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Application of the operational model of agonism to
establish conditions when functional antagonism may
be used to estimate agonist dissociation constants
P. Leff, G.R. Martin & J.M. Morse

Wellcome Research Laboratories, Langley Court, Beckenham, Kent BR3 3BS

1 The operational model of agonism (Black & Leff, 1983) has been used to analyse comparatively
functional antagonism and irreversible antagonism as methods for estimating agonist dissociation
constants (KAs).
2 A general condition is established in terms of the model parameters which defines the type of
experimental interventions at the receptor and the post-receptor level that allow valid KA estimation.
3 It is shown that functional antagonism and other post-receptor interventions may produce changes
in agonist-concentration effect curves which are qualitatively indistinguishable but quantitatively
distinct, from those produced by irreversible antagonism.
4 Experimental data obtained with the guinea-pig tracheal strip preparation are in keeping with the
theoretical predictions and show how studies using functional antagonism may overestimate agonist
affinity.
5 In general, functional antagonism, unlike irreversible antagonism, is in principle an unreliable
method for quantifying agonism.

Introduction

The agonist activity of hormones and drugs is a
function of two factors, affinity and efficacy (Stephen-
son, 1956; Furchgott, 1966; Colquhoun, 1973; Ken-
akin, 1983). Quantification of both properties
provides the basis for classifying agonist action and
complements the use of competitive antagonists in the
classification of receptors (Jenkinson, 1978; Black &
Leff, 1983). Both affinity and efficacy are properties of
AR, the complex formed by the agonist, A, and its
receptor, R. Affinity is defined by the reciprocal of the
dissociation constant, KA, for AR; efficacy is defined
by the ability ofAR to elicit a response. Thus affinity is
a chemical quantity relating only to A and R, while
efficacy is an operational quantity, depending in
addition on subsequent events in the tissue (Black &
Leff, 1983; Kenakin, 1983).

It is, in principle, possible to quantify both the
affinity and efficacy of agonists using so-called null
methods (Stephenson,. 1956; Furchgott, 1966;
Mackay, 1966; Barlow et al., 1967). These methods
require no knowledge of intracellular events. For
example, the application of a specific irreversible
antagonist (Furchgott, 1966) can be assumed simply
to reduce the functional receptor concentration, so

that equal agonist effects in the presence and absence
ofthe antagonist reflect equal concentrations ofAR. It
has also been suggested that functional antagonism
(Buckner & Saini, 1975; Broadley & Nicholson, 1979)
and other post-receptor interventions (Giao T. Rico,
1971a,b) may be used to quantify agonism. However,
these procedures deliberately change the transducer
machinery and there seems to be no a priori reason
why they should allow reliable quantification of
agonist affinity and efficacy. The theoretical basis for
the functional antagonism method has been explored
(Mackay, 1981; Amidon & Buckner, 1982) showing
that a 'null' equation may be developed which is
formally equivalent to that which allows estimation of
the KA in the case of irreversible antagonism.
However, as Mackay (1981) has shown, this null
equation applies in only one of several different types
of functional antagonism and generally, accurate
estimation of KA is not possible.

In this paper, rather than adopting the conventional
'null' approach to the quantification of agonism, we
seek to complement such analyses with an approach
based on a recently developed 'operational' model of
agonism (Black & Leff, 1983). This model provides an
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explicit description of agonist concentration-effect (E/
[A]) curves, allowing the problem to be approached in
terms ofpredicted E/[A] curve profiles and the changes
in them resulting from different types of experimental
interventions. Initially, the basis of the irreversible
antagonism method (Furchgott, 1966) is analysed in
these terms. This analysis allows a general condition to
be established for KA estimation by intervention at the
receptor or post-receptor level. Next, circumstances
are identified where functional antagonism obeys this
general condition. Experimental data comparing
irreversible and functional antagonism are then
presented and analysed in these terms.

