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SUMMARY

SIMANTOV, RABI & SNYDER, SOLOMON H. (1976) Morphine-bike peptides, leucine
enkephalin and methionine enkephalin: interactions with the opiate receptor. Mol.
Pharmacol., 12, 987-998.

The morphine-like peptides leucine enkephalin and methionine enkephabin compete for

opiate receptor binding with affinities resembling that of morphine. In the absence of
added sodium, methionine enkephalin is about twice as potent as leucine enkephabin in
reducing [3Hlnaboxone binding, whereas binding of the agonist [3Hldihydromorphine is
reduced equally by the two enkephalins. Sodium decreases competition by both enkeph-
alms for [3H]naboxone, but with twice as great an effect on leucine enkephalin as on
methionine enkephalin. In contrast, competition by the enkepha!ins for [3H]di-
hydromorphine binding is enhanced by sodium. Manganese increases the apparent
affinities of both leucine and methionine enkephalins for the opiate receptor. Incuba-

tions exceeding 20 mm at 25#{176}and 5 mm at 37#{176}result in a marked apparent degradation
of both leucine and methionine enkephabins, which can be prevented by bacitracin.

INTRODUCTION

The drug specificity (1-3) and subcellu-
lan (4), regional (5, 6), and cellular bocali-
zation (7) of opiate receptor binding sug-
gest that the opiate receptor may interact

with an endogenous opiate-like substance.
Hughes (8) elegantly demonstrated a pep-

tide in brain extracts with morphine-like
activity on smooth muscle, while Tenenius
and Wahlstnom (9, 10) and ourselves (11,

12) observed that a closely similar sub-
stance in brain extracts competes for opi-
ate receptor binding. Other peptides, ex-
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tracted from pituitary (13) on hypotha-
bamic-pituitary mixtures (14), with mor-
phine-bike effects on nerve plexus of
smooth muscle appear to represent differ-
ent chemical entities (13, 14). Hughes et

al. (15) identified the opioid activity of pig

brain as a mixture of H-Tyr-Gly-Gby-
Phe-Met-OH (methionine enkephalin)
and H-Tyr-Gly-Gly-Phe-Leu-OH (leu-

cine enkephalin) in a 4:1 ratio. By assay-
ing competition for opiate receptor bind-
ing, we isolated enkephabin activity from

calf brain and showed it to consist of the
same two peptides, but with 4 times more
leucine enkephalin than methionine en-
kephalin (16, 17). The two enkephabins
compete for opiate receptor binding with
potencies similar to morphine, while ef-
fects of sodium on competition for receptor
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binding suggest that methionine enkepha-

bin behaves more like mixed agonists-an-
tagonists than does leucine enkephabin
(16, 17). Here we report detailed studies of

enkephalin influences on opiate receptor
binding.

METHODS

Opiate receptor binding assay. Enkeph-
abin activity was assayed as the ability to
inhibit the binding of radiobabeled opiates

to brain membranes. Membranes from
Sprague-Dawley rat brains minus cere-
bella were prepared as previously de-
scnibed (18). The binding assay was per-
formed in 2 ml of Tnis-HC1 buffer (pH 7.7
at 0#{176})containing 1.4 n� [3Hlnaboxone (20

Ci/mmole) on 1.2 n� [3H]dihydnomorphine
(45 Ci/mmole). Ions, enkephalin, on nonla-

beled opiates were added in the appropni-
ate concentrations as indicated in each ex-
peniment. The reaction mixture was incu-
bated for 2 hr at 0#{176}(ice-water mixture)
unless otherwise stated, and then termi-
nated by filtration on glass fiber filters
(Whatman GF/B) and counted in a liquid
scintillation spectrometer with 42% effi-

ciency. Specific opiate binding was defined
as the difference in binding in the presence

and absence of lp.M levallorphan. For cal-
culation of enkephalin activity, 1 unit of
enkephalin is defined as that amount of
enkephabin which yields 50% receptor oc-
cupancy in the standard binding assay and
determined according to Cobquhoun (19),

assuming classical binding interactions.
�3H]Naloxone (20 Ci/mmobe), [3HIdihy

dromorphine (45 Ci/mmole), �3H]levallor-
phan (7.5 Ci/mmobe), [3Hjbevonphanob (5.4
Ci/mmole), and [3H]monphine (8.5 Ci!

