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SUMMARY

Evidence is presented that desensitization to cholinergic agonists in chick and leech
muscle is a process involving receptor inactivation. Various possible mechanisms that could
account for slow inactivation of receptors by agonists were analyzed mathematically, and
expressions were obtained for the rate and extent of desensitization expected under various
conditions.

With the majority of agonists tested there appeared to be the same relationship between
the response and the amount of desensitization produced. Certain agonists, however, were
relatively more effective in causing desensitization.

The kinetics of development of and recovery from desensitization were studied in chick
and frog muscle. Reactivation of desensitized receptors occurred exponentially. In chick
had been used to produce the desensitization.

In chick muscle, tubocurarine decreased par: passu the response and the desensitization
produced by carbachol or suxamethonium. Tubocurarine increased the desensitization pro-
duced by the partial agonist n-decyltrimethylammonium.

These results are compatible with the cyclic model for desensitization suggested by Katz
and Thesleff [J. Physiol. (London) 138, 63 (1957)], with the additional factor that certain
drugs may have a preferential affinity for desensitized, compared with normal, receptors.
The process of receptor activation may be very closely related to the transition from normal
to desensitized receptors brought about by agonist drugs.

receptors caused by the agonist and it was
called the metaphilic effect. Because the

INTRODUCTION
In a study of an anomalous type of drug

antagonism involving cholinergic receptors
in chick slow muscle and in leech muscle (1)
we found that the affinity of the receptors
for certain antagonists was increased if the
appropriate agonist was applied at the same
time as, or shortly before, the tissue was
exposed to the antagonist. The evidence
suggested that this change in affinity was
due to a conformational change in the
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effect was found to persist for several min-
utes after a conditioning dose of agonist
was washed out of the tissue, we suggested
that it might be related to the phenomenon
of desensitization, which appears as a de-
crease in the sensitivity of a tissue to
agonist drugs that occurs after a high con-
centration of agonist has been applied to
the tissue, and from which recovery can
take many minutes.

In this paper a number of possible mecha-
nisms that could be responsible for desensi-
tization are discussed, with the aim of
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determining whether the mechanism could
also account for the metaphilic effect.

There have been several studies of drug
desensitization in various tissues. Barsoum
and Gaddum (2), Cantoni and Eastman
(3), and Paton (4) have described specific
and nonspecific desensitization in intestinal
smooth muscle. Desensitization at the frog
neuromuscular junction has been studied by
Thesleff (5), Katz and Thesleff (6), Nastuk,
Manthey, and Gissen (7), and Manthey
(8). Khairallah, Page, Bumpus, and Tiirker
(9) have studied the desensitization pro-
duced by angiotensin in arterial smooth
muscle. The current status of the various
theories put forward is discussed by Elm-
qvist and Thesleff (10), Taylor and Neder-
gaard (11), and Waud (12). It is safe to say
that the mechanism is poorly understood.
An important but not always very clear
distinction has been made between specific
desensitization, in which an agonist desen-
sitizes the muscle only to agonists that act
upon the same receptor (2, 13, 14), and non-
specific desensitization, in which an agonist
desensitizes the tissue to agonists that act
on different receptors (3, 4).

The first part of this paper is concerned
with testing the specificity of the desensi-
tization produced by agonists such as car-
bachol and suxamethonium in chick and
leech muscle. If desensitization is related to
the metaphilic effect, it would be expected
to show the same pattern of specificity. The
results show this to be true, and suggest
that desensitization involves the inactiva-
tion of a fraction of the receptor pool, as
proposed by Katz and Thesleff (6) and
Nastuk (15). These authors suggested vari-
ous theoretical models to account for desen-
sitization, and we have analyzed the prop-
erties of these and other models and tried to
test experimentally which one accounts most
satisfactorily for desensitization to choliner-
gic agonists in chick and frog muscle. The
results support the cyclic model proposed
by Katz and Thesleff (6) and favored by
them on kinetic grounds. This model postu-
lates the production of a modified and in-
sensitive conformation of the receptor, which
could be the form for which metaphilic
antagonists have a preferential affinity. The
quantitative relationship between desensi-
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tization and the metaphilic effect is dis-
cussed in the accompanying paper (16). The
results also suggest a relationship between
the processes of receptor activation and
desensitization which implies that desensi-
tization is a necessary consequence of recep-
tor activation and not simply a pharmaco-
logical curiosity.

Previous studies on desensitization (6-8)
have expressed the effect as a fractional
reduction in the response to a given concen-
tration of agonist. In order to infer from
such a measurement the fraction of the
receptor pool that has been inactivated,
some assumption about the relationship
between the fractional receptor occupancy
by the agonist drug and the measured
effect is needed, and this can lead to consid-
erable uncertainties in interpretation (see
ref. 12). In the present studies, we have ex-
pressed desensitization in terms of agonist
dose ratios. Though this involves more
laborious experiments, being a null method
it circumvents the need for these arbitrary
assumptions, and has been used extensively
in the analysis of drug-receptor interactions
4, 17, 18).

MECHANISM OF DESENSITIZATION—
THEORETICAL ASPECTS

The main mechanisms that have been
proposed to account for desensitization are
the following.

Nonspecific mechanisms (3, 4, 12). When
only one class of agonist is known, it is
difficult to exclude nonspecific mechanisms.
Results presented below show that mechani-
cal fatigue or failure of excitation-contrac-
tion coupling is not appreciably involved in
chick muscle, and there is abundant evi-
dence that desensitization is associated with
recovery of both the membrane potential
and the conductance at the frog neuromus-
cular junction. Waud (12) has suggested
that local ionic shifts brought about as a
consequence of the conductance change
could account for desensitization, but it is
not clear to us how the entry of sodium
ions or the loss of potassium ions could act
to restore the membrane potential and
nullify the increase in conductance.

Receptor mechanisms. Various suggestions
have been made that have tried to account
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for desensitization by the properties of the
drug-receptor interaction itself. Thus Paton
(4) put forward the rate theory of drug
action, which suggests that the effect of an
agonist is a function of its rate of associa-
tion with the receptors (not of the fraction
of receptors occupied, as the conventional
theory holds). This theory predicts that the
effect of an agonist will initially be large,
when all the receptors are vacant and the
association rate consequently high, but will
fade away as the fraction of receptors occu-
pied by agonist molecules increases, leaving
fewer vacant for fresh associations. When
the drug is washed out of the tissue, the
rate of association will at once drop to
zero, and so the effect will cease, but a frac-
tion of the receptors will remain occupied,
and this means that the tissue will be less
sensitive for a time after an agonist is
washed out of the tissue. The current
status of this theory is discussed by Waud
(12); though convincing evidence in its
favor is difficult to obtain, it has not so far
been refuted experimentally, and was con-
sidered as a possible mechanism for desen-
sitization in the present study.

There are also various models that adhere
to the basic occupation theory of drug action
(i.e., response is a function of the fraction of
receptors occupied by agonist molecules,
and not of the rate of association), but add
on extra reaction steps in order to explain
desensitization. Four basic models of this
type have been proposed and are shown in
Fig. 1. The first three (Fig. 1a—c) were con-
sidered by Katz and Thesleff (6). In the
first model, two types of agonist-receptor
interaction are envisaged. The first type of
complex, AR, is formed rapidly and is
responsible for producing the drug effect.
The second type of complex, AR’, is formed
only slowly, and is inactive. In the second
type of model (Fig. 1b), the active complex,
AR, slowly turns into an inactive form,
AR’. In these two models, slow recovery
from desensitization is ascribed to slow dis-
sociation of AR’ (in Fig. 1a) or to slow
reconversion of AR’ to AR (in Fig. 1b). The
third model (Fig. 1c) also entails the con-
version of the active complex, AR, to an
inactive form, AR’, but the status quo is
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Fi16. 1. Hypothetical mechanisms for desensiliza-
tion

In each model the active complex AR is formed
rapidly. Desensitization entails the slow forma-
tion of AR’ (in models a, b, and ¢) or of AAR
(model d). In the cyclic reaction model, the exist-
ence of unoccupied but desensitized receptors,
R’, is postulated.

restored by dissociation of AR’, leaving free
R’, which then slowly reverts to R. As Fig.
1c is drawn, the desensitization and recovery
steps are irreversible. As Katz and Thesleff
discussed, these can be made reversible, but
in the formulations that follow we have
found that the irreversible model gives
rather simpler equations, not differing in
their general form from those of the rever-
sible model, and we have confined our at-
tention to this form.

Finally, Fig. 1d shows a model that
derives from Nastuk and Gissen (19), who
suggested that the receptor has more than
one binding site, and that occupation of the
first site activates the receptor while occu-
pation of subsequent sites inactivates it.
Thus desensitization is ascribed to the pro-
gressive occupation of the extra binding
sites, which Nastuk and Gissen (19) sug-
gested might be three phosphate groups. In
our representation, only two sites are shown,
because addition of extra sites merely com-
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plicates the equations without basically
altering their form.

Depolarizer entry (11). This theory sug-
gests that depolarizing agents cross the
postsynaptic membrane, and that their in-
tracellular accumulation results in desensi-
tization. Evidence in favor of this mecha-
nism at present appears to be slender: in-
deed, del Castillo and Katz (20) found that
intracellular injection of carbachol at frog
motor end plates did not affect their sensi-
tivity to externally applied carbachol, which
is contrary to the prediction of the theory.
This theory does not attempt to explain
why intracellular accumulation of the ago-
nist should result in desensitization, and
therefore gives rise to little in the way of
quantitative predictions. We shall not, there-
fore, consider it further, though it has
clearly not been ruled out as a mechanism
of desensitization.

Predicted Properties of Theoretical Models

We have derived equations, based on the
law of mass action, to describe the extent
and rate of desensitization as functions of
the concentration of agonist, and the effect
on desensitization of adding reversible com-
petitive antagonists.

