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SUMMARY

PERT, (1ANu)ACE B., ANO Sxvu)ER, SoLo�Iox H. : ()piate receptor binding of ag(Imiists and

antagonists affected differentially by sodium. Mo!. P/iarinacol. 10, 868-879 (1974).

Receptor h)indimig (If the tritiated opiate antagonists naloxone, lialorphine, arid levallorphan

is enhanoed by sodium ion, while binding (If the tnitiated agomsts oxymorphone, dihydro-

morphine, and levorphanol is diminished. This differential effect of Na+ is highly spe(ific,

since it is elicited 1)y \a+ and Li+ l)ut riot by other moiiovalent on divalent cations. The rela-

t ive effectiveness (If i tonradjoactive opiates in inhibiting [3H jnaloxone l)inding iii the absence

and presence (If Na’ in vitro correlates impressively with their relative agonist-am itagonist

properties in vito. It is hypothesized that sodium allostenically transforms opiate receptor
sites fro �m con fo urmat ions which bind agonists mono readily to I con formations Whi(h bind
amitagonists more readily. This hypothesis is supported by the (ompetition of opiato agonists

and aiitago (must 5 for receptor sitos, the marked temperature dependence of biiuding, the

similar extent of bimuding of tnitiated agonists and antagonists at maximal saturation, the

concurrent increase in naloxone l)mnding sites and decrease in dihydnomorphme binding sites

caused by the addition of Xa+, and the ability of Na+ to increase {3Hjdihvdromorphimie dis-

sociation with no (fleet on [�HJnahoxo Inc dissO(iiltiol).

INTRO1)UCTIOX

Although opiate agonists and antagonists

are very closely related in chemical struc-

ture, they produce dramatically opposite

effects. Opiate antagonists specifically and

rapidly block or reverse the pharmacological

actions of opiate agonists (1). It has been

widely assumed that opiate antagonists

compete with agomsts tO occupy the Samlie

rec(pt()r sites but lack the required “ef-
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fica(y’’ (2) or ‘‘intrinsic activity” (3) to elicit

an effe(t. Opiate antagonists are much more

potent than agonists; agonist effects (an be

rev ‘ns ‘(1 by st met unally analogous antago-

nists imu omulv 0.5-5 � of the dose (4-5). The
agonist -antagonist properties of opiates ap-

iear to form a continuum, since many opiates
can be shown to exhibit both agonist and an-

tagonist properties, depending on the behav-

ioral test situation. For example, opiates of

the benzomorphan group (9-11) often com-

bine agomiist and antagonist activities.

Previously we described the specific I)ifld-

ing of tritiated opiate agonists and amutago-

nmsts t(I m’uemnbranes of vertebrate nervous

tissue (12-16). This stereospecific buuding,
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which was unaffected by high concentrations

of non-opiates, was inhibited by a large num-

ber of opiates with potencies which closely

paralleled their relative pharmacological

activities in vivo (12, 13). Using this method
for studying opiate receptor binding in

vitro, we undertook a careful comparison of
the binding of radiolabeled opiate agonists

and antagonists, hoping to identify differ-

ences which might be related to their

pharmacological actions in vivo. We report

here that sodium ion specifically enhances

the binding of tritiated opiate antagonists
while reducing the binding of tritiated opiate

agonists. Based U�Ofl this differential effect of

Na+, we present a method for estimating the
relative agonist-antagonist properties of

opiates in vitro, and describe studies evaluat-
ing the mechanism of the differential effect

of Na+ on receptor binding. A preliminary

report of this study has been published (17).

MATERIALS AND METHODS

Drugs were donated by the following com-

panies: Endo, Garden City, N. V (nalox-

one, oxymorphone, naltrexone); Ciba-Geigy
[(- )-1 ,2,3 ,4,3, 6-hexahydro-1 113-methyl-fl-

phenyl-3-propargyl-2 , 6-methano-3-benzazo-

cin-S-ol methanesulfonate (GPA 2163)];

Lilly, Indianapolis, Ind. [(±)-propoxy-

phene, (- )-methadone]; Roche, Nutley,

N. J. (levorphanol, dextrorphan, levallor-
phan, (+ )-3-hydroxy-�V-ahlylniorphinan);

American Cyanamid, Princeton, N. J.
(etorphine, diprenorphine); and Winthrop,

Rensselaer, N. 1. (meperidine, cyclazocine,

pentazocme). Xalorphine was purchased
from the Merck Chemical Company, Rah-

way, N. J., and (- )-phenazocine, (- )-etazo-
cine, (- )-_V-allylnonmetazocine, (- )-5-pro-

pyl-5-nornietazocine, and (- )-nietazocine
were generously provided by Dr. E. L. May.