mmole) were purchased from New Eng-
land Nuclear Corporation. The unlabeled

opiates were donated by the following
companies: Ciba-Geigy [(-)-1,2,3,4,5,6-
hexahydro- 1 1f3-methyl-6-phenyl-3-pnopan-
gyb - 2,6 -methano-3-benazaocin-8-ol meth-
anesulfonate (GPA 2163)], American
Cyanamid (etorphine, diprenorphine),

Endo (naboxone, oxymorphone), Winthrop
(pentazocine), and Roche (bevabborphan,
levorphanol). Naborphine was purchased
from Merck. Synthetic methionine en-
kephalin and beucine enkephabin were

generously donated by Drs. D. Hauser and
F. Cardinaux, Sandoz, Basel.

The pentapeptides were built up by frag-
ment condensation methods (20).

RESULTS

Changes in enkephalin influences on
opiate receptor binding at elevated temper-
ature . To develop optimal conditions for

studying interactions of enkephalin with
the opiate receptor, we compared effects of
leucine enkephalin and methionine en-
kephalin with morphine and naloxone on
receptor binding of [3H]naloxone and
[3H]dihydromonphine at different temper-
atunes and with varying durations of incu-
bation (Fig. 1). At 0#{176}and 10#{176},inhibition of
[3H]naboxone and [3H]dihydromorphine

binding by the two peptides and by mor-
phine and naloxone is approximately the

same with incubations ranging from 15 to
180 mm. With 25#{176}incubations conducted
for only 10 mm, inhibition of [3H]naboxone

and [3H]dihydromonphine binding is the
same as at 0#{176}and 10#{176}.During progres-
sively longer incubations at 25#{176},leucine

and methionine enkephalins lose their in-
hibitory potency while inhibition by mor-
phine and naloxone is constant. There ap-
pears to be a greater decrease in inhibition
by leucine enkephalin than by methionine

enkephalin with longer incubations. Inhi-
bition of [3H]naboxone and [3H]dihydro-
morphine binding by leucine enkephalin

falls from about 75% with 10-mm incuba-
tions to about 25% with 60-mm incuba-
tions, while, over the same interval, inhi-

bition by methionine enkephalin falls from
75% to about 40%. At 37#{176}there is yet a
more marked and rapid boss in effects of

the two enkephalins. With 5-min incuba-
tions at 37#{176},methionine and leucine en-
kephalins reduce [3H]naloxone and [3H1-

dihydromorphine binding by about 60%,
while during 40- and 60-mm incubations
the two enkephalins do not lower binding.
Over the same time interval inhibition by
morphine and naboxone is essentially un-
altered.

One possible explanation for the loss of

enkephabin potency during prolonged in-
cubations relates to kinetics of receptor
interaction. Conceivably, at shorter inter-



3H-NALOXONE I 3H-DIHYDROMORPHINE

00

�

�4

60 20 80

�;

o 60 20 80
10

�
60 20 80

250 60 20 80

�4

60

40

20

60

40

20

80

60

40

20

90

70�

50

30

��60

20 40 60 20 40 60

ENKEPHALIN 989

-J
0

z
0
C-)
U-
0

z

0

Ui

9

I

C-)
U-
C-)
Ui
a-
C/)
0
LU

LU
I-
C/)

#{176}-#{176} LEUCINEENKEPHALIN

-S METHIONINEENKEPHALIN

A-� MORPHINE

D-o NALOXONE

0

37

INCUBATION TIME (mm)

FIG. 1 . Enkepha!in influences on opiate receptor binding at different temperatures

Binding of 1.4 flM 13H]naloxone or 1.2 ni’s [3H]dihydromorphine was tested at the indicated temperatures

for different times in the absence and presence of methionine enkephalin ( 100 nM), leucine enkephalin (100

nM), naloxone (10 nM), or morphine sulfate (10 nM). All additions were mixed together, after which the

incubation was started by adding the rat brain membrane. No ions were added. The experiment was

replicated twice.