In all of the models the drug effect is
greatest when the drug is first applied, and
then declines to a steady-state value when
the drug is left in contact with the tissue;
it is useful to obtain equations describing
the rate and extent of this decline predicted
by the different models. When the agonist
concentration is reduced to zero, a certain
fraction of the receptors is left in the desen-
sitized state, and this fraction can be meas-
ured by the dose ratio method, as described
below. For each model, equations can be
derived that describe the rate at which
desensitization develops in the presence of
the agonist, and the rate at which sensitivity
is regained after the agonist is removed.
Finally, we wish to know what effect a
reversible antagonist would have on these
systems. There are two ways of formulating
this problem. First, we can find out how
much desensitization is produced, and how
rapidly, by a given concentration of agonist,
alone and in the presence of the antagonist.
A second approach is to compare the desen-
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sitization produced by a given concentra-
tion of agonist [A] alone, with that pro-
duced by a concentration of agonist [A)’
giving the same initial response in the
presence of the antagonist as was obtained
with [A] alone. In the following section the
behavior of the theoretical models shown in
Fig. 1 will be analyzed in this way.

Rate theory model

A4+ R——— AR (p,q)

B 4+ R~— BR (ps)

Here ky4 and kz,. are the association and
dissociation rate constants for the agonist,
A; kis and ke are the corresponding rate
constants for the antagonist, B. p, and ps
are the fractional occupancies by 4 and B,
respectively. According to rate theory the
response of the tissue is a function of the
rate of association of agonist molecules,
k14-[A]-(1 — pa — ps). If this model is to
explain relatively slow desensitization, kg4
must be quite small. On the other hand, the
antagonist, tubocurarine, is known to disso-
ciate rather rapidly from end-plate recep-
tors (21), and in the present studies we have
found that the antagonism produced by
tubocurarine in thin strips of chick biventer
cervicis decreases with a half-time of about
30 sec (which is faster than recovery from
desensitization). This is contrary to the
rate theory as originally formulated (4),
which requires that the dissociation rate
constant, k. , should always be greater for
agonists than for antagonists. Thus, if this
theory is to explain desensitization in the
present case, we have to abandon Paton’s
proposition that the efficacy of a drug
depends only on its k, , and to introduce an
efficacy term distinct from %, . Though this
robs the rate theory of its attractive formal
simplicity, it remains a possible model for
desensitization and needs to be considered
further.

When the agonist drug is added alone, the
initial rate of association, a, , is given by

Ao = klA[A]
= kasca
where Cs = km/sz‘[A]-
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Desensitization, according to this model,
corresponds with the build-up of p, . Thus

dg; kuCA(l - PA) — Pa
Pa = -~ + 3 (1 — exp —kaalca + 1] (1)

Thus, if desensitization is allowed to pro-
ceed to equilibrium, p, reaches a value of
ca/(ca + 1). The rate of association, a ,
is then (keac4)/(ca + 1).

The associaton rate declines exponentially
from a, to a, with a rate constant r,~! =
—kea(ca + 1). When the desensitizing
agonist is removed, p, decreases (i.e., sen-
sitivity returns) with a rate constant r,”! =
—koa .

If we now consider the effect of including
an antagonist B, and assume for simplicity
that it equilibrates instantaneously with the
receptor pool available to it, we may write

Ps = B+l(1—'?4)
where ¢ = kip/kes-[B] and
(%" = szCA(l — Pa — PB) — Pa

Integration gives the following result.

— Ca
Pa= i F e t1

ca+cs+1
(- o[ -meese

)"

The initial rate of association, a, , is then
gwen by szCA(l bt pn) or szCA/(Ca + 1),
and a, is given by kuca/(ca + ca + 1).
The rate constant for this process, 77}, is
—kaalca + c8 + 1)/(cs + 1), while the
recovery rate constant, r,', is, as before,
—koa .

If we now imagine that the effect of the
antagonist is countered by raising the ago-
nist concentration, it can be seen that in-
creasing c, by a factor (cs + 1) will over-
come the effect of the antagonist in reducing
ao . If ca(cs + 1) is substituted for ¢, in
Eq. 2, the result is identical with Eq. 1. In
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other words, the effect of concentration c,
of agonist in terms of the rate and extent of
the desensitization that it produces, as well
as the initial response, is exactly matched
by concentration c4(cs + 1) in the presence
of antagonist concentration, cs . These prop-
erties of the model are summarized in
Table 1.

Parallel and sequential reaction models.
These two models (Fig. 1a and b) can be
considered together, as they give rise to
identical equations. The assumptions made
were that both A and B equilibrate instan-
taneously with the free receptor pool, the
rate-limiting reactions being the desensitiza-
tion and recovery reactions, governed by
rate constants ks and k,, respectively. In
this and all subsequent models we assume
that the drug effect is a function of the
agonist occupancy p. and not, as above, of
the association rate.

Sequential reaction model:
kg

—_
p—
k,

AR’

ki1a
A+R - AR
" (P'A)

(PA)
B+ R _—_‘w’— BR
(Pn)

Parallel reaction model:

k14

A+R%5AH (72

B + R<~—BR (ps)

In both these systems, the amount of
desensitization existing at the moment the
desensitizing agonist is washed out of the
tissue is given by p'4 .

The properties of these two models are
summarized in Table 2. The dimensionless
concentration variables, ¢, and ¢z, have
the same meaning as in the earlier section.
As in Table 1, the first and third lines are
the same, showing that addition of the an-
tagonist B, with a compensating increase in
the agonist concentration such that the
initial response of the tissue is unchanged,
leaves the extent and rate of desensitization
unaltered.
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TABLE 1
Rate theory model
Initial . : Equilibrium Desensitization Rate Recovery Rate
Stimulus FmaleSumulus Desensitization Constant Constant
P AG ﬁA. ,rd—l f:l
A alone ea kaa 04 k1a Ca C4 —kaalca +1) —k:
4 k24 ca ea + 1 oa + 1 24(Ca 24
e kaq Ca €4 kaa Ca Ca (ca+ca+1)
A+ B —kyy ——8m8m——— —k
+ ce+1 ca+cg+1 ca+cg+1 4 cg+1 *
[ sz Ca Ca
A'+ B k. —_— —k 1 —k
+ € ke Ca ex + 1 o0+l 2a(ca + 1) 24

¢4 is the efficacy of the agonist (18). However, since rate theory is being considered, e 4 relates stimu-
lus to association rate, a, and not to occupancy as in the original definition. The expressions in the last
line are obtained by substituting c4(cs + 1) for c4 in the second line. The dose ratio, cg + 1, is the
ratio by which ¢4 has to be increased in order to overcome the effect of the agonist.

TABLE £
Parallel and sequential reaction models
Re-
Initial . . Equilibrium Desensitization Rate covery
Stimulus Final Stimulus Desensitization Constant Rate
€APAx ’ pry Con-
€apas pa Ta stant
!
A slone €aCy €4Cy KCA —k .KCA +C,4 +1 —k
ca+1 Kea+ca+1 Kea+ca+1 T oeat1 "
A +B €4Chy €4Cy KCA —k"KCA +C,4 +63+l —k,-
cat+ces+1| Keat+cat+es+1l | Keatcea+ces+1 ca+cg+1
€aCa €sCy Keca Kes +c4+1
A'"+B —_— —kp————— —k,
+ ca+1 Kca+ca+1 Kca+ca+1 ca+1

€4 , in this and subsequent tables, is the agonist efficacy, as defined by Stephenson (18). The expres-
sions in the last line are obtained by substituting c4(cs + 1) for ¢4 in the second line. For the parallel

reaction model,

For the sequential reaction model,

Cyclic reaction model.
k
B+R B2 BR ()
k
A+R == AR  (ps)
| B
[k, |kd
v
’ kia ’ ’
A+ R — AR (pa)
kaa

k2a . kd

B klA kr

B+ R

’
—— BR
k2B

(P'B)

Again we assume that the only rate-
limiting steps are the desensitization and
recovery reactions, with rate constants kg
and k,, respectively. It is convenient to
define the ratio of the equilibrium con-
stants of A for R’ and for R, and similarly

for B. Thus
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kia-Koa

k;B 'k23 = Y
kza-kua

ks - ks

)

It is also convenient to define

ka
k., K

The amount of desensitization existing at
any time, that could be detected if the
desensitizing agonist were removed from
the tissue, is given by (pa + ps + p’). The
properties of this system are summarized in
Table 3. An important property of this
system is that the expressions in the third
line of this table are not identical with
those in the top line. Thus, if the effect of
an antagonist is overcome by raising the
agonist concentration by a factor (cz + 1),
so that the initial occupancy, p4o, is re-
stored, the desensitization produced is
greater than that produced by the concen-
tration c, in the absence of any antagonist,
and the rate constants r;' and 7,! are
smaller.

It is obvious that an antagonist with a
preferential affinity for B’ (Y > 1) will
promote desensitization, because R’ pro-
duced by the agonist will tend to be trapped
by combination with B, instead of being free
to revert to R. However, even if the antago-
nist has no affinity at all for R’ (Y = 0), it
still affects desensitization, as is shown in
the fourth line of Table 3. Desensitization
is greater in extent, and slower in onset,
than it is in the absence of the antagonist,
but the time course of recovery is not
affected.

Two-site model. This is formally more com-
plicated than the models discussed so far,
which have postulated only a single drug-
binding site on the receptor. The complexity
arises because, by analogy with allosteric
proteins, there is a possibility of interaction
between the two sites. If it is postulated that
binding of a drug molecule at the ‘“‘desensi-
tizing site” renders ineffective the binding
of a molecule at the “active” site, it cannot
be reasonably assumed that the affinity of
the drug for the active site is unaltered by
occupation of the desensitizing site, and
vice versa. Thus one has to take into ac-
count not only the affinity of the drug for
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the two sites, but also the interaction be-
tween the two sites.

The postulated reaction scheme is as
follows.