[3H]Naloxone (23.6 Ci/nimole) and [3H]di-
hydromorphine (53 Ci/mmole) were pur-

chased from the New England Nuclear Cor-
poration. All drugs are (- )-isoniers unless

otherwise indicated.
{3H]Oxymorphone (0.8 Ci/mmole), [3H]-

levorphanol (5.4 CUmmole), [3H]levallor-
phan (7.5 Ci/mmole), and [3H]nalorphine

(3.4 Ci/mmole) were prepared at New

England Nuclear Corporation l)y catalytic

tnitium exchange (13). In our laboratory the

tritiated compounds were purified by thin-
layer chromatography and their specific ac-

tivities were determined by comparison with
the ultraviolet absorption of standard solu-

tions (13).

Male Sprague-Dawley rats (175-250 g)
were decapitated and their brains were
rapidly removed. After removal of the cere-

bellum, each brain, which weighed 1.5 g,

was homogenized in 150 ml of ice-cold 0.05

.u Tris-HC1 buffer (pH 7.4 at 37#{176})for 20 sec
(Polytron PT-b homogenizer, 3000 rpm).
After centnifugation at 18,000 X g for 10 mm,
the supernatant fluid was discarded and the
pellets were reconstituted in the original
Tnis buffer to obtain the standard “washed”
homogenate.

Aliquots of this freshly prepared sus-

pension (1.9 ml) were incubated in triplicate
for 30 mm at 25#{176}unless otherwise stated.

After incubation, samples were transferred

to an ice bath, filtered as previously de-
scribed (12, 13), and washed with two 5-mi
portions of ice-cold Tris buffer. Filters were
transferred to vials, and after the addition of
12 ml of Hydromix (Yorktown Research,

New \ork) each filter was extracted by vor-
texirug the vial for 10 sec. Vials were counted

by liquid scintillation spectrometry at 44 %
efficiency.

Stereospecific binding was calculated by
substract ing the binding which occurred in

the presence of 100 n�i levallorphan from that

which occurred in the presence of its phanmira-

cologically inactive enamitiomer, 100 IIM

(+ )-3-hydroxy-�V-allylnrorphinan (dextral-
lonphan). Nonspecific binding in the pres-

ence of 100 nw levallorphan was muot altered

by any ionic manipulations employed in this

study. Specific binding represented between

65 � (imu the case of [3H]nalorphine) and 55 %

(in the case of [3H]naloxone) of the total

binding.

Ions or drugs were always added to the

aliquot s of honro ugemuates, which were t hen

vortexed briefly bofore the addition of [3H]-

opiate. All incuhations were performed in

triplicate. [3H] Dihydromorphimue binding was

always assayed in the dark because of the

photosemisitivity of this coml)Oumud.



z
0

z

.�

a-

‘2

40

20

V)N4 0

� -20
Li
1-

� -40
z

-60

z

I
Li

-80

20 50 00 200

ENOCI], (mM)

Fia. 1. Effect of sodium chloride omi .stereo.specilic biuidimig of three [3Hjopiale agomm i.sl.s and three [hI-1Jopi�

ale antagonists

Each �lI ]opiate was incubated in the presence (If levallorphan (100 nit) and dext rallorphan (100 nit)

wit Ii varieol concent rat ions of sodium chloride and standard rat brain homogenate which had been

washed t wice. H Naloxone (1 nM) 11 nalorphi ne (4 nM) [3Hjlevallorphan (8.6 nM), [3F1 llevorphanol

(6 nM) Vllloxymnorphone (40 rIM), and � (1 nit), when incubated at 25#{176}for 30 mm

in the standard binding assay, gave the following stereospecific control (zero sodium) values, respec-

tively: 1292 ± 113 cpm, 335 ± 30 o’pmn, 2170 ± 193 cpm, 102:3 ± 95 cpm, 694 ± 51 cpm, and 2570 ± 141

cpu).
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RESULTS

Influetuce (If SO(liU Hi iOfl OR bimliiuj of tnt-

iated opiate ar/musts aini aitta�joitisls to nut

brain homogenates. As little as 1 DiM sodium

chloride enhances [3H]naloxone l)indimug by

60 #{182}�. Maximal elevatiomu o�f [3H]mialoxone

binding occurs at 40-50 niw Na�, �vith 110

marked change up to 200 m�w Na+ (Fig. 1).
[3H] Nalorphine and [3H]levallorphan, whicli

are less pure antagonists than naloxono’, are

less markedly affected by sodium ion, with a
constant enhanco’ment of binding by about
30 #{182}/ebet\Veemu 50 mu and 200 mw Na�. By

romit mast, bimuding of the �3H]agomuists Iovorph-
ano)!, oxym rphone, and dihydronrorphine is

comusistemutly depressed by sodium ion. l)ihy-
dromorphimie appears to be nuore sensitive
to tho’ effects of Na� thamu levonphamuol and
oxvmorphomie, with a 25 �b depression of
binding at 1 m�i Na+, a concentration wluich

