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ABSTRACT

Creese, 1aN anNDp SoromonN H. SNyYDErR: Receptor binding and pharmacological
activity of opiates in the guinea-pig intestine. J. Pharmacol. Exp. Ther. 194:

205-219, 1975.

A comparison was made between the affinities of a wide range of opiate agonists,
mixed agonist-antagonists and antagonists for opiate receptor binding sites in the
guinea-pig intestine longitudinal muscle and myenteric plexus preparation, and their
pharmacological potency in influencing the electrically induced contraction of this in
vitro functional system. The relative affinities of drugs and the degree of stereospecificity
for intestinal binding sites are closely similar to these properties in the brain. Receptor
binding correlates extremely well with pharmacological potency, both for agonists and
antagonists, indicating that binding involves pharmacologically relevant opiate receptors.
Pharmacological activity correlates best with receptor binding assayed in the presence

of sodium.

Specific opiate receptor binding in vertebrate
central and peripheral neural tissue has been
identified (Pert and Snyder, 1973a,b; Simon et
al., 1973; Terenius, 1972, 1973). It has been
characterized in terms of its regional distribu-
tion (Kuhar et al., 1973; Hiller et al., 1973) its
localization in synaptic membranes (Pert et al.,
1974), sensitivity to enzymatic digestion and
protein modifying reagents (Simon et al., 1973;
Pasternak and Snyder, 1974; Wilson et al.,
1975; Pasternak and Snyder 1975). The influ-
ence of opiate addiction has been studied (Pert
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et al., 1973; Klee and Streaty, 1074; Hitze-
mann et al., 1974). Such binding has also been
found in a neuroblastoma X glioma hybrid cell
line (Klee and Nirenberg, 1974). This binding
probably involves the pharmacologically rele-
vant opiate receptors because affinities of nu-
merous opiate agonists and antagonists parallel,
in general, their analgesic or narcotic antagonist
potency (Pert and Snyder, 1973a,b: Terenius,
1974), with the best correlation found when the
opiate binding assay is conducted in the pres-
ence of physiological concentrations of sodium
which enhances the binding of antagonists and
reduces that of agonists (Pert et al., 1973; Pert
and Snyder, 1974).

In order to relate opiate receptor binding
with greater precision to pharmacological activ-
ity, both properties should be measured in the
same tissue. Moreover, by directly comparing
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receptor binding with pharmacological potency
in the same tissue several important issues in
receptor theory can be investigated, such as the
roles of “intrinsic activity” and “spare recep-
tors” in determining pharmacologic actions.

The ability of opiate agonists to inhibit the
electrically induced contractions of the longitu-
dinal muscle of the guinea-pig ileum, or the
ability of opiate antagonists to reverse this inhi-
bition, closely parallels their in vivo pharmaco-
logical potency providing a valuable in vitro
system to study opiate pharmacology (Paton,
1957; Cox and Weinstock, 1966; Gyang and
Kosterlitz, 1966; Kosterlitz and Watt, 1968;
Fennessy et al., 1969; Kosterlitz et al.,, 1973).
The site of opiate action is neuronal, within the
myenteric plexus, and is mediated by a de-
crease in the release of acetylcholine following
nerve stimulation (Paton, 1957; Cox and Wein-
stock, 1966; de la Lande and Porter, 1967;
Paton and Zar, 1968; Greenberg et al., 1970;
Lees et al., 1973). Specific opiate receptor bind-
ing in the ileum is also restricted to the myen-
teric plexus and is not present on the longitud-
inal muscle itself (Pert and Snyder, 1973a).

In order to explore these issues, we have
compared opiate receptor binding in the guinea-
pig intestine with opiate effects on its elec-
trically induced contractions.

Methods

Male, albino Cam guinea pigs (300-400g) were
killed by decapitation and the small intestine was
rapidly removed. The duodenum and the terminal
10 cm of the ileum were discarded and the re-
maining intestine was placed in XKrebs-Ringer-
bicarbonate solution (NaCl, 118 mM; KCl, 4.75
mM; CaCl;, 254 mM; KH:POs, 119 mM;
MgS0s, 1.2 mM; NaHCOs, 25 mM; glucose, 11
mM; pH 74) which was gassed with 95% O2-5%
CO:2 and maintained at 37°C. The longitudinal
muscle with attached myenteric plexus was re-
moved by the method of Ambache (1954) and
Rang (1964) and placed in the Krebs’ solution.

Opiate binding studies. Muscle strips were
placed in ice-cold Krebs-Tris solution (composi-
tion as above with the NaHCO3 replaced with
Tris-HCl, 25 mM, and KH2POs and glucose omit-
ted, pH 74 at 37°C) for 5 minutes. They were
then removed, blotted on filter paper, weighed
and returned to a small volume of ice-cold
Krebs-Tris solution. The tissue was minced by re-
peated cutting with a small pair of scissors and
then homogenized with a Polytron (speed 10, 2
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minutes). The homogenate was made up to 100
volumes (w/v) with Krebs-Tris solution and cen-
trifuged for 20 minutes (49,000 X g, 0°C), the
supernatant fluld was discarded and the pellets
were resuspended in the original volume of ice-
cold Krebs-Tris solution.