A+—&//%¢K\MM (pw)
X'RA/ Dz

TP:)

When site 1 is occupied, the complex is
represented by AR—; when site 2 is occu-
pied, by —RA; and when both sites are
occupied, by ARA; the fractions of the
receptor in these three occupied states are
written as p1, p., and pp, respectively.
We assume that site 1 is the active site, so
that response is a function of p, , and that
the forms —RA and ARA are desensitized.
To account for the slow kinetics of desensi-
tization, it must be assumed that equilibra-
tion with site 2 is rather slow (i.e., k4 and
k, are small). The general kinetic and
steady-state equations for this system are
unwieldy, as they involve four separate
equilibria, and the affinity for site 2 may
depend on whether or not site 1 is occupied.
We have therefore derived three special
cases: (a) when there is no interaction
between sites 1 and 2, (b) when site 2 can
be occupied only when site 1 is occupied,
and (¢) when site 2 can be occupied only
when site 1 is vacant. Analogous models
have been described for enzymes with more
than one binding site (see ref. 22). The
behavior of the model is summarized in
Table 4.

It was not worth considering the effect of
antagonist with this model: no fewer than
12 separate equilibria are involved, with a
corresponding number of disposable con-
stants in the steady-state equations, and
the predictive value of the equations is
therefore very small. Moreover, this model
attributes the slow kinetics of desensitiza-
tion to the slowness of the reaction of
agonist at site 2. If the reaction of the
antagonist with site 2 is also allowed to be
rate-limiting, complicated second-order ki-
netic equations result, which are again of
little predictive value.
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TABLE 4
Two-site model
ops R cpe e Recovery
Initial . : Equilibrium Desensitization
Stimulus Fmai Sptllmulus Desensitization Rate Constant C ()I:n:::nt
€apro APl P2 + P2, 75! -
No interaction €4 Ca €4 Ca Xea k., (Xca + 1) k
ca+1|(Xca+1)(ca+1) Xea +1 Tt "
Co-operative inter- €4 Ca €4 Ca Xca? —k .Xc,,’ +eat 1| k
action ca+1| Xealt4ca+1 [Xea?+ca+1 ’ ca+1 "
. . . €4 Chq €4 Ch XCA Xca +ca +1
t -k ——————| — &
Negalive interaction ot 1 Xoa +oa +1 Xoa +os +1 a1

In the first line it is assumed that occupation of site 1 has no effect on the affinity of the drug for
site 2. In the second line it is assumed that site 2 can be occupied only when site 1 is occupied. In the
third line it is assumed that site 2 can be occupied only when site 1 is vacant. X is the ratio of the

affinity of the drug for site 1 and site 2.

Certain features of the analytical results
presented in Tables 14 may be noticed.

1. In all cases except for the cyclic model,
the rate constant for the development of
desensitization is greater than that for
recovery. Only with the cyclic model (Table
3) can desensitization develop more slowly
than it disappears. It can be shown that the
coefficient [Kca(Xca + 1) + ca + 1)/
[(Xca 4+ 1) (ca + 1)], which is the ratio of
the onset and recovery rate constants in
Table 3, can become less than unity (i.e.,
onset is slower than recovery) at low values
of ¢4 only if X > K. Drugs with a relatively
high affinity for R’ (X large) are thus more
likely to show such kinetics than drugs with
a low affinity for R’.

2. The effect of an antagonist does not
fundamentally alter the properties of the
rate, sequential, or parallel reaction mecha-
nisms (Tables 1 and 2). If the agonist con-
centration is raised to overcome the effect of
the antagonist, the desensitization produced
is just the same as that produced by the
lower concentration of agonist in the absence
of any antagonist. With the cyclic model
this is not true: an antagonist increases the
amount of desensitization produced by the
agonist if the agonist concentration is in-
creased so as to overcome the blocking
action in respect of the initial response. It
can be seen from the last line of Table 3
that even an antagonist with no affinity for

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

3. In all the models except for the cyclic
model, the rate of recovery from desensi-
tization would be likely to vary with differ-
ent agonists. Thus, in the rate theory,
parallel reaction, and two-site models, re-
covery from desensitization involves the
dissociation of the agonist drug from the
receptor, while in the sequential reaction
model the process of recovery also involves
the agonist, in the reaction AR’ — AR. In
the cyclic model, on the other hand, the
recovery process does not involve the ago-
nist drug, and so long as the species R’ is
identical for all agonists, the rate of recovery
from desensitization should be the same for
all agonists.

METHODS

Strips of chick biventer cervicis muscle
and leech dorsal muscle were prepared and
set up as described by Rang and Ritter (1).
The only difference was that the strips of
chick muscle were connected to the isometric
transducer via a phosphor-bronze spring of
compliance 10 mm/100 mg. This was done
because it was found that prolonged maxi-
mal isometric contraction tended to damage
the muscle, sometimes even to break it, and
this interfered with the study of desensitiza-
tion. If the muscle could shorten without
developing much tension, this difficulty was
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avoided, and the muscle normally recovered
its original sensitivity even after prolonged
exposure to supramaximal agonist concen-
trations.

Experiments on frog muscle were done on
extensor longus digiti IV of Rana temporaria
during the period April-November 1969.
The dissection and experiments were carried
out in Ringer’s solution of the following
composition: NaCl, 116 mm; KCI, 2 mm;
CaCly, 2 mM; and sodium phosphate (to
give pH 7.0), 2 mm. A liquid/air interface
was used as an extracellular electrode with
which to record the depolarization at the
end-plate region of the muscle (23). The
muscle was mounted vertically on a Perspex
assembly, which was drawn out of the bath
at a constant rate (48 mm/min) by an elec-
tric motor operating a rack and pinion.

The volume of the bath was 50 ml, and
the solution was bubbled with air, except
for the 20-sec periods when recordings were
being made; drugs were added in volumes of
0.5 ml or less. The organ bath was main-
tained at 20° by means of a thermostat,
because the time course of desensitization
was found to be very sensitive to tempera-
ture.

The end-plate depolarization was recorded
by means of Ag-AgCl electrodes connected
to the preparation by NaCl-agar bridges.
Signals were fed into a solid-state differen-
tial amplifier with high-input impedance,
and recorded on a potentiometric recorder.
A microswitch on the rack-and-pinion device
operated an event marker which enabled
successive records to be accurately aligned.
The end-plate depolarization was measured
as the difference between the peak depolari-
zation and the potential recorded from the
same point on the muscle in the absence of
any drug.

These methods were preferred to intra-
cellular recording methods that might have
given a more direct measure of end-plate
conductance changes. This was because we
wished to analyze desensitization by the
dose ratio method, rather than simply to
measure the fractional reduction of stand-
ard response, and this required a method
that would give consistent drug effects for
several hours. A number of experiments
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were done in which conventional microelec-
trode recording of end-plate depolarization
in frog sartorius muscles was used, but it
was rarely possible to obtain more than
three or four consistent responses to de-
polarizing drugs. This made quantitative
analysis very difficult, but many of the
observations reported in this paper were
qualitatively confirmed.

The following drugs were obtained com-
mercially: carbamylcholine chloride (carba-
chol, Koch-Light), suxamethonium chloride
(Allen & Hanbury), decamethonium iodide
(Koch-Light), and (+4)-tubocurarine chlo-
ride (Burroughs Wellcome). Other com-
pounds used were diphenyldecamethonium
iodide? (1), bistrimethylammonium com-
pounds® (Me;N+(CH,),N+Me;-2Br-), and
bistriethylammonium compounds® (Et;N+-
(CH:).N*Et;-2Br-); other bisquaternaries?®
[R1R4R3N+(CH2)10N+R1R4R3 . 2BI'-; Rl, Ra
=ethyl, R; = methyl; and R,, R, =
methyl, R; = 2-hydroxyethyl]; and mono-
quaternaries? (RN*+*Me;; R = n-decyl as
bromide; R = phenyl as iodide).

RESULTS
Specificity of Desensitization

In work on the irreversible antagonist
diphenyldecamethonium mustard, it was
found (1) that in chick muscle cholinergic
agonists produced the metaphilic effect but
caffeine and potassium did not, whereas in
leech muscle suxamethonium was effective,
but not carbachol. We have investigated
desensitization to see whether it shows the
same pattern of specificity as the metaphilic
effect in these two tissues.

Two kinds of experiment were done in
chick biventer cervicis muscle. In the first
(Fig. 2), we compared the shapes of the
contraction produced by potassium and by
cholinergic agonists. It was found (Fig. 2)
that potassium caused a contraction that
was well sustained for 10-15 min, whereas
with carbachol and related agonists the
muscle gradually relaxed despite the con-

? Supplied by Dr. E. W. Gill, Department of
Pharmacology, Oxford University.

3 Supplied by Dr. R. B. Barlow, Department of
Pharmacology, Edinburgh University.
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F16. 2. Responses of chick muscle to K+ and
carbachol.

The records show the contractions of a strip of
chick biventer produced by K+, 28 mm, for 25 min
(A); carbachol, 1.5 X 1075 M, for 25 min (B); and
carbachol, 7.4 X 10~% M, for 25 min (C). The rec-
ords show that the submaximal contraction pro-
duced by carbachol is much less well sustained
than that produced by K*. Increasing the car-
bachol concentration increases the rate of fade.

tinued presence of the drug. After 15 min
the relaxation was usually nearly complete,
though muscles differed considerably in this
respect. In the presence of potassium, the
tension seldom decreased by more than
about 20 % in 15 min. This test revealed no
difference between carbachol and suxame-
thonium.

This result shows that the muscle was
capable of a well-sustained contraction when
depolarized by raised potassium concentra-
tion, and implies that the fading contraction
observed with cholinergic agonists reflected
a fading depolarization. A number of studies
at the motor end plate have shown that the
depolarizing effect of cholinergic agonists is
poorly sustained (5-7), and it seems likely
that the same mechanism is responsible for
the fading contraction in chick muscle. In
Fig. 2 the contractions shown are nearly
maximal ; similar results were obtained when
matching submaximal contractions produced
by carbachol and potassium were compared.

In the second type of experiment, which
was better suited to quantitative study, the
sensitivity of the preparation to different
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Fi1a. 3. Specificity of desensitization in chick
muscle.