Theory: the operational model of agonism

The model, developed elsewhere (Black & Leff, 1983),
defines the relation between agonist concentration,
[A], and pharmacological effect, E, as follows:

E = (KA + [Aj)n + n[A] (1)

in which KA is the dissociation constant for AR, the
agonist-receptor complex, Em is the maximum possible
effect, and T is the operational efficacy ofthe agonist.?r
is defined by the ratio [Ro]/KE where [RO] is the total
function receptor concentration and KE is the value of
[AR] for half Em. Thus, KE determines the efficiency of
the transducer function relating [AR] to E. n is the
slope parameter for the transducer function (see Black
& Leff, 1983).

General conditions for KA estimation

Estimation of KA and the other parameters in the
model can be achieved by fitting equation (1) directly
to experimental E/[A] data as demonstrated in a
previous analysis (Black et al., 1985). Experimental E/
[A] curves are described by three parameters; an
asymptote (a), a location ([AAj) and a mid-point
gradient (G) which are defined by the model as
follows:

Ifa can be estimated reliably as a fraction ofEm then ?'
can be calculated. G provides an estimate of n which
allows KA to be estimated from [Aso]. When T is very
large (T> 1), a condition which defines full agonism,
a is not significantly less than Em and the estimation of
KA is not possible. Under these circumstances,' must
be reduced experimentally to a value in the region of
unity which allows a to be estimated and therefore KA
to be calculated. In model terms this is how the
irreversible antagonism method (Furchgott, 1966)
works, the irreversible ligand decreasing [R.] and,
therefore, reducing T.

Variation in T with the other model parameters fixed
leads to the familiar rightward shift and depression of
E/[A] curves. These changes are characterised by the
relation between a and [AO] which is derived by
eliminating? between equations (2) and (3) giving:

a = Em I1- (KA/[A5] + 1)R _1 J(5)

As? is reduced towards zero, a approaches zero and
[Am] approaches a value which defines KA. Figure 1
shows that, for rectangular hyperbolic E/[A] curves
(n = 1), [A50] approaches KA identically; for 'shallow'
E/[A] curves (n< 1), the asymptotic [A50] undershoots
KA and for 'steep' E/(A] curves (n> 1) the asymptote
overshoots KA.

In model terms, therefore, the general basis for KA
estimation is the characterisation of E/[A] curve-shape
dependence on T.

0.51

Em?"
1Z= + Tn

KA
[Am] = ((2 + Tn)l/n- 1)

0.576n(2 + ?n)((2 + Tn)l/n- 1)

(2 + tn)l/n(I + on)

V-) e[A50]
Figure 1 Correlation between a and [A50J with varying?
for hyperbolic and non-hyperbolic E/1A] curves: the a/

(3) [AAoJ plots were constructed according to model equation
(5) for n at 0.5, 1.0 and 2.0. When n = I the plot is a
straight line which intersects the ordinate and abscissa at
E,. and KA respectively. When n < I the abscissal inter-

(4) cept is less than KA; when n> 1 the intercept is greater
than KA.

fl)l



KA ESTIMATION BY FUNCTIONAL ANTAGONISM 657

Post-receptor interventions and KA estimation

The dependence of T on KE as well as [R.] implies that
the estimation of KA might also be possible using
experimental conditions which increase KE e.g. func-
tional antagonism. However, there is no reason a
priori to anticipate that such an intervention will affect
only KE. When considering irreversible antagonism
the nature of the transducer relation is not an issue, so
long as it is operationally fixed. In fact this relation is
likely to consist of a cascade of saturable functions
(Furchgott, 1966; Mackay, 1981; Amidon & Buckner,
1982). When considering post-receptor interventions,
the level in this cascade at which the intervention takes
place becomes an issue. This can be illustrated by
considering the simple case ofa rectangular hyperbolic
transducer (E/[AR]), relation made up of two sequen-
tial rectangular hyperbolic relations. The first relation
can be taken to represent the saturable production of
an intracellular mediator, M (e.g. cyclic AMP or
Ca2 ):

causes variation in Em but not KE; variation in a or q
leads to concomitant variation ofEm and KE; variation
in b alone causes variation in KE but not Em. Therefore,
a 'pure' KE change is anticipated only for variation in
b, that is, for a change in the location parameter of the
first saturable relation in the transducer function. This
result is true regardless of the number of hyperbolic
relations linked in sequence.

