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SUMMARY

The effects of various curare-like conml)ounids onm time contractile resj)onises to carbachol and
suxamethonium of thini strips of chick i)iventer cervicis amid of leech muscle have been
stu(!ied. In chick muscle, suxaimiethoniuni amid cari)achol appeared to act. on the same re-

ceptor, amid ��‘ere antagonized i)y tubocurarine, gallamumine, and three substituted decametho-
nium derivatives. i�iie actiomis of tubocurarimie amid gaihamine deviate(I omily very slightly from

the convemitional competitive niodel; in contrast, the d!ecamethoniummm derivatives exhibited

a qualitatively differemit kind of anmtagoniismu. Experiments with these compound!s, including

a� 2-chloroethylamine derivative that caused ami irreversible type of block, showed! that the
degree of antagonism produced was increased if the antagonu.ist was applied! at the same time

as, or shortly after, a dose of agonist. This was confirmed in experiniemits with leech muscle,
in which suxamethonium and carbachol appeared to act on different receptors; the substi-

tute(! (lecamethomum compounds showed specificity for the suxamethoniuni receptors, and
here the same kimid of interactiomi with agonist as hmad been seeni with chick muscle was oh-
served. It is 1)ostulitted that agonusts cause a change mi the molecular structure of the receptor
that imicreases the affinity of the receptor for certain antagomiists. This has been termed the
metaphulic effect, amid it is suggested! that this molecular cimange may i)e related! to the proc-
esses of stimulatiomi ann! desensitization by agonists.

INTRODUCTION

It is genierilly accepted that acetyl-
choline and related agonists elicit responses

from sensitive tissues by combining with
specific receptor sites in the tissue. Further-
more, a number of specific antagonists of
acetyichohine appear to combine with the
same receptors, making them ummavailable
to the agonists. Time quantitative effects of
many reversible antagonists are compatible
with drug-receptor association models based

on the law of mass action, and are formally
equivalent to the Michaelis-Menten ap-
proachu to enzyme-substrate interactions
(1-7).
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Various attenupts have receimtly been
made to use this predictable behavior in
order to identify the binding of radioac-
tively labeled antagonists to receptoys in
tissues (7-9) . Studies by Paton amid Rang
(7) on the uptake of atropine by intestinal

smooth muscle showed that time tissue con-
tamed only a very small amount of recep-
tor material, and appeared rather unsuit-
able as a starting point for the chemical
isolation of the receptor substance. We have
therefore explored a number of other
acetylcholine-sensitive tissues, in the hope

of findiimg one richer in receptor material.
This paper describes experiments made

on acetylcimohine-sensitive “slow” muscle of
the chick (10) and on leech body wall
muscle. In addition to time familiar acetyl-
choline antagonists, tubocurarine and gal-
lanminme, we have studied some newly

synmthesized substituted decamethonium de-
rivatives, including a 2-chloroethylamine
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derivative designed to form a covalenmt bond
with nicotinic receptors (see Fig. 1) , anal-

ogous to time action of benzilylcholinme
mustard on nmuscarinmic receptors ( 1 1).

These experimenuts revealed a imew and

unexpected type of interaction amoiug an-
tagonists, agomuists, and receptors, muot en-
conipasseci by time convemutional theory, and
the present paper deals witim time elucidation
of this pimemuomenon.

METHODS

Most of the experimeimts were carried

out on strips dissected fronm time biventer
cervicis nuuscle of time chick (10). Birds

between 1 amid! 6 weeks old were used, and
were killed by an injection of air into a
wing vein. Time biveimter cervicis nmuscles

were dissected free, time connective tissue
sheatim was removed umudler a low-power
dissectimug nmicroscope, amid a timin strand of

muscle (about 0.5 nim in diameter) was

separated from time edge of time caudal
belly. Tiuis strip of nuuscle was mounted in
an organ bath commtaining Krehs’ solution,
at 37#{176},of time following coimmposition: NaCl,

113 nmM; KC1, 4.7 nmi; CaC12, 2.5 immrsl;

KH2PO4, 1.2 m�r; MgSO4, 1.2 mr�i;

NaHCO3, 2.5 mM ; and dextrose, 1 1 .5 mr�i.
This solution was bubbled with 95% O2�

5% CO2. Isometric contractions were re-
corded by meanms of a transducer vacuum

tube (RCA 5734) or a semiconductor strain
gauge, operating a pen record!er. Strips were

used in preference to whuole muscles, be-
cause thmey respomuded much more rapidly
to agonists and antagonists.

In other experiments, strips of leech dor-

sal muscle were cut with a pair of razor
blades mounted 1 mm apart. The skin and
overlying tissue were removed, and eacim

strip was suspended at room temperature
(20#{176})in a pH 7.3 solution of the following

compositionm: NaCl, 112 mM; KCI, 5.6 mM;

CaCl2, 2.2 m�r; MgCl2, 2.05 mM; NaHCO3,
12 mM; and dextrose, 11.5 m�. It was bub-

bled with 95% 02-5% CO2. This solution
was selected after trying a number of vari-

ants of “frog Ringer’s solution.” The correct
pIT and the use of a CO2-bicarbonate buffer
were found to be important for consistent
responses. Both the chick and the leech

muscle preparations gave responses to sux-

aimmet.imomuimnmmmor carbacimol that reached a

plateau in 60-90 sec and could be repeated
every 4 miii without desenusitization (pro-
vided that time contractiomis were rio more
timan about 50% nuaxinmal).

For the purposes of measun’enmcmut, time
tenmsion developed durimig time plateau of the

conmtraction was used!. Time timinug of the
(111mg apphicationm cycle was arrange(! so that

the agonist was washed out as sooni as the

plateau was reached. This cycle was con-
trolled automatically, usinug a tinmmimug c!evice
and solenmoid-operated syringes. Whien an-
tagommists were studied, the (Irug w’as addled
to time bath in eacim cycle inmunmediately after
washing out time agonist, amm(! was present
tlmroughout time cycle.

After a reversible ammtagonmist was wasimed

out, a second, control dose-response curve
was always established. Timis was invari-

ai)ly within ±10% of time original, which

gave commfid!ence to quamutitative measure-
nments of time degree of irreversible block,
wiuen timis final control could not 1)C per-
formed.

WTimemm dose-respomuse curves were deter-
muminued in time presence of a reversible an-
tagonist or after application of an irre-
versible ammtagonist, the responses were kept
within the range of the responses recorded

for time control dose-response curve, by ad-
justing the dose of agonist. The antagonists

studied usually caused a parallel shift to
time rigiut of the agonist log dose-response
curve, enabling the effect to be expressed

as a dose ratio (DR) from which fractional
receptor occupancy by the antagonist (p)
was calculated from time followimug equation

(6).

DR-i

� DR
(1)

Where appropriate, time dissociation equi-
librium constant (Keq) was calculated from

.1’
(2)

where x is the molar coimcentratiomm of time

antagonist used.

The drugs usedi were carbaiumiiuoylcimohne
chloride (carbachol) (Koch-Light), suxa-
methonium chloride (Allen & Hanbury),
(+) -tuhocurarine ciuloride (Burroughs
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FnG. 1. Structures of decamethonium derivatives studied

The reversible anntagonists, diphenmyldecamethoninnm (DPC10) and dinnaphthyldecamethonium (DNCn0,

are shown on the left. The alkylatinmg derivative, diphenyldecamethonium mustard (DPC10M), undergoes
cyclization inn solution at pH 7.3, from the 2-chioroethyl to the ethyleniminium form, as shown on the right.

Wellconme) , gallamine triethiodide (May &
Baker) , caffeine (British Drug Houses),
and pimysostigmuimme sulfate (Burroughms Well-

come) . Time c!ecamethonium derivatives
used! were prepared by Dr. E. ‘\V. Gill, for
the purposes of timis study. These were
decamethylene-1 ,10-bis [dimethylbenzylam-
mrioniunmm bromimide] , decamethylene-1,10-

bis [dimethyl-( 1 -naphthy!metimylene) ammo-
muiunm bromide] , and decametiuylene-1- (N-

bemuzyl - 2 - chloroetimylamimuo) - 10 - dinuethyl -

bemmzy Ia minimmonmmmi elm lork!e imydrocimloride.