Saturation curves of specific 3H-naloxone and
3H-dihydromorphine binding were generated by
incubating 2-ml aliquots of homogenate (20 mg of
wet weight tissue) with increasing concentrations
of the labeled ligand in the presence and absence
of 2 uM (—)-3-hydroxy-N-allyl-morphinan (leval-
lorphan) in triplicates at 37°C for 20 minutes.
After incubation the samples were immediately fil-
tered under reduced pressure without cooling
through Whatman glass fiber filters (GF-B), which
were then washed with two 5-ml portions of ice-
cold Krebs-Tris solution. The filters were ex-
tracted in Hydromix solution (Yorktown Re-
search, New York, N.Y.) overnight, and
radioactivity was determined by liquid scintilla-
tion spectrometry, at a counting efficiency of
47% . Specific receptor binding of the labeled li-
gand was determined by subtracting binding of
the labeled ligand in the presence of 2 uM leval-
lorphan from binding in its absence, at each con-
centration of the labeled ligand (Pasternak and
Snyder, 1974). Saturation data for 3H-naloxone
binding was also obtained for a mince prepara-
tion, which was not homogenized. Two-milliliter
aliquots of the mince (60 mg of wet weight tis-
sue) in Krebs-Ringer-bicarbonate solution (pH
74) were incubated in 20-ml beakers at 37°C for
20 minutes in a Dubnoff metabolic shaking incu-
bator which was gassed with 95% 02-5% COa.
The samples were filtered as above and the filters
extracted in 1 ml of Protosol (New England Nu-
clear Corp., Boston, Mass.) at 37°C overnight
and counted in Aquasol (New England Nuclear).

The mince preparation in Krebs-Ringer-
bicarbonate solution most closely approximates
the conditions under which the pharmacological
properties of the opiates in inhibiting the electri-
cally induced contractions of the strips were
measured. Because minces and homogenates pro-
vided identical calculated Kp values for naloxone,
further opiate binding assays employved homogen-
ates which gave greater reproducibility and uti-
lized less tissue per determination. Analysis of
3H-dihydromorphine saturation in rat brain ho-
mogenates used the same conditions as experiments
with intestinal homogenates. All incubations with
3H-dihydromorphine were performed in the dark
because of the photosensitivity of this compound.

Determinations of EC50 values. Two millili-
ter aliquots of homogenate were preincubated at
37°C for 10 minutes in triplicate with six concen-
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trations of the unlabeled opiate under study,
along with tubes to which either no unlabeled opi-
ate was added or which contained 2 uM levallor-
phan. After cooling on ice for 5 minutes, 068 nM
3H-naloxone was added to each tube, which was
shaken in a Vortex mixer and incubated at 37°C
for 20 minutes. After incubation, the samples
were filtered and counted as above. The concen-
tration of the unlabeled opiate which inhibited the
specific 3H-naloxone binding by 509% (EC50)
was determined by log-probit analysis. KC50 val-
ues for cach opiate were determined twice and
the mean value was reported.

Determinations of opiate action on the elec-
trically induced contractions of the guinea-pig
intestine. The longitudinal muscle strips with at-
tached myenteric plexus were prepared as de-
scribed above and maintained in Krebs-Ringer—
bicarbonate solution (pH 74) which was
bubbled with 95% 02-5% CO2 and maintained at
37°C. For the pharmacological experiments, the
Krebs' solution also contained choline chloride (20
M) and mepyramine maleate (0.125 uM). A
strip was attached wvie silk threads in an organ
bath (8 ml) to a force-displacement transducer
(Grass FT.03C) with the resting tension adjusted
to 0.3 g. The organ bath temperature was kept
constant. by a water circulating jacket at 37°C.
The strip was stimulated by supramaximal electri-
cal stimulation via two platinum ring electrodes
at the top and bottom of the bath (Grass S4E
stimulator, 0.1 Hz pulse duration, 1.5 msee) and
the twitch-like contractions were displayed on a
Girass oscillograph. The strip was allowed to equi-
librate under continuous stimulation with washes
every 5 to 10 minutes until a constant base-line
response  was obtained. Opiate agonists were
added to the bath during stimulation in volumes
of 20 to 40 ul and were allowed to remain in con-
tact with the strips until maximal inhibition of
contraction had occurred, an interval which varied
among different opiates. The strips showed the
most rapid onset of inhibition of contraction with
normorphine and recovered to base-line levels
fastest after its removal by washing. Dose-re-
sponse curves for inhibition of contraction were
constructed for normorphine (with a 10-minute
interval between each drug addition), dihydro-
morphine and morphine (with a 30-minute inter-
val between each drug addition) and the concen-
tration of drug which inhibited the eclectrically
induced contractions by 50% (ID50) was deter-
mined. The ID50 values for inhibition of contrac-
tion for other opiate agonists and mixed agonist-
antagonists were determined by the “single dose”
method of Kosterlitz and Watt (1968), with a
normorphine  dosc-response curve as standard
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which was constructed in the same strip immedi-
ately prior to determination of the ID50 of the
opiate under investigation. Antagonism of the
agonist action of normorphine was also investi-
gated by the method of Kosterlitz and Watt
(1968). After the construction of a dose-response
curve to normorphine, the antagonist under inves-
tigation was introduced into the organ bath and
remained in contact with the strip for 20 minutes
before the addition of the test dose of normor-
phine. The dose ratio, that is, the ratio of the
concentrations of normorphine required to inhibit
contractions to the same extent in the presence or
absence of the antagonist, was determined and
the concentration of antagonist required for an
apparent 50% occupancy of receptors (Ke) was
then calculated. A separate strip was used for the
determination of the above parameters for each
opiate under investigation.