Thus, a post-receptor intervention of the kind
required to estimate KA cannot be guaranteed or
anticipated. More importantly, it may be impossible
to detect that the 'wrong' kind ofintervention has been
made and that the estimate of KA is consequently
erroneous. Making the following definitions:

TM = [RJ]/b
TE= a/q

allows the E/[A] relation to be written:

(12)
(13)

(6)

in which a is the maximum concentration of M that
can be produced by occupied receptors and b is the
value of[AR] for half a. The second relation then links
M to pharmacological effect:

p[M]
E q+ [Ml

PTME[A]

KA + (l + tM(l + tE))[AJ (14)

TM and rE are the individual transducer ratios that
determine respectively, the efficiency with which
occupancy is coupled to M production and M is
coupled to pharmacological effect, E. Overall, r = TM
(1 + TE).
The asymptote and location parameters for equa-

tion (14) are now:

(7)

in which p is the maximum value of E that M can
produce, and q is the value of M for half p.
The overall transducer function then consists of (6)

substituted into (7) giving:

PrMTE
=1 + tM(l + TE)

KA
[A] =1I + TM( + TE)

(15)

(16)

p a [AR]

bq + (a + q)[AR] (8)

The general form of the transducer function in the
model is

Em[AR]

E=KE +[AR] (9)

Comparison of equation (8) with equation (9) shows
that:

The product VMTE can be eliminated between equa-
tions (15) and (16) giving:

(17)

Equation (17) defines the relationship between and
[Am] with variation in TE at fixed TM. Eliminating TM
between (15) and (16) allows the relation between a
and [A50] with variation in TM to be defined at fixed 'TE:

Em = pa/(a + q)
KE = bq/(a + q)

(10)
(1 1)

Functional antagonism may, in principle, affect any of
the parameters a, b, p and q. Variation in p alone

TE

(1
=P E)(l -[A50]/KA) (18)

Figure 2 illustrates equations (17) and (18) graphical-
ly. Evidently, as TM is reduced at fixed TE, [As3]
approaches KA. This is expected asT is proportional to

a[AR]
[M] = b + [AR]

[Am](I+ TM)
QE=P I- KA
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Figure 2 Relation between asymptote and [A50] for
different types of post-receptor intervention: the a/[A50]
plots were constructed according to model equations (17)
and (18). These, respectively, predict the correlation
between a and [A50] for hyperbolic E/[A] curves: (i) when
the functional intervention occurs immediately post-re-
ceptor (that is, TM is altered); (ii) when the intervention
occurs at a subsequent step in the transducer machinery
(that is, TE is altered). In case (i) the correlation can be
used to estimate KA whereas in case (ii) the correlation
underestimates KA-

TM and it has already been shown (see Figure I and
accompanying analysis) that (for hyperbolic E/[A]
curves) when T is reduced [A50] approaches KA in the
limit. In contrast, as TE is reduced at fixed TM, [A50]
approaches the value KA/(I + TM). Significantly, the
relationship between a and [A50] is of the same linear
form in both cases, differing only in the asymptotic
(A50] value as tends to zero. Without prior knowledge
of KA it is impossible to distinguish between the two
situations. However, in only one ofthe cases, that is TM
variation, does the relationship between a and [A5o]
furnish a true KA.

Therefore, post-receptor interventions can be
predicted that cause E/[AJ curve changes which are
indistinguishable from simple [RO] or KE changes, but
which do not allow KA estimation. In general, underes-
timation of KA is predicted when the intervention is
beyond the first saturable step in the transducer
function.

Methods

Preparation of guinea-pig tracheal strips

Male albino guinea-pigs (Dunkin Hartley; 400-450 g)

were treated with 6-hydroxydopamine (50mgkg-',
i.v.) 48 h and 24 h before they were killed, in order to
prevent possible interference from the release of
endogenous catecholamines (O'Donnell & Saar,
1974). Each animal was killed by a blow to the head,
the entire trachea excised and three zig-zag tracheal
strips of equal size prepared using the procedure
described by Emmerson & Mackay (1979). Strips were
rapidly transferred to 20 ml organ baths containing
modified Krebs solution of the following composition
(mM); NaCl 118.4, NaHCO3 25.0, KCI 4.8, KH2PO4
1.2, Mg S04 1.2, glucose 1 1.1, CaCI2 2.5, ascorbic acid
0.28 and Na2EDTA 0.04. This was maintained at 37C
and continually gassed with 95% 02: 5% CO2. In-
domethacin (2.8 x 10-6 M) was included to prevent
the development of smooth muscle tone due to
synthesis of cyclo-oxygenase products. Each tracheal
strip was attached by cotton thread to a rotary
transducer (Schaevitz R30-D) and subject to a passive
load of 0.5 g. Tissues were allowed to attain a steady
resting length prior to starting the experiment. Res-
ponses to drug additions were measured as isotonic
changes in tissue length and recorded on Rikadenki
flat-bed potentiometric recorders.

Experimental protocols

Irreversible inactivation of receptors Tracheal strips
were challenged with a near-maximally effective con-
centration of histamine (10- 5M) to establish viability
and provide a reference contracture that was used to
normalize subsequent responses to 5-methylfurmeth-
ide (5-MeF). After washout of the histamine, tissues
were incubated with phenoxybenzamine (Pbz) (10-6 M
or 10-5 M) for 40 min after which excess inhibitor was
removed by several changes of the organ bath Krebs
solution. Full E/[A] curves were then established by
cumulative additions of5-MeF, the agonist concentra-
tion increasing in 0.5 Ig unit increments.

Functional antagonism After the challenge with his-
tamine (10-5 M), tissues were exposed to (± )-isopren-
aline (Iso) (10-7M or 10-4M) for 20min before and
during construction of 5-MeF E/[A] curves.
For both of these procedures, only a single E/[A]

curve was generated in each tissue. Each animal
provided three tissues, one of which served as a
control, the other two for treatments.

Data analysis

All the following fitting procedures were unweighted,
iterative least squares minimization computer
programmes. They were locally written with the
exception of BMDP Module AR (BMDP Statistical
Software, 1981) which was the programme used to fit
data to the model of agonism.
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Logistic-fitting

Individual sets of 5-MeF E/[A] curve data were fitted
to a logistic function of the form:

cx[A]
E = [A50]m + [A]m

in which a, [A50] andm are the asymptote, location and
slope parameters respectively. Location parameters
were actually estimated as logarithms by making the
substitution [A50] = iO'[A50]. The asymptote and loca-
tion parameters quoted and analysed in the text are
these computed estimates.

Model fitting

Each set of three 5-MeF EllA] curves was fitted to
model equation (1) providing direct estimates of Em, n
and KA, and three estimates of 'r, one for each curve in
a set. Goodness-of-fit was assessed by examining fitted
and experimental data points for systematic devia-
ti 'ns.

Simulation of Mackay's model offunctional
antagonism

The interaction between Iso and 5-MeF was inter-
preted using Mackay's (1981) Type I model of func-
tional antagonism, which can be represented
schematically as follows:

KAI
Al + RI AR,Rl

M - E

KA2 G
A2 + R2s--sA2R2

in which Al is 5-MeF and A2 is Iso in the present
example. Al binds to receptors RI forming a complex,
AIR,, which stimulates the production of a response
mediator, M. A2 binds to receptors R2 forming a
complex, A2R2 which depletes M. Effect, E, is satura-
bly related to the net concentration of M.
To simulate experimental data, the [M]/[AIR,] and

[M]/[A2RJ functions were assumed to be hyperbolic.
Therefore, the net concentration ofM can be represen-
ted by:

MITMI[AlI M2rM2[A2]
[M] = KAI + (1 + TMI)[AI] KA2 + (1 + TM2)[A2]

M1 and M2 are the maximal production and depletion
of M by Al and A2 respectively.

Also, in order to account for the slope ofthe control

5-MeF curve, the E/[M] function was assumed to be of
logistic form, that is:

[M]n
E = K + [M]n

Drugs

The following drugs (source in parentheses) were used:
atropine sulphate (Sigma); 6-hydroxydopamine hy-
drobromide (Sigma); indomethacin (Sigma); (± )-
isoprenaline sulphate (Sigma); 5-methylfurmethide
iodide (Wellcome Research Laboratories); phenox-
ybenzamine hydrochloride (Dibenyline: Smith, Kline
and French). Solutions of all drugs were prepared in
fresh physiological medium or distilled water. Im-
mediately before administration to animals, 6-hy-
droxydopaminewas dissolved in sterile saline solution
(0.85% w/v) containing ascorbic acid (2% w/v).

Results

Figure 3 illustrates the typical effects of 0, 10-6M and
10-5M Pbz on 5-MeF EllA] curves. The lines through
the data in Figure 3 are the results of model-fitting.
They typify the general goodness-of-fit of the model,
although some systematic deviations were evident at
threshold agonist concentrations. This may be
attributable to the presence of indomethacin which
has been reported to compromise the contractile
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Figure 3 Effect of phenoxybenzamine (Pbz) on 5-meth-
ylfurmethide (5-MeF) E/[A] curves: the diagram shows
one of five sets of 5-MeF E/[A] curves obtained in the
three tissues from a single animal at 0(0), 10-6M (0) and
10-5M (A) Pbz. The lines through the data were produced
by model-fitting, using equation (1) (see text). The model
parameter estimates for these data are those given in
Table 1 for animal 4.
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Table 1 Operational model fitting of 5-methylfurmethide E/lA] curves in the presence and absence of phenoxyben-
zamine (Pbz)

Animal

2
3
4
5

Em PKA

170.9
188.1
160.5
159.2
143.1

5.56
6.01
5.67
5.37
5.50

n

1.01
1.05
1.29
1.40
1.30

T2 T3
223.9
15.5
46.8
102.3
89.1

7.1
1.7
6.8
12.4
2.5

0.85
0.28
1.23
0.83
0.47

Each animal provided three tissues in which a control E/[A] curve, a 10-6M Pbz treatment curve and a 10-5M Pbz
treatment curve was obtained. Each set of three E/1A] curves were fitted to equation (1). Values of Em, KA and n were
estimated for each set together with three T values, -r, T2 and 3 corresponding, respectively, to the control, 10-6M and
10-5M Pbz treatment curves. KA values were estimated as the negative logarithms (pKA).

responses of guinea-pig trachea to low concentrations
of various stimulants including acetylcholine (Orehek
et al., 1975). Table 1 summarizes the estimates of KA,
Em, T and n obtained by model-fitting the data from
each of five replicate experiments. The average
estimate of PKA was 5.62 ± 0.11 (mean ± s.e., n = 5).
Variation in the control Tvalues, that is T?, may reflect
between-animals differences in [Ro.

Figure 4 shows the protective action ofconcomitant
atropine incubation against the effects of Pbz. For
control curves, atropine (10-7M) treatment curves and
atropine (10-7M)/Pbz (10-5M) treatment curves,
asymptotes were not significantly different. Also the
locations of the atropine and atropine/Pbz treatment
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Figure 4 Effect of concomitant atropine incubation on

phenoxybenzamine (Pbz) induced irreversible antagon-
ism of 5-methylfurmethide (5-MeF) responses: represen-
tative 5-MeF E/1A] curves are shown: control (0);
atropine (10-7M) then washout (0); Pbz (10-5M) then
washout (A); atropine (10-7M) and Pbz (10-5M) then
washout (A). The lines through the data are logistic fits.

curves were not different (p[A50] after atropine =
7.15 ± 0.05; mean ± s.e., n = 7; p[A50] after atropine/
Pbz = 7.05 ± 0.05; mean ± s.e., n = 7), although both
groups were slightly rightward shifted from the con-
trol position (p[A50] = 7.50 ± 0.09; mean ± s.e., n = 7)
indicating that some atropine antagonism remained
after washing for 120 min.
The functional antagonism of 5-MeF by Iso is

shown in Figure 5. In the presence of Iso, 5-MeF E/[A]
curves were steepened then depressed; at concentra-
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Figure 5 Effect of isoprenaline (Iso) on 5-methylfur-
methide (5-MeF) E/[A] curves: the diagram shows a
typical set of 5-MeF E/[AJ curves obtained in the three
tissues of a single animal at 0 (0), 10-7M (0) and 10-4M
(A) Iso. The lines drawn through the data were obtained
by simulating Mackay's Type I model of functional
antagonism (Mackay, 1981) (see Methods).
The simulated lines were obtained with the following

parameter values: Ml = 100; M2 = 96; KAI = 3 x 10-6;
KA2 = 2 x 10-7; TMI = 10; ?M2 = 4; K= 12; n = 1.2. Note
that the KA, and KA2 values used accord with the
suspected true dissociation constants for 5-MeF and Iso
respectively (see text).
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Figure 6 Effect ofcarbamylcholine on isoprenaline (Iso)
E/[AJ curves (redrawn from Buckner & Saini (1975): the
data points were measured from the published diagram
(Buckner & Saini, 1975) and fitted using equation (1),
producing the lines shown. Only X was allowed to vary
between the six E/[A] curves. The estimated parameter
values were: Em = 97; pKA = 7.46; n = 1.32; T? = 140;
T2 = 54; t3 = 9.3; t4 = 3.2; T5 = 1.3; T6 = 0-9

tions above 10-6M, Iso failed to cause further right-
shift and depression. Since the results clearly do not
conform to the expectations for a reduction in T by a
simple increase in KE, no attempt was made fit model
equation (I) to the data. However, these data were

compatible with Mackay's (1981) model of functional
antagonism involving the subtraction of opposing
effects produced by the agonist and the functional
antagonist. The lines drawn through the data were
obtained by simulating the Type I variant of this
model (see Methods).

Unlike the interaction between Iso and 5-MeF there
are examples in the literature where functional
antagonism produces effects apparently indistingui-
shable from irreversible antagonism. One such exam-
ple was produced by Buckner & Saini (1975) for the
functional antagonism of Iso responses by carbamyl-
choline. The data, reproduced in Figure 6, show the
rightward displacement and ultimate depression of Iso
E/[A] curves by increasing concentrations of mus-
carinic agonist. The lines through these data were
obtained by fitting them to the model (equation (1)),
allowing T to vary between curves; the data are
apparently consistent with simple variation. From
this analysis, the KA was estimated to be 3.5 x 10-8M;
the other parameter estimates are shown in the Figure
legend. The validity, or otherwise, of this KA estimate
is considered below.

Discussion

The operational model (Black & Leff, 1983) defines
agonist action by four parameters; KA, t, Em and n.
The present analysis shows that agonist dissociation
constants can be estimated if r can be varied ex-
perimentally with the other parameters fixed. In
general, any agent or experimental intervention which
produces a simple T reduction may be used. The
definition of X as [RO]/KE conveniently classifies the
types of experimental interactions which allow KA
estimation. Irreversible antagonists work simply by
reducing [RO] at fixed KE. A functional antagonist
which simply produces an increase in KE may also be
used. However, a functional antagonist may also
affect other parameters of agonism, leading to erron-
eous KA estimation. Practically, in order to check
whether a functional antagonist produces a simple KE
change an irreversible antagonist must be available for
comparison.

In the present experimental study it was evident that
the effects of Iso on 5-MeF E/[AJ curves were not
congruent with the effects produced with Pbz, either
qualitatively or quantitatively (Figures 3 and 5). In
fact the kind of functional antagonism obtained
resembled that reported by Van den Brink (1973) for
the interaction between Iso and methacholine in calf
tracheal muscle, which is consistent with Mackay's
(1981) modified form ofVan den Brink's model (1973)
as shown in Figure 5. This type of functional interac-
tion generally does not permit KA estimation,
(Mackay, 1981).

In other experimental systems, for example P-adreno-
ceptor systems, functional antagonism has been used
in an attempt to quantify agonist activity at receptors
for which an irreversible antagonist is not yet availa-
ble. In some instances, functional antagonism
produced effects on P-adrenoceptor E/[A] curves
which were apparently indistinguishable from a simple
decrease in ? (e.g. Buckner & Saini, 1975; Broadley &
Nicholson, 1979; Broadley & McNeill, 1983). This is
exemplified in Figure 6 by the data of Buckner & Saini
(1975). Originally these data were analysed by Furch-
gott's method (1966) assuming equivalence between
irreversible and functional antagonism, giving an
estimate of KA for Iso of 3 x 10-8M. The inability of
Iso to distinguish PI- and P2-adrenoceptors, both of
which occur in the guinea-pig trachea (Furchgott &
Wakade, 1975), means that the KA estimate applies to
both sub-types. Direct model-fitting using equation
(1) estimated KA to be 3.5 x 10-8M. Evidently, the
model fits the data acceptably well (consistent with
Iso's non.selectivity) but, as discussed previously, this
is not a sufficient criterion by which to judge the
accuracy ofthe KA estimate. For example, a considera-
ble discrepancy exists between this estimate ofKA and
that obtained by radioligand binding studies. Thus,
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binding studies using cat cardiac or soleus muscle
(Kaumann, 1978; Hedberg & Mattson, 1981), rat lung
(Minneman et al., 1979) and human cardiac muscle
(Stiles et al., 1983), yield an average estimate of KA of
2 x 10-7M. If this value is take to represent the 'true'
KA, it must be concluded that the functional antagon-
ism method overestimates agonist affinity in this
instance, a result which is consistent with concomitant
Em and T reduction. Of course, there is no certainty
that binding studies provide estimates of KA which
accurately represent agonist affinity for receptors in
intact tissues. However, there is other evidence that
3 x 10-8M is an overestimate of Iso affinity. In the
guinea-pig isolated left atrium and extensor digitorum
longus preparations Iso produces full agonism (Ken-
akin & Beek, 1980; Johansson & Persson, 1983)
characterized by a rectangular hyperbolic E/[A] curve
with an [Aso] of between 108M and 2 x 108M. If the
KA were 3 x 10-8M then Iso would be expected to
demonstrate partial agonism; the E/[A] curve asymp-
tote would have been only 15-30% of Em (calculated
using equations (2) and (3)).
Another kind of post-receptor experimental in-

tervention which has been claimed to produce effects
congruent with [Ro] changes is extracellular Ca2"
variation. Giao T. Rico showed that, for both mus-
carinic (1971a) and histamine (HI) (1971b) receptor
agonists acting on the guinea-pig isolated ileum,
depletion of extracellular Ca2" mimicked irreversible
antagonism. Considering Ca2" as the intracellular
mediator, M, in the system analysed in the text, a
depletion in extracellular Ca2" might be anticipated to
lead to a concomitant T and Em change by a reduction
in the asymptote (a) of the M/[AR] relation in the
model. However, ifthe M/[AR] relation were effective-

ly linear in the range of AR generated, (that is
b>>[AR]) then any change in a would mimic a
change in b (see equation (6)), a situation which would
produce a pure change in KE and, therefore, T.
Therefore, the congruence between Ca2' depletion
and [RO] reduction is an indicator of apparently linear
coupling between AR and intracellular Ca2+, assum-
ing that the latter is proportional to the extracellular
Ca2+ concentration. However, this is a feature of the
particular agonist-receptor-tissue combination used;
there is no guarantee that Ca2+ depletion would have
the same consequences in other systems in which, for
example, the [Ca2+]/[AR] relation is saturable.
The conclusion from the present analysis is that

functional antagonism and other experimental post-
receptor interventions yield valid estimates of KA only
when the intervention produces a change in the
transducer function which is congruent with a de-
crease in [R], that is, an increase solely in KE. A
concomitant reduction in Em, which may not be
\detectable, is predicted to lead to an overestimation of
Affinity. It follows that the validity of functional
antagonism as a method for KA estimation can only be
tested when an irreversible antagonist is available in
the same system. This places heavy reliance on irrever-
sible antagonism. However, a criterion exists for the
classification of irreversible ligands which is unavaila-
ble in the case of functional antagonists, namely,
protection by a reversible competitive antagonist
(Ariens et al., 1964; Furchgott, 1966). In the present
study the interaction between atropine and Pbz ful-
filled this criterion confirming that the haloalkylamine
acted purely to reduce [R.] in the system. It follows
that the estimate of pKA for 5-MeF is reliable.
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