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SUM MARY

Evidence is ijrescnnted that desensitization to cinolinnergic agonnists ins chick arid leech
muscle is a process involving receptor inactivation. Various possible mecinansisms that could

account for slouv inactivation of receptors by agonsists us-crc analyzed mathematically, arid
expressions us-crc obtained for the rate annd extenst of desenssitization expected under various
conditions.

Witis the majority of agonists tested there appeared to be tine same relationship betus-eens
tue responsse amid tine amount of desensitization produced. Certain agonists, houvever, us-crc
relatively more effective in causing dcsenssitizations.

The kinetics of development of amid recovery from descnssitizations us-crc studied ins chuck

and frog muscle. Reactivation of dcscnnsitizcd receptors occurred exponentially. Ins cinick

muscle the rate constant for recovery us-as tine same (0.3 mini-u) regardless of w-hsat agonnist
had beens used to produce tine desenssitizationn.

Ins chick muscle, tubocurarinne decreased part passu the responsse auth tine dcsenssitizatioms
produced by carbachnol or suxametinonniuns. ‘l\ibt cur trimie imscrentsed tine desenusitization pro-

duced by tine partial agonist n-decyltrinnetinylammomniunnn.
These results are compatible uvitin tine cyclic nnodel for desensitizations suggested by Katz

and Tinesleff [.J. Pit ysiot. (London) 138, 63 (1957)], ssitis tine additionsal factor tisat certain
drugs may have a preferential affinsity for desennsitized, compared us-itis normal, receptors.
Tine process of receptor activations may be very closely related to tine tm’annsitionn from nnormal

to desenssitized receptors brougint about by agomsist drugs.

INTRODUCTION

Ins a study of an anionnalous ty�)e of drug

antagonism involving cholinsergic receptors

ins chuck slosv muscle amid in leecis nsuscle (1)

us-c found tinat tine affimnity of tine receptors

for certain antagomsists usras inncreased if tine

appropriate agonist usTas applied at tine same

time as, or sinortly before, tine tissue us-as

exposed to tine anstagonist. Trine evidensce

suggested thirst this cinange ins affinity us-as
due to a connformatiomsal chiarsge ins tine
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receptors cntused by tine agonsist amid it usas

called tine metapinilic effect. Because tine
effect was founsd to persist for several nnins-

utes after a consditionsinsg dose of agomnist
uvas svasised out of tine tissue, us-c suggested
that it nsigint be related to tine plnemiomensons

of desemssitizatiomi, us-inicis appears as a de-
crease inn tine sensitivity of a tissue to

agomsist drugs thnat occurs after a hugh cons-

cemstratioms of agonist hints been ap�)iied to

tine tissue, aisd from uvhnicis recovers- cams

take mamsy mimsutes.

Ins tinis paper a muumnnber of possible musecina-

nsisnns tinat could be respomnsible for desemnsi-

tizatioun are discussed, witin tine aim of
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detcrminsimng usinether the mechansism could
also account for tue metaphilic effect.

There inave beers several studies of drug

desensitizations ins various tissues. Barsoum
amid Gaddum (2), Canstomsi arid Eastmars
(3), arsd Patons (4) inave described specific

and nsorsspecific desensitizatioms ins intestinsal

smooth muscle. Desensitization at the frog
rseuromuscular junction linus beers studied by
Thesleff (5), Katz and Thcslcff (6), Nastuk,

Manthey, and Gissers (7), and i\Ianthcy

(8). Khairallahn, Page, Bumpus, arsd T#{252}rker
(9) have studied the desensitizatioms pro-

duced by angiotennsinn ins arterial smooth

muscle. Tine currcnst status of tine various

theories J)ut foruvard is discussed by Elm-
qvist arid Tlneslcff (10), Taylor anid Neder-

gaard (1 1 ) , ansd Waud (12) . It is safe to say

that the mechanism is poorly understood.
An important but riot alss-ays very clear
distinction hurts beets made betwecrs specific
desensitizations, ins ushichs an agonsist desen-
sitizes tine muscle only to agonists that act
upon the same receptor (2, i3, 14), and non-

specific desensitization, in us-inich ann agonist

desensitizes the tissue to agonnists that act

on diffcrennt receptors (3, 4).
The first part of thnis paper is comsccrnscd

with testinng tine specificity of tine desenssi-

tization produced by agonsists sucin as car-
bachol and suxamcthonsium in chick and

leech muscle. If desensitization is related to

tine mctaphnilic effect, it us-ould be expected
to shous the same patterns of specificity. The

results sinous- this to be true, ansd suggest
tinat desensitizations involves tine insactiva-
tiomn of a fractions of the receptor p001, as

proposed by Katz and Thesleff (6) and
Nastuk (15). These authiors suggested vari-
ous theoretical models to account for desen-
sitizationn, and us-c have analyzed tine prop-
erties of these arid other models arid tried to
test experimenstally us-hnich onse accounts most
satisfactorily for desensitization to cinoliner-
gic agonists ins cinick arid frog muscle. The
results support tine cyclic model proposed

by Katz annd Tinesleff (6) arid favored by

tinem on kinetic groumnds. Thus model postu-
lates tine produictioms of a modified and ins-
sensitive comnformnttioms of tine receptor, winichn
could be tine form for which metapisilic

antagonists have a preferenntial affinnity. The
quamstitative relationnsinip betweemi desenssi-

tizatiors and tine metaphilic effect is dis-

cussed ins the accompanying paper (16). Tine

results also suggest a relationship betssecns
the processes of receptor activations arid

desensitizations svinicin implies thirst desenusi-
tization is a nseccssary conssequennce of recep-
tor activations and nuot simply a pinarmaco-

logical curiosity.

Previous studies 015 desensitization (6-8)

have expressed the effect as a fractional
reductions in the response to a givens concen-

trations of agonist. Ins order to insfcr from

such a measurement the fraction of the
receptor pool that has beeni inactivated,

some assumption about the relationship

bctsseenn the fractionsal receptor occupancy

by tine agonist drug and the measured
effect is needed, arid this cans lead to consid-

erable uncertainties in interpretations (see
ref. 12). In the present studies, uve have cx-

pressed desensitization in terms of agonist
dose ratios. Though this imsvolvcs more
laborious experiments, being a null methnod

it circumvents the nnecd for these arbitrary
assumptions, and has been used extenusively
in the analysis of drug-receptor interactions
(4, 17, 18).

MECHANISM OF DEsENSITIZATr0N-

THEORETICAL ASPECTS

Tine main mechanisms that have been

proposed to accounst for desensitizations arc

tine fohlossinsg.

Nonspecific mechanisms (3, 4, 12). Winens

only one class of agonist is knous-ns, it is

difficult to exclude nnonnspecific mechanisms.

Results presented beloss- show that mechansi-
cal fatigue or failure of excitation-constrac-

tions coupling is riot appreciably involved in
chick muscle, arid there is abunsdanst cvi-

densce tinat desensitizations is associated ssith
recovery of both tine membrane potential
arid the conductance at tine frog neuromus-

cular jursction. Waud (12) has suggested

that local ionic shifts brought about as a
corssequensce of the connductancc chnanngc

could account for desensitizations, but it is
riot clear to us mow tine entry of sodium
iomns on tine loss of potassium iorss could act

to restore the membrane potemstial arid
nullify tine inncrease inn conductance.

Receptor mechanisms. Various suggestionss
have beers made thirst have tried to accounst
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for desemusitizations by tine properties of tine

drug-receptor interaction itself. Thins Paton

(4) punt foruvard tine rate theory of drug
actions, uvhich suggests thirst tine effect of an
agonist is a funnctions of its rate of associa-

tions uvitis the receptors (not of tine frnsctionu
of receptors occunpied, as the comnvenntionnal

theory molds). Tinis tineory predicts tinat tine

effect of ann agorsist uvill insitially be large,
ushen all the receptors are vacant arid tine

associations rate connsequcnntly hsigin, bunt uvill

fade auvay as tine fractions of receptors occun-
pied by agonist molecules increases, leavinsg

fcsser vacant for fresin associationss. When
the drug is usashned out of the tissuse, tine
rate of association svill at once drop to
zero, amnd so tine effect will cease, bunt a frac-
tions of the receptors us-ill remains occupied,

and this means tinat the tissue us-ill be less
sennsitive for a time after an agonist is

us-ashed out of tine tissue. Tue cunrremst

status of this theory is discussed by Waud

(12); tinough comsvinscinsg evidence ins its

favor is difficult to obtains, it has not so far

beems refuted experimentally, and us-as cons-

sidered as a possible mechanism for desens-
sitization in the present study.

There are also various models that adhnerc

to tine basic occupations tineory of drug action
(i.e., response is a functions of tine fractions of
receptors occupied by agonsist molecules,

and not of the rate of association), but add
on extra reactions steps ins order to explain

desemssitization. Four basic models of this
type have beems proposed and arc shnowns in

Fig. 1. TIne first tinree (Fig. la-c) us-crc cons-

sidered by Katz arid Tinesleff (6). In the

first model, tuso types of agonsist-receptor
interactions arc ersvisaged. The first type of

complex, AR, is formed rapidly amid is

responssible for producinsg the drug effect.

Tue second type of complex, AR’, is formed

omnly slowly, arid is innactive. Inn tine second

type of model (Fig. ib), tine active connplcx,

AR, slouvly turns into an irnactive fornn,
AR’. Inn thnesc tsso models, slosv recovers-
from dcsemnsitizationn is ascribed to slow dis-

sociation of AR’ (in Fig. la) or to slous
reconversion of AR’ to AR (inn Fig. lb) The

third model (Fig. ic) also entails tine cons-

versions of the active complex, AR, to an

inactive fornn, AR’, bunt tine status quo is

a. PARALLEL REACTION

fast

A + R�-�AR

A ± R,�!�AR’

b. SEQUENTIAL REACTION

A + R � AR � AR’

C. CYCLIC REACTION

A + R�S���AR

sIow’� Islow

ftT
A 4 R�-AR’

d. TWO-SITE

A -4- R � AR

A + AR � AAR

FmG. 1. Hypothetical mechanismsfor desensitiza-

tion

Imi each nnodel the active complex AR is formed
rapidly. 1)esemnsitizatiomn entails the slow forma-
tionn of AR’ (iun models a, h, and c) or of AAR
(model d). Jun the cyclic reaction model, the exist-

ence of imnoccupied but desensitized receptors,

R’, is postulated.

restored by dissociation of AR’, leaving free

R’, uvhich then slouvly reverts to R. As Fig.
ic is drass-nu, tine desensitizations ansd recovery
steps arc irreversible. As Katz and Thesleff

discunssed, tinese cams be made reversible, but

inn tine formuiationns that follow we have

founud that the irreversible model gives

rathner simpler equations, riot differing in
their genseral form from tinose of the rever-

sible nsodel, ansd us-c have consfined ounr at-

tentions to thus form.
Finnahlv, Fig. id shnosss a model that

derives fronn Nastunk and Gissens (19), us-mo

sunggested thirst tine receptor has more than

one binudinng site, arid that occupatiorn of tine
first site activates tine receptor svhile occu-

pati�nn of subsequnennt sites imsactivatcs it.
Thins desennsitizations is ascribed to tine pro-
gressive occupations of tine extra binding
sites, uvinicin Nastusk arid Gissen (19) sug-
gested might be tinree pinOsI)hinste groups. Imn

our reprcsenntationi, omnly tsso sites are shnossmn,

because additions of extra sites nnerely cons-
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uvisere c.1 = k��’k,.1 [A ].

plicates tine equationus ssitinout basically
altering their form.

Depolarizer entry (11). Thus theory sug-
gests tinat depolarizing agents cross the
postsynaptic membrane, ausd that tineir ims-
tracehlular accumulations results ins dcsennsi-
tizatiomn. Evidence ims favor of tinis mecha-
nsism at presennt appears to be slender: in-
deed, dcl Castillo ansd Katz (20) found thirst
instracehlular insjcctioms of carbacisol a� frog
motor emid plates did riot affect tincir senisi-

tivity to externually applied carbachol, ss-iniciu
is contrary to the prediction of tise thory.
This theory does riot attempt to explains
winy intracellular accumulation of the ago-
mist should result in descnnsitizations, arid
therefore gives risc to little ins tine us-ay of
quantitative 1)redictionns. We small nsot, tincre-
fore, connsider it further, though it has
clearly riot been ruled out as a mechanism
of dcsenssitizations.