Drugs. Drugs were donated by the following
companies: Endo Laboratories, Garden City, N.Y.
(naloxone, oxymorphone, naltrexone) ; Ciba-Geigy,
Summit, N.J. [6-methano-3-benzazocin-8-0] meth-
anesulfonate (GPA 2163)]; Eli Lilly & Company,
Indianapolis, Ind. [(%)-propoxyphene; (+)- and
(—)-methadone]; Hoffmann-La Roche, Nutley,
N.J. [levorphanol, dextrorphan, levallorphan, (+)-3-
hydroxy-N-allylmorphinan] ; American Cyanamid,
Princeton, NJ. (etorphine, diprenorphine); and
Sterling-Winthrop, Rensselaer, N.Y. (meperidine,
cyclazocine, pentazocine). Nalorphine was purchased
from the Merck Chemical Company, Rahway, N.J.
and (—)-phenazocine and normorphine were gen-
erously provided by Dr. E. L. May. 3H-naloxone
(236 c¢/mmol) and 3H-dihydromorphine (55 c¢/
mmol) were purchased from the New England
Nuclear. All drugs are (—)-isomers unless other-
wise indicated.

3H-levorphanol (54 c¢/mmol) and 3H-levallor-
phan (7.5 ¢/mmol) were prepared at New England
Nuclear by catalytic tritium exchange. In our lab-
oratory, the tritiated compounds were purified by
thin-layer chromatography and their specific activ-
ities were determined by comparison with the
ultraviolet absorption of standard solutions (Pert
et al., 1973).

Results

Characteristics of opiate receptor bind-
ing in the guinea-pig intestine. The
properties of 3H-naloxone binding in homogen-
ates of the guinea-pig intestine are very similar
to those deseribed previously in rat brain ho-
mogenates (Pert and Snyder, 1973a,b) (table 1;
fig. 1). Binding is highly stereospecific; levoro-
tatory isomers are much more potent inhibitors
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TABLE 1

Stereospecificity of opiate binding lo
homogenates of guinea-pig intestine

EC50 for
Inhibition of
Opiate Stereospecific
3H-Naloxone
Binding
nM
( —)-3-Hydroxy-N-allylmorphinan
(levallorphan) 2.9
(+)-3-Hydroxy-N-allylmorphinan
(dextrallorphan) 2800
Levorphanol 30
Dextrorphan 8500
( —)-Methadone 180
(+)-Methadone 2200

Two-milliliter aliquots of homogenates of the
guinea-pig intestine longitudinal muscle and myen-
teric plexus preparation in Krebs-Tris solution were
incubated with six concentrations of each drug in
the presence of 0.68 nM 3H-naloxone for 20 minutes
at 37°C. The concentration of drug that produced
50 inhibition of control stereospecific *H-naloxone
binding (EC50) was determined by log probit
analysis.

of *H-naloxone binding than dextrorotatory iso-
mers. The EC50 for levallorphan, about 2.9
n), is 1000 times lower than that of the (+)-
isomer dextrallorphan. The EC50 for levor-
phanol, about 30 nM, is 300 times lower than
that of dextrorphan. The lesser stereospecificity
of levorphanol as compared to levallorphan
may simply reflect the reduced stereospecificity
of drugs that are relatively less potent (Pfeif-
fer, 1956). We have shown previously that, in
the rat brain, the ability of opiate agonists to
displace *H-naloxone diminishes in the presence
of physiological concentrations of sodium while
that of antagonists is unaffected (Pert et aol.,
1973; Pert and Snyder, 1974). Thus, while le-
vorphanol, the agonist corresponding to the an-
tagonist levallorphan, had the same potency as
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levallorphan in brain homogenates assayed in
the absence of sodium, in the presence of so-
dium it is consideraly less potent than levallor-
phan. The EC50 for levorphal is 10 times
greater than for levallorphan in intestinal ho-
mogenates assayed in Krebs-Tris which contains
physiological concentrations of sodium. Stereo-
specificity is much less for the isomers of meth-
adone than that for the other opiates. The two
isomers differ by a factor of about 10 in their
EC50 value for inhibiting *H-naloxone binding
in intestine homogenates, similar to previous
findings with brain homogenates (Pert and
Snyder, 1973b). The lesser stereospecificity of
the methadone isomers may be related to the
greater conformational mobility of the metha-
done molecule as compared to levorphanol.

Since the pharmacological experiments in this
study employed strips on the longitudinal mus-
cle and myenteric plexus, we compared the
binding of 3H-naloxone to minces of such
strips which contain intact pieces of tissue, with
its binding to homogenates of the strips (fig.
1). 3H-naloxone binding is saturable in both
homogenates and minces with the same Kp
value of about 4 nM for both preparations.

Comparison of opiate receptor binding
in homogenates of guinea-pig intestine
and rat brain. There is a highly significant
correlation between the relative potencies of an
extensive series of opiate agonists, mixed agon-
ist-antagonists and antagonists in their ability
to inhibit *H-naloxone binding to homogenates
of guinea-pig intestine and to homogenates of
rat brain when assayed in the presence of so-
dium (fig. 2; table 2). A linear regression anal-
ysis of the relative potencies of opiates (mor-
phine = 1 in each case) in the intestine and
brain receptor binding assays yields a slope of
1.10 which is not significantly different from 1.0
(P > .05). The correlation coefficient between
the relative potencies of the opiates in the
brain and intestine is highly significant (r =
096, P <.001). This close correlation is even