does not alter the binding of levorpharuol on

oxymorphono. A nearly niaximal GO � do’-

I)rossiomu of dihydrolmuionphimie birudimug occurs
at 50 m�u sodiumui ion, with sonic small fur-

ther depression at 200 mw Maximal neduc-
t ion o)f [�11] levonphanol amid [:lH]�)x\.mflorJJh1�11 (�

binding to l)etweefl 30 #{182}�and 40 �b of control
valuos occurs at 100-200 mw Xa+. Other

soldiumni salts, disodiunr hydrogen phosphate

amid sodiunu bicarbonate, enhance [3H]-
i ialoxo )ne bi ndmg and reduce [3H]dihvclro-

niorpimino’ l)imudmg in essentially the same

fashion as sodium chloride. The effect of 10,

50, and 100 mw NaC1 on [3H]naloxone and
[3H]dihvdnomuio )nphine binding is not signifi-

cantly different whether 10, 25, or 50 mw

Tnis buffer is used.
To exanuine the specificity of the influence

(If soldiunu �(I� (ID agonist and antagonist
bimiding, we compared the binding of [3H]-
miali Ixorue and [3H ]di.hvdn morphimue at seven

(oncentrations (If Na+, Li+, Rb�, Cs+ and

K� between 1 and 150 mw (Fig. 2). Like

Na�, Li� also enhances naloxone bindimug and
decreases dihydromorphine binding, but is

lo’ss effective. Maximal enhancement of [3H]-
mialoxone bindimig of 40-50 �7 occurs at 15-

150 niri Li�. The inhibitolry effects of Li� on

[3H]dihydromorphi ne binding are similar to

those of Na+, although 3 mw Li� is required
to produce significant imihibition compared
to) 1 mw in the case of Na+. Lithium chloride

enhances the 1)inding of [3H]levallonphan and

depresses the bimiding of [3H]oxymelrphone

and [3Hjlevorphanol (Table 1). By contrast,

HI�, � tr� K� fail to discriminate be-
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Fi 0;. 2. Effects of five mnonovalcit I callous on stereos pecific [3HJn (IlOXoule ((lId [3llldih ydrolnolrp/( hit bind-

ing

[tfljNaloIxone (1.3 nit) and I�H]dihydromorphine (1 nit) were incuhate(l wit Ii 1(X) nit levorphanol,
levailorphian, dextrorphan, or dextrallorphan in the standard binding assay with rat brain homogenate

which had been washed once. Seven concent rations (1-150 uiiit) of each monovalent cation were iutcubated

iui triplicate wit Ii [:lfl ]naloxone and [�H ]dihydro)morphine. Coultrol stere(Ispeci fic bi utdiutg values were

1096 ± 102 cpm for t’H]naloxone and 2120 ± 201 cpm for [311}dihydromorphine. Nonspecific binding

values, whether determined in the presence of levorphanol or levallorphan, were the same auto! were tin-

affected by the cations. Binding values iii the preseuio’e of dextrallorphami, dextrorphami, or mo uloutradil-

active opiate were not significantly ohifferent. Bars denote standard errors of the nieauis.

* p <0.005.

tween naloxone and dihydnomorphine, de-

pressing the binding of 1)0th drugs at concen-

trations between S and 50 mw, with Hb+
showing the great o’st inhibit t�ny potenoy.

Significant depressio mi o)f [3H ]nalox ne bind-

ing by these three iouis requires a SO mini

concentration, while a maximal depression of
50 % occurs between 50 and 1 50 mini. I)i-

hydronn rphine 1)inding is depressed by

lower concentrations (If Rb�, (1�+, and K+

(5-10 mw) thami is naloxone binding. The

divalent cations calciuiii and magnesium de-

press the binding of [3H]naloxone (17), [�FIj-
dihydromorphine, [3H 11evorphanol, amid [3H] -

levallorphan, wit Ii CaC12 generally showing
greaten inhibitory potency (Table 1).

To examine the reversibility of the Na+
effect, homogenates were incubated at 25#{176}
for 5 miii in standard Tnis buffer in the pres-
(‘nec of 10 nw naloxomie and 100 mm sodium

chloride. The hom( genat es were centrifuged

amid the pellet was resuspended and recen-
tnifuged twice in standard Tnis-huffer to

wash out unbound naloxomie amid sodium
(Fig. 3). This washiiig procedure, which was

sufh(’iemit since it fully r(’vems(’d mialoxomie

imihibition of [3Hjnaloxomie and 3Hldilmydro-
morphine binding, also fully reversed t lie
enhamicement of [3H]naloxomie 1)imi(liiig by

Nat. However, after tho’ washing proc(’dure
[3H]dihydromorphine l)iml(ling was imicreased

by SO � whemi compared to co)Iitnol pr(’pama-
tions initially incubated with Tris buffi’r iii

th( absence (If Na� and subjected to the
samiie washing procedure. Thus tho’re appears

to) be an unexpected ‘‘rebound’’ enhancement

of [3H]dihydromorphine bimidimig following

tho’ washing pr Icedure, perhaps melat (‘(I to
removal (If endogo’mn (us inhibitors such as

cat ions.