Predicted Properties of Theoretical Modets

We inave derived equations, based ons tine
laus of mass actionu, to describe tine extent

arid rate of descnusitizations as functiomns of
tine consccmitration of agorsist, and the effect
on desemnsitization of adding reversible com-
petitive anutagonsists.

In all of tine models tine drung effect is
greatest usineni tue drug is first applied, and
tincni dechimnes to a steady-state value us-incus

the drug is left irs contact us-itin tine tissue;
it is usefuli to obtains equatiomss describing
the rate arid extent of this decline predicted
by tine differenst models. Wisens tine agorsist
concenstrations is reduced to zero, a certaims
fractions of the receptors is left ins tine desen-

sitized state, amid tinis fractions cans be nneas-
ured by tine dose ratio method, as described
belous-. For eacin model, equations cans be

derived that describe the rate at ushnich
desensitization develops in tine presence of

tine agonist, arid tine rate at wisicin sensitivity

is regained after tue agonist is removed.
Finiaiiy, us-c us-ish to knnouv svinat effect a
reversible anntagonsist usould inave on tinese

systems. Tinere arc tuvo uvays of formulatinig

this problem. First, us-c cans find out how
mucin desemnsitization is produced, amid inouv
rapidly, by a givenu concentration of agonnist,
alone annd ins tine r)rescnnce of tine anstagonsist.
A second approacin is to connpare tine desenn-

sitizations produced by a givems conscenutra-
tiors of agonist [A I alone, usitin that pro-

duced by a conscemntratiomn of agonist [A]’
giving the same initial response ins tine
presence of tine anntagoniist as was obtaimued

usitin [A I alonnc. Ins tine follossinsg sections the
beinavior of the theoretical models sinous-ms irs
Fig. 1 usill be annalyzed ins tinis way.

Rate theory modet.

A + R AR

B+R��BR
k25

(pA)

(ps)

Hele k1�.1 amid k2.1 are tine associations timid
dissociation rate connstansts for tine agonnist,

A ; kiB amid k25 are tine corresponding rate

constants for tine anstagonsist, B. pA amid Ps

are the fractional occupancies by A amsd B,
respectively. According to rate theory tine
response of the tissue is a funnctions of tine
rate of association of agonsist molecules,
k1.4 � [A] (1 - PA /)�). If tinis model is to

explains relatively slouv desensitizations, k2.4
must be quite small. On the other hnamnd, the

antagomuist, tubocurarinse, is knousns to disso-

ciate rather rapidly from ennd-plate recep-
tors (21), amid in tue presenst studies us-c have
found that tine amstagomsisns produced by

tubocurarimne in tinins strips of chick bivennter
cervicis decreases us-iths a half-tinse of about
30 sec (uvhichs is faster thamn recovery from

desensitization). Thus is contrary to tine
rate tiueory as origimsally formushated (4),

uvhich requires that the (hissociationn rate
consstamst, k2 , should aluvays be greater for

agonuists thams for amstagonists. Thus, if tinis
thncory is to explains desensitization ins tine
presenst case, us-c have to abandon Patons’s
proposition thirst tine efficacy of a drug

depends only on its k2 , and to instrodunce an

efficacy term distinct from k2 . Tinougin tinis
robs tine rate theory of its attractive formal
simplicity, it remaimus a possible model for
desenssitizationn ansd nneeds to be comnsidered

furtiner.

Whems tine agomnist drug is added alonne, tine

initial rate of associatiomn, a0 , is givemn by

a0 = k14[A]

=



kd AR’

(p’A)

Imstegratioms gives time following resuilt.

B+R�4�� BR
k2B

(PB)

(2)
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Desensitizations, accordinng to this model,

corresponds us-itis the build-up of p4 . Tinus

= k2�c.1(1 - /)A) - PA

= c�4 [1 - exp -k24(c..1 + 1)1] (1)

CA + 1

Thins, if desennsitizations is alloused to pro-

ceed to equilibrium, PA reaches a value of
CA/(CA + 1). The rate of association, a�

is then (kIAcA)/(cA + 1).
The associatons rate declines exponuenstially

from a0 to a� usith a rate constant rd_i =

-k2A(cA + 1). Winen the desensitizing
agonist is removed, p.� decreases (i.e., semi-

sitivity returnis) witin a rate constant rr_m =

-knA
If uve now cornsider tine effect of inscludimng

an antagonist B, arid assume for simplicity
tisat it equilibrates insstantaneously ssithn tine
receptor 1)001 available to it, we ma�’ us-rite

= (1 -

us-here cB = kns/knj,� [B] ansd

dJ)A I

-��- = /121 CA 1 - PA - J)�)

c.4
PA = CA + c;±l

I r c1+c5+1
- exp L_k21 ±1

Tine initial rate of associations, an , is tineii

giveni by k2AcA(l - p�) or I�2tCA/(CB + 1),
amnd a� is givers by k2��c1/(c�1 + C5 + 1).
Tine rate comsstant for this process, Td’, is

-kIA(cA + e5 + l)/(c5 + 1), us’hnile tine

recovery rate counstanst, r’, is, as before,

-k’IA

If use mnow innagimne thirst tine effect of the

anstagonuist is counstered by raisinsg the ago-
nuist concenstration, it can be seems that ins-
creasing CA by a factor (c5 + 1) will over-
come the effect of tine anntagonsist ins reducimug

a0 . If CA(CB + 1) is substituted for C/1 �!5

Eq. 2, tine result is idenntical with Eq. 1. In

otiner ssords, tine effect of conscenstration CA

of agonist in terms of the rate ansd extent of

tine desensitization thirst it produces, as uvell
as tine initial response, is exactly matched
by concentrations cA(cB + 1) ins tue presence

of antagonist comncenntrations, c5 . These prop-
erties of the model are summarized ins
Table 1.

Parallel and sequential reaction models.

These two models (Fig. la ansd b) can be

considered together, as they give rise to
identical equations. The assumptions made

were that botis A and B equilibrate instams-
tanneously with tine free receptor pool, the
rate-limiting reactions being the desensitiza-

tions amid recovery reactions, governued by
rate consstansts kd arid hr , respectively. In
thus anid all subsequent models uve assume

that tine drug effect is a fusnuction of the
agonist occupancy p� and riot, as above, of
the association rate.

Sequential rcactioms model:

A + R � AR
k2A

(i�)

Parallel reactions model:

A + R AR (pm)

A + R � AR’ (/14)

B + R BR (p,,)

Ins botin tinese systenns, tine amoumst of

desemnsitization existimng at tine nuomennt tine

desemnsitizinsg agonsist is svasined out of tine
tissue is givens by p’.4

Tine properties of tinese tuvo nuodels are
summarized ims rflbi 2. Ti dimensiomsless
concenstratioms variables, c4 and c5 , inave

tine same meannimsg as ins tine earlier sections.
As ins Table 1, the first and third linnes are
tine sanse, shouvinng that addition of tine an-

tagonust B, withu a compensatinng inscrease ins

tue agonist comscentrations sucis thirst tine
imsitiai responsse of tine tissue is umncinannged,

leaves the extemst amn(l rate of desensitizations
umnaltned.



A

A

Initial
.

Stimulus
CAP4,

. .
Fmnal Stimulus

e4p4�

Equilibrium
. . .

Desensitization
�

/‘�

Desensitization Rate
Constant

-�

‘‘

Re-

coveryRate
10fl

stant
Tr m

alone

+ B

4’ + B

CA C1

CA + 1

CA CA
C4 + C� + 1

CA CA
C4+l

C .� C4 KC �
�

KCA + C4 + 1 KCA + C.1 + 1

CA c4 Kc4

KCA + C4 + c5 + 1 KCA + C4 + C� + 1

C4 C4 KCA

KC�t+C4+1 KC4+C4+1

KC.4 + C.4 + 1
kr

Cj + 1

+ CA + C� + 1
� + C� + 1

- k - RCA + C4 + 1

CA+l

kr

k

- k

r

eA , inn this arid stmbsequenit tables, is the agorsist efficacy, as defimned by Stepheunsomi (18). The expres-
sions imu the last limie are obtained by snmhstitutiung CA(CB + 1) for CA inn the second line. For the parallel

reaction model,

K-�-��-�’
k1.1 kr

Cyclic reaction model.

B+R B!?

A+R

Jk� lAd

B + R’

(pn)

(pA)

B

A + R’

(/)‘,,)

44R’ (p’s)
k2 �
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TABLE 1

Rate theory model

Initial
Stimulus

eAao

Final Stim
eAa,

ulus
Equilibrium

Desensitization
PA�

Desensitization Ra
Constant

r;�u

te Recovery Rate
Constant

r�’

A alone eA k2A CA
eA k2A CA

CA+l

CA

CA+l
-k2A(CA + 1) -k,1

A + B
CA k,A CA

C� + 1

eA k,A CA

CA + C� + 1

CA

CA + C� + 1

(C.4 + C� +
-k,4

C� + 1

1)
-k,.4

A’ + B CA k2A CA
eA k2A CA

CA+l

CA

CA+l
-k,A(CI + 1) -k,.4

eA is the efficacy of the agonist (18). However, since rate theory is beinug comnsidered, CA relates stimim-

lus to associatiomn rate, a, and not to occupancy as in the original definitiomn. The expressions in the last
line are obtained by substituting CA(CB + 1) for CA in the second line. The dose ratio, (B + 1, is the

ratio by which cA has to be increased in order to overcome the effect of the agomnist.

For the sequemntial reaction nnodel,

TABLE �

Parallel and sequential reaction model-s

kd
K=k�

BR’

Again us-c assume thnat the only rate-
iimiting steps are tine desensitizations amid

recovery reactions, witii rate consstants kd

arid k r respectively. It is convensienst to

define the ratio of tine equilibrium cons-
stanits of 44 for R’ arid for R, and similarly

for B. Thus



kiAkIA -

____ -

______ -

k2B

It is also consvensiemst to define

(Pu)
/AR-

A+--R-- ARA

(p,)

(m,)
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The amount of desensitization existing at

any time, tinat could be detected if the

desensitizing agonist usere removed from
the tissue, is givems by (PA + �B -F ;/). The
properties of thus system are summarized in
Table 3. Au important property of this
system is that tine expressions in the third
line of this table are riot identical us-ith

those in the top himse. Thus, if the effect of

an antagonist is overcome by raisinig the
agonist concentration by a factor (cB + 1),

so that the initial occupancy, �A 0 , is re-

stored, the desensitization produced is
greater than that produced by tine comiceni-

tration CA in the absence of any antagonist,
and the rate constants � and r� are
smaller.

It is obvious that ans antagonist with a
preferential affinity for R’ (F > 1) us-ill
promote desensitizations, because R’ pro-

duced by the agonist will tend to be trapped
by combinsation with B, instead of being free
to revert to R. Housever, even if tine anstago-
must has rio affinity at all for R’ (F = 0), it

still affects desensitization, as is showms in

the fourth line of Table 3. Desensitizations
is greater ins extent, arid slower ins onset,
tinans it is in the absence of the antagomsist,

but the time course of recovery is miot

affected.
Two-site model. This is formally more cons-

plicated than tine models discussed so far,

us-isicin Inave postulated only a single drug-

binding site on tine receptor. The complexity
arises because, by analogy usritis ahlosteric
proteins, there is a possibility of interactions

betus-een tine tus-o sites. If it is postulated that

biusdinig of a drug molecusle at the “desennsi-
tizinig site” renders ineffective tine binidinsg

of a molecule at tine “active” site, it cansmnot
be reasonnably assumed thirst tine affinity of

tine drug for the active site is unaltered by

occupatioms of the desemnsitizing site, timid

vice versa. Tisuns one has to take inito ac-

count riot only tine affimsity of tine drug for

tue two sites, but also tine insteractions be-

tween the two sites.
The postulated reactions scheme is as

follosvs.