Fic. 1. Binding of 3H-naloxone to homogenates and minces of guinea-pig intestine. A. Saturation of
stereospecific 3H-naloxone binding in homogenates of guinea-pig intestine longitudinal muscle and my-
enteric plexus preparation. Symbols represent the mean results of three separate determinations which
varied less than 10%. B. Double reciprocal plot of the saturation of stereospecific 3H-naloxone binding
to homogenates of the guinea-pig intestine longitudinal muscle and myentenc plexus preparation. Sym-
bols represent the mean results of three separate experiments. C. Double reciprocal plot of the satura-
tion of 3H-naloxone binding to minces of the guinea-pig intestine longitudinal muscle and myenteric
plexus preparation. Symbols represent the mean results of two scparate experiments.
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I'16. 2. Correlation between the relative potencies of opiates to inhibit 3H-naloxone binding in guinea-
pig intestine and rat brain homogenates. The relative potencies of opiates were calculated from EC50
determinations for each drug to inhibit stereospecific 3H-naloxone binding in either homogenates of the
guinea-pig intestine longitudinal muscle and myenteric plexus preparation (assayed in Krebs-Tris, 37°C.
pH 7.4) or homogenates of rat brain (assayed in 0.05 M Tris + 100 mM NaCl, 25°C, pH 7.7). The EC50
for morphine was taken as the standard in each system and given the value of 1. The rat brain data
are taken from Pert and Snyder (1974). The EC50 values for the intestine are the means of two sepa-

rate determinations.

more impressive in light of the fact that the
as=ay conditions are somewhat different for the
intestine and brain. In order to assay opiate re-
ceptor binding in the intestine under conditions
similar to those used to evaluate the influence
of the opiates in intestinal contractions, binding
assays in the intestine were performed in
Krebs-Tris solution (pH 7.4) at 37°C, while
brain assays had been performed in 0.05
M Tris-HCl (pH supplemented  with
100 mM =odium chloride at 25°C. Despite
these considerations, even the absolute EC50
values in the guinea-pig intestine homogenates
closely resemble those of brain homogenates as-
sayed with sodium (table 2). The largest dis-

o
[

crepancies involve the two benzomorphan
drugs, phenazoeine and  pentazocine. whose
EC50 values respeetively are 7- and  4-fold

greater in the intestine than in the brain with
sodium. Etorphine dizplays an EC50 in the in-
testine about one-fourth of its value in the
brain with sodium. For most other opiates, dis-
crepancies  between the EC50 values in the
brain with sodium and intestine are no more
than 2- to 3-fold and in many cases the values
are virtually identical. Since intestinal assays
were performed in the presence of sodium, the
EC50 values, especially for agonists, correlate
better with wvalues for brain assaved with,
rather than without, sodium.

Comparison of the effects of opiates on
receptor binding and electrically induced
contractions of the guinea-pig intestine.
Normorphine iz a useful drug for evaluating
opiate effects on electrically induced contrac-
tions of the guinea-pig intestinal strips because
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TABLE 2

EC50 values for the inhilntion of 3H-nalozone
Iinding by opiates in homogenates of guinea-
pig intestine and rat brain

| 12C 50 for Inhibition of Stereospecific
' 3H-Naloxone Binding

Opiate S ————
' Ciuinea-pig Rat brain Rat brain
i i | (Tris 4 100 | (Tris, no
| | mM NaCDh NaCD
| nM
Diprenorphine ' 0.97 | 0.5 0.5
Cyelazocine 1.25 | 1.5 | 0.9
Naltrexone | 1.25 | 0.5 ! 0.5
Etorphine 1.4 6.0 0.5
Levallorphan | 2.9 2.0 ‘ 1.0
Naloxone i 5.3 1.5 1.5
Nalorphine : 8.0 ) 4.0 l 1.5
GPA 2163 i 23 20 100
Levorphanol | 30 ‘ 15 ’ 1.0
Oxymorphone 57 ! 30 “ 1.0
Phenazocine 60 N0 0.6
Dihydromor- | ‘ ‘
phine | 65 140 ! 3.0
Morphine 170 : 1o | 3.0
(—)-Metha- | | |
done LIs0 200 ! 7.0
Pentazocine : 200 | 50 | 15
Normorphine ’ 300 | 700 15
Propoxyphene 6.000 P12.000 200
Merperidine | 17.500 50000 3,000

| | |

Six to 10 concentrations of each unlabeled opiate
were incubated with homogenates of the guinea-pig
intestine longitudinal muscle and myenteric plexus
preparation or rat brain in the presence of °H-
naloxone. The concentration of drug that produced
509 inhibition of control stereospecific *3H-naloxone
binding (EC30) was determined by log probit
analysis and values presented are the means of
two or three determinations. Guinea-pig intestine
was homogenized in Krebs-Tris solution and assayed
at 37°C (pH 7.4) while rat brain was homogenized
in 0.05 M Tris and assayed at 25°C (pH 7.7)
+100 mM NaCl. The rat brain data are taken from
Pert and Snyder (1974). Linear regression analysis
(fig. 2) reveals a slope of 1.10 and correlation of 0.96
between the relative EC50 values in intestine and
brain assayed with sodium and a slope of 0.70 and
correlation of (.82 hetween the relative EC50 values
for intestine compared to brain assayed in the
absence of sodium. The slopes for comparison of in-
testine with brain in the presence or absence of
sodium differ significantly (P < .05).
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of its quick onset of action and the rapid re-
covery of contractions when the normorphine is
washed out. Thus the period before maximal
effects are obtained with normorphine is 1 min-
ute, the corresponding interval for dihydromor-
phine is 6 minutes, for ectorphine, about 10
minutes and for codeine, 15 minutes (fig. 3).
Similarly, intestinal contractions recover to con-
trol values within 5 minutes after normorphine
is washed out as compared to 15 minutes for
dihydromorphine. Accordingly, a full dose-re-
sponse for normorphine can be generated in a
relatively short period of time over which there
15 no decline in the control level of contractions
or any change in the sensitivity of the prepara-
tion. These observations confirm the extensive