vals [3H]naboxone and [3H]dihydnomon-
phine binding have not attained equilib-
rium; as they approach equilibrium with
longer incubations, the 3H-opiate might

displace enkephalin from binding sites.
Accordingly, we examined the time course
of [3H]naboxone and [3H]dihydromorphine
binding at various temperatures (Fig. 2).
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FIG. 2. Kinetics of[3H]naloxone and [3H]dihydromorphine binding to opiate receptor at different tempera-

tures

13H]Naloxone (1.4 nM) or [3H]dihydromorphine (1.2 nM) was incubated in the standard binding assay at

the indicated temperatures with no ions added. The experiment was replicated twice.
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At 0#{176}[3H]dihydromonphine and [3H]na-
loxone binding do not attain equilibrium
until about 120 mm, while equilibrium for
the two opiates is reached in about 40-60
mm at 10#{176}.At 25#{176}binding of the two 3H-

opiates attains equilibrium in about 10
mm, and at 37#{176}equilibrium appears com-

plete at about 5 mm. Since the loss in
inhibitory capacity by the enkephalins
takes place after 3H-opiate binding has at-
tamed equilibrium, differential kinetics of
receptor interaction for the enkephalins
and the 3H-opiates cannot readily explain
the decreased enkephalin effects with
longer incubations. A more likely explana-
tion is a progressive degradation of the
enkephalins by enzymes in brain mem-
branes.

Incubations with 1% bovine serum albu-
mm, 0. 1% glucagon, or a 0. 1 mr�.i concen-
tration of the tripeptide Tyr-Gly-Gly fail
to protect enkephalins during incubations
of 40-60 mm at 25#{176}or 37#{176}.However, baci-
tracin at 50 p.g/ml appears to provide al-
most complete protection of methionine

enkephalin for up to 60 mm of incubation
at 25#{176}(Fig. 3). At 10 p.g/ml, bacitracin
affords full protection at 25#{176}for 20 mm,
though by 60 mm considerable destruction
of methionine enkephalin can be detected.
With 37#{176}incubations, bacitracin (10 or 50
p�gIml) protects methionine enkephalin for
only 5 mm, with up to 40% destruction

apparent by 40 mm. The extent of protec-
tion ofleucine enkephalin by bacitracin at
various times and temperatures resembles
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FIG. 3. Protection ofenkepha!in by bacitracin

Binding of [3Hlnaloxone was assayed in the presence of 100 nM methionine enkephalin for different

periods. Bacitracin (10 or 50 �tg/ml) was added before the incubation was started by adding rat brain

membranes. Data about enkephalin destruction were calculated from a standard curve, assuming classical
binding interactions according to Colquhoun (19). The experiment was replicated twice. Values for

[3H]naloxone binding in the absence of enkephalin are indicated by asterisks.

results with methionine enkephalin. Baci-
tracin itself does not inhibit [3H]naloxone
binding at 10 or 50 j.tg/ml, although with
100 �tg/ml, 15-20% reduction of binding is
detectable (Table 1). At 100 mg!ml, bovine
serum albumin, frequently employed to
protect peptides from proteolytic degrada-
tion, reduces [3H]naloxone binding 15-
20%.

Assuming that decreased competition
for binding by enkephalins is attributable
to degradation, calculation of the number
Of enkephalin units as defined in METHODS

suggests that without bacitracin as little
as 40 mm of incubation at 25#{176}result in the
destruction of about 80% of leucine en-
kephalin and 73% of methionine enkepha-
un, while 20 min of incubation at 37#{176}re-
duce the concentrations ofleucine enkeph-
aim and methionine enkephalin by 85%
and 65%, respectively. Since enkephalin
inhibition ofreceptor binding at 0#{176}appears
constant for 180 mm, we conducted routine
assays of enkephalin influences on opiate
receptor binding at 0#{176}for 2 hr.