Differential influences otf ,\a+ illtenaeti(Ill.5

of utoim ra(Iioactu’e ago/I isIs (111(1 an toil/Oil isIs’

tnt/i receptois. T( evaluate the generality (If

the sodium ion effects by examnumiing a larger
number of opiates, a method fo)r assessimig the

effect of �\a+ Oh miolnradio)active (mugs was

developed. The relative ability of iionmadio-
active opiates to iuihibit f3H]mialoxomie bind-

ing imi the absence amid presence of Na� was

assessed. Several concentrations (If (‘�ioh



nonradioactive opiate w(’re incubated with

[3H]naloxone in the absence and lresence of

100 nyu NaCI. The concentration of drug
required to give 50 % imihibition of binding

TABLE 1

Effects’ of lithium, potassium, calcium and mag-

nesium iOns 00 stereos pecific binding of

various[’Hlopiates

Aliquots (1.9 ml) of a 100-volume (w/v) Tris-
buffered rat brain homogenate were incubated for

30 mm at 25#{176}in the presence of levallorphan and
dextrallorphan (0.1 Mit), various concentrations

of added ions, and the stated concentration of

[‘H]opi ate. Control stereospecific binding values

with no added ions were 667 ± 16, 1284 ± 38, 1586

± 71, and 1071 ± 43 cpm for [‘Hjoxyunorphone,

[‘H]levorphanol, [‘H]levallorphan, and [‘Hldihy-

dromorphi ute, respectively. Values represent trip-
licate determinations, which varied less than 5%.
The experiment was replicated twice.

[‘HlOpiate Cationb

[‘IllOxymnorphone, 26
flM

[3H}Levorphanol,
8 flM

[‘HiLevallorphan,
5 nit

[‘H]Dihydromorphine,
0.5 flM
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a All added as the chloride salts.

Concen- Stereo-
tration specific

binding

ni.�i

coil/mi

K 100 24
Li 100 19

Ca 5 53
10 51

Mg 5 87

10 62
K 30 49

150 25
Li 13 73

50 49

130 22
Ca 3 73

10 64
Mg 3 89

10 77
K 50 67

150 56
Li 13 110

50 131

150 127

Mg 1 100

3 82
10 64

20 38
Ca 1 66

5 56
10 45
20 48

was determined l)y log probit analysis (Fig.

4). Log probit plots of depression of [3H]-

naloxone bindmg 1y nonradioactive nalox-

one, nalorphine, amid muonphine are parallo’l in

both the absence and presence of added
Na� (Fig. 4). Not surprisingly, the EC�0 of
nonradioactive mialoxone is unaltered by the
addition of Na�, siuice this experiment simply
involves an isotope dilution. \Vith the addi-
tion of 100 mr Xa+, however, nalorphine
and morphine suffer 2.7- and 37-fold losses
()f inhibitory pot cn�y , respectively.

The [3H]naloxone inhibitory potencies for
22 opiates in the absence and presence of 100

mM Na+ are presented in Table 2, along with
their corresponding potemrcies in vivo. The

EC50 values for the relatively pure antago-
nists naltrexone (23) and diprenorphine

(26) are unaffected 1)y Nat. The EC� value
for V-allylnomnwt azocine (27) , another

rather pure antagonist , is shifted only 1 .5-fold

by Nat However, cyclazocine, lcvallor-

phan, amid mialomphine, antagonists possessing
some agonist properties (28, 29), display a

1.7-2.7-fold sodium shift. By contrast, the
predominantly pure opiate agonists (etor-

phine, phemiazocine, lo’vorphanol, meperidine,
mnet hadone, oxvmorphone, morphine, di-

hydromorphine, and propoxyphene) manifest
very lange losses in inhibitory potency,
which range from 12- to 60-fold. Th(’ benzo-
morphan mixed agomiist-antagonists have
unpredictablo’, highly task-dependent phar-
macological properties in vivo (Table 2).
Drugs of this group (pemitazocine, 5-prop�’l-S-
normetazocimie, metazocine, and etazocine)
show a sodium shiift which is intermediate

between those of pure agonists and antago-
nists, with values ranging from 3.3 to 7.1.

Interestingly, GPA 2163, a reported pun
antagonist which precipitates a long-lasting
abstinemice syndrome in monkeys (30), in-

hibits [3H]naloxone binding more potently in

the presemice thami in the absence of SodiUm
lOfl.