A

NORMORPHINE

ininjuinis  inimigiy S

300%M  1x10™M  2xi0"TM  3xi0™™M  6xI0TM
DIHYDROMORPHINE
. j L
iy S— e raren
1XI09M 1x108Mm 3x10°°M 1x107™
ETORPHINE CODEINE

Fia. 3. Inhibition of the electrically induced con-
tractions of the guinea-pig intestine by opiates. The
inhibition of the electrically induced contractions
of the guinea-pig intestine longitudinal muscle and
myenteric plexus preparation by normorphine, di-
hydromorphine, etorphine and codeine are shown.
The upper trace in each case represents the degree
of contraction of the muscle which was supramaxi-
mally stimulated every 10 seconds for 1.5 msec.
The lower trace is a time scale with the deflections
upwards representing l-minute intervals. The de-
flection downwards indicates the addition of the
drug under study. A separate muscle strip was used
for each of the different drugs under study.
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and elegant studies of Kosterlitz and his collab-
orators (Kosterlitz et al., 1973).

The potency of normorphine in inhibiting the
electrically induced contractions of the intesti-
nal strips correlates closely with its potency in
inhibiting 3H-naloxone binding (fig. 4). Indeed,
at all concentrations of normorphine examined
the extent of inhibition of H-naloxone binding
and of the electrically induced contractions is
essentially the same. The slopes of the dose-
response curves generated for normorphine in
the binding assay and in the pharmacological
assay are closely similar and the EC50 for both
processes are the same, about 250 nM.

To compare in greater detail the correlation
between potency for receptor binding and for
pharmacological actions, we evaluated a wide
range of opiate agonists and antagonists, deter-
mining ID50 values for agonmist activity corre-
sponding to the molar concentration for a 50%
maximal pharmacological response and K. val-
ues for antagonist activity. The EC50 values
for opiate receptor binding were transformed
into apparent Kp values by correcting for the
small fraction of opiate sites occupied by the
SH-naloxone in the assay system using the
Langmuir binding equations (Colquhoun, 1973).
This transformation involves dividing the EC50
value by 1.15, a factor determined by the 0.68
nM concentration of 3H-naloxone and the Kp
for naloxone. The resultant Kp values presum-
ably represent the concentrations of the various
drugs required to occupy 50% of receptor
binding sites and were compared with the ID50
concentrations of these drugs to inhibit the
electrically induced contractions of the guinea-
pig intestinal strip by 50% or with the XK. con-
centration for antagonists (fig. 5).

There is an extremely close correlation be-
tween the effects of drugs on 3H-naloxone
binding and on electrically induced contrac-
tions. The extent of the correlation between
opiate effects on binding and on contraction
appears to be the same for pure agonists, mixed
agonist-antagonists and for relatively pure an-
tagonists. The linear regression analysis for
these values for all drugs describes a line with
a slope of 0.98 which does not differ signifi-
cantly from 1.0, representing a perfect correla-
tion. The extent of the correlation is statisti-
cally impressive (r = 097, P < .001) (fig. 5).
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In our initial studies of opiate receptor
binding in the rat brain, we found evidence for
only one saturable component of opiate binding
(Pert and Snyder, 1973b). More recently, using
opiates of much higher specific activity, it has
been possible to demonstrate a novel higher
affinity binding site in addition to the initially
described sites of somewhat lower affinity (Pas-
ternak and Snyder, 1975). In guinea-pig intes-
tine homogenates as well as in rat brain homog-
enates assayed in Krebs-Tris solution at 37°C,
there is evidence for two saturable components
of 3H-dihydromorphine binding (fig. 6). The
high-affinity site in both tissues has a Kp of
about 0.9 nM, while the Ky for the low-affinity

_site is 25 nM in rat brain and 65 nM in intesti-

nal homogenates. The significance of this appar-
ent 2.6-fold difference in Kp values for guinea-
pig intestine and rat brain is unclear. Since
the concentration of dihydromorphine which in-
hibits electrically induced contractions of the
intestine by 50% is 62 nM, the low-affinity
binding sites for dihydromorphine in the intes-
tine may be the pharmacologically relevant
ones. However, if high- and low-affinity binding
represents opiate interactions with two inter-
convertible receptor conformations (Pasternak
and Snyder, 1975), other interpretations may
be appropriate (see “Discussion”).

Similar experiments were performed for 3H-
levorphanol binding. High- and low-affinity
binding components for *H-levorphanol have
respective Kp values of about 1 and about 20
nM. The concentration of levorphanol which
inhibits electrically induced contractions of the
intestinal strips is 30 nM, corresponding to the
Kp value for the low affinity binding site. In-
terestingly, in the guinea-pig intestinal homog-
enates, we do not detect evidence for multiple
binding sites for 3H-naloxone (fig. 1) as ob-
served in the brain (Pasternak and Snyder,
1975). Moreover, with 3H-levallorphan we ob-
serve only one component of receptor binding
with a Kp value of 2.9 nM.