Wineni site 1 is occupied, the complex is
represented by AR-; us-liens site 2 is occu-
pied, by -RA ; and us-liens both sites are

occupied, by ARA ; tine fractiomss of the

receptor ins tinese tinree occupied states are

us-ritters as Ps , J)m , ansd 1)12 , respectively.
We assume that site 1 is tine active site, so

that response is a functions of �i , and thirst
the forms -RA and ARA are desensitized.
To account for the slow kinetics of desensi-
tizatioms, it must be assumed thirst equilibra-
tion us-ith site 2 is rather slow (i.e., kd arid
k r are small). Tine genneral kinetic timid

steady-state equationis for this system arc
unusieldy, as they involve four separate
equilibria, amid the affinity for site 2 may
depend on whether or mnot site 1 is occupied.
We isave thuerefore derived three special
cases: (a) uviuens tinere is mno insteraction
betuveens sites 1 arid 2, (b) us-hnens site 2 can

be occupied only us-hens site 1 is occupied,
and (c) usinems site 2 cans be occunpied onsly
us-hen site 1 is vacant. Analogous models
have been described for cnzvnses usith more

than one binndimug site (see ref. 22). Tine
behavior of tine model is summarized in

Table 4.
It us-as mnot usortin connsiderinng tine effect of

antagonsist usith this nsodel: iso feus-er thams
12 separate equilibria are imivolvcd, us-itin a

corresponding number of disposable corn-
stamits in tine steady-state equationns, and
tine predictive valuse of tine equatiouns is
therefore very small. Moreover, tiuis model
attributes tine slous kinetics of desemnsitiza-
tioms to tine slousmness of tine reaction of
agonist at site 2. If tine reaction of tine

antagonist with site 2 is also allouved to be
rate-limiting, complicated second-order ki -

nsctic equationss result, svhuichn are agaims of

little predictive value.
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TABLE 4

Two-site model

Initial
Stimulus

C.1

Final Stimulus

CA/li

No interaction

Co-operative inter-

action

Negative interaction

Equilibrium
Desensitization

P20 + P’,0

Xe�

XCA + 1

CA CA

c.1 + 1

C_I C�4

� + 1

C1 �A

c.1 + 1

I)esensitization
Rate Constant

7-u

- kr(�VC.i + 1)
CA C.j

(XcA + 1) (c.4 + 1)

C.1 CA

Xe1’ + CA + 1

C1 CA

��CA + CA + 1

Recovery
Rate

Constant
Tr

- kr

- kr

- kr

ACA’ k \�-�2 + � + 1

Xc42+c4+l - (.4+1

XCA

XCA + C.1 + 1
k -“‘ +CA +1
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In the first liune it is assumed tinat occupation of site 1 has rio effect on the affimnily of the drug for

site 2. In the seconnd line it is assumed that site 2 can be occupied ounly when site 1 is occupied. In the

third line it is assumed that site 2 can be occupied only whern site 1 is vacamnt. X is the ratio of the

affinity of the drug for site 1 amid site 2.

Certain features of tine analytical results
presented in Tables 1-4 may be noticed.

1 . Ins all cases except for the cyclic model,

the rate constant for the development of

desensitizations is greater than that for
recovery. Only usiths the cyclic model (Table

3) can desensitizations develop more slowly
tisan it disappears. It cams be sisown that tine
coefficient [KcA(XcA + 1) + c�1 + 11/
[(XcA + 1) (c11 + 1)], ushnich is the ratio of
the onset and recovery rate constants in
Table 3, cans become less than uisitv (i.e.,
onset is slower than recovery) at loss- values

of CA only if X > K. Drungs witis a relatively
high affinity for R’ (X large) are thus more

likely to shous such kinetics than drugs usith
a loss- affinity for R’.

2. The effect of ann antagonist does riot

fundamentally alter tine properties of tine

rate, sequential, or parallel reactions mecha-
nisms (Tables 1 amid 2). If the agonist cons-
centration is raised to overcome tine effect of
tine antagoniist, tine desensitization produced

is just the same as that produced by tine
louver concentrations of agonist in tine absence
of any antagonist. With the cyclic model
thus is not true: art anstagonsist increases tine

amount of desensitizations produced by tue
agonist if the agonist concentration is ins-
creased so as to overcome the blocking
actions in respect of tine initial response. It

can be seers froni tine last line of Table 3
that even ann antagonist usiths iso affinity for

R’ will affect desemnsitization considerably if
x is large, but very little if X is small.

3. Irs all tine models except for the cyclic

model, the rate of recovery from desenisi-

tizationn usould be likely to vary with differ-
ent agonists. Thus, irs the rate theory,
parallel reactions, arid tus-o-site models, re-
covery from desensitization involves the
dissociation of tine agonist drug from the

receptor, us-hile in tine sequential reaction
model the process of recovery aisso involves

the agonist, in tine reactions AR’ -#{247} AR. Inn
the cyclic model, on the other hsand, tine
recovery process does riot involve the ago-
nist drug, and so long as tine species R’ is
identical for all agomnists, the rate of recovery
from dcsenssitizatiomi should be tine same for
all agonsists.

MET HODS

Strips of chick biventer cervicis muscle
amid leecis dorsal muscle us-crc prepared anid
set up as described by Ransg amid Ritter (1).
The only difference uvas that the strips of
chick muscle uvere connected to tine isometric

transducer via a phosphor-bronze spring of

compliance 10 mm/100 mg. Tinis uvas done
because it was found thirst prolonged maxi-
mal isometric contraction tended to damage

the muscle, sometimes even to break it, amid
this initerfercd uvith tine study of desennsitiza-

tion. If the muscle could shorten us-itisount
dcvelopinsg mulcis tension, tins di fficinlty us-as
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avoided, amid tine muscle normally recovered
its originsal sensitivity even after prolonged

exposure to supramaxinsal agonist conscen-

trations.
Experimenits oms frog nsuscle uvere done oms

extensor longuns digiti IV of Rana temporaria
during the period April-November 1969.
Tine dissection and experiments us-crc carried
out in Ringer’s solistion of tine follow-imig
compositions: NaC1, 116 m� ; KCI, 2 mun;

CaC1, , 2 m�n ; ansd sodium phospiuate (to
give pH 7.0), 2 msm. A liquid/air insterface

uvas used as ann extracellular electrode with
uvhich to record tine depolarization at tine

crud-plate region of the muscle (23). The
muscle was mounted vertically on a Perspex

assembly, uvisich us’as drauvn oust of tine baths

at a constant rate (48 mm/mimi) by an dcc-
tric motor operating a rack arid pinuionu.

The volume of the baths uvas 50 ml, amid

tine solution uvas bubbled with air, except
for the 20-sec periods us-hens recordings uvcre
being made ; drugs us-crc added in volumes of
0.5 ml or less. Tine organs bath was main-

tainsed at 20#{176}by means of a thermostat,
because the time course of desensitizations
uvas found to be very senisitive to tempera-
turc.

The end-plate depolarizations us-as recorded

by means of Ag-AgCI electrodes connected
to the preparation by NaC1-agar bridges.
Signals were fed into a solid-state differens-
tial amplifier with hsighs-iniput impedance,
and recorded on a potentiometric recorder.

A microswitch on the rack-anid-pimsions device

operated an event marker uvhich emnabled
successive records to be accurately aligned.

The end-plate depolarizations was measunred
as the difference betuvcens the peak depolari-

zations and the potenstial recorded from the

same point mu tine muscle ins tine absence of
any drug.

These metinods us-crc preferred to instra-

cellular recordirsg methods thirst migint have
given a more direct measure of end-plate
conductance changes. This us-as because uve
wished to ansalyze desensitizations by tue
dose ratio methuod, rather tinams simply to
measure the fractional reductions of stamsd-
ard response, arid thsis required a metinod
that w-ould give conssistcnt drug effects for

several hours. A mnmber of experiments

usere domie iii usi dcii conivemstionial microelec-

trodc recordinsg of ernd-plate depolarizations
ins frog sartorius muscles uvas unsed, but it

usas rarely possible to obtains more than
thnree or four comnsistemst responses to de-
polarizimng drugs. This nnade quantitative
analysis very difficult, but nsansy of the
observationns reported inn tinis paper uvere

qualitatively comnfirnsed.
The follousinsg drugs us-eve obtaimied corn-

mercially: carbamylcinohine ciuloride (carba-
clsol, Kocis-Ligint), susxametinonihnm chuloride

(Allen & Hamibur�-), decametinonium iodide

(Kocin-Ligist), and (+ ) -tubocurarinc chlo-
ride (Burroughs Wcllcome). Other corn-

pounnsds used us-crc dipinemsyldecamethsonnium

iodide’ (1), bistrimethuylammonium corn-
poumuds’ (Me3N�(CH,)� Nt\Ie, . 2Brj, and

bistrictinylammoniiu ns compounds’ (Et,N+.
(CH,) �N�Et, 2Brj; otiner bisquatermsaries’
[R1I�,R,X�(CH,)10X�R1R,R, . 2Br; R1, R,
=etinyl, II, = methyl; arid R1 , R, =

methyl, R, = 2-hnydroxyetisyl}; and mono-

quatcrmnaries’ (RN+Me,; R = n-decyl as

bromide; R = pinemuyi as iodide).

RESULTS

1S’peeijicity of Desensitization

Ins usork on tine irreversible anstagomsist

dipinennyldecansetinonsium mustard, it w-as
founnd (1) that ins chuck muscle cholinergic

agonnists produced the metaphihic effect bunt

caffeine arid potassium did niot, uvinereas in
leecin nsuscle suxametinomniunm us-as effective,
but mnot carbachol. We have insvcstigatcd
desensitization to see usisetincr it shuous-s tue
sanse patterns of specificity as the metapinilic
effect iii these tus-o tissues.

Tus-o kinds of experimennt uvere done in
chick bivenster cervicis muscle. Ins the first
(Fig. 2), use compared tine sinapes of tine

contraction produced by potassium and by
cinolinnergic agornists. It us-as found (Fig. 2)
thirst potassium caused a contractions that
us-as uvell sustainsed for 10-15 mini, uvhereas
uvitin carbachol arid related agonnists the
muscle gradually relaxed despite the cons-

2 Supplied by Dr. E. W. Gill, Departmeunt of

Pharrniacology, Oxford Uum iversi ty -

� Supplied by l)r. H. B. Barlow, Department. of

Pharnnacology, Edinburgh University.
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FIG. 2. Responses of chick muscle to K+ and

carbachol.

The records show the contractions of a strip of
chick biventer prodruced by K�, � unit, for 25 mm

(A); carbachol, 1.5 x 10’ am, for 25 nun (B); and

carbachol, 7.4 X 1O�� M, for 2�5 mm (C). The rec-

ords show that the snmbmaximal countractiomn pro-

duced by carbachol is much less well sustained

than that produced by Kt Increasing the car-
bachol concentratiomn iumcreases the rate of fade.

tinued presence of the drug. After 15 mm
the relaxations us-as usually nearly complete,
though muscles differed considerably ins this
respect. Ins the presence of potassium, tine

tension seldom decreased by more tinan

about 20 % in 15 mini. Tisis test revealed no
difference betuveen carbachol and suxame-

thoniium.
Thus result sisouss that tue nnuscle us-as

capable of a uvell-sustainued contractions w-hncn
depolarized by raised potassium concentra-

tions, and implies tisat tine fading contractions
observed uvith cisolinergic agonists reflected
a fading depolarizations. A niumber of studies
at the motor end plate have shown thirst tue
depolarizing effect of ciuolinsergic agonsists is
poorly sustained (5-7), anid it seems likely

thirst the same mechanism is responsible for
the fading contraction ins chick muscle. In
Fig. 2 tue contractions shous-ns are nearly
maximal; similar results us-crc obtainsed us-hens
matching submaximal contractions produced

by carbachol amid potassium were compared.
Ins tue second type of experiment, uvhich

uvas better suited to quantitative study, tue
sensitivity of tine preparation to different

i
5 mm

Fru. 3. Specificity of (le.sCn.sitizatwn in (-hick

ill uscle.