As reported previously (12, 13), th’ rela-
tive potencies of opiate agonists correlate

well with pliarmnacolo)gical data whemi the

bimiding assay is performed in the absence of

Na+ (Table 2). Bindimig values obtaimied in

tire presence of Na� correspond better �vith
available pharmnacological data. For exam-
ple, Adler (31) nepomto’d that the morphine
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FIG. 3. Reversibility of sodium chloride effect on [3H]naloxone and [3H]dihqdroinorphine .clereo.s-pecific

binding

Standard rat brain homogenate (unwashed) was divided into four equal volumes 1111(1 assayed for

stereospecific [3Hlnaloxonie (2 nim) and {3HJdihydromorphine (1 miii) bimiding jut the presence of levallor-

phan and dextrallorphan (100 nit) after treatment as follows. Control, naloxone or sodiunu for 5 main

at 25#{176}.Treated homogenates: centrifuged at 40,000 X g for 5 miii, after which the supernat ant fluids

were discarded amid the pellets were reconstituted with cold 0.03 it Tris-HC1 buffer (1)11 7.4 at 37#{176}()mice-

three times, is shown. An experiment that involved three additional centrifugations gave VeI�’ similar
results. Bars denote standard errors of the means.
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level in the braimis of rats whose analgesic

threshold was reduced by half is about 100

mi. Morphine suffers a 37-fold loss of iii-

hibitory potency with the addition of sodium
ion, requinmg 100 mni concentrations for 50 %

inhibition in the presence of Na+. Moreover,

at low sodium ion concentration (Table 2)
(12, 13), the opiate agonists mnonphme, oxy-
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receptor affinities sinular, respectively, to
those of their corresponding structurally

analogous amitagonist derivatives, nalorph-
me, naloxonc, levallorphan, amid diprenorpli-
inc. However, amitagonists are much muore

potent in nino than agonists. The agomusts

mnemitiolied above suffer a 12-37-fold loss of
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FIG. 4. Log probit analysis of inhibition of stereos pecific [3Hlnaloxone binding ill the absence and pres-

clue of sodium 2011 by nonradioactzve naloione, ilalorphine, and morphine

[3HlNaloxone (1.5 nit) was incubated with standard aliquots of washed rat brain homogenate am! 15

concentrations of each nonradioactive drug in triplicate for 30 miii at 25#{176}in the absence and lresence of

100 mit NaCl. Control imicubations, which contained nonradioactive levallorphan (100 nit) or dextrallor-

phan (100 nit), were included at the beginning and end of every experiment. Control stereospecific bind-
imigvalues were 1479 ± 121 arid 3140 ± 300 cpm in the absence and presence of sodium chloride, respeo-

tively.



efficiency.

No NaCI 100 mu NaCl Agonist Antagonist

n.h

UPA 21t�3 100 20 0.2 ic

Naloxone 1 .5 1.5 1.0 3-1

Naltrexone 0.3 0.5 1.0 ‘35-d

I )ipreuiorphiiute 0.5 0.5 1 .0 3c
P�d

X-Allvlnolrmnetazocine 2.0 3.0 1.5 ‘�P6d

(‘yclazocine 0.9 1.5 1.7 ie, 3!.i 31�,�l

Levallorphan 1.0 2.0 2.0 2� 384

Nalorphine 1.5 4.0 2.7 1’, � 2,d

Pent azocine 15 30 3:3 le, � 18,d

5-Propvl-5-normetazocine 12 50 4.2 2e :3�, 1’

Met azoc Inc 10 60 6.0 1�

Etazocine 14 100 7.1 1’

Etorphine 0.3 6.0 12 :3c,g

Phenazocine 0.6 8.0 13 3e.g

Meperidine 3000 50,000 17
Levorphanol 1 .0 15 15 :37,e,u

Methiadomie 7.0 200 28 2�#{176}

Oxymorphone 1 .0 30 30 3c.e,a

Morphmiuie 3.0 110 37 2�#{176}
i)ihvdromorphine 3.0 140 47 2c,e,a
Norniorphine 15 700 47 2ce,g

(±)-Propoxyphene 200 12,0(X) 60 1�#{176}
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potency imi the presemice of sodium, while the receptor in vitro correspond closely with their

potencies of their amialogous antagonists are relative potencies in vito.

reduced less thami 2-fold or not at all (Table Influence of sodium on saturation of opiate

2). Thus, in the presence of Na+, the relative receptor siles. A double-reciprocal analysis of

affimiities of agonists and amitagonists for the the saturatiomi of [3Hjnaloxone binding is

TABLE 2

Effects of sodium ion on inhibition by opiate agonists and antagonists of stereospecijic

[�11] naloxone binding to rat brain homogenates’

Inhibition (If stereospecific [3H]naloxone binding was determined in the presence and absence of