The calculated total number of low-affinity
binding sites for 3H-dihydromorphine in guinea-
pig intestinal homogenates is 55 fmol/mg of
protein. The corresponding value for low-affin-
ity binding sites for 3H-levorphanol in guinea-
pig intestinal homogenates is 62 fmol/mg of
protein. For 3H-levallorphan and 3H-naloxone
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Fic. 5. Correlation between receptor binding and pharmacological activities of opiates in the guinea-
pig intestine. The Kp values (determined by the inhibition of stercospecific 3H-naloxone binding in
homogenates of the guineca-pig intestine longitudinal muscle and myenteric plexus preparation) for a
s-ries of opiate agonists and antagonists are plotted against the ID50 concentration, for agonists, re-
quired to inhibit the electrically induced contractions of the guinea-pig intestine longitudinal muscle
and myenteric plexus preparation by 50%, or the Ke value for antagonist inhibition of agonist activity

in the same preparation.

the total number of sites are 62 and 29
fmol/mg protein respectively. Thus, the total
number of receptor binding sites is essentially
the same for dihvdromorphine, levorphanol and
levallorphan. The significance of the lower
number of calculated sites for *H-naloxone is
unclear and could merely be a technical artifact
related to the greater difficulty of receptor
assay in intestine than brain. For the brain,
with numerous ligands, the total number of re-
ceptors is a constant value (Pert and Snyder,
1973b, 1974 ; Simon et al., 1973)

Discussion

A mujor finding of the present study is the
extraordinarily close correlation between the af-
finity for opiate receptor binding sites and the
ability of opiate agonists and antagonists to in-
fluence electrically induced contractions of the

guinea-pig intestine. These data provide strong
evidence that the receptor binding sites investi-
gated here and in our previous studies are
those which are “pharmacologically relevant.”
The detailed comparison of binding and
pharmacological potencies in the present study
may have bearing on certain questions regard-
ing the mechanisms of drug-receptor interac-
tion. Some receptor theories, based on studies
of drug effects on guinca-pig intestinal contrac-
tions, posit that for many agonist drugs, a
maximal pharmacological response can be elic-
ited when only a small fraction of pharmacol-
ogically active receptors are occupied (Stephen-
son, 1956: Nickerson, 1956; Ariens et al.,
1960). However, in these previous studies re-
ceptor occupation was never measured directly
with a radioactively labeled ligand, but inferred
from the pharmacological response. If a sub-
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Fic. 6. C. Scatchard plot of 3H-dihydromorphine binding in homogenates of the guinea-pig intestine lon-
gitudinal muscle and myenteric plexus preparation assayed in Krebs-Tris at 37°C. D. Scatchard plot of
3H-dihydromorphine binding in homogenates of rat brain assayed in Krebs-Tris at 37°C.
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stantial proportion of opiate receptors are
“spare receptors,” then there should be major
differences between the concentration of drugs
which occupy 509 of receptor sites as meas-
ured in binding studies and the concentrations
which produce 50% of the maximal pharmacol-
ogical response. For four 3H-opiate agonists
and antagonists the Kp value, representing the
concentration of drug for 50% receptor occu-
pation, was determined directly from the bind-
ing of the drug to receptor sites. For a large
number of nonradioactive opiate agonists and
antagonists, the Kp value was determined from
the concentration of the drug which inhibited
3H-naloxone binding by 50%. In all cases, the
Kp value for receptor binding corresponds
closely to the ID50 or K. values for pharmacol-
ogical responses. There is no evidence for
major, systematic discrepancies. There is also
an excellent agreement between the complete
dose-response curves for normorphine in the
binding and pharmacological studies. Thus our
data suggest that pharmacological responses to
opiates in the guinea-pig intestine can be ex-
plained without invoking the concept of spare
receptors. It is possible that some of the bind-
ing demonstrated may correspond to “silent re-
ceptors” (Goldstein, 1949) which bind opiates
but do not provide a biological effect.

It has been suggested that the many varia-
tions in pharmacological potency among drugs
are determined by the relative contribution of
affinity for receptor sites and “intrinsic activity”
(Ariens, 1954; Ariens et al, 1957) or “efficacy”
(Stephenson, 1956). According to these theo-
ries, a series of drugs may all have the same
affinity for the receptor but differ in their ca-
pability to initiate the biological response, that
is, intrinsic activity, and accordingly have dif-
ferent pharmacological potencies. However, the
fact that for almost all opiate agonists exam-
ined, the concentration required to occupy
50% of receptor binding sites corresponds to
the concentration required to produce 50% of
the maximal pharmacological response indicates
that receptor affinity alone would suffice to ac-
count for pharmacological potency of opiate
agonist drugs. Similar equilibrium constants for
binding and for biological response have been
observed also for the muscarinic cholinergic re-
ceptor (Paton and Rang, 1965; Yamamura and
Snyder, 1974; Snyder et al., 1975), tetrodotoxin
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binding sites (Colquhoun and Ritchie, 1972)
and the insulin receptor (Cuatrecasas, 1971),
utilizing radioactive ligands.