Inhibition of opiate receptor binding by

TABLE 1

Effects of bacitracin and bovine serum albumin on

[3H]naloxone binding

Binding with 1.4 nM 13H]naloxone was assayed at

25#{176}for 40 mm or at 37#{176}for 20 mm. Data are means ±

standard errors of four determinations of specific

opiate receptor binding as defined in METHODS.

Additions Specific [3H]naloxone bound

Baci- Albu- 25#{176} 3T
tracin mm

pg/rn! mg/mi cpm cpm

0 0 3670 ± 295 2675 ± 180

10 0 3480 ± 340 2522 ± 310

50 0 3435 ± 385 2500 ± 295

100 0 2920 ± 327’ 2290 ± 285’

0 100 2945 ± 2200 2250 ± 1800

a Significantly lower than values for control

enkephalins in the absence ofadded ions.
When opiate receptor binding is assayed in
the absence of added ions, methionine en-
kephalin appears 2.5 times more potent
than leucine enkephalin in reducing
[3H]naboxone binding, although they have
about the same potencies in inhibiting
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FIG. 4. Concentration dependence for inhibition of [3H]na!oxone and [3H]dihydromorphine binding by

enkepha!ins and other opiates

Incubations were performed at 00 for 2 hr in the standard binding assay containing 1.4 nM [3H]naloxone or

1.2 flM [3Hldihydromorphine. The experiment was replicated three times.
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[3H]dihydnomonphine binding (Fig. 4).
Leucine enkephalin appears more potent
in inhibiting [3H]dihydromonphine bind-
ing (IC� = 12.5 nM) than �3H]naboxone
binding (IC� = 20 nM), whereas methio-
nine enkephalin is more potent in inhibit-
ing [3H]naboxone binding (IC�) = 8 nM)

than [3H]dihydromorphine binding (IC� =

12.5 nM).

Ionic influences on enkephalin interac-
tions with opiate receptor. In assays con-
ducted at 25#{176},sodium selectively enhances
3H-antagonist binding and diminishes 3H-
agonist binding. Certain properties of opi-
ate receptor binding change at reduced
temperature (21). To evaluate ionic influ-

ences on enkephabin, we first sought to
ascertain whether the effects of monova-
lent cations on opiate receptor binding at 0#{176}
would resemble their effects at 25#{176}(Fig. 5).
With 0#{176}incubations, bow concentrations of
sodium do selectively decrease receptor
binding of [3H]dihydromorphine, while po-
tassium, cesium, and rubidium exert vir-
tually no effect. As little as 1 m�i sodium
markedly enhances the binding of

[3H]naboxone. Lithium produces similar
effects, while potassium, rubidium, and
cesium have negligible influences on
[3H]naloxone binding. Thus the previously
reported differential actions of sodium on
agonist and antagonist binding can be
demonstrated with the present incubation

conditions.
In preliminary experiments we reported

that sodium reduces competition for opiate
receptor binding by leucine enkephalin to

a greater extent than by methionine en-

kephalin (16, 17). In the present study we
have evaluated numerous concentrations
of five monovalent and three divalent cat-
ions on inhibition of [3H]naboxone binding
by methionine and leucine enkephalins
(Fig. 6). Increasing concentrations of so-

dium reduce inhibition of [3H]naboxone
binding by the two enkephalins, with
maximal effects apparent at 50 mM so-
dium. This action shows a selectivity simi-
lar to that of sodium on 3H-opiate binding,
since lithium is almost as active as sodium
while potassium, cesium, and rubidium
have negligible effects.
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FIG. 5. Effects of monovalent ions on binding of [3H]na!oxone and [3H]dihydromorphine at 00

Incubations with brain membranes were conducted at 00 for 2 hr in the standard binding assay with

different concentrations of monovalent ions and 1.4 ni’s [3H)naloxone or 1.2 nM [3H]dihydromorphine. The
experiment was replicated three times.