100 miii’ NaCl for 22 nonradioactive (Ipiates, employing 100 nit (+)- amid (-)-3-hydroxy-.V-allylmnor-

phinan to assess specificity. Hat brain, with the cerebellum removed, was hioniogenized (Polvtron

PT-b, 3000 rpm) in 100 volumes (If 0.05 M Tris buffer amid centrifuged at 40,000 X g for 10 mm. After

the supernatant fluid (which contained no specifi( binding activity) had beeui discarded, the pellet was

reconstituted in the original volumiie of Tris buffer. Seven to ten conoent rations of each drug were incu-

bated with 1.3 flit [3H]naloxone in the presence and absence of 100 mu NaC1. The concentration of drug

that pro(liiced 50�� inhibition of control stereospecific binding (EC:s) was determined by log probit

analysis. Control [:IH]naloxone binding values in the absence and presence of 100 mit NaCl (0.05 it

Tris-hlC’l buffer, 1)11 7.4, at 37#{176})were 1163 ± 104 arid 2806 ± 198 cpnl, respectively, at 44� counting

Nonradioactive opiate EC�0 of stereospecific
[3H]naloxone binding

EC�0 ratio,
+NaCl - NaCl

Pharmacological
properties#{176}

Thie �)harmacolo)gical properties of each opiate are designated as follows:

.3, stromig.

Monkey abstinence precipitation (10, 18).

Guinea pig mt est inc (19).

‘� Pio’rson-hlarris tail flick (11, 20).

Eddy-Leimitbach niouse hot plate (21).

/ Nilseut tail shock (22, 23).

Ihiman amialgesia (24).

1, weak; 2, internie(liate;
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shown in Fig. 5. Betweemi 0.14 and 2.1 miu

[3H] mialoxonc, sodium chloride (100 nni) pro-

duces a 2-fold increase in the niaximual num-

ber of binding sites, with no apparent effect

on affinity for naloxomle. Thus 1 g of rat brain
(without cerebellum) can bind S amld 16

pmTloles of naloxone in the absemice and pres-
ence, respectively of 100 mmr NaCl. Under
both conditions the apparent K(j of naloxone

bindimig is 1.4 mnr. Imi earlier expenimemits,

carried out before [3H]naloxomie of very high

specific actitivy was available, we reported
that receptor binding of naloxone had an

apparo’nt Kd of 20 nu amid was relatively umi-
affected by high comicentrations of Na+ (12,
13). A recemit report from this laboratory
(32), in which a ver�� wide ramige of naloxone

concentrations was ‘xamined, revealed the

presence of a low-affinity site unaffected by

Na+ and a high-affinity site enhanced by

sodium ion.

I)ouble-reciprocal analysis of [3Hjdihyclro-

mnolrphinc bindimmg do’scnibes a straight line

E

0
2

a 30
z

Li
2
0
x
0
lx
2
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LI
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Li
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C

I

Fm G. 5. Effect of .s’o(iiu 111 dl lo)ride 011 sat urat iO 1/ (If

.stereospee ific [�11 In aloion e binding

After preparatiomi of (hive-washed standard rat

brain ii(Iniogeuiate, aliquots were incubated withu

and without 100 mit NaC1 with nine conoent rat 1(1115

(If [3Hjnaloxouie (0.14-2.1 mum), each in thie Pre�ncc

of levallorphan (100 nit) amid dextrallorphan (100

miii ) . The reciprocal (If [SIT naloxone concentration

(abscissa) is plot t (‘(I agai mist the reci pro)cal (If

stere( ISI)(’cific [�I I untIl x tie III 11(11 ng (ordinate).

(Fig. 6). The additiomi of 100 mu sodium

chloride produces a 50 % decrease in the
number of binding sites, from 34 to 14

pmoles/g of rat brain without cerebellum,

with no change in the apparent Kd of 20 mIt.

A high-affimiity site with an apparent Kd of
2-3 miu (an he observed in the absence of
Na+ (16, 32). Thus, at saturating comicentra-
tions, [3H}dihydromorphimie (assayed in the

absemice of Nat) and [3Hlnaloxonc (in the

presence and absemice of Na+) bind to a simi-
lar number of sites, 34 pmoles/g. This value
is also in good agreement with the one re-

ported by Simon et a!. (33) for the potent
agonist etorphine. These findings suggest
that hindimlg sites for opiate agonists amid
amitagonists are idemitical and interconverti-
ble. The parallel plots obtained for opiate
agonists and antagonists in log probit anal-

yses of their inhibition of [3Hjnaloxone in the
ai)semice and presence of Na+ (Fig. 4) also

suggest that agonists amid antagonists

comp(’te for the same J)Opulati(Iul (If binding
sites. However, some deviations from st ri(tly
(0 )mnpct it ivo’ imihibit alit are suggest cot in