One major rationale for invoking the con-
cept of intrinsic activity is the need to explain
the actions of pharmacological antagonists. It is
usually postulated that an antagonist occupies
the agonist receptor site but has no intrinsic
activity. While the precise mechanism of action
of opiate antagonists is unclear, data from our
laboratory on the differential influence of so-
dium on receptor binding of opiate agonists and
antagonists may provide a molecular mecha-
nism accounting for the different intrinsic activ-
ity of opiate agonists and antagonists. Sodium
enhances the binding of antagonists and dimin-
ishes the binding of agonists suggesting that the
opiate receptor can exist in two interconvertible
allosteric forms (Pert et al., 1973; Pert and
Snyder, 1974; Snyder, 1975). In the “sodium”
form, the receptor preferentially binds antago-
nists. In the “non-sodium” form, the receptor
binds agonists more efficiently than when the
receptor is in the sodium form. If the pharma-
cologic effects of opiate agonists are mediated
by the non-sodium receptors, then by binding
to sodium forms of the receptor, opiate antago-
nists would lower the available number of non-
sodium receptors thereby hindering the phar-
macological actions of opiate agonists. With
normal body sodium levels, the receptor would
exist predominantly in the antagonist form. Al-
though agonists can half saturate the non-so-
dium state of the receptor at low Kp concen-
trations, the shifting of the equilibrium between
the two receptor conformations to obtain
sufficient non-sodium receptors to mediate
pharmacological agonist responses would require
10 to 100 times greater agonist concentrations.
This may explain why relatively high concen-
trations of agonists, corresponding to the agon-
ist affinity for the sodium receptor state, are
required to elicit pharmacological responses.

High- and low-affinity binding may corre-
spond to the two conformations of the opiate
receptor (Pasternak and Snyder, 1975). The
high-affinity site for antagonists would repre-
sent interactions with the sodium-antagonist re-
ceptor state, whereas low-affinity antagonist
binding (demonstrable in the brain) would rep-
resent binding to the agonist conformation.
High- and low-affinity binding of agonists
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would involve non-sodium and sodium receptor
states, respectively.

Acknowledgment. We thank Adele Snow-
man for her inspired technical assistance.

References

AMBACHE, N.: Separation of the longitudinal mus-
cle of the rabbit’s ileum as a broad sheet. J.
Physiol. (London) 125: 53-55, 1954.

Ariens, E. J.: Affinity and intrinsic activity in
the theory of competitive inhibition. Arch. Int.
Pharmacodyn. Thér. 99: 3249, 1954.

Ariens, E. J., vaxn Rossum, J. M. anp KoopMmaN,
P. C.: Receptor reserve and threshold phenomena.
I. Theory and experiment with autonomic drugs
tested on isolated organs. Arch. Int. Pharmacodyn.
Ther. 127: 459477, 1960.

Ariens, E. J., vax Rossum, J. M. aNp SimoNIs,
A. M.: Affinity, intrinsic activity and drug
interactions. Pharmacol. Rev. 9: 218-236, 1957.

CoLquHoun, D.: The relation between classical
and cooperative models for drug action. In
Drug Receptors, ed. by H. P. Rang, Macmillan
Press, London, 1973.

CoLqQuHoUN, D. anp Rrrcuig, J. M.: The kinetics
of the interaction between tetrodotoxin and
mammalian nonmyelinated nerve fibers. Mol.
Pharmacol. 8: 285-292, 1972.

Cox, B. M. axp WEinstock, M.: The effect of
analgesic drugs on the release of acetylcholine
from electrically stimulated guinea-pig ileum.
Brit. J. Pharmacol. Chemother. 27: 81-82, 1966.

CuatrEcasas, P.: Insulin-receptor interactions in
adipose tissue cells: Direct measurement and
properties. Proc. Nat. Acad. Sci. US.A. 68:
1264-1268, 1971.

pE LA Lanpg, 1. S. aNp PorTER, R. B.: Factors in-
fluencing the action of morphine on acetylcho-
line release in the guinea pig intestine. Brit. J.
Pharmacol. Chemother. 29: 158-167, 1967.

Fennessy, M. J., Hemmans, R. L. H. anp Ranp,
M. J.: Comparison of effect of morphine-like
analgesics on transmurally stimulated guinea-
pig ileum. Brit. J. Pharmacol. 37: 436449,
1969.

GoupsTEIN, A.: Interactions of drugs and plasma
proteins. Pharmacol. Rev. 1: 102-165, 1949.
GreenBerG, R., Kosterurrz, H. W. anp Warer-
riELd, A. A.: The effects of hexamethonium,
morphine and adrenaline on the output of ace-
tvicholine from the myenteric plexus-longitudi-
nal muscle preparation of the ileum. Brit. J.

Pharmacol. 40: 533-534, 1970.

Gvang, E. A. ano Kosteruirz, H. W.: Agonist
and antagonist actions of morphine-like drugs
on the guinea-pig isolated ileum. Brit. J. Phar-
macol. Chemother. 27: 514-527, 1966.

HiLLer, J. M., Pearson, J. anp SiMoN, E. J.: Dis-
tribution of stereospecific binding of the potent
narcotic analgesic etorphine in the human
brain: predominance in the limbic system. Res.
Commun. Chem. Pathol. Pharmacol. 6:
1052-1061, 1973.

Hirzeman~N, R. J., Hirzemann, G. A. anp LoH,
H. H.: Binding of 3H-naloxone in the mouse
brain: Effect of ions and tolerance develop-
ment. Life Sci. Part I Physiol. Pharmacol. 14:
2393-2404, 1974.

CREESE AND SNYDER

Vol. 194

Kieg, W. A. AND NIRENBERG, M.: A ncuroblastoma-
glioma hybrid cell line with morphine receptors.
_Proc. Nat. Acad. Sci. US.A., 71: 3474-3477, 1974.

Kuee, W. A, anp Streaty, R. A.: Narcotic_recep-
tor sites in morphine dependent rats. Nature
(London) 248: 61-63. 1974.