The structural fon’nuulae of these conm-

j)Oumm(!s Iu1�e shown mm Fig. 1.
The symmmmetrical bisquatermmary ammo-

nuiunm conumpounuds, DPC1O2 and DNC10, were

Pnel)are(! i)y imeating aim excess of the
a�)propriate tertiary amine with 1,10-
(lecammuetimylene d!ibromide mm dimethyl-

formanmide. DPCIOM was prepared by corn-
himuimmg I 0-hromnodecyldimcthylbenzylammo-
niunm bronmide witim N-ben zyletimanolamine

anud, after anion excimange, allowing the re-
sulting compound to react with timionyl
chloride. Time properties of this and relatedi

Time abbreviations used are: DPC��. deca-
methvlene-1,10-bis[dimethylbenzvlanmmoniunm bro-

midel; DNC0, decninuethylene-1,10-his[dimetlm-

yl - (1 -naphthylnmiethylene) ammonium bronuidel

DPCIM. decamethvlene-1-(N-benzvl-2-cimloroeth-

ylanmino) - 10 -(limethylbenzylanimonium chloride

hydrochloride.

2-haloalkylanminmes will be described in de-

tail elsewhere.
Solutions of DPC1OM were made at 1

mM concentratiomm in 0.067 M sodium phos-
phate buffer (pH 7.3) at room temperature
(20#{176}) aiud left for 30 mm ; they were then
stored for up to 3 hur on ice, appropriate
dilutions for imujectiorm being made up in
ice-cold 0.9% NaCl. Back-titration of un-
reacted thiosulfate against iodine (11)
showed! that timis procedure gave a yield of

approximately 75% ethyleniminium ion

(EP) . Concentrations of DPC1OM are ex-

pressed throughout as concentrations of the
etiuylenimiimiuimu ion. Caffeine was prepared
at a conceimt.ration of 100 mM in 70%

ethanol. Time volume usually added to time

I)atlm ��‘as 0.5 immi; adc!ition of this volume of

solvent. to time batiu caused a snuall conutrac-

tui’e , but (liii not ap�)ear to affect time re-

spomusiveness of time tissue.

RESULTS

Effects of tubocurarine and gall.amine on

chick rn uscie. Tubocurarine and gallanmine

heimaved as conveimtiomual reversible amutag-

onists mm tluat they caused a parallel shift
to time right of time agoiuist log dose-m’esponse
curve (Fig. 2a) ; tiuey d!id not affect the
desenmsitization caused! by a givemm dose of
agomuist. Table I simows dose ratios numea-
sure(! mu time presence of different concen-
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‘I’he left-hanmd panels show the log dose-responise � for (a ) (albachol an(1 (1)) snixanmiet honiinnni, ol)t aimed
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tnations of tubocurarinme anmd gallanuine, us-
ing botim carbacho! anmd suxanmetimoniunm as

agonnists. anmd also time apparent Keq, calcu-

lated fronm Eq. 2. Time two agomuists were

nudistinguishable (Fig. 21) , consistemmt with

the view that timey were actimmg mm time sanme
receptor. Timis is in contrast to the behavior

of leech muscle, dleseribed by Flacke amid
Yeoiu (.1 2), in whicim tubocurarimme discrinm-

inmates siuanply between these two agonmists.
Quammtitatively, tine results fit the con-

�‘emitiommal theory quite well, l)ut not per-
fectly; logarithmic plots of (dose ratio - 1)

against antagonist concentration shoult!

iuave a slope of unity, and aim intercept oiu

tue abscissa d(ltmitl to the ((lUilil)nitnnnn t�onm-
stanmt, K,�q (4) . Figure 2 shows such plots

for our (lilt a; sinmee timene Wfls nno suggestion

timat time poinmts on time logamitlunmic Plots
�VeIe heteroscedast ic, they were fitte I I �y

least squares regressioim lines. The slopes
� 0.95 ± 0.009 for tubocinran’inme, anm(l

0.88 ± 0.006 for gallanminme. These slopes

both differed signmificammtly fronim unmity p <

0.001 . which means that. tile estummate of

equilibriunu constant givenm by Eq. 2 van’ies

with amutagonist conmcemmt ratiomu, timough omily
to a very small degree. Nevertimeless, this

parameter has 1)eenm calculated! for eacim cx-
penimmuenut ammd tabulated as “appareiut K.q’’

a,
(I,
Ca
U,
a,

30 100 400X10#{176}

Carbachol concentration (M)



TABLE 1
Action of tubocurarine and gallamine on chick muscle at 37#{176}

Antagonist

Expt. Antagonist conmcerntration Agoimist Dose ratio Apparent K,,

.)

3

4

1

5

6

7

8

9

Tubocurarine

Mean ± SE

(1ailamine

�Iean ± SE

XlO7.� x1O7�
7.5 Carbachol 2.8 4.2

75 Carbachol 19 5 4.0

225 Carbachol 53 4.3
9 1 Carbachol 3 . 6 3 5

7 . 5 Carbachol 3 2 3.4

7.5 Carbachol 3.4 3.1

75 Carbachol 21 3 8

7 . 5 Suxamethoniinnumm 3 1 3 6

75 Snxamethoniunm 19 4.2

3 . 3 Carbachol 2 0 3 3

6 . 7 Carhachol 2 . 7 3.9

15 7 Snnxamethoniunm 5 . 0 3.9

:31.4 Suxamethonnium 90 39

378 ± 010

7 5 Carbachol 2 8 4.2

75 Carbachol 16 5 0

225 Carbachol 38 . 5 6 0

75 Carbachol 13 5 5.2

75 Carbachol 16 5 0

300 Carhacimol 45 5 6 8

7.5 Carbachol 25 50

7 . 5 Carbachol 3 0 3.7

75 Canbachol 16.0 50

l5() Carbacimol 28 . 2 5.5
6 7 Carhachol 2 9 3.5

67 Carbachol 26 42

5 . 0 Carbaclmol 2 . 5 3 4

5 0 Suxamethoniunm 2 2 4.2
15 . 7 Suxamethonmiunmi 4 . 9 4 . 0
31 . 4 Suxannethonmiunm S 3 4 3

I 57 Smnxanmmethoniitnnm 37 . 5 4 3

14.7 Suxamethonniinnm 4.4 4.4

3 . 7 Suxanmethoumitnnmm 2 . 2 3 1

29 4 Suxamethonninnm 7 4 4 6

73 . 5 Suxamethoninunm 16 . 0 4 . 9

294 Suxanuethonminnni 42 . 0 7 2

4.70 ± 0.22
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(Table 1 ) . The mmmean value for tubocura-

rine, 3.8 X 10-v M, is simimilar to the figure

of 4.3 X 10� M obtained by Jeiukiiuson (5)
for the equilibriummi comustaimt of tubocura-
rine on the frog motor eimd plate.

‘�Ve iuave muot investigated further time

reasoni for time deviatiomu of our results frotum

Eq. 2; several genmem’al explanations can be

put forwar(!. Operationually, it appeals that

gallarniIue (and!, to a lesser extent, tubo-

curarine) combinues nuore readily whenm all

of tine recel)tors are lice thami it (loes when

ml lange Inaction mine already occul)ied. One

l)OSsiI)ilitV is that there is a mosaic of re-
Cel)tOrs, and! timat gallammuiime, withu three

quatemmm amy groups , conubines most favor-

ably wheim thuree adjaceimt receptor� are
vacaimt. As time oecupaimcy iimcreases, the

l)robai)ilitY of a vacaimt receptor having
vacanmt neighi)ors would decrease, and the

“affinity” of the vacant receptors for gal-
laiumine would appear to be reduced. The
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finding that tubocurarine, with only two

quaternary groups, showed the sairt pime-
nomenon to a much less marked degree is
consistent with this interpretation.

A second possibility is that the receptors

are not all identical, the population show-

ing a scatter in its affinity for different
antagonists. The antagonist would combine

first with those receptors for which it had

high affinity, and the apparent Keq would
increase as the fractional occupancy in-
creased.

A third general possibility is that there
is some degree of interaction between ad-

jacent receptors, whereby occupation of one
site decreases the probability of occupation
of neighboring sites. It is not possible at
present to choose among these general
mechanisms, any of which might contribute
to the anomalous behavior of gahlamine.