FI(;. 6. Effect of 50(11 11111dlllOri(ie on saturati(Ill (If

stercospecific [�11 frlih ydromnorph inc in 11(11ny

After I)reparat alum of omice-washed standard rat

brain homogenate, aliquots were imicubateol wit Ii

amid without 100 mit Na(’l with eight (OIml(eult ra-

tions of 3fljdihiydronillrphine (55 (‘i mmiiole

bet ween 2.4 and 2:3.8 m�ui. Eaoh i mucubat 1(111 WaS

carried (I(it iii t hie presence of levallorphan (100

miii) and dcxt rallorphian (100 miii) . The reciprocal
of t lie I�H ldihiydroniorphine convent ratiomi (ab-

scissa ) is plot t e(1 against t he recil)rocal of t he
st ere spec fic I�lI [di hiyd rolun( Irphi rue bi udi rig (or-

(hinate).
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Scatchard plots of levorphamiol and etorphinie

inhibition of [3H}naloxone bimidimig at 100
mu XaCl (Fig. 7), which may be imidicative

of cooperative effects.
Effect of .\a+ on dissociation of [1Hlnaloxone

and [3H]di/l y(!rom orphine bindin�j from brain

/1011? o�jenate. The dissociation of {3Hlnaloxone

from rat brain homogenate examimied in the

presence of 10 �u nonradioactive mialoxone

describes a straight limie wheii plotted semi-

logarithmically (l”ig. 8). This result is con-
sistent with a first-order dissociation fumic-

tion, as described previously (17). The rate of
dissociation is the samiie in the presence or

absence of Xa� (Fig. 5). The half-life of (his-

sociatiomi, S miii at 40, is slower thami that
reported previously (17), since, at the 101w

naloxone comi(eiitratiOfl employed here,

binding at the high-affinity site predomi-
nates. Th dissociation of [3H}dihvdromor-

phimie, which appoars to involve more than

01W comiiponemmt when plotted semuilogarit h-

mically, may be related to the crudemiess of

tissue preparat iomi. Sodium ion markedly

FIG. 7. A nal!Jsis of inhibition of [3Hjnaloxone

binding by the agon isis levorp/ia 11 ol a 11(1 etorphine

The standard rat brain homiogenate, to which

NaCl (100 mM, fimial co)ncenitratioml) was added, was

imicubated with 11 comicemit rat ions of [3FlJnaloxomie

(0.3-3.0 miii) in the presence olf levallorphan or

dextrallorphari (100 miii). Etorphine (3 nun) arid

levorphamiol (10 tIM) were imicuhated with every

c(Imicenitration of naloxolne. The amoumit (If stereo-
specific [3Hlnaloxone binding (miioles) divided by

the iiioliir concentrat ion of �H ]naloxone in the

medium (ordinate) is plotted against the aniount

of stereospecific [�H[mialoxone bi riding (abs(issa).

#{149}[No#{176}j*omM

[N0]:IOOmM

4C

0 5

MINUTES

Fin. S. Dissociation of [3H]dihi�droinorph inc and

[3Hjnaloxone billililIg ill tile preSence all(l absence of

.so(liUln ion at 40#{176}

Stamidard rat brain homnogemiate (washed outce)

was incubated with levallorphan or dextrallorphami
at 100 nut amid �hl mialoxone (1.5 nit) or [3flldihy-

dromorphine (1 mmt) for 30 mm at 25#{176}in the absence

of sodium ion. After cooling omi ice, nonradioactive

mialoxone (lower figure) or dihydronu Irphi mie (up-

per figure) was rapidly added to a final concentra-

taut of 10 �ut with or without NaCl (100 mit).

Samples were maintained at 4#{176}and filtered at
various times after the addition of nonradioactive

displacer. Values with the ramige indicated by
bars are percentages (If controls, to whiichi no nio�-

radioactive displacer was added.

accelerates the initial rate (If dissociation of

[3H]dihvdromiiorphine. The half-life for dis-
sociation of the first componemit of [3H]di-

hydromorphine in the ai)sence of Xa+ is

about S mmn, while imi the presence of Na+ it
is about 2.7 miii.

Effect of temperature. We previously re-

ported that [3Hjnaloxone binding was tem-
perature-dependent, with a 4-fold increase
in specific binding from 40 to 25#{176},using 15-

mm iIicUl)atiOmlS (17). However, in the pres-
ence of 100 niu XaCl less than 1 .7-fold en-
hamiceniemmt (If [3H]mialoxone binding occurred

when the temperature was raised from 50 to
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35#{176}(Fig. 9). Iii the absence of Xa� [3H}-

dihydromorphine bimiding showed a tempera-
ture dependence resembling that of [3H]-

naloxone himiding in the absence of Xa+,
with 5-fold enhancement between 5#{176}and
35#{176}.Unlike the reduced temperature de-

pendence shown by naloxone in the presence
of Xa�, [3H]dihydromorphine binding be-
came much more temperature-dependent in

the presence of Na+, with 7-fold increments
in binding between 5#{176},15#{176},and 25#{176}.Thus

opiate receptor binding is highly tempera-
ture-dependent. Xa+ appears to muake the
binding of [3Hjnaloxone energetically more

favorable while simultaneously increasing
the energy requirement for [3H]dihydro-
morphine bindimig.