Connditiomnirng doses of cnurbachol (7.4 x 1O�’ M

for 2 mimn) are inndicated by the black bars. The

test agonists were: #{149}, caffeine, 3.7 X l0’ am;

0, K�, 2.1 X 102 am; �, carbachol, 7.4 X 106 am.

substances usras tested at various tinses after

a conditioning dose of agonist mad beens
usashsed out of the tissue. Figure 3 sinouss tine
effect of a large consditionnimsg dose of car-
bachuol or’ tine sensitivity of a strip of chuck
muscle to carbachol, potassium, amid caf-
feine, tested 1.5 mini after tine comsditionsimsg

dose us-as us-ashscd out of tue tissue. It cams be
seems that the desenusitizations affected only

the senssitivity to carbacinol. Ins six out of
eight preparationus on us-inich this kind of

experiment us-as done, tine response to I)0ttt5
sium usas reduced by less thnrsni 10 %, com-

pared usith a reductions of 50-SO % in tine
rcspomsse to carbachnol. Ins one experimemit, a
conditionuinng dose of carbacinol (7.4 X 10� an
for 2 mini) decreased a test rcspomnse to
potassiuns by 45 %; ins ansothuer expcrimemnt,
25 % reductions of thne responuse to potassium
occurred. The desemnsitizatioms to potassium

seers ins these two experiments may have beers
due to tine cholinergic element in tine actionn
of potassium (1), us-isichs uvould presumably

have beers reduced by specific desemnsitiza-
tion. Ins no case uvas the respomuse to caffeine
appreciably reduced.

Tine chuck bivenster muscle contaimns botin

singly innervated amid musitiply irsmnervated

fibers (24). Only tine multiply innervated
fibers usould be expected to contract us-itin
cholinsergic agonists, uvhereas boths types

rnighnt respond to potassium amnd caffeimne.
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Tuvo experiments were done on strips of

anterior latissimus dorsi, uvhich contains
only multiply innervated fibers (25). The
same result was obtained, the contractions
produced by caffeine and potassium being

unaffected by desensitization uvith carba-

chol. Furthermore, the relative potencies of
these tisree agonists were the same ins bi-

venter and anterior latissimi dorsi, w-hiciu
makes it unlikely that the tusitch fibers ins tue

biventer contributed appreciably to the

response to caffeine and potassium.
In chick biventer cervicis muscle, carba-

cisol amid suxamethuonium appear to have

similar actions, except that suxamethonium
is about 30 times as potent as carbachoh.
Botis produce the metapiuilic effect, arid

botin are equally antagonized by a number
of blocking agents (1). Their desensitizing
action us-as compared in tus-o experiments, mu
which the potency ratio of the tuvo agonsists
was measured and cquiactive conditioning
doses usere calculated accordingly . Ins one
experimenit the test drug us-as carbachol ; ins
the other, suxametisonium. Equiactive con-
ditionimsg doses of tine two agomnists caunsed
tine same amounst of desensitizations, winethner
the test agonist us-as carbachol or suxame-

thuonium.
Leech muscle, unihikc chick muscle, pos-

sesses separate receptors for carbachol amid

suxametlnonnium (26, 1), and us-c tested the
specificity of tine desensitizations produced

by these tuso agonists (Fig. 4). A conditions-
ing dose of carbachol desenssitized the muscle

to carbachuol much more than to suxame-
tinonium, uvhile desemusitizatioms withs suxa-
metinonsium had the reverse effect. Thus
desenssitization in chick amid lecchn muscle is
specific, consistent with tine idea thirst tine
mechanism involves inactivation of recep-
tors. Furthermore, descrnsitizatiomi amsd the

metaphihic effect have tine same patterns of
specificity, and tine fact tisat iii heecin muscle
botis phenomena show the rathucr unexpected
discrinuinations bctus-cens carbachnol annd suxa-
methonsium suggests a relationship bctsvecn

tinem.

Quantitative Measui-e,nent of Desensitization

Ch ick ni uscle. If desennsitizatioms results
from imsactivation of a fractions of tine recep-

tors, it usould be expected to affect tine tissue

FmG. 4. Specificity of (lesensitization in leech

rriuscle.

0 , test doses of suxamethounium (2.2 X 1O� am);

., test doses of carbachol (3.7 X 1O� am imn upper

record; 5.2 X 1O� M in lower record); 0, comsdi-

tioning doses of suxannethomniinm (2.2 X 1O� an);

., connditiomnimng doses of carbachol (7.4 X 106 am).

The upper amid lower tracimngs were obtainned with

differeunt preparations from the same leech. The

upper tracimng shows that suxamethonnium desensi-
tized nnarkedly to itself, but not at all to car-

bachol. The lower tracing shows a similar, but less

marked, discrimimnatiomi whemi the conditioning

agonist was carbachol.

iii tine same w-a�’ as receptor blockade by

specific antagonists. Ins chick muscle, alkyla-

tion of tine receptors us-iths DPC10M4 causes

4 The abbreviations used are: l)PC,0 , deca-
nnethylemne - 1, 10 - bis[dimethylbemizylammonium

bromide] (diphenyldecamethonitnm bromide);

l)PCu0M, decamethylemne-1-(N-beunzyl-2-chloroeth-

ylamino) -l0-dimethylbenzylammoninmnn chloride

hydrochloride; C0bis-TMA, bistrinnethylammo-

mnium connpoumnds, where n = 7, 14, 15, 16, 17, or

18; C0bis-TEA, bist riethylammounium compounds,

where a = 10, 11, or 12; C�OTMA, n-decyltrinnethyl-

ammoni um bromide; phenyl-TMA, phemnylt rimet h-

ylammonium iodide; Cmobis-DEMA, H,

(CH2)uoN1H1112H32Br, H, , H2 = ethyl, H, =

methyl; C,00H, H, , 11, = methyl, H3 = 2-hvdroxv-

eth�-l; l)NC,0 , decannethylene-1, 10-bis[dimeth-

yl-(1-mnapht hylmethylemie) ammoniunn bronnide];

1)NC, � decamethylene-1-(2-chloroethyl-1 -mmaph-

thylmethyl )amimne-10-dimethyl- (1-unapht hyinneth-
vi) annmomi mm chloride hydrochloride.
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FIG. 5. Desensitization in chick muscle with caibachol as test agonist

a. 1)esemisitizatiomi with carbachol. Results of two experinnnemits are shown. S control dose-response

curve; A, 2 nniun after washing out comnditionninng dose of carbachol (1.1 X 10’ am applied for 15 mm);

0, counditiomniing dose of 2.2 X 10’ M for 15 miun; #{149},comnditiouiimig dose of 7.4 X 10�’ M for 15 miun.

b. J)esemisitization by C,OTMA. S, comntrol; �, 1.5 mini after washing out conditionuing dose of CIOTMA

(7.4 X 106 am for 10 mm). l)esemisitizatioui by either carbachol or CIOTMA causes a shift to the right of

the log dose-respounse curve to carbachol, without amuy chamige iun slope.
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tine log dose-response curve for carbachol

to shuift to tine right us-ithnout any cinamige ins
slope, up to a carbacisol dose ratio of about
3 (1). Figure 5 shouss that desensitization by

carbachol affects the tissue ins exactly the

same way. In this experiment, cads point on
tue “desenisitized” curves was obtained at a
fixed time after washing out the conditioning
dose of carbachol. Thus, eachu conditioning

dose could be follow-ed by only omse test dose,
after uvhich tine tissue uvas left for about 30
mini to recover fully before tine next test.

The amount of information thirst could be
obtained from a single preparations us-as tinus

limited, amid Fig. 5 includes results from

three separate experiments. Tine carbachol

log dose-response curve is shifted to tine
rigiut in tine desensitized state w-ithout any

chamsge ins slope up to a dose ratio of about
3. Figure .5 also shows tue result of an ex-
periment in wisicin C1OTMA uvas used as tine
conditiomning agonist. Ins this experiment
also, the desensitizations caused a parallel

shift to tine right of tine carbachiol log dose-
response curve. This finding stremsgtisenss tine
interpretation of desensitization as a mecha-

nsism involving tine inactivation of receptors,

and also provides a convenient means of
measuring the effect. It is clear from Fig. 5

that the percenstage depression of a test
response after desensitization us-ill depensd
very munch ons tine test dose unsed, whereas

the dose ratio is insdepemsdenst of tine test

dose used. Ins order to be sure of obtaining a
dose ratio measurement from a single test
response ins the desensitized state, it us-as
necessary to obtain a number of poimits ons

the control (unsdcscnnsitized) log dose-re-

spouse curve, amid to choose a test dose to

give a respomise somesshnere on tinis curve.

The dose ratio for tine single test response
could then be determined by interpolation.
Fortunmsately, tine beinavior of tine cinick bi-
venter us-as extremely conssistemnt, amid tine
log dose-response curve us-as very steep
(see Fig. 5), SO thirst dose ratios as small as

1.2 could be measured quite reliably. The
control dose-response curve after recovery
uvas alus-ays compared uvitln tine initial con-

trol, amid tiney usually agreed very closely.

Houvever, us-hen large desensitizing doses of

full agomsists, such as carbachol or suxame-
tisoniuim, us-crc givers repeatedly, tine senusi-
tivity of tine preparation tended to decrease
progressively, arid often after thirec or four

such desensitizations tests tine experiment
had to be abandoned because further tests

caused a marked permanent loss of sensi-

tivity. Other problems were encountered its

measuring the desensitizations caused by
carbaciuol or suxametiuoisium. After a large
conditioning dose (more than about 2 X
10� an carbachol or 5 X 10_6 an suxame-

thsonium), tine muscle often failed to relax
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Fro. 6. Desensitization in chick muscle with

C,0 bis-DEMA as test agonist

a. 1)esemnsitizatious by carbachol. 5, control;

0, 2 mimi after washing out conditiomnimig dose of

carbachol (1.1 x 10� M for 4 mm).

b. l)esemnsitizationn by C,0TMA. 5, comntrol;

�, 2 mm after washiung out comiditiomuinng dose of
C,0TMA (2.2 X 10’ M for 4 miii). 1)esennsitization

by either carbachol or Cu0TMA causes a marked

decrease inn the slope of the log dose-response

curve whemn a partial agonist is tested.

fully, amid indeed frequently uvent into a
second contractiomi after the conditioning

agonist was washed aus-ay. The test responses
could riot them be measured from the normal
baseline, and rio reliance could be put on

tise results. Thus, it us-as not feasible to
measure dose ratios greater than about 3
produced by desensitization us-ith carbachol
or suxamethonsium. Up to this limit the

parallel shift of the log dose-response curve,
as show-ni iii Fig. 5, appeared to be obeyed.

If the lest drug us-as a partial agonsist, such

as the etinylated decamethonium derivative
C10bis-DEMA, ushich has a log dose-response

curve flatter than tisat of carbachol and
reaches a maximum about 80 % of that
reached by carbacisol, desensitizations flat -

tened the log dose-response curve as us-ell as
shiftinig it to the rigist (Fig. 6). It earn be
seers thirst desensitizations usith either carba-
chsol or C10TMA mad the same effect. Ste-

phensons (1$) hnas shouvnn in guinea pig ileum
that partial agonists produce less thani maxi-

mal responnses even ushen they occupy all of

the receptors. Tinus any diminsuntion ins the
nuumber of receptors available uvill reduce

tine slope of tue log dose-response curve for a

partial agonist. Full agonsists, oni tine other
inanud, produce maximal responses usincnn oc-

cupying only a small fraction of tine recep-
tors, and innactivations of a considerable
fractioms cans leave tine slope of tine log dose-
response curve unaffected (27). This resunlt

0L � � � x l0�6

Carbachol concentration (M)

Fm. 7. Desensitization in frog muscle

The nipper panel shows records obtained from

frog toe muscle using a moving fluid electrode.