Paton and Rang (7) showed that mea-
surement of the dose ratio produced by two
antagonists applied simultaneously could
be used to test whether or not both antag-
onists compete at a single receptor site.
If the two drugs, applied separately, give

dose ratios DR1 and DR2, then, assuming
competition, the combination should give a

dose ratio DR1 + DR2 - 1. If the drugs do
not compete at the same receptors, the
combined dose ratio will be DR1’DR�,.
This test was applied using tubosurarine
and gallamine. Tubocurarine, 7.5 X 10� i’�i,

by itself, gave a dose ratio of 3.2 ; gal-
lamine, 7.5 x 10-6 M, gave a dose ratio of
16.0. Combining both drugs gave a dose
ratio of 20, close to the predicted value of
18.2 for a competitive interaction.

These results show that the interactions

of tubocurarine, gallamine, carbachol, and
suxamethonium agree fairly well with the

conventional model of competitive antago-
nism. This may be interpreted either as a

real competitive equilibrium among agonist,
antagonist, and receptors (1), or as an oc-
clusive block by a relatively slowly dis-
sociating antagonist, if only a small frac-
tion of receptors is occupied by agonist (6,
13).

Measurements of the dissociation rate

constants of the antagonists, and of the
equilibrium constants of the agonists,

which would be needed in order to distin-

guish between these possibilities, are not at

present available. There is, however, some

evidence that the rate of dissociation of

15 mm
FIG. 3. Tracings of isometric contractions of chick

biventer muscle strips in response to carbachol

a. Effect of tubocurarine, 5 X 10� M (for the time
inmdicated by the horizontal bar), on contraction

produced by 1.5 X 10#{176} M carbachol. No desensi-

tization is apparent.

b. Effect of DPC10, 1.9 X 106 m�i (horizontal bar),
onm contraction produced by 3.7 X 10� M carbacimol.

Timere was little, if any, desenmsitization in the conitrol

period, but it was consistently found in the presenmce

of DPCn0.

c. Effect of DNC10, 7.4 X 10� M (imonizontal bar),

on coimtraction produced by 3.7 X 10� �m carbacimol.

The tracing was interrupted, as showni by the breaks

mmthe record, anmd no carbachol was applied during

those periods. These desenmsitization-enlmancinmg effect

of DNC10 is clearly shown.
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D �

I

15 mm

FIG. 4. �J,.(,�(,((/ ol contractions oh chuck hnventci

?1tUS(1( strip in respo?i�T to caffeine, 31) mM

I)NCn0, 7.4 X 10� :�i, was present duninig time

period inndicated i)V the ban, anmd had no effe(t oni the

(onit nact lonis.

curare-like anitagonists is mucim imighuer

than timat of atropnme-like ammtagonists inn
smooth muscle . Thus , using iommtophoretie

application of tubocurarine, both del Cas-
tub amud Katz (14) and Waud (15) found

rapid recovery from block at frog motor

end plates, while in time present experiments

the thickest strips of muscle were recovered
from the action of tubocurarine withiim 2

mm of washiimg time drug out of time tissue.
In coiutrast to the situation in intestiimal

smootim muscle (13), it is thus possible that
real competitive antagonism of the type
envisaged by Gaddum (1) takes place at
these receptors.

Effects of DPCIO and D�\TC10. In conmtrast
to tubocurariime and gallamine, DPC10 an(!
DNC1O dud not behave in aim orthodlox
mnaninem. Typical experinmuemuts are shmow’im iii

DNC10

CC CCCC CC SC CS

15mm

FnG. 5. Tracing showing contractions of chick

biventer nnusc!e strip in response to carbacho! (C),
1.5 X 1O� �n, and suxamethoniuni (5), 5.6 X 1O� M

Dinning time period indicated by the i)ar, DXC1,

1.9 X lO� M, was present. Note that eqniactive

(loses of eanbachol and suxamethonimnm had ann equal

“desenmsitizing” effect in the presennee of DNC10.

Fig. 3. In time control period of each cx-

perinmment, steady respommses were produced

by repeated (loses of carbachol; altering

the interval betweeim doses did not affect.
the size of time contractiomus (i.e., no de-
of 7.4 X 10� i�i DNC1O, the response to

senusitizatioim was apparenut). In the presemuce
carbachol was reduced, aimd marked de-
sensitization to repeated doses of carhacimol
appeared. Timis is shuown by the decreased

CCh - DNC10

SCh-DNC10

FIG. 6. Tracings showing isometric contractions�

of leech rnusc!e in response to carbacho! (CCh) and to

suxamethoniunt (SChi)

mm the uppen trace, each contractioni was produced

lv 4.8 X 10-v M canbachol; during the period iimdi-

cated by the bar, DNCn0, 1.2 X 106 M, W�..5 present,

and the contractions were reduced. No effect oni

desennsitizationi was apparent. In the lower trace, all

nnnmnmarked contractions were produced IJy 1.9 X 10�

�11 sinxanmethonmiunm : a, I . I X 10� iu ; b, 7.4 X 106 �n.

The (onmtractions nmaiked x occinrred whenn the auto-

matic innjector developed a fault. Durinig the period

inmdicated by the i)ar, DXC’,, 3.7 X 10� �i, was

present. The desennsiiizationi-ennhancing effect of
DNCn0 was marked, while responses elicited alien

a period of quiescemnee were only slightly antagonized

(cf. chick muscle, Fig. 4).
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respoimses to doses of carbachol given at

4-mimi iimtervals, and by the fact timat larger
mesponses followed a period wimen caibachol
was muot applied. Iiucreasinmg time dose inter-
val to about 15 mum gave progressively
larger responses, bitt time respoimses never
equaled timose of time commtrol l)eriod. Time
effect of DPC1O was sinmilan’ but less

nutuked.

Effects similar to timese have been oh-
seive�1 by Flacke aiud Yeoh (12) , who
founmd timat anmtagonmisimu of suxaimuetimommiunm

I)V tuhocuranimuc iii leecim nmuuscle ��as cimar-

aeterizeil l)y a “dlesenmsitizatiomu-enmimaimcilmg”

effect siimmilar to that. desciibc(! above.
Several obseivations suggested that time

actiomms of 1)PC10 and DNC10 were due

Sl)e(ificahlv to COmnuI)mnmtlt:Oim with muieotiimic

necel)tOnS, ilit imen tImamm to soimme nmonusl)ecific

effcct such as rein(!ering time tissue imicapahle
of giving repeated contractions to any
agommist. Caffeiiue is thoughmt to cause con-
tractiorm I)�T It nmechnammismn quite different
fnonu dle�)olarizing (Irugs � 16 � , aIud!, as

simowmm iii Fig. 4, conmtraetions pnodlucedl
by caffeinue (3.9 imi�i) were unaffected by

DNCIO, showing iueitimer l)lOck nor enhuaiuced

(!esemisitizatiOfl . Similarly, contractions die-
it(�(l by potassmnum ions were only slightly
re(!uced by DNC10, and theme was no sign

� 0NC10

ll�L1IjJk�LjtAfifl�
[‘mG. 7. ‘Jra.cL,iq shioivi,i(/ c�nitraetions of a chick

t)irenter Ui u.�c!e stri/) iii response to suxaniethoniuin

Unmarked respoimses were prodnnce(l imy 5.6 X 10�

M suxamethonmium. ilesponises nmarked D were pro-

dinced by 2.2 X 10� in snnx’tnmethoniunm. DNC10,

1.5 X 106 in, was presenmt during the periods mmdi-

cated by lmonizonmtal bars. Time left-lmannd panel s’iows

the small de�ensitizationm produced Iv 2.2 X l0� in

suxamethonmium on its own. The nmiddle l)umiel

shows recovery from exposure to DNCn0 with-

ut a preliminary desenisitizing dose. The right-hand

anel shows the slower recovery whenm the DNC10

�as applied immediately after a desenusitizinmg dose

9).

of desensitization wheim potassium chloride
was applied repeatedly in time presence of

DNC1O. Time results with potassium were
shglmtly less clear-cut than those with caf-
feinme. This mimay have been due to a small

(lmolnmergic elemmuemmt iii time response to po-
tassiumim, revealed as a decrease by up to
20% of time potassium contractiomu in time

l)1C5eI1CC of 3 X 10� M tubocurarinme, and
I)V sligimt emmimamucememut of time potassium
contraction inn time presence of plmysost.ig-

flume, 7.4 X 10_T M.