Conditioning doses of carbachol (7.4 X 10~¢ M
for 2 min) are indicated by the black bars. The
test agonists were: @, caffeine, 3.7 X 1072 u;
0, K+, 2.1 X 10 m; O, carbachol, 7.4 X 10~¢ M.

substances was tested at various times after
a conditioning dose of agonist had been
washed out of the tissue. Figure 3 shows the
effect of a large conditioning dose of car-
bachol on the sensitivity of a strip of chick
muscle to carbachol, potassium, and caf-
feine, tested 1.5 min after the conditioning
dose was washed out of the tissue. It can be
seen that the desensitization affected only
the sensitivity to carbachol. In six out of
eight preparations on which this kind of
experiment was done, the response to potas-
sium was reduced by less than 10%, com-
pared with a reduction of 50-80% in the
response to carbachol. In one experiment, a
conditioning dose of carbachol (7.4 X 10~% m
for 2 min) decreased a test response to
potassium by 45 %; in another experiment,
25 % reduction of the response to potassium
occurred. The desensitization to potassium
seen in these two experiments may have been
due to the cholinergic element in the action
of potassium (1), which would presumably
have been reduced by specific desensitiza-
tion. In no case was the response to caffeine
appreciably reduced.

The chick biventer muscle contains both
singly innervated and multiply innervated
fibers (24). Only the multiply innervated
fibers would be expected to contract with
cholinergic agonists, whereas both types
might respond to potassium and caffeine.
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Two experiments were done on strips of
anterior latissimus dorsi, which contains
only multiply innervated fibers (25). The
same result was obtained, the contractions
produced by caffeine and potassium being
unaffected by desensitization with carba-
chol. Furthermore, the relative potencies of
these three agonists were the same in bi-
venter and anterior latissimi dorsi, which
makes it unlikely that the twitch fibers in the
biventer contributed appreciably to the
response to caffeine and potassium.

In chick biventer cervicis muscle, carba-
chol and suxamethonium appear to have
similar actions, except that suxamethonium
is about 30 times as potent as carbachol.
Both produce the metaphilic effect, and
both are equally antagonized by a number
of blocking agents (1). Their desensitizing
action was compared in two experiments, in
which the potency ratio of the two agonists
was measured and equiactive conditioning
doses were calculated accordingly. In one
experiment the test drug was carbachol; in
the other, suxamethonium. Equiactive con-
ditioning doses of the two agonists caused
the same amount of desensitization, whether
the test agonist was carbachol or suxame-
thonium.

Leech muscle, unlike chick muscle, pos-
sesses separate receptors for carbachol and
suxamethonium (26, 1), and we tested the
specificity of the desensitization produced
by these two agonists (Fig. 4). A condition-
ing dose of carbachol desensitized the muscle
to carbachol much more than to suxame-
thonium, while desensitization with suxa-
methonium had the reverse effect. Thus
desensitization in chick and leech muscle is
specific, consistent with the idea that the
mechanism involves inactivation of recep-
tors. Furthermore, desensitization and the
metaphilic effect have the same pattern of
specificity, and the fact that in leech muscle
both phenomena show the rather unexpected
discrimination between carbachol and suxa-
methonium suggests a relationship between
them.

Quantitative Measurement of Desensitization

Chick muscle. If desensitization results
from inactivation of a fraction of the recep-
tors, it would be expected to affect the tissue
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F1c. 4. Specificity of desensitization in leech
muscle.

O, test doses of suxamethonium (2.2 X 10~5 m);
@, test doses of carbachol (3.7 X 107 M in upper
record; 5.2 X 107 M in lower record); (J, condi-
tioning doses of suxamethonium (2.2 X 10~¢ m);
W, conditioning doses of carbachol (7.4 X 10-¢ m).
The upper and lower tracings were obtained with
different preparations from the same leech. The
upper tracing shows that suxamethonium desensi-
tized markedly to itself, but not at all to car-
bachol. The lower tracing shows a similar, but less
marked, discrimination when the conditioning
agonist was carbachol.

in the same way as receptor blockade by
specific antagonists. In chick muscle, alkyla-
tion of the receptors with DPC,,M* causes

4 The abbreviations used are: DPC,,, deca-
methylene - 1,10 - bis[dimethylbenzylammonium
bromide] (diphenyldecamethonium bromide);
DPC,M, decamethylene-1-(N-benzyl-2-chloroeth-
ylamino) -10-dimethylbenzylammonium chloride
hydrochloride; Cabis-TMA, bistrimethylammo-
nium compounds, where n = 7, 14, 15, 16, 17, or
18; C.bis-TEA, bistriethylammonium compounds,
where n = 10, 11, or 12; C,(,TMA, n-decyltrimethyl-
ammonium bromide ; phenyl-TMA, phenyltrimeth-
ylammonium iodide; Cicbis-DEMA, R;R:R;N+.
(CH2)10N+R1R2R;~2BI‘_, Ri, R = ethyl, R; =
methyl; C,,0H, R: , R: = methyl, R; = 2-hydroxy-
ethyl; DNC,,, decamethylene-1,10-bis[dimeth-
yl-(1-naphthylmethylene)ammonium  bromide];
DNC,M, decamethylene-1-(2-chloroethyl-1-naph-
thylmethyl)amine-10-dimethyl- (1-naphthylmeth-
yl)ammonium chloride hydrochloride.
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F1a. 5. Desensitization in chick muscle with carbachol as test agonist
a. Desensitization with carbachol. Results of two experiments are shown. @, control dose-response
curve; A, 2 min after washing out conditioning dose of carbachol (1.1 X 10~% M applied for 15 min);
O, conditioning dose of 2.2 X 105 M for 15 min; W, conditioning dose of 7.4 X 10~% M for 15 min.
b. Desensitization by C;cTMA. @, control; A, 1.5 min after washing out conditioning dose of C;,TMA
(7.4 X 10~¢ M for 10 min). Desensitization by either carbachol or C,(TMA causes a shift to the right of
the log dose-response curve to carbachol, without any change in slope.

the log dose-response curve for carbachol
to shift to the right without any change in
slope, up to a carbachol dose ratio of about
3 (1). Figure 5 shows that desensitization by
carbachol affects the tissue in exactly the
same way. In this experiment, each point on
the “desensitized” curves was obtained at a
fixed time after washing out the conditioning
dose of carbachol. Thus, each conditioning
dose could be followed by only one test dose,
after which the tissue was left for about 30
min to recover fully before the next test.
The amount of information that could be
obtained from a single preparation was thus
limited, and Fig. 5 includes results from
three separate experiments. The carbachol
log dose-response curve is shifted to the
right in the desensitized state without any
change in slope up to a dose ratio of about
3. Figure 5 also shows the result of an ex-
periment in which C;(TMA was used as the
conditioning agonist. In this experiment
also, the desensitization caused a parallel
shift to the right of the carbachol log dose-
response curve. This finding strengthens the
interpretation of desensitization as a mecha-
nism involving the inactivation of receptors,
and also provides a convenient means of
measuring the effect. It is clear from Fig. 5
that the percentage depression of a test
response after desensitization will depend
very much on the test dose used, whereas

the dose ratio is independent of the test
dose used. In order to be sure of obtaining a
dose ratio measurement from a single test
response in the desensitized state, it was
necessary to obtain a number of points on
the control (undesensitized) log dose-re-
sponse curve, and to choose a test dose to
give a response somewhere on this curve.
The dose ratio for the single test response
could then be determined by interpolation.
Fortunately, the behavior of the chick bi-
venter was extremely consistent, and the
log dose-response curve was very steep
(see Fig. 5), so that dose ratios as small as
1.2 could be measured quite reliably. The
control dose-response curve after recovery
was always compared with the initial con-
trol, and they usually agreed very closely.
However, when large desensitizing doses of
full agonists, such as carbachol or suxame-
thonium, were given repeatedly, the sensi-
tivity of the preparation tended to decrease
progressively, and often after three or four
such desensitization tests the experiment
had to be abandoned because further tests
caused a marked permanent loss of sensi-
tivity. Other problems were encountered in
measuring the desensitization caused by
carbachol or suxamethonium. After a large
conditioning dose (more than about 2 X
10~ M carbachol or 5 X 10~®M suxame-
thonium), the muscle often failed to relax
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Fi1Ga. 6. Desensitization in chick muscle with
Cro bis-DEMA as test agonist

a. Desensitization by carbachol. @, control;
O, 2 min after washing out conditioning dose of
carbachol (1.1 X 10~ m for 4 min).

b. Desensitization by C,,TMA. @, control;
A, 2 min after washing out conditioning dose of
C1eTMA (2.2 X 10% M for 4 min). Desensitization
by either carbachol or C,,TMA causes a marked
decrease in the slope of the log dose-response
curve when a partial agonist is tested.

fully, and indeed frequently went into a
second contraction after the conditioning
agonist was washed away. The test responses
could not then be measured from the normal
baseline, and no reliance could be put on
the results. Thus, it was not feasible to
measure dose ratios greater than about 3
produced by desensitization with carbachol
or suxamethonium. Up to this limit the
parallel shift of the log dose-response curve,
as shown in Fig. 5, appeared to be obeyed.
If the test drug was a partial agonist, such
as the ethylated decamethonium derivative
Ciobis-DEMA, which has a log dose-response
curve flatter than that of carbachol and
reaches a maximum about 80% of that
reached by carbachol, desensitization flat-
tened the log dose-response curve as well as
shifting it to the right (Fig. 6). It can be
seen that desensitization with either carba-
chol or C;yTMA had the same effect. Ste-
phenson (18) has shown in guinea pig ileum
that partial agonists produce less than maxi-
mal responses even when they occupy all of
the receptors. Thus any diminution in the
number of receptors available will reduce
the slope of the log dose-response curve for a
partial agonist. Full agonists, on the other
hand, produce maximal responses when oc-
cupying only a small fraction of the recep-
tors, and inactivation of a considerable
fraction can leave the slope of the log dose-
response curve unaffected (27). This result
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F16. 7. Desensitization in frog muscle
The upper panel shows records obtained from
frog toe muscle using a moving fluid electrode.
The records were taken 1 min after adding car-
bachol to the bath. a. Control baseline. b. 3 X
1078 M. ¢c. 5 X 107 M. d. 7 X 10~¢ M. The lower
panel shows log dose-response curves. @, control
curve (each point is the mean of three to five meas-
urements); O, curve obtained when carbachol was
added 1 min after washing out the conditioning

dose of C;TMA (5 X 104 M for 20 min). Each
point represents a single measurement.
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is thus consistent with the hypothesis that
desensitization results from inactivation of
the receptors and would not be expected of
a nonspecific mechanism.