The records were taken 1 mm after addiung car-

bachol to the bath. a. Comntrol baseline. b. 3 X

106 M. C. 5 X 10� M. d. 7 x 1o-� M. The lower

panel shows log dose-respomnse curves. 5, coustrol
curve (each point is the meami of three to five meas-

urememnts) ; 0 , curve obtained when carbachol was

added 1 mm after washing out the comuditionning

dose of C,TMA (5 X 10� am for 20 mm). Each
point represemnts a smmngle measurennemnt.

is thus consistent us-itln tise inypotinesis Ibnat

desensitization results from inactivation of

tine receptors arid usould not be expected of
a nonspecific mechanism.

Frog muscle. Figure 7 shouss the results of

an experiment comparable to tinose sinous-mi

ins Fig. 5, but performed on frog toe muscle.
Tine responses measured arc the emsd-plate
depolarizations 1 miii after tine dose of car-

bachol was applied. The conditioning drug

us-as C7TMA, 5 X 10� an, applied for 20
mini; 1 mm after tue conditioning drug us-as

us-ashned out, a dose of carbacisol us-as applied

arid the response to this test dose us-as

measured 1 nuins later. By repeatinng tinis

operation usinsg different, test doses, a log
dose-respomuse cu�rve for tine muscle ins tine

desensitized state uvas obtainued, winicis uvas
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parallel to the control curve. Tisus, ins frog
as us-eli as chick muscle, the desensitizations
dose ratio gives a quantitative measure of
desensitizations that is independent of tine
test dose of agonist used.

Comparison of Desensitizing Lffects of Differ-

ent Agonists

Ins all of the models discussed it is thueo-

ret ically possible for different agonuists to
produce the same initial response of tine
tissue but to desensitize it by different

amounts. Thus, in tine rate theory model
(Table 1), if tuvo drugs huave efficacies e and
e’ and dissociation rate consstamsts k, ansd

k2’, the concenstrations (c arid c’) givirsg the
same initial response will be govcrnned by

the relationship

Thuus

ek,c = e’k,’c’

- ek,c

The steady-state stimulus,

by c is givers by

For c’,

ek,c
ASIC - ____

c+1

- e’k,’c’

ek,c

- (ek,c/e’k,’) + 1

1)rodulced

Tiuus, if e’k,’ is smaller than ek,, tine secomid

drug us-ill produce rcsponuscs thirst fade more
rapidly than tisose produced by the first.

Ins tine parallel arid sequential reaction
models (Table 2), imncreasimng K, as us-eli as re-

ducing e.4 , increases the amount of fade,
us-mile in the cyclic model (Table 3) or ins tine

two-site model (Table 4), an increase in X
isas the same effect.

We have studied a nuumber of agonsists to

see us-huether differences inn tine amounst of fade

produced by conscenstrationus giving equal

peak responses could be detected. Tine cx-
perimenstal results ims Fig. S sinous- tinat ago-
musts vary markedly in this respect. Inn tinese

experiments the agonists us-crc left inn contact

usith the tissue for 10 mm and the constrac-

tion us-as recorded. Each test drug us-as corn-
pared uvith carbachol, the concentrations be-
mug adjusted so that tine peak tension us-as the
same, usually about 50% of tine maximum

tension at tainsable us-ith carbachol.

Figure 8 shows that full agonists such as

decamcthonsium produce contractions indis-
tinguishable ins form from those produced by
carbachol. Some partial agonists, such as

C10bis-DEMA arid C10bis-TEA, also pro-
duced contractions resembling tisose pro-
duced by carbachol, while others, such as

C10OH, C1OTMA, and the longer-chain bis-
T\’IA compounds, C16-C18 , produced con-
tractionss that faded much more rapidly than
those produced by carbacisol. This was stud-
ied quantitatively in 12 experiments. In

each, a standard concentration of carbacisol

(betuseen 5 X 106 and 7.5 X 10_6 �) usas

selected and the rcsultinsg conitractions us-as
compared us’ithu that produced by various

other agonsists at concentrations giving about
tine same peak response as thirst obtained with
carbachol. The contraction height us-as meas-

ured us-hens the drug had beenu inn contact with
the tissue for 5 mm, arid this us-as expressed
as a percentage of tine peak tension. Witin
carbachuol, ins 12 separate muscles, tine tenssions
after 5 mm us-as 71.4 ± 2.8 % of tine peak

tenssions; after 10 mini tine value uvas 31.3 ±
4.8 %. Since the fade produced by carbachol
varied someushat from one preparations to

another, the percentage contraction at 5 mini
[i.e., (tensions at 5 mini X 100)/(peak tens-

sions)] for cacin test drug us-as expressed as a

fraction of the percentage constraction at 5
mini with carbachsol ins tine same muscle. Thus

a value less tharn unity means that tine re-

sponsse faded more rapidly than uvith car-

bachol. The results of sunchs experimenuts are

show-ms ins Table 5A. The compounds that

produced sigrsificanntly more fade than car-

bacinol are footnoted. Thnese compounsds us-crc
all partial agonnists. Not all partial agonsists,

hous-cver, caused nsore fade tinann carbachol;
thuss, C7bis-TMA amid C10bis-DEMA uvere

just tise same as carbachol ins thus respect.

The results uviths nnansy of tine otiscr partial

agonsists us-crc indetermimuate, appearinsg to

shsous- ratiner more fade thuans carbacinol, bunt
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Carbochol Cmbis�DEPlA Phenyl-TIIA Carbo.chol C7bis-TMA C1�bis-TMA

�

15mm C14b,s-TMA C15 bis-TMA C16b1s-TMA C17bis-TMA C18b1s-TMA

FIG. 8. Fading responses of (-hick muscle to different agonists

In each panel various drugs are compared on the same preparatiomi. The conntractions are about 5O�
maximal, and the drugs were present for the periods (10 mm) indicated by the horizontal bars. Top

left: carbachol, 7.4 X 10� M; C,0his-DEMA, 3.7 X 10� am; Phenyl-TMA, 1.1 X 10’ am. Top right: car-

hachol, 6 X 106 am; C,bis-TMA, 2.2 X 10� M; C10bis-TMA, 9 X 10-8 am. Middle left: carhachol, 6.3 X

106 M; C,,bis-TEA, 6.7 X 106 am; C,001T, 2.2 X 10#{176}am. Middle right: carbachol, 6 X 106 M; C1OTMA,

7.4 X 10� M. Bottom: C,4his-TMA, 3.7 X 10� M; C15bis-TMA, 3.7 X 10� am; C,6bis-TMA, 6.0 X 10�

am; Cm,bis-TMA, 1.5 X l0’ am; C,0bis-TMA, 3.0 X 10’ M.

failing to siuous a statistically signnificanut dif-
ference at the 5 % level of probability.

When the contractions produced by
CSOTMA had disappeared, the tissue us-as still
nsormally sensitive to potassiunu or caffeine,
though quite insensitive to nsicotinic agonsists.
As show-ms earlier (Fig. 5), exposinng the tissue

to C1OTMA reduces its senssitivity to car-
bacinol in such a us-ay that thse log dose-
response curve is shifted to the right uvitisout

any change in slope. The same effect is seen

after the tissue is desensitized usiths car-

bacinol. There are tiuus many similarities be-

tuseenn the desensitizations produced by

C10TMA amid by carbachol amid us-c shall

indicate further points of similarity ims rela-

tions to the kinetics of desennsitizationn, and to
tine metapisihic effect, ins later sectiomns. Tine
evidence thus suggests that botiu carbachol
and C1OTMA desensitize by essenstially tine
same mechanism, but that C1OTMA is much

more effective thamn carbacinol in this respect.
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TABLE 5

Fade produced by different agonists compared with

that produced by carbachol

A. Chick muscle

Full (F)
�gonist or par-

- tial (P)

Fade ratioa
± SE

No.
oftrials

Suxamethoun ium

C7-bis-TMA
C,0-bis-TMA

C,,-bis-TMA
C,6-bis-TMA
C,,-bis-TMA
C,8-bis-TMA
C,0-bis-TEA
C,,-bis-TEA

C,,-bis-TEA

C,0OH

C, �TMA

C, 0bis-1)E1\IA

Phemiyl-TMA

F 1.08 ± 0.05

P 1.03 ± 0.03
F 1.07 ± 0.07

F 0.80 ± 0.09

F 0.80 ± 0.10

P 0.07 ± 0.068

P 0.0k

P 0.89 ± 0.08

P 0.72 ± 0.12

P 0.20 ± 0.148

P 0.67 ± 0.14

P 0.07 ± 0.038

P 1.00±0.07

F 0.94

Agonist Fade rat 1Oc ± SE

Suxamethonsium 1.00 ± 0.06 3

C,0bis-TMA 1.03 ± 0_li 3

Phennyl-TMA 0.07 ± 002” 4

C,TMA 0.58 ± 0.12d 4

C,3bis-TMA 0.60 ± 0.04” 3

a Fade ratio = (percentage response at 5 mm

with test drug)/(percemntage response at 5 nninn

with carbachol).

Fade significantly greater than with carba-

chol (p < 0.01). Other values do riot differ sig-

nuificantly from carbachol (p > 0.05).
Fade ratio = (perceuutage response at 15 mm

with test drug)/(percentage response at 15 mm

with carbachol).

d Fade sigusificamutly greater than �-mth carl)a-

chol (p <0.05).

Similar results inave been obtained on tine

frog motor end plate, thoughs us-c huave nsot
investigated thus in as mucis detail. Thus Fig.

9 show-s tinat the end-plate depolarizations
produced by 10� an carbachol uvas quite us-cll
sustained usisens the drug uvas left. in contact
w-iths the muscle for 15 mm. Concentrationss
of C13bis-TMA, C7TMA, and phensyl-TMA
tinat produced a depolarizations after 1 mini
equal to thirst produced by carbachol had a

Curbochol

Cl3 bis-TMA

C7TMA

Phenyl TMA

Fur. 9. Fa(ling depolarization in frog muscle

Hecords were obtained from a single prepara-

tmon when differennt agounists were left ins contact

with the muscle for 15 mm. Records were takenu

1, 5, 10, arid 15 miun after addmtmoni of the drug. The

couicemntratiouus were selected to give equal effects

at 1 mini. The comiceuntrations were: carbachol,

1.25 X 10-i am; C,,bis-TMA, 10-i am; C,TMA,
10#{176}am; phennyl-TMA, 3.5 X 10#{176}am.

much nnorc poorly sustained actions. Quarsti-
tative irsformationn on tine relationship be-
twccns tine fade produced by various agonsists
relative to that produced by carbacisol is
sumnuarized irs Table SB. Ins each of this
series of experiments, a dose of carbacisol
bctus-eens 7.5 X l0� arid 1.8 X l0� an was

selected, arnd the depolarizations produced by

this dose after 1 mini amid after 13 mimn irs
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contact uvitis tine muscle us-as measured; a
dose of the agonist beirsg compared with

carbacinol was thuens found thirst gave a re-

spomnse after 1 nuin uvithini ± 10 % of tine
response to the standard dose of carbachnol

after 1 mimi. The responses at. 13 miii us-crc

expressed as a percentage of tine response to

tine sanse agoniist at 1 mini, amid these per-
censtagc rcsponsses us-crc compared to see
uvinether the agonist produced a sigmsificrsnstiy
different fade from carbacisol. Phensyl-TMA,
C7TMA, amid C53bis-TMA all faded signsifi-

cantly more thani carbacisol (p < 0.05),
while C10bis-TMA amid suxamet.hnomsium did
riot differ from carbachuol. Similar cxperi-

merits in uvhichn the fades produced by tbuese
agonists us-crc compared one us-ith amsother
(rather than us-itis carbacisol) shous-ed that

tue order of fading tendency was : pinensyl-
TMA > C13bis-TMA > C7TMA > car-

bachol, suxarnethonium, C10bis-TMA. These
findings are consistent. w-ith the observations

of Gissen and Nastuk (28), using imstracehlu-

lar recording from frog sartorius fibers, that.
repolarization iii the presence of pisensyl-

T�’vIA was more rapid than in the presence of

carbachol. The situation thus appears to be
essentially similar to that described in chick
muscle, though the compounds that pro-
duced fading depolarization ins frog muscle

did not cause fading contractions of chick
muscle, while those that caused fading re-
sponses of chick muscle were us-ithout de-

polarizing activity at the frog end plate.
An interesting difference was found be-

tween the actions of the tuvo partial agonists,

C1OTMA and C10bis-DEMA, on chick mus-
cle. With C10bis-DEMA, which produced no
more fade than did carbachol, increasing thsc
concentration beyond about 2 X 10� an had

rio effect on either the peak contract ion or

tine degree of fade (Fig. 10). Thus conitrac-
tions produced by 3.7 X l0� an amid 7.4 X

10� an C10bis-DEMA us-crc superimposable.