Cambachnol amid suxanuctimonmiunim were botiu

antagomuze(l I)V I)NC1), muu!, iii coimtrast to

(affeimme amm(1 l)otassiummm, both were effective
mm �)roducinmg dcsenmsitizationu mm time l)reseluce

of l)NC10 (Fig. 5).

Flacke amId! Yeolm (12) showed that tubo-
curalinme antagommized time actionu of carla-
do! Oil l(ccim miuuscle iii time onthodox way,

ivlmereas it pio(limced an effect very simimilar
to t Ime emmimammee(! (!esemmsitizatiomm described

above wimemi simxammmethoniunu ��‘as the ago-

nuist. Inn time l)resemmt stud!y, DNC10 was

founudi to t!iseiimuminate siiiuilarly between
carl)acimol alm(l suxammmethoimiunmm in its block-

ing actiomm omm leeehm nmuscle. Figure 6 sluows
commtmact iomms of leecim mmmuscle pnoducedl by
suxaimmethmonmiumn. Durinmg time comutrol peniod,
time l)repaiatiOiu showed imo sigim of desensi-

tizatiomm whmemm 1.8 X I0� i’�r suxammuethonium
was applie(l ie�)eatedly at 3-nun intervals.

In time presemmce of DNC1O, 3.7 X 10� �i,

desensitization to suxamethonium was

clearly seen, witlu time sensitivity recovering
(timough muot to its control level) wheim the
nnuscle was mested, just as iii cimick muscle

(Fig. 3) . 1mm contrast, time effect of DNC1�
Oh carbacimol conmtractionms was muot uimusual:

respo�mses to carbachuol were aimtagonized by
DNCI, I)llt there was onuly a very slight

effect, if anmy, on d!esemmsitizatioim. Timus, time
interactiomu of �O witim suxaimmetimonium

mu th� leechu closely resenubled time effects
seemm mu chick muscle with eithmer carbaehol
on’ suxametimomuiunm as agomuist. Anmtagonism

between DNC1O aimd carbachol in the leech
nmuuscle, on time othmer hammd, sluowed no un-
orthuodox features.

These observations argue strongly agaimust
a nonspecific action of DPC,0 and DNC10:
both the btmock aimd time desensitization-

enhancing action appear to affect only
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Mlns aftr washing out DPC10M
�0NTR0L __ ___ ____

20 80 150 480

DDEECC ABBAB B A A B A A B B C C C C

15mm

Fa;. 8. Tracing shiowing contractions of a chick biventer rnusc!e strip in response to carbachiol

A, 3.7 X 10� an; II, 2.2 X 10� in; C, 1.6 X 10� in; D, 1.1 x 1O� in; E, 7.4 x 1(Y#{176}in canbaehol. Between

the first and secunal panels, DPCn0M was applied, giviimg a (lose rat in of 2.5. 1)uninng time 8-hn recovery penio(l

the (lose ratio fell to 1.7.

acetylcliolimme-like agonmists iii chick muscle,

and both discrimitmate I)etwedn carbaciuol
and suxamethoniunu iii leeciu nmmuscle. Timis
suggests tiuat time nuechamuismum of enimaneed
clesemusitization, as well as time antagommism,

immay immvolvc aim iimteraction with mmicotimuic
recel)tors, and it was of hutemest to try to

elucidate time mimecimanismmi further.
Two l)ossil)le explamuations of this pime-

nonuienomm were conmsidemed!: (a) that time
T)CP1) amid DNC10 had! a greaten affinity

for those recel)tors that had recently imuter-
acted aa’itim agonmists, thus causimug antagonist

occu��amuev to inciease after aim agonist (!ose,
amid! (I) timat omie effect of timese ammtagonmists

was to immcrcase time specific diesensitization

produced by a given dose of agonist, by a
niecimanism inmdepemudlelut of their blocking
actiomm.

Time expeiimimeimt simowmu in Fig. 7 favored!
the fomnumer imypotiuesis : it simOWe(I tiuat mc-

eovemy fmomum I)NC10 1)lOck took longer if

time DNC10 was applied! imniedliately after
a large (lose of agonist lund 1)eenu washed

out thamm if it was applied after a period of
quiesenuce. Tiuis suggested! that the large

dose of agonist imad produced some change
imu time receptors which gave them a hmigimer

affinity for the DNCIO, and consequemitly
allowed the DNC1( to achieve a higher

occupancy. It was difficult to reconcile this
result with time second view, because the

DNCIO was applied! only after washuing out

the agonist, amid it could not have altered
the amoummt of desemusitizatiomu prod!uced.

It was not possible to study this type of
block quantitatively in tem’ms of occupancy,

1)eeause (�(iV agoimist (lose clmanmged time
It’d of time i)lock timat it was immtemmded to

t(St. Iloweven, tln(i irnevensil)le anmtagommist

I )PC1\1 l)rovi(le(l a useful analytical tool
fun i (Iuanmtitati\(.� stu(!y, because tine finmal

occupanmey acim!eve(l by a given close ap-
plied for a givenm tunic could he studhiedi after

washumug out time aimtagomuist. Thus, time
agomuist. (loses used to test time level of block
(OIml(! not timeimiscives mtltd�i thnmmt level, h)t.1�-

cause they were ap�)lie(l wimenu imo fmee aim-

tagoimist \\‘mtS pncsemmt jim time I)ath.
Action of DPCIO]II. 1mm contnast to time

ral)idlly reversible ilocking action of DPC10
ani! DNC1(, the I)!ockinmg actionm of DPC10M

pems!st((l foi’ nmany lmours after time drug
wi� washed out of time tissue.

Figinme 8 simows stages iim the recovery

from DPC10M Imlock of a strip of chick
hiventer nnmscle stimiuulatecl witim carl)achol.

FnG. 9. 7’racing showing contractions of a chick

binenter nnuic!e strip

C, Carbachol, 1.1 X 10� in; #{149},caffeine, 3.9 nmin.

Dn.nring the period inmdicated by the bar, DPCn0M,

8.8 X � in, was present mm the bath. This abol-

ished the resp�nises to carbachol without affecting

the responmses to caffeine.
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Fiu. 10. Log dose-response curnes of chick binenter

nlusc!e �trip to carbac�o!, showi�ig protection by

tubocurarine aqaiiist thie b!ocking action of DPC10JII

., Control curve; #{149},after exposure to I)PC�0M,

2.2 X 10-6 an, for 15 mm, applied inn the presence of

tinbocurarine, 2.2 X l0� an ; A, after exposure to

DPC10\I, 2.2 X 10-6 an, fun I.) nmin without pro-

tection I �y tul)ocu raninie.

After an initial phase of recovery (wimich
varied markedly in different experiments

amid was complete in a few minutes) , the
occupamucy was 0.6 ((lose ratio, 2.5) . After
8 imr the occupammcv iua(! (!cchimmed only to

0.4. 1mm this respect, time 1)lockimlg action of
DPC10\I resenubles timat of benuzilylchuoline

nuustarcl omm mninscarinuic neceptors ( 1 1 ) . In

suI)scquemmt experimimemuts, time (!egm’ee of block

was nmeasured betweenu � and 1 hr after
washing out the DPC1OM. The rapid initial

phase of recoveiy could have been due to
the dissociatioim of a reversible ethyleni-

nuiiuium-receptor commiplex fornieci prior to
alkylationm (cf. ref. 1 1 ) , or it could have
been due to time preseimce of reversibie an-
tagonists iii time mixture of substances

fornued as side products of time cyclization
neaction. Only about 75% of the starting

material gave misc to etimyleninmimmium ions,

aiud it seems quite possible that the remain-
immg 25% mmmay imave imac! appreciable block-

ing activity.
At dose ratios gmeaten’ thamu about 3,

produced with DPC1OM, the log dose-
response curve for carbaciuol or suxameth-
oniumn was flattened as well as shifted
to the right, presumably because the an-
tagonism was irreversible and therefore
mmoncompetitive. In the remaining experi-

nmeimts time (lose ratios were usually less than

2.5, and time log (lose-response curves re-

nmainued l)�1rallel, so that time close ratio

could be mumeasured unanibiguously.