Frog muscle. Figure 7 shows the results of
an experiment comparable to those shown
in Fig. 5, but performed on frog toe muscle.
The responses measured are the end-plate
depolarization 1 min after the dose of car-
bachol was applied. The conditioning drug
was C,TMA, 5 X 10~* M, applied for 20
min; 1 min after the conditioning drug was
washed out, a dose of carbachol was applied
and the response to this test dose was
measured 1 min later. By repeating this
operation using different test doses, a log
dose-response curve for the muscle in the
desensitized state was obtained, which was
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parallel to the control curve. Thus, in frog
as well as chick muscle, the desensitization
dose ratio gives a quantitative measure of
desensitization that is independent of the
test dose of agonist used.

Comparison of Desensitizing Effects of Differ-

ent Agonists

In all of the models discussed it is theo-
retically possible for different agonists to
produce the same initial response of the
tissue but to desensitize it by different
amounts. Thus, in the rate theory model
(Table 1), if two drugs have efficacies e and
¢ and dissociation rate constants k. and
k', the concentrations (¢ and ¢’) giving the
same initial response will be governed by
the relationship

eksc = €'ky'c’
Thus
’ ek,c
= -e,—lc;—’
The steady-state stimulus, S., produced
by c is given by

c

For ¢/,

_ eksc
"~ (ekoc/e'k) + 1

Thus, if e’k.’ is smaller than ek,, the second
drug will produce responses that fade more
rapidly than those produced by the first.

In the parallel and sequential reaction
models (Table 2), increasing K, as well as re-
ducing e, , increases the amount of fade,
while in the cyclic model (Table 3) or in the
two-site model (Table 4), an increase in X
has the same effect.

We have studied a number of agonists to
see whether differences in the amount of fade
produced by concentrations giving equal
peak responses could be detected. The ex-
perimental results in Fig. 8 show that ago-
nists vary markedly in this respect. In these
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experiments the agonists were left in contact
with the tissue for 10 min and the contrac-
tion was recorded. Each test drug was com-
pared with carbachol, the concentration be-
ing adjusted so that the peak tension was the
same, usually about 50 % of the maximum
tension attainable with carbachol.

Figure 8 shows that full agonists such as
decamethonium produce contractions indis-
tinguishable in form from those produced by
carbachol. Some partial agonists, such as
Ciobis-DEMA and C,¢bis-TEA, also pro-
duced contractions resembling those pro-
duced by carbachol, while others, such as
C10OH, C,(TMA, and the longer-chain bis-
TMA compounds, C,~Cjs, produced con-
tractions that faded much more rapidly than
those produced by carbachol. This was stud-
ied quantitatively in 12 experiments. In
each, a standard concentration of carbachol
(between 5 X 10~¢ and 7.5 X 10~ M) was
selected and the resulting contraction was
compared with that produced by various
other agonists at concentrations giving about
the same peak response as that obtained with
carbachol. The contraction height was meas-
ured when the drug had been in contact with
the tissue for 5 min, and this was expressed
as a percentage of the peak tension. With
carbachol, in 12 separate muscles, the tension
after 5 min was 71.4 &+ 2.8% of the peak
tension; after 10 min the value was 31.3 +
4.8 %. Since the fade produced by carbachol
varied somewhat from one preparation to
another, the percentage contraction at 5 min
[i.e., (tension at 5 min X 100)/(peak ten-
sion)] for each test drug was expressed as a
fraction of the percentage contraction at 5
min with carbachol in the same muscle. Thus
a value less than unity means that the re-
sponse faded more rapidly than with car-
bachol. The results of such experiments are
shown in Table 5A. The compounds that
produced significantly more fade than car-
bachol are footnoted. These compounds were
all partial agonists. Not all partial agonists,
however, caused more fade than carbachol;
thus, C;bis-TMA and C,cbis-DEMA were
just the same as carbachol in this respect.
The results with many of the other partial
agonists were indeterminate, appearing to
show rather more fade than carbachol, but
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F16. 8. Fading responses of chick muscle to different agonists

In each panel various drugs are compared on the same preparation. The contractions are about 50%,
maximal, and the drugs were present for the periods (10 min) indicated by the horizontal bars. Top
left: carbachol, 7.4 X 10-¢ mM; Cyobis-DEMA, 3.7 X 10~¢ M; Phenyl-TMA, 1.1 X 10~% M. Top right: car-
bachol, 6 X 10~¢ m; Cibis-TMA, 2.2 X 1078 M; Cyobis-TMA, 9 X 10~ M. Middle left: carbachol, 6.3 X
10~¢ M; Ci1bis-TEA, 6.7 X 10~¢ m; C,,0H, 2.2 X 10~% M. Middle right: carbachol, 6 X 10~¢ m; C,,TMA,
7.4 X 107¢ M. Bottom: C,sbis-TMA, 3.7 X 108 m; Cysbis-TMA, 3.7 X 1078 m; C,ebis-TMA, 6.0 X 10-¢
M; Ci;bis-TMA, 1.5 X 107 M; Cysbis-TMA, 3.0 X 10-7 M.

failing to show a statistically significant dif-
ference at the 5% level of probability.
When the contraction produced by
C10TMA had disappeared, the tissue was still
normally sensitive to potassium or caffeine,
though quite insensitive to nicotinic agonists.
As shown earlier (Fig. 5), exposing the tissue
to C10TMA reduces its sensitivity to car-
bachol in such a way that the log dose-
response curve is shifted to the right without
any change in slope. The same effect is seen

after the tissue is desensitized with car-
bachol. There are thus many similarities be-
tween the desensitization produced by
Ci1i,TMA and by carbachol and we shall
indicate further points of similarity in rela-
tion to the kinetics of desensitization, and to
the metaphilic effect, in later sections. The
evidence thus suggests that both carbachol
and C,,TMA desensitize by essentially the
same mechanism, but that C,(TMA is much
more effective than carbachol 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) Fade ratio® No.
or par- of

Agonist 2P H) *SE trials
Suxamethonium F 1.08 + 0.05 5
Ci-bis-TMA P 1.03 + 0.03 3
Cjo-bis-TMA F 1.07 + 0.07 5
Cuis-bis-TMA F 0.80 + 0.09 3
Cie-bis-TMA F 0.80 + 0.10 3
Ci7-bis-TMA P 0.07 + 0.06* 3
Cis-bis-TMA P 0.00 2
Cio-bis-TEA P 0.89 + 0.08 4
Ci-bis-TEA P 0.72 £ 0.12 4
Ci2-bis-TEA P 0.20 + 0.14° 4
COH P 0.67 = 0.14 5
Ci i TMA P 0.07 + 0.03* 3
Ciobis-DEMA P 1.00 + 0.07 6
Phenyl-TMA F 0.94 2

B. Frog muscle

Agonist Fade ratio° & SE I:Ig;;;f
Suxamethonium 1.00 & 0.06 3
Ciobis-TMA 1.03 + 0.11 3
Phenyl-TMA 0.07 + 0.02¢ 4
C.TMA 0.58 + 0.12¢ 4
Cubis-TMA 0.60 + 0.04¢ 3

e Fade ratio = (percentage response at 5 min
with test drug)/(percentage response at 5 min
with carbachol).

b Fade significantly greater than with carba-
chol (p < 0.01). Other values do not differ sig-
nificantly from carbachol (p > 0.05).

¢ Fade ratio = (percentage response at 15 min
with test drug)/(percentage response at 15 min
with carbachol).

4 Fade significantly greater than with carba-
chol (p < 0.05).

Similar results have been obtained on the
frog motor end plate, though we have not
investigated this in as much detail. Thus Fig.
9 shows that the end-plate depolarization
produced by 10—5 M carbachol was quite well

sustained when the drug was left in contact

with the muscle for 15 min. Concentrations
of Cybis-TMA, C;TMA, and phenyl-TMA
that produced a depolarization after 1 min
equal to that produced by carbachol had a
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F1a. 9. Fading depolarization in frog muscle
Records were obtained from a single prepara-
tion when different agonists were left in contact
with the muscle for 15 min. Records were taken
1, 5, 10, and 15 min after addition of the drug. The
concentrations were selected to give equal effects
at 1 min. The concentrations were: carbachol,
125 X 107% M; Cybis-TMA, 1075 Mm; C;TMA,
10~* M; phenyl-TMA, 3.5 X 10~ M.

much more poorly sustained action. Quanti-
tative information on the relationship be-
tween the fade produced by various agonists
relative to that produced by carbachol is
summarized in Table 5B. In each of this
series of experiments, a dose of carbachol
between 7.5 X 10-¢ and 1.8 X 10—% M was
selected, and the depolarization produced by
this dose after 1 min and after 15 min in
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contact with the muscle was measured; a
dose of the agonist being compared with
carbachol was then found that gave a re-
sponse after 1 min within +10% of the
response to the standard dose of carbachol
after 1 min. The responses at 15 min were
expressed as a percentage of the response to
the same agonist at 1 min, and these per-
centage responses were compared to see
whether the agonist produced a significantly
different fade from carbachol. Phenyl-TMA,
C;TMA, and C,3bis-TMA all faded signifi-
cantly more than carbachol (p < 0.05),
while C,obis-TMA and suxamethonium did
not differ from carbachol. Similar experi-
ments in which the fades produced by these
agonists were compared one with another
(rather than with carbachol) showed that
the order of fading tendency was: phenyl-
TMA > Cybis-TMA > C,TMA > car-
bachol, suxamethonium, C,obis-TMA. These
findings are consistent with the observations
of Gissen and Nastuk (28), using intracellu-
lar recording from frog sartorius fibers, that
repolarization in the presence of phenyl-
TMA was more rapid than in the presence of
carbachol. The situation thus appears to be
essentially similar to that deseribed in chick
muscle, though the compounds that pro-
duced fading depolarization in frog muscle
did not cause fading contractions of chick
muscle, while those that caused fading re-
sponses of chick muscle were without de-
polarizing activity at the frog end plate.
An interesting difference was found be-
tween the actions of the two partial agonists,
C1eTMA and C,obis-DEMA, on chick mus-
cle. With C,obis-DEMA, which produced no
more fade than did carbachol, increasing the
concentration beyond about 2 X 10~° M had
no effect on either the peak contraction or
the degree of fade (Fig. 10). Thus contrac-
tions produced by 3.7 X 10~®* M and 7.4 X
10~% M C,obis-DEMA were superimposable.
With Cy-TMA, on the other hand, increas-
ing the concentration beyond 1.5 X 10~° m
increased the rate of fade even though it did
not affect the peak tension (Fig. 10). The
initial rate of contraction was faster, how-
ever, and the peak was reached earlier than
with low concentrations. This produced the
paradoxical result with C;(TMA that the
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Fic. 10. Responses of chick muscle to partial
agonists