With C10-TMA, on the other hannd, inncrcas-
ing the concentrations beyond 1.5 X 10� an
imncreased the rate of fade even tisoughu it. did
muot. affect the peak tension (Fig. 10). The
initial rate of contraction uvas faster, mow-
ever, and the peak was reached earlier than
with low concentrations. This produced the

paradoxical result with C10TMA tinat. the

0 5 0 �5
mi ns

Cl0 biS-DEMA

FnG. 10. Responses of chick mus(-le to partial

agonists

Superiunnposed tracings of contractiouns of chick

nnuscle to C,0bis-1)F�IA (left panel) amid C,0TMA

(right parnel). The conncemitrationns used were:

C,0bis-1)F2sIA, 3 X 106 am, 7.4 X 106 at, 1.9 X

10-s M, 3.7 X 10-i am, amid 7.4 X 10-i am; C,0TMA,

3 X 106 am, 4.4 X l06 M, 7.4 X 106 am, 1.5 x
10#{176}an, amid 3 X 10-i M. With C,obis-DEMA, in-

creasing the comncentration beyond maximal had

mo effect on the respomnse. With C,0TMA, imncreas-

imng the comncemntration accelerated the fade without

affectimng the peak temnsiomi.

tenisions measured at various times after tine

peak us-as greater at buy than at high con-
centrations. The result with the partial ago-
rust C10bis-DE1\1A militates against the rate

theory mechanism for desensitizations. Ac-
cording to this theory, the initial stimulus is
given by eAk2acs , and therefore increases ins-
definitely as tine agonist concentrations is ins-
creased. If the initial response does muot
increase indefinitely, this must. be due, ac-

cording to the rate theory, cithncr to satunra-

tions of the effector system (as us-lien the
contractile mechnansism is fully activated) or

to tine response being cut short by tine rapidly

developing fade (29). With C10bis-DEMA,
nneithner explanation cans be upheld; tine comn-
traction produced is submaximal, amid tine
fade is rio more rapid than that seens us-it in
carbachol.

Orse feature of these results thirst merits

consideration is that. for chick muscle eigint

out of the 15 drugs studied, including two
partial agonists, desensitized at the sanne
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rate (Table 3A), rsnsd nuo drugs uvere found

that. desensitized more slouvlv thuans thus

‘ ‘standard’ ‘ rat e . Similarly , usit Ii frog muscle,
three of the six drugs studied all desenssitized
at tine same (mimsimum) rate (Table SB). To

explains this by tine rate theory entails, as
mentiomsed earlier, the assumptions tinat all
these drugs have thne same efficacy rsnsd that
no drug has a inigiser efficacy. Thus assump-
tionu is untenable for tine partial agonsists. On
the parallel or sequential reactions nsodels, it
turns out that for drulgs to differ ins efficacy
w-hile producing tue same degree of desensi-

tizatiomi tine assumption inas to be made that
enl/eAm K1/K2 (K beinig defined as in
Table 2). On tine other hand, to accounmit for
the fact that some partial agomsists desens-
sitize more thann thue “standard” (Irugs, it

would isave to be supposed that. thus rela-

tionsisip did nnot apply irs t.isesc cases. Thus
an interesting generalization is suggested by

the existence of a “stanndard” rate of de-
sensitization, but these models give rio satis-
factory account of deviations from this

standard patterns.
The cyclic reaction model appears to offer

a satisfactory explanation of tisese finsdinsgs.

For drugs us-ith an affinity for R’ much

smaller thans their affinity for R (i.e., X << 1),
proportionality betuveemi efficacy arid K

w-ould, as stated above, result in a stansdard
rate of desensitization. But if a drug had an
appreciable affinity for R’, so tinat X us-crc no

longer negligible, it us-ould be expected to
desensitize more thami tine standard drugs.
Thus uve may tentatively suggest that ago-
nists such as C10TMA and the bis-TMA
compounds C16-C18 have relatively highs af-
finsities for R’, us-hue the other agonists have

only a negligible affinity for R’. An exactly
similar hypothesis is suggested as an cx-

plansation of the difference betw-eenn connvens-
tionnal and metaphihic anstagonnists ins the ac-

companying paper (16).
The tw-o-site model readily explaiiss uvhy

agonists should differ in their desenssitizinsg
actions, in terms of differences ins the relative

affinity of the drugs for tine active and tine
desennsitizing sites. But it offers nso satis-
factory explanations us-my a large group of

drugs should show the same, minimum, rate

of desensitization.

Kinetics of Desensitization

Tine four theoretical models discussed

above give rise to different predictionns about.
tine kimnetics of desensitization. All predict
that the fraction of desensitized receptors
should rise and fall exponentially uvisems the

descrnsitizing drug is added or renioved.
How-ever, on every model except for cyclic
one, tine rate connstarst for thse onset of de-
senssitization is alus-ays greater than tine rate

consstanst for recovery. Also, in the cyclic

model, one would expect tine recovery rate
to be the same whatever drug had produced

the desennsit.izationn, for ins this model tine re-

covery step is represented simply by R’ -* R.

Ins tue other models, mow-ever, the agonist
drug is involved in the recovery process, arid

the rate of recovery us-ould not be expected
to be the same for all agonists.

C/nick muscle. Tine time course of recovery

from desensitization us-as investigated by ap-
plying a consditiomsimug dose of agonist for a
stamudard length of time and allowing a van-
able period of time to elapse betuveemn us-ash-
ing away the conditioning drug and applyirng

a test dose of carbachol. By measuring the

test response and comparing it us-itin tue con-
trol log dose-responuse curve for carbacinol, ans
estimate of the dose ratio, rd , produced by
desemssitizationn us-as obtainsed. From tisis, tine
fractions of the receptors in the desemnsitized
state, Pd, could be calculated usinng tine
equations

Td - 1
=

rd

This equations is valid so long as tine log
dose-response curves remain parallel. By re-
peating tine experiment with diffcrcmst re-
covery times, the time course of the decline

of pd cousld be studied. This us-as done uvith
several different agomsists, and the results are

show-n ins Fig. 11 and Table 6. The recovery
was exponential, as predicted, and tue rate

comsstanst us-as the same for all of the agonuists

tested, within the limits of error of tine cx-
penimenst. Lines were draw-n by innspect.ions
through tue semiloganithsmic plots, arid the
meann recovery rate constant, Tr’� was found
to be 0.30 mimr’, corresponding to a half -time
of 2.3 mimi. Tine extrapolated semiloganithmic



05

TArILu-: 6

Kinetics of desensitization in chick muscle

A. Recovery kinetics

0

02

Conditioning
drug

Carbachol

C1OTMA

Cn6bis-TMA

C,1bms-TMA

C,sbis-TMA

5 6 Meami ± SE

Concentration

M

7.4 X 10�

7.4 X 10-s

7.4 X 10

2.2 X 10-s

2.2 X 1O-�

1.3 X 10�
2.0 X 10-v

1.5 x 10�

7.4 X 10-8

7.4 X 10�

Recov-
ery

hamf-
time

mitt

2.2
2.5

2.0

2.5

2.4

2.7

2.3

1.8

2.8

2.3

Du-
ra-
tion

nun

4

5

10

10

10

5
5

5

5

6
0 I 2 3 4

Recovery time (minI

Recovery rate
constant, Tu1

min�’

0.31

0.28

0.35

0.28

0.29

0.26

0.30

0.38

0.25

0.30

0.30 ± 0.01

B. Kinetics of onset

Conditioning
drug

Carbachol

Suxametho-

nium

C,0TMA

C,6bis-TMA

C17bis-TMA

Concentra-
tion

M

3.7 X 10-n
7.4 X 10-n

7.4 X 10-n

3.7 X 10-�

7.4 X 10-�

5.1 X 10-6

7.4 X 10-6

1.1 X 10�

1.1 x 1o-��
2.2 X 10-�

2.2 X 10-s.
1.3 X 10�’

1.5 X 10�

Re-
coy-
cry

time

mim

1.5

1.0

1.5

1.0

1.0

1.5

2.0

1.5

2.0

2.0

2.0

1.5

1.0

p

0.55

0.52

0.57

0.30
0.50

0.45

0.35

0.55
0.42

0.67
0.53

0.40
0.55

Onset
half-
time

‘nit’

0.5
0.5

-‘0 .6

‘--‘0.7

2.4
2.5

1.8
1.2

�--�0. 4

2.0

--‘0.8

Onset
rate

constant
7d1

mitt’

1.4

1.4

‘-1.2

‘-4.0

‘---0.7

0.29

0.28

0.38

0.58

‘---‘1.2

--‘1.7

0.35

‘-0.9

FmG. 11. Kinetics of i-ecoveryfrom desensitization

in chick nmuscle

The fraction of receptors desennsitized (Pd) is

plotted semilogarithmically against the mnterval
between washing out the conditioning agonist and

applying the test dose of carbachol. The condi-

tiomniung agonists were: 0, C,0TMA 2.2 >( 10� am,
for 10 nnimn; �, C,0TMA, 7.4 X 106 am, for 10 mm;

., carbachol, 7.4 X 10� M for 4 mm; U, C,6bis-

TMA, 2.0 X 10� am, for 5 mmn; A, C,6bis-TMA,
1.3 X 10� M, for 5 mini.

plots sometimes met tine ordinate at a value
of p�, greater than unity. The explarnations is
probably that. tbne early recovery uvas re-

trsrded by diffusion, and tbnese results cansmnot,
unfortunately, be used to estimate tue
amount of desensitizations existing at tine

time us-lien tine conditioning drug was uvasined

out. Tine tinnirng is also someusrinat ambiguous,
because t � ins Fig. 1 1 refers to the interval

betus-cems uvashinsg out. the conditioninug drug
arid adding the test drug. The test responnse
actually took 60-90 sec to develop, arid so

tine time takers to represent tr �5 somew-inat
arbitrary. In 5l)ite of these uncertainties, the
comnclusioms seems clear that the rate of re-
covery us-as the same for all of the drugs

tested. As stated earlier, recovery after
blockade with tubocuranine or gallamine us-as

mucin nnore rapid, having a half-time no
greater thnams about 30 sec. It is therefore very

umshikcly that. tine rate of recovery from de-

sensitization us-as seriously limited by diffu-

sioli.

Tine fimudimig thirst. tine recovery rate is innde-

pendent of the dcscmisitizimng agonsist and of

the depth of desenssitizations produced sug-

gests that the same mecisarnism unnderhies the
process of desensitization for the different

drugs tested, us-hether thsey were higinly ef-
fcctive at desensitizing, like C1OTMA, on

produced only tine “starndard” amount of

desensitization, like carbachol.
The kinetics of omnset. of desensitization us-as

rather less easy to study tisans the recovery. A

376 RANG AND HITTER
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qualitative idea could be obtained by observ-
mg the shape of the contractions us-hen the

agonist was left in contact with the tissue,

but this was not satisfactory for quantitative
purposes, because even uvith presumably
‘ ‘nnondesensitizinig’ ‘ substances, such as po-

tassium, an appreciable amount of fade uvas

seen. Since the recovery rate constant us-as

the same for different agonsists, tine fraction
of desenssitized receptors measured after a

fixed recovery period (usually 1-2 mm) us-as
assumed to be directly proportional to the
fraction desemnsit.ized at the time us-hens tine

conditioning agonist was washed out. The
nsonexponential start to the recovery time
course mentioned earlier inntroduces some un-
certainty into this measurement, but fairly

conssistent results could nsevert.ineless be ob-
tamed.