If a solution of DPC10M was kept at

370 overiuigiut, durimmg wimich tinue all of time

etlnvlemminmmimmiunm ioiu was hydrolyzed, the

lonug-lastinug blockinug actiomm was lost, and
time solutiomu simowed onuly a fully reversible

hlockinng effect. It al)pearec!, therefore, tiuat,
as witim beimzilylcimolinme mustard , the species

resl)onmsil)le for time lonmg-lasting block was

the ethylcniminiumn ion.

Time specificity of actioiu of DPC10M was

t(�StCd mm time followinug ways.
1. Conmt.ractions l)roduced by caffeinme, 3.9

immM, were unaltered by DPC1OM. Figure 9

siuows time effect of 8.8 X 10� M DPC10M,
ltl)l)lie(I for 15 miminu, which caused conmplete
tl)OlitiOui of the responuse to cani)achol with-

out anuy effect on time caffeimme contractiomu.
2. Application of DPCIOI\I iii time pnes-

enuce of tubocumarinue failed! to pnoduce a

persistemut anmtagomiisnmm to carbachol (Fig.
10) . This experinmemut showed that tuho-

curarimue could pm’otect time tissue against the
action of DPCIOM, the most likely inter-
pretationm l)eimug that time receptors that were

occluded! by tul)ocinraI’imue were rendered
uIuavailable to time alkylating agent.

3. In leech mmmuscle, can’bachmol and suxa-

iumethomuium appear to act upon different

receptors [see Flacke and! Yeoh (12) , and

also results pmeseiuted belowl . The action
of DPC,0\I omu leecim muscle was also selec-

tive, comutraetions produced by carhachol

beimug unmtiffectecl by DPCIOM, while those

luroduced by suxanmuetiuomuium were antago-
muizec! as in chick iuiuscle (e.g., Fig. 11).

1mmchmick muscle thmere is evidence of only
omme reeel)tor systenum, acted on by both
suxanmetiuommium ammd carbachmol. It was sur-
prising, tluerefoie, to find that after appli-

cqtion of DPCIOM time dose ratio for suxa-
methoniumim was commsistently slightly less

thaim timat for carbachol. For example, in
one exnerinmment, 4.5 X 10� M DPCIOM ap-

plied for 15 mimi caused a dose ratio of 1.9
measured on carbachol responses, and 1.5
for suxanuethuonmiunm; in another, 9.0 X 106

�r DPC,OM applied for 15 mm produced a
close ratio of 2.1 for cnrhachol aiud only 1.7

for suxamethuomuiunu. Pimysostigmine, 7.9 X



a. Leech

4C

3C

ic

a

C
0
0.
U)

Carbachol (M)

b. Chick

40r

20�

34/
/

40r

20� /
10

0 0
4 10 20 40x10’ 1 4 10 20x10-’

Carbachol (Ml Suxamethonium (M)

404 RANG AND RITTER

Mo!. Pharmacol. 5, 394-411 (1969)

/7

� �5xi�’

Suxamethonium (Mi

Fnc. 11. Log dose-response curves for chick and leech nnuscle, using carbachol and suxaniethonnu,uui as agoinsts

Each poinnt represents the mean of two to four closely similar responises. The symbols � inn each panmel show

the conmtrol curve. The right-hand curves were obtained aften exposure to 1)PCn0M. It can he seenm that

DPCn0M discriminates betweenm carbachol and suxamethomninnm mm the leech, hut mint in the (hick.

a. Leech muscle. #{149},I)PCn0M, 9.6 X 106 in, Ion 15 mini; A, DPCn0M, 9.6 X 106 an, for 15 nminm with suxa-

methonium, 4.5 X 10� an, for 10 mum concurrently.

I. Chick muscle. #{149},DPCn0M, 7.9 X 106 an, for 15 mimi, inn the presemnce of physostignminne, 7.9 X 10� M.

b-s M, immcreased time respomuses of chick

biventer muscle strips to suxamnethmonium,
but not to carbachol, in comutm’ast to its
action Oh leecim muscle (17) . It therefore
seemed possible timat, mm additionm to alkyl-
atimug thue receptors, time DPC1OM also ir-
reversibly inmactivated time tissue cimolimues-

terase and timat this caused time log dose-
respommse curve of suxanmmethomuiumum to shift
less tiuan that of carbachol. In accordance
with this view, wimemu experimeiuts were per-

fommmmec! mm the presence of pimysostigmimue
(7.9 X 1O� st), time dose ratios measured

after I)PCn0M block aa’ere id!eiutical for
carbachmol amid! suxanmmetlmonuium (Fig. 11 b).

These findiimgs comufimmed timat DPC10�1
pro(luce(! its aimtagonuismn 1)y a specific re-

ceptor-l)lockinmg ;ict�omm. It timus seenimed a
suitttble cOmnul)Otlnu(l avitii which to investi-
gate t hue desemusitizatiomm-enuhnammcinmg effect
5((�ii w�itiu D�Nt1() amid DPCIO.

In a muummui)er of experinuents, desemmsitiza-
tom of chmick inuimscle to carhachol was

teste(l befoie amm(! aftem’ tue application of

aim ammmoumut of 1)PC11)\I sufficiemnt to produce

a close ratio 1)etweelu 2 aimd 3. It was found

timat. tim? deseinsitization produced by a

given dose of carhacimol was altered little,
if at all, after time tissue ima(! beemu exposed
to time agoiuist. Time effect seemm jim Fig. 3
witim time revemsible anutagonists aa’as muot oh)-
served, shmowing that the blockimmg effect is

iuot itself associated with an effect on de-
semmsitizat:omu. Time next step was to test the
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F’m;. 12. Enhancement ofb!ocking action of DPC10M

by concurrent app!ication of awonists.

A amid B. Log dose-responnse cunves fon chick

nmmuscle. Each point represents the mean of two to

four closely similar responmses. #{149},Contnol curves;

#{149},after exposure to 1.1 X 106 an DPCIOM for 15

mini with no concurrenmt application of agonmist; A,

after exposure to 1.1 X 106 an DPC1OM for 15 mm

with simultanmeous application of 1.5 X 10� an

carbachol (two successive (loses, each left mm for 2 minm

(A) amid 5.9 X 10� in snnxanuethonium (two doses for

2 mm each) (B). In time left-Imand panels, the agonist

wa.s applied during the first of the two exposures to

DPC.0M; mi the right-hanmd panels, time orden was

reversed. In 1)0th cases the anitagonisnm produced was

greater wimen agonmist wa.s applied simultanmeonmsly.

C. Tnacinig of responses of chick 1)ivenmter muscle

strip to carbaclmol (A-E) amid caffeine (S), 4 nman.

A, 5.9 X 106 M; B, 7.4 X 10-6 in; C, 1.1 X 1O� am;

1), 1.2 X 1O� M; E, 1.5 X 10� in canbacimol. During

(A) altermmative hy�)OthueSis, tinat time effective-
imess of time ammtagommist was eiuhmanced by time
aetiomm of time agomuist.