Superimposed tracings of contractions of chick
muscle to Cyocbis-DEMA (left panel) and C,(,TMA
(right panel). The concentrations used were:
Ciobis-DEMA, 3 X 107¢ M, 7.4 X 1078 M, 19 X
1075 M, 3.7 X 1075 M, and 7.4 X 10~% m; C;)-TMA,
3 X 107%M,44 X 1006 M, 74 X 107¢ M, 1.5 X
1075 M, and 3 X 105 M. With C,,bis-DEMA, in-
creasing the concentration beyond maximal had
no effect on the response. With C,(TMA, increas-
ing the concentration accelerated the fade without
affecting the peak tension.

tension measured at various times after the
peak was greater at low than at high con-
centrations. The result with the partial ago-
nist Cyobis-DEMA militates against the rate
theory mechanism for desensitization. Ac-
cording to this theory, the initial stimulus is
given by eskzca , and therefore increases in-
definitely as the agonist concentration is in-
creased. If the initial response does not
increase indefinitely, this must be due, ac-
cording to the rate theory, either to satura-
tion of the effector system (as when the
contractile mechanism is fully activated) or
to the response being cut short by the rapidly
developing fade (29). With C,cbis-DEMA,
neither explanation can be upheld; the con-
traction produced is submaximal, and the
fade is no more rapid than that seen with
carbachol.

One feature of these results that merits
consideration is that for chick muscle eight
out of the 15 drugs studied, including two
partial agonists, desensitized at the same
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rate (Table 5A), and no drugs were found
that desensitized more slowly than this
“standard” rate. Similarly, with frog muscle,
three of the six drugs studied all desensitized
at the same (minimum) rate (Table 5B). To
explain this by the rate theory entails, as
mentioned earlier, the assumption that all
these drugs have the same efficacy and that
no drug has a higher efficacy. This assump-
tion is untenable for the partial agonists. On
the parallel or sequential reaction models, it
turns out that for drugs to differ in efficacy
while producing the same degree of desensi-
tization the assumption has to be made that
es/es2 = Ki/K; (K being defined as in
Table 2). On the other hand, to account for
the fact that some partial agonists desen-
sitize more than the “standard” drugs, it
would have to be supposed that this rela-
tionship did not apply in these cases. Thus
an interesting generalization is suggested by
the existence of a “standard” rate of de-
sensitization, but these models give no satis-
factory account of deviations from this
standard pattern.

The cyeclic reaction model appears to offer
a satisfactory explanation of these findings.
For drugs with an affinity for R’ much
smaller than their affinity for R (i.e., X < 1),
proportionality between efficacy and K
would, as stated above, result in a standard
rate of desensitization. But if a drug had an
appreciable affinity for R’, so that X were no
longer negligible, it would be expected to
desensitize more than the standard drugs.
Thus we may tentatively suggest that ago-
nists such as C,(,TMA and the bis-TMA
compounds C;6—Cys have relatively high af-
finities for R’, while the other agonists have
only a negligible affinity for R’. An exactly
similar hypothesis is suggested as an ex-
planation of the difference between conven-
tional and metaphilic antagonists in the ac-
companying paper (16).

The two-site model readily explains why
agonists should differ in their desensitizing
action, in terms of differences in the relative
affinity of the drugs for the active and the
desensitizing sites. But it offers no satis-
factory explanation why a large group of
drugs should show the same, minimum, rate
of desensitization.
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Kinetics of Desensitization

The four theoretical models discussed
above give rise to different predictions about
the kinetics of desensitization. All predict
that the fraction of desensitized receptors
should rise and fall exponentially when the
desensitizing drug is added or removed.
However, on every model except for cyclic
one, the rate constant for the onset of de-
sensitization is always greater than the rate
constant for recovery. Also, in the cyclic
model, one would expect the recovery rate
to be the same whatever drug had produced
the desensitization, for in this model the re-
covery step is represented simply by R’ — R.
In the other models, however, the agonist
drug is involved in the recovery process, and
the rate of recovery would not be expected
to be the same for all agonists.

Chick muscle. The time course of recovery
from desensitization was investigated by ap-
plying a conditioning dose of agonist for a
standard length of time and allowing a vari-
able period of time to elapse between wash-
ing away the conditioning drug and applying
a test dose of carbachol. By measuring the
test response and comparing it with the con-
trol log dose-response curve for carbachol, an
estimate of the dose ratio, r4, produced by
desensitization was obtained. From this, the
fraction of the receptors in the desensitized
state, pa, could be calculated using the
equation

—fra—1

d
P, ra

This equation is valid so long as the log
dose-response curves remain parallel. By re-
peating the experiment with different re-
covery times, the time course of the decline
of pa could be studied. This was done with
several different agonists, and the results are
shown in Fig. 11 and Table 6. The recovery
was exponential, as predicted, and the rate
constant was the same for all of the agonists
tested, within the limits of error of the ex-
periment. Lines were drawn by inspection
through the semilogarithmic plots, and the
mean recovery rate constant, 7,~, was found
to be 0.30 min—!, corresponding to a half-time
of 2.3 min. The extrapolated semilogarithmic
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F16. 11. Kinetics of recovery from desensitization
in chick muscle

The fraction of receptors desensitized (pi) is
plotted semilogarithmically against the interval
between washing out the conditioning agonist and
applying the test dose of carbachol. The condi-
tioning agonists were: O, C1¢TMA 2.2 X 1075 M,
for 10 min; A, C,,TMA, 7.4 X 10~¢ M, for 10 min;
@, carbachol, 7.4 X 10~% M for 4 min; W, Cisbis-
TMA, 20 X 10-7 M, for 5 min; A, Ciebis-TMA,
1.3 X 1077 M, for 5 min.

plots sometimes met the ordinate at a value
of pa greater than unity. The explanation is
probably that the early recovery was re-
tarded by diffusion, and these results cannot,
unfortunately, be used to estimate the
amount of desensitization existing at the
time when the conditioning drug was washed
out. The timing is also somewhat ambiguous,
because ¢, in Fig. 11 refers to the interval
between washing out the conditioning drug
and adding the test drug. The test response
actually took 60-90 sec to develop, and so
the time taken to represent ¢, is somewhat
arbitrary. In spite of these uncertainties, the
conclusion seems clear that the rate of re-
covery was the same for all of the drugs
tested. As stated earlier, recovery after
blockade with tubocurarine or gallamine was
much more rapid, having a half-time no
greater than about 30 sec. It is therefore very
unlikely that the rate of recovery from de-
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TABLE 6
Kinetics of desensitization in chick muscle

A. Recovery kinetics

Conditioning . Du- Ricov- Recovery rate
drug Concentration {i:-n h;l)f'- consunrt’., P
time
M min | min min1
Carbachol 7.4 X105 4(2.210.31
7.4 X105 5|2.5/0.28
Ci 0, TMA 7.4 X 10°¢| 10 | 2.0 |0.35
2.2 X10°%| 10 | 2.5 |0.28
2.2 X 107510 | 2.4 [0.29
Ciebis-TMA | 1.3 X 1077 5 2.7 |0.26
2.0X 1077 5| 2.31[0.30
Cubis-TMA [ 1.5 X 1077 5| 1.8 (0.38
Cisbis-TMA | 7.4 X 1078| 5 | 2.8 [0.25
7.4 X107%| 6| 2.3 [0.30
Mean + SE 0.30 + 0.01
B. Kinetics of onset
Conditioning Concentra- &s;— » Oh:slf-t q'::eet
drug tion ery time mnstgint
time 7d
o min min min!
Carbachol 3.7 X 1075 1.5/0.55 0.5 1.4
7.4 X 1075 1.0[0.52| 0.5 1.4
7.4 X 1075 1.5(0.57| ~0.6| ~1.2
Suxametho- |3.7 X 10~7| 1.0/0.30] ~0.7| ~1.0
nium 7.4 X 1077 1.0{0.50| ~1.0| ~0.7
C, 0, TMA 5.1 X 10~¢| 1.5(0.45 2.4 0.29
7.4 X 107¢ 2.0(0.35| 2.5 0.28
1.1 X 1075 1.5/0.55 1.8 0.38
1.1 X 1075 2.0/0.42 1.2 0.58
2.2 X 1075 2.0{0.67] ~0.6| ~1.2
2.2 X 1075 2.0(0.53| ~0.4| ~1.7
Ci¢bis-TMA (1.3 X 1077 1.5/0.40| 2.0 0.35
Cysbis-TMA | 1.5 X 1077 1.0/0.55| ~0.8| ~0.9

sensitization was seriously limited by diffu-
sion.

The finding that the recovery rate is inde-
pendent of the desensitizing agonist and of
the depth of desensitization produced sug-
gests that the same mechanism underlies the
process of desensitization for the different
drugs tested, whether they were highly ef-
fective at desensitizing, like C,(TMA, or
produced only the “standard” amount of
desensitization, like carbachol.