The kinetics of onset appeared to be satis-

factonily fitted by exponentials, tiuoughs us-ith
carbacisol and suxamethuomsium tine omsset us-as

too rapid for the time course to be estab-
lished uvith any certainsty. Tue results ob-

tainsed oms 10 preparations are showms ins
Table 6. The value p� givenu imnTable 6 refers
to tine value of �d measuired after �)rolomuged

exposure to the conditioning drug, uvitin a
recovery period tr as show-is ims tine table.

With C10TMA as comsditiomninsg agonist, tine
rate comsstanst for tine onsset of desemisitizationn,
Td�1, appeared to increase uviths tine conscens-
trations of C10T)JA, tinoungin thuere us-as a good
deal of variation amonng preparationss. At tune
louvest comscenstrations of C10T\IA (3.1 X 10_6

am), tine rate constant Tr’ us-as 0.29 mnuimn’,

us!hniciu is riot appreciably differemnt fromnn t inc
recovery rate cousstanst, 0.30 minn’.

Wisens conscemstratiomss of C10TMA amsd car-

bacisol w’ere selected that gave tine same
equnlibrium level of desennsitizationi, annd tine

rates of omnset. of desemssitizat.ions by tine tss-o
drugs us-crc compared ins I hue sanue muscle,

carbaciuol us-as fousnd to desenisitize niuclu
more rapidly thani C10TMA (Fig. 12).

Using cinick muscle, us-c have nnot. suc-
ceeded ins shouvimig unequsivocally tinat tine
oniset rate is sbus-er tiuans tine offset rate, as
Katz amid Tisesleff (6) did inn frog muiscle.
We have, isosvever, shown tinat at loss- coms-
cenntrationss of partial agonuists tine tss-o rates
may be about. tine same. Ins terms of the

Fna. 12. Kinetics of onset of (lesensitization in

chick muscle

Relatiomu between the durat iomn of application

of the comnditioning agomnist. (t,,) amid the desennsi-

tizatiomn to carbachol, measured 1.5 miii after

washiung out t he condit ion imig agonist . The frac-
tion of receptors in the desensitized state (Pd) is

showmn omi the ordiuiate. The square and rounid
symbols show the results obtaimned ins two different

preparat iomis - 0 and D , comndit.iomninig agomuist,

C,0TMA, 1.1 X 10� at; #{149}and #{149},comiditiomiimig

agounist , cau-butclnol, 3.7 X l0� am.

models discussed earlier, tine onnly mecinamnisns

thirst rsliousrs tinis is tine cyclic mnodel. Ims all tine
other models Td1 is greater thiams Tr�. i4x�
ansimiation of tine expressions for rr’ ili

Tables 1, 2, amid 4 reveals t mat tine rat io
rd�’/r�’ is aluvays equal to tine dose ratio
correspomsdinig to tine amount, of desennsit isa-
tions at e(lulilibrium. Thins, ins tine sequential
or parallel reactions nnodel, tine fractions of

recepi Om’s (lesemnsitized at equilibrium is

Ke,,
PAre = Kc4 + CA +1

The (lose IIttI() correspomntiung to tinis is givemu

by

1 KCA + Cs± 1

= 1 - PAir = � + 1

irons Table 2 is cans be seem I mat tinis quann-
tity is tine same as tine ratio of tine rate coin-
stansts for oniset amid recovery, so tinat rr’�

T�t = ,,,� . A similar rsmnalysis sinouvs tine
same to be truse of tine inule theory amsd two-

site models, but. not, of tine cyclic mnnodel,
uvisere Td_’/r�_’ = 1d�/(XC., + 1). As already
explained, tine equihibriuns (iesensitizatioms is

expeninnenntaily imnaccessible, but it is safe to
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say that it must be greaten thsans the desen-
sitization actually measured 1-2 mm after
uvashuinsg out the conditioning drug. Thnus, in

the experiment ons C10T1\IA (Table 6), a
maximum Pd value of 0.44 was measured
uvhens the conditioning drug was left ins con-

tact uvith tue tissue for 12 mimi. This con-
responds to a dose ratio of 1 .8, ansd we shuould
expect from tue preceding analysis tinat. the

onsset rate constant should be more thuars

0.34 mimi-’ (= 1.8 X �r1). In fact, it us-as

only 0.29 minrm. This finding provides cvi-
deuce against tue mechsanisms amsalyzed in
Tables 1, 2, and 4, but is quite compatible

with tine cyclic model (Table 3).

Ins the theoretical section it us-as pointed
out that the cyclic model does nnot. differ
formally from the sequential reactions model

if tine agonist has no affinity Ion R’. Thus, us-c
would expect tise slow- omuset of dcsenisitiza-

tioni to be confinsed to those drugs us-itin an
appreciable affinity for R’. In the preceding
sections it uvas suggested tinat the difference

betuveenu agonists such as carbachol, oms tine
one inamsd, and C10TMA, on the other, mighut
comssist. ins the latter group maying a relatively

hugh affinity for R’. Tine kinetic results sup-
port this hypothesis, for carbacisol was found

to desensitize rapidly, the rate constant be-
insg greater than 1 min’ (Fig. 12), ins conntrast
to C,0TMA and C,6bis-TMA. This estimate
of tine onset rate with carbacinol is only very
rough, for the measuurcmcnts show-ed a good
deal of scatter, arid the kinetics may uvell
have been distorted by diffusiorn delays.

Nevertheless it appeared that. carbacisol de-
sensitized much more rapidly than C10TMA

us’hens the comucenstrationus of tine tss-o drugs
us-crc suncis as to give the same final level of
desensitization.

Frog muscle. Experiments similar to those

described above us-crc performed on frog
nsuscle. Both tine rate amid extent of desemssi-

izatiomn us-crc subst anstially increased by

small inncneascs ins temperature, amid so the

experiments uvere performed at 20#{176}.To de-
t.ermimse the kinetics of development of de-
senusitizationn, us-c applied t.hse conditioning

agonuist for varyinsg lengtins of time amid then

added rs test dos-c of carbachol 1 mins after
uvashninng out tine conditioninng agonsist.. The
depolarizations produced by this test dose us-as

measured 1 mini after it. mad beenn applied,

Time (minutes)

Fro. 13. Kinetics of desensitization an(i iecovery

in frog muscle

0, fraction of receptors (meami ± standard

error) in the desensitized state (Pd), measured by

adding a test dose of carbachol 1 mimi after wash-

ing out. the connditiomiimig agomnist (C�TMA, 5 X

10-i M). The duratmorn ofexposiure to the condmtmomi-

ing agonist. is showmu on the abscissa. S time
course of recovers- from desensitization when the

conditioning agonist was left inn the bath for 10

mm. The curves are expomnential, with time con-

stanits of 8.9 mimi for the development of desensi-

tmzatmon, amid 3.9 mimi for recovery.

and the desensitization dose ratio (rd) was

determined by neferennce to a control log

dose-response curve obtained for carbacinol.
Iii order to test us-inetiser the developmennt of
desensitization could be slow-en than recov-

cry, C7TMA us-as usscd as the conditioning
agonist, since it had beers found to produce
more rapidly fadinng responses than carbacisol
(Fig. 8 and Table SB) arid so might inave a

selective affinity for R’ (i.e., X > 1). Figure
13 shnous-s tisc values of � obtaimsed inn this

uvay plotted against, tine time during us-hich
C7TMA, 5 X 10� an, uvas applied to the

tissue. Thse poimsts us-crc fitted by an exponnens-
tial curve (as tine model demands) witin time
conistanst -rd = S.93 mini arid going tow-and ann

equilibrium valune of �re = 0.60. Recovery
from desensitization us-as studied by applying

the same consditionimng dose for 10 mini, arid
them applying the test dose of carbacinol 1, 2,

or 4 mimi after us-ashning out tine comiditiomsimug
dose (Fig. 13). Agains, tine results us-crc fitted

by an exponential, but usith a time constant.
Tr = 3.9 mm. Thnouughs the points ons the
recovery curve do riot show’ whnetiner or riot.

it is truly expomsemstirtl, it is clear from Fig. i3

that tine inalf-time for recovery us-as conn-



Antagonist Id” l,�Expt.

1

2

Conditioning
concentration

of suxa-
methonium

M mitt

3 X1065

8.0 2.4 X 10-s 5

3 x10-65

9.0 2.7 x 10-6 5

7.4 X i0-� 4
2.2 1.5 X 10-6 4

3 X1IY6 5

10.0 3 X 10-s 5

7.4 X 10-v 2
2.2 7.4 x 10-v 2

P’s

min�

3 0.55

3 0.58

3 0.50

3 0.43

2 0.38
2 0.41

3 0.43

3 0.55

2 0.22

2 0.35

DESENSITIZATION AT CHOLINERGIC RECEPTORS 379

siderably shorten than for tine onnsct of de-

sensitization.

Effect of Tubocurarine on Desensitization

The results presented so far have beers
consistent us-ith the cyclic model for desensi-

tizations, arid inconsistent in various respects
uvith the other hypothetical models dis-
cussed. Tue effect on desenisitizations of a
rapidly reversible arstagonsist provides an-
other means of distinguishing bctw-eens these
models. Thus tine rate theory, sequential, amid

parallel reaction models have the property

that the antagonnist. should inhibit both tine

response and tine desensitizations produced by

the agonist pan passu (sec Tables 1 amnd 2).
If agonist concentration [A] produces a given

nesponnse and a givers amount of desensitiza-
tion us-hen tested in the absence of tine rsms-
tagonist., amid concentration [A ]‘ produces the

same peak response in the ircsence of tine

antagonist, then it is predicted tinat [A}’ us-ill
also produce the same amount of desemssitiza-

tion as [A].
The cyclic mode predicts, iious-evcr that

[ A ]‘ should produce nnore desemnsit izations

thans [A], amnd that. the rate constant for the
onset of desensitization sinould be snsaller.
The size of this effect on desensitizations de-
pends on (a) the value of Y for the anstagonnist

and (b) the value of X for the agonist. We
have argued that for carbachol, suxametiso-

mnium, etc., X is small, ushnilc for C10TMA it
is large, and so us-c should expect the descns-

sitizimig effect. of suxametinonium to be less
affected by tine rsmstagonnist. tinamn that of

C10TMA.
Results with suxamethnonsium as tine con-

ditionsing agonist arc presented inn Table 7.
It can be seems that tubocuraninse ins coricemi-
trations up to :3.7 X 10� am mad rio conssistenst

effect. orn desensitizations. Ins one experiment
the desenusitizatioms appeared t.o be ratiner
greater in tine presence of tuibocurarinse, but
ims other experimennts tine reverse us-as seen.
This result. is expected of tine cyclic model
only if neither agonist nor anit agonist. has a
lnigh affinity for the desemssitized receptors. If

the antagonist, us-as DPC,0 , tine desenisitiza-
tion was enhanced, even us-liens the agonist
concentrations us-as not increased ins Use pres-
enice of the anstagoniist (last line of Table 6),
confirming us-hurst mad beemn sinous-ms quahita-

TAIILI: 7

Effect of antagonists on desensitization produced by

S uxamethon tu.m in chick muscle

None

Tubocura-

rine, 3 X

10-6 am

Nouie

Tubocura-

rinne, 3 X 10-6

M
Nouie

Tiubocura-

rime, 3.7 X

10�

Nomie

Gallanuine,

3.7 X 10-6

am
None

J)PC,5 , it) X

106 am

t1 = duration of applicatiomi of comiditiomuing

dose -

b tr interval between wnishiung out connditioni-

ing dose amid nipplyiuig test dose.

C Pd fraction of receptors deseumsitized.

tively by Rang timid Hitter (1). Ins ternins of
the cyclic nnodel, DPC,0 is ann rsmntagonuist
uvit.hn a highn affinity for R’ ( Y > 0).

\Vhens tine consditiomsinsg agonnist uvas
c,0’r�i��, descnnsitizatioms us-as comisist enut lv ins-
creased in tine pncsensce of tubocuraninse, as
sisous-n ins Fig. 14. Ins thncsc experiments tine
dose ratio produced by tubocunraninne us-as
measured from tine decrease in senssitivitv to

crsrbachnol, and tine conditiomuinug conucenitra-
tioms of C,0Ti\’IA us-as increased rsccordinngly.