Effect of agonists on the blocking action

of I)PC1�lI. Al)l)licatiomi of DPC10NI fon

1;:�) mmmimmto a chuck hivenmter l)rcParatiomm

\vitiuout sinmult amneous agonnist apphieationms

causel a degree of irreven’sible block timat

Vamie(l avithi tine commcemmtrationm of DPC1OM
used ( Fig. 131) . If, huowever, carbaciuol was

�td6Iledl to time immuscle duriiug time application
of DPCIOM, time block produced was

(B) greaten’. Thus Fig. 12A slmows timat 1.1 X
10_u; .� I)PCnuuiNI applied for 15 mmuimmto a

qiniescenmt I)i(�l)amati0nu caused veny little
anutagoinismim ( (lose ratio, about 1 .1 ) , but

tiunt substanntial lv mmmone ammtagomuismiu was

l)roduce(l (close ratio, about. I .6) whemm
carbacimol, 1.7 X 10� �m, was apphe(l fom’ a

total of 4 mmmiii jim time presemmce of time

ammtagon ist.
Thuis fimmc!inug (onfinmmme(I time earlier, tenta-

tiV(� comuclusionm thmat time desemmsitizatiomn-
emmimamucing action of DNCnuu resulted from
anm inmcnease iii time affinuity of time receptors
for time anmt.agomuist, caused by applicatiomu

(C) of tue agomuist , i’athmer timan fronu aim effect

of time antagonist omi time clesenmsitizatioim
process. Timus, withu 1)PC1I\I, the 1)lockiimg
effect. lasted indefinitely ammd could be comm-

fideimtly ascribed to alkylatiomm of receptors

DEBC rather than to clesensit.izatioim.
i:�-ii�� 1mm descril)immg time effects of DNC10 and

DPCn0, evidlenuce was presente(l that time de-

semusitizatiomm-emmhuaneimug effect was specific,

iii that. it was l)roduce(l onulv by acetyl-

(imohinme-hke agoiuists mu time chuck, and muciu
nmuore i)\’ suxammuethmoniuimm timaim 1)y CarI)adhmo!

iii leecim nmuscle. We tiuerefore investigated,
jim leech muscle, aviuether the effect of differ-

emit agonists iii promotiiug receptor alkyla-

tionm by DPC1OM showed time sammme specific-
ity as was described for time desensitization-

enhancing effect described earlier.
Figun’e 1 2B shows that suxamethmoniunmu,

as well as carbachiol, itmcreased time blocking

the periods inidicate(I by honizontal bars, 2.2 X
106 am DPC1uuM was presenmt. This experinment

showed that the blocking action of I)PC11M was

increased by sinmul taneonns application of carl aehol,

bunt mint by anm eqnmiactive dose of caffeine.



TABLE 2

Se!ectin’e action of DPCn0M with respect to carbachol and suxamethoniuin in leech muscle

The table shows dose ratios for carbachol and suxamnethonium produced by exposure of strips of leech
muscle to DPCn0M. Control values represent the effect of DPCn0M alonme; experimental values were obtained

after concurrent application of the conditioning agonist (concentrationms and times indicated below). For each

pair of measurements, two strips from a sinmgle muscle were used.

Conmdition.s Dose ratio

Experi-

Antagonist Test agonist Conditionning agonmist Control mental

9.6 X 10-6 an, 15 nmin Carbachol

Carbacimol
Carbachol, 1.2 X 10-i M, 5 mini

Suxamethonium, 4 X 10� M, 10 mm
No block

No block
No block

No block
2.4 X 10-6 an, 20 nmini Suxamethonium

Suxamethonium

Carbachol, 1.6 X 10� an, 4 mm

Suxamethonium, 4 X 10-i an, 4 mm

1 .24

1.69

1.25

5. 8a

a Log dose-responmse curves were markedly flattened; close ratios were mea.snnred at rouglmly 50% of the

maximal response.
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effect of 1)PC10M mm cimick nmusc!e ; caffeimme,

however, did hot (Fig. 12C) . Suxametimo-
nium was approximately 30 times as active
as carbaciuol in �)roducing contracture, and

appeared to be similarly mimore active imi
enhancing block by DPC10M. Caffeine in a
concentration of 4 mmvi produced a con-
traction about equal to that produced by
1.5 X 10� M carbachol but was completely
ineffective iii enhancing the blocking action

of DPC101\I.
In leech nuuscle, as Table 2 and Fig. 11

show, the sensitivity to carbachol was un-
affected i)y DPC10M, and carbachol was

correspondimugly ineffective in eimhancing the
blocking action of DPC10M. Suxamnetho-
nmium, on time other hand, was aimtagonized

by DPCIOM, and was also very effective in
increasing the blocking effect of DPC1M.

These relationships, jim cimick amid leech
muscle, are sunutumarized in Table 3. Thus,

the specificity of actiomm of eacim agonist in

enhuanciiug time 1)lockimng effect of DPC1OM
corresponds exactly to its receptor specific-

ity as atm agonist. The pimenmommuemmon de-
scril)edl can timerefore be megardec! as aim
effect of agonmists upomi tiucir receptors, the

effect. being to inmcrease the affimmity of the
receptors for ammtagonists of the particular
type represeiuted by DPC1O, DNC1II, and

DPC111\I. We have chuoseim to call this a
metaphihic effect of agomuists, demmoting timeir

ability to alter time affinnity of receptors for
otimem’ conmml)oumm(!s.

Time course of the metaphilic effect. It
was of imuterest to determine whether time
metapiuihic effect vanished as soon as the
agonuist was washed out of time tissue, or

TABLE 3

Enhancement of b!ock by DPC1OM by different agonists

Species anmd test agonist

Effecta of conditioning agonist

Carbachol Snixamethoniunnm Caffeine

Chick

Carbacliol
Sunxamethoniunm

Caffeine
Leech

Canbachol
Snmxanmethonnmnmnm

+

+
0

0
0

+
+
0

0

-4-

0
0

0

.

a + indicates enchancement of block by (oniditiommmnig agonist 0 inidicates little or no effect ; - indicates

not tested.



whether it renmaimmed after reimmoval of time

agonist. Time experiment iii which block by
DNC10 was enluanced if time cling was im-

mediately prece(!ed I)y a large dose of
agonist (Fig. 7) suggested time latter, but
the point could l)e tested more sat.isfac-
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FIG. 1 3. Time coo rse of block-en/nancin g (nietaphi!ic)

effect of carbachol in chick muscle

a. Dose ratios pr�climcecl l)y applicationms of

DPCm0r%I, 2.2 X 106 in, fon 15 nmmimiat vaniotns times

after washing out a close of carbacimol (1 .5 X 10� an,

for 14� mm). The point showmi at tinme imifinnity is the

meani and stammdard enmor of 1 1 nmeasumenmemmts of

dose ratio after applicationi of DPCm0M as above, but

with no previous large dose of carbacimol. Timere is

clearly a regressioni with time, amid sonme effect is

apparent even 15 nmimm after washing the carl)achol

out of the tissue.
b. Dose ratio plot te(l againist conicent nation of

DPCn0M (applied Ion 15 nmin). Time point at 2.2 X

106 M is the meamm of 11 ol)servations (and is the

same as the poinmt at tinme infinity mm Fig. 13a). The

poinmt at 4.4 X 10�6 an is the nmeani (with stammdard

error) of five observations. Time filled tniammgles are

the means of the sinmgle observationi.s plotted mm Fig.

13a, the appended nmunmhems beinmg the immtervals (mm

minutes) betweemm washinmg out time large dose of

carbachol and applyinmg DPCIOM. It is apparemmt that

a dose of 1.5 X 10� an carhachol for 1� mm may at

least double the blocking potemmcy of DPC1OM applied
shortly aftenward.
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torily by using DPC10M. Time c!esigmm of time

experinuemmts was as follows. After estab-
lishnimug time conmtrol close-nespoimse cuive to

carbacimol, time l)rePnliation ��‘as rested for at
least 15 nun ammd was then exposed to 2.4

x 10-s M DPC1OM for 15 miii, without coin-
curremmt applicatiomm of agonist. A second
(!ose-resl)onuse curve to carbaciuol was then
cleternuiiued in order to measure time oc-

cupancy produced. DPC10NI was then ap-
plied again at the same concentration, pre-

ceded, at immtervals varyinmg fromum 0 to 2#{189}
hr, by a large dose of carbacimol (1.5 X 10�

M for 11,4 iuuimu) . 1mmcontrol experiments, the
conditioning dose of carbacimol was omitted.

After wasimimug out time amitagonist, the

carbacimol dose-response curve was again
muimeasinred, and time close ratio produced by

the sccoimcl application of DPC10I’sI was
conmparec! with timat produced by time first.

b Figure 13a shows time results of these cx-

pemimimenuts. Time metaplmilic effect clearly
outlasted time lmieseimce of carbaciuol, being
still (letectal)le 15 iiniii after wasiuinmg out
time agommist. Time effect of f)PC10M applied
2�/� hr after time conuditionminug close of carba-

chuol did nmot d!iffer sigmuificantly fronm time

-I Comitlol, in whuichm mmo comu!itionming dose ��‘nts
4 5x10� given.