The kinetics of onset of desensitization was
rather less easy to study than the recovery. A
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qualitative idea could be obtained by observ-
ing the shape of the contraction when the
agonist was left in contact with the tissue,
but this was not satisfactory for quantitative
purposes, because even with presumably
“nondesensitizing” substances, such as po-
tassium, an appreciable amount of fade was
seen. Since the recovery rate constant was
the same for different agonists, the fraction
of desensitized receptors measured after a
fixed recovery period (usually 1-2 min) was
assumed to be directly proportional to the
fraction desensitized at the time when the
conditioning agonist was washed out. The
nonexponential start to the recovery time
course mentioned earlier introduces some un-
certainty into this measurement, but fairly
consistent results could nevertheless be ob-
tained.

The kinetics of onset appeared to be satis-
factorily fitted by exponentials, though with
carbachol and suxamethonium the onset was
too rapid for the time course to be estab-
lished with any certainty. The results ob-
tained on 10 preparations are shown in
Table 6. The value p. given in Table 6 refers
to the value of ps measured after prolonged
exposure to the conditioning drug, with a
recovery period ¢, as shown in the table.
With C,,TMA as conditioning agonist, the
rate constant for the onset of desensitization,
74}, appeared to increase with the concen-
tration of C;qTMA, though there was a good
deal of variation among preparations. At the
lowest concentration of C,yTMA (5.1 X 10—¢
M), the rate constant rs~! was 0.29 min—!,
which is not appreciably different from the
recovery rate constant, 0.30 min—!,

When concentrations of C,(TMA and car-
bachol were selected that gave the same
equilibrium level of desensitization, and the
rates of onset of desensitization by the two
drugs were compared in the same muscle,
carbachol was found to desensitize much
more rapidly than C,,TMA (Fig. 12).

Using chick muscle, we have not suc-
ceeded in showing unequivocally that the
onset rate is slower than the offset rate, as
Katz and Thesleff (6) did in frog muscle.
We have, however, shown that at low con-
centrations of partial agonists the two rates
may be about the same. In terms of the
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F1a. 12. Kinetics of onsetl of desensitization in
chick muscle

Relation between the duration of application
of the conditioning agonist (t;) and the desensi-
tization to carbachol, measured 1.5 min after
washing out the conditioning agonist. The frac-
tion of receptors in the desensitized state (pa) is
shown on the ordinate. The square and round
symbols show the results obtained in two different
preparations. O and ([, conditioning agonist,
Ci1;TMA, 1.1 X 107® M; @ and W, conditioning
agonist, carbachol, 3.7 X 10~ M.

models discussed earlier, the only mechanism
that allows this is the cyclic model. In all the
other models 747! is greater than r,~!. Ex-
amination of the expressions for 74! in
Tables 1, 2, and 4 reveals that the ratio
riY/7,7! is always equal to the dose ratio
corresponding to the amount of desensitiza-
tion at equilibrium. Thus, in the sequential
or parallel reaction model, the fraction of
receptors desensitized at equilibrium is

KCA
Kea+ca+1

The dose ratio corresponding to this is given
by

’
Paw =

— 1 _KC,4+CA+1
l—p,uo C,4+1

From Table 2 is can be seen that this quan-
tity is the same as the ratio of the rate con-
stants for onset and recovery, so that !/
7,! = rd4s . A similar analysis shows the
same to be true of the rate theory and two-
site models, but not of the cyclic model,
where 747!/7,7! = 140/(Xca + 1). As already
explained, the equilibrium desensitization is
experimentally inaccessible, but it is safe to

Tdw
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say that it must be greater than the desen-
sitization actually measured 1-2 min after
washing out the conditioning drug. Thus, in
the experiment on C;(TMA (Table 6), a
maximum pg value of 0.44 was measured
when the conditioning drug was left in con-
tact with the tissue for 12 min. This cor-
responds to a dose ratio of 1.8, and we should
expect from the preceding analysis that the
onset rate constant should be more than
0.54 min—! (= 1.8 X 7,7). In fact, it was
only 0.29 min—!. This finding provides evi-
dence against the mechanisms analyzed in
Tables 1, 2, and 4, but is quite compatible
with the cyclic model (Table 3).

In the theoretical section it was pointed
out that the cyclic model does not differ
formally from the sequential reaction model
if the agonist has no affinity for R’. Thus, we
would expect the slow onset of desensitiza-
tion to be confined to those drugs with an
appreciable affinity for R'. In the preceding
section it was suggested that the difference
between agonists such as carbachol, on the
one hand, and C,,TMA, on the other, might
consist in the latter group having a relatively
high affinity for R'. The kinetic results sup-
port this hypothesis, for carbachol was found
to desensitize rapidly, the rate constant be-
ing greater than 1 min—! (Fig. 12), in contrast
to C1oTMA and Cyebis-TMA. This estimate
of the onset rate with carbachol is only very
rough, for the measurements showed a good
deal of scatter, and the kinetics may well
have been distorted by diffusion delays.
Nevertheless it appeared that carbachol de-
sensitized much more rapidly than C,,TMA
when the concentrations of the two drugs
were such as to give the same final level of
desensitization.

Frog muscle. Experiments similar to those
described above were performed on frog
muscle. Both the rate and extent of desensi-
tization were substantially increased by
small increases in temperature, and so the
experiments were performed at 20°. To de-
termine the kinetics of development of de-
sensitization, we applied the conditioning
agonist for varying lengths of time and then
added a test dose of carbachol 1 min after
washing out the conditioning agonist. The
depolarization produced by this test dose was
measured 1 min after it had been applied,
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F1a. 13. Kinetics of desensitization and recovery
in frog muscle

O, fraction of receptors (mean =+ standard
error) in the desensitized state (ps), measured by
adding a test dose of carbachol 1 min after wash-
ing out the conditioning agonist (C;TMA, § X
10~* M). The duration of exposure to the condition-
ing agonist is shown on the abscissa. @, time
course of recovery from desensitization when the
conditioning agonist was left in the bath for 10
min. The curves are exponential, with time con-
stants of 8.9 min for the development of desensi-
tization, and 3.9 min for recovery.

and the desensitization dose ratio (rs) was
determined by reference to a control log
dose-response curve obtained for carbachol.
In order to test whether the development of
desensitization could be slower than recov-
ery, C;TMA was used as the conditioning
agonist, since it had been found to produce
more rapidly fading responses than carbachol
(Fig. 8 and Table 5B) and so might have a
selective affinity for R’ (i.e., X > 1). Figure
13 shows the values of ps obtained in this
way plotted against the time during which
C,TMA, 5 X 10~ M, was applied to the
tissue. The points were fitted by an exponen-
tial curve (as the model demands) with time
constant ¢4 = 8.95 min and going toward an
equilibrium value of p, = 0.60. Recovery
from desensitization was studied by applying
the same conditioning dose for 10 min, and
then applying the test dose of carbachol 1, 2,
or 4 min after washing out the conditioning
dose (Fig. 13). Again, the results were fitted
by an exponential, but with a time constant
7. = 3.9 min. Though the points on the
recovery curve do not show whether or not
it is truly exponential, it is clear from Fig. 13
that the half-time for recovery was con-
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siderably shorter than for the onset of de-
sensitization.

Effect of Tubocurarine on Desensitization

The results presented so far have been
consistent with the cyclic model for desensi-
tization, and inconsistent in various respects
with the other hypothetical models dis-
cussed. The effect on desensitization of a
rapidly reversible antagonist provides an-
other means of distinguishing between these
models. Thus the rate theory, sequential, and
parallel reaction models have the property
that the antagonist should inhibit both the
response and the desensitization produced by
the agonist pari passu (see Tables 1 and 2).
If agonist concentration [A] produces a given
response and a given amount of desensitiza-
tion when tested in the absence of the an-
tagonist, and concentration [4]’ produces the
same peak response in the presence of the
antagonist, then it is predicted that [4] will
also produce the same amount of desensitiza-
tion as [4].

The cyclic mode predicts, however that
[A] should produce more desensitization
than [A], and that the rate constant for the
onset of desensitization should be smaller.
The size of this effect on desensitization de-
pends on (a) the value of Y for the antagonist
and (b) the value of X for the agonist. We
have argued that for carbachol, suxametho-
nium, etc., X is small, while for C;(TMA it
is large, and so we should expect the desen-
sitizing effect of suxamethonium to be less
affected by the antagonist than that of
Ci1 i TMA.

Results with suxamethonium as the con-
ditioning agonist are presented in Table 7.
It can be seen that tubocurarine in concen-
trations up to 3.7 X 10~¢ M had no consistent
effect on desensitization. In one experiment
the desensitization appeared to be rather
greater in the presence of tubocurarine, but
in other experiments the reverse was seen.
This result is expected of the cyclic model
only if neither agonist nor antagonist has a
high affinity for the desensitized receptors. If
the antagonist was DPC,,, the desensitiza-
tion was enhanced, even when the agonist
concentration was not increased in the pres-
ence of the antagonist (last line of Table 6),
confirming what had been shown qualita-
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TABLE 7

Effect of antagonisis on desensitization produced by
suzamethonium in chick muscle

Conditioning
Expt. Antagonist R‘I?f, con:::‘t':t:lon W] 6| pac
methonium
N min| min
1 | None 3 X 107¢ 5|3 (0.55
Tubocura- 8.0 2.4 X 1075 5| 3 |0.58
rine, 3 X
107¢ M
2 | None 3 X10¢ 5|3 10.50
Tubocura- 9.0 2.7 X 10°¢ 5|3 (0.43
rine,3 X 10~¢
M
3 | None 7.4 X1077 4|2 /0.38
Tubocura- 2.2|11.5X107¢ 4| 210.41
rine, 3.7 X
10" M
4 | None 3 X10°¢ 5| 3 (0.43
Gallamine, 10.0 {3 X 1075/ 5 | 3 |0.55
3.7 X 10°¢
M
5 | None 74X 1077 2| 210.22
DPCy,19X | 2.2 |7.4 X107 2| 21(0.35
107¢ m

¢ t4 = duration of application of conditioning
dose.

b ¢, = interval between washing out condition-
ing dose and applying test dose.

¢ pa = fraction of receptors desensitized.

tively by Rang and Ritter (1). In terms of
the cyclic model, DPC,, is an antagonist
with a high affinity for R’ (Y > 0).