It us-as founid that the contraction produced
by tine conditioning concentrations of
C,OTMA was much smaller in tine presemsce
of tubocunnarimse than inn t.hne absence of amy
amst.agonist. (ins spite of inscncasinng tine cons-
centratiomi of C,OTMA ins proportions to tine
carbacinol dose ratio). This us-as presunnably

because tine dissociat ions of tubocunaninne from

tine receptors us-as riot insstamntanseouns, so that.
connpct.itive equuihibrium cotnid not be estab-
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Fuo 14. Effect of tubocuiarine on (lesensitization

b1j (‘,0T.IIA in chick muscle

Curves show the kimietics of omnset of desemisitiza-

tious iii chick muscle, plotted as inn Fig. 11. A,

conditioning agonist, C,5TMA, 2.2 X 10� am; �,

couiditiounimng agoutist, C,0TMA, 1.1 x 10� am; cx-

perinnent carried out. ims the presence of tubocura-

rimie, 1.34 X 106 am; #{149},conditioning agonist,

C,0TMA, 1.1 x i0�’ M; 0, conditiomniing agonist,

C0TMA, 5.5 x 1o-� as; experiment carried 6�)Ut in
tine presemice of tubocurariuie, 1.34 X i06 M. The
eomncentratioui of tubocurariune used gave a dose

ratio for carbachol of 5.0. The comiditionimug dose

of C,0TMA in each experinnemit was imncreased by

this factor inn the presence of tuhocnmrarine.

hisised before tine contraction us-as cut sinort
by desensitization. It cams be seems from Fig.
14 tisat tine desensitization by C,0T1\IA ap-

1)earcd to be slouver ins developing in the
presensce of tubocuranimse, ins accordance uvith

tine 1)rcdicted beinavior of tine cyclic model.

I)ISCTJ5SSON

Tine results prescisted inn tine first part of

tisis paper sinouu that tine piucnsomensons of de-
senssitizatioms produiced by nicotinic agonuists
ins cinick arid leccis muscle is quite specific.
Tinuns desensitizations to crsrbachsol or related

drugs does msot affect tine sensitivity of chick
misscle to potassium or to caffeine, amid in
leecin nnuscle descmnsit izat.ion usith carbacinol
affects tine sensitivity of tine muscle to car-
bachuol much more tinan to suxamethnonnium,

svhnile desennsitizrst iou us-it in susxamet isomnium
has tine reverse effect. Since studies us-ith
anutagomnists ins leecin muscle (26, 1) inndicate

thirst carbachiol and suxamcthuonsiuum act at.
differennt receptors inn thus tissue, the firsdinig
uvith desensitizations implies that. the mecina-

nsism emstails tine inactivation of specific re-
ceptors rat lien tiuan any msonnspecific depres-
sionn of tine tissuic.

Another finsdimsg that suggests that rc-

ceptor insact ivrstioms is tine mechursiuism under-

lyimig desenusitization in chick muscle is that.

tise log dose-respomssc curve to canbachol is
displaced to tine right ins tine desensitized
state, usitiuout. amy chnamsge ins slope, us-hnencas

the log dose-response curve to a partial
agonist is flattemned. This is to be expected of
a meciuanism inivolving receptor inactiva-

tion, but us-ould be entirely unexpected if
the receptors uscre riot. directly imsvolved.

The tineoretical models discussed irs this
paper represent various possible mechanisms
that could account for specific desensitiza-
tion. Many different. models are conceivable;
tine ones selected for analysis us-crc the
simplest. tiuat could be devised, and it could
riot necessarily be expected thirst. any of tinem
could give a complete account of the phc-
niomensa. Nevertheless, the experimental cvi-

dence all appears to be consistent with the
cyclic model, uvinile being inconsistent ins van-
ous ways with the other models. The obser-
vatioms that the onset of dcscnnsitization could

be slouser than the recovery us-as made by
Katz amid Thesleff (6) in a studs- of the

descnssit ization produced by iontophnoretic

application of acetyicholimie at tine frog motor
crud plate, and led them to postulate the
cyclic model. There is a large discrepancy be-

t usecns tine rapid desenisitizat ions and recovery
observed by Katz arid Thcsleff (6), using
iorstophnoretic application, and tine slow’
cinaniges observed by Theslcff (3), Nastuk
and Gissemn (19), Harringtons (30), arid our-

selves, using baths-applied drugs. At present

the explamsatioms of thus discrepancy is riot. at
all clear. It is possible that two separate
mechanisms exist, and that. the rapid mechna-
nism studied by Katz and Thesleff (6) us-as
obscured ins thnese otiner expenimemuts by the
relatively slow diffusion of tine drug to its
site of actions. Katz amid Tiucsleff (6) them-
selves rioted tinat. a slow-er mechnanuism ap-

peared ushnenn prolonged comidit ionsimug doses
us-crc used. Further stuidv is clearly needed
to resolve tine relationship betus-eemi thncse

processes.

Tine cyclic mechanism for desenssitizat ions
favored by our experimental results suggests
a possible interpretation of the concept, of

agonuist efficacy. This term us-as coinued by
Stephenson (1$) to describe tine property of a

drung that determimnes tine amount of “stim-

ulus” associated us-ith a given fractional oc-
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cupanscy of tine receptors by tine drug.
Stephenson (18) shouved that some agonists
produced a large effect us-hens occupyimsg only
a very small fractions of tine receptors, uvhile
otinens (partial agonsists) produced onnly a
small effect evens when the receptors us-crc

fully saturated. Tinis interpretation has been
substantiated for a number of drug-receptor

systems (27, 31, 12). We have found thirst a
number of full arid partial agonsists cause the
same amount of descmnsitizationn us-men tested
in conscentrations thirst produce equal peak

responsses. According to tine cyclic model
tisese are drugs with little or no affinsity for
R’, arid the standard rate of desensitization
implies that for arty drug efficacy is propon-
tional to K, the ratio of tine desensitization
arid recovery rate constants, kd annd kr . Since

k� uvas found to be the same for all the
agonsists tested, tine implications is that ef-
ficacy is proportional to kd . Tue theory then
becomes very like tine original rate theory
(4), irs that efficacy is equated with a reaction
rate constant, but the reactions ushnose rate
determines tine stimulus delivered to the

tissue is tine reaction AR - AR’ ratiner than

A + R -* AR, as in the original nate theory.
The efficacy of a drug us-ould thus be a

measure of tine tendency of tine complex AR

to alter its conformation to AR’, amid a
mechanistic interpretation uvould be thirst tine
stimulus is a quantal event associated with
a transient intermediate conformation be-
t.w-eens AR arid AR’. The over-all effect of a
drug would thus be a function of the fre-
quency with ushich receptors us-crc caused to
undergo t his consformationsrsl change, rat men

tisan of the proportions of receptors in the
form AR. The tineory is tinus, inn a general
sense, a rate theory ratiner tiuan au occupa-

tion theory, evens t.isougis it differs substann-

tially from Paton’s original formulations (4).
The type of mecinansism discussed by Paton
(4), uvisich entailed the stoichueiometric trains-
fcr of ions across the membrane, coupled
witis the associations arid dissociation of ago-

nist molecules, does nnot seem appropriate at
the ncunomuscunlar junction, because tine ef-
fect of the tranusmitt.en huas beers sinouvms to be
a connductansce cina.nge (32, 33), tine rate rsmnd
directions of tine tranusfer of ionss depenudinug oms

the electrochemical gradients. It seems pref-
erable, therefore, t.o t.inink ins terms of an
intermediate conufornsrstiomn conferring tine

property of raised comsductamnce, rather titans
of a stoicineiometric ions tramusfer.

Of tine tiucoretical models tinat us-c hnrsve

discussed, the tw-o-site nnodel is tine nuost

difficult. to formulate precisely amid to test
expenimenstally. There are, houvever, t w-o

pieces of evidennce tinat appear to argue
agaimsst tine tuso-site nsodel. They are (a) tine

fact that the rate of recovery from desemssi-

tizations is tine same for all agonuists, amnd
( b) tine existence of a standard rate of de-
seussitizations. Since tine t.uvo-site model nuust

accounnt for tine sbus-ness of desensitization
by tine sbus-ness of combimsations of tine agomsist
us’ith the dcsenssitizinng site, it uvould be an

extraordinary coinicidersce if recovery oc-

cunred at tine same rate us-itiu differenst druigs.
Similarly, tine stanndard rate of desennsitiza-

tion has to be ascribed to coincidence accord-
mug to tine t.uso-site nnodei, us-inereas tine cyclic
model offers a more satisfactory explarsationu.
Tinese results are, isouvever, far from ehinsi-
nuating tine t.uvo-site nnodel conclusively, anid
much more direct. evidensce us-ill be nuceded to
settle tine questions.

The results obtainucd on cinick nsuscle us-ith
agomsists such as C,0TMA arid C,6bis-TMA,
and us-itin anstagonsists sucin as diphuennyldeca-

methonsium (DPC, o) amid dimnapiuthyldecanse-

tisonsiunn (DNC10) arid tineir alkylatinng tic-
nivrstives DPC,0M amid DNC,0M (1, 16),
suggest thirst. tine consformationual differemuce

between R and R’ is cinaractenized by tine fact

that. these drugs inave a relatively hugh nsf-
finiit.y for R’, ushererss drugs sucin as carbacinol
( and all of tine agornists thirst j)roduce tine
standard rate of desensitizations), as uvehl as

the counventionnal , nsonnmet apinilic arstagonsist s,
tubocuranimse amid grshlrsmirse (1), inavc omuly a
relatively small rsffinnity for R’. We suggest

thirst drungs thirst beinave like C10TMA amid

C16bis-TMA migiut t.inerefore be ternued nnet-
apinihic a.gomnists. Imi frog muscle C7T\IA,

C�bis-TMA, arid phemnyl-TMA belomng to

this class.
According to thus msomemnclat tire, nunet a-

phihic agomnists are tlnose tinat produce
marked desensitizations of tine receptors us-it in-

out necessarily causing very marked (he-
polarization. It. seems possible that some of
the puizzlinng beinavior of depolarizimng block-
ing agcnuts at tine nseuromuscunlar junctions
migint be explainued inn tinis us-ay. It is still
riot at all clear to us-hat extenst depolanizatiomn
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“Unpublished restults.

per se amid desensitizations contribute to tine
transmission block produced by decametino-

nuiunm arid suxamet.inonium at. tine nneuromus-
cunlar junctions. Tiscre appear to be differences
bet uveeni species, bet w-eenn experi merits in vivo

arid in vitro, anid effects of temperature (34).

We inave founsd marked differensces betw-eens
cinick arid frog munscie: phensyl-TMA, for cx-

ample, behaves as a mctaphsilic agonist. in
frog munsclc, but as a nnormal agonuist ins chick
muscle. Also, temperature inas been found to

affect very markedly tine rate arid extent of
desensitization ins frog muscle.5 Tine theory
migint , therefore, provide an explanation of

some of the phennomensa relating to depolani-
zation block. Ansotiner result corncerninsg nncu-

romuscular blocking agents that. might be
explainned by our hypothesis is the insterac-
tionn between suxametinomsium arid hcxafluo-
remniuim at. the frog neuromuscular junction
studied by Xastuk ansd Kanis (35). They
founid thirst altinougis hcxafluorcnium pro-
duced neuromuscular blockade without caus-

imig any depolarizations, ansd its blocking

actions summed with tubocunanirse, its effec-

tivensess uvas increase(i ratiner than reduced

by concurrent applications of suxametho-
nnium. Hexafiuorcnsium is a symmetrical bis-

quaternsary ammonium compound with ano-

matic substituemsts on tine niitrogcnu atoms,
similar to the metapinilic antagonists DPC10

amid DNC,0 described by Rang and litter
(1). It seems likely that hexafluorenium is

also a metaphihic anntagonnist; this w-ould ex-
plains its otinerusise unnexpccted synergism
w-itis suxamethonium, for tine fractions of t.he

receptors that it occludes (arid t.hus the
annoumit. of block it produ.ices) us-ill be increased
by simultaneous applicat ions of a depolarizing

drung.
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