Time tnmie course of time mimetaphihic effect

l)no(hnce(1 by a 1’/.�-nuimm application of 1.5
x 10-i M carbacimol is shown iii Fig. 13a:
wimeni DPC1Oi\I was applied! inumediately

aftem time comuditiomming close of carbachol, it

pno(luce(! a dose ratio of 2.5-3, whereas
wimcnm no conmditionmiiug (lose l)recededl time
1)PC()�1 ap�)hicatiO1i, time close ratio was

onmly I .4. Even whemu 15 nuini elapsed be-
tween time conu(litioniimg close ammd exposure

to time amutagommist, time (lose ratio was about
2, simowinug timat time effect of time commchition-

hug (lose persists for at least 15 mini after
it has beeim wasimed out of tine tissue.

Time magiuitu(le of time flmetntl)hlihiC effect
nimay 1)e expressed as aim increase in potency
of DPCIM plodluced i)y time conmclit.ioning
(lose of agommist. Figure 131) shows the rela-
t ionuship between D PC iM con cenutrationu
amid time occupancy l)rod!uced in time absence
of anmy comuchitiommimug (lose, amid also time in-

crease ui time effectivemuess of DPCn�M when
it was preceded by time coiu!itioning dose of

carbachuol. It camm be seen that the potency
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of 1)PC10M was mougimly doubled by the

conmclitioiminmg (lose of carbacimol given 5 mmmiii
before.

Effect of tu.bocnrarine applied before
DPG1��1I. It was importanmt to estal)hsh
a�’hetimen time aiutagomnist#{149}, tubocurarimne, when

a�)plied before 1)PC10M, would emmhmance
DPCIOM i)lock iii time saimme way timat cam-

bachiol did, or wimetimer a drug acting on time

same receptor as 1)PC1(M imad to be aim
agommist to simow time nietapimihic effect. The

same experinmemmtal design was used as w’ithu
time experimemmts onm time tunic course of time
metaphiiic effect of carbacimol, but inusteac!

of a large chose of carbacimol before time
secommd DPCn11\I applicatiomm, a close of

tubocurarimue � I .5 x 10� �i ,� was applied
for 4 immin amid wasimed out 5 mimi before
time secomid !ose of I)PC11M. This concemu-
trat.ionm of tuhiocuiariiue l)ro(!ucedl aim occu-

pamucy of ap�)roxiImuately 0.8, amid on wash-
imug out of time ttnbocurarimme the antagonism

dechimued rapidly , so that time occupancy
was iueghgible at time tinme wimen the
DPCnu,�\1 was a�)plied. If any mmmetaphilic

effect imail beeni l)mo(luce(! by time tubo-
eurarinue, it \VOuldl have caused a larger
(lose ratio after time su.eomnd (lose of DPCIM

thamm after tine commtrol.
This was imot foumud to he true, iuowever.

time eflect of I )PC’nu,)uI i1l)l)li(�(l after expo-

sure to timbosunarimme i)eimmg idenmtical with
time effect l)ro(llmce(1 withmout ammy condit ionm-

immg close of tubocuramimie. This result was

eoiisisteiut \Vithu time i(ldt1 tlnitt actit’afiofl.
aimd not immencly occupation. of time recei)toms

is mieeessarv fon time nnetaphmilie effffect..

DI�( US�ION

Time results pnesemmted mm thmis pai)m shmow
that time ammtagonuists DPCIU, D�C0, aim(!

DPC1M produce their effects by hlocknmg

receptors iii both clmiek amid leeclm mimusele.

and t.hmat timis actiomu is specifically favored

by eommeurrent. application of time agoimists
that act upomm thmese ieeeptons. Witim time me-

VerSil)le aiutagonists. T)PC11 amid DNCI.

the effect. takes time fommmu of ‘enimamuced die-

seimsit izatioim.” There aie, imowever, reasomis

for ascribiiug this pinemmonumeimomu to time enu-

huaimcemuuemut, by time agonist. of time action of
time antagonuist, rather thmamm to time enhance-
ment of (lesenmsitizatiomm by time ant.agoiuist.

Timus, DNC11) al)l)liNl hi time afterniathi of a

large close of agomuist pnoducecl a greater

block timamm wimemu it was applied after a rest
from agonist (Fig. 7) . This findinug shows
that DNC1O canmiot. act by acceiutuatiiug tht�
(!eveiopmiuenmt of desenusitization ; it could

imowcver, ietamcI time recovery lJmocess. The
expeminiemits with time alkylatiimg agent.

DPC10NI, suggest that. this is mmot so. for in

a l)mel)aratioii blocked by DPC11\1, dc-

semisitization was imot enimammcecl ; thus, the

irreversible block ��‘as not associated witim
aim irreversible effect omu clesenusitizationm. Time

iiiterpretatiomu that is coimsistent witim all of

timese findings is that the antagonists have
no (lirect effect on desensitizatiomm, but that
timeir affiumitv for receptors is increased by

I)m.uon om� comucurrent apphcatiomm of agoimist
to time tissue.

Another interpretation that has to be

eolusi(leredi is thuat the agonists facilitate the

access of mimetaphihic amitagommists to the re-
ceptoms. Thus, for instance, comitractiomu of
the tissue migimt imucrease the rate at which

these antagoim ists equilibrate t.hrougiuou

time extraceilular sl)ace of thme tissue; imow-

ever. this canuimot be time case, i)eCaUSe cal-
fcinme comutractiomms mu time I)meseimCe of

I)PC1M (lid! imot affect time flumal level of
block (Table 3 aiud Fig. 12C) . Agaiim, if time
site of actioiu of mimetapimilic amutagonists

� immtracelhnlar, time hhock-emuiuancing ae-

tid)nm of agoimists mmuighmt result froni their

(ausimmg aim increase of imuemmubraiue permmme-
�t1)ihitV. thmerei)v faciiitatiimg time emmtmy of

time aimtagoimist iimto time cell; but DPC1.

1)XC111, amid DPC1�M act specifically 0mm
aeetvlehmolimue receptors of chick immusehe

( Figs. 4, 9, an(l 10) , imot omm time contractile

nmechuaimismmi, and there is good eviclenuce timat
acetylcimoline receptors are accessible omuly

fnoiim OUtside time cell (18, 14) . Funthernuone,

if DNCIA were let imuto time cell by time

aetionm of cari)aciiol, time fimmciinmg that a

pcii0d of rest partly relieved time block
Figs. 3, 5. amid 6) nmeans that some nuecha-

nminmu Ion time remosal of DNCII, in time aim-

(lice of caibacimol hunts to I)e postulated for
t hme elect rochienimieai gradient. discouraging

time escape of a catioiuic drug, such as
DNC1o, froimm time cell would be gmeatest
whienu time muenmhramie potential is lange (i.e.,

mm time absence of carbaciuoi). Thins, muot
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oiuly is there stroimg circunustantiai evidence
agaiiust aim iimtracellular site of action of

metapimilic antagomuists, but also, if facili-
tated access to sucim a site were to be time

basis of time metaphuilic effect, a special
nuechuamuismim for time rcimmoval of nmetaphmilic
amitagomuists-sucim as active punmping out of

time cell, or immetabolic breakdown-would
have to be ProPosed. Such a imuechanmisni
appears imigimly imnl)robable.

It appears, timerefore, that agonmists mmuust
alter the structure of time receptor site in
sonic way, increasing its affinity for thmis

particular type of aimtagonist, but not for

coimventional ammtagommists, such as gallamine.
It is thus postulated molecular alteration of

time receptor by agommists that we have

cahlel time metapimilic effect.

Although we have shown the mmuetaphihic
effect only iii relation to time affinity of re-
ceptors for anmtagoimists, atm obvious possi-
bihity is that time affinmity of receptors for
agonists is similarly altered. Such aim effect,
if 1)reseiut, could be inyolveci iii time media-
nisnmm of deseiusitizatiomm.