When opiate receptor binding is assayed
at 25#{176},manganese enhances receptor bind-

ing of 3H-agonists (22). This effect is sebec-
tive, since it is exerted by manganese and
to a lesser extent by magnesium, and is
not apparent with calcium (22). By con-
trast, at 0#{176}manganese but not calcium
depresses the binding of both 3H-agonists
and 3H-antagonists.3 In the present stud-
ies, using 0#{176}incubations, as little as 0.25
mM manganese greatly enhances inhibi-

tion by methionine and leucine enkepha-

lins of [3Hlnaboxone binding. This effect is

displayed selectively by manganese, with

3R. Simantov and S. H. Snyder, manuscript in

preparation.

lessen effects elicited by magnesium and
calcium. In experiments not depicted,
manganese but not calcium enhances the

potencies of beucine and methionine en-
kephabins in competing for [3H]dihydno-
morphine.

To evaluate ionic influences on intenac-
tions of enkephabin with the opiate recep-

ton in greater detail, we assessed effects of
sodium and manganese on competition for
receptor binding by a wide range of en-
kephabin concentrations (Table 2). Sodium
decreases competition by both beucine and
methionine enkephalins for [3H]naboxone
binding. As reported previously (16, 17),
the sodium-elicited decline in potency is
greater for beucine enkephalin (20-fold)
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than for methionine enkephabin (12.5-
fold). Manganese increases the potencies
of both enkephalins about 2-fold.

Whereas sodium decreases enkephalin
inhibition of [3H]naboxone, sodium in-

creases enkephalin potency in inhibiting
[3H]dihydromorphine binding (Table 2),
with 20% and 250% enhancement of po-
tency, respectively, for beucine and methi-
onine enkephalins. Manganese increases

the respective potencies ofleucine and me-
thionine enkephabins 1.6- and 1.25-fold.
Thus, whereas sodium increases the po-

tency in competing for [3H]dihydromor-
phine binding more for methionine en-
kephalin than for leucine enkephalin, the
reverse holds for manganese.

Because the slopes for displacement of
[3H]naloxone binding by enkephalins ap-

pear steeper in the absence than in the
presence of sodium, we examined Hill
plots for inhibition of [3H]naboxone bind-
ing by leucine and methionine enkepha-
lins as well as by morphine and naboxone

in the presence and absence of sodium

(Fig. 7). Sodium significantly reduces the
Hill coefficient for displacement of [3H]-
naboxone binding by leucine and methio-
nine enkephalins (p < 0.01). The Hill coef-
ficient for morphine influences on
[3H]naboxone binding is reduced to about
the same extent, while the Hill coefficient

for naboxone itselfis unaffected by sodium.
In the absence of sodium the Hill coeffi-
cient for leucine enkephalin is signifi-
cantly smaller than for methionine en-
kephabin (p < 0.005). The Hill coefficients

for morphine in the presence and absence
of sodium are essentially the same as for
beucine enkephalin, whereas the Hill coef-

ficient for naloxone is significantly greater
than for morphine or either of the enkeph-
alms in both the presence and absence of
sodium (p <0.005).

Comparisons of sodium effects on compe-
tition by enkephalins and opiates for
[3H]naloxone binding. In assays conducted
at 25#{176},the extent to which sodium alters
the ability of drugs to compete for

[3H]naloxone binding predicts whether

-i
0

I-z
0
U

U.
0

0
z
0

Ui
z
0

0
-I
‘5
z
I

5)
U
U.
U
Ui
0.
U)
0
Ui
a:
Ui
I-
U)

FIG. 6. Influence ofmonova!ent and divalent ions on inhibition of[3H]na!oxone binding by enkephalins

Binding was performed as indicated in Fig. 5, but in the presence of 20 flM leucine enkephalin or 8 flM

methionine enkephalin. Data are presented as percentage of controls in the absence of enkephalin. The

experiment was replicated twice.
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TABLE 2

Effects of ions on inhibition of specific [3lllnaloxone and [3Hldihydromorphine binding by enkephalins

The binding assay was performed at 0#{176}for 2 hr in the absence and presence of 1 nM-i �tM enkephalins. IC50

is the concentration of enkephalin required to inhibit specific binding of 1.4 nM [3H]naloxone or 1.2 n�.t

[3H]dihydromorphine by 50%. Data are means ± standard errors of four different experiments.