KosterLitz, H. W., Lorp, J. A. H. ANp Warr, A.
J.: Morphine receptor in the myenteric plexus
of the guinea-pig ileum. In Agonist and Antagonist
Actions of Narcotic Analgesic Drugs, ed. by
H. W. Kosterlitz, H. O. S. Collier, and J. E.
Villarreal, pp. 45-61, University Park Press, Balti-
more, 1973.

Kosteruirz, H. W. axp Warr, A. J.: Kinetic pa-
rameters of narcotic agonists and antagonists,
with particular reference to N-Allylnoroxy-
morphone (Naloxone). Brit. J. Pharmacol.
Chemother. 33: 266-276, 1968.

Kunar, M. J,, Perr, C. B. anp S~voer, S. H.:
Regional distribution of opiate receptor binding
in monkey and human brain. Nature (London)
245: 447451, 1973.

Lees, G. M., KosterLitz, H. W. AND WATERFIELD,
A. A.: Characteristics of morphine-sensitive re-
lease of neuro-transmitter substances. In Agon-
ist and Antagonist Actions of Narcotic Analge-
sic Drugs, ed. by H. W. Kosterlitz, H. O. S.
Collier and J. E. Villarreal, pp. 142-152, Univer-
sity Park Press, Baltimore, 1973.

NickersoN, M.: Receptor occupancy and tisue
response. Nature (London) 178: 697-698, 1956.

PasTeERNAK, G. W. AND SNYDER, S. H.: Opiate re-
ceptor binding: Effects of enzymatic treat-
ments, Mol. Pharmacol. 10: 183-193, 1974.

PasTerNAK, G. W. aNDp S~yper, S. H.: Identifica-
tion of novel high affinity opiate receptor
binding in rat brain. Nature (London), 253:
563-565, 1975.

PatoN, W. D. M.: The action of morphine and
related substances on contraction and on ace-
tylcholine output of coaxially stimulated guineca-
pig ileum. Brit. J. Pharmacol. 12: 119-127, 1957.

Paton, W. D. M. axp Rang, H. P.: The uptake
of atropine and related drugs by intestinal
smooth muscle of the guinea-pig in relation to
acetylcholine receptors. Proc. Royal Soc. Lon-
don B Biol. Sci. 163: 1-44, 1965.

Paton, W. D. M. axp Zar, M. A.: The origin of
acetylcholine released from guinea-pig intestine
and longitudinal muscle strips. J. Physiol, (Lon-
don) 194: 13-33, 1968.

Pert, C. B., PasterNaK, G. W. AND SNYDER, S.
H.: Opiate agonists and antagonists discrimi-
nated by receptor binding in brain. Science
(Washington) 182: 1359-1361, 1973.

Pert, C. B., SNowMaN, A. M. aNp SNYDER, S. H.:
Localization of opiate receptor binding in synap-
tic membranes of rat brain. Brain Res. 70:
184188, 1974.

Pert, C. B. anp SnvyDER, S. H.: Opiate receptor;
demonstration in nervous tissue. Science (Wash-
ington) 179: 1011-1014, 1973a.

Pert, C. B. axp S~xyper, S. H.: Properties of opi-
ate receptor binding in rat brain. Proc. Nat.
Acad. Sci. US.A. 70: 2243-2247, 1973b.

Pert, C. B. anp Sxvper, S. H.: Opiate receptor
binding of agonists and antagonists affected dif-
ferentially by sodium. Mol. Pharmacol. 10:
868-879, 1974.



1976

Prrirrer, C. C.: Optical isomerism and pharma-
cological action generalization. Science (Wash-
ington) 124: 129-131, 1956.

Raxg, H. P.: Stimulant actions of volatile an-
aestheties on smooth muscle. Brit. J. Pharmacol.
Chemother. 22: 356-365, 1964.

SimoN, E. J., Hiuier, J. M. anp EpeLmaxn, I.:
Stercospecific binding of the potent narcotic an-
algesic [3H]etorphine to rat brain homogenate.
Proc. Nat. Acad. Sci. US.A. 70: 1947-1949,
1973.

S~NYpER, S. H.: A model of opiate receptor func-
tion with unpllcatxons for a theory of addiction.
Neurosci. Res. Program Bull.,, 13: 137-141, 1975,

SNyYpeR, S. H.; Yamamura, H. 1. anD KUHAR M.
J.: Biochemical identification of the mammalian
muscarinic cholinergic receptor. Fed. Proc., in
press, 1975.

StepHENsON, R. P.: A modification of receptor
theory. Brit. J. Pharmacol. 11: 379-393, 1956.

OPIATE RECEPTOR

219

Terexivs, L.: Specific uptake of narcotic analge-
sics by subcellular fraction of the guinea-pig
ileum, Acta. Pharmacol. Toxicol. 31: suppl. 1
50, 1972,

Terextus, L.: Characteristics of the receptor for
narcotic analgeslcs in synaptic membrane frac-
tions from rat brain. Acta Pharmacol Toxicol.
33: 377-384, 1973.

TERENIUS, L.. Contribution of “receptor” affinity
to analgesic potency. J. Pharm. Pharmacol. 26:
146-148, 1974.

WiLsoN, A. S.: PasterNak, G. W. AND SNYDER, S.
H.: Dlﬂ'erentxatmn of oplabe agonist and antag-
onist receptor binding by protein modifying re-
agents. Nature (London) 253: 448450, 1975.

YamaMmura, H. I. axp SNYDER, S. H.: Muscarinic
cholinergic receptor binding in_the longitudinal
muscle of the guinea pig ileum with 3H-
quinuclidinyl benzilate. Mol. Pharmacol. 10:
861-867, 1974.