Time metapluilic effect iii sonic ways re-
sembles time wehl-kimown allosteric effect

( 19-21 ) , in which an allosteric effector

molecule is thought to bring about a con-

fornmationm al cimange in a nmacroniolecule,

thereby altering time affinity of a s�)atially
separate active site for its substrate.
Models of drug-receptor iiuteractiomms based
on ahlosteric niecimanismmus have recently
heemi pn’ol)Osed by Karlimi (22) ammc! by
Ciuaimgeux, Thmi#{233}ry,Tung, amid Kittel (23).
Inn our experimemuts, the chenmical resenm-
blammce 1)etweeim time agomuists and time an-

t.agoiuists nuakes it ratimer unlikely that they
w’eme actimug at spatially separate sites.
Moreover, tubocurarimme prevemmtcd receptor

blockade by DPC1(M; thins it is likely that
timese simbstanuces conuupete at time saimuc site,

and it is geimerally accepted that t.ubo-
curariime conubirues with time same site as
agoimists (3, 5). It therefore seemims umilikely
that DPC10�I caiu commubine witim a receptor

actually occumpied by agonist, amid we must

assunme either that time change iiuduced imm
time receptor by time agonist outlasts time oc-

c’upation of time receptor, or that occupation
of a receptor by time agonist can imuduce
cimamuges in adjacemmt, unoccupied receptors.

Time latter possibility was elaborated by

Cimatugeux et al. (23) imito a ratimer gemmeral

timeory of di’ung action 1)ased on “cool)erativ-
it.y” betweeiu adjacemmt receptors. Our find-
inmg that time nmetapimilic effect persists for

at least 15 mmmiii after washming out a large
(lose of agonist supports the former .hy

I)otlmesis, aiu(l it seemris uimnecessary to in-
yoke a niecima mmisni depemic!immg oim interaction
between ac!j aceiut receptors.

Time mimetaphmilic effect appears to repre-
sent a chamuge in time molecular structure of

time receptor brought about by the action of
agommists, but imot of antagonists. An inter-

esting possibility is that it may be an in-
direct mmuamuifestat.ionm of time molecular
change in time receptor involved in the

i�ocess of stimulation.
A possible example of the metaphihic

phenonuenon is provided by the study of
Flacke and Yeoim ( 12) , using leech muscle.
They foummd that tubocurarine produced a
conventional block when measured against
carbachuol or acetylchohine, but produced

omuly enhanced desensitization when tested

against suxanmethuommium. The response to in-

frequent doses of suxamethomuitmin was quite
unaltered iii the In�esence of tubocurarine.
In this case oime would have to propose that
tubocurarimme had! iuo appreciable affinity for

stnxaiuiethmomm iunm receptors ummti 1 timey had
beeim acted upomm by suxamiiethmoiuium. The

enmhammcimmg effect of suxamumetimoniunu on time
blocking action of tul)ocurarimme could be

detected wimeim time tubocurarimme was adc!ed

shortly after washuimug out a (lose of suxa-
nuetimoniummu (as in the preseimt st.umc!y, witim
carl)achol aiud DPC1ONI ) . Thins, in time leech

it would appear that the two types of

antagoimisnu-comuvemutiomual amid mnetapimihic-

are clenmomustrable withm a simmgle antagoimist

actimmg on ciifferenut receptors; in coiutrast, in

chick iuuuscle suxaimmetinommiumui and carbachuol
act at time sanme receptor, and the t�pe of

amutagommismmu produced is a fimnctioiu only of

time ammt.agonuist used. Timese sonmewhat. irm-
volved relationushuips are sumummimarized in
Table 4.

A series of �V-substitumted ciccanuetimonuium

derivatives was studied for 1)locking action

a ga imist bunty ltrinuethylamnmuomm iunu iii the
frog rectums ah)domninis preparation by van

Rossunnm (24). The cumulative metiuod for
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TABLE 4

Summary of actions of compounds studied on chick and leech muscle

Compound Chick muscle Leech muscle

Carbachol and suxamethonium Agonist.s acting ommsame receptor Agonists actinig on different
receptors’

Gallamimme Conventional anmtagonmist Conmventional anmtagonist on

both receptorsa

Tumbocurarine Conventional antagonmist Conventional antagonist of car-

baclmol �‘ met aphilic amitagoniist

of smxanmetlmoniiuma

DPC1(, anmd DN C10 1�evemsible nmet aplmilic anitagomiists Conmvent ional ant agoniists of

carbachol; nmmetaphilic anmtago-

nists of snnxamethonmium

DPCIQM Inneversible mnetaphilic

amitagonist

Not irrevensible antagonist of

of carbachol; irreversible

nmetapimilic antagonmist of

snnxannethoni iu ill

a From resunlti of Flacke amid \eoh (12).

nmeasuriiug agonist dose-response curves was
use(i, amid several of time more Imeavily sub-
st ituted coml)ounds caused flattening as
ivehh as a shift to time right of time log dose-

response curve. This was attributed to
“nmoncompetitive” ammtagommisnm, but it seems

imossible that time metapiuihic phueiuonmenomi
could have accouimted for at least part of

time flattening that was observed. Thus, the

progressively increasiIig agonist concentra-

tion niight, by a metaphuilic action, have

l)rogressively increased the antagonist oc-
cupamicy durimug the determination of time

dose-response curve.

Another recent study concerning an

alteration of receptor specificity is that of
Karhin and Winnik (25) ; here, however,
the ageimt used to chamuge time receptors was
not an agonist but a reducing agent, di-

thiothreitol. N-Ethyhmaleimide appeared to
react with time acetylcholine receptor of the
ehectroplaques of Electrophorus elect ricus

omuly after time tissue had been treated withm
c!ithiothreitol. Karhin and Winnik suggested

that the dithiothreitol reduced a disulfide
bond iii the receptor, rendering it suscepti-
ble to the action of N-etimylmaleimicie.

Waud (26) has criticized the misc of

“cross-protectionu” experiments, in which

large doses of agonist are applied to tissues

timat are tiueim exposed to an irreversible

antagonist. If time hlockiimg effect of time

antagonist is reduced wimeiu agommist is aim-

I)liedi simultaneously, this is taken as cvi-
deuce of a conmumimomi receptor site. Time
present studies suggest anuother possible pit-
Ia 11 in time imiterl)rctation of cross-protectioim

experiments, for lucre application of agonist
has been simow’n actually to promote time

occlusiomm of receptors by an irreversil)le
anntagonist.

The iong-lastinmg imature of time metaphihic

effect suggests that the altered form of time
receptor for which the aimtagonist iuas high
affinity persists for mmmaimy minutes after re-

mnoval of the agonist, reverting only slowly
to time “muatural” form. An interesting cx-

anmiule of a chaimge in protein conformatiomi

timat takes several nmiiuutes to occur was
(leScrih)ed by Massey amid Curti (27) . They
found that wheim the apoenzynme D-amimmo
acid oxidase was activated by addiiug flavirm

ademuine dinucleotide at 15-16#{176}, the result-
ill g conformatiomual cimammge occurred expo-
imentiahly with a tinme constant of about 5

mmmiii, even though tue complex was formumed

almost instamutaneousiy. Thus the slow tinmie
counrse of the metaphihic effect would ap-

pear to be coimmpatible with a slow coim-
formational rearrammgemmuent of a macro-
immolecule. Omme effect of agonists whuich nmay

also persist for immammy mmmiimutes is desenusiti-
zat.ion, and this raises time possibility that

tho receptors for whmichm DPCn4,M has high
nuffimmitv immav 1)e “ulesemnitized” receptors.

Time nuecimaimismuu iiivO!VC(i un drug de-
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senmsitization are at I)i’(S(nmt (unite unucertaiim.

It seenms clear timat at least one nmechmaimisnm

is iiomispecific� ( 28, 6 � amid tlmcnefore not to
be construed mm tcrnmms of specific ncccptoms.
On time otimer hlalm(i, agonmist-s�)ecific (IC-

sensitization also exists t29, 301 , amid Katz
and Thmesleff (31) suggested a immo(Iel for
desensitization at time neuronuuscular jummc-

tion imivolving time gradual fornmationm of (IC-

sensitized receptors , wimichi revert spoilt a-

neously to time natural form wheni time ago-

must is removed. We are curremutly studyiing

desensitization in chick amid leech muscle to
try to determine wimethuer there is a neht-

tionship betweeim this amid time nuetaphilic
phuenonienoim. Time possibility that time saimme
molecular process underlies stimulation, de-
sensitization, and time metaphmihic l)hienuomu-

enon also reimmainus to be explored.
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