When the conditioning agonist was
C10TMA, desensitization was consistently in-
creased in the presence of tubocurarine, as
shown in Fig. 14. In these experiments the
dose ratio produced by tubocurarine was
measured from the decrease in sensitivity to
carbachol, and the conditioning concentra-
tion of C,eTMA was increased accordingly.
It was found that the contraction produced
by the conditioning concentration of
C10yTMA was much smaller in the presence
of tubocurarine than in the absence of any
antagonist (in spite of increasing the con-
centration of C;yTMA in proportion to the
carbachol dose ratio). This was presumably
because the dissociation of tubocurarine from
the receptors was not instantaneous, so that
competitive equilibrium could not be estab-



380

-op
pN—
0-8f /
A/éf_—_‘ —4 8
: o6} :
d o
o4t e s
o
0 2 4 6 8
t4(min)

F16. 14. Effect of tubocurarine on desensitization
by C10TMA in chick muscle

Curves show the kinetics of onset of desensitiza-
tion in chick muscle, plotted as in Fig. 11. A,
conditioning agonist, C1e-TMA, 2.2 X 1075 M; A,
conditioning agonist, C;¢TMA, 1.1 X 10~* M; ex-
periment carried out in the presence of tubocura-
rine, 1.34 X 10~¢ M; @, conditioning agonist,
Ci1eTMA, 1.1 X 10-% M; O, conditioning agonist,
C10TMA, 5.5 X 105 M; experiment carried out in
the presence of tubocurarine, 1.34 X 10~¢ M. The
concentration of tubocurarine used gave a dose
ratio for carbachol of 5.0. The conditioning dose
of Ci1eTMA in each experiment was increased by
this factor in the presence of tubocurarine.

lished before the contraction was cut short
by desensitization. It can be seen from Fig.
14 that the desensitization by C,,TMA ap-
peared to be slower in developing in the
presence of tubocurarine, in accordance with
the predicted behavior of the cyclic model.

DISCUSSION

The results presented in the first part of
this paper show that the phenomenon of de-
sensitization produced by nicotinic agonists
in chick and leech muscle is quite specific.
Thus desensitization to carbachol or related
drugs does not affect the sensitivity of chick
muscle to potassium or to caffeine, and in
leech muscle desensitization with carbachol
affects the sensitivity of the muscle to car-
bachol much more than to suxamethonium,
while desensitization with suxamethonium
has the reverse effect. Since studies with
antagonists in leech muscle (26, 1) indicate
that carbachol and suxamethonium act at
different receptors in this tissue, the finding
with desensitization implies that the mecha-
nism entails the inactivation of specific re-
ceptors rather than any nonspecific depres-
sion of the tissue.

Another finding that suggests that re-
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ceptor inactivation is the mechanism under-
lying desensitization in chick muscle is that
the log dose-response curve to carbachol is
displaced to the right in the desensitized
state, without any change in slope, whereas
the log dose-response curve to a partial
agonist is flattened. This is to be expected of
a mechanism involving receptor inactiva-
tion, but would be entirely unexpected if
the receptors were not directly involved.

The theoretical models discussed in this
paper represent various possible mechanisms
that could account for specific desensitiza-
tion. Many different models are conceivable;
the ones selected for analysis were the
simplest that could be devised, and it could
not necessarily be expected that any of them
could give a complete account of the phe-
nomena. Nevertheless, the experimental evi-
dence all appears to be consistent with the
cyclic model, while being inconsistent in vari-
ous ways with the other models. The obser-
vation that the onset of desensitization could
be slower than the recovery was made by
Katz and Thesleff (6) in a study of the
desensitization produced by iontophoretic
application of acetylcholine at the frog motor
end plate, and led them to postulate the
cyclic model. There is a large discrepancy be-
tween the rapid desensitization and recovery
observed by Katz and Thesleff (6), using
iontophoretic application, and the slow
changes observed by Thesleff (5), Nastuk
and Gissen (19), Harrington (30), and our-
selves, using bath-applied drugs. At present
the explanation of this discrepancy is not at
all clear. It is possible that two separate
mechanisms exist, and that the rapid mecha-
nism studied by Katz and Thesleff (6) was
obscured in these other experiments by the
relatively slow diffusion of the drug to its
site of action. Katz and Thesleff (6) them-
selves noted that a slower mechanism ap-
peared when prolonged conditioning doses
were used. Further study is clearly needed
to resolve the relationship between these
processes.

The cyclic mechanism for desensitization
favored by our experimental results suggests
a possible interpretation of the concept of
agonist efficacy. This term was coined by
Stephenson (18) to describe the property of a
drug that determines the amount of “stim-
ulus” associated with a given fractional oc-
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cupancy of the receptors by the drug.
Stephenson (18) showed that some agonists
produced a large effect when occupying only
a very small fraction of the receptors, while
others (partial agonists) produced only a
small effect even when the receptors were
fully saturated. This interpretation has been
substantiated for a number of drug-receptor
systems (27, 31, 12). We have found that a
number of full and partial agonists cause the
same amount of desensitization when tested
in concentrations that produce equal peak
responses. According to the cyclic model
these are drugs with little or no affinity for
R’, and the standard rate of desensitization
implies that for any drug efficacy is propor-
tional to K, the ratio of the desensitization
and recovery rate constants, kq and k, . Since
k., was found to be the same for all the
agonists tested, the implication is that ef-
ficacy is proportional to ka . The theory then
becomes very like the original rate theory
(4), in that efficacy is equated with a reaction
rate constant, but the reaction whose rate
determines the stimulus delivered to the
tissue is the reaction AR — AR’ rather than
A + R — AR, as in the original rate theory.
The efficacy of a drug would thus be a
measure of the tendency of the complex AR
to alter its conformation to AR’, and a
mechanistic interpretation would be that the
stimulus is a quantal event associated with
a transient intermediate conformation be-
tween AR and AR'. The over-all effect of a
drug would thus be a function of the fre-
quency with which receptors were caused to
undergo this conformational change, rather
than of the proportion of receptors in the
form AR. The theory is thus, in a general
sense, a rate theory rather than an occupa-
tion theory, even though it differs substan-
tially from Paton’s original formulation (4).
The type of mechanism discussed by Paton
(4), which entailed the stoicheiometric trans-
fer of ions across the membrane, coupled
with the association and dissociation of ago-
nist molecules, does not seem appropriate at
the neuromuscular junction, because the ef-
fect of the transmitter has been shown to be
a conductance change (32, 33), the rate and
direction of the transfer of ions depending on
the electrochemical gradients. It seems pref-
erable, therefore, to think in terms of an
intermediate conformation conferring the
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property of raised conductance, rather than
of a stoicheiometric ion transfer.

Of the theoretical models that we have
discussed, the two-site model is the most
difficult to formulate precisely and to test
experimentally. There are, however, two
pieces of evidence that appear to argue
against the two-site model. They are (a) the
fact that the rate of recovery from desensi-
tization is the same for all agonists, and
(b) the existence of a standard rate of de-
sensitization. Since the two-site model must
account for the slowness of desensitization
by the slowness of combination of the agonist
with the desensitizing site, it would be an
extraordinary coincidence if recovery oc-
curred at the same rate with different drugs.
Similarly, the standard rate of desensitiza-
tion has to be ascribed to coincidence accord-
ing to the two-site model, whereas the cyclic
model offers a more satisfactory explanation.
These results are, however, far from elimi-
nating the two-site model conclusively, and
much more direct evidence will be needed to
settle the question.

The results obtained on chick muscle with
agonists such as C;(TMA and C,ebis-TMA,
and with antagonists such as diphenyldeca-
methonium (DPC,,) and dinaphthyldecame-
thonium (DNC,,) and their alkylating de-
rivatives DPC,)M and DNC,\M (1, 16),
suggest that the conformational difference
between R and R’ is characterized by the fact
that these drugs have a relatively. high af-
finity for R’, whereas drugs such as carbachol
(and all of the agonists that produce the
standard rate of desensitization), as well as
the conventional, nonmetaphilic antagonists,
tubocurarine and gallamine (1), have only a
relatively small affinity for R’. We suggest
that drugs that behave like C,yTMA and
Ci6bis-TMA might therefore be termed met-
aphilic agonists. In frog muscle C;TMA,
Cisbis-TMA, and phenyl-TMA belong to
this class.

According to this nomenclature, meta-
philic agonists are those that produce
marked desensitization of the receptors with-
out necessarily causing very marked de-
polarization. It seems possible that some of
the puzzling behavior of depolarizing block-
ing agents at the neuromuscular junction
might be explained in this way. It is still
not at all clear to what extent depolarization
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per se and desensitization contribute to the
transmission block produced by decametho-
nium and suxamethonium at the neuromus-
cular junction. There appear to be differences
between species, between experiments ¢n vivo
and ¢n vitro, and effects of temperature (34).
We have found marked differences between
chick and frog muscle: phenyl-TMA, for ex-
ample, behaves as a metaphilic agonist in
frog muscle, but as a normal agonist in chick
muscle. Also, temperature has been found to
affect very markedly the rate and extent of
desensitization in frog muscle.® The theory
might, therefore, provide an explanation of
some of the phenomena relating to depolari-
zation block. Another result concerning neu-
romuscular blocking agents that might be
explained by our hypothesis is the interac-
tion between suxamethonium and hexafluo-
renium at the frog neuromuscular junction
studied by Nastuk and Karis (35). They
found that although hexafluorenium pro-
duced neuromuscular blockade without caus-
ing any depolarization, and its blocking
action summed with tubocurarine, its effec-
tiveness was increased rather than reduced
by concurrent application of suxametho-
nium. Hexafluorenium is a symmetrical bis-
quaternary ammonium compound with aro-
matic substituents on the nitrogen atoms,
similar to the metaphilic antagonists DPC,,
and DNC,, described by Rang and Ritter
(1). It seems likely that hexafluorenium is
also a metaphilic antagonist; this would ex-
plain its otherwise unexpected synergism
with suxamethonium, for the fraction of the
receptors that it occludes (and thus the
amount of block it produces) will be increased
by simultaneous application of a depolarizing
drug.
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