Ion added [3H}Naloxone binding [3H]Dihydromorphine binding

IC� Na shift Mn shift IC� Na shift Mn shift
(+Na/ (+Mn/ (+Na/ (+Mn/

-Na) -Mn) -Na) -Mn)

nM

Leucine enke-

phalin

None 20± 2 12.5 ±1

NaC1 (100

mM) 400 ± 50 20 10 ± 1 0.80

MnCl2 (1
mM) 10 ± 1 0.5 8 ± 1 0.64

Methionine en-

kephalin

None 8 ± 1 12.5 ± 1.5

NaC1 (100

mM) 100 ± 15 12.5 5 ± 0.5 0.4

MnCl2 (1
mM) 5 ± 0.7 0.6 10 ± 0.8 0.8

drugs have pharmacological properties of
pure agonists, pure antagonists, or mixed
agonists-antagonists (23, 24). Using assays
at 0#{176},we have compared sodium influences
on competition for [3H]naloxone binding
by enkephalins and several other opiates
(Table 3). Relative potencies of drugs and

influences of sodium are similar to those
reported earlier at higher incubation tem-

peratures (23), except that agonists tend to
be weaker with lower incubation tempera-
tunes, as previously noted (21). The poten-

cies ofthe fairly pure antagonists naboxone
and diprenorphine are not altered by so-
dium, while the pure antagonist GPA 2163
becomes 5 times more potent in the pres-
ence of sodium. Levallorphan and nabor-
phine, antagonists with some agonist ac-
tivity, exhibit “sodium shifts” of 2.0 and
2.7, respectively, while the potency of the
mixed agonist-antagonist pentazocine de-

dines 3.5-fold in the presence of sodium.
Potencies of conventional opiate agonists
such as etorphine, levorphanol, oxymon-
phone, morphine, and dihydromorphine
fall 10-50-fold in the presence of sodium.
The sodium shift for methionine enkepha-
un is 12.5-fold, while leucine enkephabin
has a sodium shift of about 20. Thus both

leucine enkephalin and methionine en-

kephalin are affected by sodium like opiate
agonists.

DISCUSSION

Opiate receptor binding assays in many
laboratories are routinely conducted at 25#{176}
or 37#{176}for periods of 20 mm or longer. Al-
though brain membranes used in the pres-
ent study were washed twice, methionine
and leucine enkephalins were degraded
65-85% at 25#{176}and 37#{176}with incubations
longer than 10 mm. Studies of enkephalin
interactions with opiate receptor binding
should probably be conducted at 0#{176}on in

the presence ofbacitracin to minimize deg-
radation.

Both leucine and methionine enkepha-
bins inhibit opiate receptor binding with
affinities comparable to that of morphine.
Reduced potency in competing for
[3H]naloxone binding in the presence of
sodium suggests that both leucine and me-
thionine enkephalins have properties of
opiate agonists, which coincides with di-
nect evidence in smooth muscle (8, 15).

Sodium appears to act both by facilitating
binding of [3H]naloxone to opiate receptors
and by reducing the affinities of agonists
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refers to [3H]naloxone specifically bound in the absence of added unlabeled drugs or enkephalin. Values for

the slopes are means ± standard errors from four separate determinations. The statistical significance of

difference between mean slopes was determined by Student’s t-test and is discussed in the text.
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for the receptor. In terms of the extent of
the sodium-induced loss of potency, methi-
onine enkephalin behaves more like mixed
agonists-antagonists than does leucine en-
kephalin. This is also suggested by the
finding that leucine enkephabin appears
somewhat more potent in reducing
[3H]dihydromonphine than [3H]naloxone
binding, whereas the reverse is true with
methionine enkephalin. Because sodium
enhances potencies of both enkephalins in
competing for [3H]dihydromonphine bind-
ing, dihydromorphine behaves as a
“purer” agonist than the enkephalins.
This is also apparent in the “sodium
shifts,” which are smaller for enkephalins

than for dihydromorphine. The pharmaco-
logical significance of different sodium
shifts for agonists in competing for
[3H]naboxone binding is unclear. Thus
etorphine displays a sodium shift ofonly 10

while the shift for dthydromonphine is
about 50; yet both drugs are pure agonists
with no obvious differences in their opiate
agonist properties.

In the absence of sodium, Hill coeffi-
cients for displacement of [3H]naloxone by
leucine and methionine enkephalins as
well as morphine are close to 1 . Sodium
reduces these Hill coefficients to values
significantly bower than 1.0. According to
a two-state model of the opiate receptor



Data are averages ofthree experiments, which varied less than 15%. IC5 is defined in the legend to Table

Nonradioactive opi-
ate

IC), Na shift
(+NaCl/
-NaCl)

Pharmacological properties”

No ions added +100 mrs
NaC1

Agonist Antagonist

GPA2163 100 20 0.2 1”
Naloxone 1.5 1.5 1.0 3b(I

Diprenorphine 0.5 0.5 1.0 3c 3b. (I

Levallorphan 2.0 4 2.0 2’ 30. ‘1

Nalorphine 1.5 4.0 2.7 1/2” “ 2� “

Pentazocine 20 70 3.5 1,� 2 o
1b. d

Etorphine 0.5 5.0 10 3�. I

Methionine en-

kephalin 8.0 100 12.5

Levorphanol 4.0 60 15 3’ ‘

Leucine enkepha-
un 20 400 20

Oxymorphone 10 350 35 3� .1

Morphine 7.0 300 43 2

Dihydromorphine 6.0 300 50 2’

a The pharmacological properties of each opiate are designated as follows:

strong.
b Monkey abstinence precipitation (25, 26).
(� Guinea pig intestine (29).

d Pierson-Harris tail flick (28, 29).

� Human analgesia (30).

I Eddy-Leimbach mouse hot plate (31).
U Nielsen tail shock (32, 33).

1, weak; 2, intermediate; 3,

ENKEPHALIN 997

1. Pert, C. B. & Snyder, S. H. (1973) Science, 179,

184-188.

2.

TABLE 3

Comparison ofenkephczlin and opiate influences on binding of Pfflnaloxone

(24�, sodium increases the proportion of
“antagonist” receptors, which would resist
displacement of the antagonist [3H]na-
loxone by enkephalin. As predicted by this
model, sodium produces no change in the
Hill coefficient for reduction of [3H]-
naboxone binding by nonradioactive
naloxone. Similar data indicating appar-
ent negative cooperativity in displacing
3H-antagonists by unlabeled agonists, and
vice versa, exist for dopamine (34, 35) and
serotonin (36) receptor binding in brain
tissue.

ACKNOWLEDGMENTS

The authors thank Drs. D. Hauser and F. Cardi-

naux, Sandoz, Basel, for samples of enkephalin.

They also thank Adele M. Snowman for superb tech-
nical assistance, and Dr. Richard Miller for advice
on enhancing bacitracin effects.

REFERENCES

2. Simon, E. J. , Hiller, M. M. & Edelman, I. (1973)

Proc. Natl. Acad. Sci. U. S. A., 70, 1947-1949.

3. Terenius, L. (1973) Acta Pharmacol. Toxicol.,

33, 377-384.
4. Pert, C. B. , Snowman, A. M. & Snyder, S. H.

(1974) Brain Res., 70, 184-188.

5. Kuhar, M. J. , Pert, C. B. & Snyder, S. H. (1973)

Nature, 245, 447-450.

6. Hiller, J., Pearson, J. & Simon, E. (1973) Res.

Commun. Chem. Pathol. Pharmacol., 6, 1052-

1062.

7. Pert, C. B. , Kuhar, M. J. & Snyder, S. H. (1975)

Life Sci., 6, 1849-1854.

8. Hughes, J. (1975) Brain Res. , 88, 1-14.

9. Terenius, L. & Wahistrom, A. (1974)ActaPhar-

macol. Toxicol. , 35, Suppl. 1, 55.
10. Terenius, L. & Wahlstrom, A. (1975) Acta.

Physiol. Scand., 94, 74-81.
11. Pasternak, G. W., Goodman, R. & Snyder, S. H.

(1975) Life Sci. , 16, 1765-1769.
12. Pasternak, G. W. , Simantov, R. & Snyder, S. H.

(1976) Mol. Pharmacol. , 12, 504-513.
13. Cox, B. M. , Opheim, K. E. , Teschemacher, H. &

Goldstein, A. (1975)LifeSci., 16, 1777-1782.

14. Guillemin, R., Ling, N. & Burgus, R. (1976) C.

R . Hebd. Seances Acad. Sci. , 282, 783-785.



998 SIMANTOV AND SNYDER

15. Hughes, J. , Smith, T. W. , Kosterlitz, H. W.,

Fothergill, L. A. , Morgan, B. A. & Morris, H.

R. (1975) Nature, 258, 577-579.

16. Simantov, R. & Snyder, S. H. (1976) Proc. Natl.

Acad. Sci. U. S. A., in press.

17. Simantov, R. & Snyder, S. H. (1976) Life Sci.,

18, 681-788.
18. Pasternak, G. W. , Wilson, H. A. & Snyder, S.

H. (1975) Mol. Pharmacol. , 11, 340-350.
19. Colquhoun, D. (1973) in Drug Receptors (Rang,

H. P. , ed), pp. 149-182, University Park

Press, Baltimore.

20. B#{252}scher, H. H. , Hill, R. C. , R#{228}mer, D. , Cardi-

naux, F. , Closse, A. , Hauser, D. & Pless, J.

(1976)Nature, 261, 423-425.
21. Creese, I. , Pasternak, G. W. , Pert, C. B. &

Snyder, S. H. (1975)Life Sci., 16, 1837-1842.
22. Pasternak, G. W. , Snowman, A. M. & Snyder,

S. H. (1975) Mol. Pharmacol. , 11, 735-744.
23. Pert, C. B. , Pasternak, G. W. & Snyder, S. H.

(1974)Science, 182, 1359-1361.

24. Pert, C. B. & Snyder, S. H. (1974)Mol. Pharma-

col., 10, 868-879.
25. Eddy, N. B. & May, E. L. (1973) Science, 181,

407-414.

26. Deneau, G. A., Villareal, J. E. & Seevers, M. H.

(1966, 1968) Minutes 28th and 30th Meet.

Comm. Prob. Drug Dependence, Addendum 2.

27. Kosterlitz, H. W. , Lord, J. A. H. & Watt, A. J.

(1973) in Agonist and Antagonist Actions of

Narcotic Analgesic Drugs (Kosterlitz, H. W.,

Collier, H. 0. J. & Villareal, J. E. , eds.), pp.

45-61, University Park Press, Baltimore.

28. Archer, S. , Albertson, N. F. , Harris, L. S. , Pier-

son, A. K. & Bird, J. G. (1964)J. Med. Chem.,

7, 123-17

29. Harris, L. S. & Pierson, A. K. (1964) J. Phar-

macol. Exp. Ther., 143, 141-148.

30. Jacobson, A. B. (1972) in Chemical and Biologi-

cal Aspects ofDrug Dependence (Mule, S. J. &

Brill, H. , eds.), pp. 101-118, Chemical Rubber

Company Press, Cleveland.

31. Eddy, N. B. & Leimbach, D. (1953) J. Pharma-

col. Exp. Ther. , 107, 385-393.

32. Nilsen, P. L. (1961) Acta Pharmacol. Toxicol.,

18, 10-22.

33. Perrine, T. D. , Atwell, L. , Tice, I. B. , Jacobson,

A. E. & May, E. L. (1972) J. Pharm. Sci. , 61,
86-88.

34. Creese, I. , Burt, D. R. & Snyder, S. H. (1975)

Life Sci. , 17, 993-1002.

35. Burt, D. B. , Creese, I. & Snyder, S. H. (1976)

Mol. Pharmacol. , 12, 631-638.

36. Bennett, J. P. & Snyder, S. H. (1976) Mol. Phar-

macol., 12, 373-389.