DISCUSSION

Sodium ion has been shown here to in-

crease the binding of [3H’}opiate antagonists
and to decrease the binding of [3H]opiate
agonists. Its ability to alter the degree to
which nonradioactive opiates inhibit [3H}-
naloxone binding correlates impressively
with the agonist-antagonist properties of
these drugs. Certainly the designation of
opiates as agonists, antagonists, or mixed
agonist-antagonists is somewhat arbitrary,
since this pro�)erty is a continuum whose

[No]

0mM

0mM

(00mM

FIG. 9. Temperature dependence of [3H]naloxone
(.VAL) and [3H]dihydroinorphine (DHM) binding

in the presence and absence of sodium ion

Standard honiogenates with or without 100 mM
NaCl were imicubated at the specified temperature

(abscissa) for 5 mnin. After the addition (If triti-

ated opiate (1 miii) the imictibation WaS contin-

ned for 10 mimi at the same temperature. After

cooling for 5 mimi in an ice bath (durimig which all

samples attained a temperature of 40 ) samples

were filtered arid washed as usual.

measurement is highly dependent Ofl the

particular test employed. Still, antagonists
which iossess little or no agonist activity

inhibit naloxone binding to the same extemit
in the presence and absence of sodium, while
increasing contamination of antagonists

with agonist activity is correlated with an

increasing sensitivity to the sodium-induced
loss of inhibitory 1)oteflcy. “Pure” agonists

without exception suffer a dramatic loss of

inhibitory potency.

Interestingly, agonists differ quite a 1)it
among themselves. Conceivably greater

sensitivity to sodium is correlated with purer

agonist qualities, whatever these may be.
On the other end of the spectrum, the finding
that GPA 2163 inhibits [3H]naloxone bind-

big with greater potcmic3’ in the presence of
Na+ suggests that this experimemital drug
may possess properties of greater antagonist
“purity” than mialoxone, whatever these may

be. Interestingly, Kosterlitz et al (19) ob-
served that slow dissociation from the guinea
pig intestine correlates well with antagonist
purity and that the dissociation rate of GPA
2163 is slower than that of mialoxone.

The imifluence of sodium ion on opiate
receptor binding is highly specific. Lithium
ion, whose atomic rathus and biological ac-

tivity are similar to those (If Na+ is the only

other ion which can mnimiiic its actiomis. The

other momiovalent cations, potassium, rubid-

ium, and cesium, cannot discrimiiinate be-
t weemi agonist s and amitagomiists. Imi addition,

a variety of divalent eatiomis and aniomis also
fail to discriminate between binding of opi-

ate agomiists and antagonists. The highly
specific nature of the sodium effect suggests
that this ion interacts with sites on the mem-

brane which can allostericall3’ transform the
opiate receptor. Presumably the l)indimig of

Xa� induceS a conformiiatiomial (hauige which
renders the receptor site less likely to) bind

agonists aiid more likely to bumid antagomiists.
0mm explanation of the finding that Na+

causes a 3-fold acceleration of diliydrolmor-

phine dissociatiomi without altering the rate

of naloxone dissociation is that the ion

transforins the receptor site into a confornia-

tion. whi(h promotes t he dissociat i Iii o)f

agonists.

_\_ “(tisappearamice’’ (If dihydromorphimie
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bindimig sites with a eoneurremit ‘‘appear-

amice’’ of naloxone bimidimig sites occurs whemi
Xa4 is added to the medium. logether with

the marked temperat tire depemidemice (If

binding, this suggests that opiate receptors

exist iii an equilibrium between two distimict
conformimations. 0mw, which is favored in the

pres(nc( o)f Xa+, I )inds antagomusts with
greater affinity, whili anot her comi format io in

binds agonists selectively with greater affin-
ity and is favored in the absence of Na+.

General theoretical cooperative drug

niodels have been proposed (33) in which

the relative affimiityfor each (If two confornia-

tions is reflected as nitrinsic activity or

efficacy. Karlin (35) has described a model

in which the binding of agomiists or amitago-

nists produces a concerted transition be-

ween two comiformat iona 1 states. According

to this iiiodel the �)hysD ilogical consequences

(If opiate agomiist I )inding w( )uld result fro mi

the reduced ability (If the membrane to

l)imid sodium ion.
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