (B) and increasing concentrations
of unlabeled [DAla ,ILeu5lenkephalin. Points are from one experi-
ment and represent the mean ± SEM of triplicate determinations.
This experiment has been replicated three times.

For example, 5 nM morphine inhibited the binding of
[3H]dihydromorphine in naloxazone tissue up to 40%, whereas
it had no effect on [D-Ala2,D-Leu5]-[3H]enkephalin binding at'
this concentration. Similarly, [D-Ala2,D-Leu5]enkephalin inhib-
ited [D-Ala2,D-Leu5]-[3H]enkephalin binding in naloxazone tis-
sue with an approximate concentration causing half maximal
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FIG. 4. Displacement of [D-Ala2,D-Leu5]-[3H]enkephalin by mor-

phine. Rat brain membranes were prepared and treated with no drug
(0) or naloxazone (o) and assayed with 1 nM [D-Ala2,D-Leu5]-
[3Hlenkephalin and increasing concentrations of morphine sulfate.
Points are from one experiment and represent the mean ± SEM of
triplicate determinations. The experiment has been replicated three
times.

inhibition (IC50) of less than 15 nM, whereas far greater con-
centrations were required to inhibit [3H]dihydromorphine
binding in similarly treated tissue. For these reasons, we ex-
amined the ability of a variety ofpeptides and opiates to inhibit
both [3H]dihydromorphine and [D-AWa2,D-Leu5]-[3H]enkephalin
binding in naloxazone-treated tissue.

Unlabeled [D-Ala2,D-Leu5]enkephalin was more than 6-fold
more potent in displacing [D-Ala2,D-Leu5]-[3H] than
[3H]dihydromorphine (Table 1). Even greater differences in
potency were seen with [D-Ala2,Met5]enkephalin. The syn-
thetic enkephalin compound FK 33824 has been described as
a ,u or morphine-like peptide. In this assay system, it inhibited
[3H]opiate binding 3-fold more potently than [3H]enkephalin
binding, mimicking the 8-fold difference seen with morphine.
Interestingly, the K drug ketocyclazocine and the cr drug SKF
10,047 inhibited [3H]enkephalin and [3H]dihydromorphine
binding approximately equally well.

DISCUSSION
Both the biphasic displacement curves and nonlinear Scatch-
ard plots strongly suggest the presence of multiple classes of
binding sites. It is clear that a portion of [D-Ala2,Met5]-
[3H]enkephahinamide binding is easily displaced equally well
by low concentrations ofboth opiates and enkephalins. This ini-
tial displacement represents the higher-affinity binding of the
unlabeled drugs because it occurs at their lowest concentra-
tions. The loss ofthis initial competitive displacement by opiates
and enkephalins of 3H-labeled ligands in naloxazone-treated
tissue, coupled with naloxazone's blockade of high-affinity A
([3H]morphine and [3H]dihydromorphine), K ([3H]keto-
cyclazocine), cr([3H]SKF 10,047), and enkephalin ([D-Ala2,Met5]-
[ H]enkephalinamide, [D-Ala2,D-Leu5]-[ H]enkephalin, I'"-

Table 1. Inhibition of [3Hldihydromorphine and [D-Ala2,D-Leu5]-
[3H]enkephalin binding in naloxazone-treated tissue by opiates
and enkephalins

IC5o, nM ICs0
[D-Ala2,D-Leu5I- ratio

[3H]- [3H]Dihy- 8/92
enkephalin dromorphine bind-

Compounds a binding A2 binding ing
Peptides

[D-Ala2,D-Leu5]Enkephalin 10.0 ± 1.2 63.8 ± 7.4 0.15
[D-Ala2,Met5]Enkephalin 8.1 ± 1.4 97.0 ± 2.2 0.08
[(DAla2,N-MePhe4-Met(O)ol5]-
Enkephalin(FK 33,824) 50.9 ± 8.7 17.3 ± 5.8 2.9

Opiates
Morphine 69.1 ± 3.2 10.8 ± 0.7 8.3
Ketocyclazocine 40.2 ± 8.4 51.6 ± 15.6 0.78
N-Allylnormetazocine
(SKF 10,047) 20.0 ± 8.4 12.9 ± 2.6 1.6

Levallorphan 11.2 ± 1.7 2.5 ± 0.8 4.5
Naloxone 42.1 ± 6.6 18.8 ± 1.7 2.2

Rat membranes were prepared, incubated with 2 uM naloxazone,
and extensively washed. The inhibition of both [3Hldihydromorphine
and [D-Ala2,D-Leu5]143H]enkephalin binding, assayed with 1 nM 3H-
labeled ligands at the same time with the same tissue, by opiates and
enkephalins was then determined over a wide concentration range
(0.2-100 nM). IC50 values were calculated by least squares fit to a log-
arithm-probit analysis. The results are expressed as the mean ± SEM
of three determinations of the IC50 values (four determinations with
[D-Ala2,D-Leu5]enkephalin). The IC50 values for [3H]dihydromorphine
and [-Ala2,D-Leu5]-[3Hlenkephalin are significantly different forboth
morphine and [ D-Ala2,Leu lenkephalin (P < 0.001) and for FK33824,
[D-Ala2,Met5lenkephalin, and levallorphan (P < 0.03). No significant
difference is seen with SKF 10,047 or ketocyclazocine.
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labeled [D-Ala2,D-Leu5]enkephalin, [Met5]-[3H]enkephalin,
and [Leu5]_[3H]enkephalin) binding measured directly in sat-
uration experiments with Scatchard analysis, implies that all of
the tested drugs bind with highest affinity to a common site.
This receptor has been implicated in the analgesic properties
of enkephalins and opiates by using both an in vivo naloxazone
(11-15, 17-19) and a developmental (22, 23) model.
The displacement studies in naloxazone-treated tissue (Table

1), together with the actions of naloxazone on the biphasic com-
petition curves (Figs. 2-4) and Scatchard plots (Fig. 1) are best
explained by three classes of receptors (Table 2). The first site,
which corresponds to the common high-affinity binding site
described above and is sensitive to naloxazone's irreversible
actions, binds opiates and enkephalins with approximately
equal affinities (Kd, <1 nM). We propose naming this site Aul.
Binding opiates with slightly lower affinity than the a, site,
the 2 site (low-affinity [3H]dihydromorphine site; K, 3 nM)
selectively binds opiates such as morphine (Kd, 8-11 nM)
markedly better than enkephalin analogs such as [D-Ala2,D-
Leu5]enkephalin (14, 50 nM) or [D-Ala2,Met5]enkephalin (K1,
75 nM). The lower-affinity [D-Ala2,D-Leu5]-[3H]enkephalin
site (Kd, 5 nM) seen with Scatchard analysis fulfills the criteria
previously proposed for a 8 site (1, 7, 8), preferentially binding
the prototypic 8 ligand [D-Ala2,D-Leu5]enkephalin (Kd, 5-8)
nM) far more potently than morphine (14, 70 nM). Of particular
interest in this system is the unique properties of both the K
drug ketocyclazocine and the o, drug SKF 10,047. These drugs
show little selectivity between the A2 and the 8 site, agreeing
with previous reports (24). Perhaps their similar potency at
these two sites might explain some of their pharmacological
actions.

At first glance, it is difficult to understand why binding to
the higher-affinity sites represents a small fraction of total spe-
cific binding (Figs. 2-4) when using low 3H-labeled ligand con-
centrations. Although the fractional occupancy of the higher-
affinity site will be greater than the lower-affinity site, this dif-
ference is offset by the far greater numbers oflow-affinity sites.
For example, [D-Ala2,Met']-[3H]enkephalinamide Scatchard
plots show two sites whose approximate Kd values (0.2 and 4 nM)
and Bm. (1 and 9 fmol/mg of tissue) differ significantly. At 1
nM, the fractional occupancy of the higher-affinity site is ap-
proximately 80%, whereas it is only about 20% for the low-af-
finity site (25). However, binding is the product of fractional
occupancy and the number of sites. Therefore, high-affinity

Table 2. Approximate dissociation constants for morphine and
[D-Ala2,D-Leu'lenkephalin on IA1, u2, and 8 receptors

Approximate Kd values,
IN

Ligand Ai A2 8

Morphine
Saturation studies 0.4 11 -

Displacement studies <1 8 71
[D-Ala2,D-Leu5]Enkephalin

Saturation studies 0.5 - 5
Displacement studies <1 50 8

Saturation study results use values obtained by computerized non-
linear, least-squares regression analysis of saturation studies with
[0HImorphine or [D-Ala2,D-Leu5I-[3Hlenkephalin. Displacement re-
sults were calculated from the IC50 values in Table 1 by using the for-
mula Ki = (ICrO),/(1 + CA) where i is the unlabeled ligand, A is the
radiolabeled ligand, and C = [A/KdA. The Kd values of [D-Ala2,D-
Leu ]-[3Hlenkephalin and I Hldihydromorphine used to calculate the
Ki values in displacement studies in naloxazone-treated tissue (5 nM
and 3 nM, respectively) were determined from saturation studies.

binding (0.8 fmol/mg of tissue) is only half of the low-affinity
binding (1.8 fmol/mg of tissue) and only 30-35% of the total
specific binding.

This classification helps to simplify much ofthe pharmacolog-
ical and biochemical data currently in the literature. Enkeph-
alins bind to both ul and 8 sites, and opiates such as morphine
bind to the jul and the A2 sites. Therefore, the morphine-like
qualities described with enkephalins probably reflect their po-
tent binding to the Al site. Displacement experiments of
[3H]enkephalins by morphine illustrate the pul and 8 binding
of enkephalins. The ul binding of radiolabeled enkephalins is
easily displaced by low morphine concentrations, whereas the
8 binding is not. Previous studies (7, 8) have demonstrated the
inability of opiates to displace enkephalin binding easily and
vice versa. Our results (Table 1) imply that these studies were
looking at differences between 2 and 8binding. The previously
reported experiments utilized a single IC,5 value. This single
ICso (Figs. 2-4) more closely approximates the value of the sec-
ond displacement, which corresponds to p and 8 interactions.

In summary, the evidence suggests three major types of
morphine and enkephalin receptors. The t.l site appears to be
quite distinct. It has a regional localization (20) that differs dra-
matically from that of the 8 receptor, has a different ontological
appearance (22, 23), appears to mediate opiate, enkephalin, and
,(3endorphin analgesia (11-15, 17-19, 22, 23), and is not present
in lower species such as the goldfish (26). The p, and 8 sites also
appear to be separate, differing from each other and the au sites
both pharmacologically and biochemically (7, 8, 19, 21). The
pharmacological properties ofthe pA and 8 sites are not yet fully
known but would include many opioid actions not mediated by
the t.l site, such as respiratory depression. It is easy to see how
the enkephalins might serve as the endogenous ligand for both
the p.1 and 8 sites. However, because they bind so poorly to the
p2 sites, it seems unlikely that the enkephalins are natural li-
gands for all three receptor subtypes